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Abstract

This review concerns light-to-chemical energy conversion, focusing on ap-
proaches that could be driven by terrestrial sunlight to produce hydrogen
and/or reduce carbon dioxide. Recent advances in photocatalytic (PC) and
photoelectrocatalytic (PEC) materials are covered. In both approaches, the
electron-hole pairs that are created by photon absorption must travel in spe-
cific directions to the sites thatmediatemultielectron bondmaking/breaking
redox reactions. Thermodynamic requirements for materials stability are
described, although some recently discovered materials appear to be excep-
tions. For PCmaterials, the importance of rate matching between reduction
and oxidation processes and the mass transfer of intermediates and products
is emphasized. Surprisingly, metal sulfides appear to be promising for PC
carbon dioxide reduction. For PEC materials, recent work elucidating the
elementary step mechanism for oxygen evolution on metal oxides and the
discovery of chalcogen-based photocathode materials capable of sustained
light-driven CO2 reduction are discussed.
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CO2R: CO2 reduction

ETL: electron
transport layer

1. INTRODUCTION

For a chemical reaction to be spontaneous, it must have a negative change in Gibbs energy 1G.
However, life on Earth would not be possible if all its chemical processes were proceeding to equi-
librium in this way (1). Instead, solar radiation drives uphill (1G > 0) processes via photosynthesis.
Understandably, it has been of interest since the nineteenth century to learn how photosynthe-
sis works and, more recently, to make systems that have its light-to-chemical energy conversion
function (2, 3).

This review focuses on single materials and simple arrangements of materials that can, when
illuminated, drive uphill chemical reactions. For semiconductor photocatalysts, all the required
steps of light absorption, electron and hole transport, and redox chemistry happen in a single sys-
tem, which is often a nanoparticle. In photoelectrocatalysis, one of the charges created by photon
absorption (i.e., an electron or a hole) participates in redox chemistry at the surface of the photo-
electrodes, whereas the other is collected via a conductive contact in an external circuit. For this
reason, there are two different types of photoelectrodes. In a photoanode, light-generated holes
drive oxidation reactions, whereas in photocathodes, light-generated electrons drive reduction
reactions. In this arrangement, it is possible to apply an external bias.

Three examples of relevant, uphill, reactions are

H2O (l) → H2(g) + 1/2O2(g),1G0 = + 237.1 kJmol−1, 1.

CO2(g) → CO (g) + 1/2O2(g),1G0 = + 256.6 kJmol−1, 2.

2CO2 (g) + 2H2O (l) → C2H4(g) + 3O2(g),1G0 = + 1,331.5 kJ mol−1. 3.

Water splitting is the reaction in Equation 1. The reactions in Equations 2 and 3 use the same
substrates as photosynthesis, i.e., CO2 and water, and make potential chemical building blocks
(e.g., the use of CO in Fischer-Tropsch synthesis) or platform chemicals in the case of ethy-
lene. Clearly, practical systems that could use light to drive these types of reactions would have
important consequences for fuel production and chemical manufacturing (4–6).

Experimental reports of water splitting and CO2 reduction (CO2R) facilitated by semiconduc-
tor electrodes and particles date back to the 1970s (7, 8), and interest in artificial photosynthesis
and solar fuels continues to this day (3, 9–15). This review concentrates on research, primarily
experimental, that addresses the fundamental physical chemistry questions in solar-to-chemical
energy conversion. As discussed below, as a first step in driving uphill chemical reactions with
light, the carrier populations in an absorbing material or molecule must be driven out of equi-
librium. Here, we focus on systems in which nonequilibrium (minority) carriers directly (or close
to directly) participate in the reaction. Thus, the well-developed fields of CO2R performed with
metal electrocatalysts (16, 17) and of photoelectrodes integrated with protection layers [i.e., hole
transport layers (HTLs) and electron transport layers (ETLs)] and metal cocatalysts are not in
scope (18). Additionally, systems invoking plasmonic effects are not in scope (19–22). What is
in scope are semiconductor photocatalysts that have been reported to drive, when illuminated,
uphill chemical reactions (e.g., Equations 1–3). The focus is on CO2R with water as the proton
source; in this case, stoichiometric amounts of O2 should be produced. Additionally, semiconduc-
tor photoelectrodes in which nonequilibrium carriers drive oxidation or reduction reactions (i.e.,
photoanodes and photocathodes) associated with uphill chemical reactions are covered.

The review begins with an overview of the essential requirements for light-to-chemical
energy conversion via redox reactions. Next, recent work in semiconductor photocatalysis is
reviewed. Here, it is important to distinguish systems that catalyze downhill processes, such as
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PEC:
photoelectrocatalytic

OER: oxygen
evolution reaction

dye degradation or H2 production aided by a sacrificial reagent, from photosynthetic systems
capable of driving uphill processes (23, 24). The limitations of the classic band edge diagrams
used to depict the process and search for new materials are emphasized. Also, recent work is
showing that, surprisingly, mass-transfer effects play a role in the reaction kinetics in spite of
the low turnover frequencies and apparent quantum efficiencies that are typical of these systems
(25).

We also consider a subset of photoelectrocatalytic (PEC) approaches (see 26 for a full tax-
onomy) in which the photogenerated carriers are involved directly in the catalysis. Metal oxide
photoanodes composed of n-type materials that perform the oxygen evolution reaction (OER)
fall into this category. In n-type materials, electrons are the majority carrier, and in the dark, the
hole concentration is very small. However, under illumination, the hole concentration can in-
crease by orders of magnitude, and if holes can be transported to the electrode surface, oxidative
chemistry is possible. Recently, there has been considerable experimental and theoretical progress
in understanding the elementary step mechanisms of OER performed by holes in semiconduc-
tor photoanodes and in identifying the specific surface states that are involved in the catalysis
(27).

Comparatively, there has been far less progress with photocathode materials that can perform
CO2R, particularly in aqueous conditions. Materials’ stability has been the main roadblock, and
in this context, we examine some very recent experiments on PEC CO2R and critically examine
the origin of their stability.

2. ESSENTIAL LIGHT-TO-CHEMICAL ENERGY CONVERSION

It is important to realize that the reactions of interest, e.g., water splitting, cannot be driven ther-
mally. Following the analysis of Fletcher (28), even though the reaction in Equation 1 has a positive
entropy change, and could conceivably have a negative Gibbs energy of reaction at high tempera-
tures, the temperatures required to do this (>3,000 K) far exceed those available from heat sources
and nuclear reactors. What makes it possible to drive these reactions (actually in both directions)
under ambient conditions is the introduction of an additional reactant, namely electrons. Using
the reactions in Equations 1 and 3 as examples, they can be written as sums of reduction and
oxidation reactions (16):

2H+ + 2e− ↔ H2(g), E0 = 0 versus SHE 4a.

+H2O(l) ↔ 1/2O2(g) + 2H+ + 2e−, E0 = 1.23 versus SHE 4b.

= (H2O(l) ↔ H2(g) + 1/2O2(g)), 4c.

2CO2(g) + 12H+ + 12e− ↔ C2H4(g) + 4H2O(l), E0 = + 0.08 versus SHE 5a.

+ 6H2O(l) ↔ 3O2(g) + 12H+ + 12e−, E0 = + 1.23 versus SHE 5b.

= (2CO2(g) + 2H2O(l) ↔ C2H4(g) + 3O2(g)), 5c.

where SHE designates the standard hydrogen electrode and E0 is the standard electrode potential
at the reference conditions (298.15 K, 1-atm pressure for gas phase species, and unit activity for
aqueous species).

Controlling the concentration, and hence the chemical potential, of chemical species will
drive a reaction in a given direction: For example, increasing the H2 pressure in the reaction
in Equation 4a with all other reactants at their reference conditions would drive the reaction
to the left. Importantly, electrons appear on the left- and right-hand sides of the reactions in

www.annualreviews.org • Photoelectrochemical Energy Conversion 179
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HER: hydrogen
evolution reaction

PC: photocatalytic

HOR: hydrogen
oxidation reaction

ORR: oxygen
reduction reaction

Equations 4a and 4b, respectively (similar to the reactions in Equations 5a and 5b), and control
of their electrochemical (EC) potential is possible. Thus, the essence of electrical to chemical
energy is to control, separately, the EC potential of the electrons in the reduction and oxidation
reactions (29). For example, a more negative EC potential in Equation 4a and a more positive
potential in Equation 4b will drive the reaction in Equation 4c in the water-splitting direction, to
the right. And, of course, the reaction in Equation 4c can be run in the opposite direction, as in
hydrogen fuel cells, performing chemical-to-electrical energy conversion (30).

Following Würfel (31) and Osterloh (24) [see also Schleuning et al. (32)], we now discuss how
light can be used to create the desired EC potential differences, focusing on solid materials as the
photoabsorbers.The first requirement is that the material must absorb light. Second, crucially, the
light absorption must create carriers (strictly, quasiparticles) of the opposite sign (i.e., electrons
and holes) capable of transport in thematerial.That is, theymust not immediately recombine after
their creation. A third requirement is an asymmetry in the system that leads to charge separation.
These three requirements must be fulfilled for light-to-electrical power conversion as in photo-
voltaic solar cells (33, 34), noting that band bending, p–n junctions, and built-in electric fields,
while often invoked, are not essential. For the next step of light-to-chemical energy conversion,
the charge separation must lead to selective redox reactions. Taking the reaction in Equation 4c
as an example, nonequilibrium electrons must drive the reaction in Equation 4a to the right, pro-
ducing H2, while nonequilibrium holes drive the reaction in Equation 4b to the right, producing
O2.

Semiconductor photocatalysts provide the simplest conceptual picture. Here, metal oxides are
the most-investigated class of materials. In the conventional picture, which is shown schematically
in Figure 1a for water splitting, holes in the valence band are thought to go to surface sites or co-
catalysts capable of oxidation reactions, whereas electrons in the conduction band go to reduction
sites. But how do the carriers know where to go? As discussed in more detail in Section 4, in semi-
conductor photocatalysis, it is thought that surfaces can provide the needed asymmetry. This can
be achieved with cocatalysts, e.g., by situating hydrogen evolution reaction (HER)/CO2R catalysts
such as Pt or Cu on one part of the surface and OER catalysts (e.g., Rh) on another (35). This
emphasizes the point that photocatalytic (PC) (and PEC) activity is not a property of the bulk ma-
terial. Some sort of surface modification, intentional or unintentional, is needed to enforce charge
separation and the subsequent redox chemistry.

Additionally, the possibility of the reverse reaction needs to be included (23, 24). At an oxida-
tion site, the reverse of the reduction reaction [e.g., hydrogen oxidation reaction (HOR) or organic
oxidation] needs to be suppressed. A similar requirement exists at the reduction site where the oxy-
gen reduction reaction (ORR), the reverse of Equation 4b, is always thermodynamically favorable
compared to any CO2R reaction and to water/proton reduction. For semiconductor PCmaterials,
we see that this is a challenge to increasing efficiency.

In the PEC approach, as discussed above and as shown schematically in Figure 1b, the half
reactions are separated, e.g., OER for photoanodes and HER/CO2R for photocathodes (36). The
same requirements apply: The photoelectrodes must absorb light, have sufficiently long-lived car-
riers, and have charge-selective contacts/catalysts.However, in this idealized case, only one carrier
is involved in the surface chemistry for each photoelectrode, as the other one goes to another
photoelectrode or to a counterelectrode in another part of the circuit. As stated above, there is
considerable work on modifying semiconductor surfaces to achieve this charge separation func-
tion through protective layers that facilitate the transport of a specific carrier: ETLs for electrons
and HTLs for holes (18). Here I focus on the very basic case where the semiconductor surface,
with minimal modification, is capable of selective catalysis, thus enforcing the asymmetry needed
in charge transport.

180 Ager
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CBM: conduction
band minimum

VBM: valence band
maximum
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Figure 1

Energetic requirements for light-to-chemical energy conversion using semiconductor absorbers. (a) PC solar water splitting using a
semiconductor absorber combined with HER and OER catalysts; the concept for PC CO2R is similar. 1⃝ Electrons and holes are
generated by the absorption of light. 2⃝ Photon-excited electrons and holes diffuse to the HER (CO2R) and OER catalysts, respectively,
with recombination being an undesirable loss process. 3⃝ Electrons reduce H+ to H2 (Equation 4a), and holes oxidize water to O2
(Equation 4b). Panel adapted from Reference 88. (b) Photoelectrocatalytic water splitting with an idealized tandem-junction
photoanode and photocathode device. Proton conduction in the electrolyte from the anode to the cathode is required for continuous
operation. Panel adapted from Reference 36. (c) Schematic band alignment for selected group IV, III-V, II-VI, and oxide semiconductors
with the valence band shaded in green and the conduction band in blue. The equilibrium potentials for CO2 reduction, the hydrogen
evolution, and water oxidation reactions are also shown for pH 7, a typical experimental condition. Panel adapted from Reference 15
(CC BY 4.0). Abbreviations: CB, conduction band; CO2R, CO2 reduction; HER, hydrogen evolution reaction; OER, oxygen evolution
reaction; PC, photocatalytic; RHE, reversible hydrogen electrode; SHE, standard hydrogen electrode; VB, valence band.

At this point, the explanation resembles standard descriptions in the literature that lead to the
band diagram shown in Figure 1c. For photocatalysis, it is thought that the conduction band
minimum (CBM) and valence band maximum (VBM) must straddle the standard redox potentials
of the reactions of interest. More specifically, it is thought that the CBM must be more nega-
tive than the standard redox potential (E0) of, e.g., HER or CO2R, and the VBM must be more
positive. The idea here is that the nonequilibrium concentrations of the carriers resulting from
light illumination separately change the EC potential of electrons and holes (this phenomenon is
also called quasi-Fermi level splitting). Under sufficiently strong illumination, the EC potential
of electrons can approach the CBM, and the EC potential of holes can approach the VBM. Un-
der these nonequilibrium conditions, redox reactions such as those in Equations 4a and 4b can be
driven separately by electrons and holes, and light-to-chemical energy conversion (that is, driving
an uphill chemical reaction) is possible.

There is a similar picture for PEC, except that band bending that results from the equilibrium
of carriers in the semiconductor with the redox couples in the electrolyte is considered (37). For
simplicity, a paired semiconductor photocathode (p-type) and photoanode (n-type) are depicted
in Figure 1b. At equilibrium, the band bending depletes holes at the surface of the photocathode

www.annualreviews.org • Photoelectrochemical Energy Conversion 181
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and depletes electrons at the surface of the photoanode. Under illumination, electrons in the
photocathode are available for reduction reactions, and holes in the photoanode are available
for oxidation reactions. The idea that this type of tandem, similar to the tandem function of
chlorophyll in natural photosynthesis (38, 39), could drive water splitting and similar reactions
without any external power source goes back to the 1970s (40).

At this point, the reader might think that it would be straightforward to search computa-
tionally for materials with the requisite band edge positions, leading to promising materials for
solar-to-chemical energy conversion. Indeed, a combination of computation and high-throughput
experimentation has been used to screen for both PC (41–43) and PEC (44, 45) materials. But, ob-
jectively, these efforts have not yielded materials that are substantially superior, in terms of either
activity or stability, compared to those known for years, e.g., TiO2 and SrTiO3 for solar-driven
PC water splitting (46–49), C3N4 for PC CO2R (50), or to any photocathode capable of stable
CO2R operation without isolation via ETLs (51). It is thus reasonable to question whether there
are aspects not shown in Figure 1 that need to be considered.

This review takes the point of view that Figure 1 is inadequate for the multielectron redox
reactions that are required for chemical bond making/breaking. Two main points are emphasized.
Firstly, the lines showing the alignment of standard redox potentials E0 are drawn for the hypo-
thetical case of concerted transfer, e.g., in the case of the OER (Equation 4b) of four holes and four
protons. In fact, the reaction happens step-by-step, and each of the elementary steps should have its
own standard potential. Moreover, as argued recently by Peper & Mayer (52), the charge transfer
events themselves will shift the band edges, particularly in the limit of small particles where charg-
ing will modify the band structure. Secondly, electrons and holes in the extended states that form
the CBM and VBM cannot engage in chemical reactions; they need to be localized to participate
in electrochemistry. We see that this essential point is left out of most analyses.

3. MATERIALS STABILITY

Here, I briefly discuss the standard picture of EC stability, as it is common to both the pho-
tocatalysts and PEC materials in this review. A useful thermodynamic model was introduced by
Gerischer (53). The photoexcited electrons and holes should perform the desired redox chemistry
as opposed to engaging in reactions that will decompose the material, as illustrated for ZnS:

ZnS (s) + 2h+ + H2O (l) → ZnO (s) + S (s) + 2H+ (aq) , oxidative decomposition, 6.

ZnS (s) + 2e− + 2H+ (aq) → Zn (s) + H2S (g) , reductive decomposition. 7.

Using this criterion and taking water splitting as an example (half reactions for CO2R have very
similar energetics), we see that for photoanodes, the potential at which the material decomposes
by oxidation should lie below the VBM (Figure 2a). Similarly, for photocathodes, the reduction
potential for material decomposition should lie above the CBM.

Chen &Wang (54) performed a computational screen on this basis (Figure 2b). Some known
experimental trends are consistent with this analysis. For example, while no materials in the
study were found to be oxidatively stable by the criterion in Figure 2a, metal oxides known to
be stable for PEC water oxidation (e.g., TiO2, Fe2O3) have their decomposition potentials be-
low E0(O2/H2O), suggesting that they should be kinetically stable. In principle, a photocatalyst
should be stable against both oxidation and reduction. We see that sulfides (e.g., ZnS, CdS) and
nitrides (e.g., Ta3N4) are predicted to be stable against reduction but not oxidation. This would
seem to preclude these classes of materials as photocatalysts and photocathodes for CO2R, but we
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Figure 2

Stability of photocatalytic and photoelectrocatalytic materials. (a) If the potential of oxidative (reductive) decomposition (dashed lines),
lies below (above) the VBM (CBM), material is thermodynamically stable. If the decomposition potentials lie in the bandgap, material
decomposition would be favorable under electrocatalytic or photoelectrocatalytic conditions. (b) Thermodynamic stability analysis of
selected semiconductors is shown (pH = 0). Most metal oxides are kinetically stable for PEC OER, with the decomposition potential
lying below E0(O2/H2O). Sulfides and tellurides are predicted to be unstable for PEC OER because the decomposition potential is
above E0(O2/H2O). Panel b adapted with permission from Reference 54; copyright 2012 American Chemical Society. Abbreviations:
CBM, conduction band minimum; NHE, normal hydrogen electrode; OER, oxygen evolution reaction; PEC, photoelectrocatalytic;
VBM, valence band maximum.

see below that they are, surprisingly, quite promising for this application. This knowledge gap is
emphasized in this review.

4. PHOTOCATALYSTS

There are many reviews on PC water splitting and CO2R with semiconductor nanoparticles (55–
57), including the comprehensive and still-relevant work of Habisreutinger et al. (35). Here, we
review recent results in sulfide-based materials and discuss what is known about the elementary
step mechanism. We raise some fundamental and unanswered questions regarding matching the
oxidation and reduction reactions. We discuss two water-splitting reports that emphasize the im-
portance of selective catalysts. Finally, we discuss a very recent report of PC CO2R performed in
a gas diffusion electrode (GDE) geometry, which could point the way to both improved activity
and a deeper fundamental understanding of the mechanism.

4.1. Recent Photocatalytic CO2 Reduction Reports

This review focuses on PC CO2R experiments that follow recommended best practices (35, 58).
First, 13C labeling must be performed to confirm that carbon-containing reaction products are
from the CO2 reactant as opposed to from some other source. Second, referring to the reactions in
Equations 2 and 3, stoichiometric oxygen production must be reported. For this reason, we do not
emphasize experimental reports that are performed with a sacrificial donor (hole scavenger) like
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Figure 3

PC water splitting and CO2 reduction. (a) For overall light-to-chemical energy conversion in PC water splitting, H2 and O2 must be
observed in a 2:1 stoichiometric ratio. Panel a adapted with permission from Reference 61; copyright 2019 Royal Society of Chemistry.
(b) PC CO2 reduction on thin CuIn5S8 layers; stoichiometric production of methane and O2 (2:1) was reported. Panel b based on data
from Reference 72. (c) PC CO2 reduction using a semiconductor nanoparticle integrated with a GDE. Improved mass transfer of
reactants (e.g., CO2, water) and intermediates/products leads to a more than 10 times improvement in activity for TiO2, ZnO, C3N4,
and CdS photocatalysts. Panel c adapted from Reference 25. Abbreviations: GDE, gas diffusion electrode; GDL, gas diffusion layer;
PC, photocatalytic; PFTE, polytetrafluoroethylene; STF, solar to fuel; UV, ultraviolet.

triethanolamine (TEOA) (59, 60). As emphasized in Figure 3a, reliable photocatalysis efficiency
claims are supported by data showing linear growth of both the reduction and oxidation products
in time and in the expected stoichiometric ratios (61), e.g., 2:1 for H2:O2 in water splitting in
Equation 1, 2:1 forCO:O2 for Equation 2, 2:3 formethanol:O2 for Equation 8, and 1:2 forCH4:O2

for Equation 9:

CO2 (g) + 2H2O (l) ↔ CH3OH(l) + 3/2O2 (g) , 1G0 = +702.6 kJ mol−1, 8.

CO2 (g) + 2H2O (l) ↔ CH4 (g) + 2O2 (g) , 1G0 = + 817.3 kJmol−1. 9.

Still, we mention, for completeness, some intriguing recent PC CO2R studies that did not re-
port a steady-state stoichiometric formation ofO2.Kang et al. (62) reported that CuO/CuFeO2/Pt
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heterostructures produced aliphatic acids up to C6 (citric acid) in a thin geometry under PC (no-
bias) conditions. The authors invoked a Z-scheme mechanism in which CuO drove the CO2R
reactions and CuFeO2 drove water oxidation. Oxygen was detected, but in substoichiometric
amounts. Solar-to-chemical conversion efficiencies, relative to simulated 1 sun (AM1.5G) illu-
mination, of nearly 3% were reported. Interestingly, when operated in PEC mode, formate was
the major product and O2, formed at the counterelectrode, was detected at the expected 2:1 ratio.
Wu et al. (63) reported that the PC CO2R activity of Cu2O is facet dependent: The (100) facet
is unreactive, while the (110) facet can produce methanol with an initial quantum efficiency of
72%. In this study, the methanol concentration in a closed reactor was monitored as a function of
time. It reached a maximum after a few minutes and then declined, indicating that methanol was
being consumed, eventually reaching a steady state that the authors attributed to equal rates of
production and consumption. Oxygen was also observed, but in substoichiometric amounts and
with a different time signature. A possible rationalization for decoupled reduction and oxidation
processes is discussed below in Section 4.3.

For most metal oxides, the band edge straddling picture shown in Figure 1c is thought to be
satisfied due to the very positive position of the O(2p) level that usually forms the valence band.
Also, metal oxides seem to satisfy the stability criteria discussed in Section 3. For these reasons,
hundreds of metal oxide photocatalysts have been investigated, as can be seen in the comprehen-
sive reviews by Habisreutinger et al. (35) and Osterloh (49). Comparatively, metal sulfides seem
to be less promising as photocatalysts for CO2R. Metal sulfides tend to have higher VBMs. Also,
they are thermodynamically unstable against oxidation as can be seen in Figure 2b for selected
sulfides [and can be checked for many more by using the Pourbaix Explorer feature of the Ma-
terials Project (64)]. On this basis, reports of overall PC CO2R on metal sulfides are surprising
(65, 66).

Shown et al. (67) reported that C-doped SnS2 nanostructures produced acetaldehyde, an eight-
electron reduction product, with a visible light quantum efficiency of close to 1%. Here, it was
thought that S2− oxidation to elemental sulfur was occurring to provide charge conservation. Lai
et al. (68) reported that In2S3/In2O3 heterojunctions produced methane with selectivity close to
100%, whereas In2S3 and In2O3 by themselves produced a mixture of methane and CO. Oxygen
production was not reported in this study. Referring to the mechanism discussion in Section 4.2, it
was thought that the S vacancies stabilized ∗CO and ∗CHO intermediates. Chai et al. (69) also re-
ported the ability to influence the relative selectivities to CO and CH4 with sulfide photocatalysts.
In their case, they reported that exposed (111) planes of CuInSnS4 octahedral nanocrystals led to
methane production, while the individual metal sulfides In2S3, SnS2, and Cu2S produced CO.
Similarly, Li et al. (70) found that Sn/Cd3(C3N3S3)2 composites were selective for CO. Oxygen
production was not reported in this study.

An example of a report that used both 13C labeling and measured stoichiometric O2 is that
of Kudo and coworkers (71). A wide-bandgap metal oxide, BaLa4Ti4O15, was loaded with Ag,
dispersed in CO2-saturated water, and illuminated with an Xe lamp (as discussed below, this is a
typical batch measurement method). CO (Equation 2) and formate were the products and O2 was
detected in the expected 2:1 ratio (both CO and formate are two-electron reduction products).

In this context,Li et al. (72) published a notable PCCO2R study using ametal sulfide.They em-
ployed atomically thin layers of sulfur-deficient CuIn5S8 and reported stoichiometric production
of methane and O2 (Figure 3b). Notably, H2

18O labeling was used to ensure that the observed O2

came from water oxidation. In their analysis, they attribute the selectivity for CH4 to dual-metal
Cu-In sites that stabilize a ∗CO intermediate and facilitate its subsequent protonation. Interest-
ingly, and similar to most PC CO2R studies, they do not provide an elementary step mechanism
for water oxidation.
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Finally, the study of Li & Sun (73) is highlighted. Here, a very simple photocatalyst prepa-
ration was used: ball milling of SiC powders. When milled to nanoparticle size and illuminated,
CH4 was the main PC CO2R product along with a small amount (5% of the total) of methanol.
Time-resolved photoluminescence experiments suggested that surface states located near the con-
duction band edge trapped electrons and aided with charge separation.We discuss in Section 5.1
the possible significance of these types of surface states in the CO2 mechanism.

4.2. Rate Matching in Semiconductor Photocatalysis

Whether it is performing CO2R coupled to water oxidation (e.g., Equations 2, 3, 8, and 9) or
performing a different oxidation reaction (e.g., oxidation of a sacrificial donor), there is no reason
to assume that the reduction and oxidation rates for a given semiconductor photocatalyst will be
the same. Evidently, this would lead to a situation in which a given semiconductor nanoparticle
would have a time-averaged net charge. For example, if the reduction reaction(s) were faster than
oxidation, particles would have a positive charge. To my knowledge, this essential aspect of PC
CO2R has been almost entirely neglected. Particularly for small-sized semiconductor nanoparti-
cles, positive or negative charging would be expected to change the band structure (in the same
way that the electron structure of molecular ions is different than their neutral counterparts).This,
in turn, would add a stochastic component to the band alignments depicted in Figure 1, and it
might also be expected that the time-dependent availability of electrons and holes will influence
the selectivity of competing reduction/oxidation processes.

One study from PC water splitting sheds light on this subject. Ohtani and coworkers (74)
examined the reaction order of PC OER on titania particles as a function of size, employing sac-
rificial electron acceptors (Fe3+ or IO3

−) to react rapidly with electrons and thus maximize the
kinetic asymmetry between reactions involving electrons and holes. Under conditions in which
the hole-transfer reactions were rate limiting, the reaction order increased with light intensity, and
for the smallest particles in the study, there was evidence of fourth-order kinetics at the highest il-
lumination intensity (Figure 4a). Results were consistent, overall, with a microkinetic model that
assumed that the OER rate depended on the integer number of trapped holes (Figure 4b). In-
triguingly, this work suggests the possibility of selectivity control: Two accumulated holes should
lead to H2O2 production with an overall second-order rate with respect to illumination, while
four accumulated holes should lead directly to O2.

Two comments are in order here. First, it may be possible to observe the charge state experi-
mentally. Although the study was not performed under PC conditions, Aso et al. (75) used electron
holography to determine the distribution of charge states for Pt nanoparticles onTiO2.Net charge
on Pt ranged from approximately −6qe to +2qe, indicating that while charge transfer from TiO2

to Pt is more prevalent (negative charging values), charge transfer in the opposite direction, from
Pt to TiO2, can also occur. Although challenging, it would be valuable to leverage recent advances
in in situ electron microscopy to perform similar studies under PC conditions (76). Second, Peper
& Mayer (52) have emphasized that the band structure of nanoscale particles will be significantly
renormalized by changes in charge state and have called into question the ubiquitous use of band
diagrams (such as the ones in Figure 1c). Electron transfer to/from a small photocatalyst par-
ticle will lead to a rearrangement of the solvent shell and the surrounding ions. As a result, the
initial and final states of the nanoparticle will be quite different following an electron transfer
event. This may explain why the band alignments shown in Figure 1c are not generally predictive
of either catalyst selectivity or activity to a certain product. More generally, the accumulation of
multiple charges on the semiconductor, leading to either a net positive or negative charge, would
add a time-varying component to the energetic alignment of electrons and holes and to the redox
reductions.
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Figure 4

PC water splitting and CO2R mechanism. (a) Observation of change in PC OER reaction order (second to first to fourth) with
increasing light intensity on 4-nm-diameter TiO2 nanoparticles. Panel a based on data from Reference 74. (b) Proposed mechanism for
second-order process: Two holes accumulate on TiO2, leading to the selective production of hydrogen peroxides. Panel b adapted with
permission from Reference 74; copyright 2018 Chemical Society of Japan. (c) Proposed elementary step mechanisms for PC CO2R:
formaldehyde, carbene, and glyoxal pathways. Panel c adapted with permission from Reference 35; copyright 2013 Wiley.
Abbreviations: CO2R, CO2 reduction; OER, oxygen evolution reaction; PC, photocatalytic.

4.3. Photocatalytic CO2 Reduction Mechanism

Formally, CO2R and the coupled water oxidation reaction should occur via a series of proton-
coupled electron transfers, along with possible chemical steps. In the related field of EC CO2R,
first-principles theory has led to a good understanding of the elementary step mechanism, ini-
tially by calculating the adsorption free energy of key intermediates (77) and, more recently,
by calculating transition states and barriers and treating solvation with increasing rigor (78–80).
However, direct application of this approach to PC CO2R faces challenges associated with the
unknown surface potential and the possibility of oxidation and reduction reactions occurring in
the mechanism.

Focusing on the formation of CH4, which formally requires eight electrons and eight pro-
tons, the comprehensive review by Habisreutinger et al. (35) is still an excellent resource. The
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STH: solar to
hydrogen

three most-invoked mechanisms are depicted in Figure 4c: formaldehyde, carbene, and glyoxal
pathways. As pointed out in the review by Fresno et al. (81), a key plausibility challenge for these
mechanisms is that many of the proposed intermediates have been shown to be oxidized rather
than undergo further reduction. On this basis, the complicated glyoxal pathway is based on obser-
vations that putative intermediates (formate, formaldehyde, and methanol) are more likely to be
oxidized than to be further reduced when fed to systems that do not have a sacrificial donor such
as TEOA to scavenge the holes. This pathway avoids these intermediates and, interestingly, has
an oxidation step. It also could be consistent with studies that report C2 products.

Thompson et al. (82) have reviewed the application of kineticmodels for PCCO2R, focusing on
a Langmuir-Hinshelwood mechanism with adsorption of CO2 and H2O, reaction with electrons,
surface diffusion of intermediates, and desorption. The possibility of blocking surface catalytic
sites (poisoning), for example, by bicarbonate species, is considered; we return to this point in
Section 4.5. Wang et al. (83) provide an informative review regarding the choice of cocatalysts to
favor certain products such as CO or methanol.While the perspective of Eder et al. (84) is written
from the point of view of alcohol oxidation on TiO2, it makes the important point that insights
from the analogous EC reaction are not applicable due to the differences in surface chemistry and
the possibility (in the PC case) of thermal steps.

4.4. Importance of Selective Catalysts

In the related field of PC water splitting there have been two main experimental drivers: (a) the
development of selective HER and OER catalysts that can be deposited on different sites on the
semiconductor nanoparticles and (b) reducing the bandgap of oxide- and nitride-based absorbers
into the visible region of the light spectrum to increase solar-to-hydrogen efficiency (61). An
excellent example of approach (b) is the work of Domen and coworkers (85) in which a solar-to-
hydrogen (STH) conversion efficiency of ∼1% was achieved in spite of the rather large bandgap
(3.2 eV) of the SrTiO3 absorber. Here, charge directionality was achieved with selective cocata-
lysts. For HER, Ru with a semiporous Cr2O3 shell was used; the metal oxide sheet is thought to
suppress the competing OER while maintaining HER function. RuOx was the OER catalyst. This
approach is scalable and durable, as evidenced by a 100-m2 demonstration with a multi-month
lifetime (86).

Recently, Mi and coworkers (87) used a similar cocatalyst scheme with a lower bandgap ab-
sorber to demonstrate, at the lab scale, nearly 10% STH conversion. Their absorber, which is
composed of alloys of InN and GaN (InGaN) grown in a nanowire form on silicon, has a range
of bandgaps, the lowest being about 1.9 eV, allowing the wires to capture a significant fraction of
the solar spectrum. The InGaN quality is exceptionally high, which reduces carrier recombina-
tion, and the charge transfer to the HER (Cr2O3/Rh) and OER (Co3O4) cocatalysts appears to be
effective. Using Fresnel lenses for concentration, 9% STH conversion efficiency was achieved in
the laboratory and 6% outside using natural sunlight.

This work emphasizes the importance of suppressing the reverses of the reactions in
Equations 4a and 4b, i.e., hydrogen oxidation and oxygen reduction, which are strongly downhill
at the Co3O4 and Cr2O3/Rh sites (88). Exemplifying Le Chatelier’s principle, this is done by
reducing the activity of O2 and H2 by operating the reactor at reduced pressure, with the
headspace of the reactor being, initially, water vapor only. When the reactor is operated in this
way, the initial efficiency is high but declines and drops to zero after 40–50 min when the forward
rates of the reactions in Equations 4a and 4b, which are driven by light, are balanced by the
reverse reactions, HOR and ORR. Reapplying the vacuum, which has the effect of degassing the
water, resets the system, and high efficiencies can be observed again. Over 70 cycles of operation
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were demonstrated in this way. More generally, the suppression of back reactions has been
underappreciated in PC CO2R, which leads to the discussion in the next section.

4.5. Overcoming Mass-Transfer Limitations for Reactants and Products

Semiconductor PC CO2R experiments are typically performed in one of two batch geometries:
(a) an immobile catalyst bed with a headspace (or feed) of humidified CO2 (72) or (b) an aqueous
suspension of nanoparticles (89, 90).Neither case allows for the optimal mass transfer of reactants,
intermediates, and products. For example, in (a), the activity of water is limited, while in (b) the
activity of CO2 is limited by its solubility (33 mM at 1 atm in water). In both cases, intermediates
and products can accumulate on the surface of the photocatalyst, which prevents reactants from
occupying the reaction sites, slowing the reaction rate and accelerating the degradation of the
photocatalyst (91).

It might be thought that because the overall turnover rates of PC CO2R are very slow com-
pared to PEC CO2R and, especially, to EC CO2R, mass transfer would not play an important
role. Recently, Jung et al. (25) have shown that this is not the case. In this study, semiconductor
nanoparticles were loaded onto a GDE. In this arrangement, reactant availability and product re-
moval are easily controlled by the pressure/flow of CO2 and water on opposite sides of the GDE.
In comparison to batch reactor controls, more than 10 times higher production rates of CO2R
products were reported for TiO2, ZnO, C3N4, and CdS photocatalysts (Figure 3c). In addition,
for TiO2, CO selectivity (>90%) and long-term stability (>100 h) were significantly enhanced
compared to control experiments in batch reactors.

Clearly, the role of mass transport in PC CO2R has been underestimated, in terms of both
reactant supply and product removal such that sites can turn over again. It is also possible that
optimal mass transfer may remove poisoning species, explaining the superior lifetimes observed
by Jung et al. (25). Importantly, it appears that semiconductor photocatalysts can be much more
efficient (more than 10 times) than previously thought because what were thought to be inherent
limitations (i.e., a high rate of recombination) are, in fact, due to inefficient mass transfer. Also, it
appears that product selectivity can be steered via control of mass transport.

5. PHOTOELECTROCATALYSIS

Dating back to the space-charge-layer recombination model developed by Reichman (92), PEC
processes involving one-electron transfers are well-understood. The review by Lewis (93) in this
journal and a series of papers by Peter and coworkers (94–96), which detailed the important role of
surface states, are excellent resources. Notably, Mills et al. (97) explicitly considered the coupling
to catalysts for multielectron reactions and provided a simulation framework based on the drift-
diffusion model.

Here, the discussion focuses on recent experimental work in PEC OER and PEC CO2R. In
PEC OER, there has been substantial progress in understanding its elementary step mechanism.
Kumar et al. (98) in this journal provided a comprehensive review of PECCO2R up to 2012.Here,
I focus on materials developments, which may make experimental approaches that have been so
illuminating for PEC OER feasible for PEC CO2R.

5.1. Photoelectrocatalytic Oxygen Evolution Reaction

In Section 2, I mentioned that the band diagram shown in Figure 1c in which the extended states
of the semiconductor (valence and conduction band edges) are aligned with redox potentials is
an oversimplification. The extended states as depicted in band diagrams should not be capable of
catalysis: The electron or hole needs to localize first. In the context of PEC OER, this important
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point was considered by Sprik and coworkers (99, 100) for TiO2. They located states capable of
hole capture in the midgap region for a number of configurations and also found a large reorga-
nization energy between their oxidized (after capture) and reduced (prior to capture) states. This
is an important, but overlooked, consideration in interpreting PEC OER studies.

The control of the electrode potential and the overall faster reaction rates, which are inherent
in PEC, make experiments possible that are currently infeasible for PC studies. Here, we illus-
trate progress made in understanding the elementary step mechanism in PEC OER. In a series of
works, Durrant and coworkers (27, 101, 102) used a spectroscopic signature assigned to trapped
holes at the surface of metal oxides to perform kinetic studies. Figure 5a is a notable example
of this work in which a change in the reaction order from first to third with increasing surface
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Mechanistic studies of PEC OER on metal oxides. (a) Current density for PEC OER as a function of surface hole density derived from
transient absorption spectroscopy for WO3, TiO2, BiVO4, and Fe2O3. A transition to third-order kinetics is seen at high surface hole
densities. (b) Proposed elementary step mechanism for Fe2O3 consistent with third-order kinetics. Relative free energies are given in
green in units of kilocalorie per mole and free energy changes are given in blue in units of electron volts. A photovoltage of 0.80 V is
used for all oxidation steps. The rate-determining step, O–O bond formation, is shown in red. (c) Schematic depiction of the
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isotherm showing increasing coverage of Ti-OH∗ with increasing pH. (e) Free energy diagram for the OER mechanism with
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hole concentration is observed for Fe2O3 and BiVO4 [note the similarity to the work of Ohtani
and coworkers (74) in PC OER (Figure 4a)]. Figure 5b depicts the elementary step mechanism
invoked for the third-order process.

This work raises important questions regarding the role of minority carriers (holes) in the
surface chemistry. Interestingly, at the highest illumination conditions, the surface hole density
greatly exceeds the expected densities of surface defect states. Intriguingly, it might be expected
that surface holes under these conditions would have significant lateral mobility. The assignment
of third-order kinetics has also been challenged (103, 104), andWang et al. (105) have emphasized
the importance of considering the thermal steps in the reaction, which can be rate limiting at high
hole concentrations.

Toward a kinetic understanding of PEC OER, Cuk and coworkers (106, 107) have employed
comprehensive transient spectroscopy studies of SrTiO3 complemented by first-principles cal-
culations. Certain optical absorption/emission spectral features were assigned to the Ti-OH∗

intermediate (Figure 5c). Importantly, this work enabled the chemical deprotonation step of ad-
sorbed water (Equation 8) to be distinguished from the first electron-transfer step, which involves
a surface-bound hole (Equation 9):

Ti-OH2 + OH− (aq) ↔ Ti-OH− + H2O (l), 10.

Ti-OH−+h+ ↔ Ti-OH∗. 11.

The authors derived a Langmuir isotherm for the coverage of the Ti-OH∗ intermediate, nor-
malized to the hole concentration (Figure 5d). In the proposed mechanism, the formation of
Ti-OH∗ is the rate-determining step; the subsequent transfers of surface holes are downhill, as
shown in Figure 5f.

5.2. Photoelectrocatalytic CO2 Reduction

Given that recent work has yielded considerable insight into the elementary step mechanisms of
PEC OER and HER, as discussed in a recent perspective by Peter (108), it is relevant to ask if
similar studies could be performed on PEC CO2R, which could also inform the PC CO2R mech-
anism. To this end, materials are required that are, as the metal oxides are for OER, both capable
of light absorption and have surfaces that are catalytically competent for the desired reaction. If
such studies could be performed, they would complement the extensive literature on EC CO2R
performed on metal electrodes.Moreover, it is possible, as discussed above for photocatalysis, that
the PEC CO2R mechanism might be quite different than on metal electrodes.

The key issue is that there are few materials that are stable under the required reducing con-
ditions such that detailed PEC CO2R experiments can be performed (109). Hinogami et al. (110)
performed pioneering work with p-Si.While this study focused on p-Si interfaced with small par-
ticles of metal cocatalysts (Cu, Ag, or Au), data from bare Si were also reported. At a photocurrent
density of 2.4 mA cm−2 in CO2-saturated bicarbonate buffer, although H2 was the primary prod-
uct, small amounts of CO [10% Faradaic efficiency (FE)] and formate (5% FE) were reported.Gu
et al. (111) reported that p-type Mg-doped CuFeO2 delafossite was active for PEC CO2R to for-
mate. However, the catalytic activity was attributed to the presence of metallic Cu on the surface
rather than to the semiconductor itself. Cu2O was reported to form ethylene under PEC CO2R
conditions, but in nonaqueous media due to its instability in water (112). Similarly, Cu(In,Ga)S2

(CIGS) has been reported to yield CO and formate under illumination in 0.1-M tetrabutylam-
monium bromide in acetonitrile (113). Chalcopyrite Cu(In,Ga)Se2 (CIGSe) with a CdS ETL
has been reported to be active for PEC CO2R when a molecular coating is used to limit Cd
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Figure 6

Photoelectrocatalytic CO2R using semiconductor photocathodes in aqueous media. Thin films of Cu-deficient CIGS (a) are active for
PEC CO2R (b,c) with ∼30% FE for CO and 14% for formic acid (d). Less than 1 h of stable operation is observed. ZnTe thin films with
postprocessing annealing (380–600°C) show activity for PEC CO2R (e,f ). Annealing produces a Zn-rich surface that suppresses H2
evolution and improves the FE for CO and formic acid (g,h). Panels a–c adapted from Reference 115. Panels d–h adapted from
Reference 116 (CC BY 4.0). Abbreviations: CIGS, Cu(In,Ga)S2; CO2R, CO2 reduction; FA, formic acid; FE, Faradaic efficiency; Mo,
molybdenum; PEC, photoelectrocatalytic; RHE, reversible hydrogen electrode.

corrosion (114). Still, few studies report direct PEC CO2R without the intentional use of
cocatalysts in aqueous media, analogous to the PEC OER studies discussed in Section 5.1.

Very recently, Prabhakar et al. (115) reported that Cu-deficient CIGS thin films yielded for-
mate (14% FE) and CO (30% FE) when operated in PEC CO2R conditions in aqueous media
(Figure 6a–d). Stable operation for >1 h was reported, whereas similarly prepared CIGS films
decomposed within 10 min.X-ray photoelectron spectroscopy and X-ray absorption spectroscopy
analysis suggested that theCO2R stability could be related to self-passivation by oxides/hydroxides
of Ga and In formed during operation. Density functional theory calculations also reveal that Ga
and In are the preferential sites for the adsorption of CO2R intermediates, whereas Cu sites were
predicted to be catalytically less active. Similarly, Zeng et al. (116) reported that certain CdTe thin
films were active for PEC CO2R in aqueous media, forming CO (up to 40% FE) and formate (up
to 10% FE) with >2-h stability (Figure 6e–h). Here, it was found that annealing conditions that
led to a Zn-rich surface were required for activity and stability.

6. OUTLOOK

This review began by emphasizing the requirement of charge separation/directionality in light-
to-energy conversion in generality. In this context, semiconductor photocatalysis is conceptually
simple. However, for driven uphill reactions like water splitting and CO2R (with water oxidation
as the proton source), it has the daunting requirement of catalyzing two different multielec-
tron redox reactions at separate sites, while at the same time avoiding oxidation of the reduction
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products (and reduction of the oxidation products). For PC CO2R specifically, the very slow over-
all conversion rates have made it difficult to perform kinetic studies as it typically takes several
minutes, and in some cases hours, to build up detectable products (117). The discovery that reac-
tion rates can be sped up at least ten times may enable the real-time detection of products using
mass spectrometry methods that are currently employed for EC CO2R (118–120). Recent reports
on PC methane oxidation to methanol, which employed a gas diffusion geometry and used time-
resolvedmass spectrometry with isotope labeling, are encouraging in this respect (121, 122). It may
also be possible to elucidate poisoning mechanisms by postmortem thermal desorption combined
with high-sensitivity detection (123). Additionally, the promoting/inhibiting effect of reaction
intermediates like CO should be investigated, again using an analogy with EC CO2R (124, 125).

It should also be possible to clarify the role of particle charging in the rates of the reduction
and oxidation reactions, taking into account the role change in electronic structure and the solvent
environment (52). The recent study by Moss et al. (126) of La,Rh:SrTiO3 water-splitting photo-
catalysts is promising in this respect. Using transient absorption spectroscopy, in concert with
first-principles calculations, it was shown that La codoping fixes Rh in the 3+ state, which results
in long-lived photogenerated electrons, desirable for HER, even at the very positive potentials at
which the sheet photocatalysts are expected to be operating.

Still, there are unanswered questions involving the photocatalyst charge state under operation
(127). Are all the photocatalysts in similar charge states or could some be positively charged and
some negative, as suggested by Aso et al. (75)? In this case, some particles could be primarily re-
sponsible for producing the reduction (CO2R) products while other are producing O2, with ORR
and intermediate oxidation functioning as effective redox shuttles. Further, the surface sites that
are responsible for selective catalysis, and the resultant charge separation, may undergo transfor-
mations as a function of time, as would be anticipated by studies of electrocatalyst restructuring
in CO2R (128, 129).

In PEC OER, there has been substantial progress in understanding the catalytic surface sites
and the elementary step mechanism. Still, there are unanswered questions regarding the specific
role of near-surface holes (105). Is the supply of holes rate limiting? Some oxides used for PEC
OER, notably BiVO4, form polarons and even bipolarons (130, 131). While these are deleterious
for charge transport, could it be that charge localization is beneficial for catalysis?

In PECCO2R, similar questions remain as to the identity of the surface site trapping and catal-
ysis.Due to the paucity of suitable materials compared to PECOER, reaction rate selectivities and
reaction orders as a function of near-surface electron concentration are not known. Additionally,
one might expect that the product distribution would be a function of the surface electron density,
similar to the control of H2O2 versus O2 production that has been reported for photoanodes (132,
133). Finally, if there is better understanding of the surface electron concentration and the surface
structure, it may be possible to apply first-principles theory, similar to what has been done in EC
CO2R, for the elucidation of the elementary step mechanisms (134, 135).
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