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ABSTRACT: Photon energy loss to interfacial charge recombination is one of the key
challenges to achieving high efficiencies for solar water splitting in photoelectrochemical
cells (PECs). Herein, BiVO,-based photoanodes are constructed, where BiVO,,
cadmium sulfide nanosheets (CdS NSs), hole transport molecules (HTs), and oxygen
evolution cocatalysts (OECs) assemble sequentially in a cascade band alignment for
efficient photogenerated hole extraction and accumulation to OECs. In the photoanode
assemblies, CdS NSs act as energetic barriers to suppress surface recombination.
Thiolate-functionalized aryl amine HT's that anchor to CdS NSs are interfacial-charge-
transfer mediators that efficiently extract the photogenerated holes. The oxidized HT
(HT"*) hops isoenergetically among adjacent HTs and finally accumulates oxidative
equivalents to OEC. Transient absorption spectroscopy along with intensity-modulated photocurrent spectroscopy proves that HT's
and CdS NSs accelerate hole-transfer kinetics and suppress recombination of surface-accumulated holes and electrons. Among the
three HTs, triphenylamine shows the best performance. The best-performing photoanode assembly exhibits increased photocurrent
density from 0.87 to 5.2 mA/cm® The molecular approach to hole extraction from BiVO, photoanodes provides a promising avenue

for efficient photogenerated charge separation and collection to optimize the performance of PEC for water splitting.

KEYWORDS: BiVO, photoanode, hole transport molecules, hole transfer, transient absorption spectroscopy,

photoelectrochemical water splitting

B INTRODUCTION

Water splitting using photoelectrochemical cells (PECs) is an
environmentally friendly and sustainable way to convert solar
energy into chemical energy.l_3 BiVO, (BVO) has been
considered one of the most promising photoanode materials
due to its suitable band gap (2.4—2.5 V)" and deep valence
band edge, which enable visible-light harvesting and water
oxidation.”™® Unfortunately, BVO has a short hole diffusion
length of only 70 nm and thereby suffers from rapid charge
recombination’ at the surface/electrolyte interface,'”'" which
limits BVO’s water oxidation efficiency in PEC cells.
Recently, a great deal of effort has been devoted to
overcoming short hole diffusion length and rapid charge
recombination of BVO photoanodes, through heteroatom
doping,lz_14 oxygen vacancies'® or structural tuning,7
heterostructure construction,'® and loading of oxygen
evolution cocatalysts (OECs)."” Loading OEC on a BVO
surface is regarded as a feasible approach to optimize PEC
activity."'*7>' However, severe electron—hole recombination
at the BVO/OEC interface still limits the PEC water oxidation.
It is crucial to exploit a novel electron—hole separation channel
between BVO and OEC. Hole extraction layer (HEL) is one of
the most effective approaches to boost PEC performance.”*™**
Rapid hole extraction can not only effectively suppress charge
recombination but also improve the small thermodynamic
water oxidation driving force.”> For example, p-type black
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phosphorus,® graphene quantum dots,” ultrathin g-C5N,
layers,”” porphyrins-Co,” polyaniline,”® and covalent triazine-
based polymers™” as HELs were inserted between BVO and
OEC. These HELs were found to help extract holes from
photoexcited BVO and boost PEC performance. However,
most hole extraction materials, especially polymer-based, are
relatively difficult to disperse uniformly on the BVO surface
and they lack flexibility of tuning redox potentials to optimize
the interfacial band alignment. To the best of our knowledge,
there has so far been no report about the uniform molecular
monolayer as the typical HEL on the BVO-based photoanode.
Small molecules based on aryl amine compounds have shown
fast hole transport kinetics.”* > Besides, synthetic control of
molecular hole transport molecules enables fine-tuning of
redox potentials. If the redox potential of HT is too positive,
hole extraction may not have enough driving force. The
opposite also holds true for the hole accumulation to the
cocatalyst.
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Scheme 1. (A, B) Fabrication of the BVOICdS-HTICoBi Photoanode and the Photogenerated Carrier Transfer Process. (C)

Molecular Structures of Three HTs (CZ, TPA, PTZ)
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Figure 1. Morphology and composition characterization of BVOICdS. (A) Scanning electron microscopy (SEM) (inset is the zoom-in SEM
image), (B) transmission electron microscopy (TEM), and (C) high-resolution TEM (HRTEM) of the BVOICdS photoanode. (D) TEM image
and energy-dispersive X-ray spectrum (EDS) layered image. (E) EDS for O, Bi, V, Cd, and S elements.

After careful consideration of both thermodynamics and the
hole mobility of hole extraction materials, we developed a
strategy for facilitating the kinetics of hole extraction of BVO-
based photoanodes for boosting PEC water splitting. The
general design principle is shown in Scheme 1A. A thin layer of
cadmium sulfide nanosheets (CdS NSs) is grown on the
surface of BVO. The use of the CdS NS overlayer on BVO
(denoted as BVOICAS) is threefold: (1) to form a
heterojunction with BVO to extract holes from photogenerated
electron—hole pairs in bulk BVO; (2) to provide a surface
suitable for dithiolate anchoring to form a molecular
monolayer; and (3) to act as an energetic barrier for charge
recombination between BVO(e™) and HT". A series of hole
transport molecules (HTs) including carbazole, triphenyl-
amine, and phenothiazine derivatives (denoted as CZ, TPA,
and PTZ, respectively) with tunable energy band alignments
were constructed further onto BVOICdS. HTs were uniformly
anchored onto the surface of CdS NSs to form a molecular
monolayer through dithiolate groups, as described in our
previous paper.’” Photogenerated holes are rapidly extracted
by HTs with an appropriate thermodynamic driving force.
Then, the oxidized HT, HT" hops isoenergetically among
adjacent HTs and finally accumulates oxidative equivalents to
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OEC. Finally, the outer surface is coated with a thin layer of
OEC (CoBi). The photogenerated holes are strongly driven
from BVO to the outer CoBi surface by the cascade band
alignment of the heterostructure for efficient water oxidation.
Transient absorption spectroscopy and intensity-modulated
photocurrent spectroscopy characterizations prove that the
layer of HT-anchored CdS NSs that are sandwiched between
BVO and OECs greatly enhances the kinetics of interfacial
hole transfer (52 times higher than that of pristine BVO) and
effectively suppresses recombination of surface-accumulated
holes with BVO conduction band electrons, thereby
significantly improving the performance of PEC water
oxidation.

B RESULTS AND DISCUSSION

Design and Synthesis of the Photoanodes. As shown
in Scheme 1, we designed a rational and feasible strategy with
the aim of suppressing the recombination of accumulated holes
with electrons at the interface by improving the kinetics of
charge transfer upon light excitation. The photoanode was
integrated as follows. First, the mesoporous BVO films were
grown on the fluorine-doped SnO, (FTO) substrates through
a previously reported method (see the Experimental Section
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Figure 2. Photoelectrochemical water oxidation activity of integrated photoanodes as well as control samples. (A) Photocurrent density vs applied
potential curves of different integrated photoanodes at a scan rate of 10 mV/s. (B) Photocurrent density vs applied potential curves of different
integrated photoanodes under chopped visible-light illumination. (C) ABPE curves of different integrated photoanodes obtained using a two-
electrode cell for PEC water splitting. (D) Photocurrent density vs applied potential curves of different integrated photoanode with the hole
scavenger Na,SOj at a scan rate of 10 mV/s. (E) Charge transfer efficiency curves of different integrated photoanodes. (F) Stability test of different
integrated photoanodes at a potential of 1.2 V vs RHE under visible-light illumination. All measurements were performed in 0.5 M potassium
borate buffer electrolyte (pH 9.3) under visible-light (400 nm long pass cut filter, 100 mW/cm?*) back-illumination.

for details).*® Second, CdS NSs coated on the BVO films were
synthesized by chemical bath deposition (denoted as BVOI
CdS). Then, the HTs were anchored onto BVOICdS by
immersing the BVOICdS films in 50 mM HT loading solutions
overnight (denoted as BVOICdS-HT). The surface coverages
of HTs on the BVOICAS films were determined using the
Beer—Lambert law in which the absorption decreases of the
loading solutions were probed at 310 nm for TPA, 320 nm for
PTZ, and 294 nm for CZ, before and after immersion of the
BVOICdS films (Figure S1; see the Experimental Section for
details). The surface coverages of TPA, PTZ, and CZ on BVOI
CdS were approximately the same (~1.8 + 0.2 X 10™® mol/
cm?). The about the same surface coverages are attributed to
the similar molecular footprints as well as the identical
dithiolate anchoring groups. Finally, cobalt borate (CoBi), as a
widely used OEC, was deposited on BVOICdS-HT via a
photoassisted electrodeposition method to enhance PEC
activity (denoted as BVOICdS-HTICoBi).

The absorption increase from UV to blue-light regions in
UV—vis diffuse reflectance spectroscopy (DRS; see Figure S2)
suggested that the CdS NSs were successfully grown on the
surface of BVO. Scanning electron microscopy (SEM) images
of the as-prepared BVOICAS films (Figure 1A) showed that
the BVOICAS films were uniformly grown on FTO substrates.
The high-resolution SEM shown in the inset of Figure 1A
indicated that the BVOICdS sample was composed of
interconnected nanoparticles with sizes ranging from 200 to
300 nm. A uniform CdS NS overlayer coated on the surface of
BVO was observed from transmission electron microscopy
(TEM); Figure 1B. The thickness of CdS NSs was about 3 nm
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according to the high-resolution TEM; Figure 1C. Note that
the lattice fringe of 0.29 nm was indexed to the (040) plane of
BVO."”*® TEM-EDS mapping (Figure 1D,E) was used to
analyze the overall distribution of CdS NSs on the BVO
surface, which further confirmed that the CdS NSs were
uniformly coated on the BVO surface. Unlike the bare BVO
surface that prohibited molecular anchoring from most of the
common anchoring groups such as carboxylates or phospho-
nates,”” the CdS NS overlayer provided thiolate anchoring sites
for molecular monolayer adsorption.

PEC Performances of Integrated Photoanodes. To
evaluate the water oxidation performance of different
integrated photoanodes, PEC measurements were conducted
in a three-electrode cell with 0.5 M potassium borate buffer
solution as the electrolyte under 100 mW/cm? visible-light
(with a 400 nm long pass filter) illumination. Figure 2A
displays the PEC performances of different integrated
photoanodes. The BVO photoanode alone showed a low
photocurrent, 0.87 mA/cm? at 1.23 V versus (vs) the reversible
hydrogen electrode (RHE). As expected, the CoBi catalyst
resulted in an enhancement in the photocurrent and an
improvement in the onset potential by 153 mV compared with
the pristine BVO (355 mV vs RHE). When the thin CdS NSs
were introduced between BVO and CoBi, the BVOICdSICoBi
photoanodes showed a much higher photocurrent (2.67 mA/
cm?) than that of the BVO (0.87 mA/cm*) or BVOICoBi
(1.98 mA/cm?*) photoanode. This was attributed to the CdS
NSs filling the BVO surface state and suppressing surface
recombination by creating a solid-state heterojunction, which
was beneficial for charge transfer.** More strikingly, after the
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Scheme 2. (A, B) Diagram of the Integrated Photoanodes and Photogenerated Carrier Transfer without CdS-HT and with
CdS-HT. (C) Simplified Interfacial Electron Transfer and Hole Hopping Scheme of the BVOICdS-HTICoBi Photoanode for

Solar Water Oxidation
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HTs were anchored onto the CdS NSs, the integrated
photoanodes, including BVOICdS-TPAICoBi, BVOICdS-PTZI
CoBi, and BVOICdS-CZICoBji, all showed superior perform-
ance as compared to BVOICdSICoBi. Among all of the
integrated photoanodes, BVOICdS-TPAICoBi showed the
highest photocurrent density of 5.2 mA/cm?, with an ultralow
onset potential of 0.15 V vs RHE. The HT*/® redox potential
follows the order: E° (CZ*/%)> E° (TPA*/®)> E° (PTZ*°). We
speculate that the redox potential of TPA had the best
energetic and kinetic balance between hole extraction from
CdS and hole transfer to CoBi, so TPA has the best
performance compared to other HTs.

Figure 2B shows the photocurrent density vs applied
potential response of the different integrated photoanodes
under chopped visible-light illumination. The BVOICoBi
photoanode showed evident transient anodic current spikes
at the moments of the light being turned on, suggesting that
surface charge recombination is still a major energy loss
process. The enlargement of Figure 2B is shown in Figure S3.
When the light was turned off, the evident transient current
spikes below zero were also observed, indicating interfacial
back-electron transfer to oxidized CoBi. This was the major
reason for the poor performance of PEC water oxidation in the
BVOICoBi photoanode, as shown in Scheme 2A. More
interestingly, once the CdS NSs and HTs were inserted
between the BVO and CoBi, no transient cathodic/anodic
current spike at the time of dark/light switches was observed
(Figure S3), indicating that CdS NSs and HTs greatly
suppressed the recombination of surface-accumulated holes
with back electrons, as shown in Scheme 2B.

For the BVOICoBi photoanode, some photogenerated holes
participated in turning over water to oxygen, whereas a large
quantity just recombined with the electrons, resulting in the
low OER activity (Scheme 2A). However, the BVOICdS-HTI
CoBi photoanode where CZ, TPA, and PTZ anchoring on
CdS NSs was introduced showed superior PEC performance.
The BVOICAS solid-state heterojunction facilitated the transfer
of photogenerated holes to the HTs and suppressed the
recombination between HT® and BVO conduction band
electrons, as shown in Scheme 2B. HT" hopped isoenergeti-
cally among adjacent HTs and finally accumulated oxidative
equivalents to CoBi for water oxidation, as shown in Scheme
2C. It is clear that the introduction of HTs that uniformly
anchored on CdS NSs could enhance the separation and
transfer of the photogenerated charges, thereby significantly
improving the PEC performance. To achieve the true
photoelectrode efficiency, applied bias photo-to-current
efficiencies (ABPEs) of different integrated photoanodes
were calculated as shown in Figure 2C based on the J-V

curve measured in a two-electrode configuration against Pt
(Figure S4). Remarkably, the excellent ABPE of the BVOICdS-
TPAICoBi photoanode reached 1.63% at 0.70 V vs Pt
(calculated by eq S1), which was about 10 times higher than
that of BVO alone (0.158%).

To quantify the improvement of surface-electrolyte hole-
transfer kinetics, photocurrent density vs applied potential
curves of different integrated photoanodes were measured in
0.5 M potassium borate electrolyte with 0.2 M Na,SO; as the
hole scavenger, as shown in Figure 2D. The charge transfer
efficiency (7yans) Of the different integrated photoanodes was
calculated by eq S2 (see the Experimental Section for details).
The value of #,,,,, was calculated according to the photocurrent
density with and without the Na,SO; hole scavenger (Figure
2E). The 7}y, of the BVO photoanode was only ~21.5% at
1.23 V vs RHE; both the CdS NSs and CoBi coated on the
BVO surface could effectively improve the surface hole-transfer
efficiency. Notably, when HTs were anchored onto the CdS
NSs to form BVOICdS-HTICoBi, the 7., was further
improved to 84.4% at 1.23 V vs RHE, which was 3.93 times
that of pristine BVO. In summary, both CdS NSs and HTs
highly improved the surface-electrolyte hole transfer to
enhance the performance of PEC water oxidation.

Figure 2F shows the long-term stability of different
integrated photoanodes over hours. The BVOICdS-HTICoBi
photoanodes showed higher stability than that of BVOICoBi
and BVOICdSICoBi photoanodes. The photocurrent density
response of the BVOICoBi photoanode decayed rapidly to a
low level presumably due to sluggish water oxidation kinetics
and the instability of BVO. It is worth noting that a stable
photocurrent density at 1.20 V vs RHE was obtained for the
BVOICdSICoBi photoanode for 1 h, but then it started to
decrease gradually. We speculate that although CdS NSs were
able to suppress the surface charge recombination, they still
had sluggish kinetics of water oxidation due to the slow
kinetics of hole transfer to CoBi. Therefore, the CdS NSs were
gradually corroded by the photogenerated holes.*' As a result,
the photocurrent density decreases gradually. On the contrary,
BVOICdS-HTICoBi retained a stable photocurrent density at
1.20 V vs RHE. The uniform anchoring of HTs on the CdS
NSs enhanced the kinetics of charge transfer to CoBi, which
led to fast water oxidation reaction on the CoBi catalyst and
efficient utilization of holes. Consequently, the CdS NSs were
protected from the corrosion of photogenerated holes, which
improved the stability of BVOICdS-HTICoBi photoanode PEC
water oxidation.

To elucidate the oxygen evolution reaction (OER) of the
integrated photoanode and the hydrogen evolution reaction
(HER) of the counter electrode Pt wire in this PEC system,
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Figure 3. Transient absorption (TA) spectroscopy of different integrated photoanodes in 0.5 M potassium borate buffer solution excited by pulsed
355 nm laser excitation (0.6 mJ/cm? per pulse). (A) TA of FTOIBVO thin films as a function of indicated delay times after pulsed 355 nm laser
excitation. (B) Normalized time-resolved trace monitored at 500 nm at OCP; inset: time-resolved kinetic traces monitored at S00 nm under OCP,
and overlaid in yellow are KWW fits. (C) Transient photocurrent for different integrated BVO-based photoanodes; overlaid in yellow are
biexponential function fits. (D) Time-resolved photoluminescence (TRPL) spectra of BVO, BVOICdS, and BVOICdS-TPA (excitation: 4 = 400

nm).

the oxygen and hydrogen productions were quantified by gas
chromatography (GC). The corresponding H, and O,
evolutions were measured by GC every 2000 s. The produced
H, and O, of the BVOICdS-TPAICoBi photoanode were 176.1
and 87.9 umol/cm? after 8000 s, respectively, corresponding to
the stoichiometric ratio of 2:1 for water splitting, as shown in
Figure SS. It is found that the faradic efficiency (calculated by
FE (%) = (96485 X n(0,) X 4)/Q) values of OER and HER
are close to 99%. However, O, produced from the BVOICdSI
CoBi photoanode was 40.2 umol/cm? while H, produced
from the Pt counter electrode was 98.5 umol/cm? after 8000 s,
with an FE of 78.3%. Through the above discussion, although
all three HTs (CZ, TPA, and PTZ) brought an enhancement
in PEC water oxidation performance, TPA anchored onto the
CdS NS-integrated photoanode showed the best performance,
which offered the model for the following discussion.
Light-Driven Interfacial Charge Separation in the
Photoanode. Data from photocurrents as well as FE of OER
and HER measurements clearly indicated the advantage of HT
for boosting BVO-based PEC water splitting. Nanosecond
transient absorption measurements were used to investigate
the electron transfer processes from the impact of HTs that
were uniformly anchored on CdS NSs in the series of
integrated photoanodes. As shown in Figure 3A, TA spectra of
the pristine BVO thin film at indicated time delays were
recorded after pulsed laser excitation at 355 nm (0.6 mJ/cm?
per pulse) and the TA signal of surface-trapped holes for BVO
mainly appeared from 460 to 700 nm, consistent with a prior
report.*” The transient absorption peak at 500 nm was chosen
to monitor the BVO hole concentration kinetics for different
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integrated photoanodes under open-circuit potential (OCP) in
0.5 M potassium borate buffer solution (pH 9.3). The TA of
the pristine BVO photoanode showed a shorter decay half-time
(t1/, = 14.3 ps) relative to the BVOICoBi photoanode (¢, =
22.6 pus), indicating that the CoBi layer could passivate the
BVO surface trap state and partly suppress the charge
recombination, as shown in Figure 3B.'® Inserting CdS NSs
between BVO and CoBi decreased the hole lifetime (t;, =
18.7 us), which suggested that the formation of BVO and CdS
NS heterostructures could promote hole transfer. Notably, the
decay half-time of the TPA-introduced BVOICdS-TPAICoBi
photoanode was only 10.6 ps, which was shorter than that of
the BVOICdSICoBi photoanode (t,,, = 18.7 ys). The results
indicated that TPA as HT facilitated the extraction of
photogenerated holes, fast hopping, and accumulation to
OEC (CoBi) instead of dwelling inside BVO, as illustrated in
Scheme 2C. From the inset of Figure 3B, introducing the CoBi
catalyst and CdS NSs resulted in a decrease in the initial TA
intensity compared to that of BVO, which can be ascribed to
the CoBi and CdS NSs accelerating the kinetics of hole
transfer. Adding TPA further decreased the initial TA intensity
due to the lower yield of BVO(h*) on the surface of BVO. This
proved that TPA serving as HT played an important role in
promoting the hole extraction and further hole accumulation
to the CoBi with sufficient hole-transfer driving forces. For the
BVOICdS-TPAICoBi and BVOICoBi photoanodes, pulsed
laser excitation of the BVO resulted in photogenerated holes
(BVO(h")) being extracted to the surface-attached TPA or
CoBi and the hole-transfer process can be described in eqs
1-3.
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Figure 4. IMPS responses of (A) BiVO,ICoBi, (B) BiVO,ICdSICoBi, (C) BiVO,CdS-CZICoBi, (D) BiVO,ICdS-PTZICoBi, and (E) BiVO,ICdS-
TPAICoBi photoanodes at various applied potentials. (F) Calculated example of the IMPS spectrum; various properties (e.g., charge transfer rate
constant, surface recombination rate constant) can be obtained based on the multiple points of such a spectrum. (G) Rate constant for charge

transfer (ky.n,), (H) rate constant for charge recombination (k,.), and (I) charge transfer efficiency extracted from the IMPS spectra of different
photoanodes at various potentials.

BVO(e™, Ki")ICoBi = BVO(e™)ICoBi(h")

ky

BVO(e™, h")ICdS — TPAICoBi

kie _
3 BVO(e")ICdS — TPA(L")ICoBi

BVO(e7)ICdS — TPA(h)ICoBi

y
= BVO(e")ICdS — TPAICoBi(h")

Quantitative hole-transfer kinetics (k) can be obtained
using the Kohlrausch—Williams—Watts (KWW) function (eq
4), where f3 is inversely related to the width of the underlying
Lévy distribution of the rate constants, A, the initial
absorbance, and k is the characteristic observed rate constant.
The average hole-transfer rate constant calculated based on eq
5,9 Ky, of BVO(h*) to TPA (3.9 x 10° s7!) was about 52
times that of BVO(h*) to CoBi (7.5 x10* s7").

AAbs = A, exp[—(kt)"]

(1)

ki

)

1

kp

F(
Transient photocurrent (TPC) measurements were also
performed for different integrated BVO-based photoanodes, as

]

p

-1

(5)

shown in Figure 3C, which could directly reveal the lifetimes of
the trapped holes and the hole separation and recombination

©)

eﬂflciency.M_46 The TPC signals were characterized in terms of
two time constants (7; and 7,) and corresponding probability
constants (¢, and ¢,), as listed in Table S1. The average decay
time (7) of the pristine BVO photoanode (0.27 ms) was
shorter than that of the BVOICoBi photoanode (0.39 ms) and
that of the BVOICdSICoBi photoanode (0.40 ms) at 1.23 V vs
RHE. However, the average decay times (7) of the BVOICdS-
TPAICoBi photoanode was 0.56 ms, about 2.1 times that of
the pristine BVO photoanode. The results from TPC
measurements further proved that TPA anchoring on CdS

NSs indeed improved the hole lifetime and retarded electron—

(4)
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hole pair recombination for the BVOICdS-TPAICoBi photo-
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Figure S. (A) SEC difference spectra of FTOICoBi measured as a function of applied potential from 0.85 to 2.05 V vs RHE. All difference spectra
are generated by subtracting the spectrum measured at OCP from the spectrum measured under applied potentials. (B) Delta absorbance change
spectra of the FTOICoBi at 525 nm as a function of the applied potential (solid black line and squares); CV measurement of FTOICoBi with a scan
rate of S mV/s (solid red lines, recorded during SEC measurements). Inset: Steady-state current density measured during SCE, as a function of the
absorbance at 525 nm in the SEC difference spectra for FTOICoBi. (C) Operando UV—vis spectra for different integrated photoanodes at 1.20 V
vs RHE under 40S nm monochromatic irradiation. (D) Violet shaded bar: Photocurrent density of the integrated photoanode measured during
operando UV—vis spectra. Green shaded bar: calculated current density according to the delta absorbance change spectra of the integrated
photoanode corresponding to electrochemical water oxidation current density on CoBi alone.

anode, which was favorable for PEC water oxidation. The
normalized open-circuit potential (OCP) decays of the
different integrated photoanodes are shown in Figure S6.
The slow decay kinetics demonstrated that the BVOICdS-TPAl
CoBi photoanode had long-lived surface holes. These
behaviors could contribute to the enhanced performance of
PEC water oxidation. A similar trend observed in the time-
resolved photoluminescence (TRPL, Figure 3D) further
confirmed that the CdS NSs coated on BVO led to a longer
carrier lifetime. However, the introduction of TPA led to an
obvious decrease in the PL lifetime, indicating the essential
role of the TPA in transferring holes efficiently from the BVO
to the OEC surface.

Intensity-modulated photocurrent spectroscopy (IMPS)
measurements developed by Peter and co-workers™ were
used to further study the effect of the HTs and CdS NSs on
interface-charge modulation in the integrated photoanodes in
an operational PEC. The IMPS spectra were obtained on
different integrated photoanodes to compare the relative rates
of charge recombination (k,..) and transfer (k.,;) occurring at
the BVO/electrolyte interface.””** Figure 4A—E shows typical
IMPS responses of BVOICoBi, BVOICdSICoBi, BVOICdS-CZI
CoBi, BVOICdS-PTZICoBi, and BVOICdS-TPAICoBi photo-
anodes under the applied potential region (0.4—1.2 V vs
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RHE). Two semicircles in the lower and upper quadrants of
the IMPS spectrum correspond to the resistance-capacitance
attenuation and the competition between charge transfer and
recombination, respectively.” The ratio of Kyec/kians
positively proportional to the upper semicircle, and a small
value could indicate a faster charge transfer than charge
recombination. As shown in Figure 4A,B, the radii of upper
semicircles of the BVOICASICoBi photoanodes were smaller
than those of the BVOICoBi photoanodes, indicating that
loading of CdS NSs on BVO surfaces retarded charge
recombination. After the introduction of HTs into the
photoanode, the upper semicircle became further smaller
(Figure 4C—E), suggesting that charge recombination was
significantly suppressed and charge transfer was significantly
accelerated. Moreover, the upper semicircle of the BVOICdS-
HTICoBi photoanodes became smaller with an increase in the
applied potentials. In contrast, the upper semicircle of the
BVOICoBi and BVOICASICoBi photoanodes did not change
obviously as applied potentials increased, indicating that rapid
charge recombination still existed for the BVOICoBi and BVOI
CdSICoBi photoanodes under high applied potentials.

In the IMPS technique, the simplified expression for the
perturbed photocurrent j(w) relating to ky,,, and k. is shown
in eqs 6 and 77"

‘was
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where j,(w) is the periodic flux of photogenerated holes
corresponding to the Gartner equation, R is the total series
resistance, C is the effective capacitance, Cgc is the space-
charge capacitance, Cy is the Helmholtz capacitance, and o is
the light modulation frequency. Generally, the Helmholtz
capacitance is a large space-charge capacitance (Csc < Cy).
According to the generalized theory of IMPS, as the frequency
increases, the relaxation in the concentration of the photo-
generated hole at the semiconductor surface is characterized by
fumax (at the apex of the upper semicircle), where 2af, .. = kyan,
+ kyee.”>*” The charge transfer efficiency, in terms of kyqys/
(ks + ko), can be derived from the intersections of the
semicircle with the real axis at low and high frequencies (i.e., I;
and I, respectively), where I} = Ipkyane/ (Kyans + Kree) and I, =
I,Cu/(Csc + Cy), as shown in Figure 4F.*>° The key
parameters k.. and kg, are therefore readily accessible. The
values of ki, and k.. for different photoanodes at various
potentials are shown in Figure 4G,H. The k,,, of BVOICdS-
HTICoBi surpassed that of BVOICdSICoBi and BVOICoBi at
all applied potentials, indicating that the HT greatly promoted
the charge transfer kinetics from BVO to CoBi. At higher
potentials, the k., of BVOICdS-TPAICoBi was more than 4.8
times that of BVOICoBi at 1.20 V vs RHE. The k.. of BVOI
CoBi remained nearly constant with increasing potentials, and
the k.. reduced slightly with an increase in potential for BVOI
CdSICoBi, indicating that the CdS NSs and CoBi could not
effectively suppress charge recombination. However, the k.. of
BVOICdS-HTICoBi reduced obviously, suggesting that HT
with superior hole extraction capacity could effectively
suppress charge recombination. The value of k.. was
suppressed by a factor of 2.2—14.2 over the entire potential
range after introduction of TPA. At 0.68 V vs RHE (the max
point of ABPEs), the value of k,,. was 24.3 s™* for BVOICoBji,
which is 6.6 times as large as that of BVOICdS-TPAICoBi (3.7
s™'). At higher potentials, this factor increased to 14.2 at 1.20
V vs RHE. These results suggest that charge recombination
was markedly suppressed by the introduction of TPA. As
shown in Figure 4I, it was noteworthy that BVOICdS-TPAI
CoBi exhibited the highest charge transfer efficiency in a wide
range of applied potentials, indicating superior charge
separation ability. It was beneficial to PEC water oxidation.
These results demonstrated that TPA, serving as the HT, not
only accelerated the charge transfer from BVO to CoBi but
also reduced surface charge recombination due to rapid lateral
hole hopping among adjacent TPA molecules on the BVO
surface.”

Operando UV—vis spectroelectrochemistry (SEC) was
employed to further study the effect of the introduced TPA
on oxidation kinetics of Co** to higher valence states within
the CoBi catalyst layer (photograph of the Experimental Setup
shown in Figure S7). The characteristic absorptions of
different cobalt redox states were first examined. Figure SA
shows delta absorbance changes (AAbs) of CoBi on FTO
(denoted as FTOICoBi) as a function of the applied potential
from 0.85 to 2.05 V vs RHE with potential steps of every 0.1 V.
When the potential increased from 0.85 V up to 1.55 V vs

RHE, a broad spectral feature at around 525 nm was visible for
FTOICoBi, which was attributed to the oxidation of Co** to
Co>*.>*>> The increased absorption corresponds to the
additional density of Co®" species within the CoBi layer
generated by the applied potential. Figure 5B shows AAbs of
FTOICoBi at 525 nm as a function of the applied potential
(solid black line and squares) and cyclic voltammetry (CV)
measurement (solid red lines, recorded during SEC measure-
ments) of FTOICoBi with a scan rate of S mV/s. Increasing
AAbs at positively applied potentials was the result of Co*
species accumulation within the CoBi layer. According to
Figure SB, the electrochemical water oxidation current density
of FTOICoBi as a function of AAbs at 525 nm is shown in the
inset of Figure SB. The onset of the rising current density for
electrocatalytic water oxidation occurred at the applied
potential over 1.75 V vs RHE. In contrast, the rise in Co**
absorption with the onset applied potential of 1.45 V vs RHE
was way ahead of the start of water oxidation. According to
prior reports, the CoBi electrocatalytic water oxidation activity
onset behavior as a function of Co®" density was attributed to
the requirement for the further oxidation of Co* to Co*" to
enable water oxidation.”>”** The delayed water oxidation with
respect to the conversion of Co’* to Co*' indicated that
efficient hole extraction and accumulation to the outer layer of
the water oxidation catalyst is of paramount significance.

Operando UV—vis spectra for different integrated photo-
anodes were recorded at 1.20 V vs RHE under 405 nm
monochromatic irradiation, as shown in Figure SC. Absorb-
ance difference spectra were obtained by subtracting the
steady-state absorption spectrum measured without applied
potential under dark from the first spectrum measured with an
applied potential of 1.20 V vs RHE under 405 nm
monochromatic irradiation. AAbs of BVOICoBi (10 mOD)
corresponding to the density of Co®* species in the CoBi layer
was lower than that of BVOICdSICoBi (33 mOD).
Surprisingly, AAbs increased concomitantly with the photo-
current density when TPA was introduced as HT, indicating
that the TPA could accelerate the oxidation of Co®" to Co®*
owing to the strong hole extraction capability.

As shown in Figure 5D, the violet shaded bar denotes the
photocurrent density of different integrated photoanodes
recorded during operando UV—vis spectra. The green shaded
bar represents the current of the different integrated photo-
anode densities calculated according to the spectral delta
absorbance changes corresponding to the electrochemical
water oxidation current density on CoBi alone. For the BVOI
CoBi photoanode, the small AAbs (10 mOD) corresponding
to the electrochemical water oxidation current density on CoBi
was negligible (about 24.1 yA/cm?), 1.39% of the observed
photocurrent density of BVOICoBi (1.73 mA/cm?), as shown
in Figure SD. In other words, the photocurrent of BVOICoBi
was mainly from the direct oxidation of water by the BVO
holes, and here, the main role of CoBi was to passivate the
surface of BVO, resulting in the low OER activity. For the
BVOICdSICoBi photoanode, the AAbs (33 mOD) was higher
than that of BVOICoBi, which was attributed to the CdS NSs
promoting hole transfer to CoBi. However, the corresponding
electrochemical water oxidation current density on CoBi was
only 0.52 mA/cm? 22.1% of the observed photocurrent
density of BVOICASICoBi (2.36 mA/cm?), as shown in Figure
SD. However, for the BVOICdS-TPAICoBi photoanode, the
AAbs (52 mOD) corresponding electrochemical water
oxidation current density on CoBi was about 4.45 mA/cm?,
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almost identical to the photocurrent density of BVOICdS-TPAI
CoBi (4.56 mA/cm?). In other words, the photocurrent
density of BVOICdS-TPAICoBi was mainly from the CoBi
catalytic water oxidation instead of BVO holes, resulting in
excellent PEC performance. We believe that the TPA with
strong hole extraction capability promoted hole transfer from
BVO to CoBi and accelerated the kinetics of oxidation of Co?*
to Co’*. Efficient hole extraction and retarded charge
recombination help accumulate a much higher concentration
of Co® species within the CoBi layer. The collective results
indicate that the effective interface-charge modulation PEC
system with TPA anchored onto CdS NSs is a feasible strategy
to achieve efficient charge separation for boosting PEC water
splitting.

B CONCLUSIONS

A novel photoelectrochemical water-splitting cell was con-
structed where the photoanode utilized a cascade band
alignment configuration for efficient photoinduced hole
transfer to the water oxidation catalyst. The cascade band
alignment of BVO, CdS, surface-anchored HT, and OEC
helped transfer the photogenerated holes from BVO to OEC in
microseconds while retarding unwanted charge recombination
to milliseconds. The greatly increased disparity in the two
competing kinetic processes contributed to the highest
photocurrent density of 5.2 mA/cm?® at 1.23 V (vs RHE) for
water oxidation, which was a remarkable 6-fold increase
compared with the pristine BVO photoanode. Furthermore,
the oxygen evolution center of the best-performing photo-
anode BVOICdS-TPAICoBi was shown to be on CoBi other
than the literature-reported BVO surface because of rapid hole
transfer and accumulation outcompeting unwanted charge
recombination. Our findings provide a promising avenue for
constructing integrated photoanodes for highly efficient BVO-
based PEC water-splitting devices.
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