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ABSTRACT: Semiconductor photocatalyst particles convert solar
energy to fuels like H2. The particles are often assumed to provide
crystalline-facet-dependent electron−hole separation. A common
strategy is to deposit a hydrogen evolution reaction (HER)
electrocatalyst on electron-selective facets and an oxygen evolution
reaction (OER) electrocatalyst on hole-selective facets. A precise
understanding of how charge-carrier-selective contacts emerge and
how they are rationally designed, however, is missing. Using a
combination of ex situ and in situ conducting atomic force
microscopy (AFM) experiments and new ionomer/catalyst−semi-
conductor test structures, we show how heterogeneity in charge-
carrier selectivity can be measured at the nanoscale. We discover that
the presence of the water/electrolyte interface is critical to induce hole selectivity between the CoOx water-oxidation catalyst and the
BiVO4 light absorber. pH-dependent measurements suggest that negative surface charge on the semiconductor is central to inducing
hole selectivity. The work also demonstrates a new approach to control local pH and introduce water using thin-film ionomers
compatible with conductive AFM measurements.
KEYWORDS: photocatalysis, atomic force microscopy, interface, selectivity, electrocatalyst, semiconductor

Semiconductor photocatalyst particles have been studied for
decades for solar fuel generation, including for H2

production through water splitting,1,2 CO2 reduction,3,4 and
N2 reduction.5,6 The solar-to-fuel efficiency of these systems
has been low due to some combination of poor carrier
mobility, short carrier diffusion lengths, surface recombination,
poor carrier selectivity at the interface, and/or poor electro-
chemical kinetics,7 although there is no fundamental reason
appropriately designed particle photocatalytic systems cannot
operate at efficiencies near those of photovoltaics. To suppress
competing excited-carrier recombination pathways, a common
strategy is to decorate the semiconductor absorbers with
electrocatalyst nanoparticles as “cocatalysts”.8,9 It is often
reported that different crystal facets of semiconductor particles
selectively collect photogenerated electrons or holes due to
work-function differences,1,10−12 and loading HER cocatalysts
on electron-selective facets and OER cocatalysts on hole-
selective facets has been thought to yield the highest efficiency
photocatalysts.1,10,13 However, the charge-carrier-selective
transfer between cocatalysts and semiconductor absorbers is
not well understood. The properties of the as-synthesized
photocatalysts are diverse, with a large degree of heterogeneity
among different particles and the complexity of deposited
cocatalysts and their dynamics.14,15 It has thus been difficult to
characterize semiconductor/cocatalyst interfaces in photo-
catalyst particles and understand what physical and chemical

properties are needed to drive a high level of carrier selectivity
and thus performance.

Because photocatalyst particles typically operate inside an
aqueous electrolyte, the role of the electrolyte must be
understood.16−19 The deposited electrocatalyst nanoparticles
are often porous and transform dynamically during catalysis,
becoming hydrated (oxy)hydroxides that are redox active.18,19

Although such dynamic chemical changes are known to be
crucial in electrocatalysis,16,19,20 how the semiconductor−
cocatalyst−electrolyte interfaces control charge-carrier selec-
tivity at photocatalyst particles is usually not considered
explicitly. Thus, an experimental tool that directly measures the
photoresponse at semiconductor−cocatalyst interfaces is useful
to isolate and understand the charge-transfer mechanisms on
photocatalyst particles.

Herein, we report the use of conductive AFM to directly
measure the charge transfer and photoresponse between
semiconductor and cocatalyst nanoparticles at single electro-
catalyst nanoparticles sitting on larger micron-scale single
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photocatalyst particles. We study faceted single-crystal BiVO4
semiconductor particles as a model system, as it is a commonly
used metal oxide for photocatalysis. We demonstrated nearly
ohmic behavior and no electron selectivity on Pt HER
cocatalyst nanoparticles, which is contrary to the common
assumptions,1,7,10,13,21,22 and significant hole selectivity on
CoOx OER cocatalyst nanoparticles. Surprisingly, the CoOx
nanoparticles are selective to photogenerated holes only when
water exists at the semiconductor−metal interface�the role of
water is often not explicitly considered in the design of
photocatalysts. Our direct measurements also show facet-
selective charge transfer behavior.

We grow BiVO4 microcrystals directly on FTO-coated glass
slides to ensure good electrical contact using a modified
hydrothermal method.11 The monoclinic BiVO4 phase is
evident from Raman spectroscopy (Figure 1d),23 and the

particles display well-defined platelet morphologies with the
(001) facets exposed as the basal plane and the (101) facets as
the edge plane.24 We then decorate the BiVO4 particles with Pt
or CoOx nanoparticles as HER/OER cocatalysts using
photoelectrochemical deposition. The nanoparticles are
grown on both basal planes and edge planes of the BiVO4
(Figure 1b,c). X-ray photoelectron spectroscopy shows the
existence of Pt or Co on the BiVO4 surface with a mixture of
Co2+ and Co3+ (Figure S5).

Figure 2a shows the macroscopic photoelectrochemical
behavior of different BiVO4 particles measured in 1.0 M aq.
Na2SO4 electrolyte (see chopped light data in Figure S1). The
large dark current, relative to the light current, in the chopped-
light data is due to the low surface coverage of the photoactive
particles and the fact that some of the cocatalyst particles also
deposit on the underlying FTO substrate (see Figure S3).

The positive photocurrent at 0 V vs EOH−/Hd2O (short circuit)
indicates that the cocatalysts selectively collect photogenerated
holes, with photogenerated electrons collected by the back
substrate contact. The CoOx-decorated BiVO4 electrodes yield

a larger photovoltage and photocurrent, indicating better hole
selectivity at the CoOx−BiVO4 interface.25 CoOx is also a
better water oxidation cocatalyst, with faster kinetics than Pt
for the OER.20,26,27 Although O2 adsorption from air could
modulate the effective work function of Pt nanoparticles and
possibly change the selectivity at the Pt−BiVO4 interface, we
did not observe a significant change in photochemical behavior
of Pt−BiVO4 under N2 instead of air.

The photoelectrochemical properties of the photocatalysts
were then examined in the presence of hole scavengers (1.0 M
Na2SO3). Contrary to the slow water oxidation reaction, the
oxidation of SO3

2− to SO4
2− is kinetically fast. The measured

photoresponse is then primarily controlled by the transport to,
and collection of photocarriers at, the BiVO4-cocatalyst contact
(Figure 2b). Even with the fast hole transfer from the catalyst
to the redox-active scavenger, the CoOx-decorated BiVO4 still
has greater photocurrent and photovoltage, showing that the
efficiency of the BiVO4 photocatalyst is in large part controlled
by the chemical properties of the BiVO4−cocatalyst interface
and not solely by bulk generation and recombination in the
semiconductor (see chopping data in Figure S2).

To investigate the structure−photoactivity relationship at
heterogeneous cocatalyst−BiVO4 interfaces, we used conduct-
ing AFM to directly measure the charge transfer properties
across single cocatalyst−BiVO4 nanocontacts (see AFM
images of different BiVO4 samples in Figure S12). We began

Figure 1. (a) Scanning electron microscopy (SEM) image of the as-
synthesized BiVO4 particles on an FTO substrate. (b) Individual Pt-
decorated BiVO4 particle. (c) CoOx-decorated BiVO4 particle. (d)
Raman spectra collected on as-synthesized BiVO4 particles. The red
stars indicate the characteristic Raman modes of BiVO4.

Figure 2. (a) jph−V curves of different BiVO4 particle electrodes in 1
M Na2SO4, under ∼1 sun solar simulation referenced to the reversible
potential for OER in this electrolyte and extracted from chopped light
data shown in Figure S1. (b) jph−V curves of different BiVO4 particle
electrodes in 1.0 M pH 7 phosphate buffer containing 1.0 M Na2SO3
(hole scavenger) under ∼1 sun irradiation.
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with dry ex situ measurements. We found in control
experiments that the deposited CoOx nanoparticles form
ohmic contacts to the Pt−Ir-coated AFM tip, and the contact
resistance between the CoOx nanoparticles and AFM tip are
small compared to the resistance of BiVO4 (see Figure S11).

The CoOx nanoparticles grown on BiVO4 display rectifying
j−V response and the Pt nanoparticles on BiVO4 nearly ohmic
behavior. Contrary to the hole selectivity/collection observed
in macroscale photoelectrochemical measurements, no sig-
nificant current was measured across the nanocontacts at short
circuit under light irradiation. As positive photocurrents are
measured under positive applied bias and negative photo-
currents are measured under negative applied bias, the
observed photoresponse across the nanocontact is due to the
photoconductivity, not selective minority carrier collection
(Figure 3a, 3b). Although dry CoOx−BiVO4 nanocontacts

display slightly asymmetric j−V curves, the selectivity of holes
and electrons is apparently insufficient to allow for selective
collection, which is likely due to a low barrier height at the
interface under dry conditions.

The macroscale photoelectrochemical experiments were
performed in electrolyte and the conducting AFM experiments
under dry conditions. We hypothesized that water alters the
chemical properties of the BiVO4−cocatalyst interface and
increases the hole selectivity. To understand the chemical
changes at the BiVO4 surface when H2O is adsorbed, the as-
synthesized BiVO4 was annealed at 500 °C to remove surface-
bound water. Water-vapor-saturated air was then flown over
the BiVO4 film. Infrared absorption spectra of BiVO4 were
measured after 20 and 40 min (Figure S4). A sharp absorption
peak around 800 cm−1, attributed to a metal−OH stretch,
gradually increased, indicating the generation of a surface

Figure 3. (a) j−V curves of a representative CoOx−BiVO4 nanocontact under dry conditions with chopped irradiation. The nanocontacts show
rectifying behavior, but no photovoltage is observed. (b) j−V curves of a representative Pt−BiVO4 dry nanocontact under chopped irradiation with
ohmic response and no significant photovoltages. (c) Photovoltages collected using conductive atomic force microscopy on CoOx-decorated BiVO4
particles saturated with water and beneath the ionomer coating. (d) j−V curves of representative CoOx−BiVO4 nanocontacts under constant light
irradiation. The nanocontacts show rectifying behavior and ∼300 mV photovoltage only for CoOx NPs grown on the basal planes. The inset shows
a j−V curve of a representative nanocontact under chopped irradiation. (e) In situ photovoltages collected on a Pt-decorated BiVO4 particle
saturated with water beneath the ionomer coating. (f) j−V curves of representative Pt−BiVO4 nanocontacts saturated with water under constant
illumination and in the dark. The nanocontacts show ohmic behavior, and minimal photovoltages are observed.
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−OH layer when H2O is adsorbed. Considering the point of
zero charge (PZC) of BiVO4 is low (∼3.5)28 and that we
measured a zeta potential of the BiVO4 particles in pure H2O
of −27 mV, we expected the BiVO4 surface to be negatively
charged in the electrolyte solutions where the photochemical
measurements are made.

It is possible that the negatively charged surface layer on
BiVO4�induced by the electrolyte�generates increased band
bending29,30 and induces hole selectivity. However, it is
difficult to directly measure photocurrents at single-nano-
particle catalyst−semiconductor interfaces to test this hypoth-
esis in an operando EC-AFM cell due to background currents.

Here we report a new “ionomer-contact” method to mimic
the environment of electrolyte on the electrode; a thin layer
(∼100 nm thick) of the anion exchange ionomer (sustainion
from Dioxide Materials) was spun-coat on the BiVO4
photocatalyst and dried with mild heat (see details in SI).
We then saturated the ionomer layer with water before the
AFM measurements. The ionomer layer was permeable to
water and turned into a soft, gel-like structure that the AFM tip
could penetrate to make electrical contact to the Pt or CoOx
cocatalysts. We note that no significant change was observed in
macroscopic photoelectrochemical measurements when BiVO4
electrodes were covered with an ionomer (Figure S7). This
simple method mimics the wet electrolyte environment and
controls the local pH and ionic strength. The technique is
straightforward to implement in any conducting AFM
instrument and is thus more generally applicable than the
specialized EC-AFMs used in the past. The new method
enables the direct measurement of j−V response on individual
nanocontacts with the presence of water, which is challenging,
for example, using an EC-AFM due to the above-mentioned
parasitic electrolyte current under full electrolyte submersion
of the sample and tip. We first tested this method on the Ni-n-
Si interface (Figure S6), a well-understood model system
studied with EC-AFM.19 We observed a pinch-off effect on Ni
nanoparticles after the ionomer layer was cast and saturated
with water (Figures S7 and S8). This is consistent with the
idea that the method mimics the electrolyte environment, as
the pinch-off could only be detected when NiOOH forms with
H2O present (see details in the SI).

With the BiVO4 particles being saturated with H2O by the
ionomer layer, rectifying behavior is now observed on the
CoOx−BiVO4−H2O interface (Figure 3d), while the Pt−
BiVO4−H2O interface remains nearly ohmic (Figure 3f). We
tried to directly measure the j−V response of a bare BiVO4
surface as well when saturated with H2O; however, the AFM
tip does not make sufficiently good electronic contact with the
surface, and we were not able to pass measurable current at
reasonable applied biases.

The photovoltage measured at Pt nanocontacts is still small,
which is consistent with the macroscopic photoelectrochemical
measurements of low photovoltage and photocurrent. The
CoOx nanoparticles grown on the edge planes of BiVO4
particles display an ∼300 mV photovoltage (Figure 3c),
indicating hole selectivity induced by H2O and the ionomer.
The open-circuit photovoltage was calculated by taking the
two-electrode applied voltage from the irradiated j−V curve
where the net current was zero. Interestingly, the CoOx
nanoparticles on the basal plane remain nonselective for
photogenerated holes (Figure 3c). The different behaviors of
CoOx cocatalysts on different crystal facets provide evidence of
facet-dependent charge-carrier separation, which has been long

debated due to the conflicting experimental data and lack of a
direct characterization method.

We note that Sustainion, like other organic ionomers, will
also slowly oxidize under OER potentials.31 After the short-
duration analyses here, the IR spectra of the ionomer film do
not display significant differences (Figure S13). The Faradaic
efficiency for ionomer oxidation is likely small, contributing
minimally to the photocurrent. In the conductive AFM
experiments, holes are directly collected by the Pt−Ir-coated
tip from the nanoparticle−BiVO4 interface, and the current
from electrochemical oxidation of the ionomer is therefore not
measured.

To further test our hypothesis, we studied the pH-
dependent charge-carrier selectivity on Pt (Figure S5) and
CoOx deposited on BiVO4 photocatalysts (Figure 4a). The
macroscale photoelectrochemical measurement shows larger
photovoltage and photocurrent in pH = 10 solution compared
to pH = 7. The photoresponse becomes small when the pH of
the electrolyte was closer to the PZC of BiVO4 (pH = 3.5). We
note that the stability of BiVO4 is worse in basic solution, and
it is possible that photocorrosion contributes partly to the
improved photovoltage in the base. However, the photocurrent
measured at short circuit also increased significantly, which
definitively indicates better hole collection at the catalyst−
BiVO4 interface when electrolyte pH increases, regardless of
whether all the holes drive OER or some drive photocorrosion,
which is consistent with increased band banding.

The ability to ion-exchange the ionomer thin films allows for
nanoscale AFM measurements at different surface-pH micro-
environments. The as-prepared cationic ionomer film is
balanced with HCO3

−, which provides a near-neutral local
environment. The film was exchanged with 0.1 M KOH
solution to mimic a basic electrolyte environment, and we
measured the j−V response on the BiVO4−CoOx−H2O
nanocontact as described before. As in the neutral conditions,
only CoOx nanoparticles grown on the edge plane are selective
to photogenerated holes (Figure 4c). Furthermore, the CoOx
nanocontacts display rectifying behavior and a larger photo-
voltage (∼400 mV, presumably due to a higher barrier height)
under the locally basic conditions compared to neutral (Figure
4b).

Both the macroscopic measurements and the in situ
conducting AFM data support the proposed hypothesis. In
basic conditions the BiVO4 particles are more negatively
charged, as evidenced by its zeta potential (−35 mV at pH =
10 vs −27 mV at pH = 7). Although the water oxidation
potential also shifts when the pH of the electrolyte increases,
the shift in the band edges appears to be larger than that of the
Nernstian OER shift. This surface non-Nernstian process is
likely due to nonidealities in proton absorption and surface/
near-surface activities with pH, as has been observed for many
oxides.32−34 The more negatively charged layer appears to
generate more band bending at the BiVO4 surface, which
results in the higher barrier height and larger photovoltage at
CoOx nanocontacts (Figure 4b).

In conclusion, combining new conductive AFM measure-
ments, dry and in the presence of ionomer, with macroscale
photoelectrochemical characterization, we developed new
insight into the processes which control interface selectivity
and charge transfer in semiconductor photocatalyst particles.
The underlying interface design principles are complicated.
Instead of forming contacts selective to collecting photo-
generated electrons, the deposited Pt HER cocatalysts form
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near-Ohmic contacts, and other mechanisms are necessary to
lead to electron collection on the HER cocatalysts,35 for
example the introduction of a hole-selective catalyst contact
nearby. The existence of water and ionomer induces hole
selectivity at the CoOx OER cocatalyst contact on BiVO4. The

negative charge layer generated from, likely, deprotonated
surface −OH groups appears to increase the band bending to a
degree necessary to improve the hole selectivity. The PZC of
the semiconductor particle and the pH of the electrolyte thus
appear important to consider for different targeted photo-
catalytic systems. A surface acid/base treatment36,37 could also
be necessary if the surface charge layer is not easy to generate
due to the chemical property of the semiconductor absorbers.
We also expect a porous, electrolyte permeable cocatalyst
(CoOx, NiOx) to be of utility, as the surface charge layer could
penetrate the cocatalyst and more effectively form an adaptive
junction to improve the hole selectivity.18

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03592.

Additional experimental details on chemicals used in the
experiments, characterization of BiVO4, electrode
preparation, and sample preparation for conducting
AFM. Supporting figures providing raw chopping data of
macroscopic photoelectrochemical measurements, IR
spectroscopy, XPS spectroscopy, conducting AFM
measurements on Ni−Si photoanodes, and dry con-
ducting AFM on BiVO4 particles (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Shannon W. Boettcher − Department of Chemistry and
Biochemistry and the Oregon Center for Electrochemistry,
University of Oregon, Eugene, Oregon 97403, United States;

orcid.org/0000-0001-8971-9123; Email: swb@
uoregon.edu

Authors
Meikun Shen − Department of Chemistry and Biochemistry

and the Oregon Center for Electrochemistry, University of
Oregon, Eugene, Oregon 97403, United States; orcid.org/
0000-0001-8100-4115

Aaron J. Kaufman − Department of Chemistry and
Biochemistry and the Oregon Center for Electrochemistry,
University of Oregon, Eugene, Oregon 97403, United States

Jiawei Huang − Department of Chemistry and Biochemistry
and the Oregon Center for Electrochemistry, University of
Oregon, Eugene, Oregon 97403, United States

Celsey Price − Department of Chemistry and Biochemistry
and the Oregon Center for Electrochemistry, University of
Oregon, Eugene, Oregon 97403, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.2c03592

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was funded by the Department of Energy, Basic
Energy Sciences award no. DE-SC0014279. M.S. and S.W.B.
conceived the experiments and led the project. J.H. collected
the Raman and IR spectra. M.S. conducted all other
experiments. M.S. and S.W.B. analyzed the data and wrote
the manuscript with input from all authors.

Figure 4. (a) j−V curves of CoOx−BiVO4 particle electrodes in 1.0 M
Na2SO4 with different pH under ∼1 sun chopped solar simulation.
The inset shows the proposed mechanism of surface-charge-induced
hole selectivity. (b) j−V curves of representative CoOx−BiVO4
nanocontacts beneath the ionomer electrolyte layer with and without
the exchange of OH− under illumination. The inset shows a schematic
of the conducting-AFM measurement with ionomer coating. (c)
Photovoltages collected from a representative CoOx-decorated BiVO4
particle under a basic ionomer condition; the coating ionomer layer
was exchanged with 0.1 M NaOH before the measurement.
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