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ABSTRACT: Z-scheme water splitting with a redox mediator, which transports electrons from an H2- to an O2-evolving
photocatalyst, has been widely studied to achieve efficient overall water splitting. However, backward electron transfer with the redox
mediator is an intrinsic drawback of Z-scheme water splitting, because it interrupts the desired H2 and O2 evolution. Although a
CrOx shell coating on metal cocatalysts on an H2-evolving photocatalyst is widely used to block backward electron transfer, this
strategy relies on potentially toxic chromium species of which elution is possible under the photocatalytic operation. Herein, we
demonstrate a chromium-free approach that suppresses backward electron transfer by manipulating electrostatic interactions at the
photocatalyst−mediator interface. The designed charge-switchable cobalt complex serves as a superior mediator that selectively
suppresses backward electron transfer from a positively charged H2-evolving photocatalyst without using a CrOx shell, leading to
efficient Z-scheme water splitting with an apparent quantum yield of 7.2%.

Z-scheme water splitting using semiconductor photo-
catalysts has been extensively studied to produce H2 as

energy and chemical resources.1−4 In a typical Z-scheme
configuration, two distinct semiconductor photocatalysts for
H2 or O2 evolution are interconnected via a reversible electron
mediator (redox couple) in solution (Figure 1a).4−6 Although
this architecture allows the use of various kinds of visible-light-
responsive photocatalysts, an inherent drawback of the Z-
scheme system is its competitive backward electron transfer
reactions.4 Because the redox potential of the mediator must
lie between the conduction band minimum of the O2-evolving
photocatalyst and the valence band maximum of the H2-
evolving photocatalyst, backward electron transfer from the
HEP to the OEP via the mediator is thermodynamically
unavoidable (Figure 1a), decreasing the overall photocatalytic
efficiency.
To suppress the backward reactions, cocatalyst engineering

has been demonstrated as the main strategy.7−10 Specifically,
for the H2-evolving catalyst center, CrOx shell coating on metal
cocatalysts is the most widely applied approach to selectively
suppress the undesirable reduction of redox species and H2
combustion with O2 to enable selective proton reduc-
tion.7,11−15 The role of the CrOx shell has been reported as
a blocker for molecular redox mediators (e.g., IO3

−, [Co-
(bpy)3]3+, Fe3+, [Fe(CN)6]3−, [SiVW11O40]5−) and O2, while it
accepts the penetration of the proton to the metal catalyst
centers (Figure 1b).7,11,16 Therefore, the CrOx shell has been
employed in efficient photocatalytic water splitting systems so
far.7,11,12,17−19

However, the CrOx shell approach has several drawbacks
(Figure 1b). The first concern is the dissolution of chromium
species to the environment,11,20−22 including toxic hexavalent
Cr generated via photooxidation of CrOx.

21,22 Some reports

have shown that the CrOx shell decreases the rate of proton
reduction catalysis, which is a trade-off for resistance to
backward reactions.12,19 Furthermore, the CrOx shell is
typically coated on metal cocatalyst nanoparticles selectively
via photodeposition techniques.17 Therefore, it is essentially
difficult to shut out the backward transfer of photoexcited
electrons on the bare photocatalyst surface before reaching the
cocatalyst (Figure 1b). These facts motivated us to develop an
alternative strategy to suppress backward electron transfer
without the aid of CrOx shells to boost overall Z-scheme water
splitting.
Herein, we demonstrate a strategy to suppress backward

electron transfer by manipulating the electrostatic interaction
between the photocatalyst surface and a redox mediator. The
strong effects of introducing a neutral/cationic charge-
switchable cobalt complex [Co(bpc)2]+/0 (bpc = 2,2′-
bipyridine-6-carboxylate) as the electron mediator and
appropriate surface charges to enable efficient Z-scheme
photocatalytic water splitting even without CrOx shells are
discussed (Figure 1c).
The charge-switchable cobalt complex [Co(bpc)2]+/0 (1H

NMR: Figure S1) exhibited reversible redox behavior at
+0.25 V vs Ag/AgCl and was independent over a range of pH
2.0−9.5 (Figure S2). As a benchmark, this study employed
rhodium-doped SrTiO3 (denoted as SrTiO3:Rh) and cesium-
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modified WO3 (denoted as WO3) as H2- and O2-evolving
photocatalysts,23,24 respectively (Figure S3).
Figure 2 shows the time courses of H2 evolution over CrOx/

Ru/SrTiO3:Rh and Ru/SrTiO3:Rh using the redox-reversible
[CoII(bpc)2]0 as an electron donor. At pH 6.0, the CrOx shell

coating provided higher H2 evolution rates than the uncoated
Ru cocatalyst. The CrOx shell coating rarely affected the H2
evolution activity when MeOH was used as an irreversible
electron donor instead of [CoII(bpc)2]0 (Figure S4). Hence,
the promotional effect of the CrOx shell observed at pH 6.0
can be concluded as a blocker toward backward electron
transfer to its oxidized counterpart [CoIII(bpc)2]+, similar to
previous reports for conventional redox mediators.7,11,16 In
contrast, the uncoated Ru cocatalyst induced higher H2
evolution rates under acidic conditions than those on CrOx-
coated ones. This finding strongly suggests the presence of
another mechanism for suppressing backward electron transfer
to the oxidized [CoIII(bpc)2]+ species. The best H2 evolution
activity was recorded as 7.1% of the apparent quantum yield
(AQY) at 430 nm by using Ru/SrTiO3:Rh in the presence of a
[CoII(bpc)2]0 electron donor at pH 2.0.
To evaluate the resistance to backward electron transfer, the

effects of adding the oxidized form [CoIII(bpc)2]+ on
photocatalytic H2 evolution were investigated (Table 1). At
pH 6.0, the CrOx coating on Ru/SrTiO3:Rh exhibited superior
resistance to decreasing the H2 evolution rate upon the
addition of [CoIII(bpc)2]+, leading to higher photocatalytic
activity than the uncoated Ru/SrTiO3:Rh photocatalyst
(Entries 1 and 4). This suggests that the CrOx coating served
as a blocker for backward electron transfer on Ru cocatalyst at
pH 6.0. When pH decreased to 3.5 and 2.0, the resistance to
backward electron transfer improved overall, of which exposed
Ru/SrTiO3:Rh was comparable to or even better than CrOx/
Ru/SrTiO3:Rh (Table 1). Importantly, zeta potentials of the
SrTiO3:Rh samples were negative at pH 6.0 but increased and
flipped to positive in the acidic solution (Table 1). This
relationship implies that the electrostatic interaction between
the photocatalyst surface and the redox mediator plays a key
role in suppressing backward electron transfer.
[CoII(bpc)2]0 (E1/2 = 0.25 V vs Ag/AgCl; Figure S2) can

thermodynamically supply electrons to photoexcited
SrTiO3:Rh photocatalyst (potential of Rh4+/3+ state is 1.90 V
vs Ag/AgCl25,26 at pH 2.0), resulting in the transformation to
cationic [CoIII(bpc)2]+ as the oxidized form during photo-
catalytic H2 evolution. If the zeta potential of the SrTiO3:Rh
photocatalyst is negative (at pH 6.0), then the generated
[CoIII(bpc)2]+ would be electrostatically attracted, likely
accelerating backward electron transfer (Figure 3a). Therefore,
the H2 evolution rate was highly sensitive to the coexistence of
[CoIII(bpc)2]+ at pH 6.0. Notably, although the CrOx shell
played a role in resisting backward electron transfer, the H2
evolution rates decreased by 45% at pH 6.0 (Entry 1 in Table
1). This may be attributed to the occurrence of backward
electron transfer on the SrTiO3:Rh surface before the
photoexcited electrons reached the cocatalyst even in the
presence of CrOx coating on the Ru cocatalyst.
Compared with the results at pH 6.0, the deactivation of H2

evolution by the addition of [CoIII(bpc)2]+ was significantly
suppressed, regardless of the presence or absence of the CrOx
shell under acidic conditions, where the zeta potential of
SrTiO3:Rh was positive (Table 1). Positive zeta potentials
would induce electrostatic repulsion with [CoIII(bpc)2]+, which
likely decreased the opportunity for backward electron transfer
(Figure 3b). H2 evolution rates were further improved by
decreasing the pH from 3.5 to 2.0, where the proton
concentration, zeta potential, and driving force of forward
electron transfer from [CoII(bpc)2]0 were increased. Remark-
ably, Ru/SrTiO3:Rh exhibited highly efficient H2 evolution,

Figure 1. (a) Schematic illustration of the Z-scheme water splitting
system using a redox mediator. Approaches for overcoming backward
electron transfer by the (b) conventional CrOx shell strategy and (c)
strategy of this work.

Figure 2. Time courses of H2 evolution using CrOx/Ru or Ru-loaded
SrTiO3:Rh in an aqueous solution (10 mg in 70 mL) containing 0.3
mM [CoII(bpc)2]0 at different solution pH under visible-light
irradiation (λ = 430 nm).
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even better than CrOx/Ru/SrTiO3:Rh (Entries 2, 3, 5, and 6).
One possible reason is that the CrOx shell also blocks the
proton reduction, as previously reported.12,19 The partial
dissolution of chromium species was observed at pH 2.0
(Entry 3 in Table 1, Table S1). One can notice that H2
evolution at pH 2.0 using CrOx/Ru/SrTiO3:Rh stopped at 9.0
μmol, which is below the stoichiometric limit (10.5 μmol),
assuming the consumption of the [CoII(bpc)2]0 electron donor
(Figure 2c). These results suggest that CrOx shells are
chemically unstable at low pH,11 which is one of the most
serious concerns when using CrOx shells.
The superior H2 evolution activity of Ru/SrTiO3:Rh against

CrOx/Ru/SrTiO3:Rh was not observed when a conventional
polyoxometalate ([SiVW11O40]5−/6−) mediator was applied
(Figure 4a-c), similar to previous reports on CrOx shell for
conventional mediators.7,11 In the case of anionic mediators,
the anionic oxidized form (i.e., [SiVVW11O40]5−) generated by
the photoinduced electron transfer to SrTiO3:Rh should feel
an electrostatic affinity for the positively charged SrTiO3:Rh
surface. Hence, the CrOx shell was essential to showing
superior photocatalytic activity in the case of anionic
mediators. We can conclude that the appropriate manipulation
of the interfacial electrostatic interaction with the designed
neutral/cation-switchable [Co(bpc)2]+/0 is effective in sup-
pressing backward electron transfer without decelerating

forward reactions, leading to highly efficient H2 evolution
without the aid of the CrOx shell.
Figures 5 and S5 show the time courses of Z-scheme water

splitting using Ru-loaded SrTiO3:Rh with PtOx/WO3 and
various redox mediators at pH 2.0. Compared with benchmark
redox mediators,27−30 the [CoIII(bpc)2]+/[CoII(bpc)2]0 system
induced the highest rate of water splitting (Figure 5a). The rate
of water splitting was even higher than that using the CrOx
shell (Figure 5b). Note that obvious reverse water formation
from H2 and O2 was not observed even without a CrOx shell
(Figure S6). The AQY of 7.2% was recorded at 405 nm for the
overall water splitting with the Ru/SrTiO3:Rh-[CoIII(bpc)2]+/
[CoII(bpc)2]0-PtOx/WO3 system. This value exceeds the
representative Z-scheme water splitting systems reported
using SrTiO3:Rh-based H2-evolving photocatalyst (4.2%

31 at
420 nm for Ru/SrTiO3:Rh−Fe3+/2+−BiVO4) and is also the
highest level among those using other photocatalysts without
the aid of CrOx shells. Under simulated sunlight irradiation,
the solar-to-hydrogen conversion efficiency reached 0.07% at
pH 3.5 and 0.09% at pH 2.0 (Figures 5c and S7).
In summary, a strategy for manipulating the electrostatic

interactions between the photocatalyst surface and redox

Table 1. Summary of Surface Property and H2 Evolution Activity of SrTiO3:Rh Photocatalysts

H2 evolution rate (rH2)
a (μmol h−1)

Entry Cocatalyst pH Zeta potential (mV) rH2 (CoII)
b rH2 (CoII + CoIII)

c Activity retention ratiod (%) CrOx dissolution
e (%)

1 CrOx/Ru 6.0 −17.7 4.0 2.2 55 0
2 3.5 +40.4 10.6 8.8 83 0.4
3 2.0 +44.2 25.2 18.3 73 20
4 Ru 6.0 −25.2 1.4 0.7 50 −
5 3.5 +39.9 19.8 12.7 64 −
6 2.0 +55.6 38.6 33.7 87 −

aInitial rate recorded by irradiation of 430 nm light to an aqueous dispersion (70 mL) containing a SrTiO3:Rh photocatalyst (10 mg) and Co
complexes (0.3 mM each). bRate in the presence of [CoII(bpc)2]0.

cRate in the presence of [CoII(bpc)2]0 and [CoIII(bpc)2]+.
dEstimated by

rH2(CoII + CoIII)/rH2(CoII).
eDetermined by ICP-OES (see Table S1).

Figure 3. Plausible schematic illustration of photoinduced electron
transfer and backward electron transfer processes with (a) a
negatively- or (b) a positively-charged surface. Figure 4. Time courses of H2 evolution using Ru/SrTiO3:Rh or

CrOx/Ru/SrTiO3:Rh (10 mg) in an aqueous solution (70 mL)
containing (a,b,c) [SiVIVW11O40]6− and [SiVVW11O40]5− and (d,e,f)
[CoII(bpc)2]0 and [CoIII(bpc)2]+ (0.3 mM each) at various pH under
visible-light irradiation (λ = 430 nm).
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mediators was introduced to suppress undesirable backward
electron transfer, even without the aid of the widely applied
CrOx shell. The designed, charge-switchable cobalt complex
[CoIII(bpc)2]+/[CoII(bpc)2]0 effectively suppressed backward
electron transfer competing with H2 evolution by electrostatic
repulsion against a positively charged SrTiO3:Rh photocatalyst,
maintaining undisturbed forward electron transfer. The best
combination of the chromium-free Ru/SrTiO3:Rh H2-evolving
photocatalyst, [CoIII(bpc)2]+/[CoII(bpc)2]0 mediator, and
WO3-based O2-evolving photocatalyst provided superior
overall Z-scheme water splitting compared to those using
any CrOx-free H2-evolving photocatalyst or other conventional
electron mediators, with an AQY of 7.2% at 405 nm and an
STH of 0.09%. We believe that the strategy developed in this
study provides a guideline for efficient solar water splitting
without the use of potentially toxic chromium modifications,
which is essential for practical applications.
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