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Photoelectrochemical (PEC) water splitting to generate hydrogen is one of the most studied methods for
converting solar energy into clean fuel because of its simplicity and potentially low cost. Despite over 40
years of intensive research, PEC water splitting remains in its early stages with stable efficiencies far less
than 10%, a benchmark for commercial applications. We reveal that the desired photocorrosion stability
sets a limit of 2.48 V [relative to the normal hydrogen electrode (NHE)] for the highest possible potential of
the valence band (VB) edge of a photocorrosion-resistant semiconducting photocatalyst. This limitation
excludes semiconducting photocatalysts with band gap less than 2.48 eV for PEC water splitting. We
further demonstrate that such a limitation has deep roots in the underlying physics after deducing the
relation between the energy position of the VB edge and free energy for a semiconductor. The disparity
between the stability-limited VB potential at 2.48 V and the oxygen evolution reaction (OER) potential
at 1.23 V vs NHE reduces the maximum solar-to-hydrogen (STH) conversion efficiency from common
thought 30.7% to approximately 8% for long-term stable single-band-gap PEC water-splitting cells. Based
on this understanding, we suggest that the most promising strategy to overcome this 8% efficiency limit
is to decouple the requirements of efficient light harvesting and chemical stability by protecting the active
semiconductor photocatalyst surface with a photocorrosion-resistant oxide coating layer.
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I. INTRODUCTION

Photoelectrochemical (PEC) cells that do not use an
external bias or sacrificial reagents are of interest because
of their simplicity and potentially low fabrication costs
[1–4]. A PEC cell is based on a semiconductor-liquid junc-
tion, where free carriers (electrons and holes) generated by
light absorption in the semiconductor are driven into the
solution by the electric field at the junctions. Specifically,
for a n type semiconductor photocatalyst PEC cell, pho-
togenerated holes initiate the oxygen evolution reaction
(OER) at the surface of the semiconductor electrode and
oxidize water to oxygen; photogenerated electrons enter-
ing the counter electrode drive the hydrogen evolution
reaction (HER) and reduce water to hydrogen. A semi-
conducting material that can efficiently absorb sunlight to
generate electron-hole pairs and that has a high mobility
and long lifetime to prevent electron-hole recombination
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within the material before the electron-hole pairs reach the
junction is needed to achieve efficient solar-to-hydrogen
(STH) conversion. Additionally, the band gap of a semi-
conductor photocatalyst must straddle the HER and OER
potentials [1] to create favorable reaction kinetics toward
overall water splitting. In other words, the potential of the
conduction band (CB) edge (φCB) must be more negative
than the HER potential (φ0(H+/H2) = 0 V vs the normal
hydrogen electrode (NHE), which is approximately 4.5 eV
below the vacuum level; and the potential of the valence
band (VB) edge (φVB) must be more positive than the OER
potential [φ0(H2O/O2) = 1.23 V vs NHE]. In addition to
exhibiting an optimal band gap for harnessing sufficient
sunlight and favorable band-edge positions for driving
overall water splitting, a semiconductor photocatalyst must
also exhibit excellent stability in aqueous solution, which
is the main limiting factor for the use of conventional pho-
tovoltaic semiconductors as photocatalysts [1–5] and thus,
is the main challenge to realizing high STH efficiency for
water splitting.
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Silicon, CdTe, and III-V semiconductors are important
materials in the photovoltaic industries because they are
excellent light absorbers with high carrier mobilities, but
their stabilities in aqueous solution are limited (<days)
[5–7]. On the other hand, wide-band-gap oxides, such as
TiO2, SrTiO3, and WO3, are highly resistant to photo-
corrosion in aqueous solution, but they suffer from poor
PEC performances because their band gaps are too wide
to absorb a sufficient amount of the solar spectrum [1–
5]. Thus far, no material capable of harvesting the whole
visible-light spectrum with stability against photocorrosion
has been found. Current knowledge is insufficient to iden-
tify semiconductor photocatalysts simultaneously possess-
ing efficiency and stability. Thus, empirical approaches are
often invoked with the hope of discovering effective photo-
catalysts, such as using high-throughput experimental [3]
or computational [8,9] screening of numerous materials as
solar water-splitting photocatalysts. In the end, hundreds
of thousands of semiconducting compounds will likely be
examined and tested for PEC efficiency and stability with-
out any certainty of success. Chen and Wang [10] recently
examined the stability of 30 photocatalytic semiconduc-
tors in aqueous solution using the method developed by
H. Gerischer [11] in 1977 in combination with the first-
principles calculations and discussed their thermodynamic
stabilities and trends against oxidative and reductive pho-
tocorrosion. Whereas, the primary aim of this study is
to address whether a semiconductor photocatalyst can be
simultaneously efficient and stable and thereby shed light
on the knowledge-based design of highly efficient PEC
water-splitting cells.

Many of the most stable metal-oxide PEC photocata-
lysts possess wide band gaps because the width of the
band gap is believed to be a measure of the chemical bond
strength [1]. However, GaN and ZnS have even larger band
gaps than stable TiO2 and WO3, but these semiconductors
exhibit photodecomposition in aqueous solution [1,2,4,5].
The high-VB energy of both GaN and ZnS, where the
VB edge consists of high-energy N 2p or S 2p orbitals,
is a prominent feature distinguishing these semiconductors
from TiO2 and WO3, where the VB edge is dominated by
low-energy O 2p orbitals and stays low and somewhat sta-
ble at approximately 3.0 V vs NHE. Cu2O is a rare metal
oxide providing favorable energy positions and an optimal
band gap for PEC water splitting resulting from a high VB,
which is primarily composed of Cu 3d orbitals instead of
O 2p orbitals, but Cu2O is also unstable in aqueous solu-
tion [12]. Thus, we speculate that the energy position of the
VB edge, rather than the width of the band gap, determines
the stability of a semiconductor under illumination in aque-
ous solution: a more positive VB potential (lower energy)
results in better thermodynamic stability. Because the CB
potential must be negative vs NHE, a more positive VB
potential indicates a wider band gap and hence less effi-
cient PEC photocatalysis owing to less harvested sunlight.

Therefore, a proper balance must be attained between the
stability and efficiency of a semiconductor for PEC water
splitting. To reveal the hidden relationship between the
VB potential and the thermodynamic stability for semi-
conducting PEC photocatalysts, here, we examine 202
semiconductors that are known to either catalyze overall
water splitting or reduce or oxidize water in the presence
of an external sacrificial redox agent as collected in three
comprehensive review articles [13–15]. Note that we do
not have any bias in choosing the known catalytic mate-
rials in our study. We find that the desired photocorrosion
stability sets a limit of the highest possible VB potential
at 2.48 V vs NHE for semiconducting PEC photocatalysts,
which, in turn, excludes PEC-photocatalytic materials with
band gaps less than 2.48 eV. We also demonstrate that such
a limitation has deep roots in the underlying physics after
deducing the relation between the energy position of the
VB edge and free energy of a semiconductor.

II. METHODS

A. Assessing the thermodynamic stabilities of
semiconductors against photocorrosion

The thermodynamic stability of a semiconductor in con-
tact with an electrolyte solution is characterized by the
decomposition redox potentials, which are the required
minimum Fermi energy of the electrons and holes driv-
ing the reductive- and oxidative-decomposition reactions,
respectively [10,11]. By analyzing the relative positions
of the competing potentials of water-redox reactions,
semiconductor-decomposition reactions, and semiconduc-
tor band edges, we can determine the stabilities of the
semiconductors in the PEC process [10,11]. For an opti-
mized semiconductor exhibiting a band gap straddling
both HER and OER potentials, Fig. 1(a) illustrates the
thermodynamic stability requirement that the reductive-
decomposition potential φre of a semiconductor must be
more negative than the HER potential φ0(H+/H2) for
water reduction, where photogenerated electrons prefer to
participate in water reduction to produce H2, and that the
oxidative decomposition potential φox of a semiconductor
must be more positive than the OER potential φ0(H2O/O2)

for water oxidation, where photogenerated holes prefer to
participate in water oxidation to produce oxygen. [Note
that Fig. 1(a) shows a case of semiconductor φox being
above its VB edge but below the φ0(H2O/O2), which
was assigned by Gerischer as metastable protected by
solvent in his original paper [11]. This different assign-
ment may lead to overestimation of the stability of semi-
conductor photocatalysts, but will not affect our conclu-
sions as we will discuss below.] Otherwise, as shown in
Figs. 1(b)–1(d), photogenerated electrons or holes pre-
fer to drive the self-decomposition of the semiconductor
instead of the water-redox reactions, resulting in instabil-
ity under illumination in aqueous solution. In this case, a
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(a) (c) (d)(b)

FIG. 1. Classification of the semiconductor decomposition-redox potentials with respect to the water-redox potentials. For optimized
PEC water splitting, a semiconductor should possess a band gap straddling the HER and OER potentials. The relative energy positions
between the band-edge energy, the water-redox potentials, and the semiconductor decomposition-redox potentials characterize the sta-
bility of the semiconductor against photocorrosion. (a) The semiconductor is stable against photocorrosion because of a more negative
reductive-photodecomposition potential φre than the HER potential φ0(H+/H2) and a more positive oxidative-photodecomposition
potential φox than the OER potential φ0(H2O/O2). (b) The semiconductor is susceptible to oxidative photodecomposition because of
the less positive oxidative-photodecomposition potential φox than the OER potential φ0(H2O/O2). (c) The semiconductor is suscepti-
ble to reductive photodecomposition because of the less negative reductive-photodecomposition potential φre than the HER potential
φ0(H+/H2). (d) The semiconductor is susceptible to both reductive and oxidative photodecompositions.

semiconductor has at least one oxidative-decomposition
reaction at a potential φox more negative than the OER
potential φ0(H2O/O2) [Figs. 1(b) and 1(d)] or at least one
reductive-decomposition reaction at a potential φre more
positive than the HER potential φ0(H+/H2) [Figs. 1(c)
and 1(d)]. Notably, a semiconductor exhibiting a band gap
not straddling the HER and OER potentials could still be
stable against photocorrosion, even if the relative positions
between the decomposition-redox potentials and the water-
redox potentials are similar, as shown in Figs. 1(b)–1(d).
For instance, if the reductive-decomposition potential φre

is more positive than the HER potential φ0(H+/H2),
but less positive than the CB potential φCB, photogen-
erated electrons prefer to stay at the CB edge instead
of driving self-decomposition before recombination with
holes.

III. RESULTS AND DISCUSSION

A. Validating the theoretical predictions

We can now assess the stability of semiconductors
under solar water-splitting conditions using the criterion
shown in Fig. 1 by determining the energy positions of the
band edges and the redox-decomposition potentials with
respect to the water-redox potentials for semiconductors.
We examine 202 inorganic materials known to either cat-
alyze overall water splitting or reduce or oxidize water in
the presence of an external sacrificial redox agent [13–15].

We organize these 202 materials in Fig. 2 from left to right
in descending order of energy of their VB-edge potentials
(at pH = 0). The orange color marks the photocorrosion-
resistant materials, and the blue color indicates the remain-
ing unstable materials. Details of all the predicted low-
est reductive and highest oxidative photodecomposition
potentials and corresponding reactions are given in the
Supplementary Materials [16] Table S1 [13,14,17–97]. We
see that all semiconductors that are stable against photo-
corrosion are, as expected, oxides or halides with low VB
energies.

To test these theoretical predictions, we perform detailed
comparisons with experimental measurements for widely
studied or recently reported semiconductor photocatalysts,
such as TiO2, Cu2O, BiVO4, Ag3PO4, β-Ge3N4, and BiOX
(X = Cl, Br, and I).

Since the demonstration of PEC water splitting over
TiO2 by Fujishima and Honda [98], TiO2 has been the most
widely used oxide for photocatalytic applications owing
to its low cost and long-term stability in aqueous solution
[1–3,99]. Figure 3(a) shows that the predicted reductive-
decomposition potential φre and oxidative-decomposition
potential φox straddle the HER potential φ0(H+/H2) and
OER potential φ0(H2O/O2), indicating that TiO2 is ther-
modynamically stable under water-splitting conditions,
which is in excellent agreement with experiments. As
an active photocatalyst under visible-light illumination,
Cu2O has recently attracted attention [12], even though
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FIG. 2. Band alignments and
stabilities of 202 semiconductors
under water-splitting conditions.
The stabilities of 202 inorganic
materials known to either cat-
alyze overall water splitting or
reduce or oxidize water in the
presence of an external sacrificial
redox agent under water-splitting
conditions are evaluated.
Photocorrosion-resistant semi-
conductor photocatalysts are
marked in the orange color,
and the remaining unstable
semiconductor photocatalysts
are indicated by the blue color.
These 202 materials are orga-
nized from left to right in
descending order of energy
of their VB-edge potentials
(at pH = 0). The emergence
of a photocatalyst line in the
VB-edge potentials (analogous
to the tree line on a mountain)
is evident. Above this line, no
semiconductor photocatalyst is
stable against photocorrosion.

Cu2O suffers from poor stability in aqueous solution. We
predict that, as shown in Fig. 3(a), both the reductive
and oxidative reactions decompose Cu2O as a result of
the more positive reductive-decomposition potential φre

than the HER potential φ0(H+/H2) and the much more
negative oxidative-decomposition potential φox than the
OER potential φ0(H2O/O2), in agreement with the previ-
ous experimental report [12]. Here, a slight difference is
observed in which our predicted oxidative-decomposition
potential φox is higher than that determined in an earlier
study [12], where both redox potentials lie within the band
gap. In recent years, the visible-light-active BiVO4 semi-
conductor has also been widely studied as a promising
photoanode in water-splitting PEC cells [100]. Two oppo-
site opinions have been reported on the stability of BiVO4
against photocorrosion. Some experiments presented evi-
dence suggesting the material is stable in PEC water split-
ting [101], whereas experimental evidence [102] has also
been presented suggesting degradation occurs, as the pho-
tocurrent generated from the bare BiVO4 film decreases
significantly within a few minutes under illumination,
ascribed to severe anodic photocorrosion occurring on the
BiVO4 surface. The observed remarkable reduction of the
V/Bi ratio on the BiVO4 surface under illumination was
another supporting evidence for the photodecomposition

of BiVO4 [102]. Here, our prediction suggests that BiVO4
is resistant to photocorrosion at pH = 0, as the oxida-
tive decomposition potential (φox = 1.36 V vs NHE) is
more positive than the OER potential φ0(H2O/O2), and
the potential of the CB edge is more positive than both
the reductive decomposition potential (φre = 0.05 V vs
NHE) and HER potential φ0(H+/H2); however, the reduc-
tive decomposition potential is more positive than the
HER potential φ0(H+/H2), implying that BiVO4 may
become unstable as the pH value increases. Ag3PO4, hav-
ing a 2.4 eV band gap that absorbs visible light to oxi-
dize water into oxygen [103,104], has been regarded as
chemically stable in aqueous solution [104]. However,
experiments [103] have also reported that Ag+ transforms
into Ag during the active photocatalytic process in the
absence of an electron acceptor, resulting in black metallic-
Ag particles accumulating on the Ag3PO4 surface, which
suppresses further photocatalytic activity by preventing
light absorption and thus indicates photodecomposition of
Ag3PO4. Here, we predict that Ag3PO4 is stable against
photocorrosion, as the CB-edge potential is lower than
both the reductive-decomposition potential φre and the
HER potential φ0(H+/H2), and thus, the photogenerated
electrons prefer to stay at the CB edge instead of driv-
ing HER or reductive photodecomposition; however, the
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(a)

(b)

FIG. 3. Stability of various semiconductors and oxynitrides under solar water-splitting conditions. (a) The energy positions (vs NHE)
of the CB and VB edges of various selected semiconductors, including anatase TiO2, Cu2O, BiVO4, β-Ge3N4, and BiOX (X = I,
Cl, or Br) at pH = 0, and the photodecomposition-redox potentials under solar water-splitting conditions. Photocorrosion-resistant
semiconductor photocatalysts are marked in the orange color, and the remaining unstable semiconductor photocatalysts are indicated
by the blue color. The corresponding photodecomposition-redox reactions of these semiconductors are listed on the right. (b) The
energy positions of the CB and VB edges of various oxynitrides and their oxide counterparts.

lowest reductive-decomposition potential (φre = 0.19 V vs
NHE) of Ag3PO4 is more positive than the HER poten-
tial φ0(H+/H2). Note that at a high pH value, Ag3PO4
becomes unstable because of a slightly more negative
reductive-decomposition potential (at pH = 0) crossing the
energy of the CB edge, as shown in Fig. 5(e), which
explains the previously reported self-decomposition of
Ag3PO4 [103].

RuO2-loaded β-Ge3N4 was the first successful exam-
ple of a nonoxide photocatalyst for overall water
splitting [93]. Unfortunately, we find that β-Ge3N4 is
unstable against photocorrosion. Figure 3(a) shows that
the photodecomposition-oxidative potential of β-Ge3N4 is
much more negative than the OER potential, indicating
that photogenerated holes cause the self-decomposition of
β-Ge3N4 with an oxidation reaction of Ge3N4 + 6H2O
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→ 6H2 + 3GeO2 + 2N2. The photodecomposition of β-Ge3N4
was experimentally confirmed by the observation of a
relatively high amount of N2 evolution during water split-
ting [105]. Bismuth oxyhalides, BiOX (where X = Cl, Br
or I), have recently been studied [17] as alternate nonox-
ide photocatalysts. A very recent experiment reported that
BiOBr exhibited excellent stability in aqueous solution,
but both BiOI and BiOCl possessed poor stabilities [106].
These experimental results are consistent with our pre-
dictions since BiOBr is predicted to be photocorrosion
resistant, as the two photodecomposition-redox potentials
(φre = −0.18 V, φox = 1.32 V vs NHE) of BiOBr straddle
the HER and OER potentials; whereas, BiOI is susceptible
to oxidative photodecomposition, as indicated by the more
negative oxidation potential (φox = 0.96 V) than the OER
potential [φ0(H2O/O2) = 1.23 V vs NHE], and BiOCl is
subject to reductive photodecomposition because of the
slightly more positive reductive potential of φre = 0.04 V
vs NHE.

B. Photocorrosion-induced limit for the VB potentials
of photocatalysts

Figure 2 indicates that the semiconductors near the left
side of the plot are all unstable (marked in blue), whereas
most of the stable semiconductors (marked in orange)
reside on the right side of the plot. Surprisingly, we observe
a line at 2.48 V vs NHE in the VB-edge potentials, above
which no semiconductor photocatalysts are stable against
photocorrosion. The emergence of such a limiting line for
the photocatalyst-VB potential indicates that the photo-
corrosion sets a limit for the highest possible VB-edge
potential for a stable semiconductor photocatalyst. We
call this limiting line the photocatalyst-limiting line (or
PLL, φPLL = 2.48 V vs NHE). Although semiconductors
with VB-edge potentials below this PLL are not neces-
sarily stable against photocorrosion, a VB-edge potential
below the PLL is required for a semiconductor photocata-
lyst to exhibit photocorrosion resistance. The overpotential
between the PLL (φPLL = 2.48 V) and the OER potential
[φ0(H2O/O2) = 1.23 V vs NHE] poses a major challenge
for the development of high-performance photocatalyst
materials. Because the potential of the CB edge must be
more negative than the HER potential φ0(H+/H2), the
limit for photocorrosion-resistant photocatalysts with the
highest VB potential at 2.48 V excludes PEC photocat-
alytic materials with band gaps less than 2.48 eV.

As shown in Fig. 2, photocorrosion-resistant semicon-
ductors always possess wide band gaps, and therefore,
suffer from poor PEC activity under visible light. Sev-
eral strategies have emerged to overcome this limitation,
such as incorporating nitrogen into the metal-oxide lat-
tice to form oxynitrides [107,108], which decreases the
band gap by raising the VB, as the N 2p orbital is higher
in energy than the O 2p orbital. Figure 3(b) shows that

the energy positions of the VB edges of all the exam-
ined oxynitrides are remarkably raised relative to the VB
edges of their oxide counterparts (even passing over the
PLL), whereas their CB edges show little change in energy.
However, all these oxynitrides are predicted to be unsta-
ble, consistent with the manifestation of the PLL, but
their oxide counterparts are stable against photocorro-
sion. For example, the oxidative-decomposition potential
of TaON is φox = 0.06 V vs NHE for the oxidative reac-
tion of 2TaON + 3H2O → 3H2 + N2 + Ta2O5, indicating
that TaON will decompose back to the more stable oxide
Ta2O5 under water-splitting conditions. This prediction
was confirmed by experimental observations [107,108],
where a low level of N2 evolution during solar water split-
ting was observed over this photoelectrode in the initial
stages, which was attributed to the partial decomposition
of the oxynitride driven by photogenerated holes. In such a
self-decomposition progress, a Ta2O5 thin film is built up
on top of TaON to serve as an oxide protection layer to sup-
press the further decomposition of TaON, which explains
the experimentally observed ceasing of N2 evolution after
the initial stages. Because photogenerated holes are diffi-
cult to extract across a newly formed oxide protection layer
to drive OER, a low quantum yield (5%–6%) for solar
water splitting [108] is thus expected using an oxynitride
as a photocatalyst.

The introduction of defects is another attractive method
to raise the VB of photocorrosion-resistant oxides. For
instance, introducing disorder through hydrogenation in
the surface layers of nanophase TiO2 has been exam-
ined to extend the absorption edge into the visible-light
region [109,110]. The modified TiO2 (called black TiO2)
exhibited activity under visible light. However, experi-
ments also reported that the H2 production rate dropped by
two orders of magnitude when black TiO2 was illuminated
with visible and infrared light, with incident light of wave-
lengths shorter than 400 nm filtered out [109,111]. This
observation may be due to the coating of black TiO2 by
a layer of wide-band-gap white TiO2, which functions as
an oxide protection layer to suppress further degradation,
but also blocks photogenerated carriers to drive HER and
OER. This speculation is supported by the experimental
observation [109] of identical Ti 2p X-ray photoelectron
spectroscopy (XPS) spectra for both white and black TiO2.
The coating of the white TiO2 layer could stem from
the decomposition of black TiO2, which was revealed to
have a nanocrystalline-TiO2 core and a highly disordered
hydrogen-doped TiO2 shell (ca. 1-nm thick) [111].

We conclude that, although we can modify a
photocorrosion-resistant metal oxide to raise the VB edge
to extend the band gap into the visible-light region, the
modified metal oxide typically becomes unstable because
of the VB edge approaching the PLL, implying that
the PLL (φPLL = 2.48 V vs NHE) is universal for PEC-
semiconducting photocatalysts. Notice that in practical
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PEC cells, catalysts are additionally deposited on semicon-
ductor surfaces to promote the OER and HER reactions
by lowering their respective overpotentials. These cat-
alysts may slow down the photodecomposition rate of
the decorated semiconductor, but will not fully protect it
since they can absorb sunlight and thus have to avoid to
fully cover the surface of the semiconductor photocata-
lyst. Here, we can safely neglect the catalyst effect on
stability [8–10,112].

C. Revisiting the upper-bound efficiency of
single-band-gap PEC water splitting

The absorbed photon flux Jg (photons s−1 m−2) is an
important quantity in solar-efficiency calculations and is
defined as Jg = ∫ ∞

Eg
J�υα�υd�υ, where J�υ is the air mass

(AM)1.5 global-solar spectrum as shown in Fig. 4(a). To
evaluate the theoretical limiting efficiency, we make a
common assumption that complete absorption (α�υ = 1)

of all photons above the band gap of the semiconductor
takes place [113,114]. Figure 4(b) shows the maximum
harvested solar-energy percentage P = Jg/

∫ ∞
0 J�υd�υ for

a semiconductor with band gap Eg . A semiconductor
with a 2.48-eV band gap can only absorb a small part
of the solar spectrum (Ephtoton ≥ 2.48 eV), accounting
for approximately 23% of solar radiation, as shown in
Fig. 4(b), and possessing a maximum achievable efficiency
of 13% for a single-band-gap photovoltaic cell accord-
ing to the Shockley-Queisser limit [115]. However, for
solar water-splitting applications, the maximum achiev-
able STH efficiency is further reduced to 7.8% [113,114] as
shown in Fig. 4 (or 7.1% for a realistic single-junction PEC
cell [114]) because only 1.23 eV, rather than 2.48 eV, per
absorbed photon is converted to chemical energy through
driving the overall water-splitting reaction. Therefore, the
required PEC stability remarkably decreases the STH-
limiting efficiency of single-band-gap PEC water splitting
from the previously thought value of 30.7% to 7.8%, which
is even lower than the 10% efficiency required for com-
mercial applications [1,3]. This finding emphasizes the
difficulty of finding a stable semiconducting photocatalyst
with a high-PEC efficiency even after an extensive search
over half a century for materials that simultaneously meet
the requirements of both favorable energy-band positions
and photocorrosion resistance. In the above discussion,
we ignore the effect of OER and HER overpotentials,
which will further lower the predicted 7.8% upper-bound
efficiency of PEC water splitting.

D. The physics underlying the photocorrosion-induced
limit of the VB potentials for photocatalysts

To uncover the underlying physics, we attempt to derive
the relation between the VB potential and free energy for
semiconducting photocatalysts considering that the photo-
corrosion resistance of a semiconducting photocatalyst is

(a)

(c)

(b)

FIG. 4. Limiting STH efficiency vs the semiconductor band
gap (Eg) for single-absorber PEC cells. (A) Solar spectral dis-
tribution based on AM1.5 global data. (B) Maximum harvested
solar-energy percentage of semiconductor absorbers vs the semi-
conductor band gap Eg . The values corresponding to the optimal
band gap (1.59 eV), the photocorrosion-limited smallest band
gap (2.48 eV), WO3, rutile TiO2, and anatase TiO2 are also
indicated. (C) The maximum STH efficiencies of the single-
absorber PEC cells for the ideal case without considering sta-
bility (Eg = 1.59 eV, η = 30.6%), for the ideal case considering
the photocorrosion restriction (Eg = 2.48 eV, η = 7.8%), and for
the cases of WO3, rutile TiO2, and anatase TiO2 cells.

highly coupled to the Gibbs free energy of formation. A
semiconducting photocatalyst that possesses a more neg-
ative Gibbs free energy of formation requires more free
energy supplied from photogenerated carriers to drive the
decomposition-redox reactions, and hence is more likely
to be stable against photocorrosion. For example, the
Gibbs free energy of formation of MaXb can be written as
�f G(MaXb) = �f H(MaXb) − TS (T is the temperature; S
is the entropy), and the enthalpy of formation is defined
as �f H(MaXb) = Etot(MaXb) − aμM − bμX [μi is the
chemical potential of element i; Etot(MaXb) is the total
energy of MaXb]. The enthalpy of formation �f H(MaXb)
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(a)

(c) (d)

(e)

(b)

FIG. 5. pH dependences of the photodecomposition-redox potentials, the CB and VB edges of photocatalysts, and the water-redox
potentials. (a) In metal oxides such as BiOI, both the photodecomposition-reductive and -oxidative reactions do not explicitly involve
H+ or OH−, so they follow the Nernstian relation with a slope of −0.059 V/pH, the same as the band edges as well as water-redox
potentials. (b) In metal oxides such as CaIn2O2, the photodecomposition-oxidative reaction explicitly involves H+ on the left-hand
side, so the oxidation-redox potential vs pH value has a larger slope than that of φ0(H+/H2) vs pH. (c) In metal oxides such as BiVO4,
the photodecomposition-oxidative reaction explicitly involves H+ on the right-hand side, so the oxidation-redox potential vs pH value
has a smaller slope than that of φ0(H+/H2) vs pH. (d) In nonmetal-oxide CdS, the CB and VB edges are fixed to values at pH = 0. (e)
In metal-oxide Ag3PO4, both the lowest photodecomposition reductive and highest oxidative reactions do not explicitly involve H+ or
OH−, but the second photodecomposition-reductive reaction explicitly contains H+ on the right-hand side and is independent of the
pH value. At a high pH value, this reductive reaction is crossed over with the CB edge, making Ag3PO4 unstable.
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is highly correlated to the VB energy in which a lower VB
energy results in a more negative �f H(MaXb) for a semi-
conductor. Because the VB-edge states are generally the
anion atom-centered bonding states, a lower VB indicates
either a stronger covalent bond or a larger Coulomb bind-
ing between anions and cations, which, in turn, results in
a more negative total energy Etot(MaXb) (and �f H ) for
the semiconductor. Furthermore, combining the EVB vs Eg
relationship proposed by Butler and Ginley [116] and the
Eg vs �f H relationship proposed by Portier et al. [117],
we can obtain a quantitative relationship between EVB and
�f H for a semiconductor MaXb at pH = 0:

EVB = 0.619 χ(MaXb) + 0.5 Ac exp(−2.95

× 10−5 × �f H/ne) − 1.942, (1)

where χ(MaXb) = (χa
M × χb

X )1/(a+b), χa
M and χb

X are the
absolute electronegativities of atoms M and X, respec-
tively, ne is the number of electrons involved in the reac-
tion, Ac is a property of the cation, and EVB and �f H are
in eV (see the Appendix D and E for more details).

Based on the deduced EVB vs �f H relationship, we can
verify the photocorrosion-induced limit of the VB poten-
tials by artificially raising the VB-edge potentials of all the
stable semiconducting photocatalysts to 2.48 V vs NHE
and adjusting �f H according to Eq. (1). In this case, we
find that all the semiconductors again become unstable. For
example, the VB-edge potential of TiO2 is at 3.25 V vs
NHE, and the Gibbs free energy is −888.8 kJ/mol with the
predicted reductive- and oxidative-photodecomposition
potentials of φre = −0.53 V and φox = 1.30 V, respec-
tively (corresponding reactions are given in Table S1 [13,
14,16–97]). If we artificially raise the VB-edge poten-
tial from 3.25 to 2.48 V vs NHE, the Gibbs free
energy changes from −888.8 to −801.50 kJ/mol accord-
ing to Eq. (1), and TiO2 becomes unstable, as the
modified reductive-photodecomposition potential (φre =
0.78 V) becomes more positive than the HER poten-
tial. If we upshift the VB-edge potential of Bi2WO6
from 3.27 to 2.48 V, the Gibbs free energy changes
from −1708.34 to −1439.69 kJ/mol, and the reductive-
and oxidative-photodecomposition potentials change from
φre = −0.25 to 0.07 V and from φox = 1.28 to 0.28 V,
respectively. Subsequently, Bi2WO6 again becomes unsta-
ble upon upshifting the VB potential above the PLL.
Thereby, we illustrate that the photocorrosion-induced
limit of the VB potentials for photocatalysts has a deep
root in the underlying physics.

IV. CONCLUSIONS

We revealed that thermodynamic stability is strongly
coupled to the energy position of the VB edge for
semiconducting PEC photocatalysts, setting limits for the
highest possible VB-edge potential at 2.48 V vs NHE

(called the PLL) and for the minimum possible band gap
at 2.48 eV. These limits remarkably reduce the STH lim-
iting efficiency for single-band-gap PEC water splitting
from the commonly believed 30.7% to approximately 8%,
even lower than the 10% efficiency required for com-
mercial applications [1–3]. Although this conclusion was
drawn from data at pH = 0, the limits are also applica-
ble in a finite pH range (see discussion on pH dependence
in Appendix F). Because the predicted limiting STH effi-
ciency is too low, future efforts toward attaining highly
efficient PEC solar water splitting must shift from search-
ing for PEC photocatalysts to strategies that decouple the
thermodynamic stability and PEC efficiency. For example,
metal-oxide protection layers have been used to stabilize
narrow-band-gap (PEC-active) semiconducting photocat-
alysts, such as Cu2O [12], Si [6,118,119], CdTe [119],
and III-V [7] semiconductors as well as some modified
oxides. For this purpose, the focus should shift toward
interface engineering for the simultaneous optimization
of the built-in field, interface quality, and carrier extrac-
tion to maximize the photovoltage of an oxide-protected
water-splitting photocatalyst [112,118,120,121]. Further-
more, a dual-band-gap Z-scheme water-splitting system
using two different semiconducting photocatalysts could
also overcome the predicted 8% limiting STH efficiency
if the photoanode is resistant to photoanodic decomposi-
tion and if the photocathode is resistant to photocathodic
decomposition.
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APPENDIX A: PREDICTING THE
DECOMPOSITION-REDOX POTENTIALS OF

SEMICONDUCTORS

We can reasonably estimate the decomposition reduc-
tive and oxidative potentials (φre and φox) of semi-
conductors as the required minimum Fermi energies of
electrons and holes to drive the reductive- and oxidative-
decomposition reactions, respectively, since the elec-
tronic reactants are electrons in the reductive reactions
and holes in the oxidative reactions. Gerischer [11,122]
and Bard and Wrighton [123] have developed a ther-
modynamic approach for determining thermodynamic
decomposition potentials of semiconductors in contact

064059-9



LING-JU GUO et al. PHYS. REV. APPLIED 10, 064059 (2018)

with electrolytes. Taking a binary compound semicon-
ductor MX (e.g., M = Zn, Cd and X = O, S, Se, Te)
as an example, we use this approach to predict φre

and φox relative to NHE from the standard Gibbs free-
energy changes �reG0 and �oxG0 of the reductive and
oxidative full reactions, respectively: φre = �reG0/zF +
φ(H+/H2) and φox = −�oxG0/zF + φ(H+/H2). Here, Z
is the oxidation state of metal M, F is the Faraday con-
stant (1 Faraday = 96 500 Coulombs), �reG0[= �f G0

MX +
(Z/2)�f G0

H2
− �f G0

M − �f G0
X z− − z�f G0

H+] is the stan-
dard Gibbs free-energy change of the reductive full reac-
tion MX + (Z/2)H2 + solv → M + X z− · solv + zH+ ·
solv, and �oxG0[= �f G0

MX + z�f G0
H+ − �f G0

Mz+ −
�f G0

X − (Z/2)�f G0
H2

] is the standard Gibbs free-energy
change of the oxidative full reaction MX + zH+ · solv →
M z+ · solv + X + (Z/2)H2. Such predicted reductive- and
oxidative-decomposition potentials of semiconductors are
potentials at pH = 0 because they are relative to the NHE
potential, which is φ(H+/H2) = 0 at pH = 0.

APPENDIX B: DETERMINING THE ENERGY
POSITIONS OF SEMICONDUCTOR BAND EDGES

We can determine the energy positions of semicon-
ductor band edges (another key property to assess the
thermodynamic stability) from a variety of experimental
and theoretical techniques, such as x-ray and ultravio-
let photoelectron spectroscopy (XPS and UPS) [124,125]
and the flat band potential measurement using vari-
ous (photo)electrochemical techniques [13,126]. Unfor-
tunately, the energy uncertainty of the band edges
determined by different techniques for a semiconductor
is as large as 0.5 eV [124], owing to divergent dipole
fields occurring in heterojunction interfaces when it is
measured with different techniques. We, therefore, pre-
fer to use the band edges of the compounds obtained
from flat band potential measurement in aqueous solution,
in which the semiconductor photocatalysts are in con-
tact with electrolyte solution where the band position of
the semiconductor is influenced by the interface of the
semiconductor-liquid. If there is no available flat band
potential data reported in literature for a semiconductor,
we complement it by utilizing empirical calculations from
the electronegativities of constitute elements as originally
proposed by Butler and Ginley [116] for semiconductors.

APPENDIX C: FIRST-PRINCIPLES PREDICTION
OF THE GIBBS FREE ENERGY FOR

SEMICONDUCTORS WITH UNAVAILABLE DATA

We prefer to use the recommended values of the stan-
dard Gibbs free energy of formation �f G for those
compounds available in the CRC Handbook of Chemistry
and Physics [127] and Lange’s Handbook of Chem-
istry [128]. When the recommended value is not available

for a solid compound, we approximate the standard Gibbs
free energy of formation �f G as the enthalpy of formation
�f H predicted from the first-principles density functional
theory (DFT) based on the assumption that cells are opera-
tions under temperature 0 K since �f G = �f H − T�S.
The enthalpy of formation for a solid compound MaXb
is defined as �f H = Etot(MaXb) − aμM − bμX , where
Etot(MaXb) is the total energy per formula unit of MaXb,
and μM and μX are the total energies per atom of the ele-
ments M and X in their elemental reference phase. We can
accurately predict all these total energies from the DFT
calculations. Recently, Stevanović et al. [129] made a sig-
nificant improvement of the calculation accuracy of the
enthalpy of formation for solid compounds by adding a
fitted correction to each DFT-predicted element chemical
potential μi, termed as the fitted elemental-phase reference
energies (FERE). By examining an extensive test set of
solid compounds with the available measured �f H val-
ues, the mean absolute error of reproduced �f H is found
to be remarkably reduced from 0.250 eV/atom (resulting
from pure DFT calculations) to 0.054 eV/atom. Follow-
ing Stevanović et al. [129], we utilize the VASP code to
determine the �f H of solid compounds without available
values in the handbook using the all electron-projected
augmented plane waves (PAW) method with Perdew-
Burke-Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) exchange-correlation functional. We use a
plane-wave cut-off energy of at least 30% larger than the
largest specified in the pseudopotentials used and a dense
k-point mesh to achieve the total energy convergence of
less than 3 meV/atom for a specific compound. An on-site
Hubbard U term of U = 3 eV is adopted for d-orbitals of
transition metal elements, except Cu and Ag (U = 5 eV)
and Zn, Cd, and Hg (U = 0 eV). More details can be
found in Ref. [129]. Note that at 0 K temperature, the
entropy component (−T�S) of the Gibbs free energy is
zero, and therefore, �f G = �f H , whereas, in the standard
state at 298.15 K, the entropy component, which is small
in solid compounds and neglected in the first-principles
calculations, makes the Gibbs free energy slightly more
positive than the enthalpy of formation. We may predict
some unstable compounds as stable and thus the predicted
upper bound of the PEC efficiency is even lower in prac-
tice. Therefore, such potential error due to neglecting the
entropy component will not change our conclusions in this
work.

APPENDIX D: PREDICTION OF BAND-EDGE
POSITIONS FOR SEMICONDUCTORS WITH

UNAVAILABLE DATA

Although a number of methods have been used to deter-
mine the band-edge position of semiconductors, we favor
the data obtained from flat band potential measurement
in aqueous solution considering that the redox reactions
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of the solar water splitting occur on a semiconductor-
electrolyte interface in a similar condition. However, there
are no available flat band potential data for some newly
investigated semiconductors. We use the well-established
empirical formula developed by Bulter and Ginley [116] to
estimate the band-edge positions for those semiconductors.
Bulter and Ginley [116] found that band-edge positions
(with respect to the vacuum) at the semiconductor-
electrolyte interface depend on the semiconductor elec-
tronegativity χ(MaXb) = (χa

M · χb
X )1/(a+b) (χa

M and χb
X are

the absolute electronegativities of atoms M and X ), and
varies with pH following a linear relation known as the
Nernstian relation [13]. According to this approach, the
CB-edge position of a MaXb compound is

ECB(pH) = χ(MaXb) − 0.5Eg − E0

+ 0.059(pHPZZP − pH), (D1)

where Eg is the semiconductor band gap, E0 is the standard
redox potential of the aqueous redox couple with respect to
the NHE (the Fermi level of NHE at 25 °C is −4.5 eV with
respect to the vacuum level), pHPZZP is the pH value at the
point of zero zeta potential (PZZP) of the semiconductor,
and the last term is the Nernstian relation. The pHPZZP can
be estimated from χ(MaXb) with the following equation:

0.155pHPZZP = 6.72 − χ(MaXb). (D2)

APPENDIX E: RELATIONSHIP BETWEEN THE
VBM LEVEL AND STABILITY OF
SEMICONDUCTOR MATERIALS

Here, we uncover the hidden relationship between the
energy level of the VB edge and the stability (or the Gibbs
free energy) for semiconductors. Comparing Eq. (1) and
Eq. (D1), we obtain an expression for the energy position
of the CB edge of the semiconductor at pH = 0:

ECB(pH = 0) = 0.619χ(MaXb) − 0.5Eg − E0 + 2.558.
(E1)

Because EVB − ECB = Eg , we obtain an expression for the
VB-edge level:

EVB(pH = 0) = 0.619χ(MaXb) + 0.5Eg − E0 + 2.558.
(E2)

On the other hand, Portier et al. [117,130] found that the
band gap Eg is a function of the entropy of formation �f H
for a semiconductor:

Eg = Ae(0.34×E�H◦ ), (E3)

and

E�H◦ = −5.224 × 1019 × �H ◦

N × ne
, (E4)

where �H ◦ is the standard enthalpy of formation of
solid compounds in cal/mol, N = 6.02 × 1023 is Avo-
gadro’s number, ne is number of electrons involved in
the formation reaction, and Ac is a property of the cation
(Ac = 0.8, 1.35, and 1.0 for s-block, p-block, and d-block
elements, respectively). Comparing Eq. (E3) and Eq. (E4),
we obtain following expression:

Eg = A × exp
(

−2.95 × 10−5

ne
× �H ◦

)
. (E5)

Substituting this into Eq. (E2), we obtain an expression of
the VB-edge position,

EVB(pH = 0) = 0.619 × χ(MaXb) + 0.5A

× exp
(

−2.95 × 10−5

ne
× �H ◦

)

+ 2.558 − E0 (E6)

If the NHE is chosen as the reference electrode, E0 is then
4.5 eV and substituted into Eq. (E6) yields

EVB(pH = 0) = 0.619 × χ(MaXb) + 0.5A

× exp
(

−2.95 × 10−5

ne
× �H ◦

)

− 1.942. (E7)

APPENDIX F: pH DEPENDENCE OF
SEMICONDUCTOR PHOTODECOMPOSITION

POTENTIALS

The water redox potentials φ0(O2/H2O) and φ0(H+/H2)

vary linearly with the pH value following the Nernstian
relation [13], that is they change by −0.059 V/pH at 298 K
and 1 atm. For semiconducting metal oxides, the poten-
tials of both CB and VB edges vary with pH following
the same Nernstian relation as the water redox potentials,
as shown in Fig. 5. For nonmetal oxides, such as metal-
sulfide semiconductors, the pH dependence of band-edge
potentials appears more complicated than that for metal
oxides, and has not been as thoroughly studied [13,116].
Here, we simply speculate the band-edge potentials of non-
metal oxides to be independent of the pH value, such as
for CdS as shown in Fig. 5(d), since it will not change our
conclusions drawn at pH = 0 as discussed below.

The pH dependence of photodecomposition-redox
potentials for semiconducting photocatalysts depends
on the reactants and products of the associated reac-
tions [131]. Keeping in mind that the predicted φre

and φox are defined relative to φ0(H+/H2), we classify
photodecomposition-redox reactions following the simpli-
fied procedure for constructing Pourbaix diagrams [131]
into three types: (1) A photodecomposition reaction that
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does not explicitly involve hydrogen ions (H+ or OH−)
gives a straight line parallel to the pH dependence of
φ0(H+/H2), such as both photodecomposition-reductive
and -oxidative reactions of BiOI as shown in Fig. 5(a);
(2) A reaction explicitly involving H+ on the left-hand
side (reactants) will give a straight line with a slope
equal to −0.059(1 + h/n) V/pH, where h is the coeffi-
cient of H+ and n is the number of free electrons, such as
the photodecomposition-oxidative reaction of CaIn2O4 as
shown in Fig. 5(b), where h = 8 and n = 2; (3) A reaction
again explicitly involving H+, but on the right-hand side
the products will give a straight line with a slope equal
to −0.059(1-h/n) V/pH, such as the photodecomposition-
oxidative reaction of BiVO4 as shown in Fig. 5(c), with
h = 2 and n = 2, and the second photodecomposition-
reductive reaction of Ag3PO4 as shown in Fig. 5(e), with
h = 2 and n = 2.

The stability of a semiconducting photocatalyst will not
change if pH-dependent lines of the photodecomposition-
redox potentials and band-edge potentials are parallel to
the water-redox potentials, as shown in Fig. 5(a) for
BiOI. The emergence of a crossover between band edges,
photodecomposition-redox potentials, and/or water redox
potentials with varying pH values may indicate a change
of the stability of semiconducting photocatalysts as a func-
tion of pH values. However, as shown in Fig. 5, all
four examined semiconducting photocatalysts do not incur
changes of stability when the pH value changes. Neverthe-
less, BiVO4 becomes more stable [Fig. 5(c)] but CaIn2O4
becomes less stable [Fig. 5(b)] and Ag3PO4 even changes
to unstable [Fig. 5(e)] as the pH values increases. For non-
metal oxides, as shown in Fig. 5(d) and given in Table
S1 [13,14,16–97], the photodecomposition-oxidative reac-
tions with a much more negative φox than φ0(O2/H2O)

lead to self-decomposition. Increasing the pH value will be
unlikely to make them stable, although the pH dependence
of their band-edge potentials is complicated.

In this work, our finding is that the highest possible
VB-edge potential in stable photocatalysts is limited by
photocorrosion at 2.48 V vs NHE at pH = 0 (called the
PLL with φPLL = 2.48 V vs NHE). Because the potential
of the CB edge must be more negative than the HER poten-
tial φ0(H+/H2), which is 0 vs NHE at pH = 0, the limit of
the photocorrosion-resistant photocatalysts with the high-
est VB potential at 2.48 V will exclude PEC photocatalysts
from materials that have band gaps less than 2.48 eV. It is
straightforward to learn that this predicted lower bound of
the photocatalyst band gap can only be broken by a change
of unstable photocatalysts having band gaps less than
2.48 eV to stable. For semiconducting photocatalysts with
VB edges below φPLL = 2.48 V vs NHE at pH = 0, vary-
ing the pH value will not change the limit of the 2.48 eV
minimum band gap for photocatalysts whenever they occur
a change from unstable to stable. Nonmetal-oxide photo-
catalysts, as discussed above, will not undergo a change

from unstable to stable upon increasing the pH value and
thus, their pH dependence will not break the lower bound
of the photocatalyst band gap imposed by photocorrosion.
For metal oxides, although the VB edges rise up to a
rate of −0.059 V/pH when increasing the pH value, this
photocorrosion-limited minimum band gap will not change
if the stabilities of all metal oxides do not change, because
φ0(H+/H2), which sets the limit of the CB edges of photo-
catalysts, also rises up with the same rate as the VB edges,
as shown in Fig. 5(a) for the simplest case in BiOI where
all pH-dependent lines of related potentials are parallel to
each other. For metal-oxide photocatalysts as shown in
Fig. 5(c), but with VB edges above φPLL = 2.48 V vs NHE
at pH = 0, a change from unstable to stable with increas-
ing pH value will break this limit. However, we do not
find a case in Table S1 [13,14,16–97] where this happens,
because for the cases as shown in Fig. 5(c), all metal-
oxide and nonmetal-oxide semiconducting photocatalysts
have too negative decomposition-oxidative potentials rela-
tive to φ0(O2/H2O) to cross over with φ0(O2/H2O) when
increasing the pH value. Therefore, the conclusion drawn
at pH = 0 is also applicable to a nonzero pH value.

[1] M. Grätzel, Photoelectrochemical cells, Nature 414, 338
(2001).

[2] M. G. Walter, E. L. Warren, J. R. McKone, S. W. Boettcher,
Q. Mi, E. A. Santori, and N. S. Lewis, Solar water splitting
cells, Chem. Rev. 110, 6446 (2010).

[3] F. E. Osterloh and B. A. Parkinson, Recent developments
in solar water-splitting photocatalysis, MRS Bull. 36, 17
(2011).

[4] T. Hisatomi, J. Kubota, and K. Domen, Recent advances in
semiconductors for photocatalytic and photoelectrochem-
ical water splitting, Chem. Soc. Rev. 43, 7520 (2014).

[5] J. W. Ager, M. R. Shaner, K. A. Walczak, I. D. Sharp, and
S. Ardo, Experimental demonstrations of spontaneous,
solar-driven photoelectrochemical water splitting, Energ.
Environ. Sci. 8, 2811 (2015).

[6] M. J. Kenney, M. Gong, Y. Li, J. Z. Wu, J. Feng, M. Lanza,
and H. Dai, High-performance silicon photoanodes pas-
sivated with ultrathin nickel films for water oxidation,
Science 342, 836 (2013).

[7] J. Gu, Y. Yan, J. L. Young, K. X. Steirer, N. R. Neale,
and J. A. Turner, Water reduction by a p-GaInP2 photo-
electrode stabilized by an amorphous TiO2 coating and a
molecular cobalt catalyst, Nat. Mater. 15, 456 (2015).

[8] I. E. Castelli, T. Olsen, S. Datta, D. D. Landis, S. Dahl,
K. S. Thygesen, and K. W. Jacobsen, Computational
screening of perovskite metal oxides for optimal solar
light capture, Energ. Environ. Sci. 5, 5814 (2012).

[9] Y. Wu, P. Lazic, G. Hautier, K. Persson, and G. Ceder,
First principles high throughput screening of oxynitrides
for water-splitting photocatalysts, Energ. Environ. Sci. 6,
157 (2013).

[10] S. Chen and L. W. Wang, Thermodynamic oxidation and
reduction potentials of photocatalytic semiconductors in
aqueous solution, Chem. Mater. 24, 3659 (2012).

064059-12

https://doi.org/10.1038/35104607
https://doi.org/10.1021/cr1002326
https://doi.org/10.1557/mrs.2010.5
https://doi.org/10.1039/C3CS60378D
https://doi.org/10.1039/C5EE00457H
https://doi.org/10.1126/science.1241327
https://doi.org/10.1038/nmat4511
https://doi.org/10.1039/C1EE02717D
https://doi.org/10.1039/C2EE23482C
https://doi.org/10.1021/cm302533s


PHOTOCORROSION-LIMITED EFFICIENCY. . . PHYS. REV. APPLIED 10, 064059 (2018)

[11] H. Gerischer, On the stability of semiconductor electrodes
against photodecomposition, J. Electroanal. Chem. Interf.
Electrochem. 82, 133 (1977).

[12] A. Paracchino, V. Laporte, K. Sivula, M. Grätzel,
and E. Thimsen, Highly active oxide photocathode for
photoelectrochemical water reduction, Nat. Mater. 10, 456
(2011).

[13] Y. Xu and M. A. A. Schoonen, The absolute energy
positions of conduction and valence bands of selected
semiconducting minerals, Am. Mineral. 85, 543 (2000).

[14] A. Kudo and Y. Miseki, Heterogeneous photocatalyst
materials for water splitting, Chem. Soc. Rev. 38, 253
(2009).

[15] X. Chen, S. Shen, L. Guo, and S. S. Mao, Semiconductor-
based photocatalytic hydrogen generation, Chem. Rev.
110, 6503 (2010).

[16] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.10.064059 for details of
the predicted photodecomposition lowest reductive and
highest oxidative potentials and reactions for all 202
known semiconducting photocatalysts.

[17] L. Ye, Y. Su, X. Jin, H. Xie, and C. Zhang, Recent
advances in BiOX (X=Cl, Br and I) photocatalysts:
synthesis, modification, facet effects and mechanisms,
Environ. Sci-Nano 1, 90 (2014).

[18] Giménez and J. Bisquert, Photoelectrochemical Solar
Fuel Production (Springer, Switzerland, 2016).

[19] A. B. Ellis, S. W. Kaiser, J. M. Bolts, and M. S. Wrighton,
Study of n-type semiconducting cadmium chalcogenide-
based photoelectrochemical cells employing polychalco-
genide electrolytes, J. Am. Chem. Soc. 99, 2839 (1977).

[20] N. E. Christensen and O. B. Christensen, Electronic struc-
ture of ZnTe and CdTe under pressure, Phys. Rev. B 33,
4739 (1986).

[21] J. W. Jang, S. H. Cho, G. Magesh, Y. J. Jang, J. Y. Kim,
W. Y. Kim, J. K. Seo, S. J. Kim, K. H. Lee, and J. S. Lee,
Aqueous-solution route to zinc telluride films for applica-
tion to CO2 reduction, Angew. Chem. Int. Ed. 53, 5852
(2014).

[22] G. H. Schoenmakers, Electroless etching of ZnSe in aque-
ous ferricyanide solutions, J. Electrochem. Soc. 144, 2329
(1997).

[23] M. Long, W. M. Cai, and H. Kisch, Visible light
induced photoelectrochemical properties of n-BiVO4 and
n-BiVO4/p-Co3O4, J. Phys. Chem. C 112, 548 (2008).

[24] Y. Matsumoto, M. Omae, K. Sugiyama, and E. Sato,
New photocathode materials for hydrogen evolution: cal-
cium iron oxide (CaFe2O4) and strontium iron oxide
(Sr7Fe10O22), J. Phys. Chem. C 91, 577 (1987).

[25] M. Sugiyama, K. Fujii, and S. Nakamura, Solar to Chemi-
cal Energy Conversion (Springer, Heidelberg, 2016), Vol.
32, Lecture Notes in Energy.

[26] B. Tell, J. L. Shay, and H. M. Kasper, Electrical proper-
ties, optical properties, and band structure of CuGaS2and
CuInS2, Phys. Rev. B 4, 2463 (1971).

[27] H. Kato, K. Ueda, M. Kobayashi, and M. Kaki-
hana, Photocatalytic water oxidation under visible light
by valence band controlled oxynitride solid solutions
LaTaON2–SrTiO3, J. Mater. Chem. A 3, 11824 (2015).

[28] B. B. Kale, J. O. Baeg, S. M. Lee, H. Chang, S. J. Moon,
and C. W. Lee, CdIn2S4 nanotubes and “marigold”

nanostructures: A visible-light photocatalyst, Adv. Funct.
Mater. 16, 1349 (2006).

[29] B. Kumar, M. Llorente, J. Froehlich, T. Dang, A. Sathrum,
and C. P. Kubiak, Photochemical and photoelectrochemical
reduction of CO2, Annu. Rev. Phys. Chem. 63, 541
(2012).
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