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ABSTRACT
Integrated photoelectrochemical devices rely on the synergy between components to efficiently generate sustainable fuels from sunlight.
The micro- and/or nanoscale characteristics of the components and their interfaces often control critical processes of the device, such
as charge-carrier generation, electron and ion transport, surface potentials, and electrocatalysis. Understanding the spatial properties and
structure–property relationships of these components can provide insight into designing scalable and efficient solar fuel components and
systems. These processes can be probed ex situ or in situ with nanometer-scale spatial resolution using emerging scanning-probe techniques
based on atomic force microscopy (AFM). In this Perspective, we summarize recent developments of AFM-based techniques relevant to
solar fuel research. We review recent progress in AFM for (1) steady-state and dynamic light-induced surface photovoltage measurements;
(2) nanoelectrical conductive measurements to resolve charge-carrier heterogeneity and junction energetics; (3) operando investigations
of morphological changes, as well as surface electrochemical potentials, currents, and photovoltages in liquids. Opportunities for research
include: (1) control of ambient conditions for performing AFM measurements; (2) in situ visualization of corrosion and morphological evo-
lution of electrodes; (3) operando AFM techniques to allow nanoscale mapping of local catalytic activities and photo-induced currents and
potentials.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0009858., s

I. INTRODUCTION

The photoelectrochemical (PEC) generation of fuels from sun-
light is a promising approach to the production of sustainable,
energy-dense chemical fuels without the net release of CO2.1 An
integrated PEC solar fuel device consists of three major components:
(1) semiconducting light-absorbers that generate separated electrons
and holes; (2) catalysts that facilitate multi-electron transfer fuel-
forming reactions; and (3) an ion-exchange membrane separating
the anode and cathode compartments that contain the oxidized and
reduced (i.e., fuel) products, respectively.2–5 To prevent pH changes,
the membrane must also facilitate charge transport of protons or
hydroxide ions between the two compartments.6 These components

often operate in highly acidic or alkaline electrolytes to minimize
resistive losses, making the susceptibility of each component toward
corrosion a key consideration in device design.7,8 Protective coatings
can be used to prevent or mitigate semiconductor corrosion and as
a secondary benefit, may allow tuning of the band-edge positions
relative to the solution redox potentials.9

Micro- or nanoscale structuring of the semiconductors and/or
catalysts allows control of several aspects of the device. The struc-
ture of the semiconductor, such as its mesoscale surface mor-
phology, exposed facets, and the presence of grain boundaries,
has a direct influence on properties such as charge mobility, light
absorption, energetics, and processability.10,11 Structured semicon-
ductors can be organized as micro- or nanowires embedded in an

J. Chem. Phys. 153, 020902 (2020); doi: 10.1063/5.0009858 153, 020902-1

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0009858
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0009858
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0009858&domain=pdf&date_stamp=2020-July-10
https://doi.org/10.1063/5.0009858
https://orcid.org/0000-0002-9420-0702
https://orcid.org/0000-0001-9738-209X
https://orcid.org/0000-0002-6135-6727
https://orcid.org/0000-0001-5245-0538
mailto:bsb@caltech.edu
mailto:nslewis@caltech.edu
https://doi.org/10.1063/5.0009858


The Journal
of Chemical Physics PERSPECTIVE scitation.org/journal/jcp

ion-exchange membrane or can be dispersed in the solution as
nanoparticles to obtain low electrolyte resistance and efficient light
management.6,12–14 To optimize the surface area and minimize par-
asitic light absorption, the catalyst can also be structured in local-
ized areas over the semiconductor into nanoparticles, nanowires, or
ultra-thin coatings.15–17 The integration of these disparate compo-
nents leads to further complexities at the interfaces. For example, on
n-Si sparsely coated with Ni nanoparticles in contact with an elec-
trolyte, the effective barrier height in the system is dominated by the
higher barrier of the n-Si/electrolyte junction rather than that of the
low-barrier n-Si/Ni junction.18

Atomic force microscopy (AFM) is a powerful characteriza-
tion tool that can probe the properties of photoelectrodes with
nanometer-scale resolution. First developed to map surface topog-
raphy, the range of measurements has recently been expanded to
include in situ conductivity, local electrochemical potential, surface
photovoltage, and contact potential at the nanoscale, often in elec-
trolyte and under operating conditions.19,20 Advanced AFM tech-
niques have been used to better understand the properties of per-
ovskites and organic photovoltaics, but have only recently been used
on PEC materials.21–26

The operation of AFM involves the raster scanning of a sharp
tip over a sample surface (Fig. 1). Typically, the tip is attached to
a cantilever whose deflection is detected by using a quadrant pho-
todetector monitoring the light beam reflected off the top of the
cantilever. Initially, scanning was accomplished in contact mode
(CM) by simply dragging the tip across the surface. A feedback loop
maintains a constant downward force on the tip while scanning is
effected by driving a piezoelectric positioner oriented perpendicu-
lar to the surface. However, CM often damages the surface and/or
the tip, so softer tapping modes were developed. In standard tap-
ping mode (TM), the cantilever oscillates in resonance, whereas in
PeakForce tapping (PFT), a sinusoidal drive is employed far off
resonance.27–31 In both PFT and TM, the feedback loop controls
the tip height above the surface. For TM, the feedback error sig-
nal is based on the oscillation amplitude, whereas PFT uses a syn-
chronous measurement of the force at maximum extension. The
method entails the use of fixed high (resonance) frequencies in TM
(typically >50 kHz in air) vs more variable, lower frequencies in PFT
(0.125 kHz–8 kHz). Regardless of the mode employed, a three-
dimensional (3D) topographic map of the surface is produced.

While measuring the topography, the tip can also be used to measure
additional mechanical and electrical properties at the nanometer-
scale such as conductivity, electrostatic potential, and surface
potential.

Conductive AFM (C-AFM) measures the DC conductivity
between the sample and a conductive tip. The measurement requires
physical contact between the surface and the tip, so CM has been
traditionally used. However, soft samples such as organic photo-
voltaics or samples with loosely adsorbed particles are difficult to
image in CM.32 Integration of C-AFM with TM is hindered by the
short duty cycle during the contact of the tip with the surface. The
high frequencies (typically >50 kHz) and Q-factors (∼100) of TM
conspire to produce sub-μs contact times. In contrast, PFT’s non-
resonant tapping has contact times of ∼0.1 ms, enabling conductiv-
ity measurements on soft and fragile samples.33–35 In addition, C-
AFM offers the possibility of measuring the current–voltage behav-
ior of the sample at every pixel, generating large multidimensional
datasets.

AFM-based work-function measurements typically employ
Kelvin Probe Force Microscopy (KPFM).36 The AFM tip first scans
across the surface topography and then scans back maintaining a
constant height (typically 100 nm–200 nm), during which the sur-
face and conductive tip form a capacitor. The electrostatic forces
associated with capacitive charging serve as an error signal that
adjusts an electrical bias applied between the tip and the surface to
compensate the charging and, thereby, measure the contact potential
difference (CPD) or work-function difference between the tip and
the sample. Results are calibrated using samples with a well-defined,
known work function.

Both C-AFM and KPFM are traditionally performed in air.
However, operation of solar fuel devices requires the presence of
an electrolyte, and the semiconductor/catalyst interfaces are likely
to change in situ under operation.37,38 KPFM suffers from electrical
screening when employed in normal electrolytes, making it imprac-
tical for use in operando solar fuel studies. Measurements under
operating conditions using C-AFM necessitate the use of an insu-
lated nanoelectrode with only the end of the tip exposed to allow
electrical contact with the surface.39 The rest of the tip is insulated to
minimize background currents from parasitic electrochemical reac-
tions. Such probes have recently become available with an exposed
Pt tip apex of ∼50 nm diameter and ∼200 nm length, where the

FIG. 1. Schematic illustration of a four-probe operando elec-
trochemical AFM set up in liquid, showing an insulated AFM
cantilever, the red position laser and quad detector used to
detect the oscillations of the cantilever, potentiostatic con-
trol of the cantilever tip, and the back of the semiconduc-
tor substrate relative to the same reference electrode. The
semiconductor is illuminated from its front side and covered
with a nanoparticle catalyst.
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rest of the tip is insulated with SiO2.40 As shown in Fig. 1, this
nanoelectrode probe can be used in a four-electrode electrochemical
AFM (EC-AFM) cell, in which both the sample and tip are indepen-
dent working electrodes, with common counter and reference (or
quasi-reference) electrodes. In a conventional three-electrode EC-
AFM setup, the tip spectates topography changes occurring during
electrolysis. Using the probe as an active fourth electrode enables
AFM-based scanning electrochemical microscopy (SECM), allowing
mapping of the local electrochemical activity with sub-100 nm res-
olution. Moreover, use of the peakforce SECM probe as the fourth
electrode allows sensing the local electrochemical potential on the
electrode surface.38,41,42

In this Perspective, we summarize recent developments of these
emerging scanning-probe techniques for studying photoelectrodes
in solar fuel devices. We focus on the following aspects: (1) light-
illumination configurations integrated with AFM systems; (2) light-
induced KPFM measurements of semiconductors in air to give
spatially resolved measurements of surface photovoltages (SPVs);
(3) spatially resolving the charge-carrier characteristics upon light
excitation and junction energetics based on C-AFM in air; (4)
liquid AFM measurements of morphological changes and electri-
cal/potential signals of semiconductors/catalysts operating in elec-
trolytes.

II. RECENT PROGRESS

A. AFM-based illumination setups for studying
photoactive samples

Studying the photoactivity of materials with AFM requires illu-
mination of the sample. One approach involves using the built-in
laser, because light not reflected from the cantilever can gener-
ate charge carriers at the sample (Si) surface. However due to the
shadowing of the cantilever, the sample area under the AFM tip
is not directly illuminated. Laskowski et al. employed this method
on an n-Si/Ni photoanode in an electrolyte, yielding open-circuit
potential (OCP) values comparable to those from macroscopic PEC
measurements.38

External front-side illumination using fiber optics can provide
direct illumination to the local area being probed, but given the close
proximity of the probe to the sample, the incident light must enter at
an angle of <20○ to the horizontal to avoid shadowing. Alternatively,
the sample can be illuminated from the back-side when mounted
on a transparent stage, but carrier generation near the semiconduc-
tor surface is reduced due to light absorption through the bulk of
the semiconductor.23 Semiconductors with minority-carrier diffu-
sion lengths shorter than the sample thickness would consequently
have less carrier collection at the AFM tip.

FIG. 2. Summary of typical optical setups for illuminated AFM-based measurements. (a) Schematic diagram of the back-side illumination setup with an underlying mirror
tilted at ∼45○;43 (b) optical image of a direct back-side illumination setup using an LED light source beneath samples immersed in an EC cell;41 (c) optical image of a direct
front-side illumination setup by a single light beam with a fiber-optic port; (d) schematic diagram of front-side illumination by a dual-beam setup;44,45 (e) schematic illustration
of the integration of the AFM system with the associated optical and electrical components in (c) and (d), allowing simultaneous coupling and collection of electrical/optical
signals.10,44 (a) is reproduced with permission from Eichhorn et al., “Nanoscale imaging of charge carrier transport in water splitting photoanodes,” Nat. Commun. 9(1), 2597
(2018). Copyright 2018 Author(s), licensed under a Creative Commons Attribution 4.0 License; (b) is reproduced with permission from Nellist et al., “Potential-sensing elec-
trochemical atomic force microscopy for in operando analysis of water-splitting catalysts and interfaces,” Nat. Energy 3(1), 46–52 (2017). Copyright 2017 Nature Publishing
Group; (c) and (e) are reproduced with permission from Chen et al., “Imaging photogenerated charge carriers on surfaces and interfaces of photocatalysts with surface
photovoltage microscopy,” Chem. Soc. Rev. 47(22), 8238–8262 (2018). Copyright 2018 Royal Society of Chemistry; and (d) is reproduced with permission from Chen et al.,
“Charge separation via asymmetric illumination in photocatalytic Cu2O particles,” Nat. Energy 3(8), 655–663 (2018). Copyright 2018 Nature Publishing Group.
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Several recently reported optical AFM-based setups are sum-
marized in Fig. 2. Figure 2(a) displays a back-side illumination
scheme employed by Eichhorn et al.43 The sample is deposited on
a transparent fluorine-doped tin oxide (FTO)-coated glass substrate
and illuminated by using an external cw-diode laser reflected by
a 45○ mirror underneath the sample. With this arrangement, the
light source can be positioned remotely from the sample stage. If
enough space is available between the AFM controller and the sam-
ple stage, a light source can be placed directly beneath the AFM
sample [Fig. 2(b)].41 In contrast, a front-side illumination setup is
shown in Fig. 2(c), in which the light beam enters at a small angle to
the horizontal to avoid shadowing of the cantilever.10 Two indepen-
dent light sources from different directions [Fig. 2(d)] have also been
used to produce illuminated/shadow facets on a single Cu2O parti-
cle.45 In all of these optical AFM setups, the light-induced responses
(surface photovoltage, etc.) can be studied on a nanometer scale at
specific surface features, as functions of the wavelength and intensity
of the light.46,47 The use of an optical chopper allows investigation

of the dynamic surface response by contrasting the temporal
response of the electrical signal between light and dark conditions.
The chopped optical signals monitored using a lock-in amplifier
need to be synchronized with the AFM operation [Fig. 2(e)].10

B. Surface photovoltage measurement
of semiconductors to probe charge separation

KPFM can measure the contact potential difference (CPD)
between the tip and the sample.36 Zhu et al. integrated KPFM with
an illumination source to measure the surface photovoltage (differ-
ence in CPD under illumination and in the dark) and, thus, per-
formed spatially resolved surface photovoltage spectroscopy (SR-
SPS).10 This technique has proven to be a powerful tool for mea-
suring the light/dark differences under steady-state or dynamic
conditions for a variety of semiconductors including BiVO4,
TiO2, Cu2O, etc.10,45,48,49 The change in the work function upon
light excitation can indicate the doping type (n- or p-type) of the

FIG. 3. SR-SPS reveals differences in light and dark of semiconductor materials under steady-state conditions. (a) AFM topographic image; [(b) and (c)] KPFM images
under dark and light for a single BiVO4 particle; (d) comparison of the measured CPD values from (b) to (c) across the crystal facets;10 [(e)–(h)] comparisons of dark and
light KPFM images and SPV mappings for [(e) and (f)] n-type BiVO4; [(g) and (h)] p-type Cu2O;49 [(i)–(l)] SR-SPS reveals the effects of (i) different crystal facets,10 [(j) and
(k)] morphology of BiVO4 toward the SPV signals,10 and (l) the underlying band bending within the depletion region at different facets on a single BiVO4 crystal.10 (a)–(d)
and (i)–(k) are reproduced with permission from Zhu et al., “Direct imaging of highly anisotropic photogenerated charge separations on different facets of a single BiVO4
photocatalyst,” Angew. Chem., Int. Ed. 54(31), 9111–9114 (2015). Copyright 2015 Wiley-VCH Verlag GmbH & Co. (e)–(h) are reproduced with permission from Chen et
al., “Unravelling charge separation via surface built-in electric fields within single particulate photocatalysts,” Faraday Discuss. 198, 473–479 (2017). Copyright 2017 Royal
Society of Chemistry.
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semiconductor. The effects of different crystal facets, crystal defects,
phase junctions, and co-catalysts on charge separation have been
studied by this technique. Furthermore, probing the surface charge
accumulation and band bending within the depletion region pro-
vides insight into the charge separation mechanism in semiconduc-
tor photocatalysts under illumination.

SR-SPS was initially applied to a model system involving BiVO4
semiconductor crystals with well-defined facets [Figs. 3(a)–3(d)].10

The dark and light KPFM images were overlaid at each pixel to
yield a spatially resolved SPV map, which was then correlated with
the sample surface topography. Upon illumination, the CPD of n-
BiVO4 and p-Cu2O crystals increased and then decreased, result-
ing in positive and negative SPV signals, respectively [Figs. 3(e)–
3(h)].49 The positive and negative signs of the SPV signals indicated
the accumulation of photogenerated holes or electrons, respectively,
at the surface under light excitation. In general, a larger SPV sig-
nal suggests enhanced charge separation and accumulation at the

semiconductor surface as well as increased band bending in the
depletion region.

With a well-defined crystal morphology, the SPV signals can
be quantitatively compared for different facets to reveal crystal
anisotropy [Figs. 3(i) and 3(j)]. Different crystal facets of BiVO4 dis-
play different CPDs in the dark as well as different SPV signals under
illumination. By tuning the wavelength of the light, the SPV sig-
nals can be studied as functions of photon energy. Large increases
in SPVs were observed when the photon energies were above the
bandgap of BiVO4 [Fig. 3(k)].10 Moreover, the (011) facets of BiVO4
exhibited larger SPV responses than those observed from the (010)
facets; furthermore, the overall morphology of the BiVO4 crystal
also influenced the SPV signal. This behavior suggests that the band
bending and driving force of charge separation at one crystal facet
are influenced by the properties of the other facets on the same crys-
tal. By optimizing the ratio between different facets on a crystal,
asymmetric band bending can be realized to enable more efficient

FIG. 4. [(a)–(c)] Dynamic charge-carrier behavior of BiVO4.10 (a) Frequency-modulated SPV mapping of the BiVO4 crystal under chopped illumination; (b) decay of the CPD
signal vs time displaying both fast and slow processes; (c) comparison of SPV signals under steady-state and 10 Hz frequency-modulated illumination as a function of photon
energy;10,44 (d) the phase values of SPVs under 5 Hz-modulated excitation for the illuminated (blue) and shadowed facet over a single Cu2O particle.45 (a) is reproduced with
permission from Zhu et al., “Direct imaging of highly anisotropic photogenerated charge separations on different facets of a single BiVO4 photocatalyst,” Angew. Chem., Int.
Ed. 54(31), 9111–9114 (2015). Copyright 2015 Wiley-VCH Verlag GmbH & Co. (b) and (c) are reproduced with permission from Chen et al., “Imaging photogenerated charge
carriers on surfaces and interfaces of photocatalysts with surface photovoltage microscopy,” Chem. Soc. Rev. 47(22), 8238–8262 (2018). Copyright 2018 Royal Society of
Chemistry; (d) is reproduced with permission from Chen et al., “Charge separation via asymmetric illumination in photocatalytic Cu2O particles,” Nat. Energy 3(8), 655–663
(2018). Copyright 2018 Nature Publishing Group.
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charge separation [Fig. 3(l)].10 More recently, the facet dependence
of the SPV signals has been attributed to the different charge-carrier
mobilities along different crystallographic orientations.50

The SR-SPS technique was used to probe transient carrier
dynamics of semiconductors such as BiVO4 and Cu2O (Fig. 4).
Under 10 Hz chopped illumination at 395 nm, highly contrasting
stripes were observed in the KPFM image of BiVO4. The stripes
are due to the changes in contact potential with the chopped illu-
mination. The contrast was more intense on the (011) face of the
crystal, illustrating the anisotropic nature of the charge separation
on the BiVO4 [Fig. 4(a)].10 The decay of its CPD signal with time
after a light pulse consisted of fast (≤s) and slow (≥min) components
[Fig. 4(b)].44 By use of frequency-modulated chopped illumination,
the fast component was observed to be independent of the slow com-
ponent. The SPV signals of BiVO4 under steady-state and 10 Hz
illumination differed as functions of photon energy [Fig. 4(c)],44

with the phase of the lock-in amplifier providing the sign of the SPV
and distinguishing between electron- and hole-rich facets. Under
5 Hz illumination, the phase values for the illuminated and shad-
owed facets of Cu2O differed by 180○ [Fig. 4(d)], indicating charge
separation on the facets. The illuminated and shadowed facets were
hole- and electron-rich, respectively.45

In addition to single semiconductor particles, SR-SPS has been
applied to more complicated systems to reveal their underlying
mechanisms of charge separation:

1. Phase junction
A pure rutile TiO2 nanorod (NR) phase was compared to a

mixed phase of anatase nanoparticles (NP) deposited on the top

of rutile NRs. In the dark, the rutile TiO2 was shown by KPFM
to have a larger work function of ∼30 mV than that of the anatase
TiO2.48 At an anatase/rutile phase boundary, this difference in work
function would give rise to a built-in electric field. Under illu-
mination, the amplitude of the SPV increased dramatically at the
boundary between the pure rutile phase and the mixed anatase/rutile
phase. This increase showed that the rutile/anatase material had an
improved charge separation compared to pure rutile. Furthermore,
the phase of the frequency-modulated SPV shifted from ∼+150○

(hole-rich at the surface) for the pure rutile to −50○ (electron-
rich) for the anatase/rutile mixed phase.48 This behavior showed
that the electric field formed at the anatase/rutile boundary due
to the work-function difference affected transport of photogener-
ated electrons from the rutile to the anatase phase under UV light
excitation.

2. Co-catalysts
The traditional role of a catalyst is to lower the kinetic barrier

of the desired reaction. However, on semiconductors, deposited cat-
alyst material can also influence the charge separation. SR-SPS is a
powerful tool for resolving long-standing questions about the role
of co-catalysts in photocatalysis.51 For BiVO4, the selective deposi-
tion of MnOx on the BiVO4 (011) facet substantially increased the
SPV signals (∼+65 mV) relative to the behavior of the bare surface
(∼+7 mV) [Figs. 5(a) and 5(b)]. Furthermore, in the presence of
MnOx, the SPV signal on the (010) BiVO4 facet had the opposite sign
of ∼−35 mV, vs ∼+3 mV for the bare surface. This behavior indicates
that after catalyst deposition, the (011) and (010) facets accumu-
late holes and electrons under illumination, respectively. The charge

FIG. 5. (a) SPV imaging of the BiVO4
crystal with selectively deposited cat-
alysts (Pt and MnOx); (b) quantitative
comparisons of the SPV signals on dif-
ferent BiVO4 facets before and after
catalyst depositions under varied con-
ditions;51 (c) SEM image of the Au
and MnOx selectively deposited over the
Cu2O crystal by asymmetric illumination;
(d) its corresponding SPV mapping.45

(a) and (b) are reproduced with permis-
sion from Zhu et al., “Visualizing the
nano cocatalyst aligned electric fields
on single photocatalyst particles,” Nano
Lett. 17(11), 6735–6741 (2017). Copy-
right 2017 American Chemical Society;
(c) and (d) are reproduced with permis-
sion from Chen et al., “Charge separa-
tion via asymmetric illumination in pho-
tocatalytic Cu2O particles,” Nat. Energy
3(8), 655–663 (2018). Copyright 2018
Nature Publishing Group.
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separation is highly directional due to the presence of the MnOx
catalyst on specific facets. Furthermore, selective deposition of Pt on
the (010) facet with MnOx on the (011) facet further increased the
SPV differences between the two facets to ∼174 mV, compared to
the behavior with only MnOx on the (011) facet of ∼100 mV. These
results show the significance of strategic placement of co-catalysts
over semiconductors to optimize the charge separation efficiency
and photocatalytic activities.51

3. Photo–Dember effect under asymmetric
illumination

In contrast to the anisotropic BiVO4 crystal, the cubic Cu2O
crystal displays isotropic facets that are expected to produce mutu-
ally similar band bending under homogeneous illumination. How-
ever, under asymmetric illumination, positive and negative SPV sig-
nals were observed at the illuminated and shadowed facets of Cu2O,
respectively.45 This behavior implies accumulation of holes at illumi-
nated facets and electrons at shadowed facets, leading to directional
electron–hole separation in response to such asymmetric illumina-
tion. In response to tuning the Cu2O crystal size, the substantially
different SPV signals under dark and light can be ascribed quanti-
tatively to the different mobilities of electrons and holes, known as
the Photo–Dember effect.52 More importantly, this Photo–Dember
effect can be applied to selectively deposit Au and MnOx catalysts
at the shadowed and illuminated areas, respectively, of the same
Cu2O crystal, to optimize the driving force of charge separation and
photocatalytic activity [Figs. 5(c) and 5(d)].

4. Effect of surface defects
Electrodeposited Cu2O crystals were used to study the effects of

surface defects on charge separation.53 The density of hole (Cu2+) vs
electron (Cu0) trap sites in the Cu2O was controlled by tuning the
electrodeposition conditions. The SPV response showed that sam-
ples with more hole trap sites had a larger concentration of electrons
at the surface and a negative SPV signal. Increasing the electron
trap sites and decreasing the hole trap sites yielded more holes at
the surface and resulted in a positive SPV signal. SR-SPS, moreover,
showed that the SPV signal was reduced in the area where the AFM
tip mechanically scratched away the surface and that the electron
trap sites were located within 100 nm of the surface.53

C. Nanoelectrical investigations of semiconductor,
catalyst, and protective layers

C-AFM allows correlation between the morphology and the
(photo)current response of PEC devices. Statistical analysis of fea-
tures of polycrystalline semiconductors, such as grain boundaries
and facet planes, can provide insight into the charge-transfer charac-
teristics.11,43 The AFM tip can incorporate a variety of different con-
ductive materials including Au, Pt, and Pt/Si, as well as diamond, so
properties including the work function and tip geometry can affect
the semiconductor/tip interface. The energetics at these interfaces
can be further elucidated by the formation of ohmic or Schottky con-
tacts with varying barrier heights.43 C-AFM can also probe buried
interfaces such as the semiconductor/catalyst junction, which can
form high barrier-height heterojunctions or low resistance ohmic
contacts.32,38,54 C-AFM can, moreover, probe for defects and define
energetics of protective coatings that protect semiconductors from

dissolution in a corrosive electrolyte.55 The following subsections
summarize the use of C-AFM as categorized by the component and
its associated interface.

1. Semiconductors
Electrodes can in principle be optimized through improved

understanding of the heterogeneity of charge transfer in poly-
crystalline and nanostructured semiconductors. For example, grain
boundaries often limit the performance by reducing conductivity
or acting as charge recombination sites.43,56 C-AFM has been used
to correlate the conductivity of hematite (α-Fe2O3) with its struc-
ture when samples are grown under mutually different conditions.11

For example, when samples were synthesized by vapor-phase depo-
sition with temperatures and air-flow rates of either 475 ○C at
2 L min−1 or 545 ○C at 6 L min−1, higher temperatures and flow
rates yielded larger nanoparticle aggregates with higher conductivity
and fewer high-angle grain boundaries, resulting in reduced barri-
ers to transport of majority carriers [Figs. 6(a), 6(b), 6(d), and 6(e)].
The improvement in electrical conductivity was quantified by ana-
lyzing the fractional area of the AFM map above a defined current
threshold relative to the maximum current (Imax) at different applied
voltages [Figs. 6(c) and 6(f)]. Defining the threshold as Imax/10 to
account for variations in mobility related to crystal orientation, the
data in Figs. 6(c) and 6(f) show that 99% of the current for samples
synthesized using the 2 L min−1 flow rate was below this thresh-
old vs 61% for samples synthesized using the 6 L min−1 flow rate.
The amount of area exhibiting currents below the threshold corre-
lated with the observed number of grain boundaries, supporting the
hypothesis that carrier transport is limited through the high-angled
grain boundaries.

The photocurrent-generation characteristics of semiconduc-
tors can be probed by illuminating the photoelectrode surface dur-
ing the AFM scan and by applying a bias between the tip and the
sample while measuring the current. As shown in Fig. 7, a recent
study by Eichhorn et al. revealed the optoelectronic heterogeneity in
BiVO4 photoanodes.43 Illuminating through the FTO back contact,
the photogenerated charge carriers are collected at the front surface
of BiVO4 through the conductive AFM probe [Fig. 2(a)].

Photocurrents were measured using either a Pt/Ir- or an Au-
coated probe at a reverse bias of 1.75 V. The measured photocurrents
were plotted as a normalized histogram for grain boundaries, plane
facets, and facet boundaries [Figs. 7(e) and 7(f)]. Formation of a
contact with the Pt/Ir probe produced higher average photocurrents
(1.31 pA) on facet boundaries compared to those on the facet plane
(0.51 pA) and grain boundary (0.43 pA), whereas for contact with
an Au probe, the facet boundary, facet plane, and grain boundary
had relatively mutually similar average photocurrents of 1.06 pA,
0.95 pA, and 0.75 pA, respectively.43

The current maps depend on the applied potential as well as the
geometry and composition of the probe, which affects the contact
area and the band alignment at the interface. The current observed
depends on the balance of the interfacial energetics and the tip–
sample contact area. In a nanoscale Schottky contact in reverse bias,
a smaller radius is expected to have a shorter depletion width and
leads to increased tunneling and higher current.57 This dependence
is opposite to that expected for contact area, for which a larger
contact will increase the observed current. The expected contact
area depends on the tip radius, the elastic moduli of the tip and
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FIG. 6. C-AFM of α-Fe2O3. Electrodes prepared [(a)–(c)] at 545 ○C flowing air at 6 L min−1 and [(d)–(f)] at 475 ○C at 2 L min−1. [(a) and (d)] Topography measurements are
shown with the scale representing a height variation of 140 nm; [(b) and (e)] current maps with the scale representing a current variation of 0 nA–5 nA. [(c) and (f)] Statistical
distribution of the current maps at various applied voltages.11 Reproduced with permission from Warren et al., “Identifying champion nanostructures for solar water-splitting,”
Nat. Mater. 12(9), 842–849 (2013). Copyright 2013 Nature Publishing Group.

substrate, and the applied force. Use of a continuum mechanical
model for stiff materials with a small tip radius yields estimates
of the contact areas for the Pt/Ir- and Au-coated tips of 28 nm2

and 8 nm2, respectively.58 The generally higher current observed
for Au-coated probes suggests that the observed current was domi-
nated by the nanoscale interface rather than by the contact area. The
authors suggested that the mutually similar photocurrents from the
Au probe could be due to the formation of a Schottky barrier that is
∼0.1 eV lower than that for Pt/Ir.43 Nonetheless, the mutually sim-
ilar photocurrents at grain boundaries and facet planes for a given
probe material suggest that the grain boundaries in BiVO4 do not
act as recombination sites. These findings underscore the interfa-
cial defect tolerance of BiVO4, yielding an advantage over the grain
boundary-limited α-Fe2O3 in fabrication of a scalable and efficient
photoanode.43

2. Catalysts and semiconductor/catalyst interfaces
Multi-component catalyst coatings of (NiFeCoCe)Ox on

BiVO4 photoanodes were designed by correlating macroscale PEC
measurements with photoconductive AFM (PC-AFM).54 NiOx and
FeOx were used as catalysts, whereas CeOx and CoOx were used to
modify the interfacial properties of the BiVO4. The CeOx passivated

electronically active trap states, improving the collection of pho-
togenerated holes from the BiVO4, whereas CoOx lowered the
interfacial energetics to allow an ohmic contact. A (CoFeCe)Ox
layer on BiVO4 was, subsequently, designed to capture photo-
generated holes from BiVO4 and transport the holes to a cat-
alytically active (NiFe)Ox overlayer. Figure 8 shows compar-
isons of PC-AFM images of Ni0.8Fe0.2Ox, Co0.4Fe0.1Ce0.5Ox, and
Co0.4Fe0.1Ce0.5Ox/Ni0.8Fe0.2Oy layers on BiVO4, which demonstrate
that the current increased on the top of the grains and not at grain
boundaries. Additionally, the median photocurrents were substan-
tially higher on the Co0.4Fe0.1Ce0.5Ox/Ni0.8Fe0.2Oy layer, and the
(CoFeCe)Ox acted as a hole collection layer enhancing the current
collected from Ni0.8Fe0.2Ox when Co0.4Fe0.1Ce0.5Ox was inserted
between Ni0.8Fe0.2Ox and BiVO4.

Nanostructured catalyst designs can increase the surface area
of the catalyst while minimizing the area that obscures the surface
of the semiconductor. Discontinuous films of catalyst nanoparticles
lower parasitic absorption by the opaque catalyst. Jiang et al. investi-
gated electrolessly deposited Pt nanoparticles on p-Si to understand
macroscale differences relative to electron-beam evaporated Pt on
p-Si for the hydrogen evolution reaction.32 The Pt/p–Si contact was
ohmic for evaporated Pt on p-Si due to the high work function of
Pt, but C-AFM showed that individual electroless Pt nanoparticles
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FIG. 7. Statistical analysis of BiVO4 photocurrent distributions. (a) Topography and (b) photocurrent maps at 1.75 V using a Pt/Ir-coated tip with grain boundaries emphasized in
blue. Scale bar: 200 nm. (c) Height profile along the white line in (a), and (d) photocurrent overlaid on the 3D-topography. (d) Representative grain boundary, facet boundary,
and facet plane are illustrated. [(e) and (f)] Histograms of photocurrent distributions for (e) Pt/Ir- and (f) Au-coated probes.43 Reproduced with permission from Eichhorn
et al., “Nanoscale imaging of charge carrier transport in water splitting photoanodes,” Nat. Commun. 9(1), 2597 (2018). Copyright 2018 Author(s), licensed under a Creative
Commons Attribution 4.0 License.

when deposited on p-Si exhibited rectifying behavior with a high
resistance interface. Furthermore, only about a third of the parti-
cles had appreciable contact currents, with a 103 difference observed
in the contact currents of different particles (Fig. 9). X-ray pho-
toelectron spectroscopy showed the formation of insulating SiOx
under the electrolessly deposited Pt.59 The differences in behavior
were consistently attributed to an insulating junction between the
Si and Pt. Furthermore, the adhesion of nanoparticles was evaluated
both in air and under electrolyte by using AFM probes with varying
spring constants to push individual particles with a controlled force.
Although the particles were mechanically well attached in air, they
adhered only weakly in aqueous electrolyte.

A study by Zeradjanin et al. utilized C-AFM to understand how
cracks in a RuO2 catalyst layer affected its activity as an oxygen evo-
lution reaction (OER) catalyst.60 Both “cracked” and “crack-free”
electrodes were synthesized using a sol–gel procedure. Varying the
concentration of the sol solution and the number of coating–drying–
sintering cycles allowed control of the morphology. Samples with
cracks of ∼10 μm width were observed with higher conductivity at
the edges of terraces, whereas conductive spots were more randomly
distributed in crack-free samples. These conductive spots indicated
areas that supported high local current densities and, consequently,
where activity was concentrated. In addition to the increased active

surface area of the cracked samples, the cracks facilitated limited
growth and detachment of evolved gas bubbles and, consequently,
increased the activity of the catalyst.60

3. Protective coatings
Coatings of a metal oxide have been used to protect electrodes

for extended periods of time under oxidizing conditions, but the fail-
ure modes of protective coatings are not well understood.9 These
protective layers must allow electrons or holes to pass while being
impermeable to the electrolyte. Amorphous TiO2 conducts holes
for photoanodes in 1.0M KOH via Ti3+ defect states and, conse-
quently, allows for effective catalysis of the OER on a metallized
surface.61,62 In one instance, C-AFM was used to identify that a
conductive metastable phase existed within the amorphous TiO2
protective layer on Si.55 The surface contained conductive spots
that were correlated with the non-bulk crystalline phases as deter-
mined by convergent-beam electron spectroscopy. Pinhole forma-
tion was observed at these crystalline sites after operation. The pin-
holes, subsequently, allowed the electrolyte to penetrate and corrode
the underlying Si. Reducing the TiO2 film thickness suppressed the
nucleation of these crystalline phases and, subsequently, extended
the operational lifetime of the electrode to more than 500 h.

J. Chem. Phys. 153, 020902 (2020); doi: 10.1063/5.0009858 153, 020902-9

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics PERSPECTIVE scitation.org/journal/jcp

FIG. 8. PC-AFM measurements of BiVO4/catalyst interfaces. [(a), (c), and (d)] Topographic and [(b), (d), and (f)] current maps of [(a) and (b)] BiVO4/Ni0.8Fe0.2Ox, [(c) and
(d)] BiVO4/Co0.4Fe0.1Ce0.5Ox, and [(e) and (f)] BiVO4/Co0.4Fe0.1Ce0.5Ox/Ni0.8Fe0.2Ox.54 Reproduced with permission from Liu et al., “Interface engineering for light-driven
water oxidation: Unravelling the passivating and catalytic mechanism in BiVO4 overlayers,” Sustainable Energy Fuels 3(1), 127–135 (2019). Copyright 2019 Royal Society of
Chemistry.

D. Liquid AFM for in situ morphology
and electrochemical measurements

Solar fuel devices operating in liquid environments involve
active generation and transport of electrons, ions, and gaseous

products. Most AFM techniques typically operate in air or vac-
uum, whereas EC-AFM techniques allow direct investigation of the
sample surface under operating conditions. A number of EC-AFM
techniques have recently been demonstrated in situ under operat-
ing conditions in liquid electrolytes with potential control of the

FIG. 9. C-AFM and current–voltage (I–V)
relationship of electrolessly deposited Pt
on p-Si in air. (a) Topography and [(b)
and (c)] current map at biases of (b) 0.3 V
and (c)−0.3 V. (d) Cross sectional height
(green) and current (blue) correspond-
ing to the dashed yellow line in (a) and
(b). (e) I–V characteristics at specific
points labeled in (b). The blue curve is
an I–V measurement of a Pt thin film
deposited onto p-Si via electron-beam
evaporation. Nanoparticles are present
for positions 1–3, while the substrate
is measured at position 4.32 Repro-
duced with permission from Jiang et al.,
“Nanoelectrical and nanoelectrochemi-
cal imaging of Pt/p-Si and Pt/p+-Si elec-
trodes,” ChemSusChem 10(22), 4657–
4663 (2017). Copyright 2017 Wiley-VCH
Verlag GmbH & Co.
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substrate and/or the AFM tip. Traditional electrochemical AFM
experiments use commercially available, non-conductive AFM tips
for liquid-based topography measurements, enabling real-time
observations of nanoscale structural changes in the substrate in
response to the applied potential. For example, Toma et al. stud-
ied the in situ corrosion of BiVO4 using EC-AFM and revealed the
dissolution of the polycrystalline thin film, which started at exposed
facets of grains.66

Many transition-metal oxide OER catalysts (NiOx, CoOx, etc.)
undergo substantial structural changes under operating OER con-
ditions.64 The macroscopic electrochemistry and some key char-
acteristics of these processes have been well characterized, but a
detailed and comprehensive understanding of the associated struc-
tural dynamics would be beneficial. Using EC-AFM, the Boettcher
group revealed such structural dynamics by characterizing the mor-
phological evolutions of a series of OER catalysts under varied
potentials [Fig. 10(a)].63,64 A series of single-layered transition-
metal oxy-hydroxides (NiOxHy or CoOxHy) were synthesized with
a well-defined 2D structure and were, subsequently, deposited over
flat HOPG conductive substrates. Liquid EC-AFM experiments
showed that the MOxHy nanosheets grew thicker and rougher
as they transitioned from the hydroxide to the oxy-hydroxide
under extended voltammetric cycling at potentials that allowed
the OER to proceed. The pure NiOxHy nanosheet broke into
smaller nanoparticles, whereas the mechanical integrity of the

CoOxHy or Ni0.2Co0.8OxHy was preserved under analogous con-
ditions [Fig. 10(b)]. These smaller nanoparticles were also found
on areas far from the original nanosheet, due to repeated disso-
lution and redeposition. Continuous voltammetric cycling led to
consistent increases in volume, surface area, and redox capacity of
the NiOxHy sheets. Fe3+ cations adsorbed and integrated heteroge-
neously into the nanosheets as functions of applied potential, further
increasing the volume of the nanosheet [Fig. 10(c)]. By use of EC-
AFM, the changes in volume and surface area were quantitatively
characterized via direct morphological measurements [Fig. 10(d)].
These results showed that the conversion of Ni(OH)2 into NiOOH
changed the nanoscale morphology of the OER catalyst and had an
important impact on the mechanical properties of the catalysts.

In addition to the investigation of OER catalysts, the mor-
phological evolution of CO2-reduction (CO2R) catalysts has been
observed using operando measurements. Grosse et al.65 showed that
immersion of a carbon electrode containing Cu nanocube catalyst
particles in an electrolyte while reducing CO2 led to roughening of
the Cu nanocube surface, to the formation of pores, and to a low
yield of multi-carbon products. These dynamic structural evolutions
were later combined with comprehensive surface analysis to explore
the effect on selectivity in CO2 reduction.65

In contrast to the normal three-electrode EC-AFM, AFM-
based scanning electrochemical microscopy (SECM-AFM) involves
a four-electrode setup with both the sample and the AFM tip

FIG. 10. (a) Schematic illustration of electrochemical AFM (EC-AFM) for morphological investigation;63 (b) comparison of surface morphology of NiOxHy and CoOxHy

nanosheets before and after electrochemistry under OER conditions;64 (c) comparison of morphological evolutions of the NiOxHy nanosheet from open-circuit to the OER
potentials in both Fe-free and Fe-containing electrolytes; (d) schematic illustration of structural transformation of the NiOxHy nanosheet under OER potentials; (e) operando
investigation of morphological evolution of Cu nanocubes under electrochemical CO2-reduction conditions.65 [(a), (c), and (d)] are reproduced with permission from Deng
et al., “Morphology dynamics of single-layered Ni(OH)2/NiOOH nanosheets and subsequent Fe incorporation studied by in situ electrochemical atomic force microscopy,”
Nano Lett. 17(11), 6922–6926 (2017). Copyright 2017 American Chemical Society; (b) is reproduced with permission from Dette et al., “Structural evolution of metal
(oxy)hydroxide nanosheets during the oxygen evolution reaction,” ACS Appl. Mater. Interfaces 11(6), 5590–5594 (2019). Copyright 2019 American Chemical Society; (e) is
reproduced with permission from Grosse et al., “Dynamic changes in the structure, chemical state and catalytic selectivity of Cu nanocubes during CO2 electroreduction: Size
and support effects,” Angew. Chem., Int. Ed. 57(21), 6192–6197 (2018). Copyright 2018 Wiley-VCH Verlag GmbH & Co.
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acting as independent working electrodes, along with the counter
and reference electrodes. Local EC activity over the substrate can
be resolved with nanometer resolution by choosing the appro-
priate redox couples. Nellist et al. studied a system involving a
Ru(NH3)6

3+/2+ redox couple in the electrolyte over a sample of a
metal nanomesh on an insulating substrate.40 When the metal was
held at a potential that reduces Ru(NH3)6

3+ in the electrolyte, the
tip showed higher currents for the oxidation of Ru(NH3)6

2+ over the
metal areas than over the insulating areas. Similarly, Jiang et al. used
SECM-AFM to examine the EC behavior of electrolessly deposited
Pt nanoparticles on p-Si in an electrolyte.32 Consistent with results
from C-AFM in air, only a portion of the Pt nanoparticles dis-
played substantial EC activity for the reduction of Ru(NH3)6

3+, and
the highest current regions were concentrated on only a few Pt
particles.

In addition to morphological and SECM investigations,
potential-sensing electrochemical AFM (PS-EC-AFM) uses the
mostly insulated SECM-AFM probe to directly measure the elec-
trochemical potential of a sample surface when in contact with an
electrolyte [Fig. 11(a)]. For potential-sensing, the SECM-AFM probe
is used as a fourth electrode, with only the small Pt tip of the AFM
probe exposed to the electrolyte, while the rest of the tip and can-
tilever are well insulated (Fig. 1). In the EC cell shown in Fig. 11(b),

the AFM tip functions as a nanosized electrical probe to measure
the EC potential of the surface when the tip is in contact with the
sample.41,42 The SECM-AFM probe can be used to measure the
potential at the front surface (V tip) of an electrode while applying
a potential (Vsub) to the back-side of the electrode, Fig. 1. For a
CoPi OER catalyst on In-doped SnO2 (ITO), PS-AFM identified that
for applied potentials, Vsub < 0.27 V vs E(O2/OH−), the potential
of the CoPi did not change; however, at more positive potentials,
the CoPi became conductive, and the potential of the front elec-
trode surface tracked the potential applied to the back electrode
surface [Fig. 11(c)]. This setup is particularly useful for studying
semiconductor surfaces under illumination and for revealing the dif-
ferences in electrochemical potentials between the front surface and
the back contact.41,42 For the n-Fe2O3/CoPi electrode under illumi-
nation, the transition from nonconducting to conducting behavior
occurred at Vsub = −0.33 vs E(O2/OH−); moreover, the V tip − Vsub
difference was consistent with the photovoltage produced from the
semiconductor.41

Figure 11(d) shows that for CoPi, the catalytic current was
at the same electrochemical potential on either conductive FTO
or semiconducting BiVO4 substrates. This behavior suggests that
CoPi acts as both a hole collector and an OER catalyst for the inte-
grated BiVO4/CoPi photoanode.42 In contrast to the macroscopic

FIG. 11. (a) Schematic illustration of PS-EC-AFM probing the surface potentials of a n-Fe2O3/CoPi photoelectrode; inset: the fabricated AFM tip used for the potential-sensing
(SECM) experiments; (b) an optical image of the custom EC cell used for the PS-EC-AFM experiment, where the Fe2O3/CoPi photoelectrode was embedded at the center of
the cell; (c) the measured potential of CoPi on planar hematite under illumination.41 The V tip (green squares) represent the catalyst potential measured by the AFM tip. The
simultaneously measured steady-state photocurrent is depicted with black circles, where Vsub is the potential applied to the back contact. The black lines are voltammograms
collected for the system; (d) comparison of the current density (J) passed and the CoPi surface potential (V tip) measured via the nanoelectrode probe for BiVO4/CoPi (blue)
under illumination and FTO/CoPi (red) in the dark.42 (a)–(c) are reproduced with permission from Nellist et al., “Potential-sensing electrochemical atomic force microscopy for
in operando analysis of water-splitting catalysts and interfaces,” Nat. Energy 3(1), 46–52 (2017). Copyright 2017 Nature Publishing Group; (d) is reproduced with permission
from Nellist et al., “Potential-sensing electrochemical AFM shows CoPi as a hole collector and oxygen evolution catalyst on BiVO4 water-splitting photoanodes,” ACS Energy
Lett. 3(9), 2286–2291 (2018). Copyright 2018 American Chemical Society.
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dual-working electrode (DWE) technique, PS-AFM can spatially
resolve the surface electrochemical potential over the entire elec-
trode surface with nanometer resolution.37,67–69 Leveraging the capa-
bility of nanometer resolution, PS-AFM has been used to inves-
tigate Ni nanoparticles on n-Si photoanode surfaces. The open-
circuit potentials (Eoc) measured at each Ni nanoparticle correlated
with their particle size, and a pinch-off phenomenon was revealed
through quantitative analysis and modeling.38

III. PERSPECTIVE AND OUTLOOK
Solar fuel research has rapidly evolved in recent years. Dis-

parate PEC components, such as semiconductors, membranes, and
catalysts, have been studied in detail, both separately and inte-
grated into operational subsystems. This has allowed significant
progress toward the design of a monolithic device that can split
water with 19% efficiency.70 The development of earth-abundant
materials, protective coatings (e.g., TiO2, NiOx, CoOx), and cat-
alysts (e.g. NiMo, NiFeOOH), all stable in corrosive electrolytes,
has extended the lifetime of photoelectrodes and leads to a device
that could be cost-effective at scale.9,71–74 Better understanding of
CO2 reduction catalysts has enabled higher faradaic efficiencies
toward hydrocarbon products and the development of a mono-
lithic PEC device that converts CO2 to formate with 10% effi-
ciency.75,76 Despite such progress, key issues such as stability of PEC
devices remain. For example, the protected, monolithic III–V tan-
dem devices used to obtain record efficiencies for unassisted water
splitting lose performance within the first hour of testing in corrosive
electrolytes.70 Hence, nanoscale characterization techniques such as
AFM are needed to correlate structure–property relationships and
provide insight into the macroscopic results. The recent integration
of illumination sources and AFMs has greatly expanded the toolkit
available for characterizing materials for PEC. Whereas techniques
such as SR-SPS and C-AFM are useful to study material proper-
ties ex situ, emerging liquid AFM developments such as EC-AFM,
PS-AFM, and SECM-AFM provide in situ characterization of inte-
grated electrodes for solar fuels and leave a wide space for further
innovation.

A. AFM in ambient or gaseous environments
SR-SPS measures the local SPV response under illumination

and provides insight into both the direction of band bending and
the driving force for charge separation. In addition to steady-state
measurements, chopped illumination can be used to characterize
transient behavior relating to carrier dynamics in light and dark.
Importantly, co-catalysts have been demonstrated to enhance the
built-in electric field for extracting charge carriers. The formation of
asymmetric band bending within a semiconductor crystal by strate-
gic placement of two catalysts can optimize the charge-separation
efficiency.

C-AFM can measure the local (photo)current under bias as
well as the junction energetics at semiconductor/catalyst inter-
faces. Probing the morphology-dependent behavior of polycrys-
talline semiconductors such as α-Fe2O3 and BiVO4 showed that the
current was limited at the grain boundaries for α-Fe2O3 but not
for BiVO4. Understanding these structure–property relationships

enables the design of crystals optimized for a desired property. C-
AFM can locally probe the I–V characteristics at each pixel of a
current map and, subsequently, provide insight into the underlying
charge-transfer pathways between electrocatalysts and semiconduc-
tors. C-AFM can also provide insight into local failure mechanisms
of protective coatings.

Both KPFM and C-AFM have been commonly used under dry
or ambient air conditions; however, surface adsorption of gaseous
species can alter the junction properties between semiconductors
and electrocatalysts. For instance, the barrier heights between var-
ious semiconductors and noble metals (Pt/Ru/Rh) change substan-
tially in the presence of H2,77 and the surface work function and
electrical behavior of BiVO4 are sensitive to the ambient atmosphere
(N2/O2/H2O).78 Thus, the effects of gas adsorption on samples that
operate in specific atmospheres need to be elucidated. For exam-
ple, operando AFM studies of earth-abundant HER, CO2R, and
OER catalysts should consider the effects of the generation and
adsorption of reactants or products on the electrode.79–81 More-
over, the properties at the triple-phase boundary (TPB), the inter-
section of the (photo)catalyst, membrane, and vapor, control device
performance for the vapor-fed systems being considered for solar
CO2 conversion systems.82–84 Under controlled vapor-feed con-
ditions, the AFM-based techniques have the potential to probe
nanoscale changes in morphology and electrical properties at these
TPBs.

B. Operando liquid AFM
Liquid-based operando AFM techniques measure changes in

surface morphology, surface potential, adhesion of nanoparticles,
and reactivity of catalyst or protective coatings. These liquid-based
AFM techniques offer insight into differences in reactivity of the
sample between dry and wet/ionic environments and can probe
changes in the sample under applied potentials and electrolytes. PS-
AFM, or C-AFM using SECM tips, allows the spatial resolution of
local EC activity correlated with the sample topography and compo-
sition (Fig. 1). PS-AFM allows understanding of the electrochemical
potential on the surface of an electrode, the photovoltage generated
by a photoelectrode, and anisotropic distribution of the potential on
heterogeneous electrodes as well as at semiconductor/catalyst inter-
faces. C-AFM and SR-SPS have been used to measure the anisotropic
charge migration to different facets of a single crystal in air. PS-AFM
can extend this method to operando measurements under liquid and
with an applied potential, to understand the differences in chemi-
cal reactivity at grain boundaries, crystal faults, and different crystal
facets.

The KPFM technique has been used in both polar and non-
polar solvents to understand various surface phenomena such as
adsorption and the electrical double layer.85–87 However, due to
screening by the electrolyte, the use of KPFM is difficult under
the electrolyte concentrations normally used in electrochemistry. A
comprehensive review of the use of KPFM under liquids has been
recently presented.88

Solar fuel systems are often operated in strongly acidic or alka-
line environments, presenting substantial stability challenges to all
component materials. The development of SECM-AFM cantilevers
that are stable in these environments is needed. An understanding
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of the stability and corrosion mechanisms of semiconductors, cat-
alysts, and protection layers is currently incomplete for many PEC
materials.89 The use of AFM techniques in liquids allows for direct
visualization of these morphological changes and corrosion pro-
cesses of solar fuel materials over time.66 For example, the corrosion
of protection layers can occur through nanosized pinholes present in
the film.62,90 Thus, the development of operando AFM techniques to
characterize pinholes is needed to better understand their formation
mechanism and impact in solar fuel devices.

The fabrication of photoelectrodes with new semiconductors
is often hindered by the difficulties of synthesizing high quality,
macroscopic single crystals. The ease of synthesis and scalabil-
ity of solution-processible particulate semiconductor photocatalysts
makes these materials attractive options, but nanoparticles often
yield low efficiencies and overall performance.91 PS-AFM offers
new opportunities for studying the structure–property relations of
these more processible semiconductor particulate systems to bet-
ter guide semiconductor fabrication. Under controlled illumination,
PS-AFM can characterize the photo-potential generation, whereas
SECM-AFM can spatially map out PEC activities over micron-
sized semiconductor particles in electrolyte and under potential
control.92,93
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