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ABSTRACT

Chemical transformations that occur on photoactive materials, such as photoelectrochemical
water splitting, are strongly influenced by the surface properties as well as by the surrounding
environment. Herein, we elucidate the effects of oxygen and water surface adsorption on band
alignment, interfacial charge transfer, and charge carrier transport by using complementary
Kelvin probe measurements and photoconductive atomic force microscopy on bismuth vanadate.
By observing variations in surface potential, we show that adsorbed oxygen acts as an electron
trap state at the surface of bismuth vanadate, whereas adsorbed water results in formation of a
dipole layer without inducing interfacial charge transfer. The apparent change of trap state
density under dry or humid nitrogen, as well as under oxygen-rich atmosphere, proves that
surface adsorbates influence charge carrier transport properties in the material. The finding that
oxygen introduces electronically active states on the surface of bismuth vanadate may have
important implications for understanding functional characteristics of water splitting
photoanodes, devising strategies to passivate interfacial trap states, and elucidating important

couplings between energetics and charge transport in reaction environments.

INTRODUCTION

Photoelectrochemical (PEC) water splitting has been gathering interest as a means to providing
carbon neutral power and renewable fuels."” The chemical transformation of water into oxygen
and hydrogen takes place at the surface of catalysts and photoactive materials. Consequently, the
activity, efficiency, and reaction pathway are critically controlled by the surface properties of the

material. Under PEC operating conditions, surface properties strongly depend on the surrounding
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environment, and they may be altered in the course of the reaction. For example, during the
water oxidation reaction, the oxygen concentration in the electrolyte increases and the generated
oxygen can partially re-adsorb at the reaction interface.” The adsorbed molecules modify the
chemistry at the surface, for example by influencing the kinetics of reactants, products, or
reaction intermediates,” but they can also directly impact the electronic transport properties of
the photoactive material by effectively acting as surface trap states. Photoanode materials, such
as titania (TiO,), bismuth vanadate (BiVOy), or copper vanadate (CusV,0;9, Cu;;VeOy) are
typically non-degenerate semiconductors, where surface states induce band bending, surface
depletion, and Fermi level pinning.”™ These effects are even more relevant for nanostructured,
thin film photoanodes, where the density of surface and interface states impacts the electronic
transport, trapping, and recombination dynamics of (photogenerated) charge carriers. The charge
transport through the bulk and the charge transfer at the surface are equally important factors
governing the overall device performance and efficiency. Moreover, the photostability of the
light absorber under operating conditions depends critically on the energy level alignment and

charge transfer at the semiconductor surface.”"

I Therefore, understanding the role of surface
adsorbates, such as oxygen and water, on bulk charge transport and surface charge transfer
processes is essential for the development of highly efficient light absorbers and integrated light
absorber/catalyst systems, as well as for the development of effective passivation strategies for
these materials.

In this work, we elucidate the influence of chemical interactions of adsorbed oxygen and water
on charge transport and interfacial charge transfer of photogenerated charge carriers in
polycrystalline BiVOy thin films. We choose monoclinic scheelite phase BiVOs due to its

11-14

promising characteristics as a water splitting photoanode."'™ It has a moderate band gap,
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favorable band alignment for water oxidation, relatively long charge carrier diffusion length, and

it can yield high quantum efficiencies under water oxidation conditions."""*"

! Here, the charge
transfer between adsorbates and BiVO, is monitored by Kelvin probe measurements under dry
nitrogen, humid nitrogen, and oxygen environments at atmospheric pressure. To gain
complementary insight into the relationship between surface interactions and interfacial charge
transport characteristics, we employ photoconductive AFM (pc-AFM) under the respective
environmental conditions. Recently, we have demonstrated for such thin film photoanodes that
the low intrinsic bulk conductivity of BiVO, limits the electron transport through the film, and
that the transport mechanism can be attributed to space charge limited current (SCLC) in the
presence of trap states."” By combining these complementary techniques, we demonstrate that
adsorbed oxygen acts as a surface trap state for electrons, which enhances the built-in potential
and depletes the BiVOy layer, resulting in an increase of the measured surface photovoltage. By
analyzing the SCLC, we estimate that the contribution of surface adsorbed oxygen to the total
number of shallow traps is as large as 40%. For humid environments, our results are consistent
with the adsorption of water as an oriented dipole layer, which does not induce a surface charge
transfer but partially inhibits the adsorption of oxygen at the surface. Overall, environment-
dependent analysis of the SCLC in combination with surface potential measurements on BiVOy4
provides detailed insights into the impact of surface adsorbates on the charge transport
mechanism under in-situ conditions. Disentangling the individual effects of oxygen and water on
surface band alignment and charge carrier trapping is important for optimizing photostability'"”
and interfacial charge transfer, as well as for identifying limiting factors for the efficient

transport of photogenerated charge carriers.
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MATERIALS AND METHODS

Sample preparation. Undoped BiVOy thin films with a thickness of 60 nm were prepared by
spin-coating on commercial fluorine-doped tin oxide (FTO) coated glass substrates following the
procedure in Ref.!"” The crystal structure of the prepared BiVO, thin film and its purity is
determined by X-ray diffraction as monoclinic scheelite phase.

Kelvin probe. Contact potential difference (CPD) was measured by Kelvin probe using a
commercial Kelvin Probe S system and a Kelvin Control 07 (Besocke Delta Phi) under
controlled environments. The Kelvin probe measurements were conducted using a
piezoelectrically driven gold grid with a diameter of 3 mm. For all measurements, the sign
convention of the measured CPD is e CPD = ¢gjyo, — Prer,» With the work functions of the
metal reference electrode ¢ger and the BiVO,4 thin film surface ¢giyo,. Prior to each
measurement, samples were stored in the dark for at least 12 h. The Kelvin probe apparatus was
combined with a closed gas cell. Three different environments were investigated: dry nitrogen,
oxygen-rich (21% oxygen), and humid atmosphere (up to 40% RH). The oxygen concentration
was monitored, and the residual concentration was better than the minimum reading of 0.5%.
The humidity was controlled by adding water bubbled nitrogen to the gas flow. The variation of
the CPD was studied in all three environments in the dark and under illumination. The samples
were illuminated from the FTO-side using a CW-laser diode (405 nm) with a maximum light
intensity of 140 mW cm™. The gas flow was kept constant during the measurements to ensure
stable environmental conditions. All measurements were conducted at room temperature (24 °C).
A stable CPD value was established in the dark over at least 2 h, and set to zero. Upon

illumination, the CPD was allowed to settle to a new equilibrium value for at least 2 h depending
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on the rate of equilibration. After the illumination cycle, CPD decay was monitored for at least
2 h.

JV-spectroscopy. JV-spectroscopy was performed with a commercial AFM system (Bruker
Dimension Icon) under controlled environments. The BiVOy thin films were illuminated from
the FTO-side as in Ref. "%, A CW-laser diode laser (405 nm) was used as light source. The
intensity was varied between 0 and 140 mW cm>. For all measurement, cantilevers with a
nominal spring constant of 2.8 N-m™ or 0.5 N m™ and a conductive metal coating of PtIr (Bruker
SCM-PIT) or Au (MikroMasch HQ:NSC19/Cr-Au) were used. JV-spectroscopy was recorded by
sweeping the sample bias from 0 to 3 V. At positive bias voltage, electrons are injected from the
probe into the BiVO;, thin film and are collected by the FTO back contact, similar to the
operation conditions in a photoelectrochemical cell. Prior to all experiments, the AFM hood was
purged with dry nitrogen atmosphere for several hours. The oxygen and humidity levels were
monitored near the sample stage. The oxygen concentration was controlled by adding dry oxygen
to the gas flow. The residual oxygen concentration was better than the minimum reading of

0.5%. The humidity was controlled by adding water bubbled nitrogen to the gas flow.

RESULTS AND DISCUSSION

Effect of adsorbed oxygen and water on surface potential of BiVO4 thin films.

We used nominally undoped, spin-coated BiVOy thin films on fluorine-doped tin oxide (FTO)
coated glass substrates. As-synthesized BiVOy thin films have n-type character, which is
typically attributed to the presence of oxygen vacancies'” and/or hydrogen defects!"” that act as
electron donors. To elucidate how adsorbates affect the surface potential and, consequently, the

band bending of BiVOy thin films, we utilized Kelvin probe measurements under different
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environmental conditions in dark and under illumination. Changes in the contact potential
difference (CPD) between the sample and a reference electrode in the presence of adsorbates can

18,19

be associated either with the formation of a polarized dipole layer'*" or with charge transfer

between the substrate and the adsorbate™™'

I. While both of these processes can yield an increase
or a decrease in the CPD, only the latter induces a change in the band bending and consequently

in the surface photovoltage of the light absorber.

Figure 1 shows the time-resolved CPD measurements under dark conditions for different
atmospheres. For all graphs, the equilibrium CPD in a dry nitrogen environment was set to
ACPD = 0 V as the baseline. First, we studied the effect of water adsorption on the BiVO,
surface (Figure la). Increasing the relative humidity (RH) to about 40% leads to a negative
ACPD of about -27 mV. Calculations performed on BiVO, surfaces indicate that at room

temperature molecular H,O adsorption is favored over dissociative adsorption.”*"

Upon
molecular adsorption on the surface, water can create a dipole layer. First-principles molecular
dynamics calculations on O-terminated (010) surfaces of BiVO, demonstrate that water

molecules attach preferably to Bi sites.**

' In the presence of oxygen vacancies, the water
molecule adsorbs at the V-Bi bridge site slightly tilted out of plane, with the O (negative
polarization) pointing towards the Bi and the H (positive polarization) pointing away from the
surface.” For such an orientation of the polar water molecule, the observed negative ACPD is
consistent with the schematic orientation depicted in Figure 1b, with a negative charge
polarization at the surface and a positive charge polarization away from the surface.” We note,
that simulations of adsorption of atomic oxygen on BiVO, indicate that water and oxygen bind
preferably to similar sites.” Then, in humid atmosphere, the ACPD could also be related to the

replacement of previously adsorbed oxygen at the surface by water molecules (Figure 1b).*"*
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This hypothesis is in agreement with CPD measurements performed when changing the
environment from air to dry nitrogen (Figure S1), where a comparable behavior to humid

atmosphere indicates that the process is dominated by water desorption from the surface.
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I I
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Figure 1. Oxygen and water adsorption on BiVOy, in dark conditions. (a) Time-resolved contact
potential difference (CPD) measurements after exposure to humidity. The baseline in dry
nitrogen environment is set to zero. Upon increasing the relative humidity to about 40%, the
equilibrium ACPD is about -27 mV. (b) Schematic band diagram with Fermi level, vacuum level
(Evac), conduction (E;) and valence band (E,). Non-dissociative water adsorption creates a dipole
layer on the surface, and can lead to a reduced surface concentration of oxygen as a consequence
of competitive adsorption/desorption events (red arrow). (¢) CPD measurement after exposure to
oxygen. An increase of the oxygen concentration to 21% yields a ACPD of about +40 mV. (d)

Schematic illustration of the electron charge transfer from the surface of BiVO,4 to O,, which
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results in chemisorption of O; (brown arrow), thus increasing the band bending (brown lines)

compared to dry nitrogen environment (black lines).

In Figure lc, increasing the oxygen concentration to 21% resulted in a positive ACPD =
+40 mV. While oxygen adsorption at the BiVO, surface has been rarely studied, there exists
previous reports that detail the adsorption of oxygen on other metal oxide semiconductors
surfaces such as TiO, and SnO;. In these cases, charge transfer from the semiconductor to the
oxygen molecules leads to the chemisorption of negatively charged oxygen molecules O, the

surface, thereby increasing the surface potential.”"*

! This picture is in agreement with the
positive ACPD for changing the environment from dry nitrogen to 21% oxygen under dark
conditions (Figure 1c). The negatively charged oxygen ions lead to a corresponding increase of
the band bending (Figure 1d). In this scenario, the oxygen acts as a surface trap state that can
effectively deplete BiVOy, which in turn can influence the interfacial charge transport properties.

In order to provide insights on photoinduced changes of the band bending in the presence of
adsorbates, we studied the surface charge transfer dynamics with above band gap illumination
(Eph = 3.06 €V) by measuring the time-dependent CPD in different environments (Figure 2). The
measurement cycle is described as follows. Initially, a stable baseline value of the CPD was
established in the dark, and the resulting value was set to O V. Then, the illumination was
switched on, and the CPD was allowed to settle to a new value representing the steady state
condition. Finally, the illumination was ceased and the evolution back to equilibrium was traced.
In oxygen environment (Figure 2a), illumination results in a drop of the CPD in less than a

minute by ACPD = -0.16 = 0.03 V upon illumination. Then, ACPD is partially compensated over

several hours to a steady state value of -0.06 + 0.02 V. Finally, when the illumination is turned
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off, the CPD returns to the baseline value within about 10 min. The behavior during this cycle
can be understood as follows. Upon excitation, photogenerated electrons and holes are separated
by the internal electric field in the depletion region. Holes accumulate at the surface, while
electrons drift to the bulk or occupy localized states, e.g. shallow defects, near the surface.”" This
charge separation immediately gives rise to a photovoltage, which partially accounts for the
initial ACPD. Furthermore, photogenerated holes can recombine with electrons trapped by
adsorbed oxygen, and stimulate oxygen desorption.”” This process contributes to reduce the
surface potential under illumination. Therefore, we assign the initial ACPD to both the separation
of photogenerated charge carriers and the desorption of oxygen stimulated by photogenerated
holes. In addition, as detailed in the next sections, the slow compensation of ACPD for prolonged

illumination is ascribed to desorption of water from previous exposure to humidity.
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Figure 2. Effect of environment on surface potential and photovoltage under illumination. Time-
resolved CPD measurements in oxygen-rich (a), dry nitrogen (b,d), and humid nitrogen (c)
environment for a single illumination cycle. For each measurement the equilibrium CPD in the
dark is used as a baseline and set to zero. Under illumination, the negative ACPD in all
environments indicate a decreased band bending. As the illumination is turned off, the CPD is
reversed to its original value in oxygen-rich environment (a), whereas the CPD persists in dry
nitrogen and humid nitrogen (b, c, d). The CPD is fully reversed to the value before illumination
by dosing oxygen in dry nitrogen atmosphere (b). (e) Surface photovoltage (SPV) for increasing
oxygen concentration and increasing relative humidity. (f) Schematic illustration of the oxygen
desorption/adsorption processes and the water dipole layer under illumination. The band edges in
dark (under illumination) are shown in black (blue). Under illumination, electron—hole pairs are

generated and separated by the built-in field, which gives rise to a surface photovoltage.

Switching off the illumination leads to a fast increase of the CPD close to the initial baseline
value in oxygen-rich environment (Figure 2a). The first step in the decay process is fast
recombination of free photogenerated electrons and holes. In the second step, electrons captured
in localized shallow defects have to transfer to empty surface states to restore dark conditions.
Oxygen adsorption provides an efficient pathway to capture electrons from the BiVOy film,
effectively restoring the initial CPD.

In dry nitrogen, a similar response to the one in oxygen-rich environment is observed under
illumination, with a slightly increased initial drop of ACPD = -0.20 + 0.04 V (Figure 2b). Upon
switching off the illumination, the fast increase of the CPD is reduced to about ACPD = +14 +

4.9 mV compared to oxygen-rich environment. Furthermore, the CPD remains close to the

ACS Paragon Plus Environment
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steady-state value under illumination. However, the baseline value can be fully recovered upon
subsequent exposure to oxygen in the dark (Figure 2b). These results suggest that the increased
initial ACPD under illumination and the ACPD value after illumination are due to net
photodesorption of oxygen from previous exposure to air.

Additional measurements in humid environment (40% RH) show different dynamic behavior
compared to oxygen-rich and dry nitrogen environment (Figure 2¢). Upon illumination, we find
that the CPD has a fast decay of ACPD = -0.16 V followed by a slow continued decrease to an
equilibrium value ACPD = -0.26 + 0.05 V. The timescale and the sign of the latter process are
consistent with the water adsorption measured in Figure la. We note that the previously
discussed photodesorption of oxygen from the surface may result in an enhanced adsorption of
water, which can explain the large magnitude of the observed ACPD in humid environment.
Conversely in dry oxygen (Figure 2a) and nitrogen (Figure 2b) atmosphere, the slow
compensation process under illumination may be associated with photostimulated desorption of
water from previous exposure to atmosphere. To test this hypothesis, we performed an
illumination cycle in dry nitrogen, with subsequent dosing of humid nitrogen after illumination
(Figure 2d). The exposure to humidity under dark conditions promotes re-adsorption of water
and decreases the CPD, which supports the hypothesis of water desorption under prolonged
illumination.

The ACPD after illumination indicates that the surface photovoltage (SPV) and the built-in
potential are significantly increased by the presence of oxygen. Figures S2 show a series of fast
illumination cycles (30 s illumination on, 30 s illumination off) under various oxygen and water
concentrations. In these conditions, the desorption/adsorption of oxygen and water processes

appear quasi-static, and the difference between the on- and off-state can be interpreted as the

ACS Paragon Plus Environment
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SPV. We find that the SPV increases with oxygen concentration, whereas it is almost
independent of water concentration (Figures 2e). This result confirms that oxygen adsorption at
the BiVO, surface involves a charge transfer step. Therefore, oxygen adsorption effectively acts
as a surface trap state that increases the band bending. By contrast, water adsorption does not
significantly modify the SPV; rather, it adsorbs as a dipolar layer that affects the CPD without a
charge transfer step at the BiVO, surface. Figure 2f summarizes schematically the adsorption and

charge transfer processes under illumination.

Effect of adsorbed oxygen and water on charge transport properties of BiVOj, films.

While Kelvin probe provides direct insights into the interplay of photoinduced charge transfer,
band alignment, and surface adsorbates, photoconductive AFM (pc-AFM) provides information
about how photogenerated charge carriers contribute to the electronic transport in the material."*
With pc-AFM, complementary single current-voltage curves (JV-curves) and (photo)current
maps can be recorded, thus revealing the charge transport mechanism and nanoscale
(opto)electronic heterogeneity, respectively. JV-curves were recorded in the dark and under
illumination for increasing oxygen concentrations, as well as for increasing RH values in dry
nitrogen environment (Figure 3). In agreement with a previous study,"” the JV-curves are best
described by a power law relation (J o< V™) for high sample biases (V5 > 0.7 V) independent of
the exact environmental conditions, which is characteristic for SCLC as the dominant charge
transport mechanism. In the SCLC model, a power law exponent of m = 2 describes the charge
transport in ideal trap-free materials. In the presence of trap states, the SCLC follows a modified

power law with m > 2. In a log-log plot, the slope of the JV-curves corresponds to the power law
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exponent m, which is also related to the characteristic energy of the trap states E; with respect to
the band edge by m = 1 + E;/(kgT).

For increasing oxygen concentrations, the JV-curves show a decrease in current by more than
one order of magnitude and larger slope (higher m) in the dark as well as under illumination
(Figure 3a and 3b). Under dark conditions, the power law increases from m = 3.6 in dry nitrogen
to m = 5.1 in oxygen-rich (21%) environment (Figure 3a), thus indicating a stronger influence of
trap states on charge transport in the presence of oxygen. The calculated characteristic energy of
trap states indicates shallow defect states, with a characteristic energy E;=0.07 eV in dry
nitrogen environment compared E; = 0.11 eV in oxygen-rich ambient. Adsorbed oxygen provides
additional surface traps, which compete with the trap state filling in the bulk. Therefore, higher
oxygen concentrations and increased oxygen adsorption at the BiVO, surface effectively reduce
the free electron concentration in the near surface region, due to increased surface trapping and
subsequently reduced trap state filling in the material. This behavior is reflected by the increase
of the power law exponent m as well as by the characteristic energy E; under oxygen-rich
environment with respect to dry nitrogen in the dark. Under dry nitrogen conditions, the effective
trap state filling is higher and consequently the power law exponent of SCLC is closer to m = 2,
which corresponds to a trap-free material. Under illumination, the environment dependence of
the JV-curves is similar to dark conditions, and oxygen absorption leads to enhanced trapping
with m=2.6 (E;=0.04eV) in nitrogen and m=4.0 (E;=0.08 eV) in oxygen (Figure 3b).
Overall, the power law exponent is decreased due to trap state filling by photogenerated charge

carriers."®
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49 acquired at the same area on the sample. The current increases in the order oxygen, dry nitrogen
51 and humid nitrogen environment, whereas the overall image contrast stays the same. Scale bars

are 200 nm.
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For increasing relative humidity (Figures 3c and 3d), the JV-curves show slightly increased
current, which is opposite to the behavior observed for oxygen-rich environment. Under dark
conditions, the power law exponent slightly changes from m =4.3 (E; = 0.08 eV) in dry nitrogen
to m=37 (E;=0.07eV) in 40% relative humidity. This is consistent with the CPD
measurements, where we found that water does not directly introduce surface trap states. The
apparent increase in conductivity may be related to the replacement of residual oxygen with
water molecules on the surface of BiVQ,. Furthermore, the water dipole layer may affect the
energetic alignment between the surface and the probe, and, as a consequence, the injected
current.

Under illumination (Figure 3d), the power law exponent is significantly lowered and constant
at m=2.45 £ 0.05 (E;, = 0.04 eV) independent of the relative humidity. This result points towards
net photodesorption of residual oxygen under illumination in both dry nitrogen and humid
environment compared to the oxygen-rich case. Similar behavior was reported in previous
studies, which attributed photoconductivity in ZnO to oxygen desorption for relative humidities
below 60%."" Accordingly, water adsorption only indirectly influences the charge transport in
BiVOs by removing surface adsorbed oxygen. Furthermore, the weak dependence of
conductivity on water concentration supports the hypothesis that water adsorption on the BiVO,
surface occurs by dipole formation without net charge transfer to BiVO,.

As discussed above, Kelvin probe measurements revealed a constant ACPD (Figure 2) after
illumination in dry nitrogen and humid atmospheres, when the sample was previously exposed to
oxygen. We attributed this to removal of residual surface adsorbed oxygen during illumination.
This effect is consistent with the fact that we observe a persistent enhancement of conductivity in

dry nitrogen and humid environments after illumination, which is less pronounced with respect
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to the oxygen-rich environment (Figure S3). In dry and humid nitrogen atmospheres, the photo-
enhancement of conductivity persists almost unaltered after switching off the illumination. The
effect is almost completely compensated upon exposure to oxygen.

The JV-characteristics of SCLC are extremely sensitive to the presence of surface adsorbates
that can trap charge carriers. We further leverage this sensitivity to determine the trap state
density in BiVOy in oxygen-rich and dry nitrogen environments, which is effectively given by
the combination of adsorbate induced trap states at the surface and intrinsic trap states in the
material. For this purpose, we measured JV-curves as a function of sample temperature (Figure
4) and light intensity (Figure S4) in both environments. The log-log slope converges towards
m =2 with increasing temperatures, and we fitted a power law relation for V> 0.7 V. The
extrapolated JV-curves intersect at a crossover voltage V.=5.6 in oxygen and V.=3.5 in

nitrogen. The crossover is characteristic for the SCLC model with traps and is directly related to

Vc€o€r

the trap density H, = 2 e with the thickness d and the dielectric permittivity €, of the BiVOy

film. With the value of the BiVO, film thickness d = 60 nm and assuming a dielectric constant

e, = 52, we can calculate the apparent trap density to be H;=8.9 10" cm™

in oxygen-rich
environment and H; = 5.6 10" ¢cm? in dry nitrogen environment. Therefore, we surmise that the
effective trap state density, which considers the trap density in the material and at the surface, is

reduced by about 40% by changing the environment from oxygen-rich to dry nitrogen due to the

removal of adsorbed oxygen, which is acting as a surface trap state for electrons.
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Figure 4. Trap state density in dry nitrogen and oxygen-rich ambient. JV-characteristics of the
FTO/BiVOu/probe circuit in dry nitrogen (a) and oxygen-rich ambient (b) for varying
temperature under dark conditions. In the SCLC model with trap states, the crossover voltage is
proportional to the trap state density. Solid lines are power law fits to the data intersecting at
different crossover voltage V. corresponding to effective trap densities of 8.9-10" cm™ (oxygen)

and 5.6:10"® cm™ (nitrogen).

CONCLUSION

By combining contact potential measurements and current-voltage spectroscopy, we revealed
the effect of oxygen and water adsorption on the surface potential and electronic transport in
BiVO, thin films. For adsorbed oxygen, we find an increased surface potential, increased
photovoltage and an enhanced contribution of trap states to transport, which decreases the

conductivity. Our results suggest that chemisorbed oxygen acts as a surface trap state for
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electrons, thereby depleting the BiVOy via interfacial charge transfer and inducing upwards
surface band bending. Water absorption instead decreases the surface potential without affecting
the photovoltage, which we assign to the formation of a dipole layer without an interfacial charge
transfer. Under above band gap illumination, we describe the dynamics of the surface potential
by the competing effects of photoinduced oxygen desorption and water adsorption. We observe a
persistent enhancement of conductivity and decrease of the CPD in oxygen depleted atmosphere
(dry nitrogen and humid atmosphere), which is reversible upon exposure to oxygen in the dark
and can be ascribed to photodesorption of residual oxygen from previous exposure to air.
Furthermore, we describe the transport by a space charge limited model with trap states to
quantify the effective trap state density in different environments. The apparent trap state density
is reduced by 40% in dry nitrogen ambient compared to oxygen-rich ambient highlighting the
strong influence of surface adsorbed oxygen on charge carrier trapping. Our study underpins the
importance of trap state passivation to improve charge carrier transport in BiVO,. Furthermore,
this work motivates future operando studies of BiVO, photoanodes by suggesting that
photoelectrochemical generation of oxygen could simultaneously impact surface state
distributions, energetics, and charge transport. Improved understanding of these complex

interactions will aid the development and integration of effective passivation and catalyst layers.

ASSOCIATED CONTENT

Supporting Information. Supporting Information contains additional supporting measurements
of surface potential, statistical analysis on photocurrent distribution, and additional supporting
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PEC, photoelectrochemical; TiO,, titania; BiVOy, bismuth vanadate; pc-AFM, photoconductive
AFM; SCLC, space charge limited current; FTO, fluorine-doped tin oxide; CPD, contact
potential difference; RH, relative humidity; Ey,., vacuum level; E., conduction; E\, valence band

(Ey); SPV, surface photovoltage; JV, current-voltage.
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