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Hybrid Molecular Photoanodes for Water Oxidation Based
on Electropolymerized Cu Macrocyclic Complexes on
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Federico Boscherini, Fernando F. Salomdn, Sergi Grau, Xavier Sala, Luca Pasquini,*
Antoni Llobet,* and Stefano Caramori

The conversion of sunlight into chemical energy provides a sustainable
alternative to fossil fuels that can significantly contribute to the mitigation of
climate change. In this regard, water splitting with sunlight using
semiconductors coupled with redox catalysts emerges as a potential pathway
to generate green hydrogen. Here, the performance of molecular hybrid
materials composed of inorganic semiconductors, WO;-BiVO,, combined
with molecular water oxidation catalysts based on Cu macrocyclic complexes
is described. It is found that the charge transfer from BiVO, to the molecular
catalyst occurs on a similar time scale to the direct interfacial hole transfer to
water, with a concomitant 62% decrease in the recombination rate because
recombination centers are passivated upon deposition of the Cu molecular
catalyst on the WO;-BiVO,, junction. Overall, this results in an improvement
of the photocurrent as well as long-term stability of the new hybrid materials

electrochemical reactions, thereby en-
abling the efficient conversion of solar
energy into chemical fuels such as hydro-
gen, are a promising avenue.[*’] Hydro-
gen is a highly attractive energy vector
due to its high gravimetric energy density
(141.9 MJ kg™'), which exceeds that of
conventional fossil fuels (e.g., 46.4 M]J
kg™ for gasoline). Its conversion into
electricity via fuel cells further enhances
its appeal as a clean and efficient en-
ergy carrier for stationary, portable, and
transportation applications. Currently,
the vast majority of industrial hydrogen
is produced from fossil fuels. Replacing
this with green hydrogen derived from

generated.

1. Introduction

Solar fuels represent a promising strategy!'?3! for sustainable
energy generation, offering a means to capture and utilize
solar energy in a storable and usable form, such as hydro-
gen, that can contribute to the mitigation of climate change
and enhance energy security. Photoelectrochemical cells (PECs),
which employ light-absorbing materials and catalysts to drive

renewable energy sources could signifi-

cantly reduce greenhouse gas emissions.

Green hydrogen also offers medium-

to large-scale and long-term energy
storage capabilities, mitigates renewable energy curtailment, and
supports the decarbonization of industry and transport through
sector coupling strategies.

Metal oxide semiconductors are interesting materials for PEC
devices due to their favorable stability, cost-effectiveness, non-
toxicity, and light-harvesting properties across the visible spec-
trum. They are often employed as photoanodes in a tandem
PEC configuration due to their deep valence band and relative
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Figure 1. Anodic electropolymerization of the [LCu]>~ molecular catalyst monomer to generate a functionalized polythiophene thin film.

resistance against photocorrosion in oxidative environments,
which enables them to drive the challenging oxygen evolution re-
action (OER). For a successful device construction, these materi-
als must efficiently absorb light, exhibit good bulk transport prop-
erties to separate the photogenerated charges, and induce rapid
charge transfer from the electrode to the solution or to a catalyst
to promote the OER. WO, and BiVO, are potential candidates
as photoanodes for the water oxidation reaction.l1% BiVO, is a
semiconductor that can be prepared in a nano-structured form
with noteworthy spectral absorption characteristics (E,,, #2.5 V)
and values of the valence and conduction bands that are suitable
for solar hydrogen generation from water. However, the low mo-
bility of the charge carriers and the low stability of BiVO, under
polarization and illumination preclude its effective use as a single
junction. The formation of n-n junctions with porous materials
such as WO, represents an interesting approach to address the is-
sue of poor mobility of BiVO, carriers. However, efficient charge
separation in the n-n junction still necessitates an additional pos-
itive potential to counteract carrier recombination. A common
strategy to reduce the need for such a high positive potential is
the utilization of a water oxidation catalyst (WOC) deposited on
the surface of the light absorbing material to act as a hole trans-
fer medium and thereby contributing to the decoupling of elec-
trons and holes and to the photoelectrochemical stabilization of
the photoanode against photocorrosion.

Most of the WOCs deposited on semiconductors described up
to know are based on oxide materials,"'1* while those based on
molecules that retain their nature after the photocatalytic pro-
cess are very scarce.’’! This is surprising since the molecular
complexes can provide, via ligand design, a very fine tuning of
the catalyst properties, both from a thermodynamic and kinetic
perspective, and thus accommodate the demands dictated by the
semiconductor.['®] A successful example that combines a n-Si
semiconductor and a robust and efficient molecular Ru WOC
has been described recently.') However, there are no examples
of robust molecular WOCs based on first-row transition metals
anchored on semiconductors where the integrity of the molec-
ular species is unambiguously proven, for instance by X-ray ab-
sorption spectroscopy (XAS), in particular at pH 7. This is mainly
due to the intrinsic lability of these complexes toward ligand sub-
stitution in aqueous solutions, that upon an applied potential,

Adv. Energy Mater. 2025, €00253 €00253 (2 of 9)

end up transforming themselves into the corresponding oxide
materials.['7]

We have recently reported a family of Cu complexes containing
tetraamidomacrocyclic ligands that, thanks to their macrocyclic
and anionic nature, generate very strong Cu—N bonds and thus
behave as very robust and efficient WOC even at neutral pH in
homogeneous phase.['#1°] Among them we have shown that the
[LCu]*~ (L is 15,15-bis(6-(thiophen-3-yl)hexyl)-8,13-dihydro-5H-
dibenzo[b,h][1,4,7,10]tetraazacyclotridecine-6,7,14,16(15H,17H)-
tetraone; See Figure 1 for a drawing) complex can be anchored
on graphitic surfaces and carry out efficient heterogeneous water
oxidation electrocatalysis. We now like to turn our attention to
anchoring molecular WOCs, but into inorganic semiconductors
to explore their capacity to carry out light-induced water oxida-
tion and to understand the interfacial interactions between the
molecular catalysts and the light absorbing material.

Here we report on the electropolymerization of [LCu]*~ on
BiVO,-WO; n-n semiconductor heterojunctions to generate new
hybrid materials, p{LCu]*” @BiVO,-WO,, that behave as robust
and efficient light-induced WOCs.

2. Results and Discussion

2.1. Preparation, Characterization, and Photocatalytic Activity of
Hybrid p-[LCu]* @BiVO,-WO,- Materials

Macrocyclic tetraamidate Cu(II) complexes are among the most
robust molecular catalysts that carry out the oxidation of water to
dioxygen efficiently at neutral pH.['®] We have recently described
the functionalization of this type of catalyst using an alkyl thio-
phene unit at the propionic site of the ligand backbone, to gen-
erate a complex labeled as [LCu]?~, whose structure is drawn in
Figure 1. Under a sufficiently high anodic potential, the [LCu]*~
complex undergoes a thiophene electropolymerization, generat-
ing an insoluble film, labeled as p-[LCu]?*~, that firmly attaches to
the surface of a graphitic electrode, as indicated in Figure 1.12°]
We now report the light-induced electropolymerization of
complex [LCu]’~ on top of a BiVO,-WO,; material generat-
ing p[LCu]*” @BiVO,-WO;, which acts as a hybrid semicon-
ductor/molecular photoanode. This electropolymerization was
achieved via chronoamperometry (CA) at E,,, = 0.75 V versus
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Figure 2. Chopped LSV under 1 sun irradiation (AM1.5G) of BiVO,-WO;
(blue trace) and p-[LCu]?>~ @BiVO,-WO; (red trace) electrodes ina 0.1 m
phosphate buffer, pH 7 solution at a scan rate of 25 mV s™'.

Fc* /Fc for 5 min in a 3 mum [LCu]*~ MeCN solution containing
0.1 m NH,TfO as supporting electrolyte, under 1 sun illumina-
tion that gave the best results after trying several options (see
Figures S3 and S4, Supporting Information). This generates the
molecular hybrid material p-[LCu]*~ @BiVO,-WO, that was char-
acterized by spectroscopy and microscopy techniques, including
field emission scanning electron microscopy (FESEM) with en-
ergy dispersive X-ray spectroscopy (EDX), and XAS (Figures S13
and S14, Supporting Information). The amount of Cu deposited
in this way was measured by inductively coupled plasma optical
emission spectroscopy and turned out to be 37 nmol cm~2.

The photoelectrochemical performance of the new material
p[LCul’~ @BiVO,-WO, was analyzed by chopped light linear
sweep voltammetry (LSV) under 1 sun illumination in a pH 7
phosphate buffer solution as shown in Figure 2 (red trace) and
compared to that of bare BiVO,-WO, electrodes (Figure 2, blue
trace) under the same conditions. The presence of the molecular
catalyst enhances the photocurrent obtained within the potential
range 0.0-1.4 V. The photocurrent enhancement is #20% (from
1.6 to 2.0 mA cm™?) at E,, = 1.23 V, whereas at lower poten-
tial E,,, = 0.70 V the enhancement is more than threefold (from
0.15 to 0.50 mA cm™2). These data suggest that in the modified
electrodes, a larger population of photogenerated holes escapes
recombination and reaches the interface, where they react with
the molecular Cu catalysts for the oxidation of water to dioxygen.

Incident photon to current efficiency (IPCE) spectra
(Figure 3) show a 45% efficiency in the presence of the cat-
alyst, which is similar to that recorded in the presence of a fast
interfacial hole scavenger like SO;%~, suggesting that the holes
that reach the interface with the electrolyte are not prone to
recombination and are transferred with quantitative efficiency.
Losses are thus mainly due to charge transport across the junc-
tion, and, based on the IPCE, they can be quantified as ~50% of
the initially generated electron/hole pairs. Indeed, since IPCE is
expressed according to

IPCE = ¢z/h X ntmnsport X ninterface X LHE (1)
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where ¢,, is the electron/hole generation quantum yield (uni-
tary for a semiconductor) and LHE is the light harvesting ef-
ficiency (=1 at 4<450 nm for this type of electrodes), ;e
is the semiconductor/electrolyte interfacial charge transfer effi-
ciency (assumed to be unitary in the presence of a fast hole scav-
enger like SO,>~) and #,,,,,,,,,; is the charge separation efficiency
across the n/n junction formed by WO,/BiVO,, we can con-
clude that 7,4, & 50% and that the presence of the electropoly-
merized molecular catalyst, p-[LCu]*~, improves the charge sepa-
ration across the semiconductor/electrolyte junction, which re-
sults from improvements in the product #y, e, X Myanspon- At
the microscopic level, the enhancement of the charge collection
factor occurs either by boosting electron-hole separation at the
BiVO, /WO, interface or by passivation of recombination pro-
cesses due to surface states or deep intra-bandgap trap states in
the bulk. The investigation of the photohole lifetime by time-
resolved spectroscopy will help to at least partially disentangle
these effects (vide infra).

We note that SO,?~ was used, instead of formate or methanol,
to avoid the photocurrent doubling mechanisms by organic radi-
cals, which would otherwise introduce an additional perturbation
to a reliable estimation of the charge collection efficiency. For the
bare photoanode without a molecular catalyst, the IPCE is lower,
40%, in line with the lower limiting photocurrent achieved. The
absence of the molecular catalyst results in a larger portion of the
photogenerated electrons (=60%) recombining before being col-
lected. Even the application of a high anodic potential, up to 1.4 V
versus NHE, is not sufficient to suppress such recombination
losses. This indicates that even in the presence of an ideal interfa-
cial reaction, a sizable amount of charge is lost by recombination
and that the charge transport efficiency is the likely limiting fac-
tor in determining the maximum photon-to-electron conversion
yield in these photoanodes.

Consistent with the better results obtained in the presence
of p[LCu]?>~ the maximum applied bias photocurrent efficiency
(ABPE) 0f 0.60% is obtained for p-{LCu]*- @BiVO,-WO, at 0.65 V

—m—p-[LCu]>@BiVO,-WO,

5o | —® BVOWO,inNa,sO;
—#—BiVO,-WO, A
40
—~ 304
®
w
L 204
10 4 d
0- \“OM‘M
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Figure 3. IPCE spectra at 1.15 V versus NHE of bare BiVO,-WO; (blue), p-
[LCu]?~ @BiVO,-WO; (red) inapH 7 u=0.1m phosphate buffer solution,
and BiVO,-WO; in the presence of a 0.5 M Na,SO; (green).

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

95U8017 SUOWIWIOD BA11e81D) 3|ceoldde auy Ag peuienof a1e sajolue YO 9SN J0 Sa|nJ 10} Aeiq1T 8UUO /8|1 UO (SUONIPUOD-PUE-SWLBIAL0O A3 | 1M Afed [ouUO//:Sdiy) SUORIPUOD pue SWis 1 8 88S *[520z/60/c2] Uo Akeiqiauliuo 48| ‘snbeyioliqig Areiqi jd3 Aq £52005202 WUSe/Z00T OT/I0P/W0D" A8 1M Al 1 Ul JUO"peoeApe//Sdiy Woly pepeojumod ‘0 ‘0r89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVAN(Q,ED
ENERGY
MATERIALS

www.advancedsciencenews.com

2.0

—— BiVO,-WO,
p-[LCu]>@BiVO,-WO,

.;E‘
fé;m l
0.0 J l ‘ ‘ .
0 2000 400;) “ 6000 8000

Figure 4. Chopped bulk electrolysis under 1 sun irradiation (AM1.5G) at
1.1V versus NHE during 2.5 h in phosphate buffer 0.1 m, pH 7 of BiVO,-
WO (blue trace) and p-[LCul>~ @BiVO,-WO5 (red trace). The integrated
currents result in total charges of 5.6 C (58.1 umols of ™) for BiVO,-WO,
and 7.12 C (73.7 umols of e™) for p-[LCu]>~ @BiVO,-WO, that account for
an overall TON of 1805, assuming 92% FE.

versus NHE which substantially doubles the ABPE observed in
the absence of the catalysts (0.30%, at E,,, = 0.78 V vs NHE)
(Figure S5, Supporting Information). The higher ABPE value,
observed at a lower bias in the presence of the p-[LCu]?>~ arises
from anticipated photocurrent onset and higher limiting current
achieved with the latter. Both features are consistent with an im-
proved electronic conductivity of WO, /BiVO, junction as a con-
sequence of reduced charge recombination.

To explore the long-term stability of the new molecular hybrid
material p-[LCu]>~ @BiVO,-WOj;, a chopped light bulk photoelec-
trolysis was carried out under 1 sun in a pH 7 phosphate buffer
solution, for an interval of 2.5 h at E,,, = 1.1 V versus NHE
(1.51 vs RHE). The results in Figure 4 show that the current den-
sity for p-[LCu]*~ @BiVO,-WO, drops by ~12% at the end of the
photoelectrolysis, much less than in the unmodified BiVO,-WO,
electrode (36% drop), highlighting the increased stability of the
photoanode in the presence of the molecular layer. Overall, 5.6 C
(58.1 mmols of e7) and 7.12 C (73.7 mmols of e”) were passed
for BiVO,-WO; and p-[LCu]*” @BiVO,-WO, respectively, show-
ing again the higher activity of the semiconductor functionalized
by the molecular catalyst. Faradaic efficiencies (FEs) were calcu-
lated using a Clark electrode placed within the space head of the
working compartment and running a constant potential electrol-
ysis (CPE) under the same conditions as above and at E,,, = 1.3V
versus NHE for 1 h (see Figure S7, Supporting Information). For
the unmodified BiVO,-WO; electrode and for p-[LCu]*~ @BiVO,-
WO,, FEs of 70 and 92% were obtained, respectively. With these
values, a turnover number (TON) of 1.8 x 10° is determined for
the Cu molecular catalysts.

The increased photoanodic stability in the presence of the elec-
tropolymerized molecular catalyst, p-[LCu]*" together with the
sharp increase in Faradaic efficiency, clearly indicates that the
molecular catalyst has an active role in the interfacial electron
transfer, and, besides reducing recombination, decreases the ir-
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reversible parasitic corrosion of the BiVO,-WO; semiconductor
upon illumination.'* This suggests that the known instabil-
ity of BiVO, could be mitigated by exploiting other types of cat-
alytic overlayers incorporating metal oxide catalysts or metallo-
polymeric species.[2>2]

The photoanodes were further characterized by X-ray absorp-
tion near-edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) at Cu K-edge, to probe the ox-
idation state and the local environment of the metal center.
Figure 5a reports the XANES spectra for p[LCu]*~ @BiVO,-WO,
before and after the photoelectrolysis experiment, as well as the
ones for pristine [LCu]* and CuO, used as reference samples. A
slight variation of the XANES spectrum for p-[LCu]*~ @BiVO,-
WO, is observed, with respect to pristine [LCu]*~. Similarly, EX-
AFS analysis (Figure 5b; Supporting Information) reveals a small
expansion of the first coordination sphere, signaled by the in-
creased average Cu-N distance from 1.88 A for the [LCu]*~ pow-
der to 1.93 A for the Cu complex p-[LCul?>~ electropolymerized
on the surface of BiVO,-WO,. This expansion, albeit limited, in-
dicates a distortion of the complex basal plane due to an inter-
action with the semiconductor surface. More importantly, both
XANES and EXAFS confirm that p{LCu]*~ @BiVO,-WO; struc-
ture is not affected by the photoelectrolysis, pointing out the ro-
bustness of the molecular catalysts. Finally, XAS demonstrates
that the formation of CuO with consequent irreversible degra-
dation of the molecular catalysts does not occur. This is particu-
larly evident in the XANES spectra of p-[LCu]*~ @BiVO,-WO;,
which strongly differ from that of reference, crystalline CuO,
both before and after the photoelectrolysis (Figure 5a). Even the
quantitative analysis of EXAFS spectra confirms the difference
between the local structure of p-[LCu]*~ @BiVO,-WO; and CuO
(see EXAFS fit parameters reported in Tables S2 and S3, Sup-
porting Information). Additional evidence in favor of the stabil-
ity of p-[LCu]*~ @BiVO,-WO; is provided by resonance Raman
spectroscopy experiments (see Figure S17, Supporting Informa-
tion), where CuO is not detected. Along with the bulk electrol-
ysis described above (Figure 4), this indicates that the progres-
sive loss of activity (12% after 2.5 h) is most likely associated with
the de-anchoring of the catalyst from the electrode surface, rather
than deactivation paths generating CuO. This conclusion is cor-
roborated by the comparison between non-normalized XANES
spectra before and after photoelectrolysis shown in Figure S16
(Supporting Information): the lower jump observed at the K-
edge after photoelectrolysis indicates a lower density of Cu atoms
at the surface, consistent with a partial loss of catalyst due to
de-anchoring.

2.2. Interfacial Electron Transfer Kinetics and Mechanistic
Insights from Transient Absorption Spectroscopy

The transient absorption spectrum (TAS) of BiVO,-WO; in a pH
7 u = 0.1 M phosphate buffer solution at the ms timescale range
is reported in Figure 6a. Consistent with previous reports from
Kamat/?’] a 470 nm absorption peak, assigned to trapped holes in
BiVO, is followed by a weaker structureless absorption extending
into the NIR, also assigned to hole absorption in BiVO,. A modu-
lation of the intensity due to interference fringes originated by the
multilayered photoanode architecture is also evident ~650 nm.

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. a) normalized Cu K-edge XANES of [LCu]>~ powder (red trace), CuO powder (blue trace), and p-[LCul*~ @BiVO,-WO; before (green trace)
and after catalysis for over 400 TONs (yellow trace). The inset shows an enlargement of the XANES in the 8970-9060 eV region. b) experimental Fourier
transforms of k?-weighted EXAFS spectra (dotted lines) and fittings (solid lines). See dedicated paragraphs and Figure S15 (Supporting Information)
for additional experimental details and quantitative analysis.
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Figure 6. Transient absorption spectra at different time delays following 355 nm laser excitation in a 4 = 0.1 M phosphate buffer at pH 7 of a) BiVO,-WO;
and b) p-[LCu>*~ @BiVO,-WO; (open circuit conditions). c) Average lifetime (in seconds) of transient absorption at 500 nm as a function of the applied
voltage computed from KWW fitting of the kinetic data reported in Figure S8 (Supporting Information).

Similar features are observed in the TAS of p-[LCu>- @BiVO,-
WO, reported in Figure 6b, showing that the contribution of p-
[LCu]*~ to the transient absorption is negligible. Thus, TAS al-
lows to track the time evolution of photoholes generated and re-
siding inside BiVO,, but the spectroscopic signature of the ox-
idized catalyst cannot be directly observed with this technique.
Referring to Figure 6b, recorded at open circuit potential, we ob-
serve a stronger 500-700 nm absorption compared to the sharp
absorption feature centered ~#460-470 nm. The intensity of the
hole absorption in the p-[LCu]*~ sensitized film is also gener-
ally larger than that reported in Figure 6a, suggesting the per-
sistence of longer-lived carriers in the p-[LCu]*~ modified elec-

Adv. Energy Mater. 2025, €00253 €00253 (6 of 9)

trode. The 500 nm absorption is generally long-lived, extending
well into the 0.1 s time scale, and its amplitude is increased un-
der positive bias (Figure S8, Supporting Information), corrobo-
rating our assignment to the spectroscopic signature of photo-
holes. Indeed, the enhanced AA under positive potential is con-
sistent with improved spatial electron/hole separation. Such a
process is driven by an electrochemical potential gradient be-
tween the regions where carriers are generated and the inter-
faces where carriers are consumed. Specifically, in this type of
n-n junction, holes are injected into the electrolyte, and elec-
trons are drawn into the fluorine-doped tin oxide (FTO) collec-
tor via WO,, which acts as an electron transporting medium.
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The 500 nm decays (Figure S8, Supporting Information) could
be well fitted with Kohlrausch-Williams-Watts (KWW) functions,
accounting for a distribution of rate constants originated by
the inherently inhomogeneous nature of these nanostructured
electrodes.?8]

In pLCu]* @BiVO,-WO, the normalized transient photo-
hole amplitudes reproduce well the j—V behavior of the photoelec-
trodes measured in the same optical setup used for TAS measure-
ments (Figure S9a, Supporting Information), confirming that the
500 nm transient signal is physically related to the photocurrent
generation mechanism in the n/n junction. We also observe that
although the amplitudes at the 0.64-1.15 V versus NHE interval
are in remarkable agreement with the current/voltage character-
istic, the 500 nm amplitude taken at 0.54 V lies outside the trend
dictated by the j~V curve. This suggests that photoholes gener-
ated at this voltage, where the electrochemical potential gradient
is not yet effective in promoting photocurrent generation, un-
dergo mostly slow recombination via surface states and do not
contribute to the photocurrent.

The correlation of the photohole amplitude with the j-V
curve is found also with the unmodified BiVO,-WO; photoan-
ode (Figure S9b, Supporting Information), but in this case the
correlation is less satisfactory mostly due to the instability of the
bare electrode, not protected by p-[LCu]*~, in phosphate buffer
and subjected to cycles of UV excitation and polarization of sev-
eral minutes. Similar to the previous case, the 0.54 V 500 nm
amplitude lies outside of the curve but, in general, a larger scat-
tering of the amplitudes is observed at each voltage for the reason
mentioned above.

The voltage dependences of the average lifetime (z) deter-
mined from KWW fits (Figure 6¢) in the two electrodes are sim-
ilar. Initially, the lifetime increases with increasing voltage, in-
dicating that recombination is slowed down by the increasing
electrochemical potential gradient inside the semiconductor. A
maximum is achieved in the 0.64-0.74 V versus NHE inter-
val, which corresponds to the inflection point of each j-V curve
where the semiconductor electrode exhibits its highest conduc-
tivity (Figure S10, Supporting Information). Indeed, a longer-
lived density of charge carriers inside the semiconductor trans-
lates into improved conductivity of the photoanode. Both the life-
time and the conductivity of the p-[LCu]*~ @BiVO,-WO, are sig-
nificantly higher than in the unmodified BiVO,-WO; at 0.64—
0.74 V versus NHE. As the voltage increases past 0.84 V, the
lifetime in both electrodes decreases, due to the sweeping of the
holes at the interface where they are consumed. The photohole
lifetime of both electrodes is substantially aligned (~0.05-0.1 s)
above 0.9 V versus NHE, suggesting that interfacial transfer of
holes proceeds here at an analogous rate, irrespective of the pres-
ence of p-[LCu]*~ at the interface. We also note that, in neither
case, even at the limiting current voltage, the IPCE was quan-
titative (Figure 3). Maximum values in the order of 50% were
observed (Figure 3), indicating that bulk and surface recombina-
tion remained always competitive with interfacial charge transfer.
The electrode photocorrosion, which is certainly active at least
in the unmodified BiVO,-WO,, adds another undesired carrier
scavenging pathway to this complicated picture. Thus, it was not
possible to directly obtain a true interfacial charge transfer rate
constant for the water oxidation reaction of interest. However, by
considering that ~0.65-0.7 V (the voltage range at which we ob-
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serve the largest difference in lifetime and conductivity between
p[LCul*- @BiVO,-WO, and unmodified BiVO,-WO;) the pho-
tocurrent is about 50% of the limiting value (Figure S9, Support-
ing Information, curves taken during TAS experiments), we as-
sume that the maximum IPCE at 450 nm scales accordingly by
a factor 0.5 and is about 25% at 0.65-0.7 V. IPCE is controlled
by the factor k;,;/(k,.n+k..) Where k, ;. here represents an ef-
fective kinetic constant governing the charge separation in the
bulk, which is comprehensive of charge transport (ultimately re-
sulting in the injection in the charge collecting phases), bulk re-
combination, and parasitic photocorrosion (this one may actually
occur both in the bulk and at the surface). Details of the calcula-
tions are provided in Equations (S8)—(S12) (Supporting Informa-
tion). We remark that the terms “bulk” and “surface” should be
considered with caution, because the nanostructured electrode
is constituted by interconnected particles permeated by the elec-
trolyte. Thus, it becomes difficult to truly separate bulk from in-
terfacial processes, since a given carrier moving toward the re-
spective collecting phase (FTO for electrons, electrolyte for holes)
may traverse several interfaces before being measured as a pho-
tocurrent. k,, is the “surface” recombination rate constant?) and
assuming that <> = 1/(k,,;+k,..) = 0.3 s (Figure 6¢) we obtain
ak,,, of 0.83 s7! (Equation S8, Supporting Information), in good
agreement with interfacial hole transfer rate constant values of
~1 s7! reported by Durrant and coworkers for bare BiVO,.3%31]
Therefore, p-[LCu]>~ does not appear to boost interfacial charge
transfer, suggesting that its beneficial role is that of a recom-
bination passivating agent. Larger hole-related TAS amplitudes
(which means larger photohole densities at comparable voltage
compared to the unmodified electrode) associated to a longer
photohole lifetime obtained in the presence of p-[LCul*~ is the
plausible cause of the enhanced photocurrent even in the absence
of a substantial acceleration of the interfacial transfer kinetics
from BiVO, to p-[LCu]*~ because it allows for the achievement of
an increased density of useful carriers. Last, we were able to con-
firm longer recombination lifetimes and larger interfacial hole
density in the presence of p-[LCuJ?>~ by observing the recombina-
tion transients at the onset of the j—V curves, by exploiting a shut-
tered illumination source (Figure S11, Supporting Information),
which, together with the O, evolution measurements provides a
further indication that the p-[LCu]?*~ is participating to the inter-
facial hole transfer and not merely acting as a passivating agent.
At the onset of each j-V curve, the electrochemical potential gra-
dient is unable to achieve a quantitative separation of electron
and holes, and a cathodic spike, observed upon shutting off the
illumination is usually observed, originated by the recombina-
tion of electrons with holes trapped in surface states (which could
well represent oxidized p-[LCu]?~ when the latter is present). Usu-
ally, these recombination kinetics are slow, and extend well into
the 1 s time scale; thus, they partly exceed the timescale of the
TAS experiments and may contribute to the residual hole ampli-
tude often observed at low voltage in the TAS kinetics. We ob-
serve that when p-[LCu]?~ is present, the charge trapped in sur-
face states is ca. twice that of bare BiVO, (Figure S12, Supporting
Information). Such a ratio increases to a factor of 10 at 0.74 V,
while back recombination occurs on a time scale of a few sec-
onds (Figure S8, Supporting Information). In addition, by look-
ing at the photocurrent transients of p-[LCu]* @BiVO,-WO; in
Figure S11 (Supporting Information), we observe a progressive
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Scheme 1. Schematic representation of the charge transfer mechanism with and without p-[LCu]?~ correlated with the recombination and charge transfer
rate constants estimated by combining TAS and photoelectrochemical measurements at a voltage of 0.65 V versus NHE.

increase of the cathodic surface recombination spikes, which is
also indicative of hole accumulation in the electroactive [LCuJ?>~
surface layer upon subsequent illumination cycles. If we consider
that the TAS kinetics at 0.74 V are essentially complete, meaning
that holes have left BiVO, within a time scale of 3<7> = 0.5 s (see
Figure 6¢), we can infer that such a large and slow recombination
process involves holes trapped into p-[LCu]*~. The decoupling be-
tween holes trapped in the p-[LCu]*~ layer and electrons left in
BiVO, is thus consistent with both the larger photocharge and
longer lifetime for the transient recombination involving surface
states. These states are thus available for promoting water oxida-
tion. Transfer of holes to the catalyst would also inhibit electrode
photocorrosion, consistent with the more stable performance
of p-[LCu]*~ @BiVO,-WO; under prolonged photoelectrolysis
conditions.

3. Conclusion

Overall, we conclude that the charge transfer from BiVO, to
the molecular catalyst occurs on a similar time scale to the di-
rect interfacial hole transfer to water, with a concomitant 62%
decrease in the recombination rate because recombination cen-
ters are passivated upon deposition of the Cu molecular catalyst
on the WO, /BiVO, junction. Based on the photoelectrochemi-
cal and spectroscopic investigation we propose in Scheme 1, that
both water oxidation and hole transfer to the p-[LCu*~ surface
layer occur on a similar time scale of ~#1 s™', but in the absence
of the molecular catalyst this time constant also incorporates the
BiVO, corrosion, which we have shown to occur already on a time
scale of a few tens of minutes. The photohole-induced corrosion
also affects the apparent hole k. (4 s~! Equation S13, Support-
ing Information), which is substantially reduced when p-[LCu]*~
is present (2.5 s~! Equation S8, Supporting Information). These
values are given at a voltage of 0.64 V versus NHE, which cor-
responds to the voltage range where the conductivity of these
photoelectrodes reaches their respective maxima. The study of
photoanodic transients, of electrode stability and the faradaic ef-
ficiency of oxygen evolution concur to indicate that p-[LCu]*~
is not a mere passivating agent in p-[LCul>*~ @BiVO,-WO; but
that rather p-[LCu]?~ is actively involved in mediating the charge
transfer reactions to the electrolyte, resulting in improved and
more stable performance of p-[LCu]* @BiVO,-WO; under pro-
longed photoelectrolysis conditions.
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