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ABSTRACT

Semiconductor-based photocathodes with high light-absorption capability are of interest in the
production of solar fuels, but many of them are limited by low efficiencies due to rapid interfacial
back electron transfer. We demonstrate here that a nanowire-structured p-type Si (p-Si) electrode,
surface-modified with a perylene-diimide derivative (PDI’), can undergo photo-reduction of a
surface-bound, water reduction catalyst towards efficient H, evolution under a low applied bias. At
the electrode interface, the PDI’ layer converts green light into high-energy holes at its excited state
for extraction of photogenerated electrons at the photoexcited p-Si. The photogenerated electrons at
the reduced PDI’ are subsequently transferred to a surface-bound, molecular H;-evolution catalyst.
Involvement of the photoexcited PDI’ enables effective redox separation between the electrons at the
reduced catalyst and the holes at the valence band of p-Si. The heterojunction photocathode was used
in a tandem cell by coupling with a dye-sensitized photoanode for solar-driven water splitting into
Hz and 02.
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INTRODUCTION

Solar-fuels provide an alternative to fossil fuels for powering the world’s energy needs. In one
approach, photoelectrochemical cells (PECs) are used to split water into O, and Hj, or to prepare a
reduced form of carbon !2. In a single-junction, water-splitting PEC, the light absorber must have a
sufficient bandgap to cover the energy losses in the device-operating voltages and the overpotentials
for H2 and O evolution 3.4. Given the Shockley-Queisser limit 5, solar-conversion efficiencies of typical
single-junction PECs are low due to thermodynamic constraints from the light absorbers. To
overcome this limitation, tandem PECs, with more than one more light absorber, can be used to
enhance efficiencies. In multi-photon absorption systems, analogous to the Z-scheme of natural
photosynthesis, different parts of the solar spectrum are used to generate photovoltages needed to
split water 6-13. With photovoltage constraints met, the operating photocurrents for oxidation and
reduction at the electrodes determine cell efficiencies. Compared to photoanodes for water oxidation,
where significant progress has been made, photocathodes for water reduction have been far less
efficient 14 15. Improving the overall efficiencies of tandem PECs for water splitting hinges on
identifying high-performance, water-reduction photocathodes.

In water-splitting PECs, p-type Si (p-Si) has been used routinely as a photocathode material,
because of its low cost, optimal band structure and crystallinity 16-23, Water reduction at p-Si
photocathodes is energetically feasible, but the rate of H, evolution is not competitive with back
electron transfer at the photoexcited p-Si with a small band bending where reasonable photovoltage
and photocurrent could be realized. Efficiency improvement depends on surface modification of p-Si
to allow for efficient charge separation following photoexcitation. In the 1980’s, Wrighton et al.
reported enhanced interfacial charge separation at p-Si photocathodes by surface-modification with
a methyl viologen-based polymer as a redox mediator 2425. Addition of the mediator enabled efficient
electron transfer to the electrode, but with a loss of driving force for activation of a H, evolution
catalyst. A challenge in this area is to find a mediator with an appropriate redox potential for
delivering electrons from the photoexcited p-Si to the catalyst.

We describe here a new water-splitting, tandem PEC with a nanostructured p-Si
photocathode that is modified by addition of a perylene-diimide derivative (PDI’) and a nickel-based
molecular H; evolution catalyst (NiCt) 26-28. The photocathode utilizes the highly electron-deficient
PDI’ excited state 29 as an electron transfer mediator that forms a one-electron reduced shuttle for
effective activation of the catalyst. We also demonstrate that integration of the modified p-Si
photocathode with a dye-sensitized photoanode in a tandem configuration enables relatively
efficient overall water splitting into Hz and O..

RESULTS AND DISCUSSION

The Si-based heterojunction with the structure shown in Figure 1a was synthesized from a planar,
boron-doped p-Si(100) wafer. The wafer surface was etched into nanowire arrays with an average
length of ~18 pm based on a reported method 30-32. The p-Si nanowire electrode was subsequently
modified by physical vapor deposition of a thin Ti layer (~ 10 nm), followed by atomic layer
deposition (ALD) of a TiO; layer (~ 3.0 nm). The structure of the resulting p-Si|Ti|TiO- electrode is
shown in the scanning electron microscope (SEM) images in Figure 1b. The TiO; layer deposited by
ALD was added to protect the p-Si electrode from photodegradation. 33 It is also used as a bridging
layer for binding the phosphonic acid anchoring groups at a molecular assembly 34. As illustrated in
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Figure 13, the final photocathode structure has the molecular assembly consisting of PDI’ and the
NiCt catalyst ([Ni(P2PhIN,CeH4CH2PO3H2) ]2+ 28 with the surface coverages listed in Table S1. In the

assembly, the two molecules are covalently connected by a Zr!V-phosphonate bridge 35 36. The
synthetic procedure for preparing the photocathode is summarized in Figure S1.

Mott-Schottky analysis (Figure 1c,d) illustrates the capacitance-voltage (C-V) characteristics
of the photocathodes with and without the molecular assemblies. Flat-band potentials were
determined from linear fits of the depletion region (Figure 1c) 37 for the photocathodes in the dark.
The resulting flat-band potentials (~ 0.13 V- 0.20 V vs NHE) are essentially invariant for p-Si|Ti| TiO>
with and without the molecular assemblies. At a high frequency (1.0 kHz) of the applied alternating-
current (AC) signal, the measured capacitance in the inversion region is minimized, because of the
much slower change in electron density at the space-charge layer relative to the rapid AC signal 37.38,
When illuminated (Air Mass 1.5 Global spectrum (AM 1.5 G), 100 mW cm<2), the photocathodes
exhibit significantly modified C-V characteristics, Figure 1d. The data for p-Si|Ti|TiO in Figure 1d
shows a transition from depletion to inversion at ~ 0.42 V vs NHE. Light illumination increases the
measured capacitance in the inversion region. As observed elsewhere 37 .38, charge recombination
within the inversion layer is usually significantly reduced, allowing for redox separation at the
electrode-solution interface.
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Figure 1. a, Structure of the photocathode assembly, -PDI'-NiCt, on the surface of p-Si|Ti|TiOz. b, Scanning
electron microscope (SEM) images for p-Si|Ti|TiOz. ¢, Capacitance-voltage (C-V) curves recorded for p-
Si|Ti|TiOz (grey), p-Si|Ti|TiOz|-PDI’ (blue) and p-Si|Ti|TiOz|-PDI'-NiCt (red) in the dark. The solid lines are
linear fits in the depletion region for estimating the flat-band potentials. d, C-V curves recorded for the
photocathodes under illumination (AM 1.5 G), with the same color designations as in c. e, Schematic side view
of p-Si|Ti|TiOz|-PDI’-NiCt under illumination with the arrows representing light excitation (black and blue
arrows) and electron-hole separation (red and brown arrows).
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The photocathode p-Si|Ti|TiOz|-PDI’ exhibits C-V characteristics that are similar to p-
Si|Ti|TiO.. However, for p-Si|Ti|TiO2 modified with the assembly (PDI’-NiCt) under illumination, the
capacitance decreases sharply as the inversion region develops, which arises from water reduction
leading to large current flow. As illustrated in Figure 1e, in the inversion region, the photocathode p-
Si|Ti|TiO2|-PDI’-NiCt captures incident photons and converts them into electron-hole pairs both at p-
Si and at the assembly. The minority carriers (electrons) at photoexcited p-Si are transferred to the
PDI’ excited state and then to the NiCt catalyst toward water reduction to Ho.

To illustrate the effect of surface molecular modification on photoelectrocatalytic
performances, linear sweep voltammetry (LSV) measurements were conducted for the
photocathodes in a three-electrode cell with a Pt mesh as the counter electrode and a Ag/AgCl as the
reference electrode in pH 4.5 acetate buffer with 0.9 M NaClO, as the supporting electrolyte. The
presence of surface-immobilized PDI’ is shown in the LSV of n-Si|Ti|TiO.|-PDI’ with a redox feature
of the PDI'0/PDI’- couple at ~ -0.64 V vs NHE which is close to the potential of PDI'0/PDI’- on
nanocrystalline ITO electrodes 29, Table S2. On p-Si|Ti|TiO;, the redox feature of PDI'°/PDI is
minimized in the dark (solid blue curve in Figure 2a). Under illumination, p-Si|Ti|TiO|-PDI’ responds
with an increase in photocurrents under bias more negative than ~ -0.5 V vs NHE. The photocathode
with the full assembly, p-Si|Ti|TiO2|-PDI'-NiCt, generates enhanced photocurrents as the bias passes
~ -0.3 V vs NHE (red dashed curve in Figure 2a), due to efficient water reduction catalyzed by the
photo-reduced NiCt.

Surface molecular modification improves the output characteristics of p-Si by changing the
number and location of surface states in p-Si where Fermi level pinning applies 24 25 39,40, For p-Si,
the maximum open-circuit photovoltage (Voc) varies with the amount of band bending and barrier
height of the surface states. From the data in Figure 2b, Voc of p-Si|Ti|TiO2 under illumination (AM
1.5 G, 100 mW cm-2) is ~ 0.32 V which is increased by ~ 0.21 V upon surface derivation with PDI".
The increase in Voc originates from the electronic coupling between the PDI’ excited state (PDI'*) and
the photoexcited p-Si with changes in the electrode surface states. Subsequent addition of the NiCt
layer on p-Si|Ti|TiO2|-PDI’ plays a small role with a decrease in Voc of only ~ 0.04 V (red line in Figure
2b).

The energy-band diagram for p-Si|Ti|TiOz|-NiCt in Figure 2¢ shows that the minority carriers
(electrons) at photoexcited p-Si pass directly from the conduction band edge through the tunneling
layers (Ti|TiO2) to the NiCt catalyst. In p-Si|Ti|TiOz|-PDI'-NiCt, the photogenerated electrons at the p-
Si conduction band edge are transferred to PDI'* (E(PDI"*/PDI'*) ~ 1.61 V vs NHE 29) to give the anion
PDI" for catalyst reduction, Figure 2d. The involvement of the excited-state and ground-state redox
couples of PDI’ (PDI'*¢/PDI- and PDI’?/PDI-) contributes to the enhanced photocurrents by providing
a large driving force (~ 2.3 eV) for efficient electron transfer from the p-Si conduction band to PDI'*.
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Figure 2. a, Linear sweep voltammograms (LSVs) for p-Si|Ti|TiOz|-PDI' under dark (solid blue line) or
41 illumination (dashed blue line), n-Si|Ti|TiOz|-PDI’ under dark (black line), and p-Si|Ti|TiOz|-PDI’-NiCt under
42 dark (solid red line) or illumination (dashed red line). b, Open-circuit voltage (Voc) vs time characteristics for
43 p-Si|Ti|TiOz (grey), p-Si|Ti|TiOz|-PDI’ (blue) and p-Si| Ti| TiOz|-PDI'-NiCt (red), under chopped light illumination.
44 The light intensity was 100 mW cm-2 (AM 1.5G). ¢, d, Energy-band diagrams for p-Si|Ti|TiOz|-NiCt (c¢) and p-
45 Si|Ti|TiOz|-PDI’-NiCt (d), showing the energy alignment between p-Si conduction/valence bands and the redox
46 states of the surface molecules (blue shading for NiCt?*/NiCt* and NiCt*/NiCt?% red shading for PDI'*/PDI’- and
47 PDI'0/PDI-). All samples were immersed in N2-degassed, pH 4.5 acetate (0.1 M) buffer with 0.9 M NaClO4 as the
48 supporting electrolyte.

LSVs for the photocathodes under chopped light irradiation in Figure 3a,b further illustrate
53 the role of the electron-mediating PDI’ excited state. Based on the results shown, the photocurrent
54 density for p-Si|Ti|TiO2|-PDI’-NiCt reaches ~ -1.0 mA/cm? under zero bias (vs NHE) and increases
55 rapidly as the bias was decreased further. The photocurrents are also dependent on the electrolyte
56 pH, with data shown in Figure 3c for p-Si|Ti|TiOz|-PDI'-NiCt in pH 3.0, 4.5 and 5.5 buffers. Compared
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to pH 4.5, a decrease to pH 3.0 slightly increases the photocurrents under bias more negative than ~
-0.22 V vs NHE. Increasing the pH to 5.5 lowers the photocurrents, presumably because of a decrease
in the concentration of protons for protonating the reduced catalyst 4! and the increased energy
barrier for H; evolution. As expected, the two photocathodes, p-Si|Ti|TiOz|-NiCt and p-Si|Ti|TiO2|-
PDI’-NiCt, respond differently to variations in the excitation wavelength. The incident photon-to-
current efficiency (IPCE) data are given in Figure 3d. With the PDI’ layer, the photocathode p-
Si|Ti|TiO2|-PDI’-NiCt shows enhanced IPCE, compared to p-Si|Ti|TiO2|-NiCt, in a wavelength range of
~ 450 nm - 600 nm consistent with the absorption profile of PDI".
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Figure 3. Current densities for p-Si|Ti|TiOz|-NiCt (a) and p-Si|Ti|TiOz|-PDI’-NiCt (b) under dark (grey), light
(blue) or chopped light (red). ¢, Current densities for p-Si|Ti| TiOz|-PDI’-NiCt under chopped light irradiation as
a function of pH in the electrolyte with an ionic strength of 1.0 M. d, Incident photon-to-current efficiency (IPCE)
data for p-Si|Ti|TiOz|-NiCt (red curve) and p-Si|Ti|TiOz|-PDI’-NiCt (blue curve) under an applied bias at -0.15 V
versus NHE in pH 4.5 acetate buffer with an ionic strength of 1.0 M.
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Based on the photovoltage, the photocathode p-Si|Ti|TiO2|-PDI'-NiCt upon light irradiation
can be coupled with a range of photoanodes in tandem cells for overall solar-driven water splitting.
In order to explore the combined photoelectrodes, we have constructed a multi-photon tandem cell
with the photoelectrodes in Figure 4. As shown in Figure 5a, the cell consists of the photocathode
(Figure 4a) described here and a dye-sensitized photoanode (Figure 4b) based on a nanocrystalline
(particle size: ~ 18 nm), core-shell structured n-type semiconductor, Sn0O; (4.5 um)|TiO (3.0 nm) 42,
For the photoanode, the Sn0;|TiO: electrode was surface-modified by stepwise addition of a
chromophore [Ru/(4,4’-(CH;PO3H;)2-2,2’-bipyridine)z(2,2’-bipyridine)]Cl; (abbreviated as RuP,2+)
and a catalyst Ru(2,2’-bipyridine-6,6’-dicarboxylate)(pyridine-4-butyl-phosphonic  acid):
(abbreviated as RuCt) 36 43, The chromophore and catalyst were interconnected by a Zr!V-
phosphonate bridge. The performance of the photoanode in a single-junction cell with a Pt dark
cathode is shown in Figure S3 with the IPCE data in Figure S4.

For the integrated cell, the surface coverages of the molecular components and their light
absorption efficiencies are detailed in Table S1. The chromophore RuP;2* captures blue light in the
incident photons. In constructing the tandem water-splitting cell, placing the photoanode in front of
the cell enables absorption and conversion of the higher energy photons for water oxidation. The
lower energy photons transmitted by the photoanode are absorbed by the photocathode. Specifically,
the transmitted green and red light photons are captured by PDI’ and p-Si, respectively, to drive the
reduction of NiCt towards H; evolution. Figures 5b and S2 show the configuration of the tandem cell
with external electrical connection and gas outlets for monitoring the current signals and product
quantification.
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Figure 4. Structures of the photocathode (a) and photoanode (b) in the tandem PEC.
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Current-voltage characteristics for the final cell under chopped light irradiation (AM 1.5 G,
100 mW cm-2) are given in Figure 5c. The data show that there are no significant current variations
when the applied voltage between the photoanode and the photocathode is varied from 0 V to 0.5 V.
Based on the current-time trace in Figure 5d, the tandem cell under zero applied bias yields an initial
photocurrent density of ~ 0.3 mA/cm? which decreases by ~ 17% within 10 min. In the long-term
photocurrent trace in Figure 5e, the photocurrent density drops by ~ 31% during 2 hours of
irradiation. The Faradaic efficiencies (FE) for Hz and O; evolution measured at 34 min, 68 min and
138 min are listed in Figure 5e. The overall distributions of FE(H>) and FE(O;) are much less than
unity, because of the presence of non-catalytic photocurrents for oxidation of dissolved 0; and trace
impurities in the electrolyte solutions. From the results, FE(H:) increased from 0.19 to 0.54 and FE(0O3)
from 0.32 to 0.73 during the first 2 hours of photoelectrocatalysis. The significant initial variations in
performance may originate from non-catalytic behaviors before equilibration of catalysis was
established. The quantum yield for H, production by the tandem cell under zero bias over a two-hour
period of irradiation was ~ 0.32% (see details in the Experimental Section) based on the incident
photon flux of 2.46 x 1017 photons s'! cm2.

An important design parameter for a tandem device is the cell-operating pH and ionic
strength of the electrolyte. The pH-dependence is illustrated Figure 5f. The low photocurrents at pH
3.5 result from the reduced efficiency of the photoanode (Figure S5) which limits the overall
performances. Lowering the pH leads to increased energy barrier and decreased driving force for
RuCt activation 43.44, which in turn reduces the photoanode efficiency. In Figure 5f, increasing the pH
to 5.5 does not change the photocurrent significantly. We have demonstrated in Figure 3c that the
photoelectrocatalytic performances of the single photocathode decreases noticeably as the pH was
increased to 5.5. The photoelectrocatalytic efficiency of the photoanode varies marginally as the pH
is increased from 4.5 to 5.5 (Figure S5). The fact that the tandem cell generates similar photocurrents
at pH 5.5 and 4.5 further indicates that the photoelectrocatalytic performances are limited by the
photoanode.

As shown by the photocurrent results in Figure 5g, decreasing the ionic strength from 1.0 to
0.1 at consistent pH diminishes the cell efficiency. The appearance of ionic strength effect is expected,
with ionic strength sufficiently high for minimizing ohmic losses across the cell 4 10. At low ionic
strengths (0.1 M and 0.5 M), the solution resistance is increased, which in turn causes the operating
point to drop to lower operating current densities and decreases the photoelectrocatalytic efficiency.

Besides the electrolyte pH and ionic strength, the irradiation intensity also determines the
number of photogenerated redox-separated states and thus controls the overall
photoelectrocatalytic performances. In Figure 5h, the photocurrent densities are enhanced or
reduced by ~ 29% upon changing the irradiation intensities to 200 mW cm-2 or 50 mW cm2,
respectively. Since the number of redox-separated states at the photoanode is controlled by the
incident photon flux, a change at the light intensity is directly revealed at the photocurrent densities
from the tandem cell.

CONCLUSIONS

A chemically modified, p-Si heterojunction photocathode has been prepared for water reduction to
H». It was based on TiO;-protected p-Si nanowire arrays that were surface-modified with a perylene-
diimide derivative (PDI’). Following excitation, the PDI’ forms a strongly electron-deficient excited
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state for extraction of photogenerated minority carriers at p-Si*. Coupled with a surface-attached
molecular nickel catalyst, the integrated photocathode was capable to deliver a photocurrent density
of ~ -1.0 mA/cm? under zero applied bias (vs NHE), remarkably outperforming the p-Si|Ti|TiO>
counterpart.

With the results from the single-junction photocathode in hand, experiments were extended
to a tandem device which couples the photocathode with an oxide-based, dye-sensitized photoanode
for solar-driven water splitting to H, and O in separate cell compartments. The tandem cell utilizes
the high-energy photons from the incident light to drive water oxidation at the photoanode and the
low-energy photons to drive water reduction at the p-Si photocathode. Results from
photoelectrocatalytic measurements reveal that the overall cell efficiency is limited by the
performance of the photoanode. The results obtained here are significant in pointing to a novel
approach based on molecular surface-modification for improving the performances of
semiconductor-based photoelectrodes, past current existing Si photoelectrode designs, that could
provide a general strategy for water-splitting solar cells.

EXPERIMENTAL SECTION

Synthesis of the photocathodes. The boron-doped p-Si(100) wafer (525 m thick, 1-5 Q cm)
purchased from University Wafers was cut into 1.2 x 1.2 cm? squares. The squares were cleaned
stepwise by sonicating in acetone, ethanol and water, respectively, for 10 min each, soaking in H,SO4
/H202 /H20 (volume ratio: 1:1:1) for 30 min, and finally sonicating in HF (aq., 5%) for 10 min. Each
cleaned p-Si square was etched in an aqueous mixture of HF (10%, 40 mL) and AgNOs3 (136 mg) at
50 °C for 45 min, followed by removal of surface Ag by soaking in concentrated HNO3 solution (aq.,
68.0-70.0%) for 30 min 3032, The resulting p-Si nanowire electrodes were then modified by
sputtering with a thin Ti layer (~10 nm) via a Kurt Lesker PVD 75 magnetron sputtering system. The
p-Si|Ti electrode was deposited with TiO; layer (~ 3.0 nm) by atomic layer deposition (ALD) with
tetrakis-dimethylamido titanium as the precursor 34.

For the photocathodes, the molecular chromophore (PDI': N,N’-di(4-benzylphosphonic acid)-
1,7-di(2,6-dimethoxyphenyl) perylene-3,4,9,10-tetracarboxylic acid bisimide) 2° and catalyst (NiCt:
[[Ni(P2PhNCeHaCH2PO3H2),]2+) were synthesized using previously reported procedures 2628, The p-
Si|Ti|TiO; electrode was further modified with the chromophore-catalyst assembly by soaking in
solutions of PDI’ (0.5 mM, in 1:1 DMSO/MeOH), ZrOCl; (3.0 mM, in MeOH) and NiCt (0.5 mM, in N»-
degassed MeOH), respectively, for 10 hours each. Loading of the catalyst was carried out in a N»-
purged glovebox 28. The p-Si photocathodes with molecular assemblies were attached to FTO glass
by the following method. The back side of p-Si was first cleaned with a HF (5%, aq.)-soaked cotton
swab to remove surface SiO,. Ga-In eutectic (Sigma Aldrich) alloy was then deposited on the back
side of p-Si to form an ohmic contact. The back side was subsequently attached to FTO coated glass
(1.5 x 4.0 cm?) using silver epoxy paste. The assembled photocathodes were dried at room
temperature in the N-purged glovebox for 4 hours before measurements.

Synthesis of the photoanodes. The nanocrystalline SnO; substrate was synthesized from a reported
method*s 46. The SnO; film was then modified with a TiO; layer (~3.0 nm) by ALD with tetrakis-
dimethylamido titanium as the precursor3+. The molecular components, the RuP,2* chromophore
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([Ru'(4,4’-(CH2PO3H;)2-2,2’-bipyridine)z(2,2'-bipyridine)]Cl;) and the RuCt catalyst (Ru(6,6'-
bda)(pyridine-4-butyl-phosphonic acid),; bda: 2,2’-bipyridine-6,6'-dicarboxylate) were synthesized
based on the reported procedures 43 47, 48, The Sn0;|TiO electrode was further modified with the
chromophore-catalyst assembly by soaking in methanol solutions of RuP,2* (0.5 mM), ZrOCl; (3.0
mM) and RuCt (0.5 mM), respectively, for 10 hours each. Loading of the RuCt catalyst was carried out
in a N2-purged glovebox28.

Photoelectrocatalytic measurements. As shown in Figures 5 and S2, the tandem cell contained two
compartments for the photocathode and the photoanode which were separated with a proton
exchange membrane (Nafion 117). Except for the pH- and ionic strength-dependent experiments, the
two compartments were filled with pH 4.5 acetate (0.1 M) buffer with 0.9 M NaClO, as the supporting
electrolyte and sealed with PEEK caps with ports for access for N,-purging and extraction of gas from
the headspace. A CHI 601D potentiostat was used to supply the applied bias for the cells and record
the current-time and potential-time signals. Light illumination was provided by an AM1.5 G, 100 mW
cm2 solar simulator (NEWPORT 1000-W Xe lamp with an AM1.5 filter) whose light intensity was
calibrated with a standard p-Si cell. For the three-electrode photoelectrocatalytic measurements, a
custom-made, two-compartment photoelectro-chemical cell was used as reported earlier 28, A
platinum mesh counter electrode and a Ag/AgCl reference electrode were immersed in the
electrolyte in one of the compartments.

The water-splitting products, H, and O, were quantified by gas chromatography equipped
with both thermal conductivity detector (TCD) and flame ionization detector (FID) 2°. An aliquot of
gas (500 pL) was extracted from the headspace of each electrode compartment and injected into a
gas chromatography analyzing system (Varian 450-GC) that was calibrated with a standard gas
mixture (Hz, Oz, CHs, CO and CO; in N3) before the product measurements. The signals of H, and O
were linearly converted into partial pressures based on Henry’s Law for quantification of dissolved
H; and O, which were added to the amount of H, and O in the headspace for estimation of overall
H, and O evolution. Except H, and O, no other products were detected by GC. The Faradaic
efficiencies (FE) of Hz and O, were estimated from egs. 1 and 2, respectively.

moles of H,

FE(Hz) = 2x eq.1

moles of electrons

moles of O,

FE(O2) = 4x eq. 2

moles of electrons

The values of moles of electrons were from the integrals of the photocurrent curves.

Capacitance measurements. The capacitance measurements were carried out with a Gamry
Reference 600 electrochemical impedance spectrometer at a 50 mV voltage step by applying an AC
voltage at 50 mV root-mean-square amplitude at a frequency of 1.0 kHz. The three-electrode
photoelectrochemical cell was half-filled with Nz-purged pH 4.5 acetate (0.1 M) buffer with 0.9 M
NaClO4 as the supporting electrolyte. A platinum mesh and a Ag/AgCl electrode were used as the
counter and reference electrodes, respectively.
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