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While solar-driven water splitting with ?articulate photocatalysts has been
studied intensively, their operating mechanisms are still not fully understood. For example, it is
unclear how the energetics of the photocatalysts are tuned when loaded with cocatalysts. The H2- and
02-evolution cocatalysts facilitate their respective half reaction, but their co-existence on
photocatalysts will severely decrease the performance for overall water splitting. This study is
proposed to understand this counterintuitive problem. Using Ir02 and Rh coloaded Y2Ti205S2 as a
model system, we studied how co-loading cocatalysts affected photocatalytic processes from the
perspectives of surface reactions, interfacial charge recombination, and interfacial the energetics
of the system. The principles developed from Y2Ti202S5 model systems were applied to faceted BiV04
for enhanced H202 generation.



Solar-driven water splitting with particulate photocatalysts has attracted much
attention in the past years because of its potential for cost-effective and scalable
hydrogen production.[1] To fully take advantage of the solar spectrum, photocatalysts
which are visible-light-responsive are highly desirable. However, most of these
photocatalysts are only active for either H; or 0, evolution with a sacrificial reagent,
but for the full reaction.[2] Among them, the newly developed Y,Ti,0sS, is one of the
rare cases where overall water splitting can be achieved after loading suitable co-
catalysts. Additionally, its light absorption edge reaches 650 nm, corresponding to a
maximum solar-to-hydrogen conversion efficiency of 21%.[3] Regardless of these amazing
upsides, 1its recorded efficiency is still far behind the target for practical
application. This is partly because the system is not optimized, as the effects of
adding cocatalysts to the particle has not been well understood.
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cocatalysts, this approach 1is indispensable for most visible-light-responsive
photocatalysts, like Y,Ti,0.Ss. This is because its shallow valence band can hardly
drive 0, evolution on its bare reaction sites. For the above reasons, it is highly
desirable to understand how co-loading H.-and O,-evolution cocatalysts affects the
photocatalytic water splitting processes and develop a rational approach to taking
advantage of their positive effects while avoiding their negative ones.

[1] Chem. Soc. Rev., 2009, 38, 253-278; [2] J. Photochem. Photobiol. C, 2010, 11, 179-—
209; [3] Nature Materials, 2019, 18, 827-832.

Using Y,Ti,0.Ss loaded with Rh and/or Ir0, as a model system, the study is designed
to understand how coloading cocatalysts affects photocatalytic processes from the
perspectives of surface reactions, interfacial charge recombination, and interfacial
the energetics of the system. Furthermore, the insight obtained from studying the model
system is supposed to be generally applicable to other photocatalysts besides Y,Ti:0sS;
for improving the cocatalyst coloading.



Y,Ti,0,Ss was prepared by a solid-state-reaction method based on a previous study.
[1] Rh was loaded on Y,Ti,0.Ss by photoreduction of its precursor. Ir02 was loaded on

Y,Ti,0,Ss by adsorption of 1its nanoparticles. The photocatalytic gas-evolution
activities were measured in a closed circulation system. Y,Ti,0.Ss and cocatalysts were
characterized by XRD, DRS, SEM, STEM-EDS, TEM, etc. The cocatalyst-loaded Y,Ti,0.Ss was
loaded on a Ti substrate for (photo)electrochemical analyses in a potentiostat equipped
with impedance spectroscopy. The charge-carrier dynamics of cocatalyst-loaded Y,Ti,0,Ss
was studied by transient absorption spectroscopy. The local energetics at the
Y,Ti,0,Ss/cocatalyst interfaces was investigated by a potential-sensing electrochemical
atomic force microscopy. The principles developed from Y,Ti,0,Ss model systems were
applied to faceted BiVO, for enhanced H,0, generation. Cocatalyst-loaded BiV04 were
characterized and analyzed by the same methods as cocatalyst-loaded Y,Ti,0,Ss.

[1] Nature Materials, 2019, 18, 827-832.

The possible interplay between coloaded H,- and O,-evolutoin cocatalysts was
proposed in Fig. 2. 1) Co-loading H,- and O,-evolution cocatalysts may perturb their
respective catalysis (Fig. 2a). 2)The cocatalysts may be in direct contact and work as
efficient charge-recombination centers (Fig. 2b) 2) The energetics at photocatalyst/H.-
and O,-evolution cocatalyst/water junctions may perturb each other and decrease the
charge-separation efficiency (Fig. 2c).
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Fig. 2 Plausible mechanisms for the negative effects of co-loading H,- and O,-evolution cocatalysts

The mechanism proposed in Fig.2a were investigated by comparing the
electrochemical activities of cocatalysts. As shown in Fig. 3, Rh, 1r0,/FTO was more
active than Rh/FTO for H, evolution and Ir0./FTO, respectively. Such results indicate
that coloading Rh and 1r0, unexpectedly enhanced surface reactions and so the mechanism
in Fig.2a is not reliable. To confirm the mechanism proposed in Fig. 2b, the Rh and
Ir0, particles loaded on Y,Ti,0,Ss were characterized by STEM-EDS. The results confirmed
that Rh and IrQ;
particles have a
distance in tens of
nanometers.
Furthermore, even
though Rh was coated
with Cr,0; to separate
it with 1r0;, the
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Figure 3. (a) Electrochemical H,-evolution activities of Rh/FTO and Rh, IrO,/FTO.
Such results reveal ; f luti
that the mechanism in (b) Electrochemical O,-evolution activities of IrO,/FTO and Rh, IrO,/FTO.

Fig. 2b is also not convincing.

The mechanism shown in Fig. 2c were studied by measuring the local C-V curves of
1r0./Rh/Y,Ti,0,Ss with a potential-sensing electrochemical atomic force microscopy. By
analyzing the local C-V curves with the diode law (J = Joexp(gVaw/nksT-1)), the local



built-in potentials which are related with the local energetics can be quantified.
However, the Ir0,/Rh/Y,Ti,0,Ss particle surface was too rough and the conductivity of
Y,Ti20,Ss was too low that reliable local C-V curves were not obtained. Yet, the mechanism
in Fig. 2c has been indirectly verified in other studies.[1][2] One way to avoid the
side effects of coloading cocatalysts shown in Fig. 2c is structing the photocatalyst
with reduction and oxidation facets and further loading cocatalysts on the
corresponding facets.

The facet engineering and the subsequent selectively cocatalysts loading were
applied to Mo-doped BiVO,(Mo:BiVO,).[3] Pd and CoOx as a reductive and oxidative
cocatalysts were selectively on the {010} reduction and {110} oxidation facets of
Mo:BiV0,, respectively, as shown in Fig.4. The obtained CoO,/Mo:BiV0.,/Pd was applied to
photocatalytic H,0. generation without adding a sacrificial reagent. Its performance
was much better than Mo:BiV0,/CoOx-Pd where CoOx and Pd were randomly loaded (Fig. 5),
confirming the importance of manipulating photocatalyst/cocatalyst interfacial
energetics. The solar-to-H;0, energy conversion efficiency of CoO./Mo:BiV0,/Pd reached
0.29%, surpassing other inorganic semiconductor photocatalysts by one order of
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Fig. 4 (a) Schematic deposition processes of CoOx and Pd on Mo:BiVO, and the
corresponding SEM images of (b) Mo:BiVOs, (¢) CoOx/Mo:BiV0Os, and (d) CoO«/Mo:BiVO,/Pd.
(e)-(F) Energy-dispersive X-ray spectroscopy (EDS) elemental mapping and line profile
along with the white arrow of CoOx/Mo:BiV0,/Pd.
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Fig. 5 Time courses of photocatalytic H,0, generation over
Co0x/Mo:BiVO./Pd, Mo:BiV0,-CoOx-Pd, Co0,/Mo:BiVO0,,
Mo:BiV0./Pd, and Mo:BiVO,.
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[1] J. Phys. Chem. C, 2014, 118, 23897-23906; [2] Nature Communications, 2013, 4, 1432.
[3]1 Nature Communications, 2022, 13, 1034.
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