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ABSTRACT: We demonstrate here for the first time the photoelectrochemical properties
of a BiVO, photoanode in conjunction with a molecular catalyst. When the Ru-based
molecular catalyst (RuCat) is coupled to a BiVO, light-absorber the performance of this
photoanode improves particularly in the low-bias region (<1.0 V vs RHE). The RuCat-
BiVO, photoanode shows a higher photocurrent than CoP;-BiVO, under front
illumination, and a 0.1 V more cathodic onset potential. The former can be partly
explained by the low light absorption of the RuCat (<5% light absorption in the UV—vis—
NIR range). For the latter, we propose that the linkers in the RuCat reduce the surface
recombination in BiVO, to a greater extent than CoP,. Finally, we observe that the fill
factor of the RuCat-BiVO, JV characteristic improves after the stability test. The results
presented herein not only show the feasibility and potential of the solid state/molecular
heterojunctions but also represent a proof of principle to improve conventional all-solid-

state systems such as CoP;-BiVO,.

1. INTRODUCTION

One of the challenges in solar water splitting is to control the
semiconductor—electrolyte interface.”” In many cases, the
presence of defects and traps results in high surface
recombination rates.® In addition, slow water oxidation kinetics
often reduces the solar-to-chemical conversion efficiency. In
order to optimize the light absorption in the solar spectrum,
approaches with multiple bandgap heterojunction absorbers
should be favored.* To avoid losses, one needs to improve the
photoanode efficiency at low applied bias. This be achieved by
nanostructuring,”® by the application of surface passivation
layers,9 and by the decoration with an efficient surface
catalyst.'® It is imperative to identify alternative catalysts or
combinations of surface passivation layers and catalysts, that are
able to reduce the recombination losses and enhance the
reaction kinetics at a potential V' < 1 V. In addition, the catalyst
should not compete for the absorption of light with the
semiconductor onto which it is deposited. While solid state
junctions have attracted much attention, molecular/solid state
heterojunctions remain largely unexplored. Recent advances on
molecular catalysts have made them highly efficient, with
activities comparable to that of photosystem IL''~'* The focus
on hybrid molecular/solid state approaches thus far has been
mostly limited to the dye sensitized solar cell approach to water
splitting, where light absorption was conducted by the
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molecular compounds.”’*">* Only recently a photoelectrode
with an Fe-based molecular catalyst on WO; was demonstrated.
In this case, the use of a molecular catalyst increased the current
for photoelectrochemical water oxidation in non-neutral pH
conditions, but the optical transparency and surface passivation
effects of the catalyst were not considered.” In this study
BiVO, is the semiconductor of choice due to the relatively deep
understanding of its properties both in the particulate
form,**72¢ as well as in a thin film photoanode.””*® Here we
report for the first time the surface functionalization of BiVO,
photoanodes with a molecular catalyst, a p-cymene ruthenium
bipyridine aqua complex [(cy)Ru"(L,bpy)OH,]" (L = linker
4,4'-dicarboxylic acid) that has a catalytic cycle with consecutive
electron transfer events coupled to efficient proton release. This
leads to redox leveling of catalytic intermediates and a narrow
density of states localized at the catalyst.">~"” The proton NMR
spectrum of the monoruthenium complexes is shown in Figure
S1 (Supporting Information). For simplicity, undoped BiVO,
samples are used in this study. We examine the performance of
this planar molecular—solid state hybrid system in conjunction
with all-solid-state systems such as the well-studied CoP;-BiVO,
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in which CoP; has been shown to be one of the most effective
cocatalysts,” and RuO,-BiVO,. In addition, we compare their
functionality to the case where the same catalysts are used as
electrocatalysts on FTO.

2. EXPERIMENTAL DETAILS

(Photo)electrochemical Measurements. As a photo-
anode, we synthesized 200 nm dense films of BiVO, by spray
pyrolysis. The spray deposition rate is ~1 nm per S s (1 cycle).
The recipe for the preparation of the precursor solution and the
spray pyrolysis setup are described elsewhere.'”*® Before every
deposition, ~80 nm of SnO, layer was deposited onto FTO
substrate to prevent recombination of electrons and holes at the
FTO/BiVO, interface.?® The substrates used are TEC-15 FTO-
coated glass (15Q/sq; Hartford Glass Co.). After the
deposition, all samples were annealed for 2 h at 450 °C in air
to further improve the crystallinity. A 30 nm CoP; catalyst was
electrodeoposited according to the recipe from Kanan and
Nocera.*® The electrodeposition was performed at a constant
voltage of 1.7 V versus RHE for 15 min. Care was taken to
always keep the electrodeposited CoP; layer wet, as
intermediate drying of the CoP; was found to adversely affect
the stability. The BiVO, photoanodes and the FTO anodes
were functionalized with molecular water oxidation catalyst by
immobilizing the p-cymene ruthenium derived bipyridine
complex [(cy)Ru"(L,bpy)OH,]*. The catalyst was dispersed
into an aqueous solution, and the deposition was obtained by
dip-coating the substrates into the catalyst solution for periods
of 1.5-3 h. RuO, NPs were synthesized by the solvothermal
method and calcined in air at 300 °C for 3 h.*’ An aqueous
solution (2 mL) of catalyst (S mg) was prepared and mixed in
an ultrasonic bath. A 20 uL portion of aqueous solution of
catalyst was deposited on the FTO or BiVO, substrates.
Photoelectrochemical characterization was carried out in an
aqueous 0.1 M potassium phosphate electrolyte solution (pH
~7.1). The solution was purged with nitrogen prior and during
the measurements to remove any dissolved oxygen. The
working area of the electrodes exposed to the electrolyte was
28.3 mm* (6 mm diameter) for all samples. The potential of the
working electrode was controlled by a potentiostat (EG&G
PAR 283). In three-electrode measurements, a coiled Pt wire
and an Ag/AgCl electrode (XR300, saturated KCl and AgCl
solution; Radiometer Analytical) were used as the counter and
reference electrodes, respectively. Cyclic voltammetry measure-
ments were performed with a scan rate of S0 mV s~'. White
light photocurrent measurements were performed under
simulated AM1.5 solar illumination (100 mW cm?) with a
Newport Sol3A Class AAA solar simulator (type 94023 ASR3).
Electrical contact to the sample was made using a silver wire
and graphite paste. A Keithley 2001 multimeter was used as the
ammeter in the current versus time measurements, and as an
auxiliary high-impedance voltmeter (>10 GQ) connected to the
working (WE) and counter (CE) electrodes to measure the
two-electrode voltage. The UV—vis—NIR absorption was
measured with a balanced deuterium-halogen lamp as the
light source and a Maya 2000 spectrophotometer as the
detector.

Electrochemical Quartz Crystal Nanobalance. EQCN
experiments, with simultaneous cyclic voltammetry and piezo-
electric gravimetry measurements, were performed with an
Elchema EQCN-600 nanobalance and an Elchema PS-605B
potentiostat. Both instruments were computer-controlled with
the Elchema Voltscan program (version V.4.1). A conventional
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three-electrode cell configuration was used; the counter
electrode was a platinum foil, and an Ag/AgCl/KCl electrode
(Bioanalytical Systems, Inc.) served as the reference. The
working electrode was a 14 mm diameter quartz crystal (AT
cut, plano—plano, 10 MHz) coated with a gold/chromium
conducting surface (approximate electroactive surface area:
0.256 cm?). The quartz crystal disc was mounted in an EQCM-
5710 quartz crystal holder from the Polish Academy of
Sciences. The frequency response of the quartz crystal was
additionally monitored before and during experiments using a
Fluke PM6680B high-resolution frequency counter.

Synthesis of the Catalyst Complexes. Chloro Complex
[(cy)Ru"(L,bpy)CIICI. 4,4'-Dicarboxylic acid-2,2’-bipyridine
(L,bpy: 0.244 g, 1.0 mmol) was dissolved in 0.5 mL of water
containing NaOH (0.08 g, 2.0 mmol), and MeOH (25 mL)
was added to it. This mixture was poured into a stirred mixture
of [RuCl,(p-cymene)], dimer (0.362 g, 0.5 mmol) in absolute
MeOH (20 mL). The whole reaction mixture was further
stirred for 2 h at 40—45 °C. The solution was cooled to room
temperature, and the pH was lowered to 1—2 by addition of 0.5
M HCI. The free ligand was filtered off, and the solvent mixture
was evaporated under vacuum. The solid orange chloro
complex [(cy)Ru"(L,py)CI]Cl thus obtained was reprecipi-
tated from MeOH or acetone by addition of ether/hexane.
Yield 0.43 g, 78%. 'H NMR (CD,0D, 295 K, & ppm, ] Hz):
9.66 (d, 2H, H* 4., ] 5.76); 8.99 (s, 2H, H* 4, ); 8.22
(dd, 2H, H> 4y J 1.49, ] 5.79); 6.19 (d, 2H, Ar,, ] 6.33);
595 (d, 2H, Ar,, ] 6.33); 2.66 (sep, 1H, —CH(CHj,),,.,);
2.27 (s, 3H, CH,,,); 1.06 (d, 6H, =CH(CH,),,, ] 6.91).
Anal. Found: C, 45.56%; H, 4.41%; N, 4.85%. Calcd: C,
45.74%; H, 4.36%; N, 4.86% for Cp,H,,N,0,Ru,Cl,-1.5H,0
complex.

Catalyst Complex [(cy)Ru"(L,bpy)—OH,F* (RuCat). The
chloro complex [(cy)Ru"(L,bpy)CI]Cl was converted into the
aqua (OH,) catalyst [(cy)Ru"(L,bpy)—OH,]*" by stirring with
aqueous solution containing 2.1 equiv of AgNO; or silver
hexafluorophosphate in methanol (1:1, H,0/MeOH) for 30
min. The white precipitates were filtered off, and the solvent
mixture was evaporated under vacuum. The yellow solid aqua
complex thus obtained was reprecipitated from acetone or
MeOH by addition of ether/hexane.

RuCat Deposition. [RuCl,(p-cymene)], dimer and RuCl;:
nH,O were obtained from Sigma-Aldrich Co., and used as
received. L,bpy (4,4’-diphosphonic acid-2,2'-bipyridine) was
prepared using literature procedures.””>> Unless otherwise
specified, the solutions were prepared in ultrapure water
(Millipore Milli-Q A10 gradient, 18.2 MQ cm, 2—4 ppb total
organic content). Compounds, ligands, and catalyst complexes
were synthesized in argon/nitrogen atmosphere. The glassware
and the electrochemical cell were cleaned as described
previously.* Proton NMR spectra were obtained with a Bruker
WM-300 MHz spectrophotometer. Immobilization of the
catalyst on FTO coated glass slides (1 X 2.5 cm®), and
BiVO, coated FT'O was carried out according to our previously
described procedure.*

3. RESULTS AND DISCUSSION

In this study, we choose to perform all (photo)electrochemical
measurements at pH 7.1 in 0.1 M phosphate buffer, conditions
under which the performance and stability of the CoP; are
optimal. A study on the effect of the electrolyte anions and pH
may reveal conditions under which the performance of RuCat is
even higher than herein reported. First we compared the
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electrocatalytic activity for water oxidation on the bare FTO
substrate, with that for FTO coated with CoP;, RuO,, and the
RuCat catalysts, as shown in Figure 1. The cyclic voltammo-
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Figure 1. JV curve for RuCat@FTO (red), CoP,@FTO (blue),
RuO,@FTO (green), and bare FTO (black). The inset is the Tafel
plot. Measurements performed at 50 mV s™".

gram shows that RuO, has the lowest onset potential (V,, =
~1.4 V vs RHE), while for CoP; and RuCat a negligible current
is flowing through the cell up to an applied potential of 1.75 V
versus RHE. The potential for the reversible water oxidation
reaction is at 1.23 V versus RHE, which implies an
overpotential of 0.7 and 0.8 V at 1 mA cm™ for CoP; and
RuCat, respectively. We conclude that RuCat is not the most
active electrocatalyst on FTO.

Next, we studied the light driven water oxidation catalysis in
conjunction with a BiVO, light absorber. Figure 2 shows the
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Figure 2. JV curve for a bare BiVO, (black), and for Ru-catalysts on
BiVO, (red). Measurement performed at 10 mV/s, under chopped
AM 1.5 back illumination.

linear sweep voltammogram under chopped illumination for a
BiVO, photoanode with and without anchoring the RuCat. The
photocurrent density of the RuCat-BiVO, photoanode
increases at all potentials. The enhancement is most
pronounced at low potential, resulting in an improved fill
factor of the polarization curve. The improved fill factor for the
RuCat-BiVO, system can be attributed to reduced surface
recombination, enhanced charge injection (i.e., oxygen
evolution kinetics), or both. In fact, the more pronounced
current transients between 0.6 and 1.7 V for the RuCat-BiVO,
suggest that the photogenerated charges live longer.”” This
favors an explanation in terms of reduced surface recombina-
tion at low current density. It is also corroborated by the
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absence of cathodic transients when the light is turned off,
which would indicate an accumulation of holes at the
semiconductor—catalyst interface due to slow catalysis. The
fact that the photocurrent improves at low potentials, but not at
higher potentials, is fully consistent with the explanation that
the photocurrent is limited by surface states. For unmodified
BiVO, at low potentials, electrons in the conduction band may
be injected into the surface states, so passivation of these states
would help. At higher applied potentials, conduction band
electrons are more strongly driven away from the surface, and
cannot reach the surface states anymore. Therefore, passivation
of the surface states does not help at these potentials.*® All in all
we find that the current density for the RuCat-BivVO, is 5.5
times higher than the one for bare BiVO, at 0.8 V versus RHE,
where 0.8 V is a typical operating voltage when using this anode
in conjunction with, e.g.,, a single junction amorphous silicon
solar cell. The improved JV characteristic is a sign that RuCat
has been successfully deposited, since the presence of RuCat
enhances the oxidative power of the substrate. At this stage,
however, the exact nature and structure of the RuCat during
catalysis in a phosphate buffer is unknown. The characterization
of the BiVO,—RuCat interface will be the subject of further
work.

Figure 3A,B shows the current density of RuCat-BiVO, and
CoP;-BiVO,, under continuous frontside and backside illumi-
nation. Interestingly, in both configurations the onset potential
(Vat 0.1 mA cm™?) for RuCat-BiVO, is comparable to that for
CoP;-BiVO,. In contrast, the electrocatalytic measurements in
Figure 1 show that CoP;@FTO has a lower onset for water
oxidation than RuCat@FTO. Comparable results are obtained
in the dark with RuCat or CoP; deposited on BiVO, instead of
FTO (Supporting Information Figure S2). This apparent
contradiction suggests that the cathodic shift in the onset
potential for the RuCat-BiVO, is not due to enhanced water
oxidation catalysis, but to reduced surface recombination (since
surface recombination does not play a role in the electro-
catalytic experiments shown in Figure 1). The cathodic shift in
onset potential between the electrocatalysis (Figure 1) and the
photoelectrocatalysis (Figure 3A,B) is related to the photo-
voltage of BiVO,. In order to get the highest photovoltage out
of a semiconductor (and therefore the smallest V., under
illumination), it is favorable for the hole quasi-Fermi level Eg),
to equilibrate as closely as possible to the valence band top, and
the electron quasi-Fermi level Eg, as closely as possible to the
conduction band bottom. To understand this concept, one
needs to consider that the photovoltage of a semiconductor in
an aqueous medium is often limited by the Fermi-level pinning
due to recombination at surface states (Figure SA). By
passivating these surface states through the application of a
suitable catalyst such as CoP; the Epj becomes unpinned
resulting in a higher photovoltage AV}, which is then limited
by recombination of conduction band electrons with the holes
accumulating in the catalyst (Figure SB). It has been shown
that CoP; effectively passivates the surface states in Fe,O; and
promotes near-complete suppression of surface recombination
in BiVO,.>’ 7" The comparable onset potential of the RuCat-
BiVO, presumably means that the RuCat is as effective as CoP;
in passivating the BiVO, surface states. In the case of RuCat,
possibly the recombination is further reduced by its linkers
which increase the distance (introduce a tunneling barrier)
between the conduction band electrons and the holes
accumulating in the reaction center (Ru), which in turn
increases the Eg), (Figure SC). Note that the molecular catalyst
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Figure 3. JV scans for CoP;-BiVO, (A) and RuCat-BiVO, (B) under front illumination (light from the electrolyte/catalyst interface) and under back
illumination (light from the FTO-glass). Transmission spectrum for CoP@FTO as recorded at the end of the deposition is compared with the ex-
situ UV—vis spectrum for RuCat on glass (C). The strong absorbance of the FTO precludes the measurement at wavelengths below 330 nm. CoP,
deposition done in potentiostatic mode at 1.7 V vs RHE. In 900 s a 30 nm thin film has deposited, which is the optimal thickness for CoP;-catalyzed
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Figure 4. JV scans before and after 2.5 h of reaction under illumination for a RuCat-catalyzed BiVO, (A). JV scans for a CoP;-catalyzed BiVO, and
RuCat-catalyzed BiVO,. For RuCat-BiVO, the JV after the stability test is compared. Measurements performed at 50 mV s~ under front illumination

(light from the electrolyte/catalyst interface) (B).

is expected to be both ion-permeable and redox-active, which
leads to the formation of a so-called adaptive junction.*® In such
a junction, the oxidation of a catalyst intermediate increases its
redox potential (ie, it lowers the catalyst electrochemical
potential) and thus lowers the Eg},. This also contributes to an
increase in AV

We observe that V, for CoP-BiVO, under front illumination
is slightly more anodic than under back illumination
(Supporting Information Figure S4), and the saturation current
density is lower in the former (Figure 3A). These differences do
not occur in RuCat-BiVO, (Figure 3B and Supporting
Information Figure S4) and can be attributed to the parasitic
light absorption by the CoP;. Our UV—vis measurements of the
CoP,@FTO, compared with the absorption through the RuCat,
are shown in Figure 3C. CoP; absorbs up to 25% of the light at
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wavelengths shorter than the bandgap of BiVO, while RuCat
only absorbs 5%. It was shown that Co' species are formed at
potentials positive of 1.5 V versus RHE,*' and that they are
characterized by dark coloration.*” Thus, those are the species
formed when we deposit the CoP; film at 1.7 V versus RHE,
and the ones which are required to evolve oxygen.*'

The stabilities of the CoP;-BiVO,, and RuCat-BiVO,, samples
at 123 V versus RHE, under AML.S illumination, were
measured over a period of 6500 s as shown in Supporting
Information Figure S3 (top). While the photoanode perform-
ance under constant bias and illumination is slowly degrading
over time, we observe that the cyclic voltammogram under
illumination of the RuCat-BiVO, samples after the stability test
shows an improved fill factor compared to a freshly made
sample (Figure 4A). In this experiment, for each cyclic
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Figure S. Schematic energy diagram under reaction conditions (low applied bias) including the conduction and valence bands, the quasi-Fermi levels
of BiVO, in the dark and under illumination, in the presence of surface states and with a catalyst; the redox level of the CoP; catalyst and the Ru-
based molecular complex; the redox potential for water oxidation. (A) Photovoltage and recombination at surface states on an uncatalyzed BiVO,.
(B) Passivation of surface states, increased photovoltage, and recombination on Co sites in CoP;-BiVO,. (C) Further increased photovoltage and

reduced recombination on RuCat-BiVO,.

voltammetry three cycles are taken. As those cycles overlap, we
can say that between them there is no evidence for degradation.
Given the limited thickness of the as-deposited RuCat catalyst,
this strongly suggests that the observed photocurrent is due to
oxygen evolution rather than catalyst degradation.

The reason for the fill factor improvement is unclear;
however, reasonable interpretations could be a reduced surface
recombination due to an improved semiconductor/catalyst
interface, or improved catalysis over the RuCat. The latter
explanation is supported by the electrocatalytic measurements
before and after the stability test shown in Supporting
Information Figure S3B, where the dark currents of the
RuCat-BiVO, and RuCat@FTO slightly increase after the
stability test. By zooming in around the V, we observe that
after the stability test V is at around 0.35 V versus RHE,
unchanged compared to before the stability test. Moreover we
observe that this value is 0.1 V more cathodic than for CoP;-
BiVO, (Figure 4B). This difference further supports our
interpretation of reduced surface recombination as compared to
CoP;. To exclude the possibility that the improvement after the
continuous reaction is due to the oxidation of RuCat to RuO,,
we deposited RuO, onto BiVO, for comparison. In fact, in
Supporting Information Figure S6 we observe that the
photocurrents for RuO,—BiVO, are significantly lower than
for RuCat-BiVO,. Furthermore, a comparison of Figure 3 and
Supporting Information Figure S6 shows that while RuO, NPs
are excellent catalysts for the electrocatalytic oxidation of water,
they do not enhance the photoelectrocatalytic performance of
BiVO,. Finally, we tested the molecular integrity of RuCat by in
situ electrochemical quartz crystal nanobalance (EQCN)
experiments (Supporting Information Figure SS). The EQCN
data reveal only small reversible mass changes and show no sign
of persistent mass gain in the potential window for water
oxidation.

4. CONCLUSIONS

In summary, we explored the (photo)electrochemical perform-
ance of BiVO, photoanodes for water oxidation modified with a
ruthenium derived aqua complex [(cy)Ru"(bpy)OH,]* molec-
ular catalyst (RuCat). We find that the electrocatalytic activity
of a catalyst cannot be used to determine its effectiveness as a
cocatalyst, since RuCat and CoP; outperform RuO, as a
cocatalyst for BiVO, photoanodes. The limited thickness of the
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molecular catalyst results in a light absorption of only 5% across
the UV—vis—NIR spectrum, which allows for a higher
saturation current density under front illumination as compared
to CoP;. In addition, we find that the RuCat-BiVO, photoanode
shows a 0.1 V more cathodic onset potential compared to CoP;-
BiVO,. This we attribute to the larger distance between the
conduction band electrons and the reaction center (Ru).
Finally, while the photocurrent at constant potential is slowly
decreasing in time, we observe that the fill factor of the RuCat-
BiVO, JV-characteristic improves after the stability test.
Electrocatalytic measurements suggest an improved catalysis
over the RuCat; however, a reduced surface recombination due
to an improved semiconductor/catalyst interface could also
contribute. The improved fill factor, the smaller onset potential,
and the enhanced stability make the use of such a molecular
catalyst an interesting proposition when designing a hetero-
junction tandem device where light must first pass through the
catalyst layer.
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Additional figures, including NMR data and JV scans. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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