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12.1 Introduction

Research on the reduction of carbon dioxide (CO,) is strongly motivated by con-
cerns about the steadily increasing accumulation of carbon dioxide in the atmo-
sphere, from a concentration of 270 ppm before the industrial revolution to
400 ppm (and rising) today.' A feasible route to recycle and utilize environmentally
deleterious CO; emissions requires two chemical processes: (1) Capture of carbon
dioxide from major point sources as well as directly from the atmosphere (2) Con-
version of the captured carbon dioxide into value added organics” of use as industrial
feedstock” or fuels.”’ The importance of carbon dioxide reduction not only lies in
concerns about global warming, but also has implications for solar energy storage
via carbonaceous liquid fuels.” Combining renewable energy storage with CO,
reduction to small organics/fuels/industrial feedstocks is not new, but, progress in
this area has been limited due to the challenges presented by the thermodynamic
and Kkinetic stability of CO;. This is especially pertinent when comparing
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one-electron reduction of CO; to multielectron/multiproton processes. Thus, cata-
lyst development is central to progress in both the photochemical and electrochem-
ical transformation of CO, to desirable organic products.”

‘Catalysis’ as a term has been imprecisely applied in electrochemistry and photo-
electrochemistry, leading to some confusion related to photoelectrocatalysts in
particular. By definition, catalysis to form a chosen product requires a thermody-
namically favourable reaction (AG® < 0) since the role of a catalyst is only to lower
the kinetic barrier to the reaction (AG"), not to provide the energy input needed to
push an equilibrium toward desired products. The standard redox potential (E}) is
related to the electrochemical energy required to overcome a positive free energy
of reaction as shown in Eqn (12.1):

AG® = —nFES (12.1)

If one considers electrons as one of the ‘reactants’ in a redox reaction, then an
applied electrode potential adjusts the reactant energy to drive the reaction, and
such externally added energy is not considered catalytic. In general, the applied po-
tential will need to be greater than the standard potential to accommodate the free en-
ergy needed to overcome the activation barrier, AG*. The difference between the
Nernstian potential, Eg, and the operating potential of the system is referred to as
the overpotential, and is the potential beyond the redox potential required to obtain
a given current for a reaction. An electrocatalyst minimizes the overall applied poten-
tial by lowering the overpotential. Thus, by definition an electrocatalyst must reduce
the overpotential of a reaction, but cannot reduce the overpotential below zero (i.e.,
generate an underpotential) since doing so would imply that the catalyst was changing
the ground state thermodynamics of the system (that is shifting the value of AG°).

As an alternative to the direct application of an electrode potential, redox reac-
tions can also be driven by absorption of light energy into a semiconducting elec-
trode. Such a system is referred to as a photoelectrochemical cell (PEC) and
involves the generation of a photopotential at the semiconductor—electrolyte inter-
face. In contrast to an applied electrochemical potential, which is not considered cat-
alytic, the use of light energy to promote electrons and drive otherwise unfavourable
reactions is often described as ‘photocatalysis’. Photocatalysis used thus is not catal-
ysis because it describes providing light energy to overcome a positive (AG 4+ AGY)
of reaction, rather than lowering the kinetic barrier to reaction. However, the term
photocatalytic is widely accepted and understood to refer to a process that is accel-
erated by adsorption of light energy to compensate for a positive AG of reaction.
Within the context developed here, one can then speak of reactions occurring at
an ‘underpotential” at a semiconductor electrode, which simply means that the elec-
trode is photocatalytically coupling the incident light energy into both the AG and
AG? of reaction to produce a net negative reaction free energy relative to reductions
available at an ideally reversible electrode. The PEC system may also be electroca-
talytic in that the electrode surface or other components of the system may serve to
lower the intrinsic reaction barrier (AG"). Thus, the reduction in operating potential
in a photoelectrochemical system when compared to the same reaction occurring at a



12.1 Introduction 213

metal electrode is a combined effect of the light energy driving the reaction thermo-
dynamics and the charge transfer kinetics.

Because solar energy can drive photoelectrochemical reactions, the application of
solar irradiation in reduction processes provides a direct route towards storing solar
energy as chemical bonds, or so called solar fuels. The terms ‘artificial photosynthesis’
and ‘reverse combustion’” have been applied to suggest the sense of the reaction strat-
egy for light-driven CO; reduction, especially to fuels and other energy storage prod-
ucts. Hydrogen is the simplest fuel molecule, but it has limitations due to being a gas at
standard temperature and pressure (STP). Storing solar energy as liquid organics, i.e.,
methanol, ethanol etc. are more interesting targets for artificial photosynthesis as these
materials are easier to handle and more applicable to direct use. The primary stum-
bling block to solar energy conversion into carbon containing fuels is the chemical sta-
bility of CO,, which leads to significantly less favourable kinetics for fuel formation
relative to Hj reduction from water. Direct one-electron reduction of CO; is reported
to require ~—2.1 V vs SCE" (all potentials in this chapter are versus a saturated
calomel electrode/half cell (SCE), unless otherwise noted), however, very little of
this energy is stored in its reduced product as indicated by the potentials given in
Scheme 12.1. For instance, 690 kJ/mol of free energy is stored upon the formation
of methanol and oxygen from CO, and H,O under standard conditions, but if this pro-
cess needs to be carried out at —2.1 V (and assuming 400 mV of overpotential for ox-
ygen formation) 1.7 x 10° kJ/mol needs to be expended. Without a catalyst that can
bypass the direct one-electron reduction of CO; this process results in a great amount
of applied electrical or incident light energy wasted.

Early research on ‘reverse combustion’ dates back 150 years, in which aqueous
carbon dioxide or bicarbonate was reduced to form formic acid.” Hori et al. accel-
erated this research field during 1960s by screening most elemental metals as elec-
trodes to determine aqueous CO; electrochemical reduction products and their
relative overpotentials.'’ The field attracted significant attention a decade later,
when photoelectrochemistry sparked interest in utilizing solar energy for CO, con-
version. Hydrogen production from water was initially examined for solar fuels, and
thereafter was extended to carbon fuels from CO, reduction. Such research direc-
tions were spurred by the energy crisis in 1970s when petroleum costs in the United

CO, + 2H" + 2¢ 3 CO + H0 E0=-035V

CO, + 2H" + 2e > HCOH EO—_043V

CO, + 4H" + 4 g HCHO + Hy0 EO= 030V

CO, + 6H" + 66 ——m CH,OH + H,0 E0=-0.20 V

CO, + 8H* + 8 ___ g CH, + HO0 E0=-0.06 V

2€0, + 12H* + 12¢ — 3 GH,OH + H,0 E0=—0.15V
SCHEME 12.1

Carbon dioxide reduction potentials vs SCE under standard conditions (pH = 0).
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States were dramatically increased. Recently, advanced research into CO,
photoelectrochemical reduction has been reactivated since both environmental and
renewable energy concerns again are attracting scientific and public attentions.
These new pursuits are further enabled by the development of modern photochem-
istry, electrochemistry and material science, particularly the materials chemistry of
inorganic semiconductors. Current research focuses on enhancing incident light en-
ergy usage efficiency, especially solar energy capture efficiency and CO, conversion
kinetics for photoelectrocatalytic CO, reduction.

In this chapter, semiconductor photocatalyst/electrode and light-activated mo-
lecular homogeneous catalysts for CO, reduction will be examined from earlier
work as well as very recent findings. The review begins with a discussion of the rele-
vant parameters for photodriven CO, reduction. Having defined the problem, dis-
cussion of the literature is provided and organized by the mechanistic approaches
to light-fuelled CO;, reduction, including photovoltaic/electrolyser combined sys-
tems, semiconductor nanomaterials in photochemical systems, photoelectrodes
modified with homogeneous or coordinatively attached molecular catalysts or pho-
toelectrode surfaces modified by metal co-catalysts. Current research has exposed a
number of new avenues to explore, which may provide one or more pathways to in-
dustrial scale CO; reduction to fuels. But, in this regard, this research field is still in
its formative stages.

12.2 Organizing principles of photoelectrochemical CO,
reduction

Efficiency of CO, reduction or any photochemical process is expressed as quantum
yield: the percent of light energy input converted to chemical energy output. Quan-
tum yield (®) is the fundamental energy metric for photochemistry and photoelec-
trochemistry. In homogeneous systems for CO, reduction, quantum yield can be
easily determined by moles of products versus moles of absorbed photons, while cat-
alytic turnover numbers can be determined by moles of products per mole of cata-
lyst. Determining the quantum yield and turnover number of semiconductor
heterogeneous systems, however, is more complicated due to a lack of knowledge
about the number of effective active sites for reduction catalysis. The quantum effi-
ciency of the heterogeneous photocatalytic process is defined as the number of
reduction events per photon incident (not absorbed).

A semiconductor’s electronic structure possesses a void energy region where no
states are available to promote recombination of an electron and hole produced by
photo activation in the solid. This void region is called the band gap and extends
from the highest energy level of the electron-occupied valence band to the lowest en-
ergy level of the vacant conduction band. As illustrated in Figure 12.1, upon photoex-
citation with absorbed photon energy equal to or higher than the band gap, an electron
from the valance band is promoted to the conduction band, leaving an empty state,
called a hole, in the valance band. Following excitation, the generally nanosecond
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FIGURE 12.1 Typical electron—hole pair photophysical dynamics for an illuminated p-type
semiconductor:

charge separation occurs upon photoexcitation with light energy greater than or equal to the
band gap and is indicated by the solid black arrow. Recombination of carriers, parameterized
by the rate constant kg, occurs either in the bulk (wavy arrow) or at the semiconductor
surface (solid arrow plus wavy arrow). The space charge region contains an electric field that
spatially separates electrons and holes. For a p-type semiconductor, electrons are driven
toward the electrolyte interface (blue—productive, and red—recombination arrows) and
holes migrate toward the back of the semiconductor and into the external circuit via a
backside ohmic contact (blue arrow). The interfacial charge separating electric field is
depicted as band bending, which is illustrated later in this chapter (see Figure 12.3 Once
electrons arrive at the semiconductor—electrolyte interface, a separate process(es) (Kcat)
moves the charge from the semiconductor to the solution species. If ke4t is small then surface
recombination can dominate the overall chemistry. The hole transfers through the external
circuit to the anode where an oxidation process takes place.

long-lived electron—hole pair'' can effect charge transfer to either the adsorbed co-
catalyst or CO; itself. However, in the absence of a barrier, charge recombination is
inevitable and can seriously decrease the quantum yield of CO, reduction.
However, as illustrated in Figure 12.1 and 12.3 the excited state lifetime of the
electron—hole pairs generated under illumination (and in the vicinity of the semi-
conductor surface) can be prolonged by establishing an electric field at the semicon-
ductor—electrolyte interface. This field induces a spatial separation of the
photogenerated electron and hole, causing one of these species (depending on
the field vector) to migrate to the surface of the photoelectrode. In the case, of a
p-type semiconductor the interfacial field drives electrons toward the electrode
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surface. Efficient promotion of the surface charge carrier through the interface and
onto a CO, reactant is required, since even in the presence of an interfacial electric
field surface charge recombination is relatively facile. Additionally, even before
charge carriers arrive at the semiconductor—electrolyte interface some degree of
charge recombination in the volume of the semiconductor can occur. Thus, to deter-
mine the CO; reduction efficiency or quantum yield of a semiconductor system, a
combination of all the pathway probabilities for the electron and hole must be
considered. Thereby, the quantum yield can be defined by rate of the charge transfer
and recombination processes as shown in Eqn. (12.2):

® = k¢/ (ke + kr) (12.2)

Where k¢ is the rate constant for interfacial charge transfer and kg is a rate constant
summarizing all of the electron—hole recombination pathways outlined in Figure 12.1.
Upon interfacial charge transfer reactivity is solely dependent on the catalytic nature
of the system. In short, the primary role of the semiconductor in photocatalysis is to
absorb an incident photon, generate an electron—hole pair and facilitate its separation
and transport, whereas catalysis of the reaction is an additional function, which is
often performed either by the semiconductor surface or a different material.

In addition to defining the band gap, the conduction and valence band edges of
the semiconductor also dictate the energetics of possible charge transfer reactions.
Understanding of CO; reduction energetics relative to semiconductor band positions
parameterizes the CO; reduction process. Figure 12.2 illustrates the conduction
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FIGURE 12.2 Conduction band and valance band relative potentials and band energies of
common semiconductors.

Their relative band positions were compared with CO, reduction and water reduction and
oxidation at pH =0.
Data were extracted from References 2,12—15.
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FIGURE 12.3 lllustrative band bending diagrams for p-type semiconductor photoelectrode
photocatalytic reduction of CO,:

(a) semiconductor material itself as CO, reduction catalyst; (b) homogeneous unattached catalyst
(pyridinium for example); (c) molecular catalyst [Ru(bpy)-(CO),] attached on photoelectrode
surface; (d) electrodeposited or nanoparticle casted metallic catalyst on the surface of
semiconductor materials for CO, reduction. For further explanation refer to Figure 12.1.

and valence band position of common photoelectrodes that are reported to reduce
CO;. These band positions are compared with CO; reduction potentials to various
products under standard conditions ([H*]1=1M). Note that under the standard
conditions, many semiconductor materials become unstable, for example, p-Cu,O
reacts with acid resulting in complete copper dissolution. Figure 12.2 simply pro-
vides a theoretical comparison of the thermodynamic band energies; it does not indi-
cate the optimal CO; reduction reactions.

In theory, as indicated in Figure 12.2, with the exception of the redox potential of
the CO,/CO; redox couple residing higher than all the conduction band edges, the
reduction potentials of CO, to common products lie well within the band gap of
the majority of the semiconductors mentioned here. That is, the conduction band
energies are in general higher than CO; reduction potentials, implying thermodynam-
ically allowed electron transfers. Significantly, redox potentials of CO, reduction are
limited to a very small range (from —0.06 V to —0.43 V vs SCE at [H] = 1 M). This
potential range is indicated by the horizontal band in Figure 12.2. Note that this redox
potential box will shift to more negative potential at a rate of —59 mV for every pH
unit increase. As already noted, thermodynamically allowed processes do not imply
that reductions will occur at an appreciable rate, multiple proton and multiple electron
transfers need also be kinetically facile in these systems.

Unfortunately, unlike the thermodynamic potential comparisons, the theoret-
ical understanding of semiconductor materials’ catalytic principles towards CO,
reduction is not well established. The formation of different reduced products from
CO; heavily depended on the specific reaction pathways taken as well as the
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couplings that occur between proton and electron transfers. Two-electron reduced
products of CO, formic acid and oxalic acid; 4-electron product formaldehyde;
6-electron product methanol; and more than 6-electron products of methane,
ethane, ethene, acetaldehyde, ethanol, higher carbon alcohols, higher carbon alde-
hydes and hydrocarbons have all been detected and reported as products of CO;
reduction.”®'®"” Current research is still highly results-driven: the capability to
predict the catalytic ability of a specific semiconductor material or theoretically
optimize a semiconductor system is not available.

12.3 Photovoltaic/electrolyser duel module systems: Metal
electrodes for CO, conversion

Solar driven reduction of CO; has been achieved by combination of a commercial so-
lar panel with a CO, electrolyser using electrocatalytic metal electrodes. The essential
concept and the core chemistry rely on the direct electrochemical reduction of COy;
however, the required electricity is generated by solar panels. Two companies that
have recently announced development of such systems are Liquid Light Inc. and
Det Norske Veritas. Both companies have combined classic electrolyser technology
with commercial photovoltaic panels to carry out the CO, to formate conversion
with a solar-to-combustion energy conversion efficiency approaching 2%. However,
besides the engineering development of the electrochemical cell, the key chemistry
is still reliant on the progress of electrocatalytic metal electrodes. To this end, prior
work on metal electrodes, dating back to the early 1970s has been reinvestigated
with a focus to improve electrode stability and catalysis via understanding and manip-
ulating interfacial morphology and chemical composition. The present efforts in this
area are based on Hori’s pioneering work which is summarized in Table 12.1."°
Since Hori’s original studies, the number of electrode materials investigated as cath-
odes for CO, reduction has continued to expand as summarized in Table 12.2.
Recently, Kanan reported that copper”” and gold®” electrodes having unique nanoscale
morphology were quite stable and efficiently reduced CO, to carbon monoxide,
formate, methanol and other higher carbon products with significant higher yield
than standard polycrystalline electrodes. An electrodeposited copper(I) oxide thin
film surface was also reported by Flake et al. to selectively reduce CO, to methanol
at 38% Faradaic yield.21 Moreover, more than 16 chemical identifications within a
wide range of C;—Cj3 products have been successfully achieved in a copper foil
flow cell by Jaramillo.'® The potential-dependence and current efficiency of each prod-
uct was carefully compared in this work. The distinctive electrocatalytic ability of Cu
towards CO, reduction inspired mechanistic investigations on this electrode. Asthagiri
et al.’' claimed the reduction of CO is the key selectivity-determining step for CO,
electro-reduction on Cu(Ill). The dominant path proceeds through reduction of CO
to COH, which eventually leads to CH, species, and can produce both methane and
ethylene. Although copper metal electrodes generate hydrocarbons during the electro-
chemical reduction of COj, the activity of these electrodes typically decreases after



Table 12.1 Faradaic Efficiencies of CO, Reduction Products at Common Metal Electrodes at 0.1 M KHCO3

Current Faradaic Efficiency %

Potential Density
Electrode vs SHE V mA/cm? CH, CoH, EtOH? ProH® (o]0} HCOO™ Ho Total
Pb —1.63 5.0 0.0 0.0 0.0 0.0 0.0 97.4 5.0 102.4
Hg —1.51 0.5 0.0 0.0 0.0 0.0 0.0 99.5 0.0 99.5
Tl —1.60 5.0 0.0 0.0 0.0 0.0 0.0 95.1 6.2 101.3
In —1.55 5.0 0.0 0.0 0.0 0.0 2.1 94.9 3.3 100.3
Sn —-1.48 5.0 0.0 0.0 0.0 0.0 7.1 88.4 4.6 100.1
Cd -1.68 5.0 1.3 0.0 0.0 0.0 13.9 78.4 9.4 103.0
Bi® —1.56 1.2 - - - - - 77 - -
Au —1.14 5.0 0.0 0.0 0.0 0.0 87.1 0.7 10.2 98.0
Ag —-1.37 5.0 0.0 0.0 0.0 0.0 81.5 0.8 12.4 94.6
Zn —-1.54 5.0 0.0 0.0 0.0 0.0 79.4 6.1 9.9 95.4
Pd -1.20 5.0 2.9 0.0 0.0 0.0 28.3 2.8 26.2 60.2
Ga —1.24 5.0 0.0 0.0 0.0 0.0 23.2 0.0 79.0 102.0
Cu —1.44 5.0 33.3 25.5 5.7 3.0 1.3 9.4 20.5 103.5¢
Ni —1.48 5.0 1.8 0.1 0.0 0.0 0.0 1.4 88.9 92.4°
Fe -0.91 5.0 0.0 0.0 0.0 0.0 0.0 0.0 94.8 94.8
Pt -1.07 5.0 0.0 0.0 0.0 0.0 0.0 0.1 95.7 95.8
Ti —1.60 5.0 0.0 0.0 0.0 0.0 Tr. 0.0 99.7 99.7
2 Ethanol.

b n-propanol.

© The data are taken from Hori et al.”’ except Bi which is read from an illustration in a paper by Komatsu et a

/87

9 The total value contains CoHsOH(1.4%), CHsCHO(1.1%), CoHsCHO(2.3%) in addition to the tabulated substances.
¢ The total value contains CsHg(0.2%).
Permission from Elsevier Reference 10.
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Table 12.2 Recent Developments in Electrocatalytic CO, Reduction at Various Metal Electrodes Using Surface Morphology
Control or a Soluble Co-Catalyst

Metal Electrode

Cu on diamond
Cu/Au alloys
Cu (ox-layer)
Cu (flow cell)
Cu (ox-derived)
Agin L

Pt (pyridinium)
Biin IL

Sn (oxo-derived)
In (solar)

Inin IL

Au (ox-derived)

Ref.

19
20
21
16
22
23
24,25
26
27
28
29
30

Potential (V, vs)®

—1.3 NHE
—0.65 RHE
—1.1 SCE
PD®

—0.5 RHE
1.5

—0.6 SCE
—1.95 SCE
—0.7 RHE
Zero bias®
—1.4 AgCI/Ag
—0.25 RHE

Electrolyte

IL with H,0
0.5 M KHCO3
0.5 M KHCO;
0.1 M KHCO;
0.5 M NaHCOg
IL with H,0
0.5 M KCl
IL/MeCN

0.5 M NaHCOg
0.5 M KHCO3
3 M NaCl

0.5 M NaHCOg

Current Density

5.1 mA%/cm
1 mA%/cm?
43°

PD
3mA%/cm?
10 mA%/cm
1 mA%/cm

4 mA?/cm?

4 mA?/cm?
0.8 mA%/cm

Products (Faradaic Yield')

Formic acid, formaldehyde, C,H,O,
Products not specified

Methanol (38%)

PD: 16 products

PD; formate (40%); CO, methane, ethane
CO (95%); Hz (5%)

Methanol (22%), formic acid (10.8%)
CO (99%), H (less than 1%)

PD; formic acid (19%); CO,

Formic acid (28% quantum yield max)
Formate (80-100%)

PD; CO (80%)

2 Potentials directly derived from electrolysis data of reference.

b PD: potential dependence.

¢ Two-electrode setup, vs Pt anode.
9 Solar energy via PV only, no other potential applied.
® Methanol yield density: 43 umol/cm?/h.

" Faradaic yield unless other specified.
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several minutes of operation.’” To overcome this problem a pulse electrolysis mode
with anodic as well as cathodic polarization was applied to the copper electrode.
CHy4 and C,H4 hydrocarbon species were found to be the main products, and the ac-
tivity of the electrode was maintained for at least 1 h. The enhanced stability was asso-
ciated with a proposed copper oxide species formed on the Cu electrode surface. The
selectivity of C,Hy species over CHy species was further improved when electrochem-
ical reduction was applied directly on copper oxide electrode; the highest efficiency of
about 28% was obtained at —3.15 V vs Ag/AgCl.

The Norskov group'®*? has systematically studied the binding kinetics of CO,
and its reductive intermediates on copper surfaces and demonstrated that the rela-
tive kinetic barriers to C—C coupling decrease significantly with the degree of
hydrogenation of reacting adsorbates. They have explained how copper can catal-
yse the production of higher hydrocarbons and oxygenates in the electrochemical
environment, despite producing only single carbon atom products in gas-phase
catalysis, and how C—C bonds can be formed in the room temperature electro-
chemical environment, whereas substantially higher temperatures were needed
in Fischer—Tropsch catalysis.

Thanks to the rapid development of nanotechnology, similar studies of CO,
electrochemistry have been reported for metal materials with or derived from
nanostructured precursors. For instance, Kanan’s group also studied quite similar
oxide formation methodology on other metals: including Sn°’ and Au’’. Higher
selectivity and yield of CO; reduction products have been attributed to oxide
layers formed on these metal electrode surfaces. A nanoparticulate form of copper
decorated on a diamond electrode'” exhibited atypical CO, reduction activity: not
only the common reduced products CO, H,, formate but also highly reduced
methane, ethane, methanol, ethanol and isopropanol were detected in measurable
yield. Bismuth metal electrodes showed interesting high current density in an
asymmetric imidazolium ionic liquid in terms of CO formation.”® A silver elec-
trode in similar aqueous/ionic liquid electrolyte was also reported by Masel
et al. to reduce CO, to CO and oxidized water to oxygen in a two-electrode system
with total overpotential less than 200 mV.>* Other electrodes such as indiurn,28
platinum under pyridinium catalyst’"** and CuAu”” alloys, in small particles or
other morphologies at electrode surface structures are summarized at Table 12.2.

12.3.1 Semiconductor electrodes for CO, reduction

Heterogeneous photoelectrocatalytic reduction of CO; on semiconductor interfaces
has been extensively investigated since the 1980s. This area of study was initiated by
Halmann’s report that one could photoelectrochemically reduce CO, to methanol
with 60% Faradaic yield, using a p-type GaP photocathode in a liquid junction
cell.”* We discuss here some of the well-studied semiconductor electrode materials
(group III—V: GaP, InP, GaAs; Group II—-VI: CdS, CdSe; oxide Photoelectrodes:
Cu,0, CuFeO,, TiO,, TaON, W03, etc.) for direct CO, reduction in the next section
and offer insight into possible mechanistic paradigms.
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Although the mechanisms of catalysis for the direct reduction of CO, on photo-
electrodes is not well understood, this area of research is quite active and typically
involves mediation by coordinatively attached or uncoordinatively dispersed molec-
ular catalysts and deposited nanoparticulate metal catalysts on the semiconductor
interface. Four types of semiconductor/liquid junctions have been shown to photo-
assist CO; reduction as outlined in Figure 12.3. Direct CO, reduction at semicon-
ductor electrodes (a) for example, light-activated GaP catalysed CO, to methanol
conversion.”* Dispersed molecular catalyst assisted CO, reduction (b) exemplified
by aqueous pyridinium at a p-GaP(111) interface leading to selective CO, to meth-
anol reduction at almost 100% Faradaic yield.® Coordinated/attached molecular
catalyst assisted CO; reduction (c) homogeneous catalyst [Ru(bpy),(CO)s] chemi-
cally attached to a TayOs and InP semiconductor surface.”® (d) Finally, metal
particle decorated photoelectrodes for CO, reduction.”’

12.4 Group IlI-V: GaP, InP, GaAs as photocathode for CO,
reduction

GaP, which has an indirect band gap of 2.3 eV and a direct band gap of 2.8 eV, has been
thoroughly investigated as a photoelectrode for CO, conversion. As already noted,
Halmann’s report using a p-type GaP photocathode was one of the earliest studies
on the photoelectrochemical reduction of aqueous carbon dioxide, producing optical
conversion efficiencies at 365 nm of 3—5%.>® Based on this concept, one year later,
Inoue et al. investigated photocatalytic reduction of carbon dioxide in aqueous suspen-
sions of semiconductor powders.”” Up to 10~ M of formic acid, formaldehyde, meth-
anol and methane were found as products and the role of the semiconductor
suspensions was claimed to be both photosensitizer and catalyst. Under high pressure
conditions, maximum Faradaic yield of 80% could be obtained with a cathodic bias of
—1.0 V (vs SCE), in 0.5 M Na,COs and 8.5 atm pressure of C02.4“ The Faradaic yield
was reported to decrease if the reaction was carried out at more negative potentials.
This phenomenon was explained by the fact that GaP is more stable towards anodic
decomposition at a less negative potential. Phase sensitive studies demonstrated that
the photocathodic response of the p-GaP electrode was due to band gap excitation.”’
In pH =7 buffered solution, the cathodic photocurrent increased about 15% when
CO, was bubbled into the solution compared to Ar. Trace amounts of formate as prod-
uct were detected at bias potentials of —1.54 V vs SCE. Recently, Bocarsly et al. found
the combination of p-GaP electrode and pyridnium as catalyst increased the selectivity
and efficiency of methanol production.*” This will be further discussed in the section
of semiconductor with a molecular co-catalyst.

The semiconductor electrode InP has a band gap of 1.34 eV, which is almost
ideal for the efficient conversion of solar energy into electrical or chemical energy.
The photoelectrochemical reduction of carbon dioxide at p-InP was studied in meth-
anol,” in which CO, solubility is reported to be five times larger than found in
aqueous solution at ambient conditions. The onset potential of the photocathodic
current was —0.8 V. Compared to metallic electrodes, a positive onset potential shift
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of 0.3—1.0 V by this electrode can be achieved by the photoassisted conversion pro-
cess. The main product was identified as CO and maximum current efficiency was
found at —2.5 V to be 41.5% and formic acid generation efficiency was found to be
15%." Hirota et al. have investigated photoelectrolysis of CO; at p-InP under high
pressure in a methanol medium.***> The onset photopotential for CO, reduction
initiated at —0.6 V, which is 0.4 V more positive compared with an Ar atmosphere.
In a CO; saturated high pressure solution (40 atm.), CO was obtained with a current
efficiency of 87—93% at constant current densities in the 50—100 mA/cm?” range.
Methyl formate formed by formate reacting with methanol was also identified as
one of the products (Faradaic yield ranging from 3.5 % to 16%). At high CO, pres-
sure light intensity was found to be the limiting factor.

P-GaAs electrodes, with a 1.42 eV band gap, have been extensively studied as
photocathodes for solar to electrical energy conversion. Reduction of carbon dioxide
on this electrode in the presence of various redox couples, which possibly act as
electron relays in an aqueous solution, has been investigated by Zafrir et al.*® To pre-
vent the photocorrosion of the GaAs semiconductor surface, the vanadium redox
couple V(II)/V(II) has been introduced, which provides more efficient electron
transfer from the semiconductor surface to CO,. With 0.32 M vanadium chloride
in a 4 M HCI solution, at —0.5 V vs SCE, the current efficiencies for formate, form-
aldehyde and methanol were 0.04%, 0.017% and 0.012%, respectively. The major
product in this process is hydrogen (from water). P-GaAs, similar to InP, has been
also studied for CO, conversion under high-pressure in a methanol medium.***
A current efficiency of 24.9% for CO production reached a maximum at —2.4 V.
The Faradaic efficiency for the formation of methyl formate was in the range of
12—15% at potentials from —2.2 V to —2.5 V(vs Ag/AgCl).

GaN electrodes and the corresponding AIGaN/GaN photoelectrodes were stud-
ied by Yotsuhashi et al.””*® N-type GaN was used as photoanode and Cu metal as
a counter cathode in an aqueous solution with a Nafion film used as a cation ex-
change membrane. Hydrogen, CO, CHy4, C,H4 and C,Hg were detected without
any external energy source except light irradiation. Three percent Faradic efficiency
was achieved for formate production in this system. In a modified device, the photo-
anode was separated into two parts: an electrically conducting layer containing
n-type GaN and a photoabsorbing layer of unintentionally doped AlGaN. A NiO
co-catalyst was also added to the device. These changes improved the conversion
efficiency from 3 to 8.9%. A similarly engineered AlGaN/GaN system produced a
14% conversion efficiency. These reports suggest that new III—V semiconductors
should be developed for the solar energy CO, conversion.

12.5 Group II-VI: CdTe, and Group IV: Si, SiC
photoelectrodes

In addition to the Group III—V semiconductors, materials which combine group II
and VI elements have been investigated for CO, reduction. Taniguchi et al. first
noted the reduction of CO, to CO at a p-CdTe electrode, producing 70% Faradaic
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efficiency at —1.6 V vs SCE in a DMF electrolyte with 1% water. They compared
their system to an In metal electrode, and found that the photopotential on the semi-
conductor resulted in a 30% efficiency improvement over the metal system.”’ Soon
after the initial reports of CO, reduction at p-CdTe, IR spectroscopy was used to
detect intermediates at the electrode surface, and in acetonitrile four potential-
dependent signals were observed which were attributed to formation of CO; at
the electrode surface.” Electrolyte variation was examined to elucidate the mecha-
nism of CO, reduction at [I—VI electrodes. Taniguchi found that yields were consis-
tent for DMF, DMSO and propylene carbonate electrolytes and shifted towards less
CO and more H; for acetonitrile. Supporting electrolytes with lithium and sodium
deposited on the electrodes and caused decreased current for CO formation.”' In
aqueous electrolyte, p-CdTe was found to produce CO and formic acid at more
modest potentials between —1 and —1.4 V vs SCE. The supporting electrolyte
significantly affected the product distribution; more formic acid was produced in
the presence of carbonate electrolytes and more CO was favoured in the presence
of sulphates and phosphates, with markedly more CO formed in tetraethylammo-
nium phosphate (TEAP) supporting electrolyte where H, production was also
sharply curtailed.’® The suppressed CO production in carbonate electrolytes was
explained using the common ion effect because CO formation would also produce
carbonate in an ECEC mechanism. Tetraalkylammonium ions were suggested to
produce a hydrophobic environment at the electrode surfaces, favouring CO forma-
tion. Tetraalkylammonium ions however, may not be innocent in reduction of
CO,. In DMF it is suggested that this cation is a charge transfer mediator either
in solution™ or at the electrode surface.”*”> A problem with p-type CdTe electrodes
is their reported instability during CO, reduction in both aqueous™ or nonaqueous
electrolytes.™

Group IV semiconductors including silicon and silicon carbide are reported
to photoelectrochemically reduce carbon dioxide. For example, illuminated p-
Si electrodes were found to produce CO at —2V, more negative potentials
than observed for p-CdTe or p-GaP,”" A powder of silicon carbide suspended in
water, was reported by Inoue et.al.’® to reduce CO, under UV illuminated into
formate and methanol. After 7 h of illumination, more than 5 mM of methanol
was produced in a 100 mL of purified water. The formate yield was reported ca.
1 mM at the same condition. Wang et al. have successfully applied Si nanowires
as photoelectrodes to reduce CO,”’ or combined Si nanowire with follow on
organic reactions to fix and capture CO, to produce complex organics such as
ibuprofen.”®

12.6 Titanium oxide photoelectrodes

Oxide photoelectrodes have been extensively studied for water oxidation and to a
lesser extent for hydrogen formation, but fewer examples on this type of photoelec-
trode have been explored for CO; reduction. TiO,, is a wide band gap (~3.0eV)
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n-type semiconductor. It is very stable, and by far the most popular and common
photocatalyst, in general. In 1979, pioneering work’® by Inoue, Fujishima and
Honda showed that powdered TiO, suspended in water under UV illumination is
able to reduce CO, to formic acid, formaldehyde, methanol and methane. Yates
et al. have extensively studied mechanisms of TiO,-based photocatalysis.’” The
large band gap of this material necessitates blue to UV optical excitation making
this material a poor solar energy convertor. The efficient utilisation of solar energy
requires the use of materials with a small band gap so that a large part of the visible
light spectrum can be absorbed. Unfortunately, many promising semiconductors,
especially oxides, have a wide band gap, which results in an onset of the absorption
below 400 nm. A red-shift of this onset to the visible range is achieved by either
sensitizing the semiconductor (Gratzel cell) or engineering its band gap. Anpo
and Takeuchi have used this latter approach to extend the photocatalytic applica-
tion of TiO, into visible range.®’ This research illustrated the design and develop-
ment of highly reactive titanium oxide photocatalysts operating under visible light
irradiation. The photocatalytic reactivity of semiconducting TiO, powder was
found to be dramatically enhanced by the loading of small amounts of Pt, which
work to enhance the charge separation of the electrons and holes generated
by light.®”

Single crystal n-TiO, electrodes were utilized as photoelectrodes for conversion
of CO; to formic acid and methanol under high pressure conditions. High Faradaic
yields of formate were obtained in an alkaline electrolyte, which was explained by
the facilitated formation of hydrogen carbonate intermediates. However, methanol
was detected only in acidic solution. The highest Faradaic efficiency for CO; reduc-
tion was reported as 22.1% (mainly HCOOH) at —1.2 V and 8 atm. CO, pressure.”’
Modified TiO, electrodes have also been explored. Pt-modified carbon black—TiO,
was employed and methanol was identified as the main product at the initial stage
and isopropanol production dominates after 10 h. The carbon dioxide conversion
process was conducted under a galvanostatic condition with 0.02 mA/cm? current
density, 0.5 M KCI and 10 mM pyridine (pH of the solution is 4.5—4.8).°” To justify
the assumption that electrochemical reduction of CO, involves dissociative chemi-
sorption in the presence of hydrogen, TiO, mixed with other conductive oxide elec-
trodes were fabricated for electrochemical CO; conversion. A current efficiency of
249% CH30OH and 2% HCOOH was obtained at —0.9 V vs SCE with RuO, + TiO,
(35 4 65 mol percent) in 0.2 M Na;SOy4 saturated with CO,_ A Tafel plot at pH = 1.2
suggested that the first electron transfer is the rate-limiting step in the CO, reduction
in this environment.®

12.7 Other oxides photoelectrode: Cu,0, CuFe0,, etc

Semiconducting oxidized copper electrodes have been studied for CO, reduction
and reported in some cases to produce Faradaic efficiencies higher than 100%
with onset potential as low as —0.4 V vs SCE for the conversion CO, into methanol.
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A relative mechanism was proposed involving an absorption species of HCO,q4, from
which three consecutive hydrogenations followed to form CH3;O0H.®* In all likeli-
hood these electrodes are not stable and the apparent high Faradaic efficiencies
are a misinterpretation of electrode photodecomposition processes.

An electrodeposited cuprous oxide thin film electrode was prepared and its re-
action ability towards CO; reduction was compared with air-oxidized and anodized
Cu electrodes. Methanol yield (38% Faradaic efficiencies) from the Cu,0 thin film
electrode was found to be one order of magnitude higher than the anodized elec-
trode and two orders of magnitude higher than the air-oxidized electrode. Surface
analysis results indicated that the methanol yield was directly related to Cu(I) con-
centration on the surface. This result suggested a critical role of Cu(l) in the selec-
tive formation of CH30H, but copper oxides were found to be reduced to metallic
Cu simultaneously in the CO; reduction process which introduces an ambiguity
given the known catalytic activity of metallic copper.”’ An electrode fabricated
from an air annealed Cu foil followed by electrochemical reduction to form a
nano-wired Cu,0 layer was found to reduce CO, to CO and HCO,H.”> A Cu,O
layer formed at higher temperature (500 °C) produced a pronounced effect,
including larger surface area and 0.5 V less overpotential than surfaces formed
at lower temperature (130 °C). The activity of the modified electrode was stable
for several hours under the reduction conditions and produced C, hydrocarbons
at high overpotentials.

Recently, p-CuFeO; as a novel p-type semiconductor electrode containing a
Cu(I) oxide was reported by Bocarsly and Cava to be active for CO; reduction.®’
The electrode was prepared by traditional solid state methods and the conductivity
was controlled by Mg dopant concentration. The photoelectrode was found to be
capable of reducing CO; to formate at 400 mV underpotential. The electrode ma-
terial was found to undergo a very slow decomposition process during illumina-
tion. Still the electrode was found capable of operation for periods of the order
of 10 h. This material was therefore much more stable than simple Cu,O based
photocathodes, suggesting that further design of complex oxides could produce
systems showing good Faradaic yields for CO, reduction, along with long term
stability.

12.8 Semiconductor with a molecular co-catalyst

Molecular catalysis of CO, reduction is arguably the most active research area
among all electro- and photoelectrocatalytic systems. The concept of combining a
molecular co-catalyst with a semiconductor dates back to 1980s when Bockris
etal.’”°° % studied adsorbed species on silicon and p-CdTe photoelectrodes. Photo-
electrochemical reduction of CO; by a diamond-coated Si electrodes has also been
characterized by Ono et al.”” Sato has reported an use of a visible-light-induced
[Ru(bpy),(CO),] electrocatalyst complex to selectively reduce CO, to formate on
a p-type nitrogen-doped Ta,Os semiconductor.””’® An interesting aspect of this
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work is that the comparison between a ruthenium co-catalyst that is coordinated to
the electrode surface, versus one that is present in solution. In this study a dramatic
difference on the formate formation was noted with more than 10 times the quantity
of product formed at the coordinated surface in comparison to the uncoordinated
catalyst. A p-type InP semiconductor surface yielded a similar result when modified
with an electropolymerized ruthenium polypyridyl complex.”®

Homogeneous molecular co-catalysts dispersed on the semiconductor photoelec-
trode were investigated in the early 1980s. In 1983, Zafrir et al. reported the photoelec-
trochemical reduction of carbon dioxide to formic acid, formaldehyde and methanol
on p-type gallium arsenide in an aqueous V(II)—V(III) chloride redox system.’" Petit
et al. reported that the system of p-type GaP or p-type GaAs with a homogeneous
Ni(cyclam) catalyst was an efficient system for selective photoelectroreduction of car-
bon dioxide to carbon monoxide.”'"’* Parkinson and Weaver studied photochemically,
electrochemically and photoelectrochemically-driven enzymatic redox processes.
Most interestingly, a formate dehydrogenase enzyme was reported to work with an
illuminated p-type InP semiconductor electrode to produce formate from aqueous
CO, at visible light irradiation with a maximum yield of 89%.”*"" [Re(Bu-bpy)(-
CO)3X] complexes have been extensively investigated by Kubiak et al.”” and have
been used to photoreduce CO; to CO on a p-type silicon photoelectrode in which
the photovoltage was reported to exceed 600 mV.

Bocarsly’s group has studied aqueous pyridinium as a catalyst to reduce CO; to
formate, formaldehyde and methanol.”**>"’° An aqueous pyridinium catalyst was re-
ported to selectively photoelectrocatalytically reduce CO, to methanol at a p-type
GaP semiconductor electrode.® As illustrated in Table 12.3, 96% Faradaic yield of
methanol production was obtained at a current density of 0.21 mA/cm?* at —0.2 V
vs SCE which is 320 mV underpotential relative to the CO; to methanol’s thermo-
dynamic redox potential. This system is the first example of a PEC that reduces
CO; to methanol at a photoinduced underpotential. A quantum efficiency for meth-
anol formation was calculated to 12% (at 365 nm) at this potential. A lower working
potential, gave more selective reduction towards methanol. Similar chemistry has
also been applied to an illuminated iron pyrite electrode in combination with dis-
solved pyridinium or imidazolium co-catalysts to reduce CO, to CO and formic
acid (imidazolium: CO 2.4%, formic acid, 4.9%; pyridinium: formic acid 2.7%,
CO 0%). No methanol formation was reported in this iron pyrite system.’’ The strik-
ing difference between gallium phosphide and iron pyrite towards aqueous pyridi-
nium co-catalyst assisting CO, reduction has been noted but not yet theoretically
explained.

12.9 Semiconductors decorated with metal
electrocatalysts for CO, reduction

Though a semiconducting cathode can generate charge upon optical excitation and
deliver that charge to the semiconductor—electrolyte interface, such devices may
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Table 12.3 Optical Conversion of CO, to Methanol by an Aqueous Pyridinium
Catalyst Working with a p-Type GaP Photoelectrode
Faradaic Quantum Quantum

Underpot.” j(mA/ eff. CHzOH yield ®o- eff. CH3;0H OCE
E (V) (mV) cm?) € (%) (%) Pmeon (%) M (%)
465 nm
—-0.70 - 1.1 56 8.3)° (4.6)° (1.3°
-0.60 - 1.0 51 (5.1)° (2.6)° (1.3°
—-0.50 20 0.46 78 3.4 2.65 1.05
—-0.40 120 0.33 83 2.3 1.9 1.03
—-0.30 220 0.27 90 1.6 1.35 0.84
365 nm
—-0.50 20 0.92 62 71 44 10.9
-0.40 120 0.48 89 38 34 8.9
—0.30 220 0.28 92 16 15 5.8
-0.25 270 0.21 96 12 115 4.65
-0.20 320 0.21 96 13 12.5 4.8
2 All potentials referenced versus SCE. Underpotentials stated are versus the standard potential of
—0.52 V for the reduction of CO, to methanol at pH 5.2.
b These values were obtained at an overpotential and thus external electrical power was also used.
Adapted with permission from Reference 6.

not necessarily be stable under the conditions of CO, reduction nor have optimal
catalytic properties for electron transfer into solution. Metals (as thin films or par-
ticles) have been used to modify semiconductor surfaces in order to stabilize the
cathode surface and to catalyse CO; reduction via specific stabilization of CO,
reduction intermediates. For example, Kaneco et al. have examined CO, reduction
on p-InP photoelectrodes with Au, Ag, Ni, and Pb nanoparticle deposits.”* They
found that for Au and Ag modified cathodes, yields of CO increased relative to
the bare p-InP, while Ni produced hydrocarbons at low yield and Pb produced
more formic acid at higher yields than the bare semiconductor. All the reactions
required high overpotentials, however, and thus solar energy conversion to fuels
did not occur. A p-Si electrode modified with copper nanoparticles showed forma-
tion of hydrocarbons typical of reductions on Cu in addition to the CO and HCOOH
formed at the bare p-Si electrode. A shift of 40.45 V in onset potential for CO,
reduction was observed for copper particles on p-Si, but not for a continuous copper
deposit on p-Si.”” Modification of p-Si with Cu, Au, or Ag particles all lead to
similar positive shifts in photovoltage.*’

Recently, attention has been placed upon the effects of metal nanostructures upon
the light absorbing properties of semiconductors. Metal nanoparticles such as Ag
deposited on GaAs have been shown to increase scattering of light within the solar
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cell device, thereby increasing light absorption.”’ The small size of metal nanostruc-
tures can result in surface plasmon resonances which alter the electric field at the
semiconductor interface and improve absorbance in the visible region in addition
to improving electron transfer at the interface.®” For example, the quantum effi-
ciency of CO, reduction at TiO; electrodes were improved by two orders of magni-
tude upon depositing gold on the TiO, surface.®’ Additionally, new product
distribution leading to formic acid and methanol formation in addition to methane
formation were observed upon gold deposition.

Another way in which metals are used in photoelectrochemical carbon di-
oxide reduction is in the Solar Thermal Electrochemical Photo (STEP) process
pioneered by Stuart Licht. In this method, CO; reduction is effected at metal
electrodes such as nickel, titanium or carbon, and light energy is used to both drive
a semiconductor for electron transfer as well as to heat the cell, thereby altering
the reaction thermodynamics and decreasing the applied potential required for
electron transfer.®' ~** Licht’s STEP process can be considered a hybrid process
that combines aspects of photoelectrochemistry, electrochemistry, and thermal
chemistry. As such it provides new opportunities to control the electrochemical
interface and access critical thermochemical parameters. Overall, metal modified
semiconductor interfaces appear to offer added benefits in catalysis and interfacial
control; two topics of critical value in the search for efficient CO, conversion
chemistry.

12.10 Summary, conclusion and prospect

In this chapter, we have summarized the previous achievements and also discussed
the current progress of photoelectrocatalytic reduction of CO;. The core chemistry
of metal electrocatalysis driven by solar powered photovoltaics has been conceptu-
ally achieved, offering one pragmatic approach to solar fuels from CO,. However,
the efficiency of the systems presented to date are modest, and it is expected that
pure photoelectrochemical systems may provide further improvements in efficiency.
Modern developments in the metal electrocatalysts have been summarized with the
hope that improved understanding of metal electrocatalytic CO; reduction might be
coupled with light-driven semiconductors. The history and recent development of
semiconductor materials in the field of CO, reduction chemistry has also been
reviewed. The parameterizing factors of solar efficiency and quantum yield in semi-
conductor systems have been discussed. Four distinctive types of mechanistic CO,
reduction by semiconductor system were delineated. Direct CO; reduction by semi-
conductor materials, CO; reduction by co-catalyst coordinated to the semiconductor
surface, or simply homogeneous dispersed co-catalyst, or metal electrocatalyst
decorated CO, reduction have been discussed as methods to couple light adsorption
with catalytic materials.

In order to advance photoelectrochemical CO, reduction for energy storage
and CO; utilisation, the following challenges must be overcome: (1) Materials
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expense : Efficient CO; reduction still relies significantly on the use of noble metal
elements, or other expensive catalytic systems, for example, ionic liquid as electro-
catalysts. (2) Full cell reactions: Semiconductor powder or pure homogeneous
photomolecular catalysts typically use a sacrificial electron donor. Coupling of
photocathodic and photoanodic reactions for a complete catalytic system is chal-
lenging and tends to dramatically reduce system conversion efficiency. (3) Energy
efficiency: The current efficiency and turnover frequency lead to overpotentials for
CO, reduction which are not efficient enough to store a significant fraction of the
applied energy. (4) Absorption efficiency: A photosensitizer that both maximally
overlaps the solar spectrum and is highly catalytic for CO, reduction remains to
be identified. (5) Mechanistic paradigms: The mechanism of electrocatalysis at
semiconductor interfaces is often unknown. Plausible electrocatalytic mechanisms

at metal electrodes have been proposed by Saveant®, Hori'’, Kanan
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and

Bocarsly®® however, mechanistic understanding in semiconductor systems is just
starting to be addressed.®” (6) Intermediate identification: The multiproton and
multielectron transfers needed to reduce CO, produce reaction intermediates
that are not well identified at this point.

Development of a CO;, reduction process that operates efficiently and stably at a

rate commensurate with the solar flux will ultimately determine if photoelectro-
chemical CO, reduction will be a significant part of our energy future. Such a chal-
lenge leaves many opportunities for future CO; chemists to advance.
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