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Preface

The increase in the demand for energy by a growing world is stretching already

maximized conventional resources to dangerously thin levels. Addressing this issue

along with the need of a clean and sustainable approach to meet climatic challenges

can be safely considered as the primary challenges for present and upcoming

generations. Tapping the solar power—a well-established and historically proven

approach—is still quite relevant as a solution to the aforementioned problems. This

is because the global consumption (on the TW scale) can be met easily if one can

tap into the sun’s energy falling on the earth’s surface over a small fraction of time

alone. The challenge however lies in the limitations in harvesting this energy.

While photovoltaics is a common, well-accepted, and commercially viable

approach to solar energy utilization, the option of using solar power to produce

hydrocarbon or hydrogen fuels is also equally fascinating. Admittedly, the tech-

nology is still in its infancy and will require an incubation period of a few decades

to attain maturity. There are several approaches that can be pursued to make solar

fuel generation a reality.

Utilization of solar energy and its conversion to value-added products such as

electricity and fuels require seamless integration along several fronts. Material

development, modeling-driven experiments, smart systems that integrate environ-

mental remediation with simultaneous clean energy conversion, and strategies to

mitigate greenhouse gas effects CO2 fixation will all be critical to harnessing solar

energy. The editors would like to point out that each of these areas is an indepen-

dent topic that can be written about in considerable detail. This book strives to

increase awareness about the breadth of solar energy application and the impor-

tance of solar fuels as an emerging area. The current level of knowledge and

adaptation are at an elementary stage due to various factors including the critical

mass of research activity in this important area. While many of the efforts in this

direction may be frustrating, they must be pursued with vigor and innovation so that

in the near future society can enjoy pollution-free energy conversion technologies.

The chapters in this volume advance towards this goal.
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The contributors to this book are experts in areas ranging from basic science and

theory to application. This makes the set of papers compiled in the book an

interesting and complementary read in the area of solar fuels. The editors are

pleased to offer this compilation from an international group of authors with several

decades of cumulative experience in areas allied to solar energy. The editors would

like to thank the contributors for their thoughtful manuscripts and the publishers for

proposing a book in such an emerging and important topic of energy research. We

sincerely hope that this compilation gives perspective on the varied approaches to

solar energy utilization with emphasis on solar fuels.

Chennai, India B. Viswanathan

Reno, United States of America V. Subramanian

Pohang, Republic of Korea J. S. Lee
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Strategic Design of Heterojunction CdS

Photocatalysts for Solar Hydrogen

Jum Suk Jang and Hyunwoong Park

1 Solar Hydrogen

In 2004, more than 57 million metric ton of H2 was produced, and the production

rate has been increasing by approximately 10 % per year [1–4]. Currently, a

significant portion of H2 produced comes from natural gas through steam methane

reformation. A quick estimation indicates that this process stoichiometrically pro-

duces ca. 5.5 kg CO2 per kg H2 [5–7]. This implies that we are consuming “dirty”

hydrogen even if we use this hydrogen to drive fuel-cell vehicles with zero

emission. Although there are several other potential renewable energy sources

such as biomass (5–7 TW), underground heat (~10 TW), ocean/tide/current

(2 TW), and wind (2–4 TW), yet sunlight (which is the most abundant energy

source on earth, with 36,000 TW on land) overwhelms the sum of energies provided

by all these renewable sources [8]. That is why solar hydrogen research is being

performed worldwide, although the efficiency of the state-of-the-art technology is

still low [1–3, 5–7, 9–39]. If a 10 %-efficiency solar hydrogen plant is built on

25 km2 land, approximately 570 t of H2 could be produced every day [40]. If 10,000

solar plants are built, 2.1 billion ton of H2 can be harvested per year. This amount

corresponds to one-third of the global energy projected to be required in 2050

(~30 TW). However, for sustainable hydrogen production, approximately ten times

more water (5,100 t/day) is required and the solar plant (or hydrogen-evolving

materials) should continuously operate with 10 % efficiency.
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2 Photocatalytic Hydrogen Production

2.1 Operation Mechanism

Photocatalytic processes are initiated by the absorption of photons by semiconduc-

tors that create photoelectrons in the conduction band (CB) and holes in the valence

band (VB) (Fig. 1) [37, 41]. The electrons and holes reduce and oxidize water,

respectively, producing a 2:1 mixture of H2 and O2, according to the following

reactions [40, 42]:

Water oxidation : H2O þ 2hþ ! 2 Hþ þ 1=2O2 ð1Þ
Water reduction : 2Hþ þ 2e� ! H2 ð2Þ

Overall reaction : H2O ! H2 þ 1=2O2 ð3Þ

The overall reaction is a four-electron-transfer reaction (per O2 molecule) and is

usually promoted by metals or metal oxides (called auxiliary catalysts or cocata-

lysts) deposited on the semiconductor surfaces [36, 43]. These cocatalysts are

known to collect charge carriers and provide catalytic reaction sites for water

splitting [37]. Because the reaction involves the standard Gibbs free energy change

(ΔG�) of 237 kJ/mol (equivalent to 1.23 eV), semiconductors should possess a

bandgap (Eg) energy value greater than 1.23 eV to drive the water splitting reaction.

In addition, the Eg value should be less than ca. 3.0 eV (Eg¼ hc/λ¼ 1,240/λ) to
absorb visible light. The band position of the photocatalyst is also important. For a

facile charge transfer, the CB should be located at a more negative potential than

the reduction potential of water, while the VB should be located at a more positive

position than the oxidation potential of water [9, 14]. Other factors such as charge

separation, mobility, and lifetime of the photogenerated electrons and holes also

affect the photocatalytic properties. These properties are strongly influenced by the

bulk and surface properties of the material (e.g., crystallinity and surface area,

Fig. 1 Schematic illustration for the principles of photocatalytic (a) water splitting and

(b) hydrogen sulfide decomposition. The bottom of the conduction band should be more negative

than the reduction potentials of water and the sulfides, whereas the top of the valence band should
be more positive than the water oxidation potential [43]

2 J.S. Jang and H. Park



respectively) [26]. Cocatalysts such as Pt [44–47], Rh [48, 49], NiO [50], RuO2

[51–53], IrO2 [54], and Rh/Cr2O3 [42] are often loaded on the surface for introduc-

ing active sites for H2 evolution. Therefore, suitable bulk/surface properties and

structures are necessary for effective photocatalysis.

2.2 H2 Production from Hydrogen Sulfides

Hydrogen sulfide (H2S) has been considered as an alternative source for solar

hydrogen production because of the following reasons: (1) H2S is an intermediate

in several thermochemical cycles from which hydrogen must be recovered; (2) Sour

gas and steam from geothermal sources often contain a high percentage of H2S;

(3) H2S is formed as a by-product from hydrogen reduction and acid leaching of

sulfide ores, as well as from the hydrodesulfurization of petroleum; (4) H2S must be

converted into an environmentally harmless form. Currently, over ten million ton of

H2S is produced yearly, and the production is expected to increase in the near

future. Practically, the photocatalytic splitting of H2S is a more favorable reaction

compared to water splitting [55]. The cleavage of H2S by two photons requires

39.4 kcal/mol (reactions 4–6), which is only 4 % of the energy required for water

splitting (237 kJ/mol).

H2S ! HS�aqð Þ þ Hþ
aqð Þ ð4Þ

2 hþ þ 2HS� ! S2�2 þ 2Hþ ð5Þ
2e� þ 2Hþ ! H2 ð6Þ

In alkaline solutions, the decomposition pathway of H2S changes (reactions 7–10).

H2Sþ OH� ! HS� þ H2O ð7Þ
HS� þ OH� ! Sþ H2Oþ 2e� ð8Þ
Sþ HS� þ H2O ! S2

2� þ H2O ð9Þ
2H2Oþ 2e� ! H2 þ 2OH� ð10Þ

If molecular hydrogen could be recovered from H2S instead of simply burning it to

H2O (Claus process), approximately 7.7� 109 m3 y�1 of H2 could be produced.

2.3 CdS Semiconductors

A variety of semiconductors are available, but most are unsuitable for hydrogen

evolution under visible light because of the wide Egs (>3 eV) and the unsuitable CB

levels located negative of the hydrogen evolution potential (0 VNHE) [1, 3, 4, 41].

Strategic Design of Heterojunction CdS Photocatalysts for Solar Hydrogen 3



Although oxide semiconductors such as TiO2 (Eg¼ 3 ~ 3.2 eV), ZnO (Eg¼ 3.2 eV),

and SnO2 (Eg¼ 3.8 eV) are quite stable in water, they cannot be used because of the

wide Egs. WO3 (Eg¼ 2.6 eV), BiVO4 (Eg¼ 2.5 eV), and α-Fe2O3 (Eg¼ 2.2 eV)

operate under visible light but are unable to produce H2 because of the unsuitable

CB levels.

CdS may be one of the most appropriate semiconductors because of its narrow

Eg (~2.5 eV, corresponding to λ< ca. 500 nm) and suitable CB (�0.75 VNHE) and

VB (+1.75 VNHE) levels. Although photocorrosion limits its widespread applica-

bility, CdS is useful as a model semiconductor for solar hydrogen production

particularly from H2S [56–62]. To improve the photocatalytic activity of CdS,

charge separation and charge injection should be simultaneously considered. The

simplest and most effective method to enhance charge separation is to couple with

noncorrosive, wide bandgap oxide semiconductors. For cascaded transfers of

photogenerated charge carriers from CdS, the semiconductors of interest must

have proper band positions. A variety of semiconductors can be employed for

coupling, including oxides [63–71] (e.g., TiO2 [57, 72–80], ZnO [81–83], and

WO3 [84]) and chalcogenides (e.g., CdSe [85] and ZnS [86]).

Among all the possible combinations, CdS/TiO2 should be the most representa-

tive because the VB and CB of CdS are ideally placed with respect to those of TiO2

for charge separation and CdS can absorb a substantial portion of visible light

(λ� 500 nm). TiO2 plays a dual role in the hybrid [61, 62]: It supports CdS and

prevents the aggregation of CdS particles, and enhances the charge separation by

forming a potential gradient at the interface of CdS and TiO2. Owing to the latter

effect, the photogenerated CdS CB electrons are rapidly transported to the CB of

TiO2, while the TiO2 VB hole has a counterflow toward the VB of CdS. Under

optimal conditions, the coupling reduces the average emission life time of CdS by a

factor of 4 because of the trapping of the CB electron by TiO2 [76]. CdS/TiO2 has

also been applied to the environmental remediation of methane [87], methyl orange

[88], indole [89], acid orange II [90], and 1,2,3,4-tetrachlorobenzene [91], among

others. As the TiO2 particle size decreases to a level of quantum size and its

bandgap widens, the TiO2 CB edge moves upward and becomes more negative

than the CdS CB edge. This hinders the electron transport from CdS to TiO2

[92, 93].

Improving the charge-injection efficiency also remains a challenge. The most

widely employed method is to load metal particles at the CdS surface and create a

Schottky barrier [94–97]. Upon irradiation, Fermi level equilibration takes place

between CdS and the loaded metals through charge transfer and distribution

[95, 97]. The charges trapped at the metal particles then effectively catalyze various

redox reactions of interest. The direct charge transfer from CdS to water requires

high overpotentials, but such overpotentials are significantly reduced at the metal/

solution interface. Therefore, the metals are also called auxiliary catalysts or

cocatalysts. Transition metals and their oxides, including Pt, Rh, NiO, RuO2,

IrO2, and Rh/Cr2O3, have been employed as cocatalysts. Pt-group metals are

popular and effective, but are very expensive and in limited supply; therefore,

demand for earth-abundant and cost-effective alternatives is increasing.

4 J.S. Jang and H. Park



3 Heterojunction CdS/TiO2 Photocatalysts

This section briefly reviews the effects of hybrid configurations and cocatalysts in

terms of photocatalytic hydrogen production, particularly based on our recent

results. First of all, the morphology effects will be discussed in detail. Then, the

effects of hydrogen-evolving catalysts (e.g., non-Pt and Pt-group metals) on charge

injection will also be described. Pt nanoparticles are often deposited on CdS or

CdS/TiO2. However, the Pt effects are very diverse and often contradictory. The

inconsistency is most likely related to the chemical interaction at the CdS/Pt

interface. Instead of expensive Pt-group metals, tungsten carbide (WC) and inex-

pensive carbon-based materials can be used. These cocatalysts are very attractive

because of their unique physicochemical properties such as thermal conductivity,

electrical resistivity, and sp valence hybrid configuration [60, 85, 98, 99].

3.1 Nano-TiO2/Bulk-CdS Versus Nano-CdS/Bulk-TiO2

Jang et al. have developed a heterojunction of highly crystalline, bulky CdS (bulk-

CdS) and TiO2 nanoparticles (nano-TiO2) to maximize the interfacial contact and

surface area (Fig. 2) [70]. CdS was prepared via a typical precipitation method and

calcined at 1,073 K under a flow of helium. As-prepared CdS was stirred in

2-propanol and tetra-titanium iso-propoxide (TTIP) at a molar ratio of Cd:

Ti¼ 1:4. Through this simple precipitation and sol–gel process, a well-developed

hexagonal-phase CdS and anatase TiO2 heterojunction was successfully obtained.

Transmission electron microscopic (TEM) analysis showed that CdS particles of ca.

1–2 μm were decorated with TiO2 nanoparticles of ca. 10–20 nm (Figs. 2b and 3a).

Fig. 2 (a) Bandgap positions of CdS and TiO2 photocatalysts. (b) A new configuration consisting

of highly crystalline bulky CdS decorated with nanosized TiO2 particles. The possible role of TiO2

nanoparticles is to provide sites for collecting the photoelectrons generated from CdS, enabling an

efficient electron–hole separation as depicted [70]
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According to the diffuse reflectance spectra, bulk-CdS showed a sharp edge at

570 nm, while that of nano-TiO2 was observed at 390 nm [70]. The spectra of CdS

and TiO2 in heterojunction appeared as one spectrum, although CdS in

heterojunction showed a blue-shift of the main absorbance edge to 550 nm

(Fig. 4a). The shift in the bandgap of CdS in heterojunction by an electronic

semiconductor–support interaction was also reported by Kisch et al. [100, 101].

This nano-TiO2/bulk-CdS heterojunction showed an unexpectedly high rate of

hydrogen production from aqueous sulfide and sulfite under visible light

(λ> 420 nm) (Fig. 5). The high hydrogen production could be exploited for the

practical process of simultaneous hydrogen production and H2S removal (e.g., the

Fig. 3 TEM images and

schematic models of

CdS/TiO2 heterojunction

photocatalysts with

different configurations: (a)

nano-TiO2/bulk-CdS, (b)

nano-CdS/bulk-TiO2, (c)

nano-CdS/TiO2-nanosheets,

and (d) nano-TiO2/CdS-

nanowires

Fig. 4 (a) Diffuse reflection spectra and (b) X-ray diffraction patterns (XRD) of (a) nano-TiO2/

bulk-CdS, (b) nano-CdS/bulk-TiO2, (c) nano-CdS/TiO2-nanosheets, and (d) nano-TiO2/CdS-

nanowires

6 J.S. Jang and H. Park



treatment of Claus plant tail-gas stream or vents of hydrodesulfurization plants)

[102–105]. In the H2S scrubbers used in such industries, alkaline water is com-

monly employed for effective H2S scrubbing by an acid–base reaction. Soluble

alkali metal sulfides are common sacrificial reagents for hydrogen production with

metal sulfide photocatalysts and are also employed to improve the activity and

stability of the sulfide photocatalysts.

A heterojunction of nanosized CdS and bulky TiO2 (nano-CdS/bulk-TiO2) also

was synthesized by a precipitation and sol–gel process and was grown by the

hydrothermal treatment (Fig. 3b) [67]. This model has an advantage in that CdS

nanoparticles absorb visible light and can be dispersed well on the surface of bulky

TiO2 particles. This heterojunction exhibited optical properties similar to nano-

TiO2/bulk-CdS and displayed the pure cubic phases of CdS and well-developed

TiO2 anatase phases (Fig. 4a, b). However, the photocatalytic activity for H2

evolution was only 0.3 % compared to that of nano-TiO2/bulk-CdS (Fig. 5). This

indicated that, despite the similar composition, the fabrication method of the

composite showed a considerable effect [67].

3.2 Nano-CdS/TiO2-Nanosheets

CdS nanoparticles and TiO2 nanosheets (NS) were coupled via a simple one-step

procedure [106]. In this configuration, TiO2 worked as an effective medium for the

separation and transport of photogenerated electrons and holes generated on CdS

(Fig. 3c). TiO2 synthesized by the hydrothermal treatment was composed of

anatase-phase nanorods (NR) with a diameter of ca. 30–40 nm and a length of

80–100 nm (surface area: 63 m2 g�1), while CdS had a cubic structure of ca. 20 nm

Fig. 5 Rate of hydrogen

production of nano-TiO2/

bulk-CdS, nano-CdS/bulk-

TiO2, nano-CdS/TiO2-

nanosheets, and nano-TiO2/

CdS-nanowires. Catalyst:

CdS/TiO2 heterojunction

(0.1 g; loaded with 1 wt%

Pt), light source: Hg-arc

lamp (500 W) equipped

with UV cut-off filter

(λ> 420 nm)
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(surface area: 61 m2 g�1). However, upon coupling with CdS, the morphology of

TiO2 was changed to nanosheets with a width of 70–80 nm, a thickness of

10–20 nm, and a length of 200 nm. The surface area of the heterojunction was

approximately 100 m2 g�1. This heterojunction exhibited an optical response

similar to TiO2 NR and CdS in the ranges λ< 360 and λ> 500 nm, respectively

(Fig. 4). This suggested that the optical properties of the heterojunction are a

combination of the individual properties of CdS and TiO2. The rate of H2 evolution

was approximately 3.5 μmol h�1 in visible light-irradiated nano-CdS/TiO2-NS

suspensions. This value was ca. 2.7-fold higher than that in nano-CdS/bulk-TiO2,

indicating the superiority of TiO2 NS.

3.3 Nano-TiO2/CdS-Nanowires

Finally, TiO2 nanoparticles were coupled to CdS nanowires (NW), and the surface

properties and photocatalytic activities of the heterojunction of nano-TiO2/CdS-

NW was examined (Fig. 3d) [57]. Quasi-one-dimensional CdS NW were synthe-

sized via a solvothermal route in ethylenediamine, a structure-forming agent, at

160 �C for 48 h. When the molar ratio of TiO2 NP to CdS NW was increased, the

(101) plane of the anatase TiO2 in the XRD pattern became clearer (Fig. 4). The

CdS NW showed a well-developed hexagonal phase in the single form and in the

heterojunction, and its crystallinity was similar to that of the single CdS NW. The

length and diameter were approximately 3 μm and 50 nm, respectively. The surface

area of the heterojunction increased linearly with increasing amounts of TiO2.

However, the optimal molar ratio of Ti and Cd in terms of H2 evolution was 0.25.

Notably, the molar ratio of TiO2 NP to CdS NW had no correlation with the surface

area of the composite in terms of H2 evolution [57]. This suggests that an optimum

coverage of TiO2 NP decorating CdS NW is needed for effective and fast charge

separation. However, excess coverage can hinder the contact of the solution and the

CdS surface responsible for hole scavenging.

A comparison of the four heterojunctions reveals that key factors for superior H2

evolution include rapid charge separation and transfer and optimized

heterojunctions (Fig. 2). Simultaneously, it is important to synthesize and effec-

tively couple highly crystalline, hexagonal-phase CdS to TiO2 because

heterojunctions with less-crystallized CdS (nano-CdS/bulk-TiO2, nano-CdS/TiO2-

NS, and nano-TiO2/CdS-NW) are far less active (Fig. 5). Although nano-TiO2/CdS-

NW did not exhibit enhanced photocatalytic activities, this configuration was

slightly more active than the CdS NW. To further improve the activity, high quality

individual components (e.g., crystallinity and surface property) and elaborate

contact between the two compounds are necessary.
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4 Effects of Cocatalysts on Heterojunction Photocatalysis

As discussed previously, the photocatalytic efficiency of CdS is substantially

influenced by coupled materials [67, 106–108], as well as by various factors such

as the degree of crystallinity [109], surface area [108], surface etching [105, 110,

111], pH and related properties (e.g., flat band potential and surface charge)

[112–116], electron donors, solvent (e.g., alcohols, sulfide, and sulfite) [59, 105,

108, 115, 117], and cocatalysts (e.g., Pt and Ni) [59, 108, 110, 111, 114,

117–122]. Specifically, the coupling of cocatalysts to semiconductors is required

to reduce the overvoltage for hydrogen and oxygen evolution. The cocatalyst also

suppresses the recombination of photogenerated charges by the efficient removal of

photoelectrons from the charge-generation sites and also provides catalytic sites for

the reduction of H+. Charge recombination is the main cause of efficiency loss

because some of the absorbed photoenergy is wasted as fluorescence or heat.

Transition metals and their oxides such as Pt, Rh, NiO, RuO2, IrO2, and

Rh/Cr2O3 have been often employed as cocatalysts.

4.1 Pt Nanoparticles

Metallic Pt(0) particles are among the most effective cocatalysts. There are several

ways to load Pt on CdS, including physical mixing with Pt particles (Pt black or Pt

sol) and photodeposition. These methods are facile, simple, and highly reproduc-

ible. Nevertheless, the effects of Pt on photocatalysis are very diverse and often

contradictory. For example, platinized CdS (Pt-CdS) obtained by photodeposition

showed an enhanced hydrogen production rate of 300 mL h�1 at 1.5 wt% Pt-loading

[108]. Interestingly, another group reported that the enhancement of hydrogen

production by platinization was almost negligible [121]. Photoplatinization pre-

sumably facilitates better contact at the Pt/CdS interface than physical mixing;

however, the former is reportedly much less effective than the latter, particularly in

the decomposition of organic acids [123]. Such a result may be obtained because of

the complicated surface chemistry of CdS that typically interferes with the photo-

chemical reduction of Pt ions (Pt4+). According to Li et al. [114], the photochemical

process with aqueous Pt ions is rather complex (reactions 11–14):

CdSþ H2O ! Cd OHð Þþ þ SH� ð11Þ
PtCl2�6 adð Þ þ 2e� ! PtCl2�4 adð Þ þ 2Cl� ð12Þ
PtCl2�4 adð Þ þ SH� ! PtS sð Þ þ Hþ þ 4Cl� ð13Þ

PtCl2�4 adð Þ þ 2OH� adð Þ ! Pt OHð Þ2 sð Þ þ 4Cl� ð14Þ

They argued that PtS is deposited on the CdS surface under acidic conditions

(reaction 13) and Pt(OH)2 is deposited under basic conditions (reaction 14).
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The formation of these Pt species is not desired because of their low catalytic

abilities than Pt. Conversion of PtS or Pt(OH)2 to metallic Pt (Pt0) requires

subsequent heat treatment (>400 �C).
An alternative but indirect method for the electrical connection of CdS to Pt

particles is to couple CdS to pre-platinized metal oxides such as Pt–TiO2. Notably,

the coupling of Pt to TiO2 (instead of CdS) is effective and reproducible and is not

susceptible to the deactivation or detachment of Pt [124]. In this ternary configu-

ration of CdS/Pt–TiO2, the role of TiO2 is important. It supports CdS, prevents the

aggregation of CdS, and enhances charge separation. Because of the robust contact,

the rate of photoinduced electron transfer at CdS increases tenfold in the presence

of TiO2 [92, 125, 126]. However, the coupling of Pt to pre-coupled CdS/TiO2 was

not efficient [108]. Alternatively, CdS can be physically mixed with platinized TiO2

(CdS + Pt–TiO2); however, the resulting activity varies. The hydrogen production

rate was enhanced as compared to plain CdS [120], though occasionally the

efficiency was lowered by eight times [121]. Recently, some groups reported

comparative studies on the hybridization of CdS, TiO2, and Pt in terms of hydrogen

production under visible light (λ> 420 nm) [61, 127]. According to their results,

changing the order of hybridization in the preparation step significantly altered the

hydrogen production efficiency. For example, CdS/Pt–TiO2 produced hydrogen at

the millimolar level ((6–9)� 103 mol h�1 g�1) and was far more efficient than any

other CdS/TiO2 hybrid photocatalysts reported. The detailed mechanism is illus-

trated in Fig. 6.

In the ternary hybrids, the preparation of CdS is also highly critical. For

fabricating CdS/Pt–TiO2, an aqueous sulfide (S2�) solution was usually dropped

onto an aqueous suspension of Pt–TiO2 with cadmium ions (Cd2+) at a 1:1 ratio of

Cd and S. When the cadmium solution was dropped onto the Pt–TiO2 suspension

with sulfide ions, the photocatalytic H2 evolution was enhanced by a factor of 4–10

[62]. Such phenomena were also found with other cocatalysts (Pt, Pd, Au, RuOx)

[62]. According to an energy-dispersive X-ray spectroscopic analysis, the chemical

precipitation of the former provided a cadmium-rich CdS (CdRS with S/Cd values

of 0.98 at free CdS and 0.52 at ternary), whereas the latter provided a sulfur-rich

CdS (CdSR with S/Cd values of 1.05 at free CdS and 1.31 at ternary). The high

activity of CdSR was, however, very sensitive to the photocatalytic running condi-

tions, namely the type and concentration of electron donor (Na2S and/or Na2SO3),

which largely altered the hydrogen production ratio of CdSR to CdRS. Detailed

surface analyses indicated that the physicochemical properties of CdSR are very

different from those of CdRS, including a larger and red-shifted onset light absorp-

tion and altered photoluminescence, and hexagonal crystallinity (versus cubic-

CdRS) (Fig. 6e, f).
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4.2 Tungsten Carbide (WC)

Transition-metal carbides, including WC, have received attention as novel catalytic

materials because of their unique physicochemical properties [128–131]. Neverthe-

less, their application as cocatalysts in photocatalysis has received less attention

[132–137]. For example, Oosawa compared the photocatalytic hydrogen produc-

tion in UV-irradiated suspensions of TiO2 powders loaded with metal borides,

nitrides, phosphides, and carbides [138]. Among them, WC showed the highest

activity. However, its activity was only 20 % of that of Pt. The low activity was

attributed to the difficulty in coupling large WC particles onto small TiO2 particles.

Until then, the capability of WC as a cocatalyst was not fully manifested because of

the inadequate properties of the WC samples derived from high-temperature

ceramic processes (e.g., particle size, surface property, and surface contact between

cocatalyst and photocatalyst).

Recently, Jang et al. fabricated a WC/CdS heterojunction by precipitation,

followed by a hydrothermal treatment that allowed an intimate contact between

the two phases (Fig. 7a) [139]. The bare CdS was prepared by precipitation,

followed by hydrothermal treatment (150 �C for 24 h). The bare CdS exhibited a

well-developed hexagonal phase with high crystallinity, whereas the crystallinity of

the composite CdS was lower. This indicated that WC could inhibit the growth of

CdS particles. XRD analysis revealed that WC had a simple hexagonal phase with

lattice parameters a¼ 2.906 Å and c¼ 2.83 Å (JCPDS card no. 12070-12-1), a

crystal size of ca. 5 nm, and a BET surface area of 76 m2 g�1 [139]. The morphol-

ogy of WC comprised irregular spherical particles (ca. 50 nm), whereas CdS

particles were agglomerates of nanosized particles (ca. 30–40 nm) with no

Fig. 6 Schematic illustration of photogenerated electron transfers in CdS and TiO2 hybrids under

visible light. (a) Pt/CdS, (b) CdS/(Pt–TiO2), (c) Pt/(CdS/TiO2), (d) sgTiO2/(Pt/CdS), (e) CdRS/

(Pt–TiO2), and (f) CdSR/(Pt–TiO2). sg and R refer to sol–gel and rich, respectively. Numbers

indicate the amount of H2 (�10�3 mol h�1 g�1). Modified from the original figures [61, 62]
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distinctive morphological features. These CdS and WC particles were not discern-

ible in the composite.

Under visible light, CdS with 2 wt%-WC exhibited an approximately 7.5-fold

larger amount of hydrogen production than bare CdS (Fig. 7b). The photocatalytic

activity of CdS loaded with 10 wt% WC increased by a factor of 23. As the amount

of WC on CdS increased, the photocatalytic activity also increased. This result

indicated that WC acted as a cocatalyst with a similar efficiency as that of Pt in

hydrogen production. In the time-profiled hydrogen production, CdS coupled with

10 wt% WC showed a stable rate of hydrogen production without any sign of

deactivation. Comparison of the 2 wt% Pt-loaded CdS sample prepared by the

photochemical method and CdS loaded with 10 wt% WC indicated that the former

showed only a marginally higher rate of hydrogen production compared to the

latter. Considering the low cost and availability of WC, its comparable catalytic

activity to Pt is remarkable and suggests a strong potential as a cocatalyst in

photocatalytic hydrogen production under visible light.

4.3 Carbon-Based Materials

Recently, carbon-based materials have been extensively studied as catalysts in

photocatalysis [60, 85, 98, 99, 140–144]. These materials exhibit very attractive

physicochemical properties, including thermal conductivity, electrical resistivity,

BET surface area, and sp valence hybrid configurations [145]. Traditionally, acti-

vated carbon has been coupled to photocatalysts for increasing the surface area of

the host photocatalyst (Fig. 8) [146]. However, as carbon synthesis and chemistry

Fig. 7 (a) New configuration of CdS and WC nanoparticles. An important role of WC is to

provide active sites for collecting the photoelectrons generated from CdS, enabling an efficient

electron–hole separation as depicted. (b) The average rate of H2 evolution over the CdS

photocatalysts combined with different amounts of WC. Catalyst: CdS photocatalyst (0.1 g of

loaded cocatalysts), light source: Hg-arc lamp (500 W) equipped with UV cut-off filter

(λ> 420 nm) [139]
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advances, a variety of carbon-based materials, including graphite (GP) [147–149],

carbon fibers (CF) [150, 151], single- and multiwalled carbon nanotubes (CNTs;

SWNT [143, 152–154] and MWNT [60, 85, 98, 99, 144], respectively), graphene

oxides (GO) [155, 156], graphene (GR) [157–161], and g-C3N4 [162], are being

actively tested as catalysts.

Among them, CNTs are of high interest because of their unique configuration,

thermal stability, and high electric conductivity. In the presence of sulfide and

sulfite mixtures, CNTs/CdS, obtained via hydrolysis, exhibited a H2-production rate

that is more than 40 times greater than the rate obtained using bare CdS under

visible light [60]. Interestingly, the enhanced activity was greatly influenced by the

surface treatment of the CNTs (heat vs. acid treatment). Although both the treat-

ments increased the H2 production, the heat-treatment method was more effective

primarily because of the increase in the graphitic carbon content as compared to

disordered carbon (i.e., IG/ID), as well as the suitable work function. However,

when hybridized with CdS and Pt, acid-treated CNTs exhibited the largest amount

of hydrogen production (acid treated> heat treated> crude), even though all the

CNTs had similar functional groups to bind metal catalyst on their surfaces

[60]. The enhanced hydrogen production in the binary and ternary hybrids could

be partially ascribed to the suitably positioned work functions among the hybrid

components and thus the vectorial charge transfer through the work function energy

gradient.

In addition to CNTs, other carbon-based materials were also shown to serve as

cocatalysts. For example, acid-treated graphite and carbon fibers exhibited higher

catalytic performances for H2 evolution over carbon/CdS particles than MWNTs

under visible light [85]. On the other hand, MWNTs were by far the most effective

Fig. 8 Carbon-catalyzed solar hydrogen production. For example, visible light-absorbing mate-

rials (CdS, CdSe, or Eosin Y) can be coupled with metal (Pt, Pd, Ni)-decorated CNTs and/or TiO2

with various virgin and surface-treated carbon materials

Strategic Design of Heterojunction CdS Photocatalysts for Solar Hydrogen 13



catalyst for H2 evolution over carbon/TiO2 particles under UV irradiation [99]. This

raises an important question: Which physiochemical properties are the primary

factors in improving photocatalytic H2 production? To address this issue, various

physicochemical properties (such as morphology, surface area, degree of graphite,

electrical conductivity, and sulfide/sulfite adsorption) were investigated in an

attempt to correlate their effect on H2 production. Although CdSe was used instead

of CdS, the results were interesting. The plots of H2 production with respect to

physicochemical properties showed that decreases in the surface area and ID/IG
(ratio of disordered carbon and graphitic carbon) increased the H2 production

[85]. More importantly, the amount of H2 produced exhibited a correlation with

the logarithmic electrical conductivities of the carbon-based materials. This

revealed that the electrical conductivities of the carbon-based materials were

paramount to the catalysis. This property of MWNTs is promising, particularly in

reducing the use of Pt in photocatalytic H2 production. Khan et al. demonstrated

that although the catalytic performance of MWNTs is only one-third of that of Pt,

the amount of Pt could be reduced by approximately 90 % by MWNTs-loading in

visible light-irradiated CdS/TiO2 suspensions [98]. A similar synergistic effect of

MWNTs/Pt was found in eosin Y-sensitized H2 production under visible

light [144].

5 Concluding Remarks

This chapter discussed the strategic design of heterojunction CdS photocatalysts for

an efficient production of solar hydrogen. There are a number of reports on the

fabrication of bare and composite CdS particles and their applications to energy and

environmental technologies. Although diverse and often contradictory results have

been obtained, the conclusions for high-performance CdS photocatalysis can be

summarized as follows. First, highly crystalline CdS should be utilized as a light

absorber. Hexagonal-phase CdS is generally better than cubic-phase CdS. The

former is obtained at a high temperature, and hence, its surface area is usually

small compared to that of the cubic phase. Quantum-sized CdS has a considerably

large surface area but a widened bandgap, thus limiting the availability of visible

light. Second, the photogenerated charge carriers must be efficiently separated for a

high quantum yield. The diffusion lengths, mobilities, and lifetimes of majority and

minority carriers are different and the charge recombination at a single CdS particle

is inevitable. Coupling with wide-bandgap semiconductors such as TiO2 may be

appropriate for inhibiting the charge recombination. In the hybrids, the match of the

energy levels between two semiconductors needs to be carefully considered for

cascaded charge transfers. Simultaneously, defect-free interfaces should be created

because defects often work as recombination centers. Finally, hydrogen-evolving

catalysts can be loaded to reduce the activation energy barrier and drive an effective

charge-injection process. A variety of traditional yet highly active catalysts are

available. The challenge is to find low-cost and synthetically facile alternatives.
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Tungsten carbides and carbon-based materials are emerging candidates because of

their abundance and stability over a wide range of pH values.
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Encapsulation for Improving the Efficiencies
of Solar Cells

Sindhu Seethamraju, Praveen C Ramamurthy, and Giridhar Madras

1 Introduction

The urgency to increase the energy production in order to meet the present and

future energy demands has led to explore various renewable energy resources

[1]. Solar energy can be harvested and used by three basic mechanisms: solar to

thermal/voltaic/chemical energy for various applications [2]. Even though solar

energy has seemed to be the plausible solution in terms of sustainability, portability,

and availability, it is not commercially viable in short term as compared to

conventional fuels. This is due to inorganic semiconductor processing technologies

and material supply limitations. With the introduction of thin film and organic

photovoltaics, the feasibility of coating/printing solar devices conformally onto

various flexible substrate surfaces has increased the hope of fabricating economi-

cally compliant solar devices [3–5]. The potential impact of the emerging polymer-

based solar technologies could be on the niche of energy market due to their ability

to work in diffuse light and promising large-scale scalability. For example, fabri-

cating lighter, wearable, flexible devices with roll processability suitable for large

areas and portable applications is possible [6, 7]. The expectations on the commer-

cialization of organic-based solar devices can be realized only if some of the

challenges involving efficiency and lifetimes of these devices are met. Photovoltaic

power conversion efficiency of about ~12 % has been achieved in organic solar

cells whereas it is about ~44 % in inorganic semiconductor devices [8]. Even

though the parity in efficiencies is higher, other factors such as lower economy,
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aesthetic aspects, and suitability for domestic applications indicate organic solar

devices as a better option over inorganic photovoltaics [4, 9]. Photoelectrochemical

water splitting is another developing research field for production of solar-based

fuels for industrial and domestic applications. Various semiconducting materials

with suitable bandgaps matching with photocatalysts for water splitting reaction

can be used to generate feedstock fuels for use in various industries and

transportation [10].

2 Need for Encapsulation

Silicon-based solar cells are themselves brittle, apart from the glass encapsulation.

The water vapor transmission rate (WVTR) to be possessed by the encapsulant for

these solar modules is about 0.1–1 g/m2/day. Hence, polymers like ethylene vinyl

acetate, poly (vinyl butyral), ionomers, polyolefins, and thermoplastic polyure-

thanes are commonly used as encapsulant and back sheets in standard commercial

photovoltaic modules. The effective functioning of these materials is essential for

corrosion-free solar module. The chemicals released due to degradation of the

polymer corrode the metallic components in the module [11]. Hence, various filler

materials like antioxidants, UV absorbers, permeation delaying components, and

stabilizers are added to increase the performance of the encapsulant. Mono- and

polycrystalline silicon-based solar cell have thickness of about 100–400 μm of

which only the upper region comprising up to 15 μm can capture visible light by

absorption. Hence, thin film-based solar devices provide a better solution as they

are much thinner and flexible with the ability to absorb the light throughout the

thickness (<5 μm). These materials include amorphous Si, cadmium telluride

(CdTe), and copper indium gallium selenide (CIGS). However, the process com-

plexity and continuous production strategies are further required to be explored for

their commercialization. Even these thin film materials require a flexible,

weathering, and UV-resistant encapsulant with WVTR of the range <10�3 g/m2/

day which is about three orders lower than the standard food packaging

requirement [12].

The basic device architecture of an organic photovoltaic (OPV) device is given

in Fig. 1. The incident light is absorbed by the photoactive layer, generating

excitons, which dissociate at the donor–acceptor interface of the OPV device. In

order to separate these excitons, a strong electric field is required for the conversion

into final photovoltaic energy. As the exciton binding energies are higher in organic

semiconductors than that in the inorganic materials, it helps in designing much

thinner devices. The dissociated charges are transported to the electrodes where

they are collected.

The device architecture, interfacial contacts at the electrodes, interfacial

nanomorphology of the active layers, bandgaps of the materials used, and

contaminant-free processing determine the organic device performance. Hence,

organic chemistry and device physics helps choosing and engineering the suitable
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active component materials for fabricating the organic solar device dynamically

[13, 14]. However, the lifetime of the device is dependent on the effective working

of the active materials in the fabricated device. Most of the active materials used in

OPV devices are not stable under ultraviolet (UV) radiation and in humid environ-

mental conditions. The major reasons include degradation of the active compo-

nents, oxidation of electrodes, and delamination of the layers in the fabricated OPV

device upon exposure to moisture, oxygen, or ultraviolet radiation. As the degra-

dation in device performance is caused by external elements, the optimal solution

would be to protect the device from interfering with such environments which can

be achieved by encapsulating the OPV device with a high barrier material.

The encapsulant material must be capable of reducing the ingress of moisture,

oxygen as well as remain resistant to UV radiation. The encapsulant ideally should

be impermeable to moisture and oxygen or exhibit at least permeability with the

acceptable transmission rates through the material being <10�6 g/m2/day and

<10�5 cc/m2/day/atm, respectively [15]. The conventional encapsulant material

that satisfies the prescribed transmission rates is glass [16]. However, it is brittle,

heavy, and not suitable for large area and large-scale processing, leading to

detrimental effect on the main features and advantages of organic solar devices.

Thus, it is unsuitable for being used as an encapsulant. Hence, an easily process-

able, monolithic, flexible, high vapor and gas barrier material, which can conform

into various surfaces and shapes, is required as an OPV encapsulant. This led to

exploration of various organic, inorganic, and hybrid layers for their use as

encapsulants. Along with the development of the material for encapsulation, suit-

able techniques to determine the ultra low transmission rates of water vapor and

oxygen through the encapsulants are required for characterization.

Fig. 1 Basic schematic for cross-sectional view of encapsulated organic solar device
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3 Lifetimes and Performance of OPV Devices

The lifetime and performance is the key to the commercialization of the organic

solar cells. Degradation of performance is one of the major limitations in OPVs.

The problem lies in the appropriate understanding about the mechanisms of degra-

dation that occur in OPV devices. Various degradation causes have been probed so

far relating to degradation.

The active materials like P3HT and PEDOT-PSS oxidize in the presence of light

and oxygen [17]. Moreover, the rate of oxidation increases in the presence of H2O

[18] as well as with an increase in temperature [19–21]. UV light-induced degra-

dation of conjugated polymers has also been observed [22, 23]. The mobility and

conductivity of fullerene/pentacene-based molecules decrease drastically because

of their oxidation. Even the ingress of moisture decreases mobility of the charge

carriers [24]. Organic materials and metal electrode materials such as aluminum are

susceptible to reactions with oxygen and water, further leading to delamination of

individual layers. The diffusion of oxygen through the electrode materials results in

indium diffusion to the active layer through the ITO electrode [25].

In bulk heterojunction OPVs, interpenetrating donor–acceptor blends are used.

The donor–acceptor interfacial stability changes with time due to either processing

conditions or thermodynamic equilibrium [26]. The blend morphology also is

affected with oxidation of blend components or the impurities. Sometimes, physical

changes occur in active layer, changing the morphology due to thermodynamic

instabilities [27].

Degradation of PEDOT: PSS layer is one of the major reasons in the failure of

OPVs. The interfacial contact between the PEDOT:PSS and the electrode delam-

inates due to oxidation and absorption of water vapor [28–31]. Most of the residual

oxygen and moisture during processing result in primary damage [25]. Mechanical

stresses develop due to the bending/handling of solar modules. Hotspots were also

evident in some cases resulting in electrical stresses. These stresses result in

variation in the performance of the flexible devices [32–34].

As all the above discussed factors affecting the lifetime performance of the

device are interlinked, it is difficult to clearly determine the actual degradation

mechanism. In order to choose an appropriate encapsulant for the organic photo-

voltaic device, it is required to understand the cause for degradation and its

mechanism. Internal factors affecting the performance of these devices include

interfacial stability, active layer, and morphology which could be overcome by

appropriate design and engineering of the device. The external factors are related to

the ingress of moisture, oxygen, and UV radiation. The detrimental effects due to

external factors can be subdued if the OPV device is encapsulated by an ultra-high

barrier material. The barrier coating/composite/layered film used for device encap-

sulation must be able to restrict the diffusion of permeating molecules through the

barrier material which initiate/increase the intrinsic/extrinsic degradation and filter

UV light.
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The semiconductor photoelectrodes (schematic given in Fig. 2), photosensitive

dyes (synthetic pigments and complexes), and other nano materials used for

photocatalytic water splitting are prone to degradation either due to UV radiation

or environmental deterrents. Hence, a suitable non-corrosive (on exposure to

electrolyte), nonconducting, highly transparent barrier material is required for

encapsulation of the device [35, 36].

4 Encapsulation of Solar Devices

The major applications of solar devices involve conformal coatings, battery charg-

ing, and solar lighting for domestic applications, automobile applications, as well as

wireless instrumentation applications and wearable power devices on clothing,

unmanned aerial vehicles for defense applications. Therefore, the barrier material

should possess some of the crucial properties which help the effective functioning

of these devices to be used in the previously discussed specific applications:

1. Flexibility: Encapsulant material must be flexible enough, along with the device

substrate without the formation of cracks

2. Hermetic: It must be possible to seal the device completely isolating from

external environment, protecting from external deterrents of degradation like

O2, H2O, chlorofluorocarbons, and UV light

3. Ultra low gas permeability: The encapsulant should provide sufficient barrier to

penetrating gases like oxygen and moisture

4. Stability: The encapsulant must be dimensionally, chemically (non-corrosive),

thermally, and electrically stable

5. Ease of processing: Processing compatibility with the final product for integra-

tion is a major requirement in terms of energy and economy minimization

Fig. 2 Basic schematic of

encapsulated photo

electrode for water splitting

reaction
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Hence, in order to satisfy these specific requirements various organic and

inorganic materials are being investigated for their use as encapsulants. As the

present conventional methods cannot measure below 10�4 g/m2/day for WVTR,

suitable techniques for determining ultra low permeabilities have to be explored.

5 Characterization of Barrier Properties of Encapsulants

Available techniques to determine WVTR through the barrier films are discussed in

this section:

1. Gravimetric-based technique

2. Capacitance/resistance/coulometric moisture sensor-based measurement

3. Tritium-based radioactive technique

4. Optical/electrical calcium degradation test

5. Spectroscopy-based techniques

1. Gravimetric-based technique: ASTM E96/E96M–12 technique includes two

basic methods, the desiccant method and the water method. The sample to be tested

is placed in between two cells with different humid conditions in both the cases.

The variation is in the service conditions on the high humidity (wetted) and the low

humidity sides of the specimen. In the desiccant method, the sample is sealed on the

top of the test cell with a dry desiccant and the setup is placed in a controlled humid

environment. Anhydrous calcium chloride is used as the desiccant. Periodically, the

weight of the desiccant is determined to measure the WVTR through the sealed test

cell. In the water method, the test cell contains distilled water instead of the

desiccant and the periodic weights determine the WVTR through the specimen

from the water to the controlled atmosphere [37, 38].

In ASTM E398–03 dynamic relative humidity method, the sample is mounted

between two chambers with variation in humidity. After conditioning and isolation

of the chamber, the rate at which the transmission of moisture increases is measured

within the relatively lower relative humidity chamber over a predetermined range

of interest. This rate is further compared to the WVTR of a calibration sample,

which is calibrated gravimetrically initially to determine the WVTR of the barrier

sample [39]. In another method, the dried sample film is placed in a controlled

humid environment and then transferred to the test cell which is equipped with a

halogen lamp. The heating of the sample releases moisture and the amount is

measured gravimetrically [40]. However, these techniques based on gravimetry

cannot be used for reliably for determining WVTRs below 1 g/m2/day.

2. Capacitance/resistance/coulometric moisture sensor-based measurement: In
this technique, the sample is placed in between two chambers of a test cell with

different, controlled humid environments. The water vapor is transmitted through

the sample due to the relative difference in pressure or concentration of humidity on

either side of the sample film. Thus, the WVTR from higher humid condition to

lower humid condition is sensed by using a capacitive/resistive/coulometric-based

28 S. Seethamraju et al.



humidity measurement sensor. Even when the initial sensitivity of the sensors is

good, the saturation of these sensors due to oxide layer formation cannot fulfil long

time accurate measurements [41–43]. In commercialized techniques like MOCON,

Permatran, and Aquatran techniques, coulometric sensors are used where the

change in concentration of the analyte is used for sensing. Theoretical limits of

measurement are very low but practical values of about ~10�3 g/m2/day have only

been achieved till date.

3. Tritium-based radioactive technique: In this technique, H2O doped with

Tritium is used on one side of the test material. The transmitted HTO is monitored

with time to determine the WVTR. Two methods are used for quantification of

HTO. The permeated HTO is swept with a carrier gas to an ionization chamber. In

the other case, HTO is collected by a hygroscopic salt and then analyzed for the

tritium concentration by scintillation. Though these radioactive-based techniques

can be used for WVTRs in the range of ~10�6 g/m2/day, they are not economical,

environmental friendly and it is not possible to differentiate the signals due to

permeated elemental tritium and HTO [44].

4. Optical/electrical calcium degradation test: In the calcium degradation test to

determine the WVTR, calcium is deposited onto a clean, highly impermeable

substrate like glass. Stable metal electrodes like aluminum, silver, or gold are

deposited to provide electrical contact for measuring the resistance of calcium, as

shown in the schematic. Then the calcium on the substrate is sealed with the sample

barrier films to be tested using a sealant/glue over the edges. The sealed calcium-

based moisture sensing device is placed in an environmental chamber with con-

trollable temperature and humidity. The water vapor permeates through the barrier

film and reacts with calcium deposited on the substrate. This results in the change of

optical transmittance, as determined from optical microscopy and an increase of

resistance (R) which can be measured as a function of time (t) using a programma-

ble digital multimeter. When calcium reacts with moisture, the thickness of calcium

deposited decreases with time, when uniform surface oxidation of the calcium thin

film is assumed. Hence the measured transmittance/resistance of calcium

film varies with time as it gets oxidized and this change in optical/electrical

property is correlated to the change in thickness, which further gives the value of

WVTR [45, 46].

In optical calcium degradation test, optical images are saved periodically using

an optical microscope from which oxidized areas are estimated. Quantification

based on visual analysis cannot be as exact as in the electrical calcium test (Fig. 3).

In electrical calcium degradation test, the change in thickness results in change

of resistance which gives the amount of calcium reacted [47]. The resistivity of

calcium (ρ) is independent of calcium film thickness only above 100 nm

[48]. Hence, the change in resistance, over the calcium thickness variation from

an initial thickness of h to 100 nm is used for calculation. As one molecule of

calcium can react with two molecules of H2O forming Ca(OH)2, the water vapor

permeated through the barrier film over calcium is determined using Eq. (2) where

molecular weight of water is MH2O (18) and that of calcium is MCa (40). If the
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density of calcium is ∂ for a film thickness of h, with deposition area being l� b, the

WVTR through the sealed barrier film is given by:

WVTR ¼ �2
MH2O

MCa

∂ρ
1

b

� �
d 1=Rð Þ

dt
ð1Þ

WVTR in the range ~10�5 g/m2/day can be determined using this method.

However, the assumption of uniform oxidation of calcium, permeability through

the glue used for sealing and constant resistivity of calcium, which changes with

film thickness, limit the long-term testing of the material for barrier property.

5. Spectroscopy-based techniques: In infrared sensor-based technique, ASTM

F1249–06, the dry side is separated from the wet side of the test chamber both of

which are under controlled conditions of temperature and humidity by the sample

barrier material to be tested. The water vapor passing through the sample film from

wet to dry side of the diffusion cell is carried to a pressure-modulated infrared

sensor. The fraction of infrared energy absorbed by the water vapor is measured by

the sensor and an electrical signal is produced, whose amplitude is proportional to

water vapor concentration. This amplitude is then compared to the signal produced

by the initial measurement of a calibration film of known WVTR, from which the

value of transmission rate is determined for the sample film [49]. WVTR values up

to 10�3 g/m2/day have been determined using this method.

In mass spectroscopic-based measurement technique, the sample to be tested is

mounted onto a diffusion cell where both sides of the film are evacuated. One side

of the sample is exposed to a constant flow of water vapor at constant pressure. The

water vapor permeated through the film is swept by inert flow gas to a gas

chromatogram for water vapor quantification [50, 51]. Even though the lower

limit of detection for WVTR is ~10�6 g/m2/day, the system is complex (with

leak-free chambers) and is not economical.

Oxygen transmission rate: There are three major techniques by which oxygen

permeated through the barrier film material can be determined:

1. Coulometric-based technique

2. Calcium degradation test

3. ASTM 3985

Fig. 3 Schematic for

calcium degradation test
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1. Coulometric-based technique: OTR is primarily determined by using a cou-

lometric sensor similar to the procedure discussed previously for determining

WVTR. This method can be used by following two procedures; one is a manometric

method where pressure difference is maintained and the other is a volumetric

method where concentration difference is maintained with no difference in total

pressures on either side of the film [52].

2. Calcium degradation test: The setup for calcium degradation test is the same

as used for WVTR determination. Instead of placing the sealed calcium device in a

humid environment, it is placed in oxygen environment with controllable humid

conditions. The change in resistance gives the amount of calcium reacted with

oxygen which finally gives OTR through the sealed test film [46].

WVTR ¼ �0:5
MO2

MCa

∂ρ
1

b

� �
d 1=Rð Þ

dt
ð2Þ

3. ASTM 3985: This method is for determining oxygen vapor barrier measure-

ment of flexible materials, which is under validation by ASTM. It is very similar to

the ASTM 1249 method and apparatus as previously discussed except that it has a

micro fuel cell with oxygen sensor instead of humidity sensor [53].

5.1 Materials for Encapsulation

In order to design the encapsulant requirement for organic-based devices, basic

differences between the permeation mechanisms through organic and inorganic

materials must be discussed. The inorganic thin film materials offer high barrier

towards permeant penetration. The presence of defect sites and the pin holes in the

homogeneous thin film provide the pathway for the penetrant. But in the case of

organic materials like polymers, permeation of gases/vapors follows standard

mechanism of solution-diffusion. The permeant first gets adsorbed onto the surface

and then dissolve in the polymer matrix. The available free volume between the

molecular chains, provide the pathway for diffusion of the dissolved permeant.

Then the permeant is desorbed on the other end of the polymer.

Therefore, defect-free inorganic thin films materials are brittle, and are not crack

resistant even though they offer high barrier towards moisture permeation. Organic

polymer encapsulants are suitable in terms of flexibility, processability, and

conformability. But the permeation rates of gases through polymers are quite

higher. Hence, a combination of both organic and inorganic materials has been

the choice to meet the requirement of flexibility as well as high gas barrier in

multilayered architecture as it provides redundancy and tortuosity. Various

approaches for organic solar device encapsulation by single layered/curing/com-

posite/multilayered films, etc. have been used by various research groups.
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Hence, alternate coatings of inorganic and organic materials have been chosen as

an apt solution for retaining the barrier property of inorganic material as well as the

flexibility and crack resistance of organic material. The inorganic oxides were

coated onto polymeric substrates by either physical or chemical vapor deposition

techniques in layer-by-layer method to achieve ultra low permeabilities. In this

technique, the base film surface quality is critical for inorganic oxide deposition to

achieve defect-free thin film and much higher barrier.

1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]C61 (PCBM)-based solar cells

were encapsulated using a flexible and transparent poly(ethylene naphthalate)

(PEN)-based ultra-high barrier material which is fabricated by plasma enhanced

chemical vapor deposition (PECVD). Five inorganic and organic bilayers, SiOx and

PECVD-deposited organosilicon, were grown sequentially on the PEN film, which

resulted in about 500 nm thick layer. This encapsulation raised the shelf lifetime by

50 % of the initial efficiency of solar cells from tens of hours to beyond 3,000 h

[54]. Barrier material based on alternate coatings of polyacrylate/Al2O3 was used

for organic device encapsulation. It followed a multistep process where organic

monomer is flash evaporated, cured by incident UV radiation and then coating of

inorganic material on organic layer by reactive sputtering. A WVTR of 2� 10�6 g/

m2/day at 20 �C and 50 % RH was achieved from calcium degradation test of the

barrier material [55, 56]. Similarly in another work, barrier material was fabricated

by atomic layer deposition (ALD) of Al2O3 onto a PEN substrate, which showed a

WVTR of 1.7� 10�5 g/m2/day at 38 �C and 85 % relative humidity

(RH) [57]. SiOx/Al2O3/parylene layers were used for device encapsulation where

WVTRwas found to be ~10�5 g/m2/day [58]. Series of organic and inorganic layers

were used in Barix™, Vitex technology, assuming the offset of defects due to the

presence of organic layer over inorganic oxides [59]. Hermenau and group used

different encapsulations for small molecule organic solar cells and observed that a

loss of 50 % of initial efficiency is observed when 0.01 g/m2 water entered the

device either through the encapsulant or the electrode. PET with 245 nm sputtered

ZTO had shown the better performance next to the glass-encapsulated device [60].

Diamond like amorphous carbon was used by high energy sputter deposition

along with silicon and oxygen over polymer substrates with multilayered architec-

ture for encapsulating organic devices [61]. Polymer multilayered stacks were used

along with nitride, oxide, and oxy-nitride layers over a PET substrate for achieving

WVTR< 0.005 g/m2/day [62]. Deposition of inorganic oxides like SiO2, AlOx by

techniques like ALD, thermal co-evaporation, sputtering, PECVD techniques can

be used for OPV encapsulation, as discussed above. Defects caused by particles and

surface imperfections were found to have major detrimental effect on the barrier

properties in such multilayered coatings [63]. A model was proposed for defect-

mediated permeation in oxide-coated gas barrier films. This model accounts for

diffusion through the amorphous inorganic oxide lattice, nano-defects within the

lattice, and macro-defects. Even though no defects could be detected from micro-

scopic measurements, the permeation data through the barrier films indicate the

presence of defects. It was estimated that macro-defects (>1 nm), nano-defects

(0.3–0.4 nm), and the lattice interstices (<0.3 nm) exist in such coatings and all of
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them contribute to the total permeation [64]. However, due to the presence of

pinholes and defects in these inorganic layers, they could not suffice the need for

ultra low permeable material. Moreover, the deposition techniques are quite expen-

sive and lack scalability. Hence, alternate materials with simplified, economic

processing methodology are still a major requirement.

Polymer nanocomposites and blends are used as conventional encapsulants in

food and pharmaceutical industries. But they are not sufficient for being used for

organic solar device encapsulation. Generally various inorganic micro- and nano

fillers are used in the polymer to increase the permeation pathway. As the perme-

ation through polymers follows the solution-diffusion mechanism, the choice of the

matrix polymer and the filler material determines the solubility of H2O in the

composite and the geometry of the filler determines the diffusion pathway. More-

over, the filler and polymer can be chosen in such a way that would decrease the

free volume available for permeant penetration through the composite if they

interact favorably. Nano platelet-structured morphologies of the fillers with parallel

orientation to the film in the composite would provide more tortuous pathway for

the permeant to penetrate. Generally composites are prepared by solution casting,

blending, or in situ polymerization techniques, which are more energy intensive as

compared to physical and chemical vapor deposition, sputtering-based encapsula-

tion techniques. Further, various composite films can be used in multilayered

architecture to achieve further reduction in permeability.

The optimization of sodium-montmorillonite clay (MMT–Na) content in poly

(vinyl alcohol) (PVA) nanocomposite to obtain the properties required for organic

solar cell encapsulation was discussed. These nanocomposites were fabricated by

following an environmentally friendly processing of aqueous solution by casting

technique. The nanocomposite layer was used for encapsulating organic solar cells

and the increased device stability was observed [65]. Saran-based boron nitride

nanotube composites were reported as barrier material for OPV devices [66].

Functionalized acrylic UV curable hard coat materials with silane functionalized

silica particles were discussed for solar cell encapsulation with a WVTR of 10�1 g/

m2/day [67]. The use of polyurethane as encapsulant for polymer solar cells has

been explored in eight different countries in different weather conditions. Reduc-

tion in degradation of the performance of solar device was observed. The average

efficiencies with at least 40 % of the initial values were observed up to 4½ months

of outdoor exposure [68].

Polymer nanocomposites were fabricated using SiO2, Al2O3, and ZnO as filler

materials in different polymer matrices for their use as OPV encapsulants. Nano

SiO2 and Al2O3 were functionalized by coupling with different siloxane functional

groups to increase the compatibility with the polymer [69–71]. PVA/ZnO-based

composite was optimized for barrier property from calcium degradation test and

organic device encapsulation results. Encapsulation with this optimized composite

material improved the device lifetime by four times compared to the lifetime of

non-encapsulated organic device [72].

The presence of interactions between the filler and the polymer results in better

compatibility and decreases the free volume availability in polymer composites.
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Filler materials like clays with platelet geometry offer longer diffusion pathway to

the permeant through the polymer than compared to one dimensional fillers. Clays

are arranged as stacked sheets and hence the gallery spacing between the layers

determine the diffusion pathway. When they are intercalated or exfoliated, the

gallery spacing between the sheets increase and thus provide a more tortuous

pathway to the penetrant through the polymer composite. Therefore, gallery spac-

ing is higher in organically functionalized clays.

Poly (ethylene-co-vinyl alcohol) (EVOH)-based nanocomposite barrier films

with dispersed montmorillonite clay surface modified with octadecylamine (15–

35 wt%) and aminopropyltriethoxysilane (0.5–5 wt%) (MMT) were fabricated

by solution casting technique. Due to the hydrogen bond and van der Waals

interactions in the EVOH/MMT composite, helped forming a strongly interacting

composite decreasing the available free volume for permeation and increasing the

permeation barrier. The coefficient of diffusion for water vapor as determined from

calcium degradation test decreased by more than one order for the composite

material than that of the neat polymer (Fig. 4). These EVOH/MMT composite

films exhibited WVTR in the order of 10�3 g/m2/day. Moreover, the composite-

encapsulated P3HT-based Schottky devices exhibited lifetimes that were ten times

higher than the neat polymer-encapsulated devices [73].

Blending of two different polymers can be devised effectively to attain high

barrier material. Two copolymers, namely poly (ethylene-co-methacrylic acid)

(PEMA) and EVOH were melt blended with PEMA as the base component. Both

the copolymers used for blending are capable of forming hydrogen bonds with

permeating H2O molecules. This helps in providing a strongly interacting environ-

ment for water molecules. The blend of ionomer and copolymer is compatible,

because of the electrostatic interactions as well as hydrogen bonding, resulting in an

interacting complex blend. These interactions decreased the free volume available

for permeation (Fig. 5). Moreover, the theoretical molecular dynamics simulations

have shown that the intersegmental motion of the polymer chains decreased in case

of the blend system compared to that observed in the neat system. Hence, these

blend films showed much lower permeability values (Fig. 6) towards moisture with

WVTR of 10�4 g/m2/day than the neat polymer films. The diffusivity of H2O
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decreased in the case of blend composition as determined from molecular dynamics

simulations. The lifetimes of the encapsulated P3HT (also used in solar cells)-based

Schottky organic devices increased by more than 20 times compared to the bare

device [74].

Though, polymer-based composites and blends could not satisfy the barrier

property as a single layer, the barrier property could further be improved when

used as multilayered films. Moreover these organic-based encapsulants fabricated

by simple processing techniques by casting, blending, etc. offer better economic

solution as well as scalability for roll processing as compared to inorganic atomic

layer, chemical vapor deposition techniques. Theoretical understanding and prac-

tical characterization of the interactions between the filler and the matrix in the
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composite at the atomistic level would provide a better solution to design the barrier

material satisfying all the requirements of an encapsulant for organic devices.

Sputter-deposited TiO2 has been used as the transparent encapsulant for

photoelectrode in solar-based water splitting application. Due to the change in

potentials of the TiO2 surfaces, oxygen evolution and other active corrosion

reactions were observed. Hence, it was replaced with Master Bond polymer system

EP39-2, a transparent epoxy polymer, which was designed specifically for elec-

tronics packaging application. It was found that it has good stability in KOH and

was compatible with traditional printing techniques [75]. It can be conformally

coated onto the planar photoelectrode structure, as required for water splitting

applications. Therefore, polymeric encapsulants must be suitable for

photoelectrode encapsulation application over inorganic materials.

6 Conclusions

The effective working of the solar photovoltaic device requires an effective

encapsulant layer for protecting it from detrimental factors. The efficient function-

ing of the photoelectrodes used in solar-based water splitting technologies requires

a non-corrosive, stable encapsulant. Of the various materials that have been

explored so far, while some exhibit sufficient barrier to WVTR, they are difficult

to process and are not economical. Therefore, various materials that are potential

encapsulants are discussed. The characterization of the barrier property for WVTR

and OTR is another issue for designing encapsulant materials with ultra-high

barrier. Various techniques that are available for determining WVTR and OTR

are discussed.
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Solar Photocatalytic Hydrogen Production:

Current Status and Future Challenges

Jenny Schneider, Tarek A. Kandiel, and Detlef W. Bahnemann

Due to the increase of the worldwide demand for energy along with the global

warming and the increasing level of atmospheric CO2, solar hydrogen has been

proposed as an optimal fuel as it can be produced from water using solar energy

which emerges as the most promising energy source in terms of abundance and

sustainability. So far, the main commercial process for producing molecular hydro-

gen is steam reforming of hydrocarbons which is, however, connected with a CO2

emission disadvantage. Carbon-free hydrogen production can be achieved by water

splitting employing an electrolyzer powered by photovoltaics, but a potentially

more cost-effective route is to perform direct photocatalytic water splitting using

semiconductor photocatalysts. Herein, the authors present the principles of this

process, the maximum solar-to-hydrogen conversion efficiency, the most active

photocatalysts reported so far and the challenges for the development of the

optimum photocatalyst for the efficient release of hydrogen from water. Since

the efficiency of the overall photocatalytic water splitting is still very low and

the photocatalytic reforming of biomass compounds can be considered as an inter-

mediate step between the current fossil fuel consumption and the dream for an

efficient direct photocatalytic water splitting utilizing solar energy, the photo-

catalytic hydrogen production employing different so-called sacrificial reagents,

i.e., electron donors, is also presented and discussed herein. Commonly, the system

employing TiO2 as the photocatalyst and methanol as the sacrificial reagent is

investigated, thus, details concerning the possibility of enhancing the photocatalytic

activity of this system as well as the current knowledge of the underlying mecha-

nism are presented at the end of this chapter.
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1 Introduction

Hydrogen is the most common element on earth, but it does not occur to a

significant extent in its molecular form. It is mostly present bound to other atoms

such as in water, in biomass, and in hydrocarbons. As far as technical processes are

concerned, hydrogen gas is currently produced from a variety of primary sources,

such as natural gas, naphtha, heavy oil, methanol, biomass, wastes, coal, solar

energy, wind energy, hydropower, and nuclear energy [1]. It can be considered as

a clean energy fuel since the chemical energy stored in the H–H bond is released

when it reacts with molecular oxygen, e.g., in a fuel cell or upon incineration,

forming water as the only reaction product. Accordingly, a future energy infra-

structure based on H2 is regarded as an ideal long-term solution to energy-related

environmental problems. There is no doubt that molecular hydrogen has the

potential to provide a clean and affordable energy supply that can minimize our

dependence on oil and therefore reduce environmental pollution. It is generally

understood that over the next 10–20 years all renewable energy-based processes for

H2 production (solar photochemical and photobiological water decomposition,

electrolysis of water employing electricity generated by photovoltaic cells or

wind turbines, etc.) are unlikely to generate significant reductions in hydrogen

gas costs. Currently, the industrial production of hydrogen gas from fossil fuel

amounts to 48 million tons globally each year [2]. Almost half of this amount of

hydrogen is used for the synthesis of ammonia, while refineries use the second

largest volume of hydrogen gas for chemical processes such as the removal of sulfur

from gasoline and the conversion of heavy hydrocarbons into gasoline and diesel

fuel. Food producers add a small percentage of hydrogen gas to some edible oils

through a catalytic hydrogenation process. The demand for H2 is expected to grow

over the next 10 years, for both, these traditional uses and for alternative applica-

tions, e.g., for fuel cells. At least in the near future, this “thirst” for molecular

hydrogen will have to be quenched primarily through the use of fossil fuels.

The industrially most widely used and most economical process for the produc-

tion of hydrogen gas is steam methane reforming (SMR) [2]. Although SMR is a

complex process involving many different catalytic steps, it will continue to be the

technology of choice for the mass production of H2, as long as natural gas (or CH4)

and hydrocarbon fuels remain at a low or even moderate price. Nonetheless, the use

of fossil fuels will eventually have to be abandoned to ensure that the hydrogen

economy will work in the future. One approach to reach this goal is to alternatively

apply steam-reforming methods to renewable materials derived from crops. Not

only would such biomass conversion schemes be able to turn waste into a valuable

product, but, according to the current philosophy of many researchers there would

be another benefit: any carbon dioxide released in these processes could be

converted into the required biomass by planting new crops. Such a biomass strategy

of hydrogen gas generation could be a useful intermediate step between the current

fossil fuel method and the dream of efficient direct water splitting employing solar

energy [2]. Moreover, in view of the high energy demand and the complexity
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associated with all reforming processes, it is also of interest to explore

photocatalysis as an alternative technology for the H2 production from biomass-

derived compounds, e.g., methanol, ethanol, or glycerol [3].

2 Photocatalytic H2 Production from Water

2.1 Principle of Photocatalytic Water Splitting

Since the discovery of the photoelectrochemical (PEC) water splitting employing

TiO2 rutile single crystals electrode by Fujishima and Honda in 1972 [4], numerous

studies, related to this finding, have been performed. As a result, excellent reviews

summarizing the knowledge concerning the photocatalysis principle and its appli-

cations for water and air purification, organic synthesis, and hydrogen production

have been published [5–7]. In the 1990s and also later, the photocatalysis research

was focused mainly on environmental remediation applications leading to the

development of various photocatalytically active materials now being available

commercially. Recently, initiated by environmental problems and the interest to

substitute nuclear as well as fossil energy utilization by that of regenerative

energies, extensive research is being performed to produce solar hydrogen as an

alternative fuel and thus many review articles have appeared summarizing the

progress in this field [1, 8–13]. In fact, the overall water splitting for the production

of molecular hydrogen using particulate photocatalysts has been examined since

1980 [14]. From the viewpoint of large-scale hydrogen gas production, particulate

photocatalyst systems are sometimes considered to be advantageous over more

complex multilayer or tandem structure devices and have been proposed to serve a

wider range of potential applications. However, a suitable and economical method

for the separation of the simultaneously produced H2 and O2 still remains to be

developed. Therefore, traditional PEC devices employing semiconductor elec-

trodes separated from the respective counter electrodes are an important option as

this gas separation step is not required [4]. Thermodynamically, the overall water

splitting is an uphill reaction with a large positive change in Gibbs free energy

(ΔG� ¼ 237 kJ mol�1) [15]. Figure 1a presents a schematic illustration of the basic

principle of the overall water splitting employing a heterogeneous photocatalyst.

Upon irradiation with an energy equivalent to or greater than the bandgap energy of

the semiconductor photocatalyst, electrons are excited from the valence into the

conduction band, leaving holes behind in the valence band. These photogenerated

electrons and holes are capable of initiating reduction and oxidation reactions,

respectively. To achieve overall water splitting, the bottom of the conduction

band must be located at a potential that is more negative than the reduction potential

of H+ to H2 (0 V vs. NHE at pH 0), while the top of the valence band must be

positioned more positively than the oxidation potential of H2O to O2 (1.23 V

vs. NHE at pH 0). Therefore, the minimum photon energy thermodynamically
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required to drive the reaction is 1.23 eV, corresponding to a wavelength of

ca. 1,000 nm, i.e., in the near-infrared region. Accordingly, it appears to be possible

to utilize the entire visible spectral range for this process. However, there are

activation barriers associated with both charge-transfer processes, necessitating

photon energies exceeding 1.23 eV to drive the overall water splitting reaction at

reasonable reaction rates. Thus, the minimum bandgap energy of a semiconductor

that can be utilized for the water splitting process can be determined by the energy

required to split water (1.23 eV) plus the thermodynamic losses (0.3–0.4 eV [16])

and the overpotentials that are required to generate O2 and H2 at various points in

the system to ensure sufficiently fast reaction kinetics (0.4–0.6 eV) [17, 18]. Hence,

the minimal bandgap energy required to achieve water splitting has been calculated

to be at least 1.9 eV corresponding to a wavelength of ca. 650 nm. In addition, the

backward reaction, that is, water formation from H2 and O2, must be strictly

inhibited, and the photocatalysts themselves must be stable during the reaction.

The main steps of the overall photocatalytic water splitting on a semiconductor

photocatalyst are summarized in Fig. 1b. The photocatalyst absorbs photons the

energy of which is greater than the semiconductor’s bandgap energy thus generat-

ing electron/hole pairs in its bulk. Subsequently, the charge carriers can separate

and migrate to the surface provided that their undesired recombination can be

avoided.

Subsequently, surface adsorbed H2O molecules are reduced and oxidized,

respectively, by the photogenerated electrons and holes to produce H2 and O2,

respectively. The first two steps in this reaction sequence, i.e., the e�/h+ generation
and the charge carrier diffusion to the surface, are strongly dependent on the

structural and electronic properties of the photocatalyst. In general, high crystal-

linity should have a positive effect on the activity since the density of defects, which

act as recombination centers for photogenerated carriers, decreases with increasing

crystallinity. The third step, on the other hand, usually requires the promotion by

suitable co-catalysts. These co-catalysts are typically noble metals (e.g., Pt, Rh) or

e-
h+

Recombination

1/2 O2

Photocatalyst Particle

Light

H2O

2H+

H2

a b

Fig. 1 Basic principles of the overall water splitting reactions employing a heterogeneous

photocatalyst, e.g., TiO2
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metal oxides (e.g., NiO, RuO2) and are often loaded onto the photocatalyst surface

from the respective dispersions of nanoparticles. It is thus important to design both,

the bulk and the surface properties of the light absorbing, semiconducting material

carefully so as to obtain high photocatalytic activity for the overall water splitting

reaction [15].

2.2 Solar-to-Hydrogen Conversion Efficiency

Unfortunately, the ideal photocatalyst for solar hydrogen production has not been

discovered yet. In the following section the maximum theoretical solar-to-hydrogen

(STH) conversion efficiency will be calculated. Figure 2 shows the distribution of

the solar irradiance (in units of J s�1 m�2 nm�1) at a global Air Mass of 1.5

(AM 1.5) as reported by the National Renewable Energy Laboratory (NREL)

[19]. Utilizing this data, the number of photons at different wavelengths (Jλ) can
readily be calculated according to Eq. (1), where Eλ is the solar irradiance at a single

wavelength (J s�1 m�2 nm�1), λ is the wavelength (nm), h is the Planck constant

(6.626� 10�34 J s), and c is the velocity of light (2.998� 1017 nm s�1). The number

of absorbed photons Jg for solar wavelengths λ� λg can be obtained according to

Eq. (2), where α(λ)dλ is the fraction of incident radiation absorbed in the wave-

length band dλ. Accordingly, the STH conversion efficiency can be obtained

employing Eq. (3) [18] assuming that every absorbed photon is 100 % effective

in generating hydrogen, i.e., the quantum efficiency is φ¼ 1, the required chemical

potential for water splitting is μ¼ 1.97� 10�19 J photon�1, and the total solar

irradiance is S¼ 1 sun (1,000 J s�1 m�2). The calculated values are presented in

Fig. 2.

Fig. 2 Solar spectral

irradiance at a global air

mass of 1.5 as a function of

the wavelength and the

maximum theoretical solar-

to-hydrogen (STH)

conversion efficiency
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Jλ ¼ Eλλ

hc
photons s�1m�2nm�1
� � ð1Þ

Jg ¼
ð λg

0

Jλ α λð Þ dλ photons s�1m�2
� � ð2Þ

STH conversion efficiency ¼ Jg μ φ

S
� 100 %½ � ð3Þ

By analyzing the solar irradiance, the maximum theoretical STH conversion

efficiency is calculated to be 48 %, following an integration from the UV

(280 nm) to the maximal usable wavelength of 1,000 nm (1.23 eV). This result is

readily explained by the fact that molecular hydrogen is the sole useful product, i.e.,

only the H2-equivalent energy can be utilized and any excess energy of a photon

exceeding 1.23 eV will be dissipated (mainly as heat) [20]. It is obvious from Fig. 2

that the energy loss becomes more apparent as the wavelength decreases. For

example, the maximum conversion efficiency that is achievable in the UV region

(<400 nm) is 3.3 %. To realize significant solar energy conversion (namely,

exceeding a 5 % STH efficiency), visible light has hence to be utilized. This fact

clearly justifies the fact that the development of visible light-responsive

photocatalysts is essential to reach high STH conversion efficiencies.

According to recent estimations, one-third of the human society energy needs in

2050 can be obtained from solar energy employing approximately 10,000 “solar

plants” as shown in Fig. 3 (with an area of 5 km� 5 km per plant) with a solar

energy conversion efficiency of 10 % [13]. According to the data presented in

Fig. 2, a 10 % STH conversion efficiency is corresponding to a bandgap energy

ca. 2.5 eV (ca. 500 nm), however, it should be mentioned here that the data

presented in Fig. 2 have been calculated assuming that all absorbed photons

contribute effectively to the hydrogen production (i.e., φ¼ 1). In reality, the

achievement of such an ideal value of the quantum efficiency will be very difficult,

Fig. 3 Possible scheme for

the large-scale H2

production employing solar

water splitting. Reprinted

with permission from Ref.

[13]. Copyright (2010)

American Chemical Society
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e.g., due to the fast recombination of the photogenerated charge carriers. Thus,

photocatalysts with smaller bandgaps are urgently required to achieve the desired

10 % STH conversion efficiency that can, for example, be realized employing a

photocatalyst with a bandgap energy of 2.0 eV and a quantum efficiency φ¼ 0.5,

i.e., only 50 % of the solar photons must be utilized for the hydrogen production.

Regarding the overall system approach, a unique reactor for the PEC hydrogen

production has been proposed recently [21] when James et al. reported a

technoeconomic analysis of conceptual solarchemical H2 production systems.

According to this report, shallow horizontal “pools” or “beds” consisting of flexible

clear plastic thin-film baggies, containing a reactant solution and a photocatalyst,

are potential candidates for inexpensive water splitting reactors. Similar system

analyses, including suitable water splitting reactors, H2 and O2 gas separators,

solarchemical plants, and associated facilities, are expected to be of utmost impor-

tance for the future practical realization of solar energy-to-fuel conversion

concepts.

2.3 Photocatalysts for Water Splitting

The most commonly used photocatalyst for the photocatalytic (PC) and the PEC

water splitting is titanium dioxide (TiO2). Employing a TiO2 rutile single crystal

electrode as photoanode Fujishima and Honda were able to split water in a PEC cell

[4]. However, an external bias was required due to the unfavorable position of the

conduction band edge of rutile (ECB¼ +0.04 V vs. NHE) being almost the same as

the standard electrode potential of hydrogen evolution (H+/H2; 0 V vs. NHE)

[22, 23]. For anatase and brookite TiO2, ECB is positioned more favorable, i.e.,

these materials should be able to achieve H2O splitting even without external bias

[24]. However, also anatase TiO2 cannot split water without modifications such as

the loading with co-catalysts. For example, Sato and White [14] observed the

stoichiometric evolution of H2 and O2 on anatase TiO2 powder that has been

impregnated by a Pt co-catalyst via the photodecomposition of hexachloroplatinate

in an aqueous acetic acid solution. In this study, 18O-labeling experiments also

confirmed the O2 production from water. Without Pt, no H2 was formed. However,

as a drawback, the Pt islands on the surface of TiO2 were found to also catalyze the

reverse of the water splitting reaction, i.e., the formation of water through the

reaction of molecular hydrogen with molecular oxygen, thus limiting the yields in

particular at high H2 partial pressure. Mills and Porter discovered that O2 produc-

tion could be less than stoichiometric or, in some cases, be even entirely absent

[25]. This was attributed to the fact that photoexcited TiO2 tends to strongly adsorb

oxygen as O�
2 or as O2�

2 . Following initial reports on the beneficial effect of a

NaOH coating on the photocatalytic efficiency [26]. Arakawa’s group reported in

1992 that the O2 evolution activity of TiO2 could be enhanced significantly by the

addition of 0.1–2.2 M Na2CO3 to the aqueous catalyst dispersion [27]. Although
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there were several studies evincing the simultaneous production of H2 and O2 in

particulate systems, the reproducibility of some of these experiments was found to

be poor or the overall STH efficiency was rather low [28, 29]. The bandgap energies

of TiO2 modifications as well as the energy levels of some other wide bandgap

semiconductor photocatalysts are given in Fig. 4a. NaTaO3, SrTiO3, and TiO2

possess suitable band positions for water splitting. These materials are active for

water splitting when they are suitably modified with co-catalysts [8], but unfortu-

nately, they exhibit very low solar conversion efficiencies due to their large

bandgap energies. For example, the theoretical STH conversion efficiency can be

Fig. 4 Schematic illustration of the energy levels of (a) UV and (b) visible light-active semicon-

ductor photocatalysts. Data extracted from Refs. [9, 15, 22]
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calculated to be 4.0 % for TiO2 with a bandgap energy 3.0 eV (rutile phase)

assuming that all solar photons below 415 nm are effectively absorbed and partic-

ipate in the molecular hydrogen production.

Figure 4b shows the bandgap energies and energy levels for some semiconductor

photocatalysts with potential application under visible light illumination. Although

CdS and CdSe seem to have suitable band positions and a bandgap with visible light

response, they are not active for water splitting into H2 and O2 since S
2� and Se2�

are more susceptible to oxidation than OH�, causing the CdS or CdSe photocatalyst

itself to be oxidized and thus to be anodically degraded [30–32]. For instance, S2�

in CdS rather than H2O is oxidized by the photogenerated holes accompanied with

the anodic dissolution of the semiconductor and the formation of Cd2+ according to

the following equations [9]:

CdS�����!hν
e�CB þ hþVB ð4Þ

CdSþ 2hþVB �����! Cd2þ þ S ð5Þ

In the presence of molecular oxygen, the overall process will be:

CdSþ 2O2 �����! Cd2þ þ SO2�
4 ð6Þ

Reactions (5) and (6) are called photocorrosion and present a fundamental problem

for the applicability of metal sulfide photocatalysts for cyclic water splitting. Even

for a metal oxide such as ZnO, photocorrosion has also been observed under

bandgap excitation in the absence of noble metal co-catalysts [9].

ZnO�����!hν
e�CB þ hþVB ð7Þ

ZnOþ 2hþVB �����! Zn2þ þ 1

2
O2 ð8Þ

WO3 functions as a stable photocatalyst for O2 evolution under visible light

illumination in the presence of appropriate electron acceptors such as silver ions,

but unfortunately, it cannot reduce water to H2 due to the fact that the bottom of its

conduction band is located at a more positive potential than that of the water

reduction. As a result, WO3 does not have the ability to reduce H+ to H2. Until

very recently, reproducible photocatalytic systems for the visible light driven

overall water splitting had not been realized, although there are several reports

claiming the decomposition of water under visible light illumination [33–37]. The

difficulty in developing a suitable photocatalyst can be attributed to the lack of

known materials meeting all three requirements, i.e., (1) band edge potentials

suitable for overall water splitting, (2) bandgap energy smaller than 3 eV, and

(3) stability against photocorrosion during the photocatalytic reaction. For the

development of visible light active photocatalysts, it is very important to be able

to control the band structure. In metal oxide photocatalysts, the bottom of the

conduction bands consists mainly of empty transition-metal d orbitals located at
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potentials between 0 V and�1 V (vs. NHE) at pH 0 (cf. Fig. 4a). On the other hand,

the top of the valence bands consists of O2p atomic orbitals located at very positive

potentials (around +3 V vs. NHE, see Fig. 4a) [15, 38]. Consequently, these metal

oxides exhibit large bandgap energies thus limiting their visible light harvesting

abilities. Through the introduction (doping) of other elements, e.g., nitrogen and

sulfur, which have atomic orbitals (N2p and S3p, respectively) with a potential

energy exceeding that of O2p new valence bands will be formed resulting in a

decrease of the bandgap energy without affecting the conduction band level. This

approach has been shown to result in the formation of visible light-driven

photocatalysts with band edge potentials that are potentially suitable for the overall

water splitting [15]. Domen and coworkers were able to use this strategy for the

development of several (oxy)nitrides and oxysulfides that could be used as

photocatalysts for water reduction and/or oxidation under visible light illumination

[39–48]. Most of these materials are composed of transition-metal cations such as

Ti4+, Nb5+, or Ta5+ with d0 electronic configuration [49–54]. However, considering

the electronic band structure, d10-based semiconducting materials should be advan-

tageous over the d0 configurations because the bottom of their conduction bands is

composed of hybridized s and p orbitals with large dispersion. Thus, the mobility of

photogenerated electrons in the conduction band of the d10 materials is higher than

that of the d0 semiconductors and consequently, the former exhibit higher

photocatalytic activities for water splitting [55–58]. For instance, a highly active

(oxy)nitride photocatalyst with d10 electronic configuration, namely, the GaN:ZnO

solid solution (Ga1�xZnx)-(N1�xOx), has been successfully prepared by nitridation

of a mixture of Ga2O3 and ZnO under NH3 flow [39, 40]. Even though the bandgap

energies of GaN and ZnO are larger than 3 eV (see Fig. 4a), the resulting solid

solution exhibits a narrower bandgap (see Fig. 4b). This bandgap narrowing has

been attributed to the p-d repulsion (i.e., N2p-Zn3d repulsion) shifting the valence

band maximum upwards without affecting the conduction band minimum [59]. The

as-prepared (oxy)nitride (Ga1�xZnx)-(N1�xOx), exhibits little photocatalytic activ-

ity for water decomposition even under UV irradiation. However, its loading with

co-catalysts such as RuO2 nanoparticles remarkably enhances the H2 and O2

evolution evincing the importance of the presence of a co-catalyst. The

photocatalytic activity of this material under visible light irradiation (λ> 420 nm)

could be further enhanced either by loading with Rh/Cr2O3 core/shell structures

[60, 61] or with Rh/Cr2O3 core/shell structures together with Mn3O4 nanoparticles

as H2 and O2 evolution promoters, respectively [56]. Considerable attention has

also been paid to the development of visible light-active photocatalysts employing

ternary metal oxides to overcome the intrinsic limitations of binary metal oxides

such as high resistance and unfavorable indirect bandgap transitions. Therefore,

various new visible light-active ternary metal oxides have been extensively inves-

tigated, such as InTaO4, Bi2WO6, BiVO4, and InVO4 [62]. They exhibit great

potential for the utilization of solar energy. However, their low photocatalytic

efficiencies still limit their applications considerably.

A metal-free photocatalyst made of only carbon and nitrogen was also investi-

gated for the evolution of hydrogen from water [63]. Such carbonitrides can readily

be prepared by the thermal polycondensation of common organic monomers
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resulting in the synthesis of graphitic carbon nitrides (g-C3N4) with various archi-

tectures. Their graphitic planes are usually constructed from tri-s-triazine units

connected by planar amino groups. Different thermal condensation processes

enable the fine adjustment of their electronic and optical properties, as indicated

by the ultraviolet–visible absorption spectrum for carbon nitrides prepared at

different condensation temperatures. The absorption edge can thus be moved

towards longer wavelengths, indicating a decreasing bandgap with increasing

condensation temperatures. The bandgap energy of condensed graphitic carbon

nitride is estimated to be 2.7 eV, showing an intrinsic semiconductor-like absorp-

tion in the blue region of the visible spectrum. This bandgap is sufficiently large to

overcome the endothermic character of the water splitting reaction.

3 Photocatalytic H2 Production Employing Sacrificial

Reagents

One of the most important limitations for the application of photocatalysis for water

decomposition is that the process employing pure water is rather inefficient. This is

related to the fact that the simultaneous reduction and oxidation of water is a

complex multistep reaction involving four electrons. Using sacrificial molecules

as electron donors can remarkably improve the H2 production [64], as holes are

scavenged by these molecules and charge carrier recombination can be greatly

reduced. Furthermore, as O2 is not produced, the back reaction to produce water is

suppressed, increasing the H2 yield and avoiding a subsequent gas separation stage.

However, it should be noted here that the yield of the H2 formation can also be

reduced by the competing reduction reactions with the products formed upon the

oxidation of the sacrificial reagents. Table 1 summarizes commonly employed

photocatalysts and sacrificial reagents for photocatalytic hydrogen production.

These sacrificial reagents can be divided into organic and inorganic electron donors.

3.1 Organic Sacrificial Reagents

Organic compounds such as alcohols, organic acids, and hydrocarbons can act as

efficient hole scavengers (i.e., as electron donors) for the photocatalytic H2 gener-

ation [82]. In particular, methanol is frequently used as sacrificial reagent. For

practical applications, the utilization of methanol will only be environmentally

sensible provided that it is derived from biomass or from toxic residues that must

be disposed of. Adding methanol as electron donor to react irreversibly with the

photo-generated VB holes can enhance the photocatalytic electron/hole separation

efficiency resulting in higher quantum efficiencies. Since electron donors are

consumed in the photocatalytic reaction, their continuous addition is required to

sustain H2 production. Kawai et al. [83] proposed the following overall methanol
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Table 1 Different sacrificial photocatalytic hydrogen production systems

Photocatalyst Sacrificial reagent Light source

Rate of H2 evolution

(μmol h�1 g�1) Reference

TiO2 2-Propanol (aq) 450 W Hg 30 [65]

Pt/TiO2 5 M methanol (aq) 450-W Xe

(>420 nm)

127 [28]

Pt/TiO2 12 M methanol (aq) 100-W Hg 834 [66]

Pd/TiO2 306

Au/TiO2 300

Pt/TiO2 5 M methanol (aq) 450 W Xe

(300–700 nm)

816 [67]

Pd/TiO2 774

Au/TiO2 402

Pt/TiO2 1 M TEOA (aq) 150 W Halogen 3,333 [68]

Co/TiO2 1,160

Ni/TiO2 983

Pt/MoO3/

TiO2

5 M methanol (aq) 75 W Xe 169 [69]

NiO/TiO2 0.01 M KCN 100 W Hg 1,500 [70]

Pt/CdS 0.24 M Na2S/0.35 M

Na2SO3 (aq)

4,500 W Xe

(>300 nm)

12,262 [71]

Pt/CdS 0.1 M Na2S/Na2SO3

(aq)

300 W Xe

(>420 nm)

13,800 [72]

Pt/CdS 1 M (NH4)2SO3 (aq) Xe (>420 nm) 13,282 [73]

Pt/CdS 0.25 M Na2S/0.35 M

Na2SO3 (aq)

300 W Xe

(>420 nm)

27,333 [74]

MoS2/CdS Lactic acid 300 W Xe

(>420 nm)

5,400 [75]

CdSe 0.1 M Na2S/Na2SO3

(aq)

LED (440 nm) 240 [76]

MoS2/CdSe 890

Pt/CdSe 0.25 M Na2S/0.35 M

Na2SO3 (aq)

Xe (>420 nm) 36,250 [77]

CdSe (QDs) 0.1 M Na2SO3 (aq) 300 W Xe

(>320 nm)

9,062 [78]

RuO2/CdS H2S, 0.1 M Na2S/

Na2SO3

1,500 W

Halogen

878 [79]

CdS 0.3 M H2S (DEA) 300 W Xe

(>420 nm)

7,200 [80]

Pd/CdS 25,600

Pt/CdS 26,800

PdS/CdS 24,800

Pt-Pd/CdS 42,800

Pt-PdS/CdS 58,400

Pt-Pt/CdS 47,600

Rh/CdS 17,600

Rh2S3/CdS 24,000

Ru/CdS 17,200

Ru2S3/CdS 22,800

Pt/CdS/TiO2 H2S, 1 M NaOH 500 W Hg

(>420 nm)

9,800 [81]
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decomposition reaction mechanism resulting in a lower energy that can be stored as

compared with the cyclic splitting of water [84]:

CH3OH lð Þ �����!hν, TiO2
HCHO gð Þ þ H2 gð Þ ΔG

� ¼ 64:1 kJ mol�1 ð9Þ
HCHO gð Þ þ H2O lð Þ �����!hν, TiO2

HCOOH lð Þ þ H2 gð Þ ΔG� ¼ 47:8 kJ mol�1 ð10Þ
HCOOH lð Þ �����!hν, TiO2

CO2 gð Þ þ H2 gð Þ ΔG
� ¼ �95:8 kJ mol�1 ð11Þ

with the overall reaction being

CH3OH lð Þ þ H2O lð Þ�����!hν, TiO2
CO2 gð Þ þ 3H2 gð Þ ΔG

� ¼ 16:1 kJ mol�1 ð12Þ

The first two reactions (Eqs. (9) and (10)) have a positive Gibbs free energy, thus

both reactions are thermodynamically unfavorable at room temperature. The pho-

ton energy will be used to raise the chemical potential of the reactants thus driving

the reactions to the product side. The third reaction (Eq. 11) has a large negative

Gibbs energy, thus it intrinsically provides a barrier for the undesired reverse

consumption of the generated H2 gas.

Two possible mechanisms have been proposed for photocatalytic oxidation of

methanol: (1) the direct oxidation by photogenerated holes and (2) the indirect

oxidation via interfacially formed •OH radicals that are products of the trapping of

valence band holes by surface�OH groups or adsorbed water molecules [85–88]. It

is still a challenge to distinguish between the two mechanisms in practice due to the

lack of suitable probe techniques. Wang et al. [89] have reported recently that the

methanol photooxidation pathway, direct or indirect, depends on the molecular

species adsorbed at the TiO2 surface. These authors studied the competitive adsorp-

tion process between water and methanol on TiO2 through the in situ use of sum

frequency generation, a nonlinear spectroscopic technique. Accordingly, they con-

cluded that the indirect oxidation by •OH radicals is the mechanism when water is

the dominant surface species with the critical molar ratio between water and

methanol for the •OH radical mechanism to become the dominant process being

�300. Such a high ratio apparently applies to the photooxidation of methanol by

TiO2 in aqueous systems. If the water content is lower than this critical value, the

direct oxidation of methanol by photogenerated holes will be the predominant

process at the TiO2 surface.

Hydroxyl radicals, •OH, are known to react with methanol mainly through the

abstraction of a hydrogen atom from a C–H bond. Sun and Bolton [90] have used

the reaction of methanol to determine the quantum yield for the photochemical

generation of •OH radicals in TiO2 suspensions. The
•OH radical generation rate is

determined through the R–H atom abstraction from methanol by these •OH radicals

(Eq. 13), followed by monitoring the formation rate of the first principal stable

product, i.e., formaldehyde (Eq. 14).

CH3OH þ �OH �����! �CH2OHþ H2O ð13Þ
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In the presence of oxygen, formaldehyde is formed as the dominant stable product

in a quantitative reaction (Eq. 14), whereas, in the absence of oxygen, formaldehyde

is formed through the electron injection into the conduction band of TiO2, a process

called “current doubling” [22, 91]. In the presence of a co-catalyst such as Pt these

electrons will be utilized to form H2 while otherwise they will be trapped at TiIV

yielding TiIII. The TiIII formation results in a blue coloration of the respective TiO2

suspensions and eventually in the termination of the formaldehyde formation.

HCHO can be further oxidized in an analogous manner producing HCOOH and

finally CO2 [92, 93]. Asmus et al. [94] showed that the efficiency of the reaction of
•OH radicals with methanol by R–H abstraction is 93 %. The remaining 7 % are

accounted for by methoxy radicals formed through the H-abstraction reaction from

the hydroxyl group (Eq. 15).

CH3OH þ �OH �����! CH3O
� þ H2O ð15Þ

The concentration of HCHO formed photocatalytically, divided by a factor of 0.93,

is thus used to calculate the corresponding •OH radical concentration. Sun and

Bolton [90] have used the same factor as that found in the homogeneous system

(0.93) to calculate the •OH radical concentration in case of the heterogeneous TiO2

system.

Other alcohols such as ethanol or 2-propanol can also act as efficient hole

scavengers for the photocatalytic H2 evolution. Using transient absorption spec-

troscopy following laser excitation, Tamaki et al. found for the oxidation efficiency

of alcohols by trapped holes the order methanol> ethanol> 2-propanol, while

water was hardly oxidized by the holes photogenerated in TiO2 [95]. However,

Domen et al. investigated the photocatalytic H2 evolution on different

photocatalysts in the presence of 2-propanol as sacrificial reagent [65]. Since they

did not observe H2 evolution in pure 2-propanol or pure water solutions, but in

2-propanol/water mixtures, they regarded the photocatalytic H2 evolution on

NiO-SrTiO3, TiO2(anatase), and CdS as a coupling reaction of the photodecompo-

sition of H2O and the photooxidation of 2-propanol as follows:

2H2O�����! Hþ
aq þ 2OH-aq ð16Þ

2Hþ
aq þ 2e������! H2 gð Þ ð17Þ

CH3ð Þ2CHOHþ 2OH�
aq þ 2hþ�����! CH3ð Þ2COþ 2H2O ð18Þ

with the overall reaction being

CH3ð Þ2CHOH�����! H2 gð Þ þ CH3ð Þ2CO ð19Þ

�CH2OH þ O2 �����! HCHOþ HO�
2 ð14Þ
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In the absence of any co-catalysts ZnO, WO3, SrTiO3, and CdSe were found to be

inactive for this reaction, while the bare TiO2 showed very low photocatalytic

activity due to the higher overpotential for hydrogen production (0.05 V) [96]

and to the fast recombination of molecular hydrogen and oxygen forming water.

However, other authors have reported that bare TiO2 is not able to catalyze the H2

evolution even in the presence of methanol. In the presence of an electron donor,

such as methanol, and in the absence of O2, the excess holes will be consumed and

the photogenerated electrons will be trapped near the surface forming trivalent

titanium (Ti3+) instead of reducing H+ (see Fig. 5a). This phenomenon has been

observed by Bahnemann et al. [97] in laser-flash photolysis experiments employing

suspensions of colloidal TiO2. Moreover, the formation of highly colored Ti3+

centers can even be used technically in a process called photochromism.

If TiO2 is loaded with Pt0, a Schottky barrier will be formed at the Pt0/TiO2

interface [7]. Since the work function of TiO2 (4.2 eV) is smaller than that of Pt

(5.65 eV), the electrons in the conduction band of TiO2 migrate to Pt until the

thermodynamic equilibrium is reached [98, 99]. Upon illumination of Pt0/TiO2

particles with the UV light, this thermodynamic equilibrium will be perturbed. This

causes a continuous flow of the photogenerated electrons to Pt0, while the

photogenerated holes migrate to the TiO2 surface. The transfer of the electrons

from TiO2 to Pt0 could be detected by means of electron spin resonance (ESR)

[100]. The ESR signal intensity of photoformed active Ti3+ sites on bare TiO2 has

been found to increase linearly with the irradiation time, while Pt0-loaded catalysts

showed almost no change in the signal intensity. The results from diffuse reflec-

tance spectroscopy experiments indicate that the observed electron migration

process from photoexcited TiO2 to Pt0 leads to enhanced electron/hole separation

and thus to enhanced formation of H2 gas (see Fig. 5b) [28, 88, 101, 102].

Fig. 5 Processes involved in the photocatalytic H2 evolution from aqueous methanol solution on

(a) bare TiO2 and (b) on Pt-loaded TiO2. (1) photogeneration of charge carriers, e� and h+;
(2) trapping of e� by Ti4+ (a) or by Pt islands (b); (3) first oxidation step of CH3OH; (4) formation

of HCHO through e� injection into the conduction band of TiO2 (current-doubling); (5) formation

of Ti3+ (a) or reduction of H+ (b); (6) recombination channel. Note: For simplicity, the formation

of •CH2OH radicals by trapped holes (	TiIVOH•+) or by •OH radicals is represented by the hole

oxidation step
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The H2 production reaction on Pt/TiO2 starts with the transfer of excess electrons

from Pt to adsorbed Hþ
ads and H2Oads to form adsorbed Hads

• atoms via the Volmer

reaction [103]:

Hþ
ads þ e� Pt0

� ������! H�
ads Pt0
� � ð20Þ

H2Oads þ e� Pt0
� ������! H�

ads Pt0
� �þ OH� ð21Þ

The subsequent production of molecular H2 can proceed via two reaction paths,

namely, via the Heyrovsky (22) and the Tafel (23) reactions, respectively

[104, 105]:

H�
ads Pt0
� �þ e� Pt0

� �þ Hþ
ads Pt0
� ������! H2 gð Þ ð22Þ

H�
ads Pt0
� �þ H�

ads Pt0
� ������! H2 gð Þ ð23Þ

Rabani et al. concluded from the observed pseudo-first-order kinetics and the

dependency of the first-order rate of [H+] reduction on the [Pt0] concentration

that the rate determining step of the catalytic reduction is the transfer of the excess

electron from Pt0 to H+ and H2O, respectively [106].

An improvement of the photocatalytic activity for molecular H2 production was also

observed by loading TiO2 with other noble metals such as Au, Pd, Ru, or Rh. In most

cases, however, Pt/TiO2 shows the highest photocatalytic activity [66, 107–109].

This has been explained by the lowest overpotential for H2 formation and a larger

work function of Pt resulting in more effective electron-acceptor properties. In

contradiction to these reports, Rabani et al. found for the photocatalytic H2 pro-

duction in the presence of 2-propanol the order Au0/TiO2> Pt0/TiO2
 Pd0/TiO2.

In contrast to TiO2 coated with Pt0 and Pd0 Au0/TiO2 apparently promotes the H2

abstraction from 2-propanol by Hads
•. Subsequently, the thus generated 2-propanol

radical injects an electron into Au0/TiO2 leading to an increased photocatalytic

efficiency through a free radical chain reaction [110]:

H�
ads Au0
� �þ CH3CHOHCH3�����! Au0 þ H2 gð Þ þ CH3

�COHCH3 ð24Þ

The loading of TiO2 with Au provides another essential advantage over Pt, since

Pt0/TiO2 can only be excited by UV light, while Au0/TiO2 has been reported to be

excitable also in the visible light region. For example, Fang et al. observed three

times higher H2 evolution rates for Au0/TiO2 as compared with Pt0/TiO2 upon

excitation at λ> 400 nm. They attribute the visible light-induced H2 evolution to the

Surface Plasmon Resonance of Au [111]. In response to photon absorption resonant

surface plasmons are formed localizing electromagnetic energy close to their

surface. The interaction of this localized electric field with the semiconductor

induces the formation of charge carriers near the surface of the semiconductor;

hence, these charge carriers can reach these surface sites more readily. This

enhances the electron/hole separation thus increasing the H2 evolution yield [112].
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3.2 Inorganic Sacrificial Reagents

Sulfide, S2�, and sulfite, SO2�
3 , can act as inorganic sacrificial reagents for the

photocatalytic H2 generation since they are very efficient hole acceptors enabling

the effective separation of the charge carriers [73, 74, 113–117]. Large amounts of

sulfide and sulfite are released from fossil energy resources such as crude oil, coal,

and natural gas. These sulfur compounds can be converted by photocatalytic

oxidation into environmentally less harmful products.

CdS has been mostly used as photocatalyst for H2 production in the presence of

S2� and/or SO2�
3 . The energy level of the valence band of CdS is positive enough

(+1.7 V) to promote the oxidation of these sulfur compounds (cf. Fig. 6) [118]. The

oxidation of S2� and SO2�
3 can either occur by a two-electron transfer process or

even through a one-electron oxidation which is thermodynamically less favorable

(e.g., through the intermediate formation of •SO�
3 (see Fig. 6)). SO2�

3 can be

oxidized to both, SO2�
4 and S2O

2�
6 . Although the formation of S2O

2�
6 is thermo-

dynamically less favorable than the conversion of SO2�
3 to SO2�

4 , Bühler

et al. observed a significant concentration of S2O
2�
6 in the reaction media

[71]. This was explained by a higher concentration of SO2�
3 ions near the CdS

surface as compared with the concentration of OH� ions, which are required for the

formation of SO2�
4 .

It has been argued that using S2� and/or SO2�
3 as sacrificial reagents instead of

alcohols is advantageous, since the redox potentials of these compounds are more

positive than the oxidation potential of CdS (0.37 V vs. NHE, pH¼ 7). Hence, the

undesired photocorrosion reaction (Eq. 5) of the semiconductor can be reduced, but

Fig. 6 Schematic diagram of the energy levels between the semiconductor CdS and various

reducing agents (the reduction potentials of one-electron couples are taken from [120])

Solar Photocatalytic Hydrogen Production: Current Status and Future Challenges 57



not prevented entirely [71, 119]. Another advantage of the use of S2� (as compared

with an alcohol) for the photocatalytic H2 generation employing CdS is that due to

the presence of sulfide in the surrounding solution dissolved Cd2+ can react with

S2� to rebuild CdS. In an aqueous methanol solution, however, this repair mech-

anism is not feasible.

Whenever the photocatalytic generation of H2 was carried out in an aqueous

sulfite rather than in a sulfide solution a decrease of the efficiency was reported

[71]. During this reaction, hydroxyl ions will be formed increasing the pH of the

reaction mixture. Since the flatband potential of CdS hardly depends on the pH, the

H2 production will thermodynamically be hindered in the strong alkaline solutions

[121]. Inoue et al. demonstrated a cathodic shift of the flatband potential of CdS in

the presence of sulfide due to the strong interaction between sulfide and the CdS

surface [122]. Thus, the photocatalytic H2 evolution on CdS becomes feasible in

a strongly alkaline solution. However, the photocatalytic efficiency of the H2

production was found to decrease in solutions just containing sulfide ions. This

was attributed to the formation of disulfide ions, S2�2 , which exhibit a less negative

reduction potential than the protons and are able to act as an optical filter reducing

the light absorption of CdS [71]. The addition of reducing agents such as SO2�
3

prevents the formation of disulfide ions. Because of these facts, using a S2�/SO2�
3

mixture leads to an improvement of the quantum yield for H2 production from

water. For example, Yan et al. obtained the highest quantum yield of 93 % for H2

production for a Pt-PdS/CdS photocatalyst in the presence of a S2�/SO2�
3 mixture

under visible light irradiation [123]. The reaction mechanism suggested for the

photocatalytic H2 evolution in the presence of S2�/SO2�
3 mixtures is described by

the equations (25)–(30):

2H2Oþ 2e������! H2 þ 2OH� ð25Þ
SO2�

3 þ 2OH� þ 2hþ�����! SO2�
4 þ H2O ð26Þ

2SO2�
3 þ 2hþ�����! S2O

2�
6 ð27Þ

2S2� þ 2hþ�����! S2�2 ð28Þ
SO2�

3 þ S2� þ 2hþ�����! S2O
2�
3 ð29Þ

S2�2 þ SO2�
3 �����! S2O

2�
3 þ S2� ð30Þ

In contrast to metal sulfides, metal selenides and CdSe in particular, do not catalyze

the H2 evolution from water even in the presence of sacrificial reagents [124]. This

is attributed to a large overpotential for the proton reduction on the CdSe surface.

However, it was demonstrated that for quantum size-confined CdSe photocatalysts

the proton reduction is possible, because the effect of the overpotential is compen-

sated by the increased bandgap as a consequence of the quantum confinement effect

[78, 125–127]. Such a correlation between the particle size and the photocatalytic

activity of the semiconductor has already been predicted by the Gerischer theory

[128]. According to this theory, the widening of the semiconductor bandgap with
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decreasing particle size leads to a higher electron transfer rate between the semi-

conductor and the reduction couple in the solution, since the reduction potential of

the electrons becomes more negative and the oxidation potential of the holes more

positive leading to an increase in the thermodynamic driving force for both

processes.

3.3 H2S Splitting

Apart from water, the hydrogen sulfide (H2S) splitting should be regarded as an

alternative source of H2. H2S is a toxic and corrosive compound formed as a

by-product during the hydrodesulfurization of petroleum, paper production, and

wastewater treatment. Therefore, to convert H2S into less harmful products is a

relevant challenge. Currently, the main industrial removal processes of H2S are the

wet absorption by Na2CO3 or complex ferric compounds and the Claus process,

whereby H2S is decomposed into water and elemental sulfur. The photocatalytic

destruction of H2S using TiO2 has also been reported to be efficient with the

formation of SO2�
4 and SO2 as the reaction products [129–131]. However, the

molecular hydrogen potentially stored in H2S is not reclaimed by any of these

processes. Thus, the recovery of H2 from H2S could satisfy both, the energetic and

the environmental requirements.

The photocatalytic H2S cleavage is reported to proceed in water or alkaline

solution [79, 81, 132, 133]. The most used photocatalyst for this reaction is CdS

(either by itself or as a mixture with other semiconductors). The conversation of

H2S to S and H2 is thermodynamically unfavorable (ΔG� ¼ 33 kJ/mol); however, it

is preferred as compared with the H2O splitting (requiring 237 kJ/mol). Mechanis-

tically, the H2S cleavage starts with the H2S dissociation to HS� [132]:

H2Sþ OH������! HS� þ H2O ð31Þ

Szynkarczuk et al. found that the HS� oxidation proceeds in two steps, starting with

the formation of polysulfides and followed by the oxidation to sulfur [134, 135].

nHS�þ2 n�1ð Þhþ�����! S2�n þnHþ E0 ¼ 0:003�0:298 Vvs:NHEð Þ
for n¼ 2�5 ð32Þ

S2�n þ 2hþ�����! nS0 E0 ¼ �0:33ð Þ � �0:34ð Þ V vs: NHEð Þ for n ¼ 4, 5 ð33Þ

From a thermodynamic point of view the oxidation of HS� directly to S is the more

favorable process and should therefore also be considered here:

HS�aq þ 2hþ�����! S0 þ Hþ E0 ¼ � 0:065 V vs: NHEð Þ ð34Þ

In contrast to the photocatalytic H2O splitting the H2S decomposition can be

executed in the absence of any sacrificial reagent, since the dissociation products
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of H2S such as HS� and S2� can act as efficient hole scavengers. As discussed

above, reducing agents such as SO2�
3 and H2PO

�
2 must often be added to the

reaction media to maintain the photocatalytic activity. Consequentially, under

these conditions the observed reaction products are various sulfur oxylates instead

of sulfur. Ma et al. demonstrated that H2S can be stoichiometrically converted to H2

and S under visible light illumination with a quantum efficiency of 30 % in the

absence of any sacrificial reagents when ethanolamine is used as the solvent

[80]. Ethanolamine was found to be the more suitable reaction media for H2S

splitting in comparison to aqueous Na2S/NaOH solutions, because it supports the

proton transfer thus preventing the reduction of polysulfides to disulfide, which

otherwise competes with the H2 formation according to:

2e� þ S2�2 �����! 2S2� E0 ¼ �0:483 vs: NHE ð35Þ

3.4 The Role of Sacrificial Electron Acceptors

While the choice of sacrificial electron donors for studies concerning the

photocatalytic formation of molecular H2 appears to be rather large, the sacrificial

photocatalytic oxidation of water is only reported for a rather limited variety of

electron acceptors. By far the vast majority of research groups working on this topic

employs silver cations, Ag+, as electron acceptors with the involved reactions being

proposed as follows [53, 136, 137]:

4hþ þ 2H2O�����!hν
O2 þ 4Hþ

aq ð36Þ
4e� þ 4Agþ�����!hν

4Ag0 ð37Þ
nAg0�����!hν

Ag0n ð38Þ

Hence, the photocatalytic formation of molecular oxygen is accompanied by the

deposition of metallic silver nano-contacts (Ag0n) on the semiconductor’s surface.

Obviously, this will lead to irreversible optical changes of the systems studied here

due to the formation of the plasmonic absorption band of the silver nanoparticles

in the visible spectral region. Moreover, noble metal nanoparticles are known for

their catalytic activity resulting most likely in changes in the chemical and/or

photochemical properties of these systems.

It is interesting to note that these rather drastic changes are hardly ever discussed

in the respective literature nor is any experimental work conducted to ensure that

the photocatalytic properties of the systems studied remain unchanged upon the

formation of the silver particles. Even though no exact count exists here, it seems

fair to say that Ag+ is employed in at least 95 % of the published papers dealing with

the sacrificial photocatalytic water oxidation. In some cases, it could be shown that

molecular oxygen is also formed when ferric ions are employed as sacrificial

electron acceptors [138]:
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4hþ þ 2H2O�����!hν
O2 þ 4Hþ

aq ð39Þ
4e� þ 4Fe3þ�����!hν

4Fe2þ ð40Þ

However, no O2 is formed once electron acceptors such as carbon tetrachloride,

CCl4, or tetranitromethane, C(NO2)4, are used even though their irreversible

one-electron reduction is readily observed [139–141]:

e� þ CCl4�����!hν �CCl3 þ Cl�aq ð41Þ
e� þ C NO2ð Þ4�����!hν

C NO2ð Þ�3 þ NO2 ð42Þ

Also, O2 is not formed when more complex nitroaromatic compounds are employed

as electron acceptors [142]. Even though all of these studies have been conducted in

aqueous solutions, i.e., in the presence of 55 M H2O, the photogenerated holes are

exclusively reacting with the organic moiety being present in micro- and millimolar

amounts at the most. It should be noted here that both, the CCl4 and the C(NO2)4
system initially do not contain any oxidizable organic species. The latter are only

formed upon the reductive process.

The above discussion suggests that the role of suitable sacrificial electron

acceptors such as Ag+ and Fe3+ is highly underestimated. In particular, their

possible involvement in the actual water oxidation mechanism has so far not been

discussed at all. However, due to the rather high one-electron oxidation potential of

the holes photogenerated in most semiconductors that have been found to exhibit

high activities for the photocatalytic water oxidation, e.g., metal oxides, both, Ag+

and Fe3+ can be readily oxidized:

hþ þ Agþ�����! Ag2þ ð43Þ
hþ þ Fe3þ�����! Fe4þ ð44Þ

It is well-known that Ag2+ tends to form peroxides in aqueous solution:

2Ag2þ þ 2H2O�����! Ag2O2 þ 4Hþ
aq ð45Þ

The subsequent photocatalytic oxidation of these peroxides is then proposed to

result in the observed O2 formation:

2hþ þ Ag2O2�����! 2Agþ þ O2 ð46Þ

Similar reactions can be envisaged for Fe4+ which is known to be able to oxidize

water resulting in the formation of hydroxyl radicals:
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Fe4þ þ H2O�����! Fe3þ þ Hþ
aq þ �OH ð47Þ

Alternatively, further oxidation of Fe4+, via:

hþ þ Fe4þ�����! Fe5þ ð48Þ

appears to be possible followed by reactions such as:

2Fe5þ þ 2H2O�����! Fe2O2½ �6þ þ 4Hþ
aq ð49Þ

Fe2O2½ �6þ�����! 2Fe3þ þ O2 ð50Þ

Based upon these possible reactions, it is most certainly highly indicated to study

the role of metal cations such as Ag+ and Fe3+ in the photocatalytic water oxidation

in detail. The catalytic role proposed here for Ag+ and Fe3+ could be part of a much

more general mechanism and open up new design features for photocatalytic and

PEC energy-to-fuel conversion systems.

4 Photocatalytic Hydrogen Production on TiO2

4.1 Enhancement of the Activity

The inhibition of the charge carrier’s recombination rate is the bottleneck for

enhancing photocatalytic processes even in the presence of electron donors, i.e.,

of “sacrificial reagents.” Commonly, for photocatalytic hydrogen production Pt

nanoparticles are used as sink for the photogenerated electrons, thus reducing the

recombination rate and catalyzing the molecular hydrogen evolution. Interestingly,

the simultaneous separation of photogenerated holes and electrons can be effec-

tively achieved through the modification of the photocatalyst, e.g., TiO2 P25, by

Pt–polypyrrole nanocomposites [143]. The pyrrole monomers are found to undergo

oxidative polymerization in the presence of Pt(IV) under mild aqueous conditions

at ambient temperature leading to the formation of Pt–polypyrrole nanocomposites

[144]. If this reaction occurs in suspensions of a photocatalyst, very thin films from

these Pt–polypyrrole nanocomposites are deposited on the photocatalyst surface.

The resulting modified photocatalysts exhibit photocatalytic H2 production activi-

ties from aqueous methanol solution that are three times higher than those observed

for photocatalysts only loaded with Pt nanoparticles prepared by a photochemical

deposition method. This enhanced photocatalytic activity is explained considering

both, the properties of Pt nanoparticles and of polypyrrole. As mentioned earlier,

upon photon absorption by the photocatalyst, an electron/hole pair is generated. Pt

islands present on the TiO2 surface have the ability to trap the photogenerated

electrons, while the polypyrrole is assumed to collect and to channel the
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photogenerated holes to the polymer/solution interface [145, 146]. Combining the

properties of the Pt nanoparticles and of the polypyrrole, a synergistic effect

between Pt nanoparticles and polypyrrole will promote the charge carrier separation

more effectively than the modification of TiO2 with Pt or polypyrrole alone.

Figure 7 summarizes the proposed mechanism and the pathways as follows:

(1) photogeneration of charge carriers, e� and h+; (2) trapping of e� by Pt islands;

(3) photogenerated holes channeling by polypyrrole to the polymer/solution inter-

face; (4) first oxidation step of CH3OH; (5) reduction of H
+; (6) formation of HCHO

through e� injection into the conduction band of TiO2 (current-doubling);

(7) recombination channel. Note, these steps are not mentioned in ordered manner;

in fact the photocatalytic process is rather complex including the competition

between all different processes.

TiO2 exists mainly in three crystal phases: anatase, rutile, and brookite and it is

commonly employed as a photocatalyst for hydrogen production from aqueous

methanol solutions [147, 148]. Based upon the majority of the current scientific

reports, it seems that anatase is the most active phase for the photocatalytic

hydrogen production while rutile hardly photocatalyzes the hydrogen formation

due to the fact that its conduction band potential almost coincides with the potential

required for the hydrogen evolution [149]. Thus, in comparison with the anatase

phase, the driving force for the H+ reduction on rutile is very small or even absent

(see Fig. 4a). In general, any negative shift of the conduction band potential is

expected to raise the photocatalytic hydrogen production rate. In fact, this has been

observed for brookite [24]. An examination of the flatband potential and the quasi

Fermi level of both, the anatase and the brookite TiO2 phase employing impedance

spectroscopy and photovoltage measurements, respectively, indicates that the

potential of the conduction band electrons in the brookite phase is positioned

more cathodically by approximately 140 mV than that of anatase (assuming that

the flatband potential and the quasi-Fermi level are a direct measure of the lower

edge of the conduction band) [24]. This cathodic shift of the flatband potential is,

therefore, expected to favor reduction reactions initiated by the conduction band

Fig. 7 Scheme representing the enhancement of the charge carrier separation and the

photocatalytic activity of TiO2 modified with Pt–polypyrrole nanocomposites. Reproduced from

Ref. [143] with permission from the European Society for Photobiology, the European Photo-

chemistry Association, and the Royal Society of Chemistry
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electrons such as the photocatalytic hydrogen production. Consequently, brookite

exhibits enhanced photocatalytic activity as compared with anatase for the sacrifi-

cial photocatalytic hydrogen production.

4.2 Mechanistic Investigations

Methanol is frequently used as an electron donor in the so-called sacrificial systems

for the photocatalytic H2 production; however, only few mechanistic studies of this

system have been published [85, 86]. Some reports describe the photocatalytic H2

production from aqueous methanol solutions as water splitting [150–154], while

other reports describe the process as dehydrogenation of methanol to formaldehyde

or reforming of methanol to carbon dioxide [88, 155]. A recent report even states

that the water splitting reaction can be assisted by using low methanol concentra-

tions with molecular oxygen being formed simultaneously. Moreover, the amount

of evolved hydrogen gas was reported to exceed the amount expected from the

complete reforming of methanol [154]. Apparently, water photooxidation seems to

compete with the methanol photooxidation. During long-term investigations of the

photocatalytically evolved gases from a 0.03 M aqueous methanol suspension of

platinized TiO2-P25 photocatalysts, it was observed that only H2 and CO2 are

formed [156]. No traces of CO, O2, or CH4 were detected employing a very

sensitive quadrupole mass spectrometer (QMS). The ratio of evolved H2 to CO2

was calculated to be ca. 3 to 1. Moreover, the amount of H2 formed was found to be

equal to the amount expected from the complete reforming of methanol, evincing

that methanol is acting as a sacrificial reagent and that the amount of H2 evolved

does not exceed the amount expected from the complete consumption of methanol.

These results exclude the possibility of water splitting on Pt-loaded TiO2-P25 even

in the presence of low concentrations of methanol.

The origin of the evolved hydrogen gas has moreover been identified by carrying

out a series of photocatalytic hydrogen production tests employing the following

(deuterated) water and (deuterated) methanol mixtures: (a) CH3OH/H2O,

(b) CD3OD/D2O, (c) CD3OD/H2O, and (d) CH3OH/D2O. Carrying out a detailed

analysis of the evolved gases, i.e., H2, HD, and D2, revealed that in cases (a) and

(b) only H2 and D2 are detected. In case (c), when a CD3OD/H2O mixture was

employed, the evolved gas was mainly H2 evincing that the evolved H2 is formed by

the reduction of H+ mainly originating from H2O. If H2 would originate from

methanol, a notable amount of HD, at least, should be detected supposing that

methanol will be photooxidized by hydrogen abstraction and release of D+ and/or

H+ [90]. Note that a rapid H+/D+ exchange is highly expected. If the released D+ and

H+ would be directly reduced at the surface of the Pt-co-catalyst, a notable amount

of HD gas should be evolved as schematically shown in Fig. 8a. Since the evolved

gas was found to be mainly H2, it is more likely that the photooxidation and the

photoreduction take place at separate sites. Most probably, the photogenerated

holes are reacting with methanol while, at the same time, the photogenerated
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electrons reduce adsorbed H+ originating from H2O as illustrated schematically in

Fig. 8b. Consequently, however, even though methanol is acting as a sacrificial

reagent, the evolved molecular hydrogen originates from water. It is important to

mention here that even though the H2 is most likely originating from water, this

does not mean that indeed a water splitting reaction is being observed! The

evolution of only H2 in case (c), however, where fully deuterated CD3OD has

been employed, can be explained by statistical considerations. The ratio of H to D is

calculated for this experiment to be 925 to 1. Hence, the probability of H+ reduction

by conduction band electrons is much higher than the reduction of D+ formed via

the oxidation of CD3OH by valance band holes taking into consideration the H/D

exchange. In case (d) where a CH3OH/D2O mixture was employed, the evolved gas

is mainly D2 with a notable amount of H2 and HD. The detection of H2 and HD in

this case can be explained by the fact that the reduction of H+ is easier than that of

D+, i.e., it occurs at a more positive potential, thus, the reduction of the former by

conduction band electrons competes with the reduction of the later [157]. However,

by statistical considerations the amount of H+ is much smaller than that of D+ and,

thus, D2 is detected as the main gas component. This confirms that the hydrogen gas

photocatalytically evolved from aqueous methanol solutions indeed originates from

water.

5 Summary and Outlook

The discovery of appropriate photocatalysts for water splitting process holds the

key for successful solar hydrogen production. Until today, the development of a

photocatalyst fulfilling all requirements, i.e., (a) good (visible) light absorption;

(b) high chemical stability in the dark and under illumination; (c) band edge

positions that straddle the water reduction and oxidation potentials; (d) efficient

charge transport; (e) low overpotentials for reduction/oxidation of water; and

2h+

CD3OH CD2O + H+ + D+

2e-

HD
Pt

TiO2 surface

2h+

CD3OH
CD2O + H+ + D+

2e-

Pt
TiO2 surface

H22H+
aq

a

b

Fig. 8 Proposed mechanism of the photocatalytic H2 formation from aqueous methanol solutions.

Reproduced from Ref. [156]
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(f) low cost, has not been discovered. The development of such materials is still

very challenging indeed. However, even though many metal oxides, nitrides,

oxynitrides, and oxysulfides have been investigated as potential photocatalysts,

they are either found to be unstable or to exhibit rather low solar to hydrogen

conversion efficiencies. Thus, there is a strong need for basic research in solar

photocatalytic water splitting and for more researchers to get involved in the

discovery and optimization of these materials. Currently, different organic and

inorganic sacrificial reagents are employed in studies concerning solar hydrogen

production. This is related to the fact that the simultaneous reduction and oxidation

of water is a complex multistep reaction involving four electrons. Using sacrificial

molecules as electron donors can improve the H2 production remarkably, since

holes are scavenged by these molecules thus reducing the charge carrier recombi-

nation to a great extend. Furthermore, as O2 is not produced, the back reaction to

produce water is suppressed, increasing the H2 yield and avoiding a subsequent gas

separation stage. However, particular care should be taken when selecting suitable

sacrificial reagents as their involvement into the overall photocatalytic process is

usually highly underestimated! Employing sacrificial reagents, in particular

biomass-derived compounds, for hydrogen gas generation could be a useful inter-

mediate step between the current fossil fuel method and the dream of efficient direct

water splitting utilizing solar energy. However, suitable construction concepts for

solar hydrogen reactors, solar hydrogen chemical plants, as well as technoeconomic

analysis of the overall photocatalytic hydrogen production are still needed for

realizing the practical application of these concepts in the future.
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Electrochemical and Optical

Characterization of Materials Band

Structure

Suman Parajuli and Mario A. Alpuche-Aviles

1 Introduction

The use of semiconductors (SCs) in solar energy conversion is a direct consequence

of the band structure of the materials [1–5]. The relationship between optical and

electronic properties of semiconductors enables the conversion of light into elec-

trical or chemical energy. To harvest the potential of solar energy conversion, the

different electrochemical and optical properties of the semiconductor must be

optimized and this remains a challenge. In this chapter, we present a combination

of methods for the experimental characterization of optical and electrochemical

properties using a synergist approach in the context of photoelectrochemical pro-

duction of solar fuels. When light interacts with a semiconductor, a fundamental

transition is said to occur; when the photon energy is enough to promote an electron

from the valance band (VB) to the conduction band (CB), this is the band-to-band

transition (also known as a fundamental absorption) [6]. For solar fuels, a semi-

conductor should have a bandgap of sufficiently low energy to collect most of the

solar spectra while being able to provide sufficient driving force to, for example,

split water into hydrogen and oxygen (Table 1).

In this chapter we explain common approaches for the characterization of the

bandgap (Eg) and the energy of the conduction (ECB) and valence band (EVB)

energies. We note that these parameters are not independent of each other, but

rather, are linked by the band structure of the semiconductor, and this fundamental

relationship can be used to gain deep understanding of a semiconductor band

structure from relatively simple experiments. The band energies correspond to the

thermodynamic driving force towards the reaction of interest. For example, in water

splitting the valance band energy position will be the driving force towards water

oxidation while the conduction band will be the driving force towards H+ reduction.
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Because it is often difficult to characterize each of these bands independently, the

energy of these positions is determined from the relationship:

Eg ¼ ECB � EVB ð1Þ

Figure 1 shows the relationships between the different energy levels of interest

in a semiconductor. Note that when the material is heavily doped with electrons,

i.e., the n-type material, the EF and ECB are similar (Fig. 1a); for a p-type material,

EF�EVB (Fig. 1b). Experimentally, this relationship can be exploited to estimate

independently the values of ECB and EVB, although this requires synthetic control of

the material doping. Figure 1b also shows the presence of surface states (ss), i.e.,

energy levels at the surface that have energies different from the states in the bulk of

the semiconductor, within the “forbidden,” bandgap region.

A word of caution is appropriate about the different scales used in the study of

semiconductors. In electrochemistry, the measurements are usually performed with

respect to a reference system, such as the Ag/AgCl reference electrode and then

they are converted to the standard scale of the normal hydrogen electrode (NHE),

Table 1 Summary of the techniques discussed in this review

Property Technique Comments

Eg Optical (e.g.,

UV Vis)

Absorbance and transmittance methods

Photocurrent Photocurrent dependence on wavelength

Band edge (ECB

or EVB)

Mott–Schottky Extrapolation of the 1/CSC dependence with electro-

chemical potential

Photocurrent

onset

Extrapolation to the potential of zero photoelectro-

chemical current

Type (n-type or
p-type)

Photocurrent n-type photooxidizes

p-type photoreduces

Mott–Schottky Sign of the slope of the 1/CSC dependence with

electrochemical potential

Fig. 1 Schematic diagram of the energy levels in a semiconductor (a) an n-type SC and (b) the

material as in (a) but p-type. The figure shows the fundamental optical transition (ii) that occurs

upon illumination: photon absorption (i) promotes an electron (e�) from VB to CB leaving a hole

(h+) in VB. (iii) indicates a transition from the VB to a surface state (ss). Φ¼work function,

EF¼ Fermi level, Eg¼ bandgap, ECB¼ conduction band edge, EVB¼ valence band edge
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using equivalencies from tables [4]. In studies of semiconductor in vacuum, the

energy of the bands, ECB and EVB, are reported in electron volts, eV, with respect to

vacuum, i.e., with vacuum being 0 and lower energies assigned to negative values

in eV, e.g., the work function of gold is ca. –5 eV. The consequence of these

different definitions is that the solid state scale and the electrochemical scale move

in opposite directions. Because the electrochemical scale follows the electrostatic

convention, the negative direction in electrochemistry is the higher energy direc-

tion, i.e., the positive direction in the solid scale with respect to vacuum. Figure 2

shows the different directions of these scales, and for comparison, the figure shows

three points of practical importance: (1) the value of the NHE, which in practice is

not frequently used, it is usually replaced by (2) the more practical Ag/AgCl

reference, or by (3) the Hg/HgO reference electrode recommended for alkaline

solutions [4].

We present a compilation of optical and electrochemical techniques that can be

used to characterize the band structure of semiconductor materials in the research

for solar fuels. The values of ECB and EVB can be found from electrochemical

measurements while Eg is often determined from optical measurements that can

also provide additional information about the band structure of the material.

Because optical properties can be complicated by the presence of impurities and

the so-called traps that can present optical transitions that do not result in band-to-

band transitions, electrochemical measurements complement optical measurements

by determining which transition results in carriers that can be used to drive

reactions across the semiconductor–liquid interface.

Fig. 2 Comparison of the

electrochemical and

absolute potential scales.

The chart shows the values

of the normal hydrogen

electrode (NHE), and of two

common references used in

practice: Ag/AgCl in

saturated KCl, and Hg/HgO

(used for alkaline solutions)
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2 Optical Characterizations

Optical methods are some of the simplest ways to probe the electronic structure of a

semiconductor. Careful measurement of optical properties yields the critical

bandgap energy Eg, in addition, the optical properties report on the type of elec-

tronic transition that results in photon absorption. The band-to-band transitions

must follow certain selection rules that result in different types of transitions:

direct-allowed, direct-forbidden, indirect-allowed, etc. Thus, optical measurements

can also provide additional information on the band structure of the material [3, 6,

7]. The experimental procedure involves measuring the absorption coefficient, α,
defined as [1, 7]:

α ¼ 1

d
ln
Io
I

ð2Þ

where α¼ absorption coefficient, d¼ thickness of the sample, Io¼ incident light

intensity, and I¼ transmitted light intensity. A simple procedure to obtain an

approximation of α is to measure the absorbance, A, of a film of known thickness:

α ¼ 2:303

d
A ð3Þ

Note that Eq. (2) is the definition of α and Eq. (3) is obtained from the algebraic

definition of absorbance. However, application of Eq. (3) from a simple absorbance

measurement without corrections from reflectance and scattering provides only

approximate results. The calculation of α should be obtained from measurements

of film transmittance and reflectance [1, 7]. It is usual to perform these measure-

ments under normal incidence conditions with an integrating sphere. From the

equation and a fit to the wavelength dependence of transmittance and reflectance

one can obtain α and the refractive index of the material n, also wavelength

dependent. In practice, researchers often use Eq. (3), e.g., when absorbance is fitted

to a transition-type equation, with the implied approximation that there are no

losses of reflectance in the film, or that in suspensions of nanoparticles, the

scattering and reflectance is minimal. This approximation would be acceptable if

light is efficiently absorbed by the material, i.e., if photon energy, hv, is much larger

than the bandgap, Eg, hv�Eg. The wavelength dependence of α can be used to

determine the bandgap and the type of electronic transition that occurs in the

semiconductor upon photon absorption.

A plot of α as a function of the photon energy, hv, yields curves that are

characteristic of the different types of transition. Near the absorption edge, i.e., at

energies where photons are efficiently absorbed to promote an electron from

the valence band to the conduction α should vary with respect to hv according

to [3, 6, 7]:
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α e hυ� Eg

� �γ ð4Þ

where γ is a constant that depends on the type of electronic transition in the

semiconductor. Equation (4) takes different forms depending on the type of tran-

sition, e.g., direct or indirect, but in general, predict an exponential increase in the

rate of photon absorption once hν>Eg. Thus a simple plot of absorbance vs. photon

energy is often used to estimate the value of Eg. A more precise measurement for Eg

will require a strict measurement of α and its wavelength dependence to then fit the

curve to a form of Eq. (3). Table 2 shows a compilation of theoretical values of γ.
The α values for direct allowed transitions result in strong values of α of the

order of 104–106 cm�1. Because of these high absorption coefficients, these mate-

rials are of interest in solar energy conversion applications: they are very effective

at absorbing light. Here, we briefly describe the basic characteristics of direct

bandgap transitions.

When the transition is direct, the absorption of a photon happens with conser-

vation of the momentum of the electron promoted from the valance band to the

conduction band. Strictly speaking, the assumption is that the electron wavevector

is conserved after absorption of the photon to promote the electron from the CB to

the VB, and that the wavevector (or momentum) of the photon is much smaller than

the valence band or conduction band electron’s wavevector [6]. The result is that

the absorption coefficient, α, has some of the strongest values reported in the order

of 104–106 cm�1. The dependence of α on photon energy (hv) follows Eq. (5) [7, 8]:

α ¼ Ba

hυ� Eg

� �1=2
hv

ð5Þ

where Ba is a constant that depends on the material, typically of the order of

104 cm�1.

In some cases, the quantum mechanical selection rules do not allow the transi-

tion to be direct, even though the conduction band minimum and the valence band

maximum are aligned in the k-space. The transitions are said to be direct forbidden,
and they follow the expression [7, 8]:

Table 2 Transition types and their γ coefficients for Eq. (4)

Transition type γ Notes Ref.

Direct allowed 1/2 α¼ 104–106 cm�1 [1, 7]

Direct forbidden 3/2 α <104 cm�1 for Eg ca. 1 eV [7, 8]

Indirect allowed 2 α <104 cm�1 [7, 8]

Indirect forbidden 3 [8]

Indirect transition

to exciton

1/2 Exciton: a bound electron–hole pair moving through the

crystal as a particle (a quasiparticle)

[3]
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α ¼ Bf

hυ� Eg

� �3=2
hv

ð6Þ

Bf in Eq. (6) is a constant that depends on the material, as is Ba in Eq. (5). The values

of Bf are in the order of 10
4 cm�1 [7, 8] but note that the shape of Eq. (6) makes the

value of α change more slowly with photon energy due to the necessary change in

momentum of the electron promoted from the CB to the VB.

Zinc stannate, Zn2SnO4, is an example of a material with absorption coefficients

that fit Eq. (6) [9, 10] as shown in Fig. 3. The bandgap was determined to be 3.7 eV

with a direct-forbidden absorption. The experimental data fitted the direct-

forbidden case best than any other model. Calculations also predict that the

transition will be direct forbidden [10] because the VB is derived mostly from O

p and Sn 4d states while the CB minimum is mostly derived from O 2s and Zn 4s
states which make the transition forbidden [10].

Figure 3 also illustrates that at hv�Eg the deviation from theory becomes more

apparent, a common problem with fitting theory to data. In the derivation of Eqs. (5)

and (6) and other equations in the literature [3, 6–8] the main assumptions are that

(1) there is one electron in the conduction band and one hole in the valence band;

this is the so-called one-electron approximation [6] that neglects charge interac-

tions. Another assumption is (2) that the energy of the bands are parabolic; this

assumption holds well generally only near the absorption edge, i.e., when hν�Eg.

Thus the one-particle approximation does not hold at photon energies, hν�Eg

where the density of states is not parabolic and the interaction between charges

becomes important. For example, the excitons, quasiparticles that result from

Fig. 3 (a) Absorbance of

film of Zn2SnO4

nanoparticles. The

absorbance spectrum was

corrected for scattering

losses. (b) Calculated

values of α for the data in

(a) showing a fit of Eq. (5)

with Eg¼ 3.7 eV (——) to

the experimental data (∘).
Adapted with permission

from Ref. [9], J Am Chem
Soc 2009, 131, 3216.
Copyright 2009, American

Chemical Society
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electron–hole pairs bound by Coulomb attraction can move as a unit through the

crystal and their occurrence is not included in the theory described above [1, 6].

3 Position of the Conduction Band and Valence Band

Edges

The position of the band edges is of fundamental importance: the CB edge defines

the reducing power of the photogenerated electrons while the VB edge defines the

oxidation power of the holes. In addition, the majority carriers become readily

available for electrochemical reactions when the surface becomes degenerated

(metal-like), either by doping the material or under electrochemical control.

Thus, the band positions determine electrochemical reactions, including photo-

induced reactions, and are therefore fundamental to energy conversion.

3.1 Mott–Schottky Method

The traditional electrochemical method to determine the band edge position is the

so-called Mott–Schottky measurement. It is relatively straightforward for bulk

materials and the details of the measurements have been reported [1, 2, 11]. For

stable single crystals, the Mott–Schottky equation (Eq. 7) gives the change in the

capacitance at the space charge region as a function of the electrochemical poten-

tial. Briefly, an electrode is prepared in a solution with supporting electrolyte and

the capacitance CSC is measured as a function of the electrochemical potential with

respect to a reference. The capacitance is usually measured with impedance tech-

niques and in the absence of complications the plot of 1/C2
SC should be linear with

frequency as predicted by Eq. (7). A fit to Eq. (1) provides the flat band potential,

Efb, the type of semiconductor from the sign of the slope (positive for n-type) and
the doping concentration, ND [1, 2, 4]:

1

C2
SC

¼ 2

qA2NDεε0
E� Efb � kBT

q

� �
ð7Þ

where A is the surface area, q the elementary charge, ε the dielectric constant of the
semiconductor, and ε0 the permittivity of free space. Note that if A and ε are known,
the technique also yields the doping concentration from the slope of the curve.

Several aspects can complicate this measurement; surface states can cause devia-

tions from the linear behavior predicted by Eq. (7). In addition, the slope should be

independent of frequency [4]. The value of Efb is of interest because it provides an
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approximation to ECB. Strictly speaking, Efb is related to the band edge by Eq. (8)

for an n-type semiconductor [8]:

ECB ¼ Efb þ kBT

q
ln

ND

NC

� �
ð8Þ

where ND is the density of states of the donor and NC is the densities of states near

the conduction band edge (within a few kBT from the top of the CB). For a

semiconductor within 1� kBT, NC is in the order of 1� 1019 cm�3 [1], while a

somewhat typical doping would be in the order of ND¼ 1� 1017 cm�3 [1]; if ND

approaches NC, the semiconductor approaches the degenerated state where its

behavior becomes more like a metal. This means that the difference between ECB

would be in the order of 0.1 V more negative with respect to Efb. Because of these

complications, the term kBT/q¼ 0.025 V in Eq. (7) is usually not significant when

one considers the uncertainty of the measurement due to NC. Also, note that in the

usual formulation of Eq. (8) the flat band potential (Efb) is replaced by the Fermi

level, EF [1, 8], and therefore the implied assumption made here and in the flat band

potential measurements is that Efb¼EF.

The Mott–Schottky equation allows for the measurement of one band edge, e.g.,

for an n-type material, the method yields ECB. The value of EVB can be calculated

from ECB and the bandgap, Eg, given that:

Eg ¼ ECB � EVB ð9;Eq:ð1Þ; restatedÞ

Alternatively, the material can be made with a p-type to obtain EVB from the Mott–

Schottky method, although this approach requires extensive material preparation.

There have been attempts to use the Mott–Schottky method on mesoscopic mate-

rials and on films of NPs. However, to the best of our knowledge, the theoretical

framework to extend the application to these systems is lacking, and the extension

of these measurements must be done with caution. For example, the value of the

surface area A in Eq. (7) is not well defined when one uses porous materials. An

alternative to the Mott–Schottky method is the use of the photocurrent onset method

described below.

3.2 Electrochemical Photocurrent

The photocurrent onset method is also used to measure the flat band potential, Efb.

When possible, this method can be combined with the Mott–Schottky equation to

study the effect of surface states and of electrochemical background reactions that

may interfere with Efb measurements. In this method, a photocurrent is observed

when the illumination source is larger than Eg. To study n-type semiconductors,

a so-called hole scavenger is used, such as methanol or acetate. Under illumination,

this scavenger provides electrons to the VB of the semiconductor and it is said that,
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for example, “holes oxidize the methanol.” This facilitates electron transport

through the CB. The process is shown in Fig. 4 where the sample is illuminated

while in solution and (1) a photon is absorbed and this generates an electron–hole

pair, e� to h+. The holes are strong oxidizing agents and oxidize the hole

scavenger, A, (2) to leave free electrons in the CB; these electrons are then free

to travel across the semiconductor material and can be detected with the

potentiostat. Note that for electrons to be collected at the potentiostat they must

survive reaction (3) the electronic recombination from band to band and (4) the

so-called back reaction to the electrolyte.

In a bulk semiconductor, the electrons are driven across the material by the field

created due to the applied bias on electrochemical potential; this is the reversed-bias

regime that is characterized by bending the conduction and valence bands. In the

absence of bias with respect to the Efb, there is no photocurrent; if the direction of

the bias now resembles the forward bias regime, the SC surface becomes

degenerated and no photocurrent is observed either, under these conditions, the

surface becomes more like a metallic electrode and faradaic background processes

are usually observed. Figure 5a shows a schematic of the response for an ideal

electrode. Efb should ideally be the onset of the photocurrent, and for an n-type
semiconductor, only photooxidations are observed. Although ideal behavior is

rarely observed, the photocurrent can be used to determine the Efb from the

photocurrent onset, the semiconductor type from the direction of the photocurrent:

n-type semiconductor photooxidizes while p-type photo reduces; in addition, the

wavelength dependence of the photocurrent can also be used to measure the

fundamental band-to-band transition. A more realistic expectation is shown in

Fig. 5b, where background currents are seen both in the dark and under illumina-

tion. The background currents in the dark are usually assigned to surface states, i.e.,

because their energy levels can have energies within the bandgap “forbidden”

region; these energies are different from the states in the bulk of the semiconductor

that make the CB and VB. Surface states can be populated during electrochemical

Fig. 4 Schematic representation of an SC under illumination in the reverse biased condition. After

photon absorption (1), a hole scavenger, A, is oxidized (reaction 2). This allows free electrons to

travel through the material. Two competing paths for electron collection are shown: electronic

recombination (3) and an electrochemical back reaction (4)
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experiments and may even be able to undertake electrochemical reactions at

potentials corresponding to the “forbidden region” of the bandgap [12]. Another

interesting feature of these experiments is that sometimes the photocurrent can

reverse signs around Efb [13]. This has been attributed to complications due to the

surface carrier concentration as the SC approaches the degenerate condition near

Efb [13]. Also, during illumination, the SC surface can increase its temperature and

this can cause convection of the solution near the surface and increase the conduc-

tivity of the SC [14].

3.3 Photocurrent Onset Method

The ideal response in Fig. 5a is not usually observed and one sees background

currents, both in the dark and under illumination, as shown schematically in Fig. 5b.

In practice, the current in the dark and under illumination is used to discriminate the

photocurrent iph from faradaic background processes. A typical setup is shown in

Fig. 6, similar to the one reported before [5, 15]. This is a standard three-electrode

cell modified for the photoelectrochemical experiment. The working electrode is

the SC of interest and is illuminated through a silica window with a light source of

Fig. 5 (a) Schematic

photoelectrochemical

behavior of an ideal SC

under illumination. In the

dark, there are no currents

or background reactions.

Under illumination a

photocurrent, iph, is
observed; the photocurrent

onset is in the ideal

situation, the flat band

potential, Efb (b) Schematic

of a more realistic response

showing background

currents

84 S. Parajuli and M.A. Alpuche-Aviles



broad spectrum (e.g., Xe lamp). Note that the reference electrode, usually a

Ag/AgCl electrode is kept in a compartment that is separated from the working

electrode compartment by a fritted glass junction. This is preferable because

reference electrodes can often leak ions, e.g., Ag+ from AgCl or Hg2+ from the

calomel electrode. Because these measurements are very sensitive to the conditions

of the interface, these precautions avoid complications from Ag deposition on the

surface of the SC electrode. For similar reasons, the counter electrode is usually a

graphite rod (to avoid problems with the dissolution of metals like Pt). Also, the

counter electrode is kept in a fritted glass compartment (not shown in Fig. 6 for

simplicity).

With real semiconductors, the photocurrent deviates from the data shown in

Fig. 5a. In the dark, there are usually currents that are observed, even at potentials

that correspond to the forbidden region. These currents are usually attributed to

surface states. Also, at sufficiently large biases currents are often observed. Even in

the reverse bias condition, at sufficiently large bias, e.g., positive electrochemical

potentials with respect to Efb, current flows and the electrode is said to “break

down” and tunneling processes are said to take effect, analogous to diode break

down [5]. In the forward bias direction, e.g., electrochemical potentials more

negative than Efb, the SC becomes essentially an electrode capable of reducing

species in solution (e.g., O2 or H
+). The main implication of background currents is

that they make determination of the onset potential difficult. Thus, in practice, one

usually defines the photocurrent “onset” as some fraction of the background

current. One approach to help discriminate photocurrent from background currents

in the dark is to chop the illumination source to determine the onset of the

photocurrent, i.e., Efb [4, 13]. Extrapolation from the photocurrent squared

(Eq. 10) [13, 16] is used to avoid ambiguity of defining a photocurrent onset; this

approach is sometimes referred to as the “Butler method”:

Fig. 6 Experimental setup used for photocurrent measurements in our laboratory. The illumina-

tion source is a broad spectrum source (e.g., a Xe lamp) with a filter (water) to minimize heating

from the IR component. The cell is closed and the solution is saturated with N2 (or Ar) to remove

O2; during the experiments, the cell is kept under an inert gas blanket. The working electrode

(WE) is the semiconductor and is mounted with an O-ring to define the area exposed to solution.

The reference electrode (RE) is usually a Ag/AgCl electrode and the counter electrode (CE) a

graphite rod. The CE is usually enclosed in a fritted junction (not shown) similar to the RE
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iph
2 e E� Efbð Þ ð10Þ

One usually starts by running a potential scan for an electrode made of the

semiconductor material in the dark and under illumination at a relatively fast

scan, v¼ 10 mV/s (e.g., Fig. 7a) with the difference between the current in the

dark and under illumination one can estimate the onset potential. To refine the

photocurrent onset measurement, the light is chopped on and off (10 s each) while

scanning the potential at a slower rate, e.g., v¼ 1 mV/s as shown in Fig. 7b. The

Fig. 7 Experimental photocurrent measurements for TiO2 anatase nanoparticles film (3.2 μm
thick) measured in our laboratory in 1.0 M KNO3 at pH¼ 2. Details of the experimental setup are

shown in Fig. 6. (a) Linear sweep voltammetry experiments at a scan rate, v¼ 10 mV/s. The insert

in (a) shows the detail of the currents under illumination (——) and in the dark (- - -) near Efb. (b)

corresponds to a chopping light experiment (ν¼ 1 mV/s) while simultaneously chopping light on

and off for 10 s each (——). The difference between currents under illumination and in the dark is

used to plot i2ph (- - -) on the right axis of (b). Anodic currents are shown as positive
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photocurrent usually presents small transients or spikes and then decays to a quasi-

steady state value. One then samples this quasi-steady state photocurrent and

accounts for the difference with the dark current extrapolated to the same potential.

The photocurrent is used to extrapolate to iph
2¼ 0 (Eq. 10) as shown in Fig. 7b. The

method can readily be applied to different kinds of substrates including single

crystals, NP films on inert substrates (e.g., doped SnO2), and even on pressed

pellets of the materials. Note that the experimental data suffer from problems

with discrimination of the photocurrent onset. Faradaic currents due to states near

the CB edge (e.g., negative current in Fig. 7a) compete with the main band-to-band

transitions and can shift the photocurrent onset from the value of the true flat band

potential.

It should be noted that the value of the band edges is often a strong function of

solution conditions, most notably pH. In particular, metal oxide electrodes usually

present a pH dependence of ECB with a slope of 0.059 V/pH [1]. This is the result of

H+ and OH� ions at equilibrium on the surface of the material setting the final

energy of the bands. This is often not a problem because the potentials of H+

reduction and of H2O oxidation are also pH dependent. Redox mediators in solution

can also have a strong effect on Efb when they adsorb strongly on the surface [17,

18]. However, in working with novel materials, one must verify this dependence as

surface states can pin the value of the band edges, this effect is known as surface

pinning [1, 19]. The net effect of surface pinning will be a change on the driving

force towards the electrochemical reaction of interest. In addition, chalcogenide

semiconductors display a dependence on the band edges with the concentration of

the chalcogenide ion in solution, e.g., CdS will have a Efb that will depend on S�

concentration, in addition to the pH dependence [20].

In general, the measurement of band edge properties in solution must be

approached with caution as with other interfacial property measurements. As

pointed out above, pH, surface states, electrolyte concentration, and also the history

of the surface can have an appreciable effect on the band edge measurement. The

best approach is to perform the measurements in a solution that most closely

follows the conditions such as pH of the final application, and to perform replicates

of the measurements to assess the reproducibility of the interface.

3.4 Bandgap from Photoelectrochemical Current
Measurements

The optical bandgap responsible for the photocurrent can be determined from the

photocurrent dependence with illumination wavelength. To achieve this, the setup

described in Fig. 6 is modified by adding a monochromator to select the illumina-

tion wavelength. For this measurement, the electrochemical potential is set to a

value where the photocurrent is independent of potential, thus minimizing compli-

cations from background currents. Care must be taken in “normalizing” the
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photocurrent due to the complicated power vs. wavelength dependence of the light

source and of the monochromator throughput. The “normalized” photocurrent

dependence typically yields a graph where the onset is used to calculate Eg. The

wavelength dependence can also be used to probe the nature of the photocurrent

transitions; for example, in the doping of TiO2 with C the method yielded a shift

from the 3.2 eV of anatase to ca. 2.2 eV [21].

4 Electrogenerated Chemiluminescence of Quantum Dots

Quantum dots (QDs) have gained attraction due to their size-dependent properties

[22] and reproducibility [23]. While there is interest in these semiconductors in the

energy field, there is also interest in the use of QDs in the analytical field. In this

regard, electrogenerated chemiluminescence (ECL) bridges the gap between using

electrochemistry to characterize SC materials and the use of SC materials for

chemical analysis. Although advances in this field have focused on the use of QD

for bioanalysis [24], the experiments in the field are of relevance to the character-

ization of the QD energetics [25, 26] and open the door to study energy transfer

processes by ECL. We provide a brief description of ECL for CdSe quantum dots;

CdSe is of interest because QDs can be prepared with very narrow size distribution

and their surface can be passivated.

In ECL electrochemical reactions generate an excited state. The excited state in

turn relaxes to the ground state by emitting light. In a semiconductor, the excited

state can be thought of as the same excited state that is generated after light

absorption. Two main avenues for ECL experiments are discussed here: the direct

ECL and the use of a coreactant. In the direct ECL experiment, shown in Scheme 1,

the QD is constantly reduced and oxidized, so that the excited state is formed by the

reaction of the oxidized quantum dot, QD•+, and the reduced species (QD•�). The
oxidized and reduced forms are generated by alternating the electrochemical

potential from a positive to a negative region. This normally requires large potential

windows to address the CB and VB, i.e., the window must be >Eg of the QD.

Bard and co-workers [27] reported the ECL behavior from CdSe nanocrystals

(NCs) synthesized by Peng’s [28] method for the first time in CH2Cl2 with tetra-n-
butylammonium perchlorate (TBAP) as supporting electrolyte. CdSe NCs pro-

duced ECL when scanned between +2.3 to �2.3 V using a Ag wire quasi-reference

QD + ne- ® QD -

QD - ne- ® QD +

QD - + QD + ® QD*.

.

.Scheme 1 Direct ECL.

Adapted with permission

from Nano Lett. 2002,
2, 1315–1319 [27].

Copyright 2002, American

Chemical Society
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electrode. Light emission occurred when chemically reduced species (R•�) collide
with oxidized species (R•+) producing excited states (R*) in ion annihilation

process. They reported that the species R•+ is more stable than R•�which was

evidenced by the larger light emission where cathodic scanning followed anodic

scanning. To generate ECL from the direct route, the electrochemically generated

reduced species and oxidized species have to be stable so that they can form the

excited state, QD*, through ion annihilation process [29]. Addition of coreactants

can help overcome the poor stability of electrochemically generated species to form

excited state or in many cases can help solve the problem of small potential window

of some solvents [4]. Because of this, in aqueous systems the use of a coreactant is

preferred [30].

When a coreactant is used, a more complicated mechanism is in effect

(Schemes 2 and 3). A molecule in solution is oxidized, to form an intermediate

that will be an effective reducing agent. The rapid reactions between the coreactant

and semiconductor generate the semiconductor excited state that can relax through

DBAE – e- ® DBAE•+

DBAE•+ - H+ ® DBAE•

QD  + DBAE• ® QD•- + P1

QD – e- ® QD•+

QD•+ + QD•- ® QD* + QD

QD•+ + DBAE• ® QD* + P1

QD* ® QD +  hv (625 nm)

Where: DBAE = (n-Bu)2NCH2CH2OH,
DBAE•+ = (n-Bu)2N•+CH2CH2OH
DBAE• = (n-Bu)2NC•HCH2OH
P1 = (n-Bu)2N+=CHCH2OH

PEG = polyethylene glycol

Scheme 2 Oxidative-reduction route of ECL emission from a well-passivated QD¼CdSe/ZnS/

PEG with DBAE coreactants. Adapted from Ref. [47], Phys. Chem. Chem. Phys. 2010, 12, 10073.
Reproduced by permission of the PCCP Owner Societies

QD + e- ® QD•-

S2O8
2- +e- ® SO4

2- + SO4
•-

QD•- + SO4
•- ® QD* + SO4

2-

QD* ® QD + hv

Scheme 3 Reductive-oxidation route of ECL emission from QDs with S2O
2�
8 coreactant.

Reprinted with permission from Ref. [48], Anal. Chem. 2012, 84, 2811. Copyright 2012 American

Chemical Society
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the emission of light. One approach to generate ECL of QDs is to immobilize QDs

on the electrode surface. To achieve light emission, different coreactants have been

used, including H2O2 [31–33], S2O8
2� [34, 35], and O2 (Ref. [36]) upon cathodic

scanning. Analytical applications of QDs include immunoassay-based ECL detec-

tion of biomolecules [34, 37–39] in cellular imaging [40], DNA hybridization

analysis [41], and monitoring of specific biorecognition [42–44]. QDs are emerging

as an alternative to the use of ruthenium complexes as emitters in conventional ECL

immunosensors [45, 46]. Table 3 shows a list of coreactants used for CdSe.

There are two routes for coreactant-based ECL, namely, oxidative-reduction and

reductive-oxidation routes depending on the nature of coreactants [24]. (1) QDs can

produce ECL upon anodic scanning with the coreactants such as tri-n-propyl amine

(TPrA) and dibutylaminoethanol (DBAE), this route is called oxidative reduction

where QDs and the coreactants get electrochemically oxidized to form oxidized

species. The coreactant produces a strongly reductive radical which reduces QD•+

(the oxidized form of QDs); this generates the excited species of QDs, QD* which

eventually emits light (Scheme 2). In the reductive-oxidation route, the coreactants

such as H2O2 and K2S2O8 are electrochemically reduced upon cathodic scanning to

produce the reduced species; these species chemically produce very strong oxidiz-

ing species which interact with QD•� (reduced form of QDs); this forms QD* which

emits light (Scheme 3).

4.1 ECL from CdSe Quantum Dots

Bo et al. [29] have used potassium persulfate (K2S2O8) as a coreactant to generate

ECL with CdSe. The potential is cycled from 0.1 V and�1.2 V vs. Ag/AgCl where

both S2O8
2� and CdSe get electrochemically reduced to form SO4

•� and CdSe•�,
respectively, which interact to produce CdSe* that emits light. The ECL emission

occurs at �1.1 V at a carbon paste working electrode vs. Ag/AgCl reference and Pt

counter electrode with 0.1 M KCl. S2O
2�
8 gets reduced at �1.0 V and CdSe at

�1.1 V. The emission of light at�1.1 V is consistent with CdSe reduction. Ju group

[33] used hydrogen peroxide (H2O2) to generate ECL emission from thioglycolic

Table 3 Coreactants reported for ECL detection of CdSe quantum dots

Coreactants

Potentiala

Type of ECL Ref.V vs. NHE

Dibutylaminoethanol (DBAE)b 0.80 V (ox) Oxidative-reduction [46]

Tripropylamine (TPrA)b 0.85 V (ox) Oxidative-reduction [46]

Hydrogen peroxide (H2O2)
c �0.70 V (red) Reductive-oxidation [47]

Potassium persulfate (K2S2O8) �0.80 V (red) Reductive-oxidation [35]
aFormal electrochemical potentials for either oxidation (ox) or reduction (red) of the coreactants.

These were converted to NHE using data from the references
bThese coreactants have been reported for CdSe/ZnS
cECL mechanism of H2O2 coreactant is described in Ref. [47]
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acid-capped CdSe quantum dots. They proposed that on cathodic scanning elec-

trons are injected into CdSe from the electrode. The electrode eventually generates

OH• from H2O2. The OH• radical being a strong oxidant injects a hole (h+) onto
CdSe. The annihilation of hole and electron injected CdSe produces CdSe* which

emits light at �1.114 V vs. Ag/AgCl. In their experiment, CdSe was immobilized

on paraffin-impregnated graphite electrode (PIGE). CdSe QDs with nitrogen-doped

carbon nanotubes produce enhanced ECL with H2O2 as coreactant [49]. The

enhancement was five times compared to pure CdSe QDs, three times compared

to CdSe composited with carbon nanotubes (CNTs). The authors assigned this

enhancement to a decrease in potential barrier for electron injection into CdSe

QDs. On anodic scanning, CdSe produced ECL with SO2�
3 as coreactant [30] in

air-saturated Tris-buffer at indium tin oxide (ITO) electrode. During anodic scan-

ning, SO3
2� oxidized to SO�

3 species which then reacts with dissolved oxygen to

produce O2
•�. The O2

•� injects an electron into the CdSe. The oxidized form of

CdSe and the reduced form collide to yield the excited state which emits light.

Teng et al. [50] developed a novel strategy for enhancement of ECL by com-

bining CdSe QDs with graphene oxide (GO)-chitosan (CHIT). The CdSe QDs/GO-

CHIT composite-based ECL sensor demonstrated high ECL intensity, stability, and

biocompatibility. The CdSe QDs gets reduced to CdSe•� and S2O
2�
8 to form SO4

•�

on cathodic scanning. SO4
•� is strong oxidant and produces CdSe* from CdSe•�.

The amine groups in CHIT molecules can facilitate radical generation and GO acts

as a medium for electron transfer between CdSe QDs and the glassy carbon working

electrode. This CdSe QDs/GO-CHIT sensor was used to detect cytochrome C with

ECL quenching method. The energy transfer between the excited state and the

cytochrome C caused the decrease in ECL intensity. Cytochrome C could be

detected as low as 1.5 μM. The ECL intensity was enhanced by 20-fold when

3-aminopropyl-triethoxysilane (APS) as a cross-linker was conjugated to CdSe

QDs-CNTs-CHIT compared to CdSe QDs-CNTs-CHIT [51]. Combination of

carbon nanotubes (CNTs) and poly (diallyldimethylammonium chloride) (PDDA)

on CdSe QDs film greatly enhances the ECL intensity of CdSe and S2O
2�
8 system

[52]. The ECL intensity from the CdSe QDs-CNTs was threefold higher than that

from the CdSe QDs film. More porous structure, larger surface area, and better

conductivity of the CdSe QDs-CNTs composite film contributed to higher intensity.

Sensitive detection of human IgG (HIgG) was reported by Ling et al. [53] by

PDDA-protected graphene-CdSe QDs (P-GR-CdSe QDs) composites

immunosensor. The P-GR-CdSe QDs composite film shows high ECL intensity,

fast response, good electronic conductivity and stability.

Xiao et al. [54] successfully fabricated graphene oxide sheets-polyaniline-CdSe

QDs (GO-PANi-CdSe QDs)-based immunosensor for the detection of cytochrome

C with S2O
2�
8 coreactant. The GO-PANi-CdSe QDs nanocomposite was

immobilized onto the surface of glassy carbon electrode (GCE). The ECL intensity

of GO-PANi-CdSe QDs nanocomposites is over four times higher than that of pure

CdSe QDs. The GO-PANi-CdSe QDs nanocomposites film has larger surface area

and the amine group of the nanocomposites facilitates the radical generation and

electron transfer during ECL reaction.
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The ECL of CdSe QDs in aqueous solvent was reported by Ju and co-workers

[31]. A thin film of CdSe QDs on PIGE produces two ECL peaks at �1.2 V and

�1.5 V vs. Ag/AgCl. The electron transfer reaction of electrochemically reduced

individual CdSe QDs and oxidant coreactants such as H2O2 or reduced dissolved O2

in solution produces the ECL peak at �1.2 V whereas electrochemically reduced

assembly of CdSe produces second ECL peak at �1.5 V.

Core-shell type quantum dots such as CdSe/ZnS and CdSe/CdS have been used

as ECL label in biosensors. Lynn et al. [55] have used CdSe/ZnS QDs to detect

glutathione (GSH) using H2O2 as coreactant. The Nafion-CdSe/ZnS QDs composite

was immobilized on GCE and potential scanned from 0 V to �2.0 V. This

composite film did not generate ECL with S2O
2�
8 coreactant since Nafion effec-

tively excluded the coreactant. GSH detection was based on ECL quenching as it is

OH• scavenger. The CdSe/ZnS QDs immobilized on a support of graphene-CdS

QDs-alginate (G-CdS QDs-AL) on GCE scavenges ECL produced by G-CdS

QDs-AL composite on GCE [56]. Detection of cancer biomarker has been realized

by ECL quenching. Miao group [46] has used sandwich type immunoassay of

CdSe/ZnS QDs and C-reactive protein (CRP) to detect it using 2-(dibutylamino)

ethanol (DBAE) as coreactant. Electrogenerated chemiluminescence resonance

energy transfer (ECRET) has been realized with CdSe/ZnS QDs and cyanine dye

(Cy5) and biomolecule as a linker [57]. CdSe/ZnS QDs-DNA-Cy5 conjugate was

scanned in the cathodic direction with S2O
2�
8 as coreactant and ECL spectrum

showed two emission peaks due to emission from excited CdSe/ZnS QDS at

590 nm and emission from Cy5 at 675 nm suggesting the energy transfer from

exited CdSe/ZnS QDs to Cy5. In CdSe/ZnS QDs-DNA-luminol composite, where

luminol acts as a donor ECRET is observed between luminol and QDs in the

presence of H2O2 coreactant. Excited state luminol either emit at 460 nm or transfer

energy to proximal CdSe/ZnS QDs which emit at 665 nm [58]. Lei et al. [59]

reported the fabrication of solid state ECL sensor based on core-shell CdSe/ZnS

QDs self-assembled film on GC for the first time. The ECL emission has been

obtained with S2O
2�
8 and H2O2 coreactants. Zhang group [60] used dendrimers-

CdSe/ZnS QDs nanocomposites to detect cancer cells with S2O
2�
8 coreactant.
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New Cu(I)-Based p-Type Semiconducting

Metal Oxides for Solar-to-Fuel Conversion:

Investigation and Challenges

Upendra A. Joshi

1 Introduction

As the oil reserve is depleting, more and more efforts are focused on the renewable

energy [1]. Hydrogen is considered as a new energy carrier of the coming centuries

as it can be produced from most abundant source (water) and its utilization is

environment friendly. The photoelectrochemical solar-to-fuel conversion

(photoelectrochemical cell, PEC) is a promising way to produce fuels from sun-

light. This concept has generated intense research over the past few decades in the

field of semiconducting photoelectrodes, such as for the photon-driven reduction of

water or carbon dioxide [2–7]. Much research efforts are focused on developing

visible active photoelectrode (through bandgap engineering) which has a significant

portion in the solar spectrum [8, 9]. The use of metal oxides as photoelectrodes,

typically n-type, is very well studied owing to their photostability and conductivity.
The p-type metal oxide electrode can act as a photocathode in a PEC cell system,

which in turn carries out reduction of water to generate hydrogen using solar

radiation. The chalcogenide-based p-type semiconductor to date has highest

efficiency with outstanding optoelectronic properties but limited corrosion resis-

tance [10–12]. Metal oxide semiconductors, by contrast, can exhibit superior

corrosion resistance and can be made visible active, but are typically difficult to

dope as p-type with a high mobility of carriers. A relatively smaller number of

p-type metal oxide photoelectrodes have been discovered so far which absorb

visible light and can be used as a photocathode, among them Cu2O [13–15],

metal-doped Fe2O3 [16, 17], CaFe2O4 [18, 19], Rh-doped SrTiO3 [20], and N-
doped ZnO [21] are known to date. Copper oxide is one of the most abandoned

elements on earth, unlike chalcogenide it is environment friendly and can be a
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potential candidate as a photoelectrode owing its relatively smaller bandgap which

absorbs visible light. Most extensively studied metal oxide photocathode for PEC

application is p-type Cu2O, but its tendency to photocorrode remains a significant

drawback. Recent efforts successfully showed that Cu2O can be stabilized using

surface coating of Al2O3, ZnO, and TiO2 preventing photoreduction of Cu2O to Cu

metal but still long-term activity is outlying [22].

In this chapter, we aim to put together the research effort made, so far, to develop

copper-based p-type photocathode materials for PEC applications, with a view of

providing a good reference and inspiring new concepts to develop p-type semicon-

ductor photoelectrode. Starting with a brief overview about to-date known copper-

based semiconductor photoelectrode metal oxide materials and photocatalysts, we

gave in-depth understanding of the crystal structure, electronic structure, and effect

of doping on the photoelectrochemical solar-to-fuel conversion.

2 Cu (I)-Based Photoelectrode and Photocatalysts: Current

Status

Cuprous oxide (Cu2O) is a nonstoichiometric defect p-type semiconductor and its

potential for the design of solar cells have been recognized in 1920 well before

silicon, germanium, and other potential semiconducting materials were discovered

[23]. Owing to low bandgap (~2 eV) p-type semiconductor, it can generate up to

14.7 mA/cm2 photocurrent (theoretically) under AM 1.5. Recently it has been

explored as photocatalyst to generate hydrogen [24]. However there are relatively

few studies about Cu2O as photocathode and reported photocurrent values (1 mA/

cm2) are far less than theoretical value [25, 26]. As reduction potential of Cu2O to

Cu metal lies between the conduction band and valence band positions of Cu2O,

under photo illumination it can easily reduce to Cu metal and hence unstable.

Although recent efforts show that the Cu2O can be stabilized by nano-size layer

of TiO2 and Al2O3, the overall activity remains for 1 h.

Delafossites are another Cu (I)-based p-type semiconductor oxides which were

extensively studied for transparent conducting oxide (TCO) application but rela-

tively less reported as photocathode for PEC application. Kawazoe et al. [27] first

reported the electrical conductivity of p-type CuAlO2 for TCO. Following their

work, Brahimi [28] reported the photocatalytic hydrogen evolution over CuAlO2/

TiO2 heterojunction. A p-type CuYO2 has been studied by Trari et al. [29] and

reported photoelectrochemical activity for hydrogen generation. The addition of Ca

increases the p-type characteristics of CuYO2. Similarly, oxidized CuYO2 to

produce super oxides such as CuYO2.25 and CuYO2.5 shows higher photocatalytic

activity compared to non-oxide samples, attributing the partial oxidation of Cu+ in

the CuYO2 lattice [30]. A p-type CuCrO2 delafossite with smaller bandgap

(2.12 eV) has been studied photoelectrochemically [31]. Photocatalytic reduction

of CO2 to CO was carried out over CuGaO2 and CuGa1-xFexO2 delafossite,
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however no reports about photoelectrochemical hydrogen production using this

material [32]. Very recently Read et al. [33] reported CuFeO2 delafossite for

photoelectrochemical hydrogen production. Similarly, bare CuFeO2 and CuFeO2/

SnO2 heterojunction has been reported for visible light-induced photocatalytic

hydrogen generation. Ca-doped CuMnO2 and p-CuMnO2/n-Cu2O heterojunction

was reported as a photocatalysts for hydrogen generation under alkaline condition.

Various Cu (II) oxides with spinel structure have been studied for photocatalytic

hydrogen production. CuMn2O4 has a very narrow bandgap (1.4 eV) and can be

utilized as a photocatalysts under visible light in an aqueous sulfide containing

solution. The highest hydrogen evolution rate (0.26� 10�2 mL/mg/h) was obtained

over platinized CuMn2O4 under visible light compared to non-platinized sample

[34]. Similarly, CuFe2O4 has been studied for the photocatalytic hydrogen evolu-

tion under visible light. The higher reaction rate is obtained over sol–gel synthe-

sized photocatalyst compared to solid state and coprecipitation method. The study

suggests that this catalyst is stable for 40 h [35]. The band structure and origin of

stability is not clear but CuFe2O4 spinel is more stable compared to CuFeO2

delafossite. Various other spinel structures such as CuCr2O4, CuAl2O4, and

CuCo2O4 have been studied for photocatalytic hydrogen production under visible

light, among them CuCo2O4 has the highest activity [36]. The tetragonal SrCu2O2

also reported as a p-type semiconductor with large bandgap (3.3 eV) for TCO

applications [37]. Wang et al. [38] studied the heterojunction of WO3/SrCu2O2 for

photocatalytic hydrogen production.

3 New Class of Cu(I)-Based Metal Oxide Semiconductors

In this research area, our efforts have been focused on the investigation of new p-
type semiconductors that comprise both early and late transition metals. Our

research efforts have sought to investigate the reduction of the bandgap sizes of

early transition-metal oxides via the incorporation of transition metals with d10

electron configurations, that is, specifically Cu+. For example, a number of new

Cu+/Nb5+ and Cu+/Ta5+ metal oxides reveal tunable and significantly reduced

optical bandgap sizes in the range of �2.4–1.2 eV within many structurally flexible

networks [39]. These combinations yield the reduction of bandgap sizes via the use

of Nb(V) or Ta(V) cations (empty d0 orbitals) that form the conduction band states

in early transition-metal oxides, together with a Cu(I) cation (filled d10 orbitals) that

can form high-energy valence band states. For example, the isoelectronic substitu-

tion of Cu(I) for the Na cation in the NaNbO3 photocatalyst decreases its bandgap

size from ~3.4 to ~2.0 eV via the creation of a new higher energy valence band

consisting of the filled Cu d10 orbitals, as found in CuNbO3. For the

UV-photocatalyst Na2Ta4O11, the isoelectronic substitution of Cu+ for Na+ results

in the site-differentiated solid solution (Na1-xCux)2Ta4O11 with an accompanying

modification of the bandgap transition and size from�4.0 to 2.65 eV [40]. This new

class of niobate and tantalate (based on d10 and d0 configuration) phases has been
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investigated and their photoelectrochemical properties tested for the solar-to-fuel

conversion [41–43]. The following section summarizes various copper niobates and

copper tantalate metal oxide semiconductors with their crystal structure, electronic

structure, and photoelectrochemical properties for solar-to-fuel conversion.

3.1 Crystal Structure, Electronic Structure,
and Photoelectrochemical Properties

3.1.1 CuNbO3

The monoclinic crystal structure of CuNbO3 with C2/m space group symmetry has

been described previously based on single crystal investigation [44]. The polyhe-

dral structural view of CuNbO3 is presented in Fig. 1. The structure contains

stepped NbO3 layers, which consist of edge-shared NbO6 octahedra combined

into Nb4O16 groups. Each group is roughly parallel to [-101] plane and shares its

corner oxygen atoms with other Nb4O16 groups so that staircase-like NbO3 layers

appear down [001] as shown in Fig. 1 (left). These groups are similar to those

observed in Na3NbO4 [45]. Copper atoms are situated between layers so that they

linearly coordinate between two oxygen atoms from upper and lower Nb4O16

groups, (blue spheres in Fig. 1 left). As it was indicated earlier [46], the staircase-

layers of CuNbO3 could be derived from layers of ReO3-type structures so that in

each layer the neighboring planar squares cornered by NbO6 undergo the 45�

rotation.

To understand the origin of the photon-driven bandgap transitions in CuNbO3,

electronic structure calculations were performed on the geometry-optimized struc-

ture based on density functional theory (DFT) within the CASTEP program pack-

age. The calculated total and partial electronic densities-of-states and bandgap size

Fig. 1 Crystal structure of CuNbO3. Reprinted with permission from J. Phys. Chem. C. Ref.

[41]. Copyright (2011) American Chemical Society
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are shown in Fig. 2 (left). The uppermost energy of CuNbO3 valence band com-

prises filled Cu-based d-orbitals (blue line) mixed to a small extent with the filled

O-based p-orbitals at lower energies, whereas the conduction band comprises

empty Nb-based d-orbitals (red line) that are increasingly mixed at higher energies

with empty O-based p-orbitals (green line). Thus, the lowest energy bandgap

transitions are found to be a metal-to-metal charge transfer (MMCT) between Cu

(d10)- to Nb (d0)-based crystal orbitals. Analogous alkali-metal niobates are found

to exhibit bandgap transition primarily from oxygen-to-niobium with higher sizes,

for example, NaNbO3 at 3.4 eV [47]. Thus, the isoelectronic substitution of Cu+ for

Na+ has resulted in the insertion of a higher energy valence band based of the 3d10

orbitals of the former into new copper niobate phase.

Figure 2 (right) shows a plot of band-structure diagram for crystal orbitals as

defined in its primitive space group setting within few electron volts. The lowest

energy indirect transitions stemming from k¼M to L or M to Z, whereas the lowest

energy direct bandgap transitions are at the k¼M vector just ~0.04 eV higher. This

situation arises because of the flatness of the lowest energy conduction band crystal

orbital located at�2 eV in Fig. 2 (right). The flatness of this particular band leads to

a higher effective mass and lower charge mobility of the excited electrons. This

arises because the effective mass is inversely proportional to the rate of change of

the band energy in k-space (i.e., m�R (∂E)2/∂2 k).

Photocurrent measurements on CuNbO3 were carried out using a three-electrode

PEC. The CuNbO3 working electrode was prepared by drop-coating CuNbO3 slurry

in ethanol over 2 cm2 area. Figure 3 shows cyclic voltammetry scan from 0.2 V to

�0.6 V vs. standard calomel electrode (SCE) under visible-light illumination. The

photocathodic response is a clear evidence of the p-type conductivity in CuNbO3.

Fig. 2 On the left, the calculated electronic densities-of-states (DOS) of CuNbO3 using CASTEP,

including the total DOS (black), and the projected orbital contributions from Cu d-orbitals (blue),
Nb d-orbitals (red), and O p-orbitals (green). On the right, the band structure k-space diagram for a

narrower energy range falling within a few eV above and below the Fermi level (Ef). Reprinted

with permission from J. Phys. Chem. C. Ref. [41]. Copyright (2011) American Chemical Society

New Cu(I)-Based p-Type Semiconducting Metal Oxides for Solar-to-Fuel. . . 101



The electrode achieves a cathodic photocurrent density of�0.10 mA/cm2 at�0.6 V

applied bias versus SCE (after subtracting dark current, for non-oxidized samples

not shown). Conversely, no photoanodic current is observed. The onset potential of

the photocathodic current was observed at �+0.10 V versus SCE, which corre-

sponds to +0.35 V versus the reversible hydrogen electrode (RHE, at pH 6.3).

It is clearly evident that as the oxidation temperature increases the photocurrent

response increases and it reaches maximum at 350 �C. Above 350 �C the photo-

current decreases. The XRD analysis shows that the CuNbO3 phase is stable till

350 �C and above that the decomposition occurs, hence the activity decreases. As

the oxidation increases more and more oxygen impurities inserted into the crystal

enhance the p-type conductivity. The detailed understanding of the origin of p-type
conductivity is discussed in Sect. 4. The chronoamperometry experiment shows

that CuNbO3 is stable at least for an hour. As electron excitation in CuNbO3 from

Cu (d10) to Nb (d0) orbital, final electron density resides at Nb hence prevent copper

reduction to Cu metal (which is case in Cu2O) and higher stability.

3.1.2 CuNb3O8

Another copper-containing niobate phase which can be easily obtained by stoichio-

metric reaction of Cu2O and Nb2O5 at 750
�C for 1 day is CuNb3O8. The CuNb3O8

is crystallized as monoclinic structure with P21/c space group symmetry. In earlier

work of Marinder et al. [48] CuNb3O8 was described as mixed-valence compound

with averaged atomic position of Cu+ and Cu2+, although there are contradictions in

the literature about copper valence. It has been reported that CuNb3O8 is

isostructural with LiNb3O8. There are striking similarities between the copper and

the lithium compound. The octahedral environment of the niobium atoms is nearly

the same in both compounds. The niobium–oxygen distances in the three types of

Fig. 3 Effect of oxidation

temperature on the

photocurrent of CuNbO3

electrode
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NbO6 octahedra exhibit an even smaller range of variation than in LiNb3O8. Similar

to CuNbO3, the CuNb3O8 structure also consists of NbO6 octahedra. Although in

contrast to staircase-like layers of clustered NbO6 octahedra, it can be described in

terms of layers of identically oriented 1D zigzag chains of Nb- or/and Cu-centered

NbO6 octahedra, which share their edges and propagate along [010]. Packard

oxygen and planar Nb/Cu atomic layers run parallel to [101] plane and alternate

so that every ninth of them reproduces itself along [101] direction, Fig. 4. The

atomic environment of Cu is a distorted octahedral.

To investigate the origin of the photon-driven bandgap excitations in CuNb3O8,

electronic structure calculations were performed on the geometry-optimized struc-

ture based on DFT within the CASTEP program package. As shown in Fig. 5 the

calculated band structures confirm the indirect band transition in CuNb3O8. How-

ever, the relative flatness of the bands also yields a direct bandgap transition only a

little higher in energy. Figure 5 bottom (5a) shows electron density plots of the

highest valence band states and the lowest conduction band states, that is, within

0.5 eV of each of the band edges. The conduction band edge mainly consists of one

type of Nb atom d0 orbitals (nonbonding), whereas the valence band edge consists

primarily of Cu(I) d10 orbitals mixed with O 2p orbitals (σ* interactions). Thus,

similar to CuNbO3, the lowest energy bandgap transition is an MMCT between Cu

(I) and Nb(V). Figure 5 bottom (5b) shows the electron density plots of the valence

and conduction band states further away from the band edge by an additional

0.5 eV. These show that the next highest conduction band states consist of d orbital

contributions from all niobium atoms and the next lowest valence band states

Fig. 4 The crystal structure

of CuNb3O8
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consist of filled copper d10 orbitals (weak σπ-to-pπ interactions to O 2p orbitals).

Photoelectrochemical hydrogen generation was carried out on CuNb3O8 working

electrode using Pt counter and SCE as a reference in a three-electrode cell. Figure 6

shows a linear-sweep cyclic voltammogram of the polycrystalline CuNb3O8 film

electrode, under chopped visible-light irradiation. The photocathodic current

increases with the applied bias voltage (+0.44 to �0.35 V plotted versus RHE),

which is representative of typical p-type semiconductor behavior. The electrode

film achieves a cathodic photocurrent density of �0.40 mA/cm2 at a �0.35 V

applied bias versus RHE, after subtraction of the dark current.

The onset potential of the photocurrent is estimated at �0.30 V vs. RHE

(pH¼ 6.3). The estimated indirect bandgap of CuNb3O8 using UV–Vis spectros-

copy is 1.26 eV, whereas direct bandgap is 1.47 eV. The p-type dopant

Fig. 5 Top: Calculated band structure diagram for CuNb3O8, with conduction and valence bands

colored light and dark blue, respectively. Bottom: (a) Electron density plot of valence (dark blue)
and conduction band (light blue) states within 0.5 eV of the band edge. (b) The same plot for

valence and conduction band states within 0.5�1.0 eV of the band edge. O, Cu, and Nb atoms are

red, blue, and light blue, respectively. Reprinted with permission from J. Phys. Chem. Lett. Ref.

[42]. Copyright (2012) American Chemical Society
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concentration was found ~7.2� 1015 cm�3. Overall hole mobility was

~145 cm2/V s. Under irradiation, the electrons in the CuNb3O8 film are excited

into Nb-based crystal orbitals, which can lead to increased stability against

photocorrosion as compared to p-type Cu2O. The overall Faradaic efficiency for

hydrogen evolution was 62 %. It is clearly shown in Fig. 6 that the photocurrent is

higher for the 250 �C oxidized films compared to non-oxidized films. To investigate

more about the origin of the high photocurrent in oxidized samples, we carried out

electrochemical impedance spectroscopy (EIS). Figure 6 (right) shows EIS spectra

measured under simulated solar light illumination and presented in Nyquist

diagram in the frequency range of 100 kHz–100 MHz for bare pure CuNb3O8 and

250 �C oxidized film electrodes. The Nyquist plot can be interpreted in terms of the

equivalent circuit as displayed in the inset. In the plot, symbols indicate the

experimental results and the lines represent fitting results by using an equivalent

circuit. Here, the EIS data were measured using a three-electrode cell system, thus

the arc in Nyquist plot indicates the charge transfer kinetics on the working

electrode. The fitted values of Rct were 125 and 96 Ω for pure CuNb3O8 and

oxidized CuNb3O8, respectively. The efficient charge transfer at the interface

between photoelectrode/electrolyte hinders the charge recombination and induces

the facile charge transport of electrons through the films. The large Rct value for

pure CuNb3O8 indicates that the charge transfer characteristics of non-oxidized

CuNb3O8 are poor. Thus, the oxidized films show a very good efficiency of charge

transfer compared to pure non-oxidized CuNb3O8 film electrodes.

3.1.3 Cu3Ta7O19

Cu3Ta7O19 crystallizes in a hexagonal structure with P63/m space group symmetry.

Polyhedral view down [110] is shown in Fig. 7 (top). The structure contains layers

of edge-shared TaO7 pentagonal bipyramids. These layers stack along c-axis,
sharing apex oxygen atom and forming double layers. These alternate with layers

Fig. 6 Left: Effect of oxidation temperature on the photocurrent of CuNb3O8 electrode, Right:
Electrochemical impedance spectra of CuNb3O8
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of TaO6 octahedra and linearly coordinated Cu+. The TaO6 octahedra are formed

from the apical oxygen atoms from three edge-shared pentagonal bipyramids both

above and below. Electronic structures were calculated based on plane-wave DFT

methods from the geometry-optimized crystal structures reported for Cu3Ta7O19,

Cu(I)�tantalate compounds. The calculated band structure for Cu3Ta7O19 (not

shown) predicts the highest carrier mobilities within the 2D plane defined by

k¼K!G!M in the plane of the TaO7 layers, but a lower mobility for the

reciprocal directions along k¼L!M!K between the layers.

The DOS calculations further confirm that the electron density for lowest energy

conduction band state located on TaO7 layers, whereas for highest energy valence

band state it is situated on TaO6/Cu layers. Thus, electron density in these layers

represents the primary transition between filled Cu d10 and empty Ta d0-based

crystal orbitals which are lowest energy bandgap transition between the valence and

conduction bands. The conduction band states are found to occur over both the

TaO7 in the double layers and the isolated TaO6 octahedra, while valence band

states are shown to reside predominantly on Cu (I) ions. Additional minor contri-

butions arise from the bridging oxygen ligands between the edge-linked TaO7

polyhedra, showing that excited electrons into this band would migrate within the

Fig. 7 Top: The crystal
structure of Cu3Ta7O19.

Bottom: Effect of oxidation
on the photoresponse of

Cu3Ta7O19 film electrode.

Bottom figure reprinted with

permission from J. Phys.

Chem. C. Ref.

[43]. Copyright (2012)

American Chemical Society
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2D layers of this structure. There are no direct Cu-O�Cu bridges to facilitate hole

transport within the isolated Cu(I)/TaO6 layer of the structure, while there are

shared Cu�O�Ta bridging interactions that would facilitate a charge transfer

transition to the tantalate layer. The direct Cu�Cu distances are �3.10 Å within

these structures.

The p-type behavior of Cu3Ta7O19 is evident by photocathodic response in the

cyclic voltammogram (Fig. 7 bottom). The photoelectrochemical measurement

shows that the conduction band position of Cu3Ta7O19 is negative enough com-

pared to the water reduction potential and hence it can reduce water to hydrogen.

The photocurrent response at �0.6 V vs. SCE was �0.75 mA/cm2 in non-oxidized

films. It is worth to mention that a relative low dark current is observed compared to

CuNbO3 or CuNb3O8. The oxidation of Cu3Ta7O19 at different temperatures shows

a higher photocurrent compared to non-oxidized samples, suggesting the p-type
doping into the matrix.

3.1.4 Cu5Ta11O30

The Cu5Ta11O30 also crystallizes in a hexagonal structure with P62c space group

symmetry. The Cu5Ta11O30 structure consists of alternating single and double

layers of the TaO7 units in contrast to stacking of double layers of TaO7 units in

Cu3Ta7O19 structure. Figure 8 shows the crystal structure of Cu5Ta11O30. The

conduction band states are found to occur only on TaO7 octahedra double layers,

the single layers of TaO7 in Cu5Ta11O30 do not contribute to these conduction band

states, whereas valence band states are found on Cu(I)/TaO6 layers. These layers

represent primarily a transition between filled Cu d10 and empty Ta d0-based crystal

orbitals which are lowest energy bandgap transition between the valence and

conduction bands.

Photoelectrochemical measurement shows (Fig. 8 bottom) p-type characteristics
of Cu5Ta11O30 phase with photocurrent reaching as high as�0.2 mA/cm2 at�0.6 V

applied bias vs. SCE without oxidation. The pronouns effect of oxidation is

observed on the photocurrent. The saturation of photocurrent (�2 mA/cm2) was

observed ~�0.6 V vs. SCE for the oxidized films at 350 �C. It is worth to mention

that the dark current is also considerably reduced after oxidation of films. The

conduction band of Cu5Ta11O30 is more dispersed compared to Cu3Ta7O19 and

copper niobate phases hence higher photocurrent is obtained. As Cu5Ta11O30 have

alternating single and double layers of TaO7 units, which facilitate the charge

separation and migration effectively, the photocurrent is high. The lack of these

layers in CuNbO3 and CuNb3O8 and less dispersion of valence band give low

photocurrent.
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4 The Origin of p-Type Conductivity in Copper Niobates,

Copper Tantalates, and Future Challenges

Naturally occurring cation-deficient metal oxides are hole conductors and hence

p-type. In broad term any oxide can be a cation deficient if its cation is oxidizable

(i.e., can have more positive oxidation number). The cation deficiency could occur

via metal vacancies, and/or oxygen interstitials, and/or oxygen antisites creating a

hole and hence p-type conductivity. In case of Cu2O, it has been reported that the

origin of p-type conductivity is in cation deficiency, accommodated mostly by Cu

vacancies (Vcu) rather than oxygen interstitials (Oi). The stable concentration of Vcu

is found to be ~1020 cm�3, thus naturally making it p-type conductor. Delafossite

structures are well-known p-type semiconductors but suffers from very low hole

conductivity. The origin of p-type conductivity in delafossite is also reported due to
copper vacancies. In case of copper niobates and copper tantalates intrinsic p-type
conductivity conformed by photoelectrochemical measurements, the nature and

origin of p-type conductivity is under investigation. The overall p-type photocur-

rent is less in case of non-oxidized copper niobates and copper tantalates due to the

lack of Cu-O-Cu linkage as seen in Cu2O. The photocurrent in Cu3Ta7O19 and

Cu5Ta11O30 is high suggesting the high hole conductivity may be due to favorable

Fig. 8 Top: The crystal
structure of Cu5Ta11O30.

Bottom: The effect of
oxidation on the

photoresponse of

Cu5Ta11O30 film electrode.

Bottom figure reprinted with

permission from J. Phys.

Chem. C. Ref.

[43]. Copyright (2012)

American Chemical Society
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mixing of 5d states on tantalum cation in the Cu–O–Ta–O–Cu linkages and well-

dispersed valence band. In case of CuNbO3 and CuNb3O8 the valence band is not

dispersed; hence, then hole mobility is low owing to low photocurrent. In all copper

niobates and copper tantalate phases, the oxidized sample shows higher photocur-

rent. The oxidation of these phases forms a mixture of Cu(I)/Cu(II) at the surface of

films, in term increases the Cu(I) vacancies and hence high photocurrent.

To investigate furthermore on the origin of p-type conductivity in the copper

niobates and tantalates, we carried out Cu2+ doping into CuNb3O8. The partial

substitution of Cu2+ doping will create Cu1+ vacancies, if Cu2+ is accommodated in

Cu1+ site. The results after doping with Cu2+ show no photoelectrochemical activity

suggesting that the Cu2+ doping has an adverse effect on the activity. However, the

oxidation of doped samples show the higher photoresponse compared to the

non-oxidized samples and pure CuNb3O8. This suggests that the oxidation step is

inevitable to all the samples under study and after oxidation only high photoactivity

was observed. These results clearly indicate that the possible origin in enhanced

activity is either due to oxygen interstitials or formation of CuO on the surface

which in turn forms p–n junction (e.g., CuO/CuNb3O8). To check the possibility of

oxygen interstitials, one has to do thorough XRD and TGA analysis and investigate

the oxygen percent in the sample before oxidation and after oxidation. This work is

undergoing and detailed results will be published soon. The primary results suggest

that the oxygen percentage is increasing, but the overall cell volume decreasing

suggests that the copper is leaching out on the surface. The copper which is out of

the structure gets oxidized to form CuO. Hence confirm the second possibility of

formation of p–n junction.

The key challenge in the development of new p-type semiconductor metal oxide

is the overall conductivity and stability. As p-type conductivity is originates in the

cation vacancies/or oxygen interstitial, which is very difficult to create and hence p-
type metal oxide with high conductivity are difficult to make compare to metallic or

chalcogenide p-type semiconductors. Furthermore, the cation vacancies can be

easily occupied by adding atom impurities, surface defects, or the oxygen dangling

bonds created due to the absence of cation can be easily stabilized by impurity,

hence p-type conductivity decreases rapidly. Doping with other cation having

different oxidation state can be another approach to improve the overall stability

of p-type semiconductor metal oxides, but phase segregation is a problem before

achieving desire conductivity value. An ideal p-type semiconductor with similar

conductivity values as n-type semiconductor is still a challenge for scientists and

engineers.

5 Summary

This chapter summarizes the current state of copper-based p-type semiconductors

for solar-to-fuel conversion. The new class of p-type metal oxide semiconductors

for photoelectrochemical solar-to-fuel conversion based upon combination of early
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(Nb5+, Ta5+) and late transition metal (specifically Cu+) has been introduced.

Incorporation of Cu (d10) orbitals into the structure creates new high-energy

valence band states, hence reduces the bandgap into visible region. Various copper

niobates (such as CuNbO3 and CuNb3O8) and tantalates (such as Cu3Ta7O19 and

Cu5Ta11O30) have been investigated as a photocathode for the PEC application. The

photoelectrochemical properties were investigated and correlated with crystal

structures and electronic structures. The positive effect of oxidation of the niobate

and tantalate shows a higher photocurrent.
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Theoretical Modeling of Oxide-Photocatalysts

for PEC Water Splitting

Muhammad N. Huda

1 Introduction

Theoretical modeling of materials by first principle theories is a powerful tool to

guide and explain experimental challenges for rapid discovery of any functional

material [1]. Because of the guidance and explanations that can be gained by

theoretical efforts, the expensive and time-consuming laboratory trial-and-error

processes can be replaced by a quicker theory-experiment feedback loop. In

addition, theoretical study can play a crucial role in selecting appropriate materials

from available database and to design composite functional systems [2]. Recent

developments of computational power and algorithm enable theorists to compute/

simulate materials of practical sizes with realistic approximations. In this chapter,

some of the metal-oxide materials that we have studied recently will be reviewed.

The goal of this chapter is not so much to discuss the theory or methodology-related

challenges in order to study such materials, rather to highlight the relevant physical

or chemical insights that can be gained from the theoretical/computational studies.

For reviews of the electronic structure theory-related issues, the reader may consult

several good review articles [3–6].

In order to have a focused goal to study the metal-oxides, we will mainly

concentrate on their applications as photocatalysts. Photoelectrochemical (PEC)

splitting of water by solar light is considered to be the most desirable “green”

method for hydrogen production [7–9]. This has attracted great attentions since the

demonstration of water splitting by a TiO2 photoanode illuminated with ultraviolet

light over four decades ago by Fujishima and Honda [10]. As a result, TiO2 has

enjoyed much popularity as a photocatalyst in the PEC communities. However,
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under visible-light illumination TiO2, with a bandgap over 3 eV, does not show

much photoactivity. To meet the necessary energy requirements for water splitting

by absorbing the visible range of the solar spectra, the desired photocatalyst must be

a semiconductor which is stable in aqueous solutions, has bandgap around 2.0 eV,

and the positions of its band edges must be matched with the water-splitting

reduction potentials with proper band edge properties [11]. In addition, low cost

photocatalysts consist of earth abundant elements are desirable for a successful

commercial PEC hydrogen production. In general, naturally occurring semicon-

ductors do not satisfy all these constraints simultaneously. New methods and

technology must be developed to engineer such semiconductors. Metal-oxides are

found to stable, and can meet most of the criteria through suitable electronic

structure modification. Theoretical studies can contribute most in this endeavor.

It is to be noted that a suitable bandgap alone may not ensure good photocurrent

activity if the charge carriers mobility in the photocatalysts is poor [12]. In transi-

tion metal-oxides, the presence of the localized 3d metal orbitals near the band

edges, such as near valence band maximum (VBM) and/or conduction band

minimum (CBM), increase the charge carriers’ effective masses. These 3d bands

result in a very flat band structures at the VBM or CBM. So, though metal-oxides

are sometimes preferable because of their stability, these may suffer from high

resistivity, such as in α-Fe2O3 or CuWO4. On the other hand, a conducting

semiconductor with good carrier mobility does not automatically guarantee to

have a better optical transition at the minimum direct bandgap. Due to the crystal

structures, certain symmetry conditions of the crystals may prohibit an optical

transition at the minimum bandgap, for example, in Cu2O and CuAlO2 [13]. How-

ever, theoretical studies can help improve the situations. It has been shown that by

breaking the symmetry of the delafossite, such as in CuYO2, by means of appro-

priate alloying or doping, the optical absorption can be improved at this smallest

direct gap [14]. Hence, while doping or alloying a photocatalyst to band engineer-

ing its gap and band edge positions, the carrier mobility and optical absorption

issues need to be taken into careful considerations.

The most common method used for bandgap reduction of metal-oxides is the

incorporation of impurities, such as C and N [15–17]. However, it has been argued

that although impurities can reduce the bandgap, their incorporation also leads to

poor photocurrent. This is because the partially occupied or unoccupied impurity

bands which are created due to doping can act as carrier traps for photo-generated

carriers [18]. It has been demonstrated that passive donor–acceptor co-doping may

suppress the recombination and yet maintain a reduced bandgap. These “non-

isovalent compound” alloying could be an excellent choice for bandgap engineer-

ing due to the large band offsets that can exist between the compounds [19,

20]. Compound alloying poses several critical problems, including choosing the

appropriate host and alloying semiconductors, the alloying approach, and the

alloying concentration. A thorough theoretical understanding of the non-isovalent

alloying physics is necessary to prescreen the potential alloying materials for a

given purpose.
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On the other hand, the availability of both n-type and p-type semiconductors is

often desirable for photocatalysts [21]. Oxides, in general, are found to be n-type
semiconductors because of high electronegativity of O 2p orbitals. As the upper

part of the valence band usually consists of O 2p band hybridized with metal d

bands, high electronegativity of O 2p band pushes down the VBM. For effective

and sustainable p-type doping in oxides, higher VBM is necessary. In metal-oxides,

this can be achieved by selecting metals with relatively higher d-orbital position. In
several theoretical studies, the doping rule for desired type of conductivity has been

explained extensively [22, 23]. Among the transition metals, Cu 3d has the highest

energy. Hence, Cu-based oxides are more likely to be doped with p-type carriers.

However, Cu2O is not stable in aqueous solutions, though its bandgap is in the right

range. Recently, Cu delafossites, CuMO2 (M¼ group III-A (group 13) and III-B

(group 3) elements), have received great attention due to their unique properties

such as stability in most aqueous solutions and p-type conductivity with excellent

hole mobility [24, 25]. The p-type conduction here is due to the fact that their VBM
is composed of hybridized Cu-d and O 2p antibonding orbitals. PEC response for

some Cu delafossites has already been demonstrated [26, 27].

2 A Brief Computational Detail

The theoretical results of metal-oxide materials reviewed in the rest of the chapter

were obtained by density-functional theory (DFT) calculations. Local density

approximation (LDA) or generalized gradient approximation (GGA) to DFT and

the projected augmented wave (PAW) basis as implemented in the Vienna ab initio

simulation package (VASP) were used [28–30]. To correct the DFT-LDA/GGA

underestimation of electron correlation in the cation 3d bands, DFT+U method has

been used in general [31, 32]. This usually improves the value of the calculated

bandgap as compared against the experimental value. It should be noted that the

choice of the value of U cannot be determined uniquely within the present meth-

odology. The choice of U for the metal cation such as in Cu- or Zn-based oxides has

been discussed in our previous papers [20, 33]. In the following, some general

features of few metal-oxides are presented. These discussions are based on the bulk

crystalline phase of these oxides, as significant fundamental insights can be gained

by studying the bulk phases. In fact, a good understanding of the bulk phase can

lead to the appropriate defect study or interface study to further tune the

photocatalysts’ electronic properties. For the sake of brevity, defects discussions

will be very cursory. In almost all of the following cases, the structural parameters

and the choice of ground state crystal symmetry were found to be agreed well with

known experimental results. For specific details of a particular oxide, the reader my

consult the original references as will be mentioned below.
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3 Some Representative Oxides

1. ZnO: It is one of the most studied binary oxides having partially filled 3d band in
their valence band. The presence of this 3d band, which is hybridized with O 2p
band, determines the minority carrier transport for this n-type material. Minority

carrier transport is crucial for the splitting of oxygen from water. In addition, ZnO is

also well known for its difficulty in p-type doping [34]. Significant efforts have

been made, but p-type doping in ZnO is still difficult to stabiliz. Successful p-type
doping in ZnO requires a shallow delocalized acceptor level. A donor/acceptor

level due to doping can be considered delocalized if its wave function is not strictly

localized only on the dopant atom, and electrons/holes transport from the dopant

atom to neighboring sites does not require much activation energies. In general,

doping destroys the local symmetry, and the chemical mismatch between the host

and dopant may result in deep defect levels in the bandgap. To reduce these effects

and to overcome the difficulty in p-type doping of ZnO, many approaches have

been theoretically proposed [35–40]. A recent DFT study has offered details on the

electronic state of the acceptor levels; explored whether a shallow acceptor level is

effectively delocalized and in what electronic configuration it manifests [41]. For

efficient photocatalysts, it is important to examine these doping characteristics to

facilitate the delocalization of carriers.

DFT+U band structure of pristine ZnO is shown in Fig. 1, where 0.00 eV refers

to the highest occupied band, i.e., top of the valence band (also known as Fermi

level). The calculated bandgap is 1.67 eV and is a direct gap at Γ-point. In

comparison, the experimental bandgap is 3.25 eV which can absorb light only at

the UV region. This underestimation of the bandgap is a typical feature of DFT

calculations. On the other hand, several characteristics of this band structure can

give insights into the fundamental features of ZnO. Two interesting features can be

noted from the band structures immediately; first, the conduction band is more

dispersive than the valence band. This implies that electron conduction is much less

resistive (less effective mass) than the hole conduction. Secondly, the VBM is not

very flat either, which shows rather larger O 2p contribution compared to Zn 3d
orbital. The highly localized part of Zn 3d band is seen below �6 eV. These

features made ZnO a good conducting semiconductor once the photo-excited

carriers are generated. However, it is known that ZnO is not stable in electrolyte

due to photo-corrosion. Hence, the main challenges in ZnO are to stabilize it and to

reduce the bandgap.

Reduction of bandgap by doping has been tried, for example, by nitrogen

substitutional doping at O-site [42]. Even though these doping reduce bandgap,

photocurrent was found not to be increased as expected [15]. In fact, the occurrence

of localized levels in the bandgap due to doping is responsible for it. These

localized states act as charge trapping centers and increase recombination rate.

This may be avoided by clever doping strategies, such as random alloys [19]. For

example, isovalent pair alloying, such as Ga–N pair alloying in ZnO was found to

be energetically more favorable and uplift the VBM at higher energy, which can
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reduce the overall bandgap and facilitate further p-type doping [20, 43]. Similar

effect can be obtained by Al–N pair alloying in ZnO, where the bandgap reduction

was found to be by 0.5 eV. Even though in both cases, the bandgap remained direct,

the N-related levels on top of valence band are shallower for Ga–N alloying in ZnO.

It has been further shown that nitrogen doping on (Ga–N)-cluster doped ZnO create

shallower acceptor levels compared to nitrogen doped ZnO. Some theoretical

insights of the doping-based band engineering will be discussed in the next oxide.

2. WO3:WO3 is a class of oxides which are, unlike ZnO, relatively more stable

in aqueous solution. The 5d orbital in WO3 is not very localized, hence this

represent a different class of metal-oxides than TiO2 or ZnO. The monoclinic

WO3 can be considered as a deformed perovskite structure, such as ABO3 where

the A ions are missing and B is replaced by W which are sixfold coordinated. The

WO3 structure can also be considered as consisting of W-O-W-like chains, where

the chains are connected across the W atoms, as seen in Fig. 2. This pseudo

low-dimensional structure of WO3 has given rise to many interesting properties,

including superconductivity. The inter-chain O–O interactions are rather weak.

The band structure presented in Fig. 3a was calculated by LDA of density

functional theory (LDA-DFT) [44]. Here we see that there are two nearly degen-

erate states at the conduction-band minima (CBM). The VBM at Γ point also splits

due to the distorted arrangement of the W-O octahedrons. Also, at B!Γ segment

Fig. 1 Band structure of

ZnO with GGA+U, where

Ueff¼ 7 eV was applied to

Zn-d band
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of the valance band is flat, implying very high effective masses for the holes along

the W-O-W chain in the x-direction, which constitutes tightly bound core-like

electronic behavior along that direction on the zone boundary. Similar high effec-

tive masses were found for electrons in the Γ!Z direction. This has some

interesting consequences in electronic behavior of WO3, such as conduction

being highly prohibitive in those directions. The bandgap of WO3 was found to

be pseudo-direct at the Γ point and is 1.31 eV, much less than the experimental

bandgap of 2.6 eV. This underestimation of bandgap is a consequence of the LDA

functional used in our calculation.

Fig. 2 Monoclinic structure of WO3 unit cell is shown here, whereW and O atoms are represented

by blue and red balls, respectively [44]. This figure is copyrighted to American Physical Society

Fig. 3 (a) Band structure plot is shown along the high symmetry points; and (b) density of state

(DOS) for both total, and site and angular momentum decomposed partial DOS plots for mono-

clinic WO3 [44]. Top of the valence band is set to zero eV, and refers to as Fermi level. Partial

DOS plots are amplified several times for better visibility. This figure is copyrighted to American

Physical Society
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Beside these flat bands, there is also a highly dispersive part of the bands along

other symmetry points near the Fermi level (0 eV). This simultaneous presence of

highly dispersive and non-dispersive bands around the Fermi level indicates the

potential of superconductivity which belongs to the highly correlated regime. It is

important to note, highly correlated electrons can give rise to fundamentally

insulating behavior, especially in case of some 3d transition metal-oxides, which

are not suitable for photocatalytic applications [12]. Figure 3b shows the total and

partial density of states (DOS). The sharp rise of the valence-band DOS at the Fermi

level is due to the flat bands found in the band structure as discussed earlier. The

partial DOS are amplified for clarity. This shows that, as expected for a metal-oxide

semiconductor, the valence band of WO3 mainly consists of O 2p bands, while its

conduction band has predominantly W5d character. The heavy presence of the O

p band near the Fermi level is responsible for the VBM being lower in energy

(assuming reference level of 0 eV at Fermi level). In fact, the onset of p-d
hybridized band in the valence band starts from about 0.6 eV below the top of the

valence band. This is one of the reasons for the lower position of CBM with respect

the H2 redox potential. Hence, WO3 cannot drive the hydrogen evolution part of the

water-splitting reactions.

To understand the basic principles and mechanism of the band engineering

strategies by doping, we discuss some insights on band structure modification

from the theoretical point of view. First we discuss one nitrogen atom substitution

per WO3 unit cell (N-doping), which gives ~4 % N impurity. Substitution of a

nitrogen atom at oxygen site is not expected to cause significant changes in

structural properties, because the size mismatch is minimal and the difference in

electronegativity is small, with N has the less electronegativity. This implies that

upon substitution, the N 2p band would be situated above the VBM which is mainly

consists of O p. In addition, as can be seen from the total DOS plot in Fig. 4 (upper

panel), the one less electron in a N atom compared to an O atom introduces a hole

state on top of the valence band. However, it can be argued that this hole state is

very localized and may not be very stable [18].

The partial DOS in Fig. 4 (lower panel) shows that the partially filled bands are

mainly from the N 2p states. These N 2p bands are hybridized with the neighboring
W 5d bands, and very slightly with the nearest O 2p bands. The unaffected O 2p
bands started from 0.40 eV below the Fermi level. This indicates that the top of the

valence bands of WO3 can be raised up in energy due to the N substitution. Also, the

bandgap is reduced from 1.31 to 1.04 eV for the spin-up bands and 0.89 eV for spin-

down bands. The lowering of bandgap by N doping has also been observed by

experiment [16]. It is important to note, these types of systems with large partially

filled DOS at Fermi level are very unstable. It has been found, a further relaxation

with a larger super-cell and with same N concentration split the partially occupied

band at Fermi level into two occupied and unoccupied bands with a gap of 0.5 eV,

and the system became ferromagnetic [18]. Some more complex N-doping in WO3

was also considered. It has been found that 2 N substitutions at the two closest O

substitutional sites are energetically more favorable than only one N substitution.

Furthermore, the lowest formation energy (higher solubility) for the N-impurities

has been found for N2 interstitial doping (Fig. 5) at both O- and W-rich growth
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environments. This suggests that, N doping in WO3 is more likely to be found as an

N-dimer in the interstitial site. Interestingly, the calculated bandgap of WO3 with

such interstitial doping is 0.22 eV higher than that of pristine WO3 [44, 45].

Metal substitutions: Let us first consider two simple cases here, one with no

d-band and another with a metal isovalent to W. The substitution of a simple metal,

Al, which has no d-orbitals, in place of W would result in a highly mismatched

condition. First, Al’s p-orbitals have some contribution deep in the valance bands,

which may not have a significant effect on the valence band-edges. Secondly,

because Al lacks d-electrons, the d-bands near CBM in WO3 remained almost

unaltered. However, due to the mismatch of the oxidation states between Al and W,

there is an unoccupied and localized O 2p band on top of VBM at the spin down

channel; this may act as a charge trap center. There is also a partially unoccupied O

2p band at the spin up channel as well, however, is not very dominant at all. The

overall bandgap was reduced by 0.05 eV compared to pristine WO3.

Fig. 4 Total DOS (upper
panel) and partial DOS

(lower panel) for WO3 with

~4 % N impurity

[13]. Fermi levels for all the

DOS plot here are set to

zero. High density of states

of half-filled N 2p band is

clearly seen at the Fermi

level [44]. This figure is

copyrighted to American

Physical Society

Fig. 5 Interstitial N2

doping in WO3 unit cell is

shown here, where W, O,

and N atoms are represented

by blue, red, and light blue
balls, respectively [45].

This figure is copyrighted to

Elsevier
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Let us then consider Mo substitution, which is isovalent to W. From the DFT

band diagram in an earlier publication, [44] one can see that the band profile of

Mo-substituted WO3 remains the same as undoped WO3, except for a partly

unoccupied Mo s-band just around the Fermi level. This is probably due to the

fact that the atomic Mo s-orbital is higher in energy than theW 5d and O 2p orbitals.
Except for this s-band, the VBM and CBM remain the same, with a bandgap of

1.32 eV, which is again almost the same as pure WO3.

Next, we’ll discuss briefly a transition-metal substitution and its effect on the

electronic structure of WO3. For example, Ta and Hf atoms have shallower d-bands
compared to W, which would contribute to bands at higher energy in the conduction

bands. For Ta atom substitution at W site, two facts need to be considered: first, Ta

has only one less 5d electron compared to the W atom; and second, Ta differs in

electronegativity by 0.86 pauling from W. So, a hole state would be present on top

of the valence band. The bandgaps were calculated to be 1.21 and 1.12 eV for the

spin-up and spin-down band, respectively [44]. The valence band-edge consists of

O 2p bands which are near the Ta atom, as expected. The CBM remained almost the

same, where the Ta-d bands were formed about 0.6 eV behind the conduction band-

edge. This indicates that with optimal Ta substitution, the conduction band could

also be raised slightly.

To avoid the charge-mismatch situation as found in the previous doping exam-

ples, an example of co-doping scenario in WO3 will be discussed. It can be argued

that co-doping can reduce the recombination centers in the materials, and hence

would also help to increase the conduction of the charge carriers. For example, for

N substitutional doping if one W atom which is bonded to a N atom is replaced by a

Re atom, then the Re-N would be isovalent to W-O, so no hole states would be

expected. The valence band would be completely filled, and, in fact, the valence

band-edge has found to be an admixture of N 2p and O 2p bands, with a contribution
from Re-d bands [44]. It has been shown that VBM also moved up by 0.19 eV

compared to the pure WO3 valence band. However, the CBM came down slightly

by about 0.09 eV due to this co-doping, an effect which is not desirable for water

splitting. The minimum bandgap, 1.03 eV, in this case was found to be indirect.

3. CuWO4: We now move from the binary to ternary metal-oxides. CuWO4

represent an oxide where the two cations provide the chemistry for both the 3d and

5d orbitals, respectively [46]. Due to the higher energy for Cu 3d orbital, this is

usually dominant in the top of the valence band. Copper tungstate, CuWO4 or

cuproscheelite, a n-type semiconductor with an indirect bandgap 2.3 eV, [47]

crystallizes in a triclinic structure with symmetry P1. In the structure of CuWO4,

four distinct oxygen atoms (refer here as O1, O2, O3, and O4) occupy four different

sites, and both Cu and W are surrounded by six oxygen atoms to form CuO6 and

WO6 octahedra [48]. These two different edge sharing octahedra form infinite

zigzag chains.

The two possible antiferromagnetic (AFM) arrangements in CuWO4 can be

considered: (a) electrons with different spins along “a” direction referred as

AFM1 and (b) electrons with the same spins along “a” direction referred as

AFM2. The lattice optimization process determines that CuWO4 adopts AFM2
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triclinic phase as ground state in both DFT-GGA and DFT-GGA+U cases (Fig. 6).

The DFT-GGA+U optimized AFM2 triclinic lattice parameters are:

a¼ 4.653685 Å
´
, b¼ 5.80990 Å

´
, c¼ 4.88819 Å

´
, α¼ 91.4936�, β¼ 91.7646�, and

γ¼ 84.3218�.
The DFT+U-GGA band structure calculation, as shown in Fig. 7, produces an

insulating solution. The valence band along Γ!X and X!V regions are very flat

suggesting higher effective mass of holes. The conduction band is divided into two

regions. The first region contains only two bands which are dispersive throughout

the all symmetry points. These are considered to be unoccupied mid-gap states. On

the other hand, conduction bands of the second region are flat along Γ!X, and
R! T, however, little dispersive along the other symmetry points. DFT+U-GGA

partial DOS plot in Fig. 8 shows that the top of valence band (VB) is dominated by

Cu 3d being hybridized with O 2p. On the other hand, bottom of the conduction

band is also composed of O 2p, W 5d, and Cu 3d orbitals, with very high dominance

of the latter. The bottom of the next higher unoccupied conduction band is mostly

consists of W 5d and O 2p bands.

Figure 9 shows the optical absorption spectrum of AFM CuWO4 optimized in

DFT+U-GGA scheme. The DFT+U-GGA absorption spectrum shows that the

Fig. 6 Crystal structure of

CuWO4. Blue, gray, and red

spheres represent Cu, W,

and O, respectively. The “+”

and “�” indicate the up and

down spin on Cu atoms,

which shows a layer-by-layer

antiferromagnetic (AFM)

arrangement [46]. This figure

is copyrighted to American

Institute of Physics

Fig. 7 DFT+U-GGA

electronic band structure

calculation of AFM triclinic

CuWO4 [46]. This figure is

copyrighted to American

Institute of Physics
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first optical gap is at about 2.1 eV which does not correspond to the bandgap

calculated in electronic band structure as shown in Fig. 7. This indicates that

electron transition does not occur between the top of the valence band and bottom

of the conduction band which are dominated by Cu 3d andW 5d, respectively, since
d-d transition is forbidden. Hence, the origin of the optical gap can be attributed to

the electron transfer from occupied O 2p states within the valence band to the

unoccupied Cu 3d mid-bands (first part of CB). Another peak is observed at 4.7 eV

in absorption spectrum is attributed to the electron transfer from redistributed
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electronic partial density of
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occupied O 2p states to unoccupied W 5d states (second part of CB) or from the top

the valence band to higher unoccupied O 2p states in the conduction band. How-

ever, in spite of the relatively good optical absorption, the presence of flat band at

the VBM and the antiferromagnetism in CuWO4 indicates high resistivity [12].

4. Bi2Ti2O7: Bismuth titanate is another ternary oxide with a mix of post-

transition metal and transition metal. Conductivity of this oxide is supposed to be

better than CuWO4. Whereas in transition metal Ti d-orbital get prominent in the

valence band, it is the Bi-p and -s orbitals that contribute the most on top of the

valence band and in the bottom of the conduction band [49]. One can consider

Bi2Ti2O7 (BTO) as being developed from alloying, rather than doping, of TiO2 with

Bi2O3. In stoichiometric pyrochlore crystal structure bismuth titanate exists as

Bi2Ti2O7. Bi occupies the A site with +3 oxidation state and Ti occupies the B

sites with +4 oxidation state to form stoichiometric A2B2O7 pyrochlore. In recent

studies, the choice of bismuth as the element for the A site of the pyrochlore has

been shown to be photoactive [50, 51]. Using a p-block element such as bismuth has

been reported to show high electron mobility as well as improved photocatalytic

activity compared with TiO2 [52]. In Bi, 6s orbital helps to shift the valence band

upward to reduce the bandgap. Generally, Bi3+ cation in the BTO pyrochlore

structure shows distorted Bi2O network [53]. This disorder is due to the static

displacement, by the lone pair of electrons in the Bi3+ cation. Similar to BiVO4,

in BTO the 3+ charge state of Bi results in a lone pair which is composed of 6s2

electrons. The interaction of this lone pair with the adjacent O atom results into

unique electronic and structural properties.

Figure 10 shows the band structure of BTO which has a direct bandgap of

2.6 eV. For comparison, for TiO2, theoretical calculations and experimental results

have shown an indirect bandgap of 3.2 eV [54, 55]. The estimates in the valence

band of Bi2Ti2O7 vary from �5 eV to 0 eV, and the conduction band from 2.6 to

4.3 eV. The bandgap is estimated from the separation energy levels between the

highest VB and the lowest CB. The band characteristics at the points L, X and W

show similar features. Similar observations have been noted for Ca2Nb2O7 and

Ca2Ta2O7 in pyrochlores [56]. The direct bandgap materials are likely to be more

efficient in a photocatalytic process as it promotes minimization of recombination

losses due to trapping of the excited electrons as they transit from the valence band

to the conduction band. This shows that BTO will be useful for photocatalytic

applications.

The partial density of states (PDOS) of BTO was also analyzed. BTO shows a

reduced bandgap of 0.4 eV compared to TiO2 (Fig. 11) in the total DOS. This

provides a quantitative estimate of the extent of bandgap reduction. There are clear

and distinct peak formation noticed in the energy range between �8.0 eV to

�11 eV. The presence of an interband in the valence band of BTO is due to the

contribution from the 6s lone pair electrons of the Bi atom. Thus, the combination

of 2p orbitals and 6s orbitals of BTO contribute to the reduction of the bandgap. The

interband formed by the occupied Bi 6s orbitals shifts the valence band towards the

conduction band, which in turn leads to visible light activity and assist with a facile

electron transfer process.
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Fig. 10 The electronic band diagram of the BTO pyrochlore crystal along the k-vector [49]. This
figure is copyrighted to American Chemical Society

Fig. 11 Comparison of total density of states of (a) TiO2 and (b) BTO pyrochlore, where BTO

shows contribution from 6s orbitals of Bi in the valence band [49]. This figure is copyrighted to

American Chemical Society
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The characteristics of the conduction band are important to study the efficiency

of photocatalytic process. In case of BTO pyrochlore, the conduction band is

mainly derived from the 3d bands of Ti atom along with additional contribution

from Bi atom. Since, Bi contributes the p-character of BTO, we further examined

the VB in detail. It is noted that the contribution of s orbital from Bi plays an

important role in the VB. The shift in the conduction of BTO is due to the combined

effect of empty d-orbitals of the Ti atom and Bi 6p states. To compare the

percentage of p-character in the conduction band with TiO2, the PDOS was

calculated. From the analysis it is found that the percentage of p-character was
raised in BTO (21.68 %) by 7 % compared to TiO2 (14.32 %). These analyses can

facilitate the further doping studies at the Bi or Ti-sites in BTO.

5. Cu-delafossites: As a third set of ternary oxides, we will take an example of

p-type oxides. Delafossites structures can accommodate a host of transition metal

and non-transition metal in their ABO2 structure. In addition, the strong localization

of the holes at VBM due to the Coulomb interactions is reduced by the metal-

induced covalent bonding. This implies higher holes conductivity through the Cu–

O channel along the c-direction of the crystal. Due to their p-type nature, these

materials are resistive against the oxidative corrosion. Some recent experimental

studies showed that CuMIIIBO2, where M
IIIB¼ Sc, Y and La, are stable in solution

and is capable of H2 evolution from water [26, 27].

These delafossites are also important for the use of transparent conductive

oxides (TCO) [57]. The discovery of transparent p-type CuAlO2 thin films has

stimulated extensive study on the group-IIIA delafossite oxide family, CuMIIIAO2

(MIIIA¼B, Al, Ga, In). However, the CuMIIIAO2 family do not exhibit direct

bandgaps. Their fundamental bandgaps, i.e., from VBM to CBM, are significantly

smaller than their reported optical bandgaps. This is because, the absorption of

photons with energy of the minimum direct bandgap at brillouin zone center is very

weak due to the inversion symmetry of the delafossite structures, an effect also

observed in other oxide systems. From optical absorption calculation it has been

predicted that by appropriate alloying, this absorption can be improved [58]. In

addition, due to the highly delocalized lower conduction band minima in these

delafossites, unwanted n-type carrier concentration is possible which may be

detrimental to p-type conductivity. On the other hand CuMIIIBO2 (MIIIB¼ Sc, Y,

La) may turn out to be also good p-type TCO materials.

We have found that the CuMIIIAO2 and CuMIIIBO2 delafossites behave signifi-

cantly differently, due to the different crystal structures and electronic configura-

tions for group-IIIA and -IIIB elements [33]. The differences can be summarized as:

(a) The CuMIIIAO2 family prefers rhombohedral symmetry, whereas the CuMIIIBO2

family prefers the hexagonal symmetry. (b) The CuMIIIAO2 family has indirect

bandgaps with large difference between the direct and indirect bandgaps. However,

this difference for CuScO2 is very small (0.219 eV). The difference even diminishes

for CuYO2 and CuLaO2. (c) The bandgap anomalies observed in the CuMIIIAO2

family are not found in CuMIIIBO2. The understanding of the bandgap behaviors of

these group-III cuprate-delafossites provides a unique way to design materials with

the desirable band structures.
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The group-IIIA and -IIIB delafossite structures can have either P63/mmc (#194)

or R3m (#166) space group symmetry. For example, CuAlO2 is experimentally

recognized to be in the rhombohedral group (R3m ), whereas CuYO2 has been

reported to be in the hexagonal group (P63/mmc). In both symmetries, O and Cu

form linear bonding structure along the c-axis which is considered to be the main

channel for the hole transport, whereas O-M (M¼ group-IIIA and -IIIB) bonds form

distorted octahedra. The difference between these two structures is the stacking

sequence of the O-M octahedron layers, as shown in Fig. 12. The calculated lattice

constants for both the rhombohedral and hexagonal unit cells agree well with the

available experimental values.

For example [33], for hexagonal CuYO2 we found the energy per formula unit is

lowered by 0.034 eV than the rhombohedral structure. These differences are 0.050

and 0.015 eV per formula unit for CuScO2 and CuLaO2, respectively. On the other

hand, the group-IIIA prefers theR3m structure. For example, the energy per formula

unit for CuAlO2 structure in R3m symmetry is 0.027 eV lower than the hexagonal

structure. For CuGaO2 and CuInO2 this difference is 0.006 eV and 0.232 eV,

respectively. However, it should be pointed out that the energy differences between

the rhombohedral and hexagonal structures are small except for CuInO2. It is

Fig. 12 (a) Hexagonal and

(b) rhombohedral stacking

of the delafossite structures

are shown here. The blue
and the red are copper and

oxygen atoms, respectively.

The light green atoms could

be any one from the group

IIIA or IIIB from the

periodic table
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possible that the synthesized materials may exhibit either of these two symmetry

groups, or a mixed symmetry structure.

From Fig. 12, it is clear that the rhombohedral and hexagonal structures differ

only in stacking sequence and are symmetrically similar. So it is expected that a

given delafossite in these two symmetries would have similar electronic characters.

It is known that, in the case of Cu(I)-oxide-based structure the VBM is composed of

hybridized Cu-d and O 2p antibonding type band. So for the two families of

delafossites in both of the two symmetries, this antibonding VBM is a common

feature. The antibonding nature of the valence band edge is the main reason for the

relatively higher mobility of holes, compared to the other oxides (such as ZnO).

Figure 13 shows the calculated total DOS plot for two representative delafossites:

(a) CuGaO2 and for (c) CuScO2 in both hexagonal and rhombohedral symmetries.

The overall features of the DOS plots are almost the same within the same group of

Fig. 13 Total Dos plots for

CuGaO2 and CuScO2 in

P63/mmc (red line) and R3
m symmetry (green line).
Structural differences have

little impact on the

electronic structures of

these two delafossites [33].

This figure is copyrighted to

American Physical Society
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delafossite. The electronic difference between the two groups is chemical in nature,

rather than structural. From Fig. 13a, we see that for CuGaO2, both the hexagonal

and rhombohedral symmetries have similar DOS features near the top part of the

valence band. The presence of unoccupied Ga-s band is seen around 6 eV above the

Fermi level, and a long s-band tail at the bottom of the conduction band is seen in

Fig. 13a. Very minor d-band contribution due to Ga in the valence band part of the

DOS has almost no influence. On the other hand, the presence of a lone 3d electron
due to Sc appears to have more influence on the valence band structure between the

two symmetries for CuScO2 (Fig. 13b). The unoccupied Sc-d band is mainly seen in

the conduction band from 5 eV (Fig. 13b). The electron density at the Fermi level

has a more pronounced and localized peak for the rhombohedral symmetry than that

of the hexagonal one. This type of high DOS near the Fermi level may be

responsible for its structural transition from rhombohedral to a relatively lower

symmetry hexagonal structure. In case of this type of transition, as the

rearrangements took place among the occupied energy levels, the energy gain is

not much. However here the bonding DOS (bottom of the valence band) increased

slightly compared to the antibonding DOS (top of the valence band) for the

hexagonal structure. This is responsible for the slight energy gain for the hexagonal

phase relative to the rhombohedral phase of CuScO2. We also have calculated the

Madelung energy to see if the electrostatic energy has any role in determining the

symmetry of the delafossites, as it does in the case of ZnO. In ZnO, the wurtzite

structure is stabilized over the zinc-blend one due to the gain in the electrostatic

energy [59]. However, though in case for group IIIA the rhombohedral structures

gain energy due to this electrostatic interaction between the ions, for group IIIB

hexagonal structure do not have the electrostatic favorability over the rhombohedral

one.

6. AgBiW2O8: Finally we will briefly describe a quaternary metal-oxide.

Though multiple cation systems provide more tuning flexibilities of their electronic

properties such as bandgaps, these are challenging to synthesize and characterize

experimentally. In sulfides, Cu2ZnSnS2 (CZTS) is one of the most popular exam-

ples for photovoltaic absorber materials nowadays, which was developed in part to

improve upon Cu(In,Ga)S2 [60]. However, single phase synthesis and stabilization

of these types of materials are highly challenging [61]. In addition defects or

impurities formations in CZTS can trigger phase separations into smaller binary

or ternary compounds. For example, CZTS can be often found to coexist with ZnS

and Cu2SnS3. However, thermodynamically “clever” methods can be designed to

synthesize these ternary materials which coexist only with benign lower order

phases. Theoretical analysis by first principle theories can provide important guid-

ance in this regard [61].

Motivation for studying AgBiW2O8 came in order to band engineer WO3 to

modify its electronic structure [62]. This modification is mainly twofold: as

discussed in Sect. 3.2, WO3 has an experimental bandgap of 2.7 eV which is higher

than the ideal water-splitting energy, as well as its conduction band edge is below

the hydrogen reduction potential. It has been found that alloying WO3 with Ag and

Bi can uplift its CBM. From the DOS calculation [62], it has been found that Ag 4d
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band which sits on top of the valence band helps to uplift the VBM. This in turn

uplifts the conduction band due to hybridization. From theoretical point of view, to

analyze the structure further, its crystal structure needs to be known a priori. By

exploring mineral database by appropriate chemical descriptors, followed by con-

figurational optimizations by density functional theory, we have predicted that

AgBiW2O8 would have wolframite crystal structure [62]. Among other possibili-

ties, scheelite and fergusonite structures were 0.69 and 0.28 eV higher in energy,

respectively. From band structure calculations, it did have an indirect gap, however,

the difference between this indirect gap and smallest direct gap is 0.06 eV. Optical

absorption calculations confirmed that electron photoexcitation at the minimum

direct gap is possible as well. Overall, the measured bandgap remains same as WO3,

which is about 2.6 eV. To reduce the bandgap, similar quaternary oxides has been

proposed theoretically with detail stability analysis, such as CuBiW2O8 [46], which

is yet to be tested in laboratory. Compared to AgBiW2O8, the bandgap reduction in

CuBiW2O8 is by 0.58 eV, which is significant, even though bandgap remained

indirect. However, optical absorption is very high near the gap, and the CBM is

above the hydrogen reduction potential. So far CuBi2O8 has shown potentials to be

a good photocatalysts.

4 Summary

Here we have discussed the recent theoretical studies of some of the representative

metal-oxides which were mainly performed by our groups. The goal was to show

that the insight that can be gained from the theoretical studies not only help in

identifying the fundamental issues, but also can guide the experimental approaches.

Despite the limitations due to the theoretical or computational approximations, the

electronic structure calculations can provide the fundamental understanding of

these oxide systems and can guide studies for further tuning of these oxides for a

desired functionality. From binary oxides to ternary oxides, the main limitations are

the lower valence band created by the high electronegativity of O atoms, higher

bandgap and resistivity. A combination of cations, such as a combination of various

d-orbitals from cations, may help raise the top of the valence band. Highly

delocalized s or p-bands from cation can also help to raise the valence band, such

as in case of Bi containing oxides. Cu 3d can do the same as well; however, the

presence of the localized 3d band may increase the effective mass of the holes. It is

important to note that mismatch doping may create highly localized defect levels,

which can create strain on the crystal structure during its growth process. Hence,

alloying would be a better strategy for tuning the bandgaps. In contrast to doping,

alloying may require the prediction of new alloy crystal structures. To identify new

alloy structures of complex oxides is nevertheless challenging both theoretically

and experimentally. However, a careful alloying can also help to move the con-

duction band edge upward where necessary. For example, alloying Bi and Ag or Cu

in WO3 can move the conduction band edge over the hydrogen reduction potential.
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So, an intelligent design approach to predict complex oxides with suitable doping/

alloying may provide a better photocatalyst than those already exist in the

laboratory.
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Photo-Fuel-Cells: An Alternative Route

for Solar Energy Conversion

Maria Antoniadou and Panagiotis Lianos

1 Introduction and Cell Operation Principles

The limited reserves of fossil fuels and the environmental problems they create by

their processing and utilization has incited a great effort for broader use of renew-

able sources of energy. In addition to the standard photovoltaic devices and the

solar heating systems, research is recently focusing on alternative processes and

devices with more favorable environmental impact. Such an alternative route is

traced by the so-called photo-fuel-cells (PFCs) [1, 2], also sometimes called

Photoactivated Fuel Cells [3]. PFCs are photoelectrochemical cells similar to the

original and most celebrated water-splitting apparatus proposed by Fujishima and

Honda [4]. A PFC is made of a photoanode electrode carrying a photocatalyst, a

cathode electrode supporting a reduction electrocatalyst and an electrolyte. Anode

and cathode electrodes are externally electrically connected while internal conduc-

tivity is assured through the electrolyte. Figure 1 gives a typical design of a PFC.

The operation of a PFC is briefly described by the following procedure. The

photocatalyst on the anode electrode is excited by absorption of photons generating

electron–hole (e�–h+) pairs. Holes mediate oxidation of the fuel while electrons are

channeled through the external circuit to the cathode electrode, where they mediate

reduction reactions. The reactions taking place at the two electrodes depend on the

type of the photocatalyst, the pH, the fuel and the presence or absence of O2.

Reactions are summarized in Table 1 and discussed here below.
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The most popular photocatalyst is nanocrystalline titania (nc-TiO2), thanks to

the easiness of its synthesis in nanocrystalline form, its stability, and its commercial

availability at reasonable prices. Because of its large bandgap and the fact that it

absorbs only UVA radiation (λ< 390 nm), it is necessary to sensitize titania by

visible light in order to exploit a large portion of the solar radiation at the surface of

the earth. Dye-sensitizers of titania and other oxide photocatalysts have been

employed in dye-sensitized solar cells, in combination with nonaqueous electro-

lytes [5]. Such sensitizers do not function in PFCs. Tiny nanocrystalline metal

sulfide semiconductors (Quantum Dots, QDs) have been used as sensitizers in

Quantum-Dot-sensitized solar cells [6]. QD sensitizers do function in the presence

of aqueous electrolytes; therefore, they have been also employed in water splitting

[7] applications as well as with PFCs [8]. The present work also employs QDs as

sensitizers of nc-TiO2. The fuel used in a PFC can be any organic substance that

may be considered a waste. An important advantage of photocatalysts is that they

demonstrate no specificity towards the photodegradable substance. Therefore, any

organic substance or mixture of substances that is found in surplus or it is a

pollutant may be used as a fuel, thus offering a double environmental benefit, i.e.,

producing renewable electricity with pollutant photodegradation. One characteris-

tic example is the case of glycerol, which is now produced in surplus as a

by-product of biodiesel. Glycerol has been used as a fuel in PFCs [3]. Other

products of biomass, for example, alcohol mixtures that may be too costly to refine,

may also be employed as fuel in PFCs. The choice of a fuel is further discussed

later. The value of the pH is another major parameter affecting PFC efficiency.

Photodegradation of the organic substances by metal oxide photocatalysts is more

effective at high pH, i.e., in the presence of abundant OH� ions that lead to

abundant •OH radicals. For this reason, PFCs usually function with alkaline elec-

trolytes. Finally, operation of a PFC depends on the presence or not of O2. Oxygen

Fig. 1 (a) Basic design of a two-compartment photo-fuel-cell also illustrating some oxidation and

reduction reactions. On the left is the anode carrying the nanostructured photocatalyst and the

photosensitizer also acting as window for light entrance. On the right is the (black) cathode

supporting the electrocatalyst and exposed to the ambient atmosphere. In the middle is the ion

transfer membrane. (b) A version of the cell where ion transfer membrane and cathode are stuck in

a membrane-electrode assembly
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affects, for example, the availability of free electrons, since it may act as electron

scavenger. At the cathode electrode oxygen affects the type of reduction reactions.

Therefore, the presence or absence of oxygen is a crucial factor for PFC operation,

as it will be further discussed below.

The cell operation reactions, summarized in Table 1 (also partly exposed in

Fig. 1a), are detailed as follows. Reactions in Table 1 are designed for ethanol,

which is employed in this work as a model fuel. When UV light is shined on the

photocatalyst (for example, nc-TiO2), the oxide semiconductor, which is the major-

ity species, is excited generating e�–h+ pairs (reaction (I)). Electrons may be partly

retained in the presence of O2 leading to formation of superoxide •O2 and through

them to •OH radicals, which add to the degradation capacity towards the organic

fuel (reaction (II)). The potential of superoxide radical formation is �0.33 V

vs. SHE, which is hard to realize by electrons in the conduction band of titania

(about �0.2 V vs. SHE). However, the electronegativity of the conduction band

may be raised in the presence of the fuel, which retains holes and liberates more

Table 1 Typical reactions taking place in a PFC employing ethanol as model fuel

Photoanode

(1) Reactions induced by absorption of UV photons (radiation mainly absorbed by the majority
species, i.e., nc-TiO2)

TiO2 !hν e� þ hþ Ið Þ
• Fate of the photogenerated electrons:

Most electrons flow in the external circuit. Some may interact with O2:

O2 !þ e�
O��

2 !þ Hþ
HO�

2 !þ e�
HO�

2 !þ Hþ
H2O2 !þ e� �OHþ OH� IIð Þ

• Fate of the photogenerated holes

C2H5OH+ 3H2O+ 12 h+! 2CO2 + 12H
+(low pH) (III)

OH�+ h+!OH• and C2H5OH+ 12OH•! 2CO2 + 9H2O (high pH) (IV)

• Intermediate steps may involve interaction of the fuel with photogenerated holes in the valence

band of titania or holes injected into the valence band of the sensitizer

C2H5OH+ 2 h+!CH3CHO+2H+ or C2H5OH+ h+!C2H5O
• +H+ (V)

(2) Reactions induced by absorption of visible light (exclusive excitation of the photosensitizer)
• Excited electrons are rapidly injected into the conduction band of TiO2. Some may interact with

O2 forming superoxide radical and following the scheme of reaction (II). Most electrons flow

through the external circuit. Holes at the valence band of the photosensitizer may go through

reactions (III)–(V) depending of the nature of the photosensitizer

Other schemes may also be possible

Cathode

Inert environment (no O2 present) Aerated electrolyte or cathode exposed to ambient
air

• Low pH (potential: 0.00 V at pH¼ 0)

2H+ + 2e�!H2 (VI)

• High pH (potential:�0.83 V at

pH¼ 14)

2H2O+ 2e�!H2 + 2OH
� (VII)

• Low pH (potential: 1.23 V at pH¼ 0)

2Hþ þ 1
2
O2 þ 2e� ! H2O VIIIð Þ

• High pH (potential: 0.40 V at pH¼ 14)

H2O þ 1
2
O2 þ 2e� ! 2OH� IXð Þ

Overall cell reactions (combination of anode and cathode reactions)

• Absence of oxygen (ethanol reforming): C2H5OH + 3H2O ! 2CO2 + 6H2 (X)

• Presence of oxygen (ethanol oxidation): C2H5OH+ 3O2! 2CO2+ 3H2O (XI)
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electrons. Furthermore, oxygen adsorbed on titania has a different potential for

superoxide radical formation than free oxygen and it does become an electron

scavenger as it is experimentally observed. Therefore, the procedure of reaction

(II) may be possible but to a limited degree. The majority of free electrons flow

through the external circuit. The type of reactions induced by photogenerated holes

depend on solution pH. At low pH, holes mediate the generation of hydrogen ions

H+ according to reaction (III). Reaction (III) represents a simplified scheme. In

reality, reaction proceeds by steps, where the following route usually prevails [2]:

Ethanol ! Acetaldehyde ! Acetic acid ! CO2 þ H2O ð1Þ

Most of these intermediate reactions are endothermic. The energy input comes from

the photogenerated holes. The Gibbs free energy change for reaction (III) is

positive; therefore, the overall balance is endergonic and is mediated by

photogenerated holes. The same holds true for all reactions associated with chem-

ical substances of the general composition CxHyOz, which are generalized by the

following scheme [2]:

CxHyOz þ 2x� zð ÞH2Oþ 4xþ y� 2zð Þhþ ! xCO2 þ 4xþ y� 2zð ÞHþ ð2Þ

At high pH, a lot of •OH radicals are formed by interaction of OH� with holes.

OH� þ hþ ! �OH ð3Þ

Therefore, photocatalytic degradation should be visualized with their participation.

In reality, ethanol photodegradation still follows the route of Eq. (1) through

intermediate acetaldehyde formation, as it has been previously detected and ana-

lyzed [9]. However, the number of hydrogen ions should be limited at high pH or

completely eliminated by interacting with OH� and producing water. Thus at high

pH the photocatalytic degradation of ethanol should be represented by reaction

(IV) while a more general scheme equivalent to Eq. (2) should be defined by the

following equation:

CxHyOz þ 4xþ y� 2zð Þ�OH ! xCO2 þ 2xþ y� 2zð ÞH2O ð4Þ

Equation (4) is in essence equivalent to Eq. (2) if we assume that H++OH�!H2O

and H2O+ h+!H+ + •OH. The only difference is that hydrogen ions survive only at

low OH� concentration.

As seen in Table 1, reactions taking place at the cathode electrode are less

complicated and are independent of what is the fuel or the photocatalyst. It is seen

that in the absence of oxygen, hydrogen is produced by reduction of hydrogen ions

at low pH or by reduction of water at high pH. In the presence of O2, reactions

proceed with the participation of the latter. Of course, no hydrogen is produced in

that case. The electrochemical potentials for the reduction reactions are given in

Table 1. The variation of the potential with pH follows the general rule [2].
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ΔV Vð Þ ¼ �0:059� ΔpH ð5Þ

The values of these potentials define the conditions of PFC operation. The conduc-

tion band level of nanocrystalline titania lies at about �0.2 V vs. SHE at pH zero

[10] or about �1 V at high pH. Then the potential difference with the cathode is

ideally no more than 0.2 V in the absence of oxygen. This difference, taking into

account also the inevitable losses, is not sufficient to provide drive for cell opera-

tion. Consequently, a bias is necessary in that case, which can be applied either

externally or chemically. If the anode is in an alkaline environment and the cathode

in acidic environment, a chemical forward bias is provided [11] according to

Eq. (5). Thus a PFC can produce hydrogen only under bias. On the contrary,

when the cathode electrode is in an aerated environment, a potential difference of

around 1.4 V is established between the anode and the cathode electrode. Indeed,

experimental data have repeatedly fulfilled this expectation [8, 11, 12]. PFCs then

operating in the presence of oxygen produce high voltage and operate without bias,

similarly to solar cells. Obviously, in that case a PFC can be used as a device to

produce electricity consuming organic wastes and being activated by absorption of

light.

The overall reactions obtained by taking into account reactions taking place at

both the anode and the cathode electrode are expressed by reactions (X) and (XI) of

Table 1. It is seen that these overall reactions are independent of the pH but depend

on the presence of oxygen. In the absence of oxygen ethanol is photocatalytically

reformed producing H2 while in the presence of oxygen ethanol is photocata-

lytically “burned” and mineralized. We have previously found that the presence

of O2 accelerates mineralization of ethanol [9, 13] at the expense of the current

flowing in the external circuit. The corresponding overall scheme for substances of

the general composition CxHyOz is given by

CxHyOz þ xþ y

4
� z

2

� �
O2 ! xCO2 þ y

2
H2O ð6Þ

The Gibbs free energy change ΔG0 for such a reaction has been calculated and

listed in Table 2 for a few substances of the type CxHyOz. The overall balance is

exergonic (ΔG0< 0). The corresponding standard potential was calculated by the

following equation:

E0 ¼ ΔG0

�nF
ð7Þ

where n is the number of electron moles involved in the reaction and F is the

Faraday constant 96.486 kC mol�1, while ΔG0 is given in kJ mol�1. n and E0 are

also listed in Table 2. The number of electrons (and holes) is equal to n¼ (4x+
y� 2z), i.e., equal to the number of holes involved in reactions (2) and (4) or to

4 electrons per oxygen molecule involved in reaction (6). Thus all potentials are

positive and their range is limited between 1.12 and 1.21 V with respect to the
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standard hydrogen potential. The corresponding value for ethanol is +1.14 V and is

depicted in Fig. 2 as EtOH/CO2 level. Figure 2 shows energy levels of a few

semiconductors and redox reactions. It reveals that for holes found at the valence

band level of titania the oxidation power is high enough to carry out all listed

reactions. However, in the presence of a sensitizer, holes are injected into the higher

lying level of the sensitizer and then their oxidative power dramatically decreases.

Thus only CdS valence band level is still oxidative enough to realize ethanol

oxidation. Comparison of energy levels in Fig. 2 may be an oversimplification.

Table 2 Calculated Gibbs free energy change and standard potential for reaction (5) and for a few

organic substances of the general composition CxHyOz

Name Chemical composition Number of electrons ΔG0(kJ mol�1) E0 (V)

Methanol CH3OH 6 �702 1.21

Ethanol C2H5OH 12 �1,325 1.14

n-propanol C3H7OH 18 �1,965 1.13

n-butanol C4H9OH 24 �2,595 1.12

n-pentanol C5H11OH 30 �3,249 1.12

Glycerol C3H8O3 14 �1,656 1.22

Sorbitol C6H14O6 26 �3,084 1.23

Acetic acid CH3COOH 8 �873 1.13

Fig. 2 Approximate energy levels of a few semiconductors together with some characteristic

redox potentials. The values of the bandgap for CdS, CdSe, and PbS are higher than those

corresponding to bulk semiconductors because of the quantum confinement effect. Values are

adapted to data in Refs. [2, 14–16]. The depicted values correspond to pH 13. They were

negatively shifted with respect to the values that correspond to pH¼ 0, according to Eq. (5).

Thus at pH¼ 0 the potential of H+/H2 is zero
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Thus reaction (V), which is the first step of ethanol oxidation, with ΔG0 equal to

34.8 kJ mol�1 and corresponding E0¼�0.18 V (see Fig. 2) is in principle feasible

in the presence of any of the depicted semiconductors. However, reaction

(V) means that ethanol molecules are adsorbed on the semiconductor, while

interactions with •OH occur in the liquid phase. It is obvious that these interactions

are fairly complicated. Obviously, mineralization of the fuel is encouraged by

photocatalysts with high enough oxidation capacity.

When visible light is shined on the photoanode, only the photosensitizer is

excited, since titania does not absorb in the Visible. Electrons are rapidly injected

into the conduction band of titania (cf. Fig. 2) and follow the routes related to

reaction (II). The fate of the holes in the valence band of the photosensitizer

depends on the valence band potential, as already discussed. Photocatalytic degra-

dation of alcohols using oxide photocatalysts has been extensively studied, how-

ever, rare data or no data at all exist for combined titania-QD photocatalysts. The

reason is that such systems are considered to be unstable but this conclusion is still

questioned as it will be discussed later [8]. Unquestionably, more work is necessary

on such combined photocatalysts to clarify what actually takes place.

The PFC configuration depicted in Fig. 1a assumes that the cell is divided into

two compartments, the anode and the cathode compartment, separated by an ion

transfer membrane. The fuel is then introduced in the anode compartment while

reduction reactions are limited in the cathode compartment. In such two compart-

ment cells, a chemical bias may be applied by introducing an alkaline electrolyte in

the anode and an acidic electrolyte in the cathode compartment. The cell of Fig. 1b

is essentially a two-compartment cell where the ion transfer membrane is assem-

bled with the cathode electrode. The latter is exposed to the ambient, thus it always

functions in the presence of oxygen. A membrane-electrode assembly may, for

example, be obtained by hot-pressing a plastic membrane like nafion on a carbon

cloth electrode. The electrocatalyst is sandwiched between the membrane and the

electrode. An acid-functionalized nafion membrane assembled with the cathode

electrode and introduced in a PFC functions only in conduct with an acidic

electrolyte [17, 18]. In a typical two-compartment cell as the one depicted in

Fig. 1a, a glass frit or a similar material, may be used as an ion transfer membrane.

Ion transfer membranes for PFCs have not been particularly studied and remain a

technological challenge.

2 Cell Construction

As already said, the major components of a PFC are the photoanode electrode

carrying the photocatalyst and the cathode electrode carrying the reduction

electrocatalyst. In most cell configurations, for example, those of Fig. 1,

photoanode may also play the role of cell window. For this reason, the photoanode

electrode is usually based on a transparent conductive oxide like Fluorine-doped

Tin Oxide glass (FTO).
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2.1 Construction of the Photoanode

In our works, photoanodes always carried nc-TiO2 sensitized by metal sulfide QDs.

nc-TiO2 was deposited first and was followed by the sensitizer. Nanocrystalline

titania was always deposited in two layers, a bottom thin compact layer that

facilitates stable attachment on and good electrical conduct with the FTO glass

and a thick top open structure, which allows deep electrolyte penetration thus

increasing active interface [8]. The bottom layer was synthesized by the sol–gel

method while the top layer was applied by using a paste made of Degussa P25

nanoparticles. A densely packed nanocrystalline titania layer was first deposited on

a patterned FTO electrode, cleaned by sonication in acetone, isopropanol, and

ethanol, according to the following procedure [8, 19]: 3.5 g of the nonionic

surfactant Triton X-100 was mixed with 19 mL ethanol. Then 3.4 mL glacial acetic

acid (AcOH) and 1.8 mL of Titanium Tetraisopropoxide were added under vigor-

ous stirring. After a few minutes stirring, the film was deposited by dipping and then

it was left to dry in air for a few minutes. Finally, it was calcined at 550 �C. The
temperature ramp was 20�/min up to 550 �C and the sample was left for about

10 min at that temperature. The procedure was repeated once more. Each layer gave

a thin nanostructured film of about 170 nm thickness, as measured by its FE-SEM

profile [19]. On the top of this compact nanostructured layer commercial Degussa

P25 was deposited. For this purpose, a paste of titania P25 was prepared according

to Ref. [20]. The paste was applied by screen printing using a 90 mesh screen. It was

finally calcined again at 550 �C. The thickness of the top layer was about 3.4 μm as

measured by its FE-SEM profile [19]. The procedure was repeated once more so

that the final nc-TiO2 film was about 7.5 μm thick. The active area of the film was

1 cm2 (1 cm� 1 cm).

CdS, ZnS, CdS-ZnS composites and PbS QDs were deposited on nc-TiO2 films

by Successive Ionic Layer Adsorption and Reaction (SILAR method) [8, 19,

21]. For this purpose, two aqueous solutions were used, one containing 0.1 mol L�1

Cd(NO3)2.4H2O, Zn(NO3)2.6H2O or Pb(ClO4)2.3H2O or their mixtures and the

second containing 0.1 mol L�1 Na2S.9 H2O. Freshly prepared titania electrode

was immersed for 5 min in the metal salt solution, then copiously washed with

triple-distilled water, then immersed for 5 min in the Na2S.9H2O solution and

finally washed again. This sequence corresponds to one SILAR cycle. Optimization

led to a choice of 10 SILAR cycles for the deposition of CdS or combined ZnS-CdS

QDs and only 2 cycles for PbS, which is fast adsorbed on nc-TiO2. Higher number

of SILAR cycles overloads titania and has adverse effects on its performance.

Optimization was carried out by measuring the electric characteristics of the cells

made by these sensitized photoanodes. The electrode with deposited QD@nc-TiO2

film was first left to dry in an N2 stream and then it was put for a few minutes in an

oven at 100 �C. Finally, it was annealed for a few minutes in an inert atmosphere

(N2) at 400
�C.

CdSe QDs cannot be deposited by the above SILAR method but instead a

Chemical Bath Deposition (CBD) procedure was employed. It was similar to that
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employed by other researchers [22, 23] and involves the following steps: An

aqueous solution of 0.08 mol L�1 Se powder was first prepared in the presence of

0.2 mol L�1 Na2SO3 by continuous stirring and refluxing at 80 �C. The procedure
lasted about 15 h and was carried out overnight. The obtained solution, denoted in

the following as sol A, actually aimed at the formation of sodium selenosulphate

(Na2SeSO3), which is a precursor for slow Se2� release. Two more aqueous

solutions were then prepared, containing 0.08 mol L�1 CdSO4 ∙
8/3 H2O (sol B)

and 0.12 mol L�1 nitrilotriacetic acid trisodium salt (sol C), respectively. Sol B was

mixed with an equal volume of sol C and the obtained mixture was stirred for a few

minutes. The combination of sol B with sol C leads to the formation of a complex,

which is used as precursor for slow release of Cd2+. Finally, two parts of this last

mixture were mixed with one part of sol A and the thus obtained final mixture was

used for CBD. Thus, the final concentration of Se2�and Cd2+ ions was 0.08/

3 mol L�1. The idea of the above procedure is to make a mixture of precursors,

which slowly release selenium and cadmium ions so as to make them react after

adsorption on the substrate. Thus the electrodes with substrate films were dipped in

this final solution. Subsequently, they were put in a refrigerator at 5 �C for 4 h or left

at ambient temperature for several hours. The choice of temperature or residence

time is dictated by the substrate. It was observed that nc-TiO2/FTO electrodes

where QD seeds were first deposited by the SILAR method needed only 4 h and

low temperature to adsorb substantial quantities of CdSe and be deeply colored

while more than 24 h were required in the absence of the first QD layer. The

procedure was accelerated when the CBD was done at ambient temperature.

2.2 Construction of the Cathode Electrode

The cathode electrode was made of carbon cloth with deposited carbon black and Pt

[12]: 0.246 g of carbon black was mixed with 8 mL of distilled water by vigorous

mixing in a mixer (about 2,400 r.p.m.) until it became a viscous paste. This paste

was further mixed with 0.088 mL polytetrafluorethylene (Aldrich, Teflon 60 %

wt. dispersion in water) and then applied on a carbon cloth cut in the necessary

dimensions. This has been achieved by first spreading the paste with a spatula,

preheating for a few minutes at 80 �C and finally heating also for a few minutes in

an oven at 340 �C. Subsequently, the catalytic layer was prepared as follows: 1 g of
Pt/carbon black electrocatalyst (30 % on Vulcan XC72) was mixed with 8 g of

nafion perfluorinated resin (5 wt% solution in lower aliphatic alcohols and water,

Aldrich) and 15 g of a solution made of 7.5 g H2O and 7.5 g isopropanol. The

mixture was ultrasonically homogenized and then applied on the previously pre-

pared carbon cloth bearing carbon black. The electrode was then heated at 80 �C for

30 min and the procedure was repeated as many times as necessary to load about

0.5 mg of Pt/cm2. The active dimensions of the cathode electrode were

3� 4¼ 12 cm2.
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2.3 Description of the Reactor

The reactor was made of Plexiglas and comprised two compartments of orthogonal

shape separated by a silica frit (ROBU, Germany, porosity SGQ 5, diameter 25 mm,

thickness 2 mm). Both compartments contained the same aerated electrolyte. The

capacity of the anode compartment was 10 mL and that of the cathode compartment

was 2 mL. The fuel (ethanol), when necessary, was added only in the anode

compartment. Irradiation by simulated solar light was made by employing an

Osram XBO 450 W Xe source. Light was filtered for the IR radiation using a

circulating water filter. The intensity of radiation at the position of the photocatalyst

was 75 mW cm�2. In all cases, the exciting radiation passed through the glass-FTO

electrode, which played the role of window. The active area of the photoanode was

1 cm2. Electrical connections were made by means of an auto-adhesive copper

ribbon and wires soldered on the ribbon.

In some cases, instead of the two-compartment cell described above and sche-

matically illustrated in Fig. 1a, we used the modified configuration illustrated in

Fig. 1b. In that case, a polymer ion exchange membrane was assembled with the

counter electrode by heating the assembly up to about 120 �C under pressure. The

cell closes on one side by the photoanode-window and on the other side by the

membrane-cathode assembly [24]. The cathode is exposed to ambient air. The

Pt/carbon black electrocatalyst is on the side that touches the membrane. Between

the photoanode and the membrane is the electrolyte with fuel. We used a nafion

membrane (N117, Ion Power, Inc., USA) functionalized in hot sulphuric acid.

3 Cell Operation and Optimization

The operation of a PFC is affected by the four major parameters already mentioned

in the Introduction, namely, the type of photocatalyst, the fuel, the electrolyte pH,

and the presence or absence of oxygen. These parameters will be further analyzed in

the following paragraphs.

3.1 Choice of Photocatalyst and Sensitizer

A review of the recent literature reveals that the most popular photocatalyst is

nanoparticulate titania. Other oxides, for example, ZnO are also popular since they

offer some possibilities not provided by nc-TiO2. For example, ZnO films can be

obtained at low temperature, therefore, they may be used with flexible plastic

electrodes [25, 26], contrary to titania, which is functional only when heated at

high temperature. In addition, ZnO can be easily synthesized in exemplary single-

dimensional nanostructures, like nanorods [27], which offer large interface and
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efficient electron hole separation. Even with these advantages taken into account,

nanoparticulate titania has led to the construction of solar cells with unsurpassed

efficiency. Thus the champion (dye-sensitized) solar cells are based on photoanodes

made of mixtures of TiO2 nanoparticles [28] of two or three different sizes. Our

own experience has also persuaded us that the most efficient PFCs should rely on

nanoparticulate titania. Thus nc-TiO2 films were deposited on FTO electrodes

according to the procedure described in Sect. 2.1. The next step was to choose

the QD sensitizer in order to make visible-light responsive cells. We have studied

four different II–VI semiconductors: ZnS, CdS, CdSe, and PbS. Figure 3 shows

current–voltage curves for PFCs employing photoanodes carrying an nc-TiO2 film

functionalized with the above semiconductors, alone or in combinations. The

highest short-circuit current density (i.e., value of J at V¼ 0) and the highest

open-circuit voltage (i.e., value of V at J¼ 0) was obtained with a combination of

25 % ZnS-75 % CdS (curve 3), while pure CdS (curve 2) gave a bit lower but

comparable values. For higher percentages of ZnS, both current and voltage

dropped. Both values extensively dropped in the presence of CdSe (curve 4) and

became dramatically low in the presence of PbS (curve 5). Similar variation was

demonstrated, as expected, also by the value of the maximum power density

generated by the cell in each case (not shown). The presence of CdSe and PbS

had similar detrimental effects also when these materials were combined with CdS.

The explanation of this behavior [8] can be given in terms of the diagram of Fig. 2.

Even though, CdSe and PbS have small energy bandgaps and they can absorb a

higher portion of the incident light, their high-lying valence band decreases their

oxidative power. Therefore, they cannot effectively oxidize the fuel and they thus

produce less electric power. Indeed, the current density decreased, as seen in Fig. 3,

when the valence band moved to less positive potentials, as seen in Fig. 2. Pure ZnS

also generated low electric power (curve 1), which is close to that obtained with

pure nc-TiO2, i.e., in the absence of a sensitizer, even though, ZnS valence band is

more oxidative than that of CdS [2, 8]. This drop of current is due to a different
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Fig. 3 JV curves recorded
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reason. ZnS is a large bandgap semiconductor [2, 8] and absorbs only UV light.

Therefore, it cannot act as a sensitizer, i.e., it absorbs less photons and behaves as if

it were pure titania alone. Nevertheless, a small percentage of ZnS added to CdS

beneficially affected the cell performance [8] (i.e., curve 3). The above results

briefly show that a QD sensitizer may be well combined with nc-TiO2 as long as it

does not destroy the oxidative power of the combined photocatalyst. Thus a

medium bandgap sensitizer such as 25 % ZnS-75 % CdS or pure CdS [8] is

functional but low bandgap semiconductors like CdSe or PbS are not applicable

to PFCs. A question of stability then arises at this point. Mixtures of CdS with ZnS

may successfully act as visible-light sensitizers of titania but how stable are they? A

brief review of literature reveals that metal sulfide semiconductors can survive only

in the presence of sulfide or polysulfide electrolytes, which repair any loss due to

self-oxidation by photogenerated holes. Degradation of metal sulfide semiconduc-

tors occurs when photogenerated holes are not rapidly removed causing oxidation

of S2� to S, thus destroying the semiconductor. Removal of holes is, however,

realized in the presence of a sacrificial agent. We have previously shown [8] that the

presence of ethanol in an alkaline electrolyte satisfactorily preserved the photosen-

sitization action for several hours, while in the absence of ethanol this action fainted

in a few minutes. The low currents obtained in the case of CdSe and PbS became

even lower in the course of time, obviously due to the degradation effect, since

ethanol could not act as a sacrificial agent in their case.

3.2 Choice of Fuel

Any organic substance or mixture of substances may be used as a fuel in a PFC,

since as we have already said, photocatalysts do not demonstrate any specificity

towards the photodegradable material. Research is usually carried out with model

fuels like ethanol, methanol, and glycerol, since they produce the highest electric

power. Indeed, the electric power generated by a PFC under the same illumination

conditions differs from one fuel to another. Table 3 lists data, which concern a few

characteristic organic substances of the type CxHyOz, that is, alcohols, polyols,

sugars and organic acids, which are products of biomass and therefore renewable.

The JVmax values of Table 3 were obtained with a pure nc-TiO2 photoanode to

avoid any complication or doubt arising in the presence of a QD sensitizer. JVmax is

the maximum value of the product J�V calculated by tracing the current–voltage

curve that characterizes cell function. The highest JVmax value was obtained with

the shortest chain alcohol, i.e., methanol, and it dropped as the aliphatic chain

length increased. A relatively high value was obtained also in the presence of

glycerol and acetic acid. The data of Table 3 then reveal a clear-cut inverse relation

between the size of the molecule and the electric yield of the cell. Smaller

molecules of each category may produce more electric power. Thus methanol and

ethanol as well as glycerol and acetic acid are more powerful fuels than substances

of larger molecular weight. Substances containing other elements beyond C, H, and
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O and presumably more difficult to degrade produce less electric power as

well [11].

3.3 Choice of pH

pH value in both the anode and the cathode compartment does affect cell operation,

as already discussed in Sect. 1. Use of a glass frit as ion transfer membrane allows

electrolyte of any pH to be introduced in any of the two cell compartments. When a

nafion membrane was used instead of a glass frit, it was necessary to introduce an

electrolyte of low pH in at least one of the two compartments, in order to preserve

its cation transfer functionality. In that case, the acidic electrolyte is introduced in

the cathode compartment in order to apply a forward bias, according to Eq. (5). As a

matter of fact, we never ran the anode at acidic pH, since, as already said,

photocatalytic degradation of organic substances is more effective at high pH. In

addition, we have observed a failure of the nc-TiO2 film, which was detached from

the FTO electrode at low pH. PFCs then normally run either at alkaline conditions

in both compartments [3, 8, 16] or at alkaline in the anode and acidic in the cathode

compartment [15]. In this last case, thanks to the chemical forward bias, the open-

circuit voltage was higher [15] than when the electrolyte was the same in both

compartments [12]. Indeed, as seen in Fig. 3, the data of which correspond to

alkaline electrolyte in both compartments, the maximum open-circuit voltage was

around 1.2 V, while in the case of Ref. [11], where an acidic electrolyte was

introduced in the cathode compartment, the open-circuit voltage climbed up to

1.8 V.

Table 3 Maximum power

density generated by a PFC

employing substances of the

general composition CxHyOz

as fuel. Fuel concentration

was 1 mol L�1

Name Chemical composition JVmax (mW cm�2)

Methanol CH3OH 0.71

Ethanol C2H5OH 0.63

n-propanol C3H7OH 0.60

n-butanol C4H9OH 0.52

n-pentanol C5H11OH 0.42

Glycerol C3H8O3 0.61

Sorbitol C6H14O6 0.50

Acetic acid CH3COOH 0.66

Electrolyte was 0.5 mol L�1 NaOH. The photoanode carried an

nc-TiO2 film without sensitizer
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3.4 Presence or Not of Oxygen

The presence of O2 affects, as already said, the reactions in both compartments.

Oxygen in the anode compartment may retain some electrons and decrease current.

In the cathode compartment, hydrogen can be produced only in the absence of

oxygen (Eqs. (VI) and (VII) of Table 1), but in that case the electric potential drive

is too weak to run the cell without bias. In the presence of oxygen, the cell runs

without external bias similarly to a solar cell. Of course, there is a basic difference

from the latter since PFCs function by consuming a fuel while typical solar cells

function in a cyclic manner. The necessity to consume a fuel has been repeatedly

demonstrated in previous works [3, 12]. Thus both current and electric potential

dramatically dropped when the fuel was removed. Water itself is photocatalytically

split in a PFC. Thus it behaves as a fuel and produces some current and voltage

[12]. However, both these parameters largely increased even in the presence of a

small quantity of organic fuel. The fuel plays a dual role that defines the necessity of

its presence for cell operation. The fuel is photocatalytically oxidized, mainly, by

retaining photogenerated holes. Thus electrons are liberated to make the external

current. In addition, fuel consumption creates intermediate species that facilitate the

flow of charge and provide internal ionic conductivity. Of course, the electrolyte

provides the ionic species but their preservation, for example, through reactions

(VI) to (IX) of Table 1, is necessary in order to provide continuous operation.

4 Efficiency Issues

The calculation of cell efficiency in the case of PFCs is more complicated [29] than

in the case of regular solar cells. The reason is that, in addition to the solar input,

efficiency calculations must take into account the chemical energy liberated by the

oxidized fuel plus the value of any applied bias. We presently list a number of

models [2] for calculating cell efficiency, which are simple and unambiguously

represent what they are designed for. One clear way to calculate cell efficiency is by

External Quantum Efficiency (EQE) as expressed by Incident Photon to Current

conversion Efficiency (IPCE). EQE of a solar cell is the ratio of the number of

charge carriers produced by the cell over the number of photons incident on the cell.

IPCE is one way to express EQE. IPCE is a measure of the effectiveness of the cell

to convert the incident photons of a monochromatic radiation into electric current

[2, 29]. It is given by the following equation:

IPCE ¼ 1, 240� Jsc mA=cm2ð Þ
λ nmð Þ � P mW=cm2ð Þ ð8Þ

where Jsc is the short-circuit current density and P the incident radiation intensity at

a given wavelength λ. IPCE is a pure number without units. The number 1,240
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carries the matching units. By recording IPCE at different wavelengths, it is

possible to judge the effectiveness of the cell with respect to the spectral response

of a photocatalyst or a system of combined photocatalysts or a sensitized catalyst.

The value of IPCE is expected to vary between 0 and 1.

In the case when the cell is used to produce a solar fuel, for example, hydrogen,

the efficiency η can be calculated by the following equation [29]:

η ¼ ΔG0 � R

P
ð9Þ

where ΔG0 is the standard Gibbs free energy change for the photodegradable

substance multiplied by the rate R of fuel formation in moles/s and divided by the

incident radiation power. Instead of ΔG0 we can use the corresponding potential,

calculated by Eq. (7)

η ¼ E� I

P
ð10Þ

where I is the current involved in the decomposition process. The safest way to

calculate I should correspond to the quantity of fuel produced. Thus if, for example,

the device produces 2 μ mol/min of hydrogen [12], since two electrons correspond

to one H2, we expect that the corresponding current will be I¼ 2(electrons/

molecule)�(2� 10�6 mol/60 s)� 6,023� 1023 (molecules/mol)� 1.602� 10�19

(C/electron)¼ 6.4 mA. In the case when a bias voltage Vapp is applied, then

Eq. (10) should be substituted by the following equation:

η ¼ E� Vapp

� �� I

P
ð11Þ

This last model for measuring efficiency has been applied in several cases [30–

32]. The model of Eqs. (10) and (11) is simple and clear. Caution is only necessary

to properly define E in each case.

5 Conclusions

PFCs constitute an alternative means of solar energy conversion, with simultaneous

photocatalytic degradation of water-soluble wastes. PFCs are mainly designed to

produce electricity but they can also be used for solar hydrogen production. In that

case, the cells run only under bias. Chemical bias may be applied by introducing an

alkaline electrolyte in the anode and an acidic electrolyte in the cathode compart-

ment. Photoanodes based on nanocrystalline titania can be functionalized in the

visible with QD sensitizers. In this respect, only medium energy gap semiconduc-

tors, like CdS and combined ZnS-CdS, have enough oxidative capacity to degrade
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the fuel. Small bandgap semiconductors, like CdSe and PbS do not have this

capacity and they are no use for PFCs. Stability of cell operation is assured only

in the presence of QDs, which are capable of degrading the fuel. In the opposite

case, the photoanode is unstable and cell operation fails. Any organic substance or

mixture of substances may be used as fuel. However, small molecules of the

CxHyOz category, i.e., small alcohols, polyols, and organic acids have demonstrated

the highest electric power generation efficiency. The efficiency of a PFC may be

well represented by its IPCE spectrum [8]. In cases when the cell is used to produce

a solar fuel, like hydrogen, the efficiency can be calculated by simple models like

that of Eq. (11).
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Simultaneous Photodegradation

and Hydrogen Production with TiO2/Pt/CdS

Using UV–Visible Light in the Presence of a

Sacrificial Agent and a Pollutant

Aaron Peterson, Winn Wilson, Bratindranath Mukherjee,

and Vaidyanathan (Ravi) Subramanian

1 Introduction

Light and water are clean, abundant, and universally available and hence of

immense interest as clean energy resources. Bringing them together for clean fuel

(hydrogen) production is a sustainable and logical approach to perennial energy

generation [1–3]. TiO2 is a photocatalyst of interest and has been studied in aiding

water splitting for reasons that include wide ranging pH stability, non-toxicity, and

good photoactivity in the presence of UV light [4–6]. The hydrogen generation

mechanism on TiO2 can be summarized as follows [7–10]:

TiO2 !Sunlight
TiO2 ecb þ hvbð Þ ð1Þ

2H2O !TiO2 ecbþhvbð Þ
2H2, anode þ O2, cathode ð2Þ

Photoillumination causes electron–hole generation and separation (Eq. (1)). It is

followed by a hole-enabled water oxidation and an electron-enabled hydrogen

formation (Eq. (2)). If particulate TiO2 is used, the redox reaction occurs at different

locations in the same particle. Several reviews have discussed photocatalytic water

splitting in general [11, 12] and the specific benefits of using TiO2 [13].

There are two essential requirements for TiO2 to fulfill in order to perform water

splitting and produce hydrogen, efficiently: separating photogenerated charges and

absorbing light over a broad range. In theory, TiO2 can photocatalytically perform
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water splitting, but is limited in its absorbance and charge separation capabilities.

Charge separation can be achieved using metal centers that function as sinks for the

photogenerated electrons and aid in keeping it away from holes [8]. Further, the

addition of visible light receptors such as chalcogenides can aid with enhancing

light absorbance and the quantum efficiency of the overall process [14–16]. Thus, a

TiO2-based photocatalyst with these primary entities (metals and light harvesters)

as additives can be built to efficiently perform photocatalytic water splitting.

There have been a few studies examining the role of metal and light harvesters

on TiO2. Among metals, most studies have focused on Pt group metals or PGMs

[17–22] while chalcogenides as size tunable visible light harvesters have garnered

significant attention [23–28]. CdS is a chalcogenide that has been used with Pt to

promote photocatalysis [14, 29, 30]. Most studies have focused on the commer-

cially available Degussa P25 [31, 32] as the TiO2 source while a few have explored

sol–gel-based TiO2 [20, 33, 34]. A study comparing the various forms of contacting

CdS, Pt, and TiO2 has been reported [29, 35]. After examining various approaches

to combine TiO2, Pt, and CdS; having Pt and CdS deposits juxtaposed adjacently to

one another decorating the TiO2 surface appears to be an optimal arrangement as it

can be expected to promote both hole-mediated oxidation and electron-mediated

reduction, effectively. Elsewhere, it has been mentioned that a core-shell architec-

ture comprising Au core-CdS shell on TiO2 is highly efficient in artificial photo-

synthesis [22]. In another related report, the application of Degussa P25 with Pt and

CdS to form a nanocomposites film to produce hydrogen from pollutants has been

reported [14]. The present work is significantly different from the aforementioned

one, in that (a) instead of sacrificial agents an actual pollutant has been tested, viz.,

colored compound (azo-dye) and (b) instead of commercial P25, the applicability of

an IH-TiO2 with 100 % anatase phase and higher area is reported.

This work presents a systematic study of the effects of (a) PGM metals, (b) a

representative visible light chalcogenide-type harvester, (c) a corrosion inhibitor on

the photocatalytic hydrogen generation, and (d) the role of pollutants as electrolyte

additives in hydrogen generation. A unique approach to synthesizing TiO2 with

100 % anatase content and use it as a base to first deposit metal followed by

chalcogenide is presented. The effects of Ag, Au, and Pt as the electron shuttling

agent and the chalcogenide CdS as the light harvester on the photocatalytic water

splitting are examined. Since CdS is involved, prevention of its hole-driven corro-

sion assumes a significant challenge. To this end, the effect of a stabilizing agent

that scavenges the holes has been examined using two approaches. Firstly, the role

of a sulfide ion containing sacrificial agent has been probed. Secondly, a strategy to

perform hole-mediated oxidation of an aquatic pollutant as an approach to (a) delay

CdS corrosion and (b) facilitate photodegradation of the pollutant, simultaneously,

has also been presented.
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2 Experimental Section

The TiO2–PGM–chalcogenide composites were synthesized as follows:

2.1 TiO2 Synthesis

In-house nanoparticulate TiO2 was synthesized using a wet chemical approach. In a

typical step a mixture of 5 mL of titanium propoxide (Sigma-Aldrich) and 0.6 mL

of hydrofluoric acid (40 wt/v%) were taken in a Teflon®-lined autoclave and diluted

to 30 mL with DI water. Diluted HF was taken with the goal to accelerate the

hydrolysis of Ti precursor, creating large number of nucleation sites and hence

smaller particle size. The autoclave is sealed and heated in the oven at 190 �C for

24 h. The resulting TiO2 is rinsed multiple times with DI water and ethanol to

remove impurities. For comparative studies, commercial TiO2 was obtained from

Degussa® corporation (Generic name: Degussa P25) and used without any

modification.

2.2 Pt, Ag, Au Deposition

Pt and Au deposition on either P25 or the as-prepared TiO2 was performed by

mixing 1 mg Pt salt or Au salt/mL with 20 % or 5 % HCl in solution, respectively. A

quantity that would give 1 wt% coverage on TiO2 was used. These mixtures were

stirred on a hot plate at 80 �C until all the excess water was evaporated. A 1 M

NaBH4 solution was then added to the dried samples to ensure the metal ions are

reduced to nanoparticles. Aqueous Ag ions were reduced by UV-assisted

photogenerated electrons for a loading of 1 wt% on TiO2. The solution was later

stirred at 80 �C until all the excess water was evaporated off.

2.3 CdS Deposition

A two-step approach was adapted to ensure the deposition of CdS on TiO2. The

preliminary TiO2-M (M¼ Pt, Au, or Ag) powders were immersed in 0.1 M NaOH

aqueous solution for 1 h to enhance the number of basic sites on the TiO2 surface.

After this base treatment, the slurries were centrifuged and the excess solution was

poured off. The CdS was deposited at room temperature by stirring the pretreated

TiO2-M (M¼ Pt, Au, or Ag) powders in 10 mM solution of Cd(NO3)2 and

thioacetamide. Calculated amount of Cd(NO3)2 and thioacetamide was taken to

ensure 10 % CdS loading on the catalyst surface. It is anticipated that the surface
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hydroxyl groups on TiO2 promotes selective deposition of CdS presumably through

intermediate formation of Cd(OH)2. A similar procedure was followed with P-25–

PGMs. Further, separate experiments were conducted with identical CdS content.

To ensure that the CdS content was the same, known concentration of CdS was

deposited on both IH-TiO2-M and P25-M.

2.4 Techniques Used for the Characterization
of the Composites

The characterization of the various catalysts was carried out using a series of

instruments. A Philips 12045 BX-ray diffractometer (XRD) was used at a scan

rate of 0.4�/min to identify the phase of the synthesized materials. A Micrometrics

2720 Chemisorb Single point Brunauer-Emmett-Teller (BET) surface area analyzer

was used to determine the surface area of the photocatalyst. A Shimadzu

UV-2501PC spectrophotometer was used to perform UV–Vis diffuse reflectance

measurements (DRUV-vis) and determine the absorbance responses of the

photocatalysts.

2.5 Film Preparation and Measurements

A suspension of the Degussa® P25 TiO2 and the IH-TiO2 of same loading in DI

water was used to prepare the films using an established procedure [36]. The P25

and IH-TiO2 nanoparticulate coatings were prepared on conducting glass slides by

syringing out identical volumes of suspension, drop casting them, and performing a

mild annealing in an oven at ~300 �C. The photoelectrochemical measurements

involved two specific studies: voltage (J/t) measurements and Mott-Schottky anal-

ysis. Both these measurements were performed using an Autolab® PGSTAT

30 Potentiostat and Galvanostat under illumination using a ~90 mW/cm2 collimated

UV–Vis light. Our earlier work provides complete details on the protocols for

performing (I� t/V� t) [37] and MS analysis [38, 39].

2.6 Photocatalytic Measurements

A gas chromatograph equipped with TCD detector (SRI 8610C) was used to

quantitatively and qualitatively estimating hydrogen production under UV–Vis

illumination. The setup comprised a 500 mL Pyrex vessel with 500 mg of catalyst

and was run with and without sacrificial agents. The catalyst dispersion was

bubbled with nitrogen for 30 min prior to running the experiment. It was then
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sealed and the outlet was fed to a downward displacement gas collection system.

The light source was a 500 W Xenon lamp with an output equal to one sun. The

light consists of ~10 % UV, and the rest visible/infrared. The sacrificial agent was

made of either 0.1 M Na2S and 0.02 M Na2SO3 or the pollutant, methyl orange

(MO)—40 μM. A schematic of the setup is shown elsewhere [40, 41]. The

photocatalysis was carried out under ambient conditions of temperature and

pressure.

2.7 Actinometry Measurements

Quantum yield for methyl orange dye degradation is measured using ferrioxalate

actinometer using the procedure reported elsewhere [42]. Briefly, 0.6 M of potas-

sium ferrioxalate solution was irradiated by a xenon light source for 90 s and

photoreduced Fe2+ concentration is estimated by measuring the absorbance of

Fe2+ phenanthroline complex at 510 nm. The number of photons entering the

reaction system is determined to be 5.376� 1016/s using a method discussed

elsewhere [43]. Further, at working white light condition, quantum yield for

photocomplexation of Fe2+ is taken 1.2 and molar absorptivity is that of the Fe2+

phenanthroline complex measured from the slope of the Fe2+ complex absorbance

calibration curve.

3 Results

3.1 Surface and Photoelectrochemical Characterization

3.1.1 Surface Area Measurements

Table 1 indicates that the surface area of IH-TiO2 is ~60 % larger compared to the

P25. Smaller particle sizes are desirable as they offer higher surface area per gram

of the photocatalyst. This smaller particle size and greater surface area has a

number of activity implications that are detailed in later sections. Further, smaller

particle sizes can be useful for the immobilization of the visible light harvesters as

well as the metal centers in a mutually synergistic manner. Such a trilateral

arrangement could prove to be useful for photoinduced charge separation and

redox photocatalysis. Preliminary analysis of the samples using XRD and EDS

was performed (Sect. 3.1.2) to obtain additional details of the photocatalyst surface.
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3.1.2 XRD and EDS Analysis

XRD analysis was performed on the samples during various stages of synthesis.

XRD of representative samples with CdS and Pt is shown in Fig. 1. The IH-TiO2 is

exclusively in anatase crystal structure (JCPDS #21-1272). The anatase phase has

been shown to have a higher photoactivity compared to the mixed anatase/rutile

crystal structure [44–46]. The CdS peaks can also be observed in the XRD of the

IH-TiO2-CdS-Pt. The primary CdS peak (111) overlaps with the anatase TiO2 peak,

but the next CdS peak has no overlap with TiO2 or metal and can be seen at

2θ¼ 43�. This corresponds to (220) (JCPDS #65-2887). The XRD of the

P25-CdS-Pt structure shows the anatase and rutile peaks as well as the peaks for

CdS. Since Pt loading is less than 1 wt%, EDS analysis was carried out is required

to determine its concentration. The EDS results of all metal loaded IH-TIO2 were

performed over identical areas and the results are shown in Table 1. Recollect that

Table 1 Quantitative analysis of the metal content in the TiO2-Pt-CdS was performed using EDS

Surface Area (m2/g)

Metal loading

Rate constant,

kMO (min�1)a Rate, (mL/g/h)b

Pt

(At.%)

Au

(At.%)

Ag

(At.%)

No

Pt/CdS Pt/CdS

No

Pt/CdS

With

Pt/CdS

P-25 TiO2 53� 4 % 0.79 0.85 0.81 0.0041 0.017 – 0.25

IH-TiO2 130� 4 % 0.8 0.78 0.75 0.0063 0.036 – 4.6

The table lists the comparative data of the different element content in a representative set of

samples [M¼ Pt,Au, or Ag]. The columns in the second half at the far end provide rate information

on MO photodegradation and hydrogen generation
aMO photodegradation
bHydrogen generation

Fig. 1 The XRD of the (a)

IH-TiO2-Pt-CdS and (b)

P25-Pt-CdS indicating the

formation of crystalline

TiO2 is shown. The (hkl)

values associated with the

different anatase peaks are

also shown in the figure

(Note “A”—anatase, “R”—

rutile)
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the metal loading intended during synthesis was ~1 wt% while the EDS tests

showed the metal loading was 0.79, 0.85, and 0.81 wt%. This result indicates that

the PGM loading is very close to the desired levels.

3.1.3 Diffuse Reflectance

Diffuse reflectance measurements are used to obtain the absorbance profiles of the

samples. As shown in Fig. 2, the Pt and CdS deposits appear of the same color on

Degussa-P25. The addition of Au nanoparticle turns the IH-TiO2 to dark red/violet

and creates a blue/green composite, while the addition of Ag nanoparticles results

in a gray/brown color while CdS addition results in a dark yellow composite. From

the EDS data of Table 1 and a comparison of the absorbance of the CdS on IH-TiO2

with P25, a higher and efficient distribution of CdS on IH-TiO2 is evident. The

pictures and corresponding absorbance spectra of other samples are shown in Fig. 2.

Fig. 2 Diffuse reflectance UV–Visible spectra of other samples prepared in this study are shown.

This includes (a) IH-TiO2-based and (b) P25-based samples. The photographs of the different

samples are also shown in the figure
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3.1.4 Photoelectrochemical Analysis

Figure 3 shows a representative I/t result of the P25 and IH-TiO2. The insert table

shows that both photocurrent and photovoltage are higher with the IH-TiO2 com-

pared to the P25 for the same loading. This is attributed to the higher surface area

provided by the film by virtue of smaller particle sizes. Further, Mott-Schottky

analysis indicates that IH-TiO2 shows a flatband potential of �0.42 V whereas P25

shows a flatband potential of �0.29 V (Fig. 3 insert). The more negative flatband

potential for IH-TIO2 implies the presence of larger band bending at the TiO2—

electrolyte interface aiding better charge separation compared to P25. Thus, both

photoelectrochemical measurements indicate the usefulness of the IH-TiO2 as an

effective photocatalyst that promote high charge generation, separation, and avail-

able for utilization. The next section examines the applicability of the IH-TiiO2 as a

base material for photocatalysis.

3.2 Photocatalytic Hydrogen Generation

The applicability of the composites to photo-assisted hydrogen generation from

water has been evaluated by performing slurry-based reactions in the presence of

two classes of sacrificial agents: (a) a commonly known sulfur-stabilizing polysul-

fide as a sacrificial compound—Na2S,+Na2SO3 [47], and (b) a common aquatic

pollutant that belongs to the azo-dye family group [14]—methyl orange (MO).

These results are discussed below.

Fig. 3 The photocurrent measurements of the (a) commercial (Degussa® P25) and the (b)

IH-TiO2 are shown. The inset shows the stabilized values of the chronopotentiometry (VOC/t)
and the values of the flat band potential Efb for both TiO2
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3.2.1 Photocatalytic Hydrogen Generation with Polysulfide

as the Sacrificial Agent

Effects of PGM in IH-TiO2/M/CdS (M¼ Pt,Ag,Au) Photocatalysis

Photocatalytic hydrogen generation was tested with both the metal and the chalco-

genide on the IH-TiO2. As a first screening step, the focus was on the contribution

of the PGMs to photocatalytic water splitting. The tests were performed comparing

the hydrogen production rates of IH-TiO2-Pt-CdS, IH-TiO2-Au-CdS, and IH-TiO2-

Ag-CdS samples in the presence of sacrificial agent (0.1 M Na2S, 0.02 M Na2SO3).

The preliminary results shown in Fig. 4 indicate that IH-TiO2-Pt-CdS had the

highest production rate, while IH-TiO2-Au-CdS was less and IH-TiO2-Ag-CdS

was the lowest. Further, the hydrogen production rate is noted to steadily increase

over the duration of the experiment. It is to be noted that during the photocatalysis,

the IH-TiO2-Ag-CdS samples particularly become visibly darker during prolonged

irradiation.

Comparison of the Pt-Based Catalysts on Photocatalytic Hydrogen Evolution

in DI Water

Since Pt was found to be most favorable among the PGMs, the results discussed

here on focus only on Pt. A series of tests were performed comparing the

photocatalytic activities of IH-TiO2-Pt-CdS, IH-TiO2-CdS, and P25-Pt-CdS.

Photocatalytic hydrogen evolution was tested without any sacrificial agent, just

Fig. 4 The hydrogen yield obtained in the presence of the different IH-TiO2-based photocatalysts

with Au, Ag, and Pt followed by CdS deposits. The experiments were conducted in the presence of

a polysulfide solution as a sacrificial agent using UV–Vis illumination (Deaeration using N2 for

30 min, 0.1 M Na2S + 0.2 M Na2SO3)
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for baseline information. Figure 5 shows the results obtained using these three

catalysts. The IH-TiO2-Pt-CdS has the highest hydrogen production rate of 1.4 mL/

h. However, the main aspect to note is the decrease in the hydrogen generation with

time. This type of observation is well known as (a) firstly very low water splitting

occur without sacrificial agents and (ii) CdS corrosion drives the hydrogen gener-

ation albeit for a short duration.

Comparison of the Pt-Based Catalysts on Photocatalytic Hydrogen Evolution

in Aqueous Na2S/Na2SO3

The photocatalytic activities of the different IH-TiO2 supported photocatalysts were

further examined in the presence of the Na2S/Na2SO3 (results not shown). It is

observed that ~18.5 mL of hydrogen can be produced per hour once the system is

operating at a steady state. While overall trend in the catalysts performance is

similar to the trend seen in Fig. 5 (i.e., IH-TiO2-Pt-CdS> P25-Pt-CdS> IH-TiO2-

CdS), two key differences can be observed: (a) at least one-order higher hydrogen

generation rate with all the photocatalysts in the presence of Na2S/Na2NO3 and

(b) unlike the results in Fig. 5, the hydrogen generation rate does not decrease even

after 4 h of continuous illumination. The sacrificial agent is expected to protect the

CdS from a predominantly hole-mediated corrosion [48, 49]. Furthermore, the

IH-TiO2-based photocatalyst shows at least a twofold enhancement in hydrogen

generation compared to the Degussa P25-based photocatalyst. Thus, in the presence

of the polysulfide as a sacrificial agent, the IH-TiO2-based samples demonstrate a

higher photoactivity than the P25-based samples.

Fig. 5 The hydrogen generation obtained in the presence of the different types of TiO2 including

IH-TiO2 and P25 containing Pt and CdS deposits. The experiments were conducted in DI water

using UV–Vis illumination (500 mg photocatalyst, Deaeration using N2 for 30 min, No

polysulfides were used)
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3.2.2 Photocatalytic Hydrogen Generation with Methyl Orange

as the Sacrificial Agent

Need for Replacing Stabilizers With Pollutants

The presence of Na2S/Na2SO3 is shown to greatly increase the activity of TiO2 with

CdS and Pt. However, using Na2S/Na2SO3 as a sacrificial additive has limitations: it

(a) has to be exclusively introduced with the purpose to remove holes to stabilize

CdS, (b) will require monitoring on a regular basis as it will be consumed (poten-

tially forming S deposits on CdS) [31], and (c) offers no additional value from an

energy production or environmental benefit standpoint. Alternatively, should this

additive be a pollutant, the added advantage of its decontamination, besides hole

scavenging, can also be realized. The quantum yield under exactly same illumina-

tion condition (reactor volume exposed and distance of photocell from light source)

is found to be 12.45 %. To test the applicability of a pollutant-assisted

photocatalytic hydrogen production in the presence of CdS deposits the organic

pollutants MO was used to replace Na2S/Na2SO3.

Photocatalytic Hydrogen Generation in the Presence of MO

MO is a colored compound that belongs to the azo-dye family group and is often

used in the textile industry as a dying agent [50]. A significant amount of the unused

MO is released as waste into the adjoining water bodies destabilizing the fragile

aquatic ecosystem. To mitigate this issue, photodegradation has been considered as

a possible pathway to destroy MO [37] and similar colored dyes [51]. MO

photodegradation has been well studied by our group [37, 52] as well as by others

[53–55].

Blank experiments performed with no photocatalyst and light illumination to

examine the photobleaching of MO was carried out and indicated no measureable

change (Fig. 6). Figure 7 shows the results of the UV–Vis illumination of a dye

solution in the presence of the IH-TiO2/Pt/CdS composite. The change in the dye

concentration was tracked by monitoring the decrease in the peak dye absorbance at

465 nm as shown in Fig. 7a. The conversion of the dye is noted to occur over a

period of 50 min of continuous illumination.

Estimation of the Kinetic Parameters

The photodegradation of MO can be fitted to a pseudo first-order rate expression:

�r¼ k[MO]n, where r is rate of consumption of the MO, [MO] is MO concentra-

tion, and n is the order of reaction (n¼ 1) as shown in Fig. 7b. The rate constant

values corresponding to the different photocatalysts are reported in Table 1. In

studies on hydrogen generation kinetics involving TiO2/CdS, the focus has been on

the hydrogen yield from sulfide-based electrolytes alone [56, 57]. We have chosen

to apply the general rigorous approach of using the differential form of the power
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law model [58] to estimate the rate parameters. The hydrogen generation rate is also

shown in Table 1. The values are higher with the IH-TiO2 and are reflective of the

trend noted with MO degradation indicating that higher MO degradation leads to

greater hydrogen yields.

The rate-limiting step(s) can be any one of the following: dye concentration,

catalyst loading, light intensity, or charge transfer from photocatalyst to surround-

ing electrolyte across the catalyst-electrolyte double layer. In an unrelated system, it

has been shown that these parameters can influence photocatalytic reactions and

conversion yields [36]. Other parameters such as catalyst size, adsorption mecha-

nism, and light type can also critically influence the photo conversion process in

such systems. [59] Performing optimization of these parameters is essential to get

deeper insights into the role of each of these contributing factors.

4 Discussions

An analysis of the observations and results presented in Sect. 3 is discussed below.

4.1 Pt, Au, and Ag Noble Metal Ad-Atoms

The addition of a noble metal reduces electron–hole recombination since the metal

functions as electron sinks [19, 21, 60]. To facilitate electron–hole separation, three

noble metals Ag, Au, and Pt were individually tested and Pt was noted to be the most

effective while Au and Ag were less effective. The IH-TiO2 with Au as well as Ag

indicated a gradual change in color following photoillumination. Such a color change

Fig. 6 Baseline experiments to demonstrate activity of MO in the absence of light and absence of

photocatalyst
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indicates possible undesirable side reaction which could be the basis for the observed

lowering in photoactivity. In fact, it has been shown that Au at the interface with an

oxide semiconductor exists in a dynamic equilibrium with its oxidation states [61–

63]. Photogenerated holes oxidize Au while the electron reduce them resulting in the

existence of a dynamic equilibrium as shown below [62]:

Au !nhþ Aunþ ð3Þ
Aunþ !ne� Au ð4Þ

Fig. 7 (a) Top. The absorbance spectra of the MO solution was monitored at the end of (a) 0, (b)
5, (c) 10, (d ) 15, (e) 25, ( f ) 35, and (g) 50 min to determine the fractional conversion of the methyl

orange dye during the simultaneous production of hydrogen. (b) Bottom. A pseudo-first order

linearized kinetic model was applied to the absorbance data to determine the rate constant. The

linear fit indicates that the photodegradation follows the first order kinetics
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Such a dynamic interface can function as trap centers consuming photogenerated

electrons and holes resulting in reduced availability of these charges for redox

reactions. Likewise, variation in Ag-Ag2O ratio under illumination in a related

study suggests the presence of a dynamic metal–metal ion interface [64]. Further,

oxidation of Ag to Ag ions can lead to the formation of Ag2O or Ag2S [64–

66]. These in situ reactions could decrease the role the Ag particles are expected

to play, i.e., preventing e�/h+ recombination.

4.2 Mechanism of the Photocatalytic Hydrogen Generation

The UV–Vis illumination will produce electron–hole pairs in the composite across

the valence and conduction bands, respectively, of the TiO2 and CdS. The holes

participate in multiple reactions including water oxidation (rxn-1), hydroxyl radical

formation (rxn-2), and in the oxidation of the polysulfide (rxn-3) or the pollutant

MO/4-CP (rxn-4) resulting in intermediate degradation products. It is to be noted

that the oxidizing power of the holes from TiO2 can lead to the formation of

hydroxyl radicals. Every step that participates in hole utilization directly facilitate

ensuring the longevity of the CdS deposits on the TiO2 surface. The favorable

energetics between the TiO2 and CdS allows for the transfer of the photogenerated

electrons from the CdS to the TiO2. Electrons can be drawn to the Pt sites due its

electron affinity. These charges will then participate in reactions leading to hydro-

gen generation (rxn-5). The protons can also yield hydroxyl radicals (rxn-6). The

different steps that occur on the composite surface are summarized in Scheme 1.

Scheme 1 The figure shows the process of photocatalytic hydrogen evolution with simultaneous

stabilization of the CdS via either hole scavenging by the polysulfides or the pollutant MO. The

common redox reactions that occur on the surface of the composite photocatalyst under aerated

and deaerated conditions are shown in the adjacent table
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5 Conclusion

This work presents a wet chemical approach to synthesis anatase-only TiO2,

incorporate PGMs, and subsequently deposit a chalcogenide to form a unique

high surface area nanocomposite. Optical, microstructural, and photoelectro-

chemical studies have shown that the IH-TiO2 has a particle size of 20 nm,

demonstrates 60 % higher surface area compared to the commercial TiO2, and

exhibits superior photoelectrochemical responses (e.g., 60 % increase in photocur-

rent) indicating that it is a promising base material for preparing visible light active

composites. Among the three PGMs studied for photocatalytic hydrogen genera-

tion, Pt of ~0.79 wt% on IH-TiO2 is noted to be most useful: attributable at least in

part to its known stability relative to other PGMs during photocatalysis. MO can be

used as a replacement for polysulfide stabilizers with the dual benefit of its

photodegradation as well as hydrogen generation. Hydrogen generation with all

the catalysts over various time intervals in the presence of MO increases with time.
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Stability of the Nanoporous Bismuth Oxide

Photoanodes for Solar Water Splitting

Kalyan Chitrada and K.S. Raja

1 Introduction

The search for semiconductor photocatalysts for commercially viable solar water-

splitting process still continues in spite of the multidisciplinary research efforts put

worth by the international community since the publication of the first report by

Fujishima and Honda [1]. The basic requirements of photocatalysts for spontaneous

water splitting are: (a) electron energy bandgap around 1.73 eV in order to absorb

most of the visible light spectrum and drive the water splitting reaction,

(b) appropriate band edge positions relative to the energy levels of the hydrogen

and oxygen evolution reactions (OERs), and (c) stable against environmental

degradation. Furthermore, the material should have high charge transport properties

and low electron–hole recombination losses in order to exhibit high solar-to-

hydrogen conversion efficiency.

Several binary transition metal oxides, such as TiO2 [2], Fe2O3 [3], ZnO [4], and

WO3, and higher order mixed oxides [5–7], such as CaBi2O4 and BiVO4, have been

investigated as photo-electrocatalysts for water splitting. Non-oxide-based com-

pound semiconductor materials such as CdTe, CdS, CdSe, and PbS have been

investigated widely as photocatalysts individually or as quantum dot sensitizers in

combination with oxide materials [8, 9]. If the energy level of the anodic or

cathodic decomposition reaction of the semiconductor lies within the energy

bandgap, then the material will be prone to photo corrosion [10]. Compound semi-

conductors that show n-type behavior have higher tendency for photo corrosion

than their p-type counterparts. This phenomenon is attributed to the oxidation

reaction of the holes at the surface of the n-type semiconductor that acts as a

photoanode:
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MX þ zhþ ! Mzþ þ X ð1Þ

On the other hand, p-type semiconductor materials act as photo cathode where the

photo reaction is hydrogen ion reduction. Therefore, in general, the p-type material

is cathodically protected during solar water splitting. TiO2 shows higher photo

stability than other metal oxide photocatalysts such as Fe2O3, ZnO, and WO3.

However, use of TiO2 is limited by its wider bandgap that absorbs light at wave-

lengths shorter than 400 nm. Iron oxide is impaired by its short diffusion lengths for

holes, and the conduction band minimum positioned at lower than the H2/H2O

energy level. WO3 will not be stable in high pH electrolytes. Because no single

material is found to possess all the required properties for functioning as a sustain-

able photocatalyst material for solar water splitting, materials with novel composi-

tions, unique morphologies, and hybrid nanostructures are being investigated.

In order to have highly mobile charge carriers, the widths of the conduction and

valence bands require being wide. The chance of scattering of the charge carrier is

more when the bandwidth is narrow. Recently the interest on bismuth-based

materials is increasing because of the 6s2 configuration. Hybridization of Bi 6s
and O 2p orbitals in bismuth oxides results in well-dispersed valence bands that

show high mobility of holes [11]. Furthermore, bismuth oxide show high refractive

index (2.9) and high dielectric constant that varies from 46 to 190 [12–15]. The high

refractive index of the material helps utilize the light effectively for conversion of

electron and hole pairs. The high dielectric constant ensures low electrostatic forces

between the charge and its trap. Thus, the charge transport properties will be better

with a high dielectric material.

Bismuth sesquioxide exists in different polymorphs depending on the synthesis

conditions and thermal history. The monoclinic α-Bi2O3 is a stable phase at room

temperature that shows a bandgap of 2.8 eV with p-type semiconductivity. The high

temperature β-Bi2O3 becomes a metastable phase at room temperature with a

tetragonal lattice structure, a bandgap of ~2.5 eV and an n-type semiconductivity.

In spite of being a non-toxic material with appropriate bandgap and valence band

edge position (+3.13 V vs. NHE), Bi2O3 shows only a low hydrogen evolution rate

due to its lower conduction band edge position (+0.33 V vs. NHE). The general

strategies employed to overcome these limitations are simultaneous doping and

nano-sizing of the material. Most of the investigations are focused on the β-Bi2O3

because of its higher photoactivity than that of other polymorphs. However, being a

metastable phase, the stability of the β-Bi2O3 is not investigated.
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2 Synthesis and Characterization of Bi2O3 Polymorphs

for Photocatalytic Applications

Yang et al. [12] investigated the photoelectrochemical properties of β-Bi2O3

nanoporous films prepared by wet chemical process using Bi(NO3)·5H2O as bis-

muth source and triton X-100 and citric acid in ethanol as surfactant and

complexing agent. The bismuth citrate complex was spin coated onto ITO and

heat treated at different temperatures ranging from 350 to 550 �C. The optical

absorption edges were observed at 2.7 eV and 3.26 eV. The conduction band

minimum was composed of the hybridization of O 2p and Bi 6p. The two absorption
edges could be attributed to the photon electron excitation of O 2p!Bi 6p and Bi

6s!Bi 6p. Photocatalytic studies were carried out in 1 M NaOH. IPCE and APCE

were calculated at 0 V vs. Ag/AgCl. No photocurrents were reported but the

reported IPCE was 10.5 % at 400 nm and 25.5 % at 350 nm.

Bi2O3 thin films were obtained by air oxidizing of the magnetron sputtered pure

Bi layer at 250 �C for 1–3 h by Yang et al. [13]. The photoelectrochemical (PEC)

studies were carried out in 0.5 M Na2SO3 solution. The reported photocurrent

density was 0.45 mA/cm2 at 1.23 VNHE for which the reported APCE was 30 %.

The onset of the photocurrent occurred at �0.15 VNHE. The bandgap of the air

oxidized Bi2O3 film increased with the decrease in the thickness (2.63 and 2.88 eV

for 500 and 12 nm thickness, respectively).

Nanoporous Bi2O3 films were synthesized by electrochemical anodization in

0.3 wt% ammonium sulfate +5.0 wt% DI water in ethylene glycol at 30–50 �C by

applying potentials in the range of 10–40 V [14]. The anodization time was 40 min.

Water content of the ethylene glycol solution was observed to play a crucial role in

the formation nanoporous structure. No regular nanoporous films were formed

when the water content was below 4 wt%. The nanopores showed a diameter was

as large as 400 nm for 5 wt% water content at 30 �C. Increasing the anodization

temperature increased the diameter of the nanopores. The optimized anodization

conditions was reported to be 0.3 wt% (NH4)2SO4 + 5 wt% water in EG, 20 V,

40 �C, 40 min. The nanoporous Bi2O3 film formed under these conditions showed

the tetragonal β-Bi2O3 phase after annealing at 200 �C. (PFD card 74-1374).

Photocurrent measurements were carried out in 0.5 M Na2SO4 electrolyte. The

observed dark currents were 0.013–0.032 μA/cm2 at 0 V and 0.5 VSCE, respectively,

and photocurrents were 2.893 and 6.98 μA/cm2 at 0 and 0.5 VSCE, respectively.

Brezensinski et al. [15] synthesized β-Bi2O3 in two different routes and com-

pared their properties. Poly(ethylene-co butylene)-block-poly(ethylene oxide)

diblock copolymer (referred as KLE) was used as template to grow the nanoporous

β-Bi2O3 film. Nanofibers of β-Bi2O3 were prepared by electrospinning of Bi

(NO3)·5H2O dissolved in acetylacetone and 2-methoxyethanol combined with

polyvinyl butyral in methanol. All the materials were calcined at 400 �C. The
KLE template β-Bi2O3 film showed high phase purity and high BET surface area

as compared to electrospun β-Bi2O3 nanofiber mat. The nanostructure was found to

be retained up to 450 �C of calcination. Higher temperature than 450 �C resulted in
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restructuring of the nanowires and transformation of β to more stable α-Bi2O3. Low

temperature calcination at 250 �C required about 12 h for cross linking of the

amorphous structure JCPDS card for β-Bi2O3: 27-0050. Crystallization was

observed to occur at the temperature window of 380–385 �C. The KLE-templated

β-Bi2O3 showed an optical bandgap of 3.4 eV (~360 nm light) for the samples

calcined at 400 �C. The KLE-templated β-Bi2O3 showed exceptional photocatalytic

activity as compared to the TiO2 thin film having similar bandgap and similar

BET area.

Li et al. [16] reported the photoelectrochemical behavior of DC reactive mag-

netron sputtered Bi2O3 that was annealed at 300 �C for 2 h. PEC studies were

carried out using 0.2 M Na2SO3 solution. It was observed that the electrode having

Bi/Bi2O3 configuration showed better photoelectrochemical properties than the

Bi2O3 electrode. It was suggested that the increased photocurrent density of

Bi/Bi2O3 was due to the shift in the Fermi level of the Bi2O3. Therefore under

equilibrium, the contact between Bi and Bi2O3 resulted in shift in the Fermi level of

the Bi2O3. When the Bi2O3 was present without a BI substrate, no such Fermi level

shift occurred and therefore photocurrent was low.

Qin et al. [17] reported formation of template-free nanotubes of β-Bi2O3 by a

hydrothermal process of dissolving 0.375 mmol of Bi(NO3)3·5H2O and urea

(1.35 mmol) in ethylene glycol (25 mL) and heating it to 150 �C for 12 h. If the

Bi(NO3)3/urea influences both the morphology of the final product (sheet

vs. nanotube) and the chemistry (stoichiometry). Moreover, ethylene glycol also

was found to be critical in achieving the nanotubes. If water was the solvent, then

the product was not nanotube. The Bi2O3 and (BiO)2CO3 nanotubes were investi-

gated for their waste water treatment capacity in terms of Cr(VI) ion removal. The

Bi2O3 NTSs showed strong positive surface charge (zeta potential 38 mV in

deionized water). The Cr(VI) adsorption peak showed a maximum at pH 5.0 and

decreased at higher and lower pH values. The adsorption was poor at lower pH

values (pH< 3.0) because of lower pH; the Cr 6+ was presented as uncharged

H2CrO4. The nanotubular configuration showed higher photocatalytic activity than

nanoparticle configuration in terms of photocatalytic degradation of RhB dye.

Schlensinger et al. [18] investigated the relation between the starting bismuth

precursor materials and the final product. The starting bismuth precursor was in

form of polynuclear bismuth oxide clusters composed of different numbers of

[Bi6O8�X]2(1+x)+ units. The polynuclear bismuth oxide clusters were hydrolyzed

at room temperature and annealed at temperature lower than 400 �C. The β-Bi2O3

prepared by this route showed energy bandgaps between 2.36 and 2.53 eV. The

photocatalyst showed promising results in the degradation of rhodamine B

(RhB) dye.

Yu et al. [19] reported a simple template-free method for synthesis of flower-like

Bi2O3 microspheres through a solvothermal process at 200 �C using Bi

(NO3)3·5H2O dissolved in ethylene glycol. The Bi2O3 contained predominantly

cubic delta phase. The bandgap was 2.89 eV. The surface area of the nanosphere

delta Bi2O3 was around 58.2 m
2/g as compared to 0.368 m2/g of commercial Bi2O3

product.
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Dutta et al. [20] prepared α-Bi2O3 by a simple wet chemical synthetic process by

dissolving Bi(NO3)3·6H2O in pH 10 solution by NH4OH addition by high power

ultrasonication. The hydrolyzed precipitate was vacuum dried. Doping the Bi2O3

with 1.2 % Eu3+ and/or 0.8 % Tb3+ resulted in β-Bi2O3 structure. Addition of PEG

in the solution yielded nanorod structure [short chain polymer modified the mor-

phology of final product]. The bandgap of the undoped α-Bi2O3 was about 3.81 eV.

Doping of two rare earths red shifted the bandgap to 3.56 eV.

Li et al. [21] reported the electronic structure of α-Bi2O3 using XPS measure-

ments and DFT calculations. The valence bands of α-Bi2O3 showed an energy

width of about 7 eV that contained three knee points at binding energies of 2.4, 3.5,

and 6.2 eV. In addition to the valence bandwidth, there was additional peak at

11.2 eV that was associated with Bi 6s states. The Bi3+ possesses an electronic

configuration of 5d10 6s26p0, which prefers asymmetric coordination environment

referred to as lone-pair effect. The asymmetry charge distribution was attributed to

the interaction between s and p orbitals of cation and p orbitals of the anion.

Lei and Chen [22] calculated surface energies of different termination configu-

rations of α-Bi2O3 using ab initio calculations. It is proposed that (010) plane is the

most stable and (110) plane is the least stable. The second most stable plane is

(111).

Matusumoto et al. [23] investigated the electronic structures of sesquioxides

such as As2O3, Sb2O3, and Bi2O3. These oxides form highly distorted structures

with large open spaces. The distorted structures are attributed to the presence of

“lone pair” electrons in the outer orbital (for Bi3+, it is 6s). The electrons were the
top of valence band considered to contribute to the localized charge distribution

(formation of lone pair). The low symmetry as the result of lone pair formation

resulted in the bandgaps and semiconducting behavior of the sesquioxides.

Matsumoto et al. [24] investigated the electronic structures of the Bi2O3 by

considering different defective configurations of oxide-ion vacancies arranged in

different plane. Three possible arrays of vacancy sites of oxygen sublattice were

considered aligned along either the <100>, <110>, or <111> direction. The

symmetry was lowered by displacing the ions from their ideal lattice positions of

cubic fluorite structure. Symmetry breaking in the <100> array model with

2� 2� 2 super cell of defective cubic fluorite structure represented the β-Bi2O3

structure. The theoretical calculation of the bandgap indicated a value of 1.75 eV.

The bandgap is of transition type.

Cheng et al. [11] investigated the electronic structures of the Bi2O3 polymorphs.

The beta-Bi2O3 was synthesized by dissolving Bi(NO3)3·5H2O in dilute HNO3 and

the solution was dropwise added to the excessive Na2CO3 solution to obtain

Bi2O2CO3 precipitates. The precipitate was calcined at 380 �C for 10 min to

transform the precipitate into β-Bi2O3. The BET surface area of the β-Bi2O3

particles was 8.55 m2/g; the room temperature photoluminescent peaks of

β-Bi2O3 by excitation wavelength at 300 nm were weak indicating efficient charge

separation or low charge recombination; the UV–Vis photo spectrum indicated a

direct bandgap of 2.48 eV. The crystal structure of β-Bi2O3 showed tunnel structure

at the center of the lattice. The tunnels are considered to provide the channels for the

Stability of the Nanoporous Bismuth Oxide Photoanodes for Solar Water Splitting 177



transfers of the photogenerated electrons and holes. Moreover, the β-Bi2O3

exhibited a dispersive band structure (the width of band was 6 eV) that resulted

in faster transfer of electrons and holes.

Xu et al. [25] prepared porous bismuth carbonate microflowers by urea assisted

alcoholysis of bismuth nitrate. The as-prepared microflowers had surface area of

120 m2/g. Upon thermal annealing at 500 �C for 1 h, the bismuth carbonate

transformed into α-Bi2O3 whose surface area decreased to 25 m
2/g, the morphology

also changed from microflowers to micronuts. Since surface area plays a crucial

role in most of the catalytic reactions, a UV-irradiation process was developed to

increase the surface area. UV irradiation was carried out to make Bi2O3 micronuts

to rebloom for which the surface area increased from 25 to 95 m2/g. The calcined

α-Bi2O3 showed a bandgap value of 2.7 eV and UV-irradiated materials showed a

bandgap of 2.4 eV. Furthermore, UV irradiation resulted in O (2p)–Bi3+ (6p0)
excitations and surface O(2p)-Bi5+ (6s0) transitions.

The stability of the Bi2O3 photocatalyst is considered to be affected by the

oxidation reaction of Bi3+. The Bi5+ formation could be attributed to reaction

with oxygen in the solution during UV light illumination.

Bi3þ þ 2 hþ ! Bi5þ ð2Þ
2H2O þ 4 hþ ! 4Hþ þ O2 ð3Þ

Bi2O3 þ 1

2
O2 ! Bi2O4�x ð4Þ

O2 þ e� ! O2� ð5Þ

The photogenerated super-oxide radicals with the strongest oxidation ability and

sufficiently long life time can oxidize the Bi3+ to Bi5+ by forming Bi2O4�x at the

surface.

3 Experimental

In the present investigation, Bi2O3 nanoporous films were synthesized by electro-

chemical anodization of commercial purity bismuth metal in the form of circular

discs of 3 mm thick and 12.7 mm diameter in the electrolyte solutions containing

0.3 M citric acid. Anodization was carried out at various potentials ranging from

3 to 60 V for different time durations ranging from 0.5 to 2 h. Based on the

morphology, thickness, and PEC behavior, the nanoporous oxides obtained by

anodization at 60 V for 30 min were investigated further to evaluate the stability

under continuous illumination. After anodization, the samples were thermally

annealed at 200, 220, and 240 �C for 2–6 h. The annealing temperature was limited

to 240 �C because of the low melting temperature of the bismuth metal substrate

which supported the nanoporous bismuth oxide layer. The oxide layer was not

178 K. Chitrada and K.S. Raja



separated from the substrate since the bismuth substrate acted as a current collector

for the Bi2O3 photoanode during the PEC experiments. It was observed that

annealing at 200 �C for up to 6 h showed the presence of mixture of bismuth

carbonate oxide (Bi2(CO3)O2) and β-Bi2O3 phases. The proposed reactions of the

formation of bismuth carbonate oxide during the anodization of bismuth in citric

acid and further annealing in air can be given as:

Reactions on the anode:

Bi ! Bi3þ þ 3e� ð6Þ
Bi3þ þ C6H8O7 ! Bi C6H5O7ð Þ þ 3Hþ ð7Þ

Reaction on the cathode:

3Hþ þ 3e� ! 3=2 H2 ð8Þ

During annealing at 200 �C in air:

2 Bi C6H5O7ð Þ½ � þ 9O2 ! Bi2 CO3ð ÞO2 þ 11CO2 þ 5H2O ð9Þ

Annealing at 220 �C for 4 h resulted in decomposition of bismuth carbonate oxide

phase and formation of predominantly the β-Bi2O3 phase, given by the reaction:

Bi2 CO3ð ÞO2 ! Bi2O3 þ CO2 ð10Þ

Annealing at 240 �C resulted in complete disappearance of the bismuth carbonate

oxide phase and formation of the metastable β-Bi2O3 and α-Bi2O3 phases. The

effect of having only the β-Bi2O3 and mixtures α + β-Bi2O3 phases on the photo

stability will be discussed in this chapter.

Potentiodynamic, potentiostatic, electrochemical impedance spectroscopy

(EIS), and Mott-Schottky analysis studies were carried out with and without

illuminated conditions. PEC studies were carried out using a three-electrode con-

figuration with a 7.5 cm2 flag-shaped platinum counter electrode, and a home-made

Ag/AgCl reference electrode [calibrated as 199 mV vs. standard hydrogen electrode

(SHE)]. The saturated Ag/AgCl electrode was prepared by anodizing a 1 mm in

diameter, 10 cm long silver wire at 5 V for 15 min in a saturated KCl solution. The

AgCl coated silver wire was immersed in the saturated KCl solution contained in a

plastic pipette. The tip of the saturated KCl solution-filled pipette was sealed by a

gel of agar. The agar gel was prepared by dissolving 1 g of agar in 20 mL of

saturated KCl solution (~4.83 M at 25 �C) and cooking it at around 80 �C until a gel

consistency was obtained. All the potentials in this investigation were measured

with reference to the Ag/AgCl electrode dipped in the saturated KCl salt bridge,

whose potential was measured to be +46 mV vs. saturated calomel electrode (SCE)

at 24 �C and 199 mV vs. SHE. A home-made polyether ether ketone (PEEK)

sample holder was used to electrically connect the sample with a potentiostat
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(Gamry Instruments, model: Reference 600) by exposing 1 cm2 of the active

surface. The samples were illuminated using a solar simulator (SOLAR Light,

Glenside, PA, USA, Model: 16S-300) with a 300 W xenon lamp, and an air mass

global 1.5 filter that gave 1-sun intensity (100 mW/cm2) at appropriate settings.

Band pass filters (Edmund Optics) in the range of 400–700 nm at 50 nm intervals

were used to obtain action spectra. The intensity of the light was measured using a

pyranometer probe (SOLAR Light, USA, model: PMA 2144) and a radiometer

(SOLAR Light, USA, model: PMA 2100). The samples were polarized at 0.2 V in

1 M KOH solution for constructing the Tauc plots. Potentiostatic measurements

were carried out in 1 M KOH solution at 0.2 V. The photocurrents were recorded by

illuminating the samples for 20 min. After 20 min of illumination, EIS measure-

ments were carried out under light and dark (by interrupting the light and equili-

brating the samples under dark condition for 20 min) conditions. EIS measurements

were carried out under potentiostatic condition of 0.2 V by super imposing an ac
signal of 10 mV and scanning the frequency from 0.1 MHz down to 0.1 Hz. Mott-

Schottky (M-S) measurements were carried out at a frequency ( f ) of 3,000 Hz by

scanning the potential of the sample from 0.5 to �0.6 V at 50 mV steps for every

2 s. The capacitance (C) of the space charge layer was calculated from the

imaginary impedance (Z00) using the relation C¼�1/(2πfZ00). All potentials were
applied with reference to an Ag/AgCl reference electrode. After completing the EIS

and M-S measurements, the illumination of the sample resumed for another 20 min

and the EIS and M-S measurements were repeated. Each 20 min of illumination

constituted one cycle. Multiple illumination cycles were carried out on each

annealing condition until the photocurrent density decreased to less than

0.05 mA/cm2.

4 Results and Discussion

Morphology and structure: Figure 1a shows the nanoporous morphology of the

oxide layer formed at 60 V for 30 min in citric acid electrolyte in the as-anodized

condition. The diameters of the pores were in the range of 20–50 nm and total

thickness of the film was less than 500 nm. It was observed that pore diameter and

film thickness changed with the annealing at 240 �C for 2 h, as seen in Fig. 1b.

Annealing at 240 �C resulted in growth of a thin planar oxide layer. The formation

of the top planar layer was considered to occur in three stages: Stage 1. Widening of

the rim of the nanopores and formation of oxide ridges; Stage 2. Coalescence of

oxide ridges into islands (Fig. 1b); and Stage 3. Spreading of the islands into a thin

continuous top layer. Occurrence of the stages 1 and 2 were observed in the samples

annealed for 2 and 4 h. The area coverage of the oxide islands increased with

annealing time and almost 50 % of the nanoporous oxide layer was covered with a

thin top layer after 6 h of annealing. Ultrasonication of the samples in methanol for

about 30 s was observed to remove the top oxide layer. The nanoporous oxide layer

after removal of the top oxide layer showed almost similar dimensions as that of as
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anodized condition. Figure 2a, b shows the morphologies of the nanoporous oxide

layer after removal of the top planar layer by ultrasonication.

Figure 3 shows the X-ray diffraction patterns of the nanoporous oxide layers

after different annealing conditions. The samples annealed at 240 �C for 2 and 4 h

showed predominantly β-Bi2O3. Annealing for 6 h showed a mixture of beta and

Fig. 1 FESEM images of the nanoporous morphology of the bismuth oxide synthesized by

anodization of bismuth at 60 V for 30 min: (a) as-anodized condition; and (b) annealed at

240 �C for 2 h

Stability of the Nanoporous Bismuth Oxide Photoanodes for Solar Water Splitting 181



alpha phases of Bi2O3. The XRD peaks corresponding to α-Bi2O3 were not pre-

dominant and the phase content was roughly estimated to be less than 15 %. It

should be noted that the α-Bi2O3 is considered as a p-type semiconductor. The

nanopores of Bi2O3 containing both α + β phases showed enhanced photocatalytic

activity that was attributed to an efficient charge separation and charge transfer

across the α� β phase junction [26]. However, it should be noted that the p-n
junction of α� β phases is advantageous for charge separation when used as a

photocatalyst under open circuit conditions. When an external bias is applied to the

Fig. 2 FESEM images of the nanoporous morphology of the bismuth oxide synthesized by

anodization of bismuth at 60 V for 30 min: (a) annealed at 240 �C for 4 h; and (b) annealed at

240 �C for 2 h
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PEC cell, the presence of the p-n junction within a photo electrode (either

photoanode or photo cathode) may not be helpful. This is because of the fact that

the inherent electric field formed across the p-n junctions would be modified by the

external applied electric field. How does the presence of p-type α-Bi2O3 along with

β-Bi2O3 affect the PEC behavior will be discussed in the subsequent sections.

Optical characteristics: Figure 4 shows the UV–VIS diffuse reflectance spec-

troscopic results of the nanoporous Bi2O3 annealed at 240
�C for 4 and 6 h. A sharp

absorbance shoulder was observed to take off at a wavelength of 500 nm

corresponding to an energy level of 2.48 eV. This energy level is associated with

the bandgap of β-Bi2O3. There were additional absorbance shoulders observed at

energy levels of 2.8 and 3.02 eV. The absorbance at energy levels of 2.2–3.1 eV is

usually attributed to the Bi3+ intra-ionic electronic transitions and charge transfer

transitions between oxygen ligands and Bi3+ ions [27]. The minor absorbance

shoulder observed at 2.8 eV could be attributed to the presence of β-Bi2O3 phase

in the sample annealed at 240 �C for 6 h. The optical absorption coefficient of Bi2S3
has been reported to be around 2� 105 cm�1 in the wavelength of 400–700 nm

[28]. Similarly, the optical absorption coefficient of Bi2O3 has been reported to be

in the range of 2� 104–1� 105 cm�1 in the wavelength range of 600–400 nm

[29]. Based on the absorption coefficient, the required thickness of the Bi2O3 thin

film to harvest the light having wavelengths of 600 nm and 400 nm would be about

5 μm and 1 μm, respectively. The presence of oxygen vacancies has been reported

to shift the absorption spectra to longer wavelengths due to excitation of electrons

from the donor levels of reduced Bi3+ to the conduction band [28].

Figure 5 shows the Raman spectra of the anodic nanoporous Bi2O3 annealed at

240 �C for 6 h before and after the PEC testing. The discussion in this section will

focus on the Raman spectrum of the sample before the PEC testing. The spectrum

consisted of three major Raman bands centered around 457, 312, and 91 cm�1.

Hardcastle et al. [30] reported the Raman frequencies of the displacements of
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Fig. 3 X-ray diffraction

patterns of the nanoporous

bismuth oxide synthesized

by anodization of bismuth at

60 V for 30 min and

annealed at 240 �C for 2, 4,

and 6 h. Increasing the

annealing time increased

the volume fraction of

monoclinic α-Bi2O3
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oxygen atoms with respect to the bismuth atom that resulted in stretching of Bi–O

bonds in the BiO6 octahedra to be 462, 311, and 124 cm
�1. The Raman frequencies

associated with α-Bi2O3 are reported to be 212, 278, 335, 410, 445, and 538 cm�1.

Based on the reported Raman frequencies, the Raman spectrum of Fig. 5 could be

associated with the β-Bi2O3 phase. The Raman bands observed at lower frequencies

Fig. 4 Optical absorbance spectra (obtained from the UV–VIS diffuse reflectance spectroscopy)

of the nanoporous bismuth oxide synthesized by anodization of bismuth at 60 V for 30 min and

annealed at 240 �C for 4 and 6 h. Inflections of optical absorbance were observed at three different

energy levels indicating optical transitions occurred due to multiple phases. Baseline corrections

were applied by comparing the spectrum obtained using barium sulfate
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Fig. 5 Raman spectra of the anodic nanoporous Bi2O3 annealed at 240
�C for 6 h before and after

the photoelectrochemical tests. The change in intensity implies decrease in the thickness of the

oxide layer and modification of the surface morphology/roughness
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such as 90 and 70 cm�1 could be assigned to the Eg and A1g vibration modes of Bi,

respectively [31].

PEC behavior: Figure 6a shows the photocurrent densities of the annealed

samples as a function of time under an external bias of 0.2 VAg/AgCl in 1 M KOH.

The observed spikes of the photocurrent density are associated with the starting of a

new illumination cycle for every 20 min. The photocurrent decayed exponentially

during the first 20 min of illumination. The rate of photocurrent decay was rela-

tively slower in the subsequent 20-min illumination cycle than that of the first

20-min cycle. The sample annealed at 240 �C for 2 h showed slightly better PEC

activity than the other two annealed conditions. The samples annealed at 240 �C for

4 h and 6 h showed almost similar decay behavior of photocurrent density. The

initial trend of the photocurrent decay of the sample annealed at 240 �C for 6 h is

given in Fig. 6b. It can be seen that the “half-life’ of the photocurrent (time taken to

reach the 50 % of the initial photocurrent density) of the sample was about 600 s.

The exponential decay of the photocurrent during initial illumination conditions

could be attributed to the faster recombination of electrons and holes. It is known

that the photogenerated electrons and holes are separated by the electric field at the

space charge layer. The electrons are extracted at the backside of the electrode and

available for the hydrogen reduction reaction. The flow of these electrons is

recorded as the photocurrent. The holes are consumed at the surface of the

nanoporous Bi2O3 photoanode through the reaction (3) described in the earlier

section. However, it is well established that bismuth-based oxides have low cata-

lytic activity for OER [5, 7, 28]. The slower oxygen evolution kinetics of bismuth

oxide resulted in accumulation of holes at the surface and lead to recombination

losses. The rate of decay of the photocurrent density observed with the anodic

nanoporous Bi2O3 was much faster than that of transition metal oxide photo

electrodes such as TiO2, Fe2O3, and WO3.

Since annealing of the nanoporous anodic Bi2O3 was carried out in air, it was

likely that a thermally oxidized layer could have formed in addition to the anodic

oxide layer. The oxide layer due to thermal annealing could form either at the

metal/anodic oxide layer interface or on top of the already existing anodic layer,

depending on the transport numbers of the Bi3+ and O2�. If the growth of the oxide
layer is cation transport controlled, then the oxide will grow at the oxide/air

interface. It is well known that the δ-Bi2O3, a high temperature phase has very

high oxygen ion conductivity. Therefore, the air-oxidized layer would be predom-

inantly formed at the metal/oxide interface. This is also evidenced from the

predominantly nanoporous morphology of the oxide after annealing. In order to

isolate the effect of thermally formed film on the photoactivity of anodic oxide

layer, bismuth metal samples were thermally oxidized in air at 240 �C for 2, 4, and

6 h and their photocurrents were measured using the similar procedure followed for

the anodic nanoporous oxide samples. Figure 6c shows the current densities of the

samples with and without illumination when polarized at 0.2 VAg/AgCl in 1 M KOH.

The 2 h oxidized sample showed higher photocurrent density than the samples

oxidized for longer time. Similar results were observed in the case of anodic oxide

samples. The dark current density of the thermally oxidized samples (oxidized for
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Fig. 6 (a) Photocurrent

density of the nanoporous

anodic Bi2O3 annealed at

240 �C for different times.

The samples were polarized

at 0.2 V Ag/AgCl in 1 M

KOH solution and

illuminated with a 1-sun

intensity simulated solar

light. (b) Photocurrent and

dark current densities of the

nanoporous anodic Bi2O3

annealed at 240 �C for 6 h.

The samples were polarized

at 0.2 V Ag/AgCl in 1 M

KOH solution and

illuminated with a 1-sun

intensity simulated solar

light. The light was

interrupted at regular

intervals to record the dark

current. (c) Photocurrent

and dark current densities of

the thermally oxidized

Bi2O3. Thermal oxidation

was carried out at 240 �C
for 2, 4, and 6 h. The

samples were polarized at

0.2 V Ag/AgCl in 1 M KOH

solution and illuminated

with a 1-sun intensity

simulated solar light. The

light was interrupted at

regular intervals to record

the dark current
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2 and 4 h) plateaued at around 30 μA/cm2 which was lower than that of anodic

nanoporous oxide (~50 μA/cm2). The initial photocurrent density of the 2 h thermal

oxidized sample was about 0.10 mA/cm2 which was much lower than that of its

anodic oxide counterpart (~0.68 mA/cm2). After 500 s of illumination, the photo-

current densities of the thermal and anodic oxides were ~0.06 and ~0.36 mA/cm2,

respectively. Initially, both the samples revealed exponential decay of the photo-

current that could be due to accumulation of holes due to poor oxygen evolution

kinetics and subsequent recombination losses. Interestingly, after 100 s of exposure

to the test solution, the current density increased parabolically after illumination

before reaching a steady state or decreasing. The thermally formed bismuth oxide

was very thin and planar. Therefore, the surface area available for accumulation of

holes was much smaller than that of the anodic nanoporous oxide. Once all the hole

trapping sites were occupied, the excess holes generated by continuous illumination

were participating in the OER. On the other hand, sites for electron and hole

trapping were always available in the anodic oxide because of its large surface

area. It is well established that large concentrations of oxygen vacancies and metal

cation vacancies are available on the anodic oxide that act as electron and hole

trapping sites, respectively. It was observed that the contribution of thermally

oxidized layer to the photoactivity of annealed nanoporous anodic oxide was

significantly less.

Figure 7a, b compares the surface morphologies of the anodic nanoporous Bi2O3

samples before and after the PEC test. It is clear the nanoporous morphology of the

oxide layer has significantly changed after the PEC test. Furthermore, selective

dissolution of oxide layer could also be observed that manifested into formation of

discrete pits. The porosity level of the oxide appeared to have decreased signifi-

cantly and the morphology of the oxide layer was turning out to be of sintered

flakes. Figure 8 shows the Tauc plots of the post-PEC tested samples. The bandgap

of the sample annealed at 240 �C for 4 h increased to 2.7 eV and the sample

annealed at 240 �C for 6 h showed a bandgap of 2.75 eV. The increase in the

bandgap of the samples suggested the possibility of increase in the volume fraction

of α-Bi2O3. It should be noted that the α-Bi2O3 is the stable phase at room

temperature whose bandgap is 2.8 eV and that shows p-type semiconductivity.

Therefore, the exponential decrease in the photocurrent density of the samples

containing metastable β-Bi2O3 could be attributed to the possible photo-assisted

transformation of the α-Bi2O3 that had higher bandgap (therefore, harvesting

smaller fraction of the simulated sunlight) and different semiconductivity. When

p-type semiconducting phases are present within the matrix of n-type material,

several local p-n junctions would be formed. These junctions would alter the

electric field of the space charge layer of the photo electrode and affect the

electron–hole separation. Furthermore, the α-Bi2O3 present along with the

β-Bi2O3 could possibly act as traps for the holes. It should be noted that the holes

need to be transported to the surface of the photoanode and participate in the water

oxidation reaction to evolve oxygen as given in reaction (3). Trapping of holes by

the α-Bi2O3 would manifest into decrease in the photocurrent. Figure 9 shows the

XRD patterns of the post-PEC tested samples. By comparing the XRD results of the
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samples before the PEC testing as given in Fig. 3, it was observed that the volume

fraction of the α-Bi2O3 phase increased significantly after the PEC testing. It can be

seen that the sample annealed at 240 �C for 6 h showed about 40 % of α-Bi2O3 after

the long-term illumination under an external bias potential.

Fig. 7 FESEM images of the nanoporous morphology of the bismuth oxide synthesized by

anodization of bismuth at 60 V for 30 min and annealed at 240 �C for 2 h: (a) before the PEC

testing, and (b) after the PEC testing at 0.2 VAg/AgCl in 1 M KOH for ~3 h of illumination
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Impedance spectroscopy: Figure 10a, b shows the impedance modulus of the

sample annealed at 240 �C for 4 h under dark and illuminated conditions after the

end of each 20-min illumination cycles. For comparison, the impedance modulus at

0.01 Hz could be considered. After the first cycle, the impedance under dark

condition was about 5� 104Ω-cm2. When illuminated the impedance was about

1.7� 103Ω-cm2. The lower impedance under illumination could be attributed to

the increased charge carrier density because of the photogenerated electron–hole

pairs. The impedance increased almost by an order of magnitude to 3� 105Ω-cm2

after the second cycle measured under dark condition. This increase in the imped-

ance was commensurate with the significant decay in the photocurrent density

between first and second 20-min illumination cycles. The impedance measured

after subsequent illumination cycles increased with the number cycles even though

the change was not very significant for both dark and illuminated conditions as seen

in Fig. 10a, b which followed the trend of the photocurrent decay.

Fig. 8 Tauc plots of the

nanoporous anodic Bi2O3

annealed at 240 �C for 2 and

4 h after long-term

photoelectrochemical

experiments. The bandgap

values increased from 2.5 to

>2.7 eV after>2 h of photo

illumination
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Figure 11a, b shows the Mott-Schottky plots of the sample annealed at 240 �C
for 4 h under dark and illuminated conditions, respectively. The plots showed two

different regions. The region in the potential range of �0.5 to �0.3 V was

considered as low band bending region that showed steeper slopes and hence

lower charge carrier densities. The region at higher anodic potentials, considered

as high band bending region, showed shallower slopes and therefore higher charge

carrier densities. In order to compare the PEC behavior of the different annealed

samples, only the low band bending region was considered. Table 1 summarizes the

Mott-Schottky results of the sample annealed at 240 �C for 4 h. The flat band

potential after cycle 1 under dark condition was �0.53 VAg/AgCl and the potential

shifted to slightly negative potential �0.59 VAg/AgCl under illuminated condition. It

is interesting to note that the flat band potentials of subsequent cycles under
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Fig. 11 Mott-Schottky of

the anodic nanoporous

Bi2O3 annealed at 240 �C
for 4 h in 1 M KOH without

(a) and (b) with

illumination

Table 1 Summary of Mott-Schottky results of the anodic nanoporous Bi2O3 sample annealed at

240 �C for 4 h after different illumination cycles

Cycle Flat band potential VAg/AgCl Charge carrier density, cm�3

Dark cycle 1 �0.53 9.35� 1015

Dark cycle 2 �0.64 8.53� 1015

Dark cycle 3 �0.66 9.45� 1015

Dark cycle 4 �0.66 9.45� 1015

Light cycle 1 �0.59 3.2� 1018

Light cycle 2 �0.54 5.56� 1017

Light cycle 3 �0.55 3.74� 1017

Light cycle 4 �0.55 2.43� 1017

Each cycle represents illumination of the sample using 1-sun intensity simulated solar light for

20 min under an applied potential of 0.2 VAg/AgCl in 1 M KOH
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illuminated condition were more positive than the flat band potentials of dark

conditions. In fact, the flat band potentials did not change significantly with the

increase in the number of illumination cycles.

Significance of the flat band potential: The flat band potential was determined

from the intercept of potential axis of the Mott-Schottky plots where 1/C2¼ 0. The

flat band potential for an n-type material can be expressed as [32]:

EFB ¼ EC þ ΔEF þ VH þ EO ð11Þ

where EFB is the flat band potential with respect to a reference electrode (Ag/AgCl

in this case), ΔEF is the difference between the Fermi level and majority carrier

band edge (EC), VH is the potential drop across the Helmholtz layer, and EO is the

scale factor relating the reference electrode redox level to the absolute vacuum

scale (�4.7 V for saturated Ag/AgCl). ΔEF can be calculated using the standard

relation:

ΔEF ¼ kT ln
ND

Nc

� �
ð12Þ

where k¼Boltzmann constant, T¼ temperature, ND¼ charge carrier density deter-

mined from the Mott-Schottky plot, and Nc¼ effective density of states in conduc-

tion band given by the relation:

Nc ¼ 7:54πð Þ meE

h2

� �3=2

ð13Þ

where me¼ equivalent mass of electrons, h¼ Planck’s constant, E¼ energy range

of the band considered. The effective mass of electrons in α-Bi2O3 is considered as

0.68 times the mass of electron. Considering the effective density of states in

conduction band to be around 5� 1022 cm�3, the ΔEF can be calculated in potential

scale as: 0.4 V in dark condition and about 0.3 V for the illuminated condition.

Using the relation (6), one can calculate the position of the conduction band edges

of the anodic nanoporous Bi2O3 and analyze the energetics of the PEC water

splitting process. If the flat band potential is measured at a pH corresponding to

zero point of charge (pHZPC), then the VH will be zero because of the absence of the

absorption at the electrode interface. In case of the Bi2O3, the pHZPC has been

reported [33] as 6.2. Therefore, significant adsorption of OH�would be expected on

the surface of the nanoporous oxide layer and the potential drop across the Helm-

holtz layer should be considered. Since the magnitude of VH was a strong function

of electrolyte and all the experiments were carried out in the same electrolyte, the

contribution of VH was not considered in the calculation of the band edges in this

work. This is justifiable because the band edge variation were compared between

different annealing conditions of similar material.
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From the positive slope of the Mott-Schottky plots, it can be concluded that the

anodic nanoporous Bi2O3 showed n-type behavior. Therefore, the majority charge

carriers will be electrons. The charge carrier density under the dark condition was in

the order of 1016 cm�3. The charge carrier could be associated with the oxygen

vacancies that were inherently formed during anodization. It should be noted that

the β-Bi2O3 has a distorted fluorite structure with 25 % of ordered vacant oxygen

sites along (001) planes [34]. When illuminated, the charge carrier density is

increased by almost two orders of magnitude. The charge carrier densities of the

samples under the dark and illuminated conditions could be directly correlated with

the impedance values. The charge carrier density decreased with the number of

cycles under the illuminated condition.

Figure 12a, b illustrates the Bode plots of the anodic nanoporous Bi2O3 sample

annealed at 240 �C for 6 h under dark and illuminated conditions after each 20-min
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Fig. 12 Electrochemical

impedance spectroscopy

(Bode plots) of the anodic

nanoporous Bi2O3 annealed

at 240 �C for 6 h in 1 M

KOH without (a) and with

(b) illumination

Stability of the Nanoporous Bismuth Oxide Photoanodes for Solar Water Splitting 193



illumination cycles, respectively. The results are almost similar to those of the

samples annealed at 240 �C for 4 h. Figure 13a, b shows the Mott-Schottky results

of the sample annealed at 240 �C for 6 h under dark and illuminated conditions.

Tables 2 and 3 summarize the Mott-Schottky results of the sample annealed at

240 �C for 6 h and 2 h, respectively. It was observed that the charge carrier density

values remained almost similar in spite of different annealing times and variations

in the phase contents. Even though the sample annealed for 6 h showed the presence

of relatively higher volume fraction of α-Bi2O3, the charge carrier density did not

vary significantly. Comparing the photocurrent densities of the samples and corre-

lating with the structural and electronic properties, it can be suggested that the

charge carrier density influenced the photocurrent more than the phase content of

the material. Among the three annealing times, higher photocurrent density was

obtained from sample annealed for 2 h. This sample also had the highest charge

carrier density and more negative flat band potential. The more negative is the flat
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band potential, better will be the PEC activity of the n-type electrode. This behavior
can be explained using an energy level diagram.

Figure 14 shows the schematic of the potential level diagram illustrating the

positions of the Fermi level, and conduction band edge of the anodic nanoporous

Bi2O3 with reference to the Ag/AgCl electrode. The Fermi level of the material was

determined from the flat band potential. The conduction band minimum was

observed to be at �3.85 eV with reference to the absolute vacuum scale. The

potentials of the hydrogen and OERs pertain to pH:14. It was observed after

long-term illumination, the conduction band edge of the sample was below the

hydrogen reduction potential indicating requirement of an external bias to split

water. Since the valence band was well below the oxygen evolution potential, the

holes were energetic for participating in the water oxidation reaction. It should be

noted that during the initial period of illumination the flat band potential was

negative enough for spontaneous hydrogen reduction reaction. For example, the

sample annealed for 2 h (Table 3) showed a flat band potential of �1.2 V during

cycle 1. With the continuous illumination, the flat band potential shifted to more

Table 2 Summary of Mott-Schottky results of the anodic nanoporous Bi2O3 sample annealed at

240 �C 6 h after different illumination cycles

Cycle Flat band potential VAg/AgCl Charge carrier density, cm�3

Dark cycle 1 �0.55 2.58� 1016

Dark cycle 2 �0.80 2.24� 1016

Dark cycle 3 �0.80 2.44� 1016

Dark cycle 4 �0.80 3.01� 1016

Light cycle 1 �0.72 3.18� 1018

Light cycle 2 �0.61 3.88� 1017

Light cycle 3 �0.60 2.24� 1017

Light cycle 4 �0.59 1.48� 1017

Each cycle represents illumination of the sample using 1-sun intensity simulated solar light for

20 min under an applied potential of 0.2 VAg/AgCl in 1 M KOH

Table 3 Summary of Mott-Schottky results of the anodic nanoporous Bi2O3 sample annealed at

240 �C for 2 h after different illumination cycles

Cycle Flat band potential VAg/AgCl Charge carrier density, cm�3

Dark cycle 1 �0.53 1.32� 1016

Dark cycle 2 �0.78 2.14� 1016

Dark cycle 3 �0.86 2.61� 1016

Dark cycle 4 �0.90 3.16� 1016

Light cycle 1 �1.26 3.93� 1018

Light cycle 2 �0.89 6.40� 1017

Light cycle 3 �0.80 3.36� 1017

Light cycle 4 �0.75 2.90� 1017

Each cycle represents illumination of the sample using 1-sun intensity simulated solar light for

20 min under an applied potential of 0.2 VAg/AgCl in 1 M KOH
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positive values. A correlation between the volume fraction of α-Bi2O3 and flat band

potential could be observed. The flat band potential increased to more positive

values with the increase in the α-Bi2O3 in the sample.

Photo decomposition: Cathodic decomposition of Bi2O3 has been proposed as a

mechanism of instability in the photoactivity [35]. The critical cathodic decompo-

sition for Bi2O3 in 1 M KOH based on the reaction:

Bi2O3 þ 3H2O þ 6e� ! 2Bi sð Þ þ 6OH�EO ¼ � 0:65 VAg=AgCl ð14Þ

It is observed that this critical potential is more positive than the observed flat band

potentials during initial illumination cycles. Therefore, if the electrode was not

anodically polarized, the cathodic decomposition could be a mechanism of insta-

bility under illumination at open circuit. In the present investigation, the samples

were anodically polarized. Therefore, cathodic decomposition was not thermody-

namically possible. The observed decay in the photocurrent density could be

attributed to the formation of more stable α-Bi2O3 phase that showed p-type
semiconductivity. In addition, the nanoporous anodic oxide showed possibly low

activity for oxygen evolution similar to the behavior reported for BiVO4 [36]. In

order to make the anodic nanoporous bismuth oxide layer a practically useful

electrode material for water splitting, two modifications could be implemented:
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H2/H2O, at pH: 14

1.23 V

H2O/O2, at pH: 14
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Fermi level -0.3 V
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Conduc�on band minimum

Valence band maximum

2.48 V

Fig. 14 Schematics of the potential levels of anodic nanoporous Bi2O3 in pH:14 solution with

reference to absolute vacuum scale and saturated Ag/AgCl electrode. All energy scales were

converted to potential scale (1 eV corresponds to 1 V)
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(1) Addition of hole scavengers such as hydrogen peroxide and methanol. The hole

scavengers may potentially mitigate accumulation of holes on the nanoporous

surface which could increase the photocurrent and hinder photo oxidation of Bi3+

to higher valence states. However, the drawback of this approach would be difficult

in controlling the electrolyte chemistry in a practical device. Furthermore, addition

of hole scavenger would not lead to stoichiometric hydrogen and oxygen evolution

by water splitting reaction since the oxygen evolution would still be retarded.

(2) The next approach would be provision of a layer of catalyst that promotes

OER such as cobalt phosphate, FeOOH, NiOOH, and nickel borate. Deposition of a

transparent OER catalyst on the anodic nanoporous bismuth oxide layer would help

not only stabilize the photocurrent but also enhance the photoactivity [36].

5 Summary

Thin films of nanoporous bismuth oxide were synthesized by a simple electro-

chemical anodization of bismuth substrate. Annealing the anodic nanoporous Bi2O3

at 240 �C for 2 h resulted in stabilization of the metastable β-Bi2O3 phase that

showed tetragonal symmetry and n-type semiconductivity. Longer annealing times

resulted in formation of the more stable α-Bi2O3 phase that showed monoclinic

lattice structure and p-type semiconductivity. The stability of the PEC behavior of

the Bi2O3 nanoporous structure was observed to be affected by in situ formation of

the α-Bi2O3 phase during the illumination under an applied bias.
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Passivating the Surface of TiO2

Photoelectrodes with Nb2O5 and Al2O3

for High-Efficiency Dye-Sensitized Solar

Cells

Zhaoyue Liu and Lin Li

1 Introduction

Dye-sensitized solar cells (DSSCs) have been studied extensively in the past two

decades [1–8]. An efficiency as high as 12 % has been achieved [9–11]. The

photoelectric conversion of the cell is achieved by ultra-fast electron-injection

from photoexcited dye into the conduction band of TiO2, subsequently dye regen-

eration by I� and electrons transportation to the counter electrode. Dye-sensitized

nanoporous TiO2 photoelectrode is its heart component. Due to the small size of the

TiO2 particles in the electrode, the space charge layer may not form at the electrode/

electrolyte interface [12–15]. So, under illumination, the photo-induced electrons in

the conduction band of TiO2, which are injected from the excited state of the dye,

may have two important recombination steps: back-reacting with the oxidized dye

and reducing I3
� to I�.

Increasing studies into the DSSC are the passivation of the surface of TiO2

electrode to form man-made energy barriers, which suppress the recombination of

the photo-generated electrons and holes and enhance the conversion efficiency of

the DSSC. Zaban and co-workers [16, 17] designed energy barriers on the surface

of the TiO2 electrode by using TiO2/Nb2O5 core-shell electrode and found the

conversion efficiency was improved by about 35 %. Durrant et al. [18, 19] depos-

ited conformal Al2O3 layer on the surface of the TiO2 electrode and the insulating

energy barriers formed. The photo-generated electrons in the excited dye could

tunnel the insulating layer and the recombination process was slowed.

Our novel strategy to passivate the surface of TiO2 photoelectrode was to deposit

Nb2O5 and Al2O3 layer in turn on the surface of the TiO2 photoelectrode. The
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structure of the electrode and the possible electron transfer process were shown in

Scheme 1. We expect our passivation for the TiO2 electrode could achieve two

objectives. (a) The photo-generated electrons tunnel the Al2O3 layer from the

excited dye to the conduction band of Nb2O5 (step c), and the Al2O3 layer slows

the recombination of the electrons on the conduction band of the Nb2O5 with the

holes in the excited dye or electrolyte (steps e and f). (b) The photo-generated

electrons on the conduction band of Nb2O5 transfer rapidly to the conduction of the

TiO2 (step d) and further reduce the recombination of the electrons on the conduc-

tion band of the Nb2O5 and the holes in the excited dye or electrolyte.

2 Experimental Sections

2.1 Chemicals

All the chemicals are analytic regent grade without specific note and used without

further purification. Isopropanol, iodine, calcium oxide, hydrochloric acid, ethanol,

sodium sulfate, titanium n-butoxide [Ti (OC4H9)4] and acetonitrile were purchased

from Beijing Chemical Co. Nobium(V) chloride (99.9 +%) and aluminum tri-sec-

butoxide [Al(OsBu)3, 97 %] were purchased from Aldrich. The dye, cis-di

(isothiocyanato)-bis(4,40-dicarboxy-2,20-bipyridine) ruthenium (II) (N3) was pur-

chased from Solaronix SA. Lithium iodide (anhydrous, 99 %) and 3-methyl-2-

oxazolidinone were purchased from Acros. TiO2 (P25, 20 % rutile and 80 %

C
onductive Substrate

C
onductive Substrate

Nb2O5 Layer Al2O3 Layer

TiO2

Dye

I3
-/I-

a b

c

d

e

f
g

Dye

Scheme 1 The structure and the possible electron transfer processes of TiO2/Nb2O5/Al2O3

electrode sensitized by N3 dye. (a) The excitation of the dye. (b) The excited dye decay to ground.

(c) The electrons tunneling the Al2O3 layer to the conduction band of the Nb2O5. (d) The electrons

transferring to the conduction band of the TiO2. (e) The recombination of the electrons with

electrolyte and (f) with excited dye
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anatase) was purchased from Degussa Co. Isopropanol were dried by calcium

oxide. Deionized water (R¼ 18 MΩ cm�1) was used in the experiment.

2.2 Preparation of the TiO2 Electrode

TiO2 colloid was prepared by the sol–gel method [20]. The mixture of 2 mL of

hydrochloric acid, 10 mL of ethanol, and 4 mL of H2O was added to the solution of

20 mL of Ti (OC4H9)4 and 25 mL of ethanol. The as-prepared solution was stirred at

40 �C for 4 h. The concentration of the colloid was about 5.9 wt%.

680 mg of TiO2 (P25) was added to 3 mL of the TiO2 colloid and stirred for 12 h,

and then a suspension with 17.5 wt% of the TiO2 content was obtained. A layer of

adhesive tape (about 50 μm) was stuck to the four edges of the conducting glass

(sheet resistance¼ 30 Ω/sq, thickness¼ 3 mm). TiO2 film thickness was controlled

by the tape. The suspension was spread on the conducting glass by glass rod. After

dried in air for 30 min, the electrodes were sintered at 450 �C for 30 min.

2.3 Passivating the Surface of the TiO2 Photoelectrode
with Nb2O5 and Al2O3 Layer, and Assembly of the Solar
Cells

The passivation of Nb2O5 layer was achieved by dipping the TiO2 electrode in the

5 mM NbCl5 in the ethanol for 30 s. After sintered at 500 �C for 30 min, the TiO2/

Nb2O5 electrode was obtained [16, 17].

Al2O3 layer was deposited on the TiO2/Nb2O5 electrode by dipping the electrode

in 0.1 M Al (OsBu)3 in anhydrous isopropanol for 15 min at 60 �C. After rinsing
with anhydrous isopropanol thoroughly, the electrode was dried at room tempera-

ture and sintered at 450 �C for 30 min [19]. One repetition of the above process, two

Al2O3 coating layers were prepared. In our experiments, all the electrodes were

prepared and sintered in the same batch.

The electrodes were sensitized in 0.5 mM of N3 at room temperature for 14 h

and cohered together with a platinized conducting glass [21] by epoxy resin. The

electrolyte consisting of 0.5 M LiI/0.05 M I2 in 1:1 acetonitrile/3-methyl-2-oxazo

lidinone (V/V) was admitted by capillary action.

2.4 Instruments

X-ray photoelectron spectroscopy (XPS) was carried on the EscaLab 220-IXL

X-ray Photoelectron Spectrum with Al Kα X-ray source (1,486.6 eV).

Passivating the Surface of TiO2 Photoelectrodes with. . . 203



Scanning electron microscope images (SEM) were taken on a PHILIP XL-30-

DS field-emission electron microscope operated at 20 kV voltage.

Electrochemical impedance spectroscopy (EIS) measurements were conducted

by a Solartron 1255 frequency response analyzer combined with a Solartron 1286

electrochemical interface (Solartron Farnborough, UK). An IEEE-interface

(National Instruments, USA) was employed to couple the two Solartron instruments

with a computer. The impedance spectra were recorded using a perturbation signal

of 10 mV within the frequency range of 1–10 kHz. The semiconductor electrode

acted as the working electrode and the Pt electrode acted as the counter electrode.

The reference electrode was the saturated calomel electrode (SCE). The applied

bias was at between �0.9 V and 0.7 V. The electrolyte was 0.2 M Na2SO4. Zview2

software was used to model the impedance spectra.

Photocurrent–voltage (I–V) curves were recorded by an M273 EG&G Princeton

Applied Research Scanning Potentiostat/Galvanostat (EG&G Princeton Applied

Research, USA). The effective area of the cell was 0.1 cm2. A 400 W Xe lamp was

used as light source. Its intensity was about 1,000 W/m2 measured with a radiometer

(Photo-electronic Instrument Co. attached to Beijing Normal University, China).

3 Results and Discussion

The SEM image of TiO2 electrode was shown in Fig. 1. The mean diameter of TiO2

nanoparticles was about 40 nm, which formed an interconnected network. The

electrode experienced high porosity, and the internal surface area of the film was

much higher than its geometric surface. This morphology ensured good conductiv-

ity and penetration of electrolyte among TiO2 electrode [22].

Figure 2 shows the XPS of the Nb 3d, Ti 2p, and Al 2p orbits in the TiO2/Nb2O5/

Al2O3 electrodes. The Ti 2p3/2 and 2p1/2 band appeared at 458.5 and 464.2 eV,

respectively, and existed as Ti4+. The Nb 3d5/2 band appeared at 206.5 eV and

existed as Nb5+. The Al 2p band appeared around 74 eV and existed as Al3+.

Because the deposition of the Nb2O5 and Al2O3 layer on the surface of the TiO2

electrode were achieved by sintering the electrode at 500 and 450 �C, respectively,
for 30 min, the nobium hydroxide and aluminum hydroxide were impossible to

exist. The results of XPS confirmed the existence of the TiO2, Nb2O5, and Al2O3

contents in this electrode [23].

Figure 3 shows the photocurrent-voltage curves of the TiO2, TiO2/Nb2O5, and

TiO2/Nb2O5/Al2O3 cell. The short-circuit photocurrent (Jsc), open-circuit

photovoltage (Voc), filled factor (FF), and photoelectric conversion efficiency (η)
of these cells are listed in Table 1. The TiO2 cell generated a Jsc of 14.3 mA/cm2, a

Voc of 0.54 V, an FF of 46 %, and a η of 3.6 %. After passivating with Nb2O5 layer,

the Jsc of TiO2/Nb2O5 cell increased to 15.4 mA/cm2 and Voc increased to 0.61 V.

But the FF decreased to 42 %. As a result, the cell’s conversion efficiency increased

to 4.0 %. The decrease of the FF may result from the partial blocking of the pores of

the nanoporous TiO2 electrode by the Nb2O5 layer, which effected the transport of
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the ions (I3
� and I�) in the electrolyte. After the TiO2/Nb2O5 electrode was coated

with Al2O3 layer, the Jsc, Voc, and η were all improved and increased to 18.3 mA/

cm2, 0.63 V, and 5.0 %, respectively. The FF remained unchanged, which indicated

the ultrathin Al2O3 layer may not effect the transport of I3
� and I� in the electrolyte.

The efficiency of the TiO2/Nb2O5/Al2O3 cell was improved by 25 % comparing

with that of the TiO2/Nb2O5 cell. Further increasing the thickness of the Al2O3 layer

Fig. 1 The SEM image of TiO2 electrode. The average size of the TiO2 was about 40 nm
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Fig. 2 The XPS spectra of the Ti 2p, Nb 3d, and Al 2p in the TiO2/Nb2O5/Al2O3 electrode
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by two coating layers, the Jsc, Voc, and FF all decreased. As a result, the η decreased.
The thicker Al2O3 layer suppressed the injection of the photo-generated electrons in

the excited dye to the conduction band of the Nb2O5.

The dark currents of the TiO2, TiO2/Nb2O5, and TiO2/Nb2O5/Al2O3 cell as a

function of the applied potentials are shown in the inset of Fig. 3. When the I3
� ions

in the electrolyte penetrate into the porous semiconductor electrode, at specific

potential, the electrons in the conduction band of the semiconductor reduce the I3
�

and the dark current generates [24, 25]. Although the measurements of the dark

current are not a direct method to detect the recombination process, the comparison

of the dark currents of different cells could provide the evidence for the formation

of the energy barrier on the surface of the electrode [17]. After the TiO2 electrode

was passivated with Nb2O5 layer, the dark current of the TiO2/Nb2O5 cell decreased

greatly in the potential ranged from �300 mV to �700 mV. This indicated that the

energy barrier formed between TiO2 and Nb2O5, which suppressed the electrons on

the TiO2 conduction band transferring to the electrolyte. When the TiO2/Nb2O5

electrode was coated with Al2O3 layer, the dark current of the cell further decreased

comparing with that of the TiO2/Nb2O5 electrode. It has been reported that the dark

currents were all suppressed in the TiO2/Nb2O5 [16], TiO2/SnO2 [13], and TiO2/

Al2O3 [18] cell. The suppression of the dark current resulted in the improvement of

the photocurrent and the photovoltage of the TiO2/Nb2O5 and TiO2/Nb2O5/

Al2O3 cell.

In order to investigate the influence of the Nb2O5 and Al2O3 layer on the

Helmholtz layer capacitance of the TiO2 electrode, we measured the impedance
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Fig. 3 The photocurrent-

voltage curves and the dark

current curves (inset) of

TiO2 (a), TiO2/Nb2O5 (b),

and TiO2/Nb2O5/Al2O3 (c)

solar cell. The effective area

of the cell was 0.1 cm2
. A

400 W Xe lamp was used as

a light source. Its intensity

was about 1,000 W/m2

Table 1 The short-circuit photocurrent (Jsc), open-circuit photovoltage (Voc), fill factor (FF), and

photoelectric conversion efficiency (η) of TiO2, TiO2/Nb2O5 and TiO2/Nb2O5/Al2O3 electrode

Solar cell Jsc/mA/cm2 Voc/V FF/% η/%

TiO2 14.3 0.54 46 3.6

TiO2/Nb2O5 15.4 0.61 42 4.0

TiO2/Nb2O5/Al2O3 18.3 0.63 43 5.0
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spectra of the TiO2, TiO2/Nb2O5, and TiO2/Nb2O5/Al2O3 electrode under different

applied biases. Figure 4 shows the two typical impedance spectra (10 kHz to 1 Hz)

of the TiO2 electrode at +0.7 V and �0.8 V potential. The measured spectra

resembled the beginning of a larger, slightly depressed semicircle. An equivalent

circuit represented in Fig. 4 was used to fit the impedance spectra. Excellent fits

were obtained for the TiO2, TiO2/Nb2O5, and TiO2/Nb2O5/Al2O3 electrodes at all

applied potential. Rs represented the solution resistor and Rp represented the

resistance of TiO2 layer. The constant phase element (CPE) was used to model a

parallel circuit of a charge transfer resistor (R) and a Helmholtz layer capacitor

(CHL) that have some distribution of time constant (α). The impedance of CPE

(ZCPE) was defined as [26]:

ZCPE ¼ R

1 þ iωCHLð Þα½ �

Figure 5 represented the calculated Helmholtz layer capacitance of the TiO2,

TiO2/Nb2O5, and TiO2/Nb2O5/Al2O3 electrode as a function of the applied
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Fig. 4 Nyquist plot of EIS

of TiO2 electrode at �0.8
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potential. For TiO2 electrode, when the applied potential scanned from 0.7 V

(vs. SCE), the CHL remained a constant at first, followed by a sharp increase at

�0.2 V. When the applied potential was positive than �0.2 V, the electrons could

not inject into the conduction band of the TiO2. The surface of the TiO2 was

electrochemically inserted, i.e., the amount of the charge on the surface of the

TiO2 electrode was negligible, so the Helmholtz layer capacitance was very little

based on the definition of the capacitance (C¼Q/U ). The measured little capaci-

tance was due to the CHL of the exposed substrate. When the applied potential was

negative than �0.2 V, the electrons could inject into the conduction band of the

TiO2. The TiO2 was changed to be conductive and electrochemically active. It is

known that the capacitance is linearly dependent on the surface areas of TiO2

electrode with electrochemically active. So the Helmholtz layer capacitance

increased sharply.

Comparing with TiO2 electrode, we found that the Helmholtz layer capacitance

of the TiO2/Nb2O5 electrode increased at potential negative of �0.5 V and

remained unchanged at potential positive of �0.5 V. Because the size of the

deposited Nb2O5 particles was very small, the Nb2O5 layer increased the effective

electrochemical active areas of the electrode, which increased the Helmholtz layer

capacitance. The difference between the conductions of the TiO2 and Nb2O5 was

only 0.1 V [17], so it was difficult to detect the influence of the energy barriers

between TiO2 and Nb2O5 on the capacitance of the TiO2/Nb2O5 electrode. After the

TiO2/Nb2O5 electrode was coated by Al2O3 layer, from Fig. 5, the Helmholtz layer

capacitance of TiO2/Nb2O5/Al2O3 electrode decreased at potential negative of

�0.2 V. The Al2O3 is a kind of insulator, which reduces effective electrochemical

active areas of the electrode. This was a new evidence for the existence of the

insulating energy barriers formed by the Al2O3.
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4 Conclusions

Passivating the surface of TiO2 electrode was very necessary to optimize the

performance of the DSSC. After the TiO2 electrode was passivated by Nb2O5

layer, the efficiency of the TiO2/Nb2O5 cell increased from 3.6 to 4.0 %. The

Al2O3 layer on the TiO2/Nb2O5 composite electrode further suppressed the gener-

ation of the dark current, resulting in 25 % improvement in device performance

comparing with that of the TiO2/Nb2O5 cell. The EIS provided the evidences for the

formation of the insulating energy barriers by Al2O3 on the surface of the TiO2/

Nb2O5 electrode.
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Reduction of Carbon Dioxide: Photo-Catalytic

Route to Solar Fuels

B. Viswanathan

1 Introduction

It is known that earth receives nearly around 4.3� 1020 J/h of energy while the

requirement of energy for the earth is around 4.7� 1016 J/h and thus showing that if

one can harness 1 h energy from sun, it will be sufficient for nearly 9,200 h of

energy needs of the earth or nearly the energy need for more than 1 year. These

figures on the so-called freely available energy source, namely solar energy are

always tempting for the greedy human beings. However, there is always a catch in

anything that is available for free so also solar energy. Scientific methodologies

have been devised for harnessing solar energy in a variety of ways; one of them is

using solar energy for the conversion of waste products like carbon dioxide into

value-added chemicals and fuels. It must be remembered that the reduction of

carbon dioxide with water to give typical fuel like methanol and oxygen is an

uphill process involving free energy change of +689 kJ/mol while for the reaction

of water to produce fuel hydrogen and oxygen involves a free energy change of

+457.2 kJ/mol, thus implying that the effort of converting waste product experi-

ences greater barrier as compared to conversion of water to fuel. In spite of this

limitation, one will have to recognize that the efforts for conversion of carbon

dioxide to chemicals and fuels employing solar energy have received considerable

attention in recent times. It should be recognized that carbon dioxide conversion to

chemicals and fuels can also be achieved by means of other routes like chemical,

electro-catalytic and biochemical ways [1–6]. These methodologies have specific

advantages and disadvantages over the photo-catalytic route but these are not our

immediate concern. The photo-catalytic route has received considerable attention

due to its possible similarity to artificial photosynthesis [7–20].
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In spite of adequate knowledge of photosynthesis and its similarity to carbon

dioxide conversion process, it has to be remarked that the observed photo-catalytic

conversion rates have been too low so far. This low rate of conversion has not

shown any drastic improvement ever since this process was demonstrated on

semiconductors like TiO2, ZnO, CdS, GaP, SiC and WO3 by Inoue et al., in 1979

[21]. One of the reasons that has been recognized in literature is the fact the carbon

dioxide in the ground state is a linear molecule and most stable and as such

activation of linear molecules for chemical conversion is a difficult process [2, 3].

The fundamentals of photo-catalytic and photo-electrochemical processes have

some aspects in common. In a typical photo-catalytic reaction, photons are

absorbed by a semiconductor so that the reducing power of the semiconductor is

altered by the excitation of the electron from the valence band to the conduction

band and the bottom of the conduction band of the semiconductor reflects in

electrochemical sense the reducing power of the semiconductor under illumination

conditions. Under the same conditions, the oxidizing power of the semiconductor is

denoted by the valence band maximum of the semiconductor. Schematic diagram

of this situation is given in Fig. 1. One has to recognize that both oxidation and

reduction of the substrate is simultaneously possible and for example in the case of

water decomposition both hydrogen and oxygen can be evolved by the reduction

and oxidation of water molecules. The simultaneous possibility of carrying out both

the opposing reactions on the same surface provides a number of possibilities for

the production of value-added chemicals and also for promoting reactions for

environmental protection [22–24] and pollution abatement. This added advantage

of the processes has been exploited in a number of studies for decontamination of

water, generation and use of self-cleaning tiles, and also hydrophobic wind shields

and many other practical applications thus opening a new avenue for scientific

research.

Photo-catalytic and photo-electrochemical routes have been advocated as viable

alternative methodologies for future production of chemicals. Even though this

concept appears to be appealing, its implementation appears to have met with

limited success. The conversion levels so far reported even in the case of photo-

catalytic reduction (PCR) of carbon dioxide is only at a few micromoles per gram

per hour which is far from the levels required for development of economically

viable processes. This situation has been addressed in the literature and has been

accounted for in terms of the multi-step nature of the photo-catalytic processes,

Fig. 1 Schematic

representation of both

oxidation and reduction

reactions on a typical photo-

catalytic system
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namely photon absorption, charge separation, charge transport, surface reaction and

desorption of the substrates and each of these steps has to sequentially take place in

the case of formation of multi-electron reduction products like formaldehyde,

methanol and methane from CO2.

Another hurdle faced is that the semiconductor materials that have been tried

(~over 400 in number) are having limitations with respect to the response wave-

length of the radiation or undergo simultaneous photo-corrosion. This aspect has

been addressed in literature in terms of sensitization of the semiconductor materials

or by the so-called bandgap engineering but both these possibilites have not yielded

the desired results; the quantum efficiencies have always remained low at less than

10 % in any meaningful device though higher efficiencies are claimed in laboratory

performed experiments. This is another question that has to be addressed as soon as

possible.

Major limitation in realizing these processes as viable alternatives is with respect

to measures used to indicate the reactivity of the system for comparison and

selection of materials [4]. These measures are based on either the catalyst systems

used (in terms of the quantity, surface area or possibly the number of active centres)

or on the illumination employed (in terms of either total number of photons or in

terms of photons absorbed). In a multi-step photo-catalytic process, the total

number of photons is not directly reflecting the ultimate activity of the catalyst

system employed. It appears that one has to evolve a totally new scale of measure

for representing the photo-catalytic activity. This new scale can be combining the

existing scales based on catalyst and illumination but can also be entirely indepen-

dent of these two parameters. The new scale that will be evolved must be based on

the number of successful photons absorbed and this quantity if not easily available

since the striking photons undergo multiple events like scattering at various points

of the incidence and the count of the successful photons will truly gives the

quantum efficiency and also shows how far the system is not promoting the

recombination of generated charge carriers.

The photo-catalytic activity of various systems is usually compared with what is

observed with P25 Degussa TiO2. The issues of relevance in this context are:

1. P25 TiO2 is a 80:20 mixture of Anatase and Rutile forms of TiO2. The conse-

quence of these two phase boundaries in the observed reactivity has to be

distinctly delineated.

2. The two phases can give rise to specific configurations like core-shell and the

relevance of this for the observed reactivity has to be established.

3. Nearly 40 % of the materials that have been tried for photo-catalytic studies are

based on titania and this preference has to be accounted for.

4. Comparison and reference standards are necessary but the chosen one has to be

carefully established that the system meets the criteria that have to be used for

such a selection.

The purpose of this presentation is to examine the current status of PCR of

carbon dioxide to chemicals and fuels. In spite of intense research in the past over

four decades, the progress made appears to be marginal in terms of the activity of
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the systems considered. It is always necessary that in frontier areas of research like

the carbon dioxide reduction to chemicals and fuels, one has to periodically assess

the progress so that the diversions can be avoided and the goal can be achieved [25–

28]. The activation of carbon dioxide (a linear molecule) is difficult and the initial

step of adding an electron to form CO2 anion radical is a high energy barrier step

requiring an over-potential of 1.9 V. The subsequent steps to form products like

CO, HCHO, HCOOH, CH3OH, CH4 and other coupled products do not experience

similar kind of barrier, even though the mechanistic details of these subsequent

steps are still not fully revealed. However, the initial activation of carbon dioxide

appears to hold the key for these conversion reactions. The reduction potentials for

various products from CO2 vs. NHE are assembled in Table 1 for reference. In

recent publications, it has been shown that similar-sized copper particles prepared

by different methods did not show similar catalytic activity, but multidimensional

“defects” could be the reason for the observed significant enhancements observed

in selectivity of electro-catalytic reduction of CO2 [29, 30]. All these reports

indicate that the key to efficient CO2 reduction hangs on the activation of CO2 at

the appropriate sites with appropriate centres in the molecule. This aspect has been

addressed earlier wherein it has been deduced that the bond angle of CO2 should be

reduced from 180� towards the tetrahedral angle. The pictorial representation of

this postulate is shown in Fig. 2.

Table 1 The reduction

potential (E0) of CO2 for

various products, potential

values are versus NHE

Reduction reaction E0 (V) vs. NHE

CO2 + e!CO2
� � �1.90

CO2
� · + 2H+ + 2e!HCOOH �0.61

CO2 + 2H
+ + 2e!CO+H2O �0.53

CO2 + 4H
+ + 4e!C+2H2O

• �0.20

CO2 + 2H
+ + 2e!HCHO+H2O �0.48

CO2 + 6H
+ + 6e!CH3OH+H2O �0.38

CO2 + 8H
+ + 8e!CH4+ 2H2O �0.24

2CO2 + 12H
+ + 12e!C2H5OH +3H2O �0.16

Fig. 2 A model for the initial activation of CO2 (Reproduced from Refs. [2, 3])
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In this presentation the main objective is to consider on the issues which stand in

the way of realizing the desired levels of activity for the PCR of carbon dioxide.

The specific aspects that will be addressed in this presentation include:

1. The discrimination required in the analysis of products obtained from the

residual carbonaceous impurities present while preparation of the reaction sys-

tem or from the species introduced in the reaction system as sacrificial agents

and solvents [14].

2. The most appropriate analysis protocol for studying the progress of PCR of

carbon dioxide.

3. The considerations required for evolving a reasonable measure of activity of

photo-catalytic system embracing both the catalyst and illumination.

4. Evolving governing principles for selection of semiconductor materials for

possibly efficient PCR of carbon dioxide. Up to now the choice of semiconduc-

tor materials is based on the bandgap values (on energetics) while it may be

necessary that one has to also take into account the type of surface active sites

that the semiconductors can offer for the reduction reaction of CO2.

2 Activation of Carbon Dioxide

For any catalytic reaction to proceed in the desired direction, the activation of the

substrate in the appropriate manner is a necessary condition. In the case of PCR of

carbon dioxide, one has to consider simultaneously the evolution of hydrogen from

hydrogen source (water or other solvents) and its incorporation in the carbon moiety

after stripping oxygen from CO2 to the extent required. It has been already

established that specific crystal faces of rutile TiO2 (100) is active for PCR of

CO2 while (110) crystal face is not that active for this reaction [31]. The charac-

teristic centres and their functionalities in the CO2 molecule are shown in Scheme 1.

Carbon dioxide is a linear molecule with a short C�O bond distance of 1.16 Å.
Overall the molecule is non-polar, CO2 possesses polar bonds due to the difference

in electronegativity between C and O. The molecule is susceptible for both nucle-

ophilic attack at the carbon centre and electrophilic attack at oxygen centres. With

an ionization potential of 13.78 eV, CO2 is nonbasic and interacts only weakly with

Bronsted and Lewis acids. With a carbon centred-localized LUMO, CO2 is suscep-

tible to attack by nucleophiles and to reduction. The first step in the reduction of

CO2 involves in a decrease of the C�O bond order. Activation is envisaged mostly

in the bending of the molecule. Bent CO2 interacts with electrophiles and nucleo-

philes through the frontier orbitals. The lowest unoccupied molecular orbital

(LUMO) exhibits strongly localized wave function characteristics, enhancing the

interaction with nucleophiles by facilitating the transfer of electron density from the

nucleophile into the LUMO. The highest occupied molecular orbital (HOMO) with

its localized electron density can interact with electrophiles. The difficulty in the

activation of CO2 is realized in the highly negative potential (nearly�1.9 V) for the
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first electron reduction. The necessity for activation at both the centres of CO2 gives

rise to various modes of activation for CO2.

Multiple bonding characteristics in CO2 are responsible for the activation of the

molecule in more than one mode. The bonding can involve one or multiple metal/

active centres with both electron donor and acceptor characteristics. This possibility

of a variety of surface activation may be one of the prime reasons why a variety of

reduced products are observed in the PCR of CO2. One such model has been used

by Anpo et al. [32] for explaining the variety of products obtained in the PCR of

CO2. Their model is reproduced in Fig. 3. It can be seen from Fig. 3, the carbon

dioxide activation is envisaged through the activation of both Lewis acid and base

centres of the molecule. Similarly one can visualize a variety of modes of activation

of carbon dioxide molecule if the photo-catalyst exhibits multiple activation cen-

tres. It should be realized that many of the photo-catalysts may possess multiple

activation centres due to sensitization of the semiconductors in a variety of ways

including doping and metallization.

O

C ← Lewis base → M→C → M is electron rich

←   π Complex → Donor acceptor bond → appropriate orbitals

O ← Lewis Acid → M ← O → M is electron deficient

Scheme 1 Reactive positions in CO2 molecule and the typical reactive sites required for bonding

with CO2

Fig. 3 Possible route photo-catalytic reduction of carbon dioxide with water (Figure reproduced

from Ref. [32], Kohsuke Mori, Hiromi Yamashita and Masakazu Anpo, RSC Adv., 2, 3165–3172

(2012))
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3 Catalytic Systems Examined

The PCR of carbon dioxide has been examined on number of semiconductors,

especially oxides, nitrides, sulphides and phosphides in addition to a few elemental

semiconductors. Among them, the majority of studies have been on titania and

titania-based semiconductors. The reasons for examining extensively [7–20]

titania-based systems are:

(a) The conduction band minimum is at �0.16 V vs. NHE (Normal Hydrogen

Electrode) and this value is favourable for hydrogen evolution from water.

(b) The life time of the excitons created by photon absorption is probably sufficient

for the reduction reaction.

(c) The recombination rate especially for anatase is lower as compared to other

semiconductors.

(d) The valence band maximum is at a positive potential so that the desired

oxidation reactions like oxygen evolution and also pollutant abatement are

favourable in this system.

However, the valence band maximum is highly positive to that of oxygen

evolution reaction and hence it is amenable for alteration and thus facilitates

generation of active semiconductor systems for photo-catalytic pollutant removal.

This can be achieved if one can alter the valence band maximum to less positive

potential with respect to that in titania system without affecting the conduction band

minimum. This appears to be feasible if suitable cations can be introduced so that

they contribute to the valence band while still the conduction band is arising from d

states of the principal cation. This situation is exemplified in the case of tantalates

and niobates where the conduction band is contributed by the 5d and 4d states of the

tantalum and niobium cations, respectively, while in the silver tantalates and silver

niobates, the valence band is contributed by the 2p state of oxygen and silver 4d

state thus the valence band in these systems is less positive with respect to the

corresponding sodium compounds as seen from Fig. 4.

In Table 2, the reported data on the PCR of CO2 are assembled. For more

comprehensive data base, the readers are requested to refer to the references cited

[7–20].

While majority of the PCR studies are concerned with titania and its modified

versions [14] as catalysts, several mixed oxide semiconductors, like SrTiO3 [49],

ZnGa2O4 [50] and Zn2GeO4 [51], with valence and conduction band energy

positions suitable for oxidation of water and reduction of CO2, respectively, and

structural features that favour facile transport of charge carriers and promote the

adsorption of the substrates in the modes required for the desired selectivity are

being explored.

Notable among them are the mixed metal oxides that belong to the family of

perovskites, ABO3, especially those with layered structure like ALa4Ti4O15

(A¼Ca,Sr,Ba) with Ag as co-catalyst [48] and SrTiO3 with different co-catalysts

[52], which are reported to display good activity for PCR. It has been reported that
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Fig. 4 The VB and CB positions in sodium and silver tantalates and niobates to demonstrate how

silver substitution alters only the valence band maximum

Table 2 Data on the typical catalysts for the photo-catalytic reduction of carbon dioxide

Photo-catalyst

Reactants

Major product Ref.CO2 H2

TiO2 (P25) Saturated Liquid CO [33]

Anatase Gas Gas Methane [31]

TiO2 (MWCT) Gas Gas C2H5OH, HCCOH, CH4 [34]

TiO2-Y Zeolite Gas Gas CH4, CH3OH [35]

Pt-Ti-Y zeolite Gas Gas Methane [35]

Ti-SBA15 Gas Gas Ethane, methane [36]

CdSe-Pt/TiO2 Gas Gas Methane methanol [37]

PbS-Cu-TiO2 Gas Saturated Co, methane [38]

Cu/TiO2 Saturated 0.2 M NaOH Methanol [39, 40]

Cu-N-TiO2 Gas Saturated Methane [41]

ZnO Saturated Liquid HCHO, CH3OH [21]

CdS Saturated Liquid HCHO, CH3OH [21]

GaP Saturated Liquid HCHO, CH3OH [21]

SiC Saturated Liquid HCHO, CH3OH [21]

CdS-Monmorillonite Saturated 0.2 M NaOH Methane [42]

NiO Saturated 0.2 N KHCO3 Methane [43]

BiWO6 Saturated Liquid Methane [44]

BiVO3 Saturated Liquid Ethanol [45]

HSb3O8 Gas Gas Methane [46]

RuO2-Zn2GeO4 Gas Gas Methane [47]

Ag/BaLa4Ti4O15 Saturated Liquid CO, formic acid [48]
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significant and stable activity is displayed by perovskite type NaTaO3 catalysts [53]

with various co-catalysts, Pt, Ag, Au, Rh, CuO, NiO and RuO2. Another layered

perovskite, Sr3Ti2O7, on doping with S, N and Fe2O3, displays high activity for

PCR of carbon dioxide in the visible region.

The results of this study on the PCR of carbon dioxide [54] are given in Table 3

and the extent of overall conversion of carbon dioxide is shown in the form of bar

chart in Fig. 5. These results indicate that there is scope for improvement and the

realization of a commercial possibility appears to be in the near future.

The PCR of CO2 on La-doped NaTaO3 with a variety of co-catalysts has been

studied by Jeyalakshmi et al. [55]. The changes in the positions of conduction band

minimum and valence band maximum brought out by loading lanthanum in

NaTaO3 is shown in Fig. 6, together with the redox potentials for various products

in the photo-catalytic reduction of carbon dioxide. Methane, ethane and acetalde-

hyde were formed in very small quantities (~1–10 μmol/g) and hence not consid-

ered. Cumulative products formed on all the catalysts studied after 20 h of

irradiation, along with total CO2 consumed are given in Fig 7 and Table 4. It is

observed from Table 4 that lanthanum and various co-catalysts incorporated in

NaTaO3 significantly influence the overall CO2 conversion as well as selectivity to

various products like methanol/ethanol. Addition of lanthanum and NiO separately

to NaTaO3 results in marginal increase in conversion. In the presence of both La

and NiO, CO2 conversion increases by four times with respect to neat NaTaO3.

Among the co-catalysts employed, NiO and CuO display maximum increase in

activity and relatively higher selectivity towards ethanol. Other co-catalysts like Pt,

Ag, Au and RuO2 do promote CO2 photo-reduction but are not as effective as NiO

and CuO. Initially methanol is formed at a higher rate and later, the rate tapers off,

once ethanol formation by coupling of surface C1 species picks up.

Lanthanum-doped NaTaO3 was studied in view of its promoting effect on

splitting of water under UV radiation. According to Kudo and Miseki [56], doping

of lanthanum facilitates the formation of crystalline phase and induces nano level

step sites on the surface, which help to retard charge carrier recombination and

facilitates CO2 activation. With an increase in the bandgap value (3.9–4.1 eV) on

lanthanum doping, the conduction band energy level becomes more negative thus

favouring increase in activity (refer to Fig. 6). Finely dispersed NiO crystallites act

as efficient centres for hydrogen generation. Such changes lead to increase in

activity for water splitting as well as CO2 photo-reduction. The location of the

conduction band of NiO (at�0.96 eV) with respect to that of NaTaO3 (at�1.06 eV)

facilitates easy transfer of photo-generated electrons from Na(1�x)LaxTaO(3+x) to

the conduction band of NiO [53]. Increase in the availability of photo-generated

electrons in the conduction band of NiO facilitates deeper reduction of CO2 to

alcohols.

Other co-catalysts, Pt, Ag, Au and RuO2, act as effective electron traps and help

in hydrogen generation and CO2 reduction. However, these are not as effective as

NiO and CuO. Pt in Pt/Na(1�x)LaxTaO(3+x) promotes backward reaction of hydro-

gen and oxygen to form water and hence the activity does not match with that

obtained in the presence of NiO/CuO. Surface plasmon resonance band due to nano
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Fig. 6 Effect of La loading on conduction band energy level for NaTaO3- vis-à-vis reduction

potentials to various products from CO2

Fig. 5 Photo-catalytic reduction of carbon dioxide on Sr3Ti2O7 and N-, S- and Fe-doped systems.

The energy level diagrams of these systems are normally generated from that of Sr3Ti3O7 in the

usual manner
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Fig. 7 Comparison of activity of neat and modified NaTaO3 catalysts: (a) NaTaO3, (b)

NiO/NaTaO3, (c) Na(1�x)LaxTaO(3+x), (d) 1 wt%Au/Na(1�x)LaxTaO(3+x), (e) 1 wt%Ag/

Na(1�x)LaxTaO(3+x), (f) 1 wt%RuO2/Na(1�x)LaxTaO(3+x), (g) 0.15 wt%Pt/Na(1�x)LaxTaO(3+x), (h)

1 wt%CuO/Na(1�x)LaxTaO(3+x), (i) 0.2 wt%NiO/Na(1�x)LaxTaO(3+x)

Table 4 Cumulative product patterns for CO2 photo-reduction on neat and modified NaTaO3

catalysts

Catalyst

Products formed after 20 h of irradiation (μ mol/g)

Con.

(%)CH4 C2H6 CH3OH CH3CHO C2H5OH

Total CO2

consumed

NaTaO3 0.3 0.10 245.6 12.9 52.2 376.4 0.53

NiO/NaTaO3 0.4 0.20 334.9 2.5 48.9 438.5 0.62

Na(1�x)LaxTaO3+x 1.3 0.10 544.9 0.5 47.5 642.4 0.9

1 wt%Au/

Na(1�x)LaxTaO3+x

0.5 0.20 604.4 1.5 57.7 723.8 1.0

1 wt%Ag/

Na(1�x)LaxTaO3+x

0.5 0.3 608.5 8 128.1 881.8 1.2

1 wt%RuO2/

Na(1�x)LaxTaO3+x

0.4 0.2 536.2 1.1 197.9 935.1 1.3

0.15 wt%Pt/

Na(1�x)LaxTaO3+x

7.3 0.5 1,007.7 3.1 21.3 1,064.1 1.5

1 wt%CuO/

Na(1�x)LaxTaO3+x

0.2 0.3 940.1 7.1 270.5 1,496.1 2.1

0.2 wt%NiO/

Na(1�x)LaxTaO3+x

0.4 0.2 1,030.6 7.7 280.7 1,608.2 2.3

The catalysts appear to be photostable even after 20 h irradiation
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size Au observed at 560 nm in Au/Na(1�x)LaxTaO(3+x) induces additional light

absorption in visible region resulting in perceptible improvement in activity com-

pared to neat NaTaO3, but less than that achieved with NiO/CuO as co-catalysts.

Unique matching of electronic levels in the conduction band of NaTaO3 is not

observed with other tantalates (Li and K) or with co-catalysts other than NiO and

CuO. Thus two distinct mechanisms, coupling of semiconductors and trapping of

photo electrons, both leading to effective charge carrier separation are operative in

the promoting action of co-catalysts with Na(1�x)LaxTaO(3+x).

4 Some Issues

The major aim of the studies on the PCR of CO2 is to be able to recycle CO2 into

fuel. If this could be achieved, then there are many obvious and not so obvious

benefits to the energy-starved society. However, achieving this goal appears to be

eluding the scientific community at present. It is as stated above necessary that one

periodically assesses the situation and try to bring in remedies for the difficult jobs

on hand. In this section, we shall consider seemingly main issues at present in the

PCR of CO2.

It is often doubted that the reduction products obtained in the PCR of CO2 could

have arisen from the conventional carbon impurities invariably present in the

starting stage. Blank experiments without the added CO2 have shown the probabil-

ity of such a possibility. However it has been repeatedly argued that [4, 15] (a) the

residual carbon impurities cannot give rise to sustained generation of reduction

products. (b) The inherent carbon impurities could give rise to spurt of activity in

the early stages of the photo-catalytic reaction and a gradient change will be

observed in the product yield as a function of time and hence a suitable correction

can be effected for reporting the activity data and (c) the product slate obtainable

from carbon impurities can be different from that of the PCR of CO2.

Essentially, the results reported in literature, though not rule out the possibility

of impurities as the source for the reduction products formed, the realization of PCR

of CO2 appears to be a realistic process.

It has been already pointed out that the results reported in literature are based on

analysis of products by a single (mostly gas chromatographic analysis) technique

[15]. The points of relevance in this connection are:

1. It is necessary that one is clear about the detection limit of these analytical

techniques that are employed since sometimes the products formed can be below

the detection levels of these analytical techniques employed.

2. Many of the products are capable of interacting among themselves in the

analysis column and this interference can also cause some uncertainty in the

analysis results. In the literature, there is no clear mention of this factor in the

analysis.
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3. There may be advantages if the analysis results are substantiated by two or more

independent techniques so that the confidence level is increased.

4. Though GC analysis appears best suited from the point of view of simplicity and

adoptability, will this be sufficient is not established.

5. It may be possible that alternate analysis methodologies have to be adopted since

the solid catalyst is simultaneously present in the reaction medium with the

products and one has to establish suitable and standard procedure for this

analysis.

6. Instead of a combination of techniques for analysis like GC-MS, GC-IR, it may

be necessary to evolve a preferred analysis protocol for the reaction products for

this reaction.

Another issue demanding some immediate attention is the measure to express

the reactivity of the photo-catalytic system. This has been done so far in terms of the

catalyst characteristics (like per gram, per m2) or in terms of extent of illumination

(photon flux or total illumination power). Both these measures assess activity

grossly from a single direction whereas the real activity must have been a combi-

nation of both of them. In addition, it should be realized that not all the exposed

illumination can be utilized for the photo-catalytic reaction since there can be

scattering and also other recombination factors and hence expressing activity in

terms of total photon flux is grossly inadequate to assess the reactivity of the photo-

catalytic system chosen. As the illumination is on a dispersed system in the photo-

catalytic studies, it is possible not all the photons are utilized in the charge

separation act and hence the measure of the photo-catalytic activity in terms of

illumination has to be examined more carefully and the apparent (Formal) Quantum

Efficiency (FQE) that is normally reported does not directly reflect on the efficiency

of the photo-catalyst employed either in terms of the active sites of the photo-

catalyst employed or on the number of effective photons absorbed. The use of gross

parameters may affect the development of efficient photo-catalyst. Even if one were

to measure per photon striking the surface, the measure is not reflecting the activity

of the catalyst system employed. It appears at this stage that one has to evolve a new

independent measure comprising both the catalyst and the effective illumination

and the bench mark system has to be evolved instead of the Degussa P25 as this is

not a pure single component system. In Fig. 8 the situation with respect to the

illumination of a surface is shown. It is seen that majority of the photon flux are not

directly available for the photo-catalytic reaction.

The governing principles for the selection of semiconductors have been based on

the energy of the bandgap and possibly photon absorbing characteristics of the

semiconductors chosen. However in the case of CO2 reduction which is a multiple

electron process, there is a need to suitably improve the redox potential of the

electron so that it can effectively create the carbon dioxide anion radical in the first

step. This step being the important step of the whole process, it appears that one has

to consider modulating the conduction band minimum with respect to the first

reduction potential of CO2 (namely�1.9 V) and this aspect has to be given possibly

due attention in future.
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5 Photo-Catalysis and Photosynthesis

It appears that one has to learn a lot more from the photosynthesis routes since this

is one of the possibly efficient ways of harnessing carbon dioxide. Biochemical

reduction of CO2 in the form of photosynthesis has been studied in detail and the

literature has been reviewed recently [5]. Six biochemical pathways have been

identified for fixing inorganic carbon in organic carbon in photosynthesis. These

have been identified as the reductive acetyl-CoA or phospho-glyceraldehyde path-

way or reductive citric acid pathway. A simplified schematic of photosynthesis is

shown in Fig. 9. The point of interest and connection between these two processes is

the fact that the net electron transfer pathway in biochemical route is highly energy

modulated with a number of appropriate transfer agents and possibly this is what is

being attempted by the so-called process of sensitization of the semiconductor in

the PCR of CO2. Since in most of the semiconductors employed in the PCR of CO2

the conduction band minimum (i.e., reducing power) is not conducive for the first

Fig. 8 An approximate photon count striking the earth from sun and the distribution of them in

various events (Reprinted from Ref. [57])
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electron transfer, the over-potential required for this step is of the order of �1.9 V;

there is need for suitable transfer agents for initiating this reduction process.

It is necessary that one considers the situation with respect to the photo-catalytic

decomposition of water and the reduction of CO2. This will be possible only if we

can compare these two challenging photo-catalytic processes. A simple comparison

of these two processes is given in Table 5.

In Fig. 10, a simplified flow diagram is given to show how the CO2 cycle could

be effected to generate back the fuel which on combustion gives rise to CO2. This

Fig. 9 A simplified photosynthesis pathway (Figure reproduced from Ref. [19])

Table 5 Comparison of photo-catalytic decomposition of water and the reduction of carbon

dioxide

Photo-catalytic decomposition of water Photo-catalytic reduction of CO2

1. The products of the reaction are simple—

hydrogen and oxygen only

1. Multiple products are formed like CO,

HCHO, CH3OH and CH4

2. The number of electrons transferred are

limited (Maximum 4)

2. The total number of electrons involved can

be a variable number (>8)

3. The mechanistic pathway of the decompo-

sition is simple

3. The mechanistic pathway has yet to be

completely elucidated

4. The products being gases diffuse out of the

reaction centres

4. The products formed may be adsorbed on the

catalyst

5. Thermodynamically uphill reaction with

the free energy of formation of water being—

228.4 kJ/mol

5. Thermodynamically less favourable with

free energy of formation of CO2 is—394 kJ/

mol

6. Electrons reduce the protons to molecular

hydrogen

6. Initial electron transfer to CO2 requires high

(�1.9 V) over-potential

7. Water photo-catalytic decomposition is an

independent reaction

7. Water decomposition can be a prerequisite

for CO2 reduction
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diagram may possibly provide some clues for the effect utilization of CO2 in

man-made processes.

Even though this may show the similarity of PCR of CO2 to that of photosyn-

thesis, it must be realized that natural photosynthesis appears to be a facile process

with a number of intermediate species which are appropriately placed with respect

to the value of the reduction potential and a smooth electron transfer pathway has

been ensured. Even though the sensitization of the semiconductors is one of the

ways of achieving this, it is not an appropriate substitute for natural photosynthesis

since the redox potentials of the intermediate species are self-adjustable in the case

of photosynthesis while these are not alterable at present in the man-made

substitutes.

6 Perspectives

It has to be realized that the formation rates of products from the conversion of

carbon dioxide has not exceeded few tens of micromoles/h g of the catalyst and this

is nowhere near a possible process. These low levels of activity have been improv-

ing at a slow pace in the past few decades and it can gallop up soon.

Even though the electrochemical reduction of carbon dioxide is a well-known

process, from economic point of view the photo-catalytic reduction of CO2 may be

desirable.

Even though some guidelines for the choice of photo-catalytic systems have

been formulated in terms of the electronic configuration of the cations as d0 or d10

(oxides, oxynitrides, sulphides and phosphides), this principle has not led to the

formulation of new photo-catalytic systems which can give product yields of

commercial viability.

Fig. 10 A simplified flow diagram for the conversion of CO2 to fuels and back to CO2—Natural

photosynthesis involves solar energy to recycle CO2 (and H2O) into (biomass) and fuels. Typical

reforming of CO2 yields syngas, synthetic fuels and commodity chemicals
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From the point of view of the mechanism of the reduction reaction, even though

the complete reaction sequence and sequential electron transfer steps are not yet

clear, it is recognized that the first step of activation of CO2 is the most difficult step

from the point of reduction. Though this has been realized, the ways and means of

increasing the reducing power of the semiconductor (i.e., the appropriate position of

the conduction band minimum) has not yet been achieved to the desired levels

though the alteration of the position of the valence band maximum has been

achieved in a number of ways including the substitution by heteroatoms in the

lattice (refer to Fig. 11).

Even though the modulation of the charge carrier dynamics has been achieved in

a variety of ways like the addition of co-catalyst, the state of photo-catalytic system

(the so-called nano-state), addition of sacrificial agents, the consequences realized

are not up to the desired levels.

It is known that majority of photo-catalytic studies on CO2 reduction has been on

titania-based systems and Degussa (presently Evonik) titania P25 is considered to

be the bench mark system, the studies have not yet reached a stage for the real-life

solar fuel applications. This situation warrants a complete overhaul of our concepts

in this field.

As has been pointed out earlier, the charge separation and effective utilization of

the charges are necessary and essential steps for this process to become a viable

one. In the case of anatase, the recombination rate is 10 times lower compared to

that in Rutile. Both anatase and rutile crystallize in tetragonal form while Brookite

crystallizes in orthorhombic form and yet another monoclinic TiO2 is also avail-

able. In anatase (Eg¼ 3.2 eV) and rutile (Eg¼ 3.0 eV) which are considered to be

photo-active materials, the charge recombination time is of the order of 10 ns and

thus 90 % of the charge separation results in recombination. From this point of

view, one has to look to other options like photo-electrochemical cells or hybrid

systems where the charge separation can be a natural phenomenon.

Fig. 11 Schematic energy level diagram for nitrogen substituted TiO2 (Bare semiconductor

absorbs UV radiation while the localized energy levels of nitrogen above valence band facilitate

the visible light absorption) (Reproduced from Ref. [58])
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It appears that the heterogeneous PCR of CO2 on semiconductor catalysts is not

yet ready to be implemented in real-life solar fuel applications. The silver line in

this gloomy situation is the fact that the research and development activity in this

field is enormous and the pace of activity may facilitate the understanding of the

basic steps of the reduction process and thus facilitate formulation of new materials,

stripping away the conventional outlook which may facilitate the realization of this

process in the near future.

It is appropriate to comment on the possible methodology to be adopted for the

search of new materials for PCR of carbon dioxide. In Fig. 12 the quantum

efficiency for photo-catalytic water splitting is plotted against the bandgap energy

of the semiconductors employed for this reaction. This plot is an adaptation of the

figure in Ref. [28]. Even though this plot has been originally proposed by Osterloh

[59] for water splitting, it may have some message for the combination reaction of

carbon dioxide reduction in the presence of water. As shown in the figure, at present

no material has yet been identified whose quantum efficiency is above 10 % and

also active in the visible region. However, this projection has led to examining

oxynitrides, tantalates, vanadates and other exotic combination materials.

It has been repeatedly pointed out that the charge separation is the most

important step for PCR. In this connection, it has been realized that the charges

move fast in structures with corner shared polyhedra. Typical structures of the

systems employed for photo-catalytic water splitting are given in Fig. 13. It can be

seen that the structures not only consist of corner shared polyhedra but also form

some kind of layered systems. It is necessary that the relevance of lattice structures

for the observed photo-catalytic activity has to be realized and established soon to

enable further search for suitable materials.

In conclusion, it can be stated that though the current level of knowledge does

not permit formulation of an economically viable processes for the conversion of

Fig. 12 The current status of materials in the photo-catalytic splitting of water. The figure

indicates what type of materials is desirable for this reaction (Reproduced from Ref. [28])
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carbon dioxide to fuels, but the indications are strong that sooner this will become a

reality. The direction to achieve this goal is to formulate governing principles

appropriately backed up with scientific reasoning for formulation of photo-catalysts

and also identifying suitable reaction medium which will not give rise to any

ambiguity with respect to the source for the products obtained.
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