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Modulating Carrier Kinetics in BiVO, Photoanodes through
Molecular Co,O, Cubane Layers

Hang Chen, Jingguo Li,* Lingshen Meng, Sanghyun Bae, Rolf Erni, Daniel F. Abbott,
Shangkun Li, Carlos A. Triana, Victor Mougel, and Greta R. Patzke*

1. Introduction

Understanding the role and immobilization of molecular catalysts on

photoelectrodes is essential to use their full potential for efficient solar fuel
generation. Here, a Co'',0, cubane with proven catalytic performance and an
active H,0—Co, (OR),—OH, edge-site moiety is immobilized on BiVO,
photoanodes through a versatile layer-by-layer assembly strategy. This
delivers a photocurrent of 3.3 mA cm~2 at 1.23 V,,,; and prolonged stability.
Tuning the thickness of the Co,O, layer has remarkable effects on
photocurrents, dynamic open circuit potentials, and charge carrier behavior.
Comprehensive-time and frequency-dependent perturbation techniques are
employed to investigate carrier kinetics in transient and pseudo-steady-state
operando conditions. It is revealed that the Co,O, layer can prolong carrier
lifetime, unblock kinetic limitations at the interface by suppressing
recombination, and enhance charge transfer. Additionally, its flexible roles are
identified as passivation/hole trapping/catalytic layer at respective
lower/moderate/higher potentials. These competing functions are under
dynamic equilibrium, which fundamentally defines the observed photocurrent
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Photoelectrochemical (PEC) water split-
ting on semiconductor electrodes has been
attracting tremendous interest as a po-
tential route to store solar energy in
the form of renewable fuels, such as
hydrogen.['l However, the thermodynami-
cally and kinetically sluggish multi-electron
and multi-proton transfer processes in-
volved in the oxygen evolution reaction
(OER) remain challenges on the way to
efficient overall water splitting.?] Bismuth
vanadate (BiVO,), an n-type semiconduc-
tor, has emerged as a promising candi-
date for visible-light-assisted oxygen evo-
lution from water,?! since Kudo et al.
first reported on the water oxidation ac-
tivity of BiVO, powder in 1998.) How-
ever, unmodified BiVO, exhibits poor wa-
ter oxidation kinetics due to its low elec-
tron mobility (weak electronic coupling be-
tween V 3d orbitals and Bi 6p orbitals at
the conduction band minimum),®) moderate hole diffusion
length (%70 nm),® and detrimental surface electron—hole
recombination.l” Therefore, various strategies have been pur-
sued to alleviate the mobility, lifetime, and kinetic limitations
of photogenerated charge carriers, such as defect engineering to
accelerate charge transport,/® surface modification to passivate
recombination, ! and catalyst layer deposition to enhance charge
transfer.[%

Notably, understanding the charge carrier kinetics at the
semiconductor—electrolyte interface (SEI) is of paramount im-
portance in photoelectrode design."!l The authentic role of co-
catalysts on the surface photoelectrodes is still controversial due
to the complex kinetics of charge carriers at the SEI. Based
on intensity-modulated photocurrent spectroscopy (IMPS) and
photoinduced absorption spectroscopy results, some studies re-
ported that cocatalysts, such as cobalt phosphate (CoPi) or ferrihy-
drite, mainly passivated surface recombination of BiVO, rather
than to improve charge transfer and hence photocurrents.[”12]
However, Hamann et al. resolved the role of CoPi cocat-
alysts as reservoirs withdrawing photogenerated holes from
hematite through photoelectrochemical impedance spectroscopy
(PEIS) and transient photocurrent spectroscopy (TPS).["3] Along
these lines, Durrant et al. proposed that water oxidation is
driven by oxidized states within the Ni—Fe oxyhydroxide catalyst
layer on BiVO, photoanodes.['* Alternatively, for Prussian blue
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(CoFe—PB) decorated BiVO, films, CoFe—PB was proposed as a
true catalyst, even though the suppression of surface recombi-
nation at the SEI was not ruled out.'>) Moreover, Durrant and
coworkers observed a fast and largely irreversible hole transfer
in the pre-ms time scale from BiVO, to CoFe—PB at low bias by
employing transient absorption spectroscopy (TAS).[*®! This indi-
cated that the OER process was kinetically promoted by the stor-
age of reactive holes in cocatalysts and their subsequent trans-
fer. Despite the achievements in the mechanistic understanding
of heterogeneous cocatalysts on photoanodes, few studies elab-
orately interpret the role of molecular cocatalysts with compre-
hensive techniques that study the carrier kinetics from a dynamic
(TPS) or pseudo-steady-state (PEIS/IMPS) perspective. Moreover,
IMPS provides more direct kinetic information regarding the cat-
alytic interface by modulating the surface concentration of the
photo-generated carriers than PEIS. Thus, for a detailed analysis
of the kinetic processes in a specific scenario, the combination of
these techniques is essential.

Recently, promising OER performance has been achieved
with molecular catalysts by exploiting their tunable coordina-
tion environments around the active sites as a major asset.'’]
To apply these advantages of molecular catalysts in PEC sys-
tems, various heterogenization strategies have been employed,
including physisorption, physical entrapment, and covalent/non-
covalent binding."¥ For instance, Co,O, cubanes were immo-
bilized on BiVO, surfaces via physisorption and hydrophobic
interaction by integrating a C, alkyl chain into the cubane as
the binding group.!’ For physical entrapment, molecular cata-
lysts were embedded in polymeric matrices, such as Nafion,[2%21]
but its strongly acidic head groups (—SO;H) were detrimen-
tal to the improvement of photocurrent densities and the mini-
mization of overpotentials. Covalent binding always required so-
phisticated procedures to design anchoring groups (—PO,;H, or
—COOH) for molecules or electrodes.[??*] Non-covalent bind-
ing methods were limited to special circumstances, for exam-
ple, 7—n stacking requires that conjugated macrocyclic elec-
tron structures are present in both molecules and electrode
surfaces.[?*] The versatile layer-by-layer (LBL) assembly strategy
has been applied with significant success to functionalize solid
surfaces via physical, chemical, or coordination chemistry in-
teractions for various applications.!®! Especially for PEC water
splitting, this method showed great potential to immobilize co-
catalysts, 2] such as polyoxometalate (POM) clusters,[?28] metal-
organic frameworks,?”! and CdX (X = Se, Te, S) quantum dots.>"]

Inspired by the OER center of nature’s photosystem II, an ar-
tificial Mn,CaOs cluster has been synthesized with analogous
active metal sites and shown to be a potential water oxida-
tion catalyst.3!) Alternatively, transition-metal-based (Mn/Co/Ni)
cubanes are of great interest as template systems for photochem-
ical OER.I*?] Previously, we have reported on a stable and efficient
Co,0, cubane [Co",(dpy{OH}0),(OAc),(H,0),](ClO,), molecu-
lar catalyst for the OER with a reactive {H,0—Co,(OR),—OH,}
edge-site motif.l**} Particularly, our group resolved the role of
{Co(11),0,}-type cocatalysts on hematite films and found that
they dynamically changed their role from predominant hole
reservoirs to catalytic centers along with the modulation of the
applied bias.?!l Here, instead of weakly binding the molecular
cubane via simple adsorption,**3>! we employed the LBL assem-
bly method, as a “click” chemistry approach to build a confor-
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mal cubane layer with a tunable thickness and homogeneous
Co,0, distribution on BiVO, photoanodes, as shown in Scheme
S1 (Supporting Information). The cubane layer significantly im-
proved the photostability of BiVO, through the protection of
the surface against vanadium dissolution or photocorrosion by
rapidly transferring accumulated holes in BiVO, toward the wa-
ter oxidation process. We elucidated how the cubane layer en-
hanced OER performance over a broad range of experimental
conditions. In general, modification with Co,O, layers prolongs
the lifetime of charge carriers. Specific functions of the cubane
layer were furthermore identified, for example how a thin Co,O,
layer enables direct hole tunneling for water oxidation. Interest-
ingly, potential-dependent cubane functions were observed with
moderate surface loading, namely surface passivation at lower
potentials, hole reservoirs at moderate potentials, and active
catalysts at higher potentials. Instead of simply binding cobalt
cubanes using Nafion on hematite photoanodes,!?!l this study
provides a more versatile method to immobilize molecules. This
enabled us to investigate the general role of molecular cocatalysts
comprehensively with a wider range of analytical techniques. Our
results offer new strategies for the rational immobilization of
functional molecules and provide a clear understanding of the
carrier kinetics at the SEI for the design of efficient photoelec-
trodes.

2. Results and Discussion

2.1. Immobilization and Characterization of Cobalt Cubanes on
BiVO, Photoanodes

The Co,O, cubane was prepared following a previous synthetic
protocol reported by some of us.!*3] The validity of the molecu-
lar structure was confirmed using X-ray diffraction (XRD) and
infrared (FT-IR) spectroscopy, as shown in Figures S1,52 (Sup-
porting Information). The cubane was assembled on BiVO, pho-
toanodes with tuned thickness using a LBL process as shown in
Scheme S1 and Section 1 (Supporting Information). The bind-
ing forces to anchor the molecular cubane on PAA-modified
BiVO, electrodes can be attributed both to electrostatic interac-
tions and physical absorptions, as depicted in the introduction.
UV/vis spectra showed that the cubane molecule is stable during
the LBL assembly process and after continuous aging for ~36 h
(Figure S3, Supporting Information). Interestingly, the absorp-
tion of Co,0,/BiVO, films was gradually enhanced, especially in
the UVA region (300-400 nm), by increasing the number of as-
sembled layers to 12, as shown in Figure S4 (Supporting Infor-
mation). Since the ligand-to-metal charge transfer primarily ac-
counts for the observed absorption, it can be deduced that there is
an electronic interaction between Co,O, and BiVO,, resulting in
the absorption of more photons and the conversion of these pho-
tons into free charge carriers in BiVO,. A further increase of the
assembled layers only promotes the absorption at ~#400—475 nm
but weakens the absorption in the UVA region. This indicates
that thick cubane layers hinder the absorption of light in the UVA
region for BiVO, due to the loss of photons in the cubane layer.
However, the increased concentration, with an absorption range
from ~425-600 nm (Figure S3, Supporting Information), is re-
sponsible for the extended absorption at ~#400—-475 nm and the
out-of-band absorption (~480-600 nm) for Co,0,/BiVO, films.
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Figure 1. a) TEM image of Co,O,/BiVO, (BL12), b) bright-field scanning TEM images of Co,O,/BiVO, (BL12) with corresponding EDX elemental map-
pings, c) high-resolution TEM images showing lattice fringe patterns, d) EDX line-scan profiles of Co,O,/BiVO,, €) XP survey spectra of Co,O,/BiVO,

and BiVO,.

To further confirm that the cubane maintains its molecular
nature on BiVO,, a mixture of cubane borate and PAA solu-
tion was drop-casted on FTO surface and examined with Ra-
man spectroscopy. Raman spectra confirmed the integrity of the
cubane structures, because the characteristic vibrational bands
of the cubane and PAA mixtures on FTO are largely the same as
that of Co,O,-dpk crystals, especially in the metal-ligand bond
vibration (<500 cm™!) (Figure S5, more details in the Support-
ing Information). Transmission electron microscopy (TEM) im-
ages showed the tuned thickness of the cubane layers from =2
to 60 nm by increasing the assembling cycles from 4 to 20, as
depicted in Figures S6,S7 (Supporting Information). For a typ-
ical Co,0,/BiVO, film (BL12), a conformal layer with a thick-
ness of #10 nm was obtained on the BiVO, surface (Figure 1a,c),
and energy-dispersive X-ray (EDX) mapping confirmed the pres-
ence of homogeneously distributed cobalt centers in the layer
(Figure 1b). As the cubane is distributed in the polymer matrix
on a molecular level, XRD patterns cannot confirm the presence
of the molecular cubane but verified the monoclinic phase of
BiVO, (Figure S8, Supporting Information). Nonetheless, X-ray
photoelectron spectroscopy (XPS) survey spectra showed the ad-
ditional presence of cobalt and nitrogen in Co,O,/BiVO, with
respect to the original BiVO, sample (Figure le). No obvious
shifts of the Bi and V peaks were observed after loading of the
cubane layer (Figures S2,S30, Supporting Information), high-
lighting that cubane layers did not modify the support under-
neath. The slight decrease in the vanadium peak intensity could
be assigned to the shielding of the BiVO, surface from the X-
ray beam by the cubane layer. Moreover, high-resolution X-ray
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photoelectron (XP) spectra recorded at the Co peak positions
of Co,0,/BiVO, confirmed the presence of two major peaks at
~781.8 eV (Co 2p;),) and Co 2p,, (~797.8 eV), corresponding to
a spin-orbit splitting (ACo 2p = Co2p, ;,—2p;,) of 15.9 eV and an
explicit satellite peak of Co(II) at ~#786.7 eV (Figure 6b).[*¢]

2.2. PEC Water Oxidation Driven by Co,O, /BiVO, Photoanodes

The PEC water oxidation performance of photoanodes was first
evaluated by linear sweep voltammetry (LSV) under AM 1.5
G simulated solar irradiation at 100 mW cm™2 (Figure 2a;
Figure S9, Supporting Information). The assembly of the cubane
layer on BiVO, films dramatically improved the water oxida-
tion photocurrent density. The bi-layer cycles of 10 and 12 de-
livered photocurrents of ~3.3 mA cm=2 at 1.2 V versus RHE,
~5 times more than that of pristine BiVO, films, as shown in
Figure 2b. The trends of photocurrents resemble the normal dis-
tribution, which coincides with UV/vis results that Co,O,/BiVO,
films of ~12 bi-layers displayed maximum absorption with more
photogenerated hole—electron pairs. The dark LSV currents of
BiVO, and BL12, as well as the discrepancy between them,
can both be neglected, as shown in Figure S10 (Supporting
Information).

Moreover, the photocurrent density of BL12 further increased
to 41 mA cm™ in the presence of sulfite as a hole scav-
enger (Figure 2c), which is comparable to previously reported
results.[22343537] Ag shown in Figure 2a,c, photocurrents were
initiated at a significantly low potential of ~0.15 V versus RHE
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Figure 2. a) LSV curves of BiVO, and Co,0,/BiVO, assembled with different LBL bi-layers recorded at a scan rate of 20 mV s~', b) photocurrents at
1.2V versus RHE obtained from Figure 2a and Figure S7 (Supporting Information), c) chopped LSV curves of BiVO, and BL12 measured in 1 M Na,SO;
solution (pH 9.7) as hole scavenger and 0.5 m borate buffer (pH 8), respectively, d) charge injection efficiency (1;,) of BiVO4 and BL12, obtained from
Equation S1 (Supporting Information), e) Theoretical O, amount (dotted lines) calculated from the photocurrent assuming 100% Faradaic conversion
efficiency and measured O, evolution amount (spheres) as well as Faradaic efficiencies (rectangles) of BiVO, and BL12 photoanodes at 1.23 V versus
RHE under 1.5 sun illumination, f) charge carrier dynamics derived from OCP decay after light-off (z,,: lifetime of photogenerated charge carriers). All
films were measured in 0.5 m borate buffer (pH = 8) and under 1 sun illumination (AM 1.5 G, 100 mW cm™~2) in this study unless otherwise mentioned.

when more than six bilayers were applied, which is %320 mV
lower than the onset potential of pristine BiVO,. Obviously, the
photocurrents at/below the onset potential of BiVO, were greatly
enhanced by loading the cubane layer. Importantly, the cubane
layer (BL12) greatly improved hole injection efficiency from 0 to
~80% at ~0.3-0.4 V versus RHE (Figure 2d), which indicates that
more holes were saved from recombination and instead readily
transferred to the OER.[?7]

The incident photon to current efficiency (IPCE) measured
at 1.23 V versus RHE (Figure S1la, Supporting Information)
showed enhanced charge carrier collection near the band edge
(460-525 nm) for Co,O,/BiVO, films. Moreover, the BL12
cubane films showed the highest IPCE with 80% photon to elec-
tron efficiency in the wavelength range from 350 to 460 nm, in-
stead of 35% for BiVO,. The theoretical photocurrent densities
converted from the incident photons were obtained based on the
standard AM 1.5 G solar spectrum. As the theoretical photocur-
rent limit of BiVO, is 7.5 mA cm™ at 1 sun illumination,®®)
the BL12 cubane films achieved ~53% of the theoretical pho-
tocurrent density compared to ~23% for BiVO, (Figure S11Db,
Supporting Information) when held at a bias of 1.23 V versus
RHE. Although a mismatch is generally observed between the
IPCE spectra and the absorption features of photoanodes,*! the
enhanced absorption by the cubane layer can still account for en-
hanced photocurrents, as more photons were absorbed and con-
verted into photogenerated carriers. However, further increasing
cubane layer thickness will hinder the absorption of BiVO, and
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the migration of holes to the surface, resulting in reduced pho-
tocurrents and IPCE.

The evolution of oxygen during the PEC process was con-
firmed by using a custom-built cell and gas chromatography, see
Section 4 (Supporting Information). Due to the limited PEC per-
formance of BiVO,, both illumination area and intensity were
increased to reduce the measurement errors of originally low
oxygen amounts (Figure S12, Supporting Information). The GC
results evidenced oxygen evolution (Figure S13, Supporting In-
formation). Moreover, the measured oxygen quantities of both
BL12 and BiVO, photoanodes increased linearly with time, fit-
ting well with the theoretical oxygen amount converted from pho-
tocurrents assuming 100% Faradaic efficiency (Figure 2e). The
Faradaic efficiency of BL12 is #100%, confirming the effective
conversion of water to oxygen, while a slight loss of Faradaic effi-
ciency was observed on BiVO, probably due to photocorrosion. "]

To probe the band bending and dynamics of photogenerated
charge carriers, open-circuit potential (OCP) measurements were
conducted under chopped light conditions. After stabilizing the
semiconductor electrode in electrolytes and in darkness, the
Fermi levels of semiconductors and redox couples in the elec-
trolyte will be in equilibrium through interfacial charge trans-
fer, resulting in the bending of the band edges.[*!l At the same
time, the charged ions absorbed on the electrode surface gener-
ated an electric field in the dark, which established a potential be-
tween the working electrode and the environment (OCP,, ), with
respect to a reference electrode. Upon illumination, the charge
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carriers are generated and separated in the space charge region.
The subsequent accumulation of minority charge carriers at the
SEI generates a compensating electric field, leading to flattened
band edges and reduced open circuit potential in light (OCPy;,,).
The difference (AOCP) between OCPg,,. and OCPy,,, was often
regarded as the photovoltage.[*>*3] However, for semiconductors
in electrolytes, AOCP only reflects the change of the Fermi level,
and it is affected by a wide range of non-ideal parameters, such as
redox species in electrolytes, surface properties, recombination,
defects, surface states, among others.[**] Nevertheless, it can still
be deduced from Figure S14 (Supporting Information) that as-
sembling a cubane layer on BiVO, changes the interfacial ener-
getics and the Fermi level equilibrium as discussed above. Hence
the negatively shifted OCP,,, of Co,0O,/BiVO, reflects the reduc-
tion of band bending in the dark, and the loading of the cubane
layer facilitated the generation of a compensating electric field
in the space charge region, thereby improving charge separation
and shifting photocurrent onset potentials to lower values. Addi-
tionally, the decay of the OCP,,, (Figure 2f) showed a prolonged
lifetime of photogenerated charge carriers on cubane-modified
films, pointing to suppressed recombination processes of photo-
generated electron-hole pairs.

2.3. Kinetic Behavior Derived from Time-Dependent
Perturbations

The water oxidation performance is fundamentally influenced by
a series of kinetic processes ranging from ultrafast charge carrier
generation and separation all the way to slow interfacial charge
transfer and recombination.[*3¢] It is essential to monitor the dy-
namics of photo-generated charge carriers from the generation
in the space charge region to consumption in sluggish interfa-
cial processes at longer timescales (us—s) under reaction condi-
tions. TPS measurements, as a more accessible technique than
TAS, enable to show the dynamics of slow interfacial processes
by analyzing the current response to a time-dependent pertur-
bation in photon flux and bias (Figure S15, more details in, Sec-
tion 6, Supporting Information). Figure 3a—d shows the transient
photo-process under the perturbation of light and bias from 0.3
to 1.2 V versus RHE on BiVO, and Co,0, /BiVO, films with bi-
layers ranging from 4 to 20, which were obtained from the second
current-light response in the TPS curves (Figures S16-S23, Sup-
porting Information). The anodic photocurrents of the cubane-
modified photoelectrodes were increased 53-fold in the vicinity
of the onset potential (~0.3 V vs RHE). Moreover, the cathodic
spikes were eventually suppressed in the higher potential region
(>0.9 V vs RHE) for films with cubane layers of moderate thick-
ness.

The decay behavior of charge carriers after light-off was pro-
posed to represent the reduction or transfer of accumulated
photo-holes in the form of oxidized intermediates that had sur-
vived on the surface.*’] Hence, the number of electrons was inte-
grated over time, and the total amount of charge is summarized
in Figure 3e. The sign of currents represents the direction of elec-
tron flow and fundamentally reflects whether surface holes are
forward transferred to the electrolyte (positive) or backward re-
combined with conduction band electrons (negative). For BiVO,
films, the significant cathodic spikes indicated that recombina-
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tion was the predominant pathway for surface holes even at high
potential. However, for Co,0O,/BiVO, films with bi-layers approx-
imately between 6 to 16, the preferred forward transfer was be-
coming the dominant process. An overload of cubanes (BL > 16)
eventually leads to the recurrence of the recombination pathway,
as indicated by the negative cathodic spikes. Therefore, it can
be concluded that moderate catalyst loading is better to direct
the photogenerated holes toward the favorable charge transfer
reaction, while an excessive amount of loading leads to the re-
duction of charge transfer in the inner layer, resulting in shift-
ing the balance to the recombination side. Hole consumption in
the dark can proceed via recombination with conduction band
electrons, intermolecular coupling into inactive species (i.e., per-
oxides), and charge transfer to water. Thus, it can be deduced
that the remaining holes stored in oxidized cubane molecules en-
able fast charge transfer to water even after light-off, giving rise
to a prolonged positive current for a moderate thickness of the
catalytic layer. However, the increased concentration of cubane
molecules in the thick catalytic layer first strengthens the coulom-
bic force attracting conduction electrons, then blocks hole trans-
fer from BiVO, to cubane and water due to long transportation
distances, and finally reinforces the intramolecular coupling of
oxidized intermediates!*!! into inactive species. These factors al-
together contribute to the prevailing occurrence of cathodic re-
combination after light-off.

The kinetic process was further analyzed by comparing the rate
constants of charge transfer (k,-TPS) and recombination (k.-
TPS) processes, which were regarded as diagnostic parameters
fitted from the anodic current decays under illumination (see Sec-
tion 6, Supporting Information).l*! Transient photocurrent de-
cays under illumination were also examined as a function of the
potential and cubane layer thickness. First, the hole transfer effi-
ciencies were greatly improved over a wide potential range, espe-
cially for Co,0,/BiVO, films with 8-12 bi-layers (Figure 3f). The
transfer efficiency mapping is obtained from a pseudo-steady-
state, and it can explain the difference of the -V behavior of
Co,0,/BiVO, films in Figure 2a. The thin cubane layer enhanced
the charge transfer efficiency (Figure 3f), hence contributing to
the increased currents at the negatively shifted onset potential
region. For moderate layer thickness (BL10-12), the transfer ef-
ficiency reaches the maximum in all potential ranges, which
coincides with their J-V behavior at the highest photocurrents
(Figure 2a). Further, increasing layer thickness enhances the k-
TPS slightly at higher potential and k.. .-TPS largely at lower po-
tential (Figure 3g,h), leading to a slight increase of photocurrents
at higher potentials and less cathodic shift of the onset potential,
respectively.

Moreover, cubane layers with moderate thickness (~10-12 bi-
layers) achieved the highest k_-TPS (0.14 s7!) at 1.2 V versus RHE
(Figure 3g), which is approximately three-fold higher than the
value for pristine BiVO, electrodes (~0.048 s7!) at the same po-
tential. Notably, cubane loading significantly reduced the value of
k...-TPS from 0.34 s7! for BiVO, to 0.0066 s~! for BL12 at lower
potentials (Figure 3h). However, thick layers (~16-20 bi-layers)
lead to a simultaneous increase of k-TPS and k.. .-TPS at lower
potentials. Through the above analysis, the role of cubane layers
can be reasonably assigned as a passivation layer at lower poten-
tials for thin/moderate thickness and as a catalytic layer at higher
potentials for moderate thickness, respectively. For moderate
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Figure 3. a—d) Transient current responses of BiVO, and Co,0O,/BiVO, with different bi-layers obtained at applied potentials of 0.3/0.6/0.9/1.2 V versus

RHE in 0.5 m borate buffer (pH 8.0), €) anodic and cathodic charge passed after light-off as a function of potentials, f-h) contour maps of hole transfer

efficiency during illumination, charge transfer constant (k.-TPS), and recombination constant (k,..-TPS) as a function of potentials and layer thicknesses.
All films were measured under 1 sun illumination (AM 1.5 G, 100 mW cm~2).

potentials, complementary techniques were further employed to
understand the function of the cubane layer.

2.4. Kinetic Behavior Derived from Frequency-Dependent
Perturbations

Two types of perturbation techniques, namely sinusoidal poten-
tial or illumination intensity modulation, were applied to study
fundamental kinetic processes in the bulk semiconductor or at
the SEI. A typical equivalent circuit representing the SEI junction
was used to analyze the PEIS results (Figure 4e; Figure S24, Sup-
porting Information), including space charge capacitance and re-
sistance of the bulk BiVO,, C, 4 and Ry ;; interface capacitance

and resistance, C,, and R,,;; and contacting resistance, R,.>]

Adv. Funct. Mater. 2023, 33, 2307862 2307862 (6 of 12)

In the Bode plots, the magnitude of the frequency reflects the
time scale of kinetic processes involved in the OER, while the
phase shifts in each characteristic frequency domain originate
from the capacitive behavior of a given kinetic process with corre-
sponding resistive-capacitive effects. The assignment of the time
scale to specific charge transportation processes (charge gener-

ation, charge migration, surface charge trapping) has recently

been reviewed by Durrant et al. using time-resolved TAS.[*!
Specifically, it was found that a slow hole transfer from metal
oxide to a surface-bound species, with a time scale of seconds,
contributed to the slower kinetics of interfacial water oxidation.
Besides the charge-carrier dynamics in the bulk were found to be

faster than those on the surface. Here, two main peaks centered

~0.7-3.4 and 15-50 Hz were observed on BiVO, and BL4 films
at 0.3 V versus RHE, respectively. These peaks were assigned to
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Figure 4. a—-d) Bode plots of BiVO, and Co,O,/BiVO, films with 4/12/20 bi-layers obtained at different potentials: 0.3/0.6/0.9/1.2 V versus RHE,
e) equivalent circuit for analyzing impedance data, f) interface capacitances fitted from Nyquist plots. To keep impedance measurements in a steady
state and to avoid disturbance by oxygen bubbles, a blue light-emitting diode (LED) with a light intensity of 50 W m~2 and a wavelength of 476 nm was

used for illumination.

the sluggish charge transfer processes at the SEI and to charge
generation and transportation processes in bulk semiconductors
for BiVO, and BL4 films (Figure 4a), based on the above analy-
sis and their similar time domain characteristics. Especially for
BiVO,, the lowest frequency domain showed the highest phase
shift, indicating that the charge transfer at the SEI was the main
kinetic limitation. After increasing the bi-layer number to 12 or
elevating the potential to 0.6 V versus RHE, the phase shift was
reduced at the SEI domain but became predominant at the bulk
domain (Figures 4a,b). This suggested that reaction kinetics were
gradually limited by the bulk at higher potential, especially for
Co,0,/BiVO, films.

Interestingly, at 0.9 V versus RHE, a new phase peak at 3.7—
12.5 Hz, lower than the bulk domain of BiVO,, was found in
Co,0,/BiVO, films (Figure 4c). Similar charge transfer processes
from BiVO, to the Ni(Fe)OOH cocatalyst layer were also found

Adv. Funct. Mater. 2023, 33, 2307862 2307862 (7 of 12)

with a time scale of microseconds,' as well as the charge
transfer process between a Fe,0,/NiOOH interface.>!] There-
fore, it is reasonable to tentatively assign this frequency domain
to a hole transfer process between BiVO, and the Co,O, layer
(BiVO,/Co,O, interface). This was confirmed by the dramati-
cally increased C,,, in all Co,0O,/BiVO, films at 0.9 V versus RHE
(Figure 4f), indicating that the oxidation of cubanes was activated
with the increase of potential, resulting in the trapping of more
holes in the cubane layer. These results revealed that the holes
may undergo kinetic processes with slower consumption rates,
leading to smaller slopes of LSV curves at moderate potential for
thicker cubane layers.

At 1.2 V versus RHE, the oxygen evolution is mainly limited
by the intrinsic properties of the semiconductor (driving force in
the space charge region). Thus, the phase peaks for BiVO, and
Co,0,/BiVO, films represented the bulk domain again, and both
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moved back to a higher frequency. However, the frequency do-
main of Co,0, /BiVO, films is still lower than that of BiVO, due
to the minor influence of slower hole-trapping processes in the
cubane layer.

In general, C,, representing accumulated holes at the SEI
is strongly correlated to the amount of cubane loading over a
wide range of applied potentials, especially at 0.9 V versus RHE
(Figure 4f). Moreover, as shown in Table S1 (Supporting Infor-
mation), an interesting phenomenon of potential-dependent re-
sistances was observed, namely that the Co,O, layer reduced
resistances significantly (especially for R; ) at lower potentials
while possessing higher resistances than that of BiVO, at higher
potentials. This is also the reason why the onset photocurrents
of BiVO, films are greatly improved due to minimized transfer
resistances. The slight increase of resistances at higher poten-
tials can be attributed to more holes being trapped in the cubane
layer, which also generates resistance to further transfer them to
water.

On top of the above analysis, the cubane molecules in the layer
primarily acted as hole scavengers at 0.9 V versus RHE, mediat-
ing charge transfer at the SEI, and then changing their role to-
ward catalyst functionality at higher potentials.

On the other hand, charge transfer and surface recombination
kinetics at the onset potential region were investigated by IMPS
by modulating the concentration of the surface photo-generated
carriers.>?] This technique offers a kinetic understanding of the
surface at near steady-state, which is closer to an operando condi-
tion when compared with TPS obtained through time-dependent
chopped-light perturbations.

To understand the surface carrier dynamics at the SEI, the
reaction rate constants for charge transfer (k) and surface re-
combination (k,..) were extracted from Nyquist plots of IMPS
(see Section 7.2, Supporting Information). For BiVO,, the up-
per recombination semicircles are large and barely changed
over the onset potential range (Figure 5a), which corresponds to
high k,.. values (Figure 5f). After modification with a moderate
amount of cubanes, k. was dramatically reduced, and k,, was
improved.

However, an excess amount of cubane loading (BL20) gave
rise to i) higher k... at a potential of 0.2 to 0.3 V versus RHE
and ii) much elevated k,,, meanwhile milder suppressed k... at
a potential of ~0.35 to 0.45 V versus RHE, compared to BL12
and BL4 (Figure 5e,f). Overall, the BL20 photoelectrodes deliv-
ered notably enhanced performance compared to pristine BiVO,
films but lower than optimized BL12. This points to the fact
that both transfer constant and recombination constant are rel-
evant values, while either of them alone is not able to predict
the photocurrent output, as indicated by Equation (S11) (Sup-
porting Information). As expected, the thick cubane layer not
only contained more cubane molecules but also increased the
charge transportation distance. At lower potentials (0.2 to 0.3 V
vs RHE), the minor band bending in BiVO, cannot effectively
drive holes to cubane molecules but leads to more recombination
from closer packed cubane molecules with high-valent Co cen-
ters. Once the band bending is sufficient to drive hole transfer
to cubane layers with appropriate thickness, the recombination
can be significantly passivated, affording a higher k,, (>0.35 V vs
RHE). Therefore, the primary role of the Co,O, layer is to pas-
sivate surface recombination (surface passivation) in the onset

Adv. Funct. Mater. 2023, 33, 2307862 2307862 (8 of 12)
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potential region (<0.3 V vs RHE), especially for moderate layer
thickness. This is also revealed by the TPS analysis showing en-
hanced charge transfer efficiency for moderate thickness and at
lower potential as shown in Figure 3f. The above factors are ac-
counting for a lower and positively shifted onset current in the
J-V curves (Figure 2a).

2.5. PEC Stability of Photoanodes

As shown in Figure 6a and Figure S26 (Supporting Informa-
tion), photocurrents decreased in the first 1.5 h for Co,0,/BiVO,
photoanodes rather than slightly increasing as for bare BiVO,
due to the photo-charging effect.[*’] After that, the photocurrents
of BL10/12 stabilized at ~2 mA cm™2, but the photocurrents of
BiVO, gradually dropped to ~0.5 mA cm™.

Stabilizing the BiVO, photoanodes can be achieved by effec-
tively inhibiting the leaching of V°* into the electrolyte. Tech-
niques such as high-temperature treatment for films or the use
of a V>*-saturated electrolyte have shown promising results in
this regard.l>>) Hence, the metal ion concentrations (Bi/V/Co) in
the electrolyte were determined using ICP-M S measurements af-
ter 22 h of PEC water splitting. After assembly of the cubane
layer (BL10), the ICP-MS results (Table S2, Supporting Infor-
mation) showed that the dissolution of Bi and V was reduced
from 6.69 and 112.86 pug L™! to ~0 and 9.73 ug L', respec-
tively. Additionally, the leaching of Co in the electrolyte was
found to be only 15.66 pg L~'. Rather than Co leaching, the
slight decrease of photocurrents of Co,0,/BiVO, could be at-
tributed to more sophisticated reasons, arising from BiVO, itself
or the transformations of Co, (II)O, to Co,(II1I/IV)O,, Co molecu-
lar species, or cobalt oxides/oxyhydroxides /hydroxides under an-
odic bias for extended holding times. Therefore, STEM and XP
spectroscopy were employed to investigate the surface for post-
reaction changes. First, electron microscopy images in Figure
S27 (Supporting Information) showed that the cubane layer of
post-22 h was distorted by aging at 1.0 V versus RHE for 20 h.
Nevertheless, no particular crystalline species were detected in
the cubane layer, and Co species remained homogeneously dis-
tributed in the surface layer, as confirmed by STEM/EDX elemen-
tal mappings. XPS data recorded before and after aging enable to
further characterize the changes occurring in the cubane layer.
Co(II) can exclusively be identified in the high-resolution XPS
spectra just after the LBL assembling process. Prolonged aging of
Co,0,/BiVO, resulted in a weakening of the characteristic satel-
lite peaks of Co(1I) at 786.7 eV, and the appearance of a new peak
at 780.6 eV together with a satellite peak at 789.9 eV that could be
assigned to the appearance of Co(III) species, further highlight-
ing the partial oxidation of the surface Co species after long-term
illumination.

All in all, these results suggest that part of the surface
Co,(I1)O, molecules may have undergone a transformation into
other high-valent cobalt species after holding under anodic bias
and illumination for long periods of time. Moreover, C=0 and
C—O groups were identified in O 1s and C 1s XP spectra after
cubane loading (Figure 6¢; Figure S28, Supporting Information),
which confirmed the presence of PAA in Co,0,/BiVO, films. Af-
ter aging the films for 22 h, an increased fraction of oxygen va-
cancies was furthermore found in Co,O,/BiVO, (post-22 h).
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Figure 5. a—d) IMPS Nyquist plots of BiVO, and Co40,/BiVO, films with 4/12/20 bi-layers obtained in onset potential region, e,f) rate constants (k,,

and k)
and a wavelength of 476 nm was used for illumination.

2.6. Interpretation of the Role of Co,O, Layers

Based on the above kinetic analysis, our understanding of the
charge transportation process and the role of Co,O, layers on
BiVO, is summarized in Scheme 1. Previous studies reported
that photo-generated holes accumulated on the surface and
formed intermediate states at certain energetic levels to medi-
ate water oxidation, such as for hematite and BiVO,.[2** Thus,
alocalized peak is shown in Scheme 1 to represent intermediate
states on BiVO,. For BiVO,, the accumulated holes were reported
to participate in water oxidation but were mainly consumed by
surface recombination as a widely recognized loss pathway.!”]
For thin Co,O, layers, surface recombination was passivated to
a large extent and the photocurrents were improved greatly, as
shown in Figures 2a and 3h. This can be reasonably explained by

Adv. Funct. Mater. 2023, 33, 2307862 2307862 (9 of 12)

extracted from the IMPS data of BiVO, and Co,0,/BiVO, films at the onset potential region. A blue LED with a light intensity of 50 W m~2

the hypothesis that holes can possibly tunnel through thin lay-
ers via an outer sphere mechanism to oxidize water as widely
proposed.>°! For moderate cubane loading layers, more Co!,0,
cubane molecules participated in water oxidation and hence led
to enhanced photocurrents. Therefore, the cubane layer was con-
sidered to serve as a passivation layer for lower thickness and as
a catalytic layer for thick layers with higher cubane loading.
Previous studies reported that the Co,(II)O, core is active
for photo-driven water oxidation but underwent oxidation to
Co(III/IV) during oxygen evolution with a slow recovery rate
to Co(II).1*] Here, kinetic analyses further confirmed that i) at
lower bias, the cubane layer mainly acts as passivation layer, and
most Co(II) centers can be recovered; ii) at moderate bias, holes
from BiVO, were easily trapped by cubanes through the oxida-
tion of Co(II) to Co(I1I/IV), which was evidenced by the dramatic
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Figure 6. a) /-t plots of BiVO, and Co,0O,/BiVO, (BL10) photoanodes at 1.0 V versus RHE for 22 h. b) High-resolution Co 2p XP spectra of Co,O,/BiVO,
(BL12) photoanodes before catalytic tests (Co,O4/BiVO,-pre), Co,O,/BiVO, (BL12) after tests (post-8 h), and Co,O,/BiVO, (BL10) after tests (post-
22 h), c) high-resolution O 1s XP spectra of BiVO,, Co,O,/BiVO,-pre, and post-22 h. All films were measured under 1 sun illumination (AM 1.5 G,

100 mW cm™2).

increase of interface capacitance, especially for thicker layers en-
trapping more Co,(II)O, molecules; iii) under elevated bias, it
was inferred that Co, (III/IV) centers played the main role in wa-
ter oxidation as active sites. According to our XPS results, the
presence of Co(III) species after stability tests at moderate po-
tentials also indicates that high-valent state Co centers are most
probably involved in the OER process, but an explicit identifica-
tion of Co(IV) valence states remains generally challenging.

3. Conclusion

This study presents a new approach to immobilize Co,O, cubane
on BiVO, photoanodes. These molecular cocatalysts are uni-
formly distributed on the BiVO, surface and delivered a supe-
rior PEC performance compared to most reported molecular-
loaded photoanodes, as shown in Table S3 (Supporting Informa-
tion). Optimization of the cubane layer thickness (10-12 BL) af-
forded the highest photocurrents of approximately 3.3 mA cm™
at 1.23 V versus RHE, a ~320 mV cathodic shift of the current
onset potential, and prolonged stability with a photocurrent of
~2 mA cm~? maintained for at least 20 h. High hole injection ef-
ficiency, IPCE, and Faradaic efficiency identified Co,O,/BiVO,
films as efficient water oxidation electrodes. A prolonged life-
time of photogenerated charge carriers and suppressed recombi-
nation processes were observed for Co,0O,/BiVO, films through
dynamic OCP decay studies. XPS results revealed that the cobalt
valence state in the loaded cubane molecules remains +2 after
short-time stability tests (=8 h), while Co,(II)O, molecules were
partially transformed into Co(III) species and remained in their
active post-catalytic states after long-time stability tests.

Adv. Funct. Mater. 2023, 33, 2307862 2307862 (10 of 12)

Most importantly, the kinetic behavior of photogenerated
charge carriers was investigated in quasi-operando or steady-
state conditions through a comprehensive set of PEC techniques.
First, TPS results confirmed that the role of the cubane layer
can be reasonably assigned as a passivation layer at lower po-
tentials for thin/moderate thicknesses and as a catalytic layer at
higher potentials for moderate thickness of the cubane layer, re-
spectively. Further, the results of frequency-dependent PEIS un-
der perturbed potentials revealed that the charge transfer do-
main varies as a function of applied potential and layer thickness.
Charge transfer processes were dominant i) at the SEI for BiVO,
at a potential below 0.6 V versus RHE and for Co,0O,/BiVO,
with a thin layer at 0.3 V versus RHE, ii) in the bulk for BiVO,
at potentials above 0.6 V versus RHE and for Co,0,/BiVO, at
0.6 and 1.2 V versus RHE, iii) at the BiVO, /Co,O, interface for
Co,0,/BiVO, at 0.9 V versus RHE. Moreover, the cubane layer
was identified as the hole scavenger at 0.9 V versus RHE, thus
mediating charge transfer at the SEI. Additionally, IMPS analy-
sis which modulates surface hole densities revealed that Co,O,
layers greatly passivate the surface recombination at the onset
potential region (<0.3 V vs RHE) for moderate layer thicknesses,
resulting in high hole injection efficiency at the onset potential.

All in all, our study opens up new avenues to stabilize molec-
ular catalysts on photoanodes for enhanced performance in wa-
ter splitting and energy conversion processes. We pioneered the
comprehensive use of (photo)electrochemistry techniques based
on time/frequency-dependent perturbations to fully resolve the
complex role of cocatalysts in the context of varied conditions.
This approach promotes photoelectrode design with new, effi-
cient hybrid systems.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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