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Challenges for photocatalytic
overall water splitting
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SUMMARY

The hydrogen economy is a sunrise industry, which is considered the
ultimate solution to power the future society. Photocatalytic overall
water splitting is projected as a potential technology for H, produc-
tion. However, its performance is still far from meeting the criteria
for large-scale production. This paper argues that photocatalytic
overall water splitting is theoretically and practically hard to
achieve. The limiting factors, including unfavorable thermody-
namics, slow kinetics, dissolved oxygen, and rapid backward reac-
tion, are discussed. This paper is expected to give readers a better
understanding of the photocatalytic overall water splitting and
analyze the associated challenges in every subtle aspect.

INTRODUCTION

The shortage of fossil fuels and their negative impacts on the environment urges an
energy revolution from fossil to renewable energy sources. Solar energy is renew-
able and nonpolluting. However, solar energy has low density, high temporal/
seasonal variability, and poor portability. Therefore, photocatalysis is applied to
convert sunlight into storable chemical energy, such as clean and efficient hydrogen
energy. Apart from nuclear fuels, the combustion heat of hydrogen is the highest
among all fossil fuels, chemical fuels, and biofuels. In addition, hydrogen burns to
produce water without any pollution to the environment.' Therefore, hydrogen is
called the ultimate energy source for humanity.?

In recent years, hydrogen technology based on photocatalysis has been developing
rapidly. Moreover, efficient photocatalytic overall water splitting (OWS) has been
pursued and regarded as the Holy Grail.> However, the H,-production activities
are unsatisfactory. Most research works do not achieve a solar-to-hydrogen (STH) ef-
ficiency of over 10%, a competitive benchmark efficiency in the hydrogen market.”
Therefore, whether photocatalytic OWS is the best option for H, production remains
questionable. Here, the challenges for photocatalytic OWS are evaluated in terms of
thermodynamics, kinetics, dissolved oxygen, and backward reaction, and the future
development of photocatalytic OWS is prospected.

PHOTOCATALYTIC HYDROGEN PRODUCTION

The intrinsic nature of photocatalyst determines that photogenerated carriers
undergo several processes. Figure 1 shows the four main steps: (1) Photocatalyst ab-
sorbs photons from the light source to generate electron-hole pairs. (2) The photo-
generated carriers transfer and separate in space. (3) Most carriers are annihilated
within the bulk photocatalysts or on the surface through Coulomb force or captured
by traps such as defects. (4) The surviving charge carriers are captured by cocatalysts
for surface redox reactions. Only a minority of photogenerated carriers can
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The bigger picture
Challenges and opportunities:

e Photocatalytic overall water

splitting is an intriguing process
to produce hydrogen. However,
the photocatalytic efficiency is
unsatisfactory. Thus, it is
necessary to analyze the
challenges for photocatalytic
overall water splitting.

The unfavorable
thermodynamics, sluggish
kinetics, dissolved oxygen,
backward reaction, and side
reaction make photocatalytic
overall water splitting
enormously difficult. These
obstacles must be overcome to
achieve efficiency in
photocatalytic overall water
splitting.

Coupling hydrogen production
with selective organic synthesis
can be a more viable and
attractive option than overall
water splitting. The organic
compounds can be converted
into value-added oxidation
products via single-electron
processes, which are much
easier than the four-electron
oxygen evolution reaction.
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Figure 1. Microscopic view of photocatalysis

It mainly includes the (1) generation, (2) separation, (3) recombination of photogenerated carriers,
and (4) surface redox reactions.

ultimately participate in the redox reactions, resulting in extremely poor photocata-

lytic activity and low quantum yield.

In addition to the inherent properties of photocatalysts, the ambient environ-

ment is also critical to H, production. Specifically, three prerequisites are

essential for efficient H, production: oxygen removal, cocatalyst, and sacrificial
agent (SA).

(1) Oxygen removal: oxygen dissolved in water can be reduced by photogen-
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erated electrons to generate superoxide radicals (O; ") (¢(Ox/O0;7) =
—0.33 V versus normal hydrogen electrode [NHE]) and undergo a series
of side reactions. This reaction competes with hydrogen evolution reaction
(HER), which also requires the electrons to proceed. Oxygen removal can
significantly suppress these side reactions to improve photocatalytic effi-
ciency. It should be noted that it is hard to remove dissolved oxygen thor-
oughly by evacuation and bubbling an inert gas (e.g., Ny) through the water
is more effective.

Cocatalyst: photocatalysts without cocatalysts often exhibit very low or even
no HER activity. The effects of cocatalysts are mainly classified into four as-
pects: (1) extracting photogenerated electrons or holes to reduce carrier
recombination, (2) storing charge carriers to facilitate multielectron reactions,
(3) providing active sites to bind and activate reactant molecules, and (4)
reducing the overpotential of redox reactions.”*

SA: the employment of SA is one of the most effective ways to boost HER ac-
tivity. In a typical photocatalytic Ho-production process, the photogenerated
electrons reduce H* to Hy, although the holes are consumed in the oxidation
half-reaction (e.g., oxygen evolution reaction [OER] in OWS). In particular, the
role of SA is to provide a facile route to react with the holes, usually via a sin-
gle-electron process, to replace the four-electron OER (Figure 2A). The
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Figure 2. Photocatalytic systems of SA-assisted HER and OWS

(A) Photocatalytic SA-assisted HER.

(B) Photocatalytic OWS.

Abbreviations: OWS, overall water splitting; SA, sacrificial agent; HER, hydrogen evolution
reaction; OP, oxidation product.

single-electron process usually presents a much lower overpotential and a
faster reaction rate than OER. Furthermore, SA-assisted HER can avoid the
generation of O, from OER, ensuring oxygen-free conditions throughout
the whole photocatalytic process. Finally, by scavenging the free holes, the
addition of SA can effectively suppress photocorrosion.

PHOTOCATALYTIC OVERALL WATER SPLITTING

Photocatalytic OWS proceeds in pure water, with O, and H; as the products (Fig-
ure 2B). Besides common problems for photocatalytic H, production, this process
faces additional challenges compared with SA-assisted HER.

Thermodynamics

OWS is thermodynamically feasible when both the proton reduction and water
oxidation potentials lie within the bandgap of a photocatalyst.® That is, the
conduction band (CB) bottom and valence band (VB) top of the photocatalyst
should be positioned above the proton reduction potential and below the water
oxidation potential, respectively.” The potential for protons to hydrogen is
0 V versus NHE (Equation 1), whereas the potential for water to oxygen
is 1.23 V versus NHE (Equation 2)."° Photocatalytic OWS is inherently a chal-
lenging process due to the high stability of H,O containing strong O-H
bonds."" This reaction is energetically uphill (Figure 3A), taking 237 kJ to split
1 mol of water (Equation 3).'? Contrarily, the direct reaction between H, and O,
is highly exothermic (Figure 3B), which is thermodynamically much more favored
than OWS.

2H" + 2™ > Hy, Eregox =0V (Equation 1)

2H,0 + 4h* — 4H" + Oy, Ecgox = 1.23 V (Equation 2)

H,O — Hy + 1/20,, AG = +237kJ-mol ™ (Equation 3)
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Figure 3. Thermodynamic feasibility
Gibbs free energy change for (A) OWS and (B) the reaction between H; and O,.
Abbreviations: AG, Gibbs free energy change; OWS, overall water splitting.

Kinetics

Besides thermodynamic challenges, OWS is also hard to achieve in kinetics. In pho-
tocatalysis, the generation, separation, and transfer of photogenerated carriers
belong to photophysical processes, usually taking a few femto- to nano-seconds."”
The electrocatalytic process (i.e., surface redox reactions), on the other hand, takes
much longer (micro- to seconds) to accomplish and is often the rate-limiting step.
Particularly, the most stagnant steps in photocatalytic water splitting are surface re-
actions, including HER via proton reduction and OER via water oxidation. These sur-
face reactions are multielectron processes. The HER produces H,, whereas OER
continually provides protons for HER and consumes photogenerated holes. Never-
theless, OER is often much slower than HER due to several factors.

(1) The effective mass of a hole is much larger than that of an electron, and hole
transfer is much slower than electron transfer.'*

(2) OER requires the participation of four holes, leading to much larger overpo-
tential and more sluggish reaction kinetics than HER.”'*'® For example, tran-
sient absorption spectroscopy shows that HER over TiO; takes less than a
microsecond to complete, whereas the OER takes as long as several
seconds."’

(3) An oxygen atom is 16 times as massive as a hydrogen atom. Hence, the diffu-
sion of O is much slower than that of Hy, and O, is more difficult to escape
from the photocatalyst surface than H;.

(4) Most photocatalyst surfaces have high oxygen affinity but low hydrogen affin-
ity. As a result, oxygen molecules are difficult to desorb from the photocata-
lyst surface. The sluggish OER is an important reason for the low photocata-
lytic OWS efficiency.

Dissolved oxygen

Since H, and O, are both soluble in water, photocatalytic OWS is actually carried
out in an aerobic environment. Henry's law constants for H, and O, in water are
0.78 and 1.3 mmol L™" atm™" at 25°C, respectively,'® indicating that the amount
of dissolved H, and O is significant compared with the state-of-the-art photoca-
talytic OWS activity. Meanwhile, H; is less soluble in water than O,. Thus, in a pho-
tocatalytic OWS system with oxygen removed in advance, the ratio of H,-evolution
rate to Oz-evolution rate (the gas escaping from water) at an early stage should be
greater than 2:1.

Moreover, the oxygen evolution process includes the dissolution of oxygen (Fig-
ure 4A), and the formation, growth, and escape of O, bubbles (Figure 4B). Firstly,
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Figure 4. Oxygen evolution in OWS
(A) The dissolution of generated oxygen in water.
(B) The nucleation, growth, and evolution of O, bubbles.

molecular oxygen is produced on the photocatalyst surface via OER. Since the sys-
tem is O, free at early state, the initially generated O, dissolves into the bulk water
driven by the concentration gradient and hydrogen bonding between O, and H,O.
With the continuous dissolution of generated O,, the concentration of dissolved ox-
ygen in the water increases. Once the dissolved oxygen in the water reaches satura-
tion, a dynamic dissolution equilibrium is established. The subsequently formed O,
can adsorb to the photocatalyst surface. Due to the high surface energy of molecular
O,, the unstable molecular O, tends to aggregate and nucleate. The oxygen nuclei
gradually grow into small bubbles while adhering tightly to the photocatalyst sur-
face. Furthermore, under the effect of Ostwald ripening, large bubbles assimilate
small bubbles. Spherical shapes are maintained during the growth of oxygen bub-
bles to minimize surface energy, and the contact area between the bubbles and
the photocatalyst surface decreases, leading to a corresponding decrease in adhe-
sion force. When the bubbles grow large enough, the buoyancy force gradually out-
weighs the adhesion force, and the bubbles desorb from the photocatalyst surface
and escape from the water. In conclusion, only when the water is saturated with ox-
ygen and the oxygen bubbles grow large enough can they finally evolve (hydrogen
evolution undergoes a similar process).

Backward reaction and side reaction

Dissolved hydrogen and oxygen make the photocatalytic OWS proceed in an envi-
ronmentrich in Hy and O,. The coexisting H; and O, during OWS can produce water
through backward reactions, leading to a tremendous loss in photocatalytic effi-
ciency. The backward reaction is readily achieved by electrochemical processes. '’
Particularly, cocatalyst can promote the backward electrochemical processes. For
instance, metallic Pt is regarded as one of the most effective cocatalysts in photoca-
talytic H, production. However, it is also widely used to catalyze the reaction be-
tween H; and O; (e.g., acting as an excellent electrocatalyst in fuel cells), which is
the backward reaction of photocatalytic OWS. Therefore, cocatalyst is a double-
edged sword in photocatalytic OWS.

More importantly, when H; and O, are continuously produced, the H; and O, con-
centrations in the water gradually increase, resulting in intensified backward reac-
tions. The backward reaction can occur in four forms in an OWS system where H,
and O coexist (Figure 5).
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Figure 5. Backward reaction of hydrogen and oxygen on cocatalyst surface
(1) Backward reaction between dissolved H, and dissolved O,.
(2) Backward reaction between dissolved H, and adsorbed O,.
(3) Backward reaction between dissolved O, and adsorbed H,.
(4) Backward reaction between adsorbed H, and adsorbed O,.

(1) The dissolved H, and O, arrive at the cocatalyst (such as Pt) surface and react
with each other.

(2) The dissolved H; reacts with the adsorbed O, on the cocatalyst surface.

(3) The dissolved O reacts with the adsorbed H, on the cocatalyst surface.

(4) When the active sites for H, and O, production are close enough, the
adsorbed H; and O, come into contact and produce water on the cocatalyst
surface.

Moreover, the backward reaction further causes the decrease of dissolved H, and
O,, providing space for the dissolution of newly generated H, and O,. Such a vicious
cycle leads to extremely low photocatalytic OWS efficiency and a tremendous waste
of the photogenerated charge carriers.

On the other hand, the presence of oxygen also interferes with the H, production
process. Oxygen effortlessly combines with electrons to form superoxide radicals
(02 7),%° which is eventually converted to H,O, or water (Figure 6). This undesirable
competitive reaction plays a negative role in photocatalytic H, production.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

In conclusion, photocatalytic OWS is difficult to achieve. The unfavorable thermody-
namics, sluggish kinetics (especially for the OER), dissolved oxygen, and severe
backward reaction endow photocatalytic OWS with enormous difficulties. There-
fore, H, production via photocatalytic OWS is challenging at present and even in
the future. According to the above challenges, five comments are given below
considering the difficulties in OWS.

(1) Given that the close contact between H, and O, easily leads to backward re-
actions, it is difficult to realize efficient OWS on nanoscale materials. For
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example, the reported photocatalysts for OWS are usually hundreds of nano-
meters or even several micrometers in size.”'~** Therefore, morphological
structures such as quantum dots, nanocrystals, and nanosheets should be
avoided for OWS.

Photocatalytic OWS is different from electrocatalytic OWS, where the cath-
ode and anode reactions are spatially separated, significantly blocking the
backward reaction. In photocatalytic OWS, however, the electrons and holes
are generated on the same photocatalyst, leading to not only severe carrier
recombination but also close contact of H, and O,. Therefore, it is necessary
to design photocatalytic systems that spatially separate H, and O..

Due to Henry's law, dissolved H, and O, concentrations increase at a higher
pressure due to gas generation and accumulation in a closed system. This
leads to a faster backward reaction. As a result, a significant decrease in pro-
longed photocatalytic OWS activity is often observed in a system with a
confined volume.?* Besides, the accumulation of H, and O, in a closed system
poses an explosion risk. Therefore, it is recommended to design sustainable
systems with timely venting, separation, and collection of H, and O,. More-
over, photocatalytic water splitting to H, and H,O5 is another effective route
to prevent O, generation by producing H>O; instead. The products are valu-
able and self-separated H,O, and H,.2°

The product of OWS is a mixture of H, and O, gases, whereas the products of
SA-assisted HER are gaseous H, and dissolved organic products, which are
automatically separated. Considering the low economic value of O, and
the extra cost for H; purification, OWS is not as profitable as SA-assisted HER.
The photocatalytic H, production rate can be observably improved with SA by
replacing the four-electron OER with single-electron oxidation of SA. In this
way, the SA boosts the HER activity and holds the promise to convert itself
into a high value-added oxidation product. Coupling HER with selective
organic synthesis can be a more accessible and attractive option in the future
than OWS.
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