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Photoelectrochemical (PEC) water splitting offers an attractive option for solar fuel production to solve the global energy
crisis and environmental issues, but the present low efficiency hinders its practical application. Interface engineering has
been demonstrated to be critical for developing high-performance photoelectrodes for efficient water splitting. However,
effective interface engineering requires insightful understanding of the interfacial thermodynamics, carrier dynamics, and
surface reaction mechanisms, all of which essentially depend on the advances of study techniques. Herein, electrochemical
and optical spectroscopic techniques applied for interface studies in PEC systems are overviewed. The fundamentals and
data analysis methods of each technique are introduced, in company with representative achievements in understanding
the PEC interfaces. Both conventional and newly developed techniques are included, with some discussions on their
advantages and limitations. Finally, a perspective on the challenges and the future progress of techniques for PEC interface
studies is also given. This review could inspire the further technique development and mechanistic understanding of PEC

water splitting.

reactions, which are oxygen evolution reaction (OER) on
1. Introduction photoanodes and hydrogen evolution reaction (HER) on
photocathodes. Compared to HER, OER is more difficult due to
the 4-hole/4-electron-participated process that significantly
limits the overall efficiency of PEC.®2 Hence, we overview
representative works on photoanodes in this review.

It has been demonstrated that PEC performance largely
depends on interface engineering in both thermodynamic and
kinetic aspects. Thermodynamically, photovoltage generation is
dominated by the Schottky barrier height at the semiconductor
(SC)-electrolyte interface, or the interfaces between solid state
materials in buried-junction-type photoelectrodes.®1® The
photovoltage can be enlarged by coating overlayers to passivate
the surface states of SCs, or by modulating the work function of
metals on SCs.1112 On the kinetic side, the heteroatoms and
defects of SC can play complex roles at the electrode-electrolyte

Developing sustainable and green energy technologies is urgent
for modern society given the increasing global energy demand
and environment pollution, as well as the decreasing reserves
of fossil fuels.12 H, is an attractive new energy source due to its
clean combustion product and high gravimetric heating value.
Solar water splitting using semiconductors (SCs) as
photoabsorber provides a convenient way to store the
inexhaustible but intermittent solar energy in H,. Hence, it has
been regarded as one of the most promising technologies to
alleviate the energy and pollution problems.3-5 There are three
types of device configuration for solar water splitting, namely
photocatalysis (PC) (Figure la and 1d), photoelectrochemical
(PEC) cell (Figure 1b and 1e), and photovoltaic (PV)-
electrocatalyst (EC) tandem cell (Figure 1lc and 1f).56 The
features of the three solar water splitting systems are listed in
Table 1. PEC cells have attracted much interest due to the lower
cost as compared to that of PV-EC, as well as the higher energy
conversion efficiency and easier gas collection as compared to

those of PC.5 However, the record solar to hydrogen efficiency
of PEC cells (without PV component) is 3.7%, which is far lower
than the industrialization demand of 10%, hindering the
practical application.” PEC water splitting consists of two half
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Figure 1. System configurations and charge flows under illumination of (a) (d) PC, (b) (e)
PEC, and (c) (f) PV-EC systems. Reproduced with permission from ref 5. Copyright 2019
The Royal Society of Chemistry.
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Table 1. Key features of PC, PEC, and PV-EC systems

System Configuration Hz and O; generation System complexity Efficiency
. . . Both from photocatalyst
PC Photocatalysts dispersed in solution . Low Low
particles
Photocathode (p-type) in tandem with Separately from photocathode
PEC (p y.p ) R X P v P Moderate Moderate
photoanode (n-type) immersed in solution and photoanode
PV component (out of solution) in tandem Separately from ECs for HER . .
PV-EC High High

with electrocatalysts

and OER

interface. They can act as either charge transfer intermediates
to promote the photocurrent, or charge recombination centres
to decrease the photocurrent.13.14 Besides, to facilitate charge
separation, internal electric fields can be constructed by
fabricating heterojunctions with suitable band alignment or
polarization effect.1>16 Moreover, ECs are always deposited on
SCs to accelerate surface redox reactions, but an active EC
cannot guarantee improved PEC activity since the charge
accumulation in ECs may reduce the utilization of
photocarriers.17.18 For the above modifications, new interfaces
appear in the photoelectrodes and complicates the relevant
interfacial charge behaviour. The effect of these modification
on the final PEC performance is substantially dominated by the
interface  properties.’®  Therefore, gaining insightful
understanding on PEC interfaces is of high significance, which
can provide guidance for interface engineering towards more
highly efficient photoelectrodes.

Several reviews have summarized the recent advances in
the interface mechanism study in PEC systems, highlighting the
key issues involving interfaces between the photoabsorber,
modification layer, and electrolyte.1922 There are several
obstacles in studying the interface problems in PEC systems.
First, it is difficult to glean objective interface information from
the complex reaction conditions which simultaneously
combines the light illumination, applied bias, and the solid-
liquid junction environment. Second, it is hard to distinguish the
charge behaviour at different interfaces in the multilayer
photoelectrodes, especially for nanostructured
photoelectrodes with rather inhomogeneous
modification layers. Third, it is also a challenge to monitor the
interfacial carrier dynamics at an ultrafast time scale. Hence, a
deep understanding on the interfaces in PEC systems is
essentially limited by the technique development.

In this review, instead of providing interface engineering
strategies like previous reviews, we intend to focus on the
development of techniques for studying PEC interface
problems. According to the output signals, the techniques are
generally categorized into two broad groups: (1)
electrochemical techniques and (2) optical spectroscopic
techniques. In each part, the fundamental of techniques will be
introduced, followed by examples of their application in PEC
interface studies and data analysis. We will overview the
conventionally used and easily accessible techniques, as well as
the newly developed techniques which can achieve more
accurate spatial and time resolution. The strengths and
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weaknesses of each technique are also discussed, which may
help the readers to select appropriate techniques and evaluate
the data reliability in certain conditions. Last, we briefly
summarize the challenges and provide suggestions for the
future technique development in PEC interface study.

2. Electrochemical techniques
2.1 Frequency-modulated electrochemical techniques

2.1.1 Photoelectrochemical impedance spectroscopy
(PEIS). Electrochemical impedance spectroscopy (EIS) is a
common tool for analyzing the electric and interface properties
of materials in electrochemistry.23 For the EIS measurement, a
small amplitude of AC potential perturbation () is applied
around a constant applied potential, and the resulting
oscillating current (1) response is recorded, from which the
impedance (Z) is calculated by Z=V/i. The impedance is
measured as a function of frequency (f).24 PEIS is the same as
EIS excepted for “P” is inserted in the name of technique to
emphasize the illumination condition.2> PEIS spectra can be
displayed as phase vs. f (named as Bode plots, Figure 2a), or Z”
vs. Z' (named as Nyquist plots, Figure 2b), where 2"’ and Z’
represent the imaginary and real components of the
impedance, respectively. Two methods to analyse the
interfaces in PEC process through PEIS will be introduced in this
part.

The first method is to directly analyse the measured Bode
or Nyquist plots without fitting models. Charge behaviour at
different interfaces can be identified from the frequency-
sensitive Bode peaks, while the charge transport and transfer
resistances can be indicated by the radius of semicircles in
Nyquist plots.262° |[n a Bode plot, the frequency value of each
peak corresponds to the time scale of the relevant process, and
the phase value reflects charge accumulation at a certain
interface and helps to determine the limiting process of the PEC
activity.18.26.30 Gong et al studied the Bode plots of a-Fe,0;
photoanodes coated by cobalt oxides, in which charge transport
and transfer across different regions are identified according to
the peak frequencies (Figure 2a). By scrutinizing the peaks
corresponding to the electrode/electrolyte interface, they
concluded that the interfacial charge transfer was slowed by
coating CoO as indicated by the smaller peak frequency of a-
Fe,03/Co0 than that of the bare a-Fe,03.18 Moreover, from the
phase value of the peaks, it can be concluded that the PEC
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activity is limited by bulk charge transport in bare a-Fe,03 and
a-Fe;03/Co304, while the electrode/electrolyte interfacial
charge transfer in is the limiting process in a-Fe;03/Co0.18
Similar analysis was also applied in a-Fe;03/NiOOH
photoanodes.2630 |n a typical Nyquist plot of a photoanode, the
two arcs at high and low frequency regions are ascribed to bulk
charge transport and electrode/electrolyte interfacial charge
transfer, respectively.3132 Zhao et al measured the Nyquist plots
of a hematite photoanode at 1.23 Vgye (potential versus
reversible hydrogen electrode), finding that hematite shows
large low frequency arc in DO than in H,0 under mild alkaline
PEC conditions (Figure 2b). This study indicates the larger
interfacial charge transfer resistance induced by D* than that by
H*, which supports that the rate-determining step of the water
oxidation on the photoanode undergoes a the concerted
proton-electron transfer mechanism.2?

The second method is to fit the PEIS spectra using an
equivalent circuit, through which the charge behaviour in a
photoelectrode is modelled by circuit elements such as
capacitors and resistors, etc. Figure 2c shows the commonly
used equivalent circuit for hematite photoanodes, consisting of
a capacitance of the bulk space charge layer (Cpui), a surface
state capacitance (Cirap), @ series resistance (Rs), a resistance of
hole trapping to the surface (Riap), and a resistance of hole
transfer from surface states to the solution (Rcttrap).243334 Using
PEIS fitting, Hamann’s group evidenced that holes are initially
trapped to the surface states of hematite under PEC conditions,
accumulating to achieve a critical number of surface holes that
are required for the subsequent hole transfer step to proceed.?4
It was observed that the Ciyap values display a Gaussian
distribution as a function of the applied potential, with a peak
corresponding to a dip in Retrap (Figure 2d). Moreover, the peak
of Cirap and the dip of Rettrap coincide with the onset potential of
the photocurrent (Figure 2d), indicating that holes are stored in
the surface states, from which the hole transfer takes place.34
The surface states were found to be influenced by dopants in
semiconductors, where an optimal doping level is required for
a maximum overlapping between surface and water states to
benefit the hole transfer from the photoanode to electrolyte for
water oxidation.3>

In addition, the equivalent circuit is also applicable when
ECs are integrated. In this case, ECs provide a more favourable
pathway for hole storage and transfer, and thus Cirap and Rct trap
are replaced by Ccat and Rt cat, respectively.3637 Hamann’s group
investigated the a-Fe,03/CoPi photoanode, finding that Ccopi
increases with the CoPi thickness, which demonstrates the role
of CoPi as a hole collector during PEC process.3® Their group also
studied the a-Fe;03/NiixFexOy, system by fitting the PEIS curve
with an equivalent circuit model, revealing that the Fe-rich EC
efficiently collects holes and circumvents recombination at the
a-Fe,03 surface, while the Ni-rich one leads to deleterious
interface trap states that act as recombination centres which
pin the EC potential.3?

Furthermore, the rate constants of interfacial charge
transfer (k.;) and recombination (k,..) can be calculated from
the PEIS fitting results according to the model developed by
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Peter and coworkers.3840 For the case where the semiconductor
space charge capacitance is much smaller than the Helmholtz
Figure 2. (a) PEIS-Bode plots of a-Fe,03/Co0304, a-Fe,03/Co0, and a-Fe,0; photoanodes.
Reproduced with permission from ref. 18, Copyright 2019 American Chemical Society. (b)
Nyquist plots for PEIS conducted in H,0 and D,0 for a hematite photoanode at 1.23 Vgye
in an unbuffered electrolyte at pH/pD 10.0. Reproduced with permission from ref.
27, Copyright 2016 American Chemical Society. (c) The typical equivalent circuit for PEIS
fitting of hematite-based photoanodes. (d) Photocurrent-potential curve (green solid
line), Cyrap (0range triangles), and Rewap (red circles) values obtained for a 60 nm hematite
electrode under 1 sun illumination and pH 6.9 electrolyte. Reproduced with permission
from ref. 34, Copyright 2012 American Chemical Society.

capacitance, k; is in reciprocal relation to the time constant of
the low frequency arc:

1
k. =
7 CupRer (a)
RLF
krec = R_HFkCt (2)

where C,rand R;r represent the capacitance and resistance of
the low frequency arc, respectively, and Ryr stands for the
resistance of the high frequency arc.

By comparing the of rate of a-Fe,03
photoanodes with and without CoPi coating, Gamelin et al
demonstrated the mechanism for the CoPi induced PEC activity
improvement. Although CoPi slows the water oxidation kinetics
to some extent, it slows the interfacial charge recombination
more significantly, resulting in a net enhancement of the
photocurrent.4! Zhang et al demonstrated that inserting a GaOx
interlayer between a-Fe,03; and the CoFeOyx EC can realize
simultaneous increase of k. and decrease of k,.,., which are
more preferred for the PEC activity promotion.3°

2.1.2 Intensity modulated photocurrent/photovoltage
spectroscopy (IMPS/IMVS). IMPS is a form of impedance
spectroscopy that records the phase shift in photocurrent in
relation to a modulated light intensity.42 Likewise, IMVS probes
the photovoltage response in relation to the light intensity
modulation.*3 The implementation of IMVS in PEC systems is far
less than that of IMPS. In fact, IMVS is widely used for solar
cells.#445 Recently, a few groups have used IMVS to measure the
electron lifetime of photoelectrodes. However, the
measurement is performed under open circuit conditions,
which correspond exclusively to the bulk electron lifetime

constants
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without considering the influence of interfacial charge
transfer.4647 Hence, we skip IMVS and focus on IMPS in this part.
Figure 3a shows a typical scheme of the setup for IMPS
measurements, where the modulated illumination is realized by
a light emitting diode (LED) in cooperation with a frequency
response analyser (FRA). A beam splitter splits the LED light into
two beams, one of which goes straightforward as the light
source for the PEC cell, and the other arrives at a high-speed Si
photodiode that senses the light intensity. The signal output of
the FRA is used to create the sinusoidal modulation of light
intensity, with a small amplitude superimposed onto a constant
background illumination.4®
Thanks to the pioneering work by Peter and coworkers, the
IMPS technique has been widely applied in the PEC field.424?
This technique offers a convenient way to measure the rate
constants k. and k,.. of photoelectrodes. Due to the small
amplitude of modulation, it is assumed that the change of light
intensity alters only the concentration of surface carriers but
not the band bending degree in semiconductors, making it
possible to extract interfacial carrier dynamics from the
photocurrent changing response.*” The IMPS response as a
function of angular frequency (w) can be described by the
normalized transfer function:
jphoto _ kct +iw
jh kct + krec +iw

(i?=-1) (3)

where jppot0 Stands for the measured photocurrent and jj
represents the hole current that flows into the photoelectrode
surface.#250 The equation corresponds to the normalized
Nyquist plots (Figure 3b) in the complex plane, with the real and
imaginary parts as follow:

Re(jphoto) — kct(kct + krec) + wz
jh (kct + krec)z + w? (4)
i Kyecw
I photo — rec
m(] jh ) (kct + krec)z + w? (5)

At high frequency intercept, the real part equals 1, since the
measured photocurrent equals the hole current due to fast
modulation which freezes out the surface recombination.>! At
low frequency intercept, the real part corresponds to the
fraction of hole current that undergoes interfacial charge
transfer, which is defined as the interfacial charge transfer

efficiency (14¢):52
ket

et = heee + Kec (6)

The imaginary part reaches maximum at w4 :

Wmax = Kee + Krec (7)
Hence, k. and k,,. can be calculated through the above
equations, and the corresponding key data points are labelled
in Figure 3b. The validity of the IMPS data can be examined by
the Gartner model.#” The theoretical hole current flowing into

the photoelectrode surface is given by the Gartner
equation:5354
e—aw
o ad(l—
Jn=—q¢( 1+aLp) (8)

where q, ¢, a, and Lp stand for the elementary charge, the
light intensity, the absorption coefficient at a certain
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wavelength, and the hole diffusion distance, respectively, and
W is the width of charge space layer which changes with the
applied potential as follow:

_ [2550 (VU-PP — Vfb)]1/2

N, ©)

where &, Vopy,, Vyp, and Np represent the dielectric constant,
the applied potential, the flat band potential, and the carrier
concentration of the semiconductor. &, is vacuum permittivity.
The illuminated J-V curve can be predicted by multiplying the
Gartner hole current with the 1., obtained from IMPS, and the
IMPS data can be confirmed valid when the predicted J-V curve
matches well with the measured one.4’

Using this method, k. of representative photoanodes
such as BiVOs and a-Fe;03 have been reported within a
magnitude of 10 s! to 100 s1.4748 Guijarro and coworkers
interrogated the Cu,FeO, photoanode, suggesting that the slow
rate of charge transfer (k..~5 s-1) plays a critical role in the Fermi
level pining.%¢ They also found that the effectiveness of water
oxidation is strongly limited by the competing surface
recombination, which is inferred by the onset of photocurrent
at the potential region where k.. exceeds k,...*® Wang’s group
reveals that the NiFeOx OER catalyst improves the PEC activity
of hematite through a passivation effect rather than a catalytic
effect, which is evidenced by the decreased k,.. and the
preserved k.. after the catalyst modification (Figure 3c).4”
Furthermore, they also found that the heterogenized molecular
Ir catalyst can speed up the charge transfer on hematite
photoanode but leave the surface charge recombination
unchanged, whereas the heterogeneous IrOx realizes
simultaneous increase of k. and decrease of k,.,..>> Similar
analysis was also applied on BiVO4, where the photocurrent can
be improved by the surface-passivating CoPi catalyst, while the
non-passivating RuOy catalyst renders no improvement.48

Despite the abundant findings coming from the rate
constant calculation by IMPS, the reliability of this calculation is
questioned by some researchers especially when ECs are
involved in the PEC system.3657 The original model was
developed for a simple system without ECs and involves only
two kinetic processes, whereas the ECs can induce more
complicated processes possibly including all the pathways of
forward and reverse electron and hole transfer between the
semiconductor, electrocatalyst, surface states, and electrolyte.
Therefore, Grave et al suggested an analysis method which
yields the magnitude of hole current and surface recombination
current without a priori assumption of mechanistic model, and
thus it should be more applicable for the electrocatalyst
integrated photoelectrodes as compared to the rate constant
analysis.5? As shown in Figure 3d, Y,c*(0), Ypc(0), and the
difference between Y .*(0) and Yc'(0) are supposed to account
for hole current, surface recombination current, and the
photocurrent,
respectively. Using a-Fe,03/NiFeOx as the study model, their
group revealed that the role of electrocatalysts in PEC system is
influenced by the dopant in SCs. Sn-doped a-Fe;0s; shows
stronger surface charge recombination than Zn-doped a-Fe,03
(Figure 3f and 3f).57 Since Sn acts as a donor while Zn acts as an

interfacial hole transfer-determined
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Figure 3. (a) Schematic diagram of the IMPS setup. Reproduced with permission from ref. 48. Copyright 2017 The Royal Society of Chemistry. (b) Normalized IMPS-Nyquist plots of
three hematite photoanodes, with labels of the critical data points for rate constant calculation. (c) k., and k,.. of NiFeO, modified and bare hematite photoanodes measured by
IMPS. Reproduced with permission from ref. 47. Copyright 2016 The Royal Society of Chemistry. (d) IMPS-Nyquist plots of 1% Sn-doped hematite before (black circles) and after (red
circles) FeNiO, overlayer deposition, with labels of the indicators of hole current (Y,.*(0)) and surface recombination current (Y,:(0)). Results of the IMPS analysis showing hole
current (red), photocurrent (black), and surface recombination current (blue) as a function of the applied potential for (e) 1% Sn- and (f) 1% Zn-doped hematite photoanodes. Circles
and triangles stand for photoanodes before and after the FeNiO, overlayer deposition, respectively. Full and dashed lines represent photocurrent voltammograms measured before
and after the FeNiOy overlayer deposition, respectively. Reproduced with permission from ref. 57. Copyright 2018 American Chemical Society.

a-Fe,03 is higher than that in Zn-doped a-Fe;0s. The higher
electron concentration in the SC results in thinner space charge
layer, giving rise to a higher probability of electron tunnelling to
the SC surface, thus leading to the stronger interfacial charge
recombination between SC electrons and EC holes.

2.2 Open circuit potential (OCP) technique.

OCP technique measures the potential of working electrodes
under open circuit condition where zero current is passed. It is
utilized to investigate the interfacial thermodynamics in PEC
systems. In dark condition, Fermi level of a photoanode in
equilibrium with the electrolyte can be measured as OCP (Figure
4a).58 Under illumination, quasi-fermi levels of electrons and
holes are used to describe the interfacial thermodynamics due
to the photogenerated carriers. The quasi Fermi level of holes is
responsible for photoanode-electrolyte equilibrium, whereas
the quasi Fermi level of electrons can be detected as OCP under
illumination (Figure 4b). Therefore, the photovoltage (V) can
be recorded as the difference between OCP in the dark and
under illumination (Figure 4b).58-60

Wang’s group carried out a series of studies to explore the
role of ECs and other overlayer modifications in PEC systems. 6
63 They scrutinized the PEC and OCP responses of hematite
photoanodes with and without NiFeOy coating, finding that the
cathodic shift of the onset potential (Figure 4c) has quite close
value with the V,, enhancement (Figure 4d). Thus, they
attributed the PEC performance improvement induced by

This journal is © The Royal Society of Chemistry 20xx

NiFeOx dominantly to the thermodynamic factor.%* Similar Vg
improvement can be realized by atomic layer deposition (ALD)
grown overlayers such as TiO,,11.65 Al,03,12 and Ta,0s,5¢ where
the ultrathin and compact overlayers can passivate the surface
states of SCs and alleviate Fermi level pining. The surface
passivation effect can also be achieved by curing the surface
defects of SCs using ultraviolet light treatment,%” or reducing
the surface disorders using a hydrothermal regrowth strategy. 8
However, some overlayers can aggravate Fermi level pining
when interface with semiconductors. It was reported that
coating the active OER catalyst MnOx on hematite photoanode
surprisingly decreased the PEC performance.®2 The anodically
shifted photocurrent onset can be attributed to the reduced Vyp,
that results from the Fermi level pining effect due to MnOy
introduction.62

Despite the convenient measurement of V,, by the OCP
technique, it is cautioned that the V,n measured at open circuit
may deviate from the V,, under the operating PEC condition
since the kinetic overpotential should be considered in the later
condition.5® The Vpn under operating PEC conditions can be
measured by more advanced techniques which will be
introduced in section 2.4.

2.3 Cyclic voltammetry (CV) and chopped-light
chronoamperometry (CA)

CV and chopped-light CA are two easily accessible techniques to
measure the charge accumulation at the electrode-electrolyte
interface during PEC process, which can offer further
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information about interfacial charge transfer and surface states
of SCs.
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Figure 4. Band diagrams of a n-type semiconductor in contact with the solution in (a)
absence and (b) presence of illumination. (c) Photocurrent density—voltage plot showing
the substantial cathodic shift (up to 0.38 V) observed upon the surface modification of
hematite with NiFeO,. (d) Graph showing the significant difference observed between
the OCP measured photovoltages generated by bare hematite and hematite decorated
with NiFer. Reproduced with permission from ref. 4. Copyright 2013 Wiley-VCH.

Hole accumulation at the photoanode surface is inevitable
during PEC water splitting due to the slow water oxidation
kinetics, which can be manifested by comparing the difference
of electrochemical signals from water oxidation and those from
hole sacrificial agents with fast oxidation kinetics such as H,0,
(Figure 5a-5c).5%71 The CV plots within the water oxidation
potential range display a cathodic capacitive peak resulting
from the discharging of surface accumulated holes (Figure 5a),
which are not observed when adding H,0, (Figure 5b).70
Besides, the CV technique can also be used to characterize the
surface states of SCs, which is realized through
photoelectrochemically oxidizing the surface states at a positive
potential followed by measuring a cathodic scan in dark to
reduce the initially oxidized surface states, and thus the resulted
negative capacitive peak can be a probe of surface states.14.24.72
By using the CV technique, Hamann et al detected two distinct
surface states on hematite as interfacial charge recombination
centre and water oxidation intermediates, respectively.14

In a chopped-light CA measurement, current spikes are
observed during water oxidation but they disappear when
adding H,0, (Figure 5c).%° The negative current spikes upon
turning light off represent the electron flow from the SC
conduction band, which undergoes recombination with the
surface holes. Therefore, the amount of surface accumulated
holes can be determined by integrating the current vs. time
plots within the negative spike ranges.2* The chopped-light CA
technique are widely applied in detecting the hole storage
behaviour of many transition metal oxide and (oxy)hydroxide
overlayers in PEC systems, where the photogenerated holes are
spatially extracted away from the photo-absorber to the hole
storage layers thus to alleviate photocorrosion.”374 Moreover,
by quantitatively analysing the change of interfacial charge
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accumulation, information about interfacial charge transfer in
multilayer photoelectrodes can be obtained.’>

By using CV and chopped-light chronoamperometry
techniques, Cui et al investigated the interfacial charge transfer
in a multilayer photoanode.’> They fabricated atomically
dispersed Ir-sites on the hematite photoanode by using a metal
oxide (MOy) interlayer. Under PEC conditions, the positively
charged MOy electrostatically absorbs the soluble monomeric
[Ir(OH)e]% onto the photoanode surface, where it also acts as a
bridge for hole transfer from the hematite surface to the single
iridium centre, accelerating the OER kinetics (Figure 5d). There
is no significant charge transfer between hematite and Ir-anion
in the absence of NiOy, whereas efficient hole transfer from
hematite to the Ir centres occurs through the NiOy interlayer,
which is evidenced by the variation of CV peaks (Figure 5e). The
quantity of hole accumulation at the photoanode surface was
measured by the chopped-light chronoamperometry
technique. Compared to the Ir-absent hematite-NiOy
photoanode, adding [Ir(OH)e]? reduced the hole accumulation
at the photoanode surface (Figure 5f, grey square), indicating
the efficient hole transfer from the interlayer to the highly
active Ir-site which accelerates the hole consumption for OER.
The authors further compared several kinds of MOy interlayers,
finding the consistent relationship between the hole
accumulation capacity of MOx and the enhanced PEC
performance caused by the [Ir(OH)g]%, where the NiOx exhibits
the highest hole accumulation capacity in company with the
largest enhancement of photocurrent density upon adding
[Ir(OH)e]? (Figure 5f).75> Through similar analysis, the critical role
of interlayer as a hole transfer bridge was also clarified in a
hematite/Ni(OH),/IrO, photoanode.’¢

The chopped-light CA technique has been extensively used
in PEC studies nowadays, as it can be easily accessible and time-
saving. However, this technique can not accurately quantify the
hole accumulation at a high applied bias. The quantification of
hole accumulation from the negative spikes is based on the
assumption that all the surface holes contribute to the
recombination current upon turning light off, but this
assumption is only applicable under low bias where water
oxidation has not been triggered. With increasing applied bias,
the surface hole-back electron recombination is gradually
inhibited and even cut off due to the widened space charge
layer, and thus surface holes are more prone to participate in
water oxidation instead of charge recombination. This is
consistent with the injection efficiencies which approach unit
under sufficiently high potentials, where the negative spikes
gradually decrease and eventually disappear. Under this
condition, hole accumulation cannot be probed by the
chopped-light CA technique, and more advanced techniques
are needed which will be introduced in section 3.1.3.

2.4 Due-working-electrode (DWE) technique

DWE is a newly emerged technique that is first proposed by
Boettcher’s group in 2014. It is specially developed to study the
SC/EC interfaces during PEC reaction.® It allows for direct in situ
electrochemical measurement and control of the potential and

This journal is © The Royal Society of Chemistry 20xx
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the current of the EC in the SC/EC composite photoelectrode,
which are impossible by using the conventional techniques
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Figure 5. Cyclic voltammograms for ferrihydrite in 1 M NaOH electrolyte (a) without and (b) with 0.5 M H,0, under scan rate of 100 mV s* with 3 cycles. Reproduced with permission
from ref. 79. Copyright 2014 Wiley-VCH. (c) Chopped light chronoamperometry measurements of hematite electrodes in 1 M NaOH without or without 0.5 M H,0,. Reproduced with
permission from ref. 6. Copyright 2011 The Royal Society of Chemistry. (d) Proposed reaction paths explaining the different roles of TiO, and NiOy for the PEC-OER. (e) Cyclic
voltammetry at 50 mV s on pristine, NiOy coated, and NiO,/Ir-anion modified hematite in 1.0 M NaOH in the dark. (f) The correlation between the hole accumulation capacity of

hematite-MO, before the addition of Ir-anion and the activity difference Aj after the introduction of 1.0 uM Ir-anion relative to the Ir-anion-free electrolytes. The grey arrow shows

the decreased capacity of hematite-NiO, from 0.64 to 0.35 mC cm-2 (grey square) after the introduction of Ir-anion to the electrolyte. Error bars represent the standard deviation.

Reproduced with permission from ref. 75. Copyright 2017 Springer Nature.

introduced above. The DWE technique is based on two working
electrodes in independent contact with SC and EC,
respectively.2! The key challenge of this technique is to
construct a workable second electrode which has a good
contact with the EC but avoids shorting to the underlying SC.56
A bipotentiostat is implemented in the DWE-PEC experiment to
allow simultaneous control of the two working electrodes.?! The
data collection and interpretation of DWE technique are
straightforward without much assumptions and models. The
measurement relies only on the equilibration of
electrochemical potential between the second working
electrode and the feature of interest.

2.4.1 Thin Au film as the second working electrode. The
fundamentals of the thin Au film-based DWE
photoelectrochemistry are illustrated in Figure 6a. The
electrocatalyst is deposited on the front side of the SC, while an
ohmic contact is made to the back as the first working electrode
(WE1). The electrocatalyst is coated with a thin layer of Au (~10

m) by vacuum evaporation to create the second working
electrode (WE2). The Au film should be porous, ensuring
continuous conductivity, electrolyte permeability, as well as
optical transmission.21

Significant insights of the SC/EC interfaces have been
provided by Boettcher and coworkers using the DWE technique.
They recorded the steady state potential of the electrocatalysts
(Vcat) When stepping the semiconductor electrode potential
(Vsem) for Ni(OH); or IrOx modified TiO, photoanodes under PEC
conditions.® The increasing Vcat With Vsem (Figure 6b) is a direct
proof of positive charge accumulation in the electrocatalyst

This journal is © The Royal Society of Chemistry 20xx

layers which results in a decreased electrocatalyst Fermi level.
The rapid change of V¢at with Ve for Ni(OH), coated TiO; and
the linear change of Vit with Vsem for IrOy coated TiO; can be
explained by the different ion-permeability of the two ECs. the
ion-permeable Ni(OH), form adaptive junctions with the SC,
where the effective Schottky barrier height changes in
operando with the bias-dependent oxidation level of the EC. In
contrast, the ion-impermeable IrOx form buried junctions with
the SC, yielding a constant barrier height independent of
applied bias. The DWE technique was also used to track
whether the photogenerated holes in the SC travel through the
EC or directly go into the solution (Figure 6c). The illuminated
CV plot measured at WE2 shows a negative shift compared to
the dark CV plot by ~0.2 mA cm?2, which equals the
photocurrent measured at WE1, demonstrating that
photogenerated holes are collected by the EC layer rather than
directly drive water oxidation on the SC surface.® The group
further studied the a-Fe;03/NipgFeq20x photoanode, finding
that the photovoltage across a-Fe;03/NipgFeo 20« substantially
decreases with the operative oxidation and conductivity switch
of NipgFeo,0x (Figure 6d), since the SC/EC junction photovoltage
is determined by the balance of electron and hole transfer to
the EC.7”7 Moreover, they studied the Ni-protected Si
photoanode and found that the photovoltage can be increased
by developing a spatially inhomogeneous buried junction,
which is realized by thinning the protection layer to facilitate
solution permeation to the n-Si/Ni interface.’87° The increased
photovoltage can be explained by the “pinch-off” effect, where
charge depletion in the high barrier regions can spill into the low

J. Name., 2013, 00, 1-3 | 7
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barrier regions thus to increase the local built-in potential.78:80
Furthermore, they studied how the semiconductor morphology
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Figure 6. (a) Dual-working-electrode photoelectrochemistry. Semiconductor and electrocatalyst potentials are independently measured/varied relative to the reversible oxygen
potential, &9, /05~ Reproduced with permission from ref. 21. Copyright 2016 American Chemical Society. (b) Steady-state electrocatalyst potential (Vcx) as a function of the TiO,
potential (Vsem) under illumination. Each V., data point was collected after holding Ve, for 180 s. Illuminated voltammograms collected through the TiO, electrode (WE1) are shown
for reference. In both cases, V.. reaches a constant value for sufficiently positive Ve, consistent with the requirement for continuity of the interfacial and OER currents, and the
activity of the catalysts. (c) Voltammetry of the Ni(OH), electrocatalyst (through the porous Au WE2) while Vsem was held at 0 V vs. &g, o5~ in the dark (blue) and under 1 sun
illumination (black). The blue (light) and orange (dark) curves show Jsmat the TiO, WE1 during the scan. The green arrows indicate the scan direction. Reproduced with permission
from ref. 9. Copyright 2014 Springer Nature. (d) The Veem,oc of a-Fe;05 and the Vixn, o for a-Fe,03/Nig sFeq 20y both as a function of Ve, (Vcar) under illumination. Reproduced with
permission from ref. 77. Copy right 2017 American Chemical Society. Current density passing from Au through (e) Nig sFeo,04H,-catalyzed electrodeposited hematite (porous) and (f)
Nio gFeo ,O«Hy-catalyzed ALD-hematite (uniform and compact) to the FTO substrate when Vi is held at 0 V vs &g, /05~ and Ve is set at various potentials. Reproduced with

permission from ref. 8. Copy right 2018 American Chemical Society.

and electrocatalyst conductivity influence the interfacial charge
behaviour in an a-Fe;03/NiggFeo20xHy system.8! The conductive
NiosFeo20xHy can induce substantial “shunt” recombination
current once it simultaneously contacts both the semiconductor
and the underlying conducting substrate (Figure 6e), thus
damaging the PEC performance. This recombination pathway
can be locked by constructing pinhole-free semiconductors,
where negligible “shunt”
observed even when the catalyst is oxidized and conductive
(Figure 6f). Other solutions are suggested including selectively
depositing the EC on the SC surface, or inserting an insulate
oxide layer between SC and EC.81

In spite of the exciting works mentioned above, challenges
still remain for the DWE technique. When DWE is applied on
nanostructured SCs coupled with nonuniform EC coverage, a
thin Au top contact may short to the underlying SC, hindering
the independent monitoring and controlling of SC and EC.>¢
Besides, the thin Au film has difficulty to simultaneously
maintain a good interconnection and electrolyte permeability
for rather rough photoelectrode surfaces. To overcome these

recombination current can be

challenges, the WE2 with new a material and structure should
be developed.

2.4.2 Potential-sensing electrochemical atomic force
microscopy (PS-ECAFM). Instead of using the thin film Au as the
second electrode for macroscopic measurement, PS-ECAFM
uses nanoelectrode atomic force microscopy (AFM) probes to
realize a spatial resolution in nanoscale.8283 The conductive
AFM probes are entirely coated by a thin insulating layer except
for the exposed tip (Figure 7a). The tip scans the photoelectrode

8 | J. Name., 2012, 00, 1-3

with incomplete EC coverage to distinguish the bare SE surface
from the electrocatalyst-coated locations.>¢

The group has studied a-Fe;03/CoPi and BiVO4/CoPi by PS-
ECAFM, where they draw conclusions consistent with those by
using Au-based DWE. They compared the electrocatalyst
potentials (Vip) driving a certain OER current in a-Fe;03/CoPi
and ITO/CoPi systems with the same amount of CoPi (Figure
7b).83 For a given current density, CoPi loaded on a-Fe;03 under
the PEC condition shows nearly identical potentials to those
measured for CoPi-ITO in dark, indicating that photogenerated
holes in a-Fe, 03 transfer to the electrocatalyst layer to oxidize
CoPi until it reaches a potential necessary to mediate a water
oxidation current equal to the steady-state photocurrent
(Figure 7b).83 Generally similar behaviour was also observed for
CoPi loaded on a BiVOs photoanode.8 The combined data
evidences that CoPi harvests photogenerated holes from SCs
and catalyses OER instead of acting as a spectator during the
PEC process.83

Furthermore, the nanoscale resolution of electrochemical
signals under PEC conditions, which is the unique advantage of
PS-ECAFM, is utilized to verify the pinch-off effect in an n-
Si/Ni/NiOOH  photoanode.8> The authors performed
photovoltage measurements of the nanoscale Si/Ni/NiOOH
junctions by selectively landing the AFM probe on individual
Ni/NiOOH islands (Figure 7c). The results are displayed as a
topographic map as shown in Figure 7d, where the
photovoltages at smaller islands are higher than those at larger
islands. The size dependence can be explained by the pinch-off

This journal is © The Royal Society of Chemistry 20xx



effect, where the oxidized NiOOH on Si produces high-barrier
regions surrounding the low-barrier regions of Si/Ni interfaces
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Figure 7. (a) The PS-ECAFM setup with the cantilever, fully electrically insulated except
for the exposed nanotip, serving as a potential probe. The inset is an electron micrograph
of the AFM tip used. The blue colour represents electrolyte. (b) CoPi surface potential
measurements at given current densities. The fact that the curves for the conducting ITO
substrates overlay those of the semiconductor photoelectrode substrates indicates that
the catalyst is behaving in the same fashion in both cases, independent of whether the
holes originate from the ITO or are photogenerated in the haematite. Reproduced with
permission from ref. 8. Copy right 2017 Springer Nature. (c) Schematic illustration of
pinch-off effect evidenced by sensing the individual Ni/NiOOH islands on Si by PS-ECAFM.
(d) Operando photovoltages collected at different nanoscale regions of the n-
Si/Ni/NiOOH photoanode. Reproduced with permission from ref. 8. Copyright 2019
Springer Nature.

due to the higher work function of NiOOH than that of metallic
Ni. Therefore, the pinched-off junction exhibits higher effective
barrier height of Si/Ni interfaces and higher interfacial
selectivity for holes as compared to the non-pinched off
analogues.8>

Similar to PS-ECAFM, photoconductive AFM (pc-AFM) was
performed to enable nanoscale imaging of charge carrier
transport in photoanodes.®® Photocurrent from grain
boundaries, facet planes, and facet boundaries can be
distinguished using pc-AFM. In a nanostructured BiVO,
photoanode, no additional recombination centre was observed
at grain boundaries, indicating the high defect tolerance.
Moreover, through the complementary pc-AFM and
macroscopic PEC measurement, the roles of different
overlayers on BiVO,4 photoanode were revealed, where (NiFe)Oy
acted as the catalytic component and (CoFeCe)Ox had the
function of hole capture.8’ These findings facilitate the interface
optimization in multi-component photoelectrodes.

The applicability and weakness of all the introduced
electrochemical techniques are briefly summarized in Table 2,
which may instruct the selection of techniques and evaluation
of the data reliability. Although the conventional

This journal is © The Royal Society of Chemistry 20xx

electrochemical techniques have supported plenty of
mechanistic PEC interface studies, innovation of the technique
development

powerful functions and wider applications.

is still strongly encouraged towards more

3. Optical spectroscopic techniques

Optical spectroscopic methods can provide useful information
on the reaction intermediates and carrier dynamics, which are
pivotal for revealing the reaction mechanism and interfacial
charge behaviour during PEC water splitting. Significant
progress has been made in implementing optical spectroscopic
methods in PEC systems, including both steady-state and
transient spectroscopic techniques.

3.1 Steady-state optical spectroscopy

Steady-state optical spectroscopy is generally applied to study
PEC reaction intermediates and pathways. The reaction
intermediates during PEC water oxidation had been suggested
to be some surface-bond higher valent species by a series of
electrochemical studies through the hole accumulation
phenomenon at photoanode surface, but the chemical nature
of the intermediate species was blurred.248889 To address the
issues, optical spectroscopic methods play a key role. To obtain
the optical signals at real PEC conditions, two beams of light are
required, one of which act as the illumination source to drive
the PEC reaction, and the other as the probe of optical
response.’190 The PEC illumination light should be prevented
from entering the optical detector by using filters or modulating
the light path.90°1 The measurement can be conducted as a
function of applied bias, illumination intensity, or electrolyte
environment, guiding detailed PEC mechanistic study.

3.1.1 Spectroelectrochemistry. Spectroelectrochemical
experiments can be performed by incorporating a quartz cell
into an ultraviolet (UV)-visible spectrometer, collecting the
absorption spectra of photoelectrodes as a function of applied
bias.?2 Without PEC illumination, the featured absorption peaks
increasing with positive potentials were observed at 580 nm for
hematite and 470 nm for BiVO,, both of which could be related
to the bias-dependent space charge layer width in
semiconductors.®293  Furthermore, spectroelectrochemical
experiments can be conducted under illumination, where a
added as the constant
illumination source, and a long pass filter should be equipped to
prevent the laser beam from going into the UV-visible
detector.?0 Spectroelectrochemical PEC
condition were performed by Klahr et al. to study the nature of

monochromatic laser beam is

experiment under

surface oxidized species on hematite photoanodes.?® They
observed the absorption difference spectra for various applied
potentials and found a peak growing at 572 nm with increasing
anodic potentials. This peak was reduced by an alumina coating,
confirming that it results from surface species of hematite
rather than bulk trap states.®® The absorption peak at 572 nm
shows a linear relationship with surface charge calculated from
CV measurements, and a striking similarity with the absorption
peak of isolated molecular Fe(V)B*(=0) species. Hence, it was
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tentatively assigned to high valent Fe=0O groups that
accumulate at hematite surface for water oxidation.90.94
Besides,

Table 2. A summary and comparison of electrochemical techniques for interface study in PEC systems.

Technique Outputs Weaknesses Ref.
PEIS Identification of charge behaviour at different interfaces Fitting models rely on prior 2639
Rate constant calculation assumptions.
Rate constant calculation Rate constant calculation relies on prior
IMPS 55,57
Surface hole current and recombination current measurement assumptions.
Vph measured at open circuit may
ocP Photovoltage measurement deviate from the Vph under the 5864
operating PEC condition.
Cannot quantify the charge
cv Observation of interfacial charge accumulation q v & 75

Chopped-light
CA

In situ macroscopic measurement/control of the potential and
the current of the EC in the SC/EC composite photoelectrode

Au-based DWE

accumulation.

Limited application only for low-

Quantification of interfacial charge accumulation 70

injection efficiency conditions.

Au top contact may short to the
underlying SC when EC is ununiform.

In situ measurement/control of the potential and the current of

PS-ECAFM
spatial resolution

the EC in the SC/EC composite photoelectrode with nanoscale

Complicated setups 83,85

Irie et al. investigated the intermediate species on hematite
photoanode in a wide pH range by in situ
spectroelectrochemical measurement.®> They concluded that
the pH-dependent photocurrent onset can be ascribed to two
reaction mechanisms switching at approximately pH 10.95
Consistently, simulation also suggested the
electrolyte pH-dependent surface states and interfacial charge
transfer mechanisms of hematite photoanodes.®® Although
operando spectroelectrochemistry can provide clues for the

a theoretical

water oxidation intermediates, it was usually performed in the
UV-visible region which is not powerful for chemical bond
identification.

3.1.2 Attenuated total reflectance infrared (ATR-IR)
spectroscopy. In situ ATR-IR spectroscopy was first
implemented in PEC study by Hamman’s group, achieving the
first exact identification of the PEC water oxidation
intermediate on hematite photoanode.®! This technique has the
superiority including limited detecting region near the
electrode-electrolyte interface and high sensitivity for low-
concentration species.

The measurement setup was developed by sandwiching
the electrolyte within a micrometer distance between a
hematite photoanode and a ZnSe ATR element (Figure 8a). An
LED ultraviolet flashlight is used as the light source for PEC
reaction, which illuminates the photoanode from backside. The
incident IR beam reflects at the ZnSe-electrolyte interface,
forming evanescent wave which penetrates a limited path

10 | J. Name., 2012, 00, 1-3

length of typically 0.5~2 micrometres into the electrolyte, thus
the problem of competitive IR absorption by water can be
alleviated.®7.98 Besides, IR light undergoes multiple internal
reflections in the ZnSe single crystal to enhance its interaction
with the substance in electrolyte, thus addressing the challenge
of probing the low-concentration intermediate species on the
photoanode surface.?® All experiments were performed in D,0
to ensure a sufficient IR transmittance. The identification of the
PEC water oxidation intermediate includes three steps.?! First,
the IR spectra under varied applied potentials were collected,
and a prominent absorption peak at 898 cm-1 was observed at
potentials anodic to the onset potential of OER current,
whereas the peak is absent at potentials that render no OER
current (Figure 8b). Second, when introducing Kl as a hole
scavenger into the electrolyte, no spectral feature was
observed. Therefore, the absorption peak at 898 cm-! can be
ascribed to the reaction intermediate that is unique to the OER
reaction. This peak can be assigned to either Fe=0 or Fe-O-OH
groups, thus the third step is to explore the isotopic effect on
the IR spectra to further differentiate between the two species.
The 1:1 ratio mixture of D160/ D,!80 results in two equally
weighted peaks at 898 and 857 cm! (Figure 8c) corresponding
to FeV=160 and FeV=180 groups, respectively, thus eliminating
the possibility of Fe—O—OH groups which would produce three
different stretching modes. Therefore, the chemical identity of
the PEC water oxidation intermediates on hematite can be
confirmed as Fe!V=0.°1

This journal is © The Royal Society of Chemistry 20xx



ATR-IR spectroscopy was further used to observe the
reaction intermediates in different electrolyte environment by
Zhang et al, who reported a pH-dependent interfacial charge
transfer pathway.?® The rate-determining step for water
oxidation on hematite photoanode, namely 0O-O bond
formation, undergoes distinct pathways in different pH regions.
They observed an absorption band of water oxidation
intermediates at 1100 cm, and it was assigned to a surface
superoxide species through a further investigation of the
isotopic effect on the absorption spectra. However, this
absorption band at 1100 cm-! gradually decreases from pH 8 to
pH 10, and completely disappears at pH 11 (Figure 8d).
Meanwhile, they performed a rate law study through PEIS
measurements and found that interfacial hole transfer changes
from a first order reaction to a second order reaction as pH
increases (Figure 8e). Water oxidation intermediates and the
reaction orders display the consistent pH-dependences,
indicating the transition of reaction pathway way with
increasing pH (Figure 8f). In near neutral pH region, O-O bond
forms through the nucleophilic attack of water to surface
trapped holes (WNA mechanism). At high pH extremes, the
prevailing mechanism is the coupling of the neighbouring
metal-oxo species (I2M mechanism).9?

3.1.3 Photoinduced absorption (PIA) spectroscopy. PIA
spectroscopy was first applied in PEC studies by Durrant’s
group, aiming at quantifying the hole concentration on
photoanode surface under PEC working conditions.7t It
measures the optical absorption of illuminated photoelectrodes
as a function of illumination intensity, and the PIA signal is
recorded as the absorption difference between illuminated-
and unilluminated- photoelectrodes. The illumination light
should be attenuated in the front of the optical detector by
filters. Different from the electrochemical techniques which
primarily monitor the electron signals, PIA enables researchers
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to directly monitor the presence of photogenerated holes by
the observation of their optical absorption. This is especially
important to photoanodes, where the photogenerated holes
drive the key function of water oxidation.100

A model study of quantifying the photoanode surface hole
concentration by using PIA was carried out on hematite,
enabling a rate law analysis towards a deep understanding on
the PEC water oxidation kinetics.”* A single-wavelength light of
650 nm was used as the absorption probe, since it is an indicator
of the surface photoholes on hematite.’01 The analysis was
conducted by two steps. First, the hematite photoanode was
kept at a constant potential just negative to the photocurrent
onset, where the PIA signal and the chopped light CA curves are
simultaneously measured as a function of illumination intensity.
Thereafter, the surface hole concentration can be calculated by
the negative current spikes and quantitatively correlated to the
PIA signals. Based on this quantitative correlation, the surface
hole concentration can be extracted from the PIA intensity at
any potentials even if the current spikes disappear. Second, the
hematite photoanode was kept at a sufficiently positive
potential where the surface holes are completely utilized for
surface reaction, and thus the rate law of PEC water oxidation
can be constructed by quantifying the correlation between
surface hole concentration and photocurrent density (Figure 9a
and 9b). The result indicates that increasing surface hole
concentration can turn the first order reaction to third order
reaction (Figure 9c).”! Beside hematite, BiVO4 photoanodes also
display a transition of water oxidation reaction order from 1 to
3 with increasing surface hole concentration.192 Moreover, the
rate law analysis was also carried out on TiO;, where a pH-
dependent reaction order was observed.103

The hole concentration-dependent reaction kinesics in PEC
system is unique for water oxidation. For hole scavengers like
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Figure 8. (a) Schematic of the set-up used for operando PEC infrared (IR) measurements depicting the hematite working electrode (WE), platinum counter electrode (CE), Ag/AgCl

reference electrode (RE) and ZnSe ATR crystal. A thin layer of electrolyte was introduced between the hematite WE and the ATR crystal. (b) Infrared spectra of hematite scanned at

constant applied potentials, from 1.13 to 1.63 V versus RHE, under illumination. (c) Plot of the effect of oxygen isotopic variation on the infrared absorption spectra during PEC water
oxidation with hematite electrodes. Reproduced with permission from ref. 1. Copy right 2016 Springer Nature. (d) FT-IR spectra recorded on the hematite photoanode under AM

1.5 G illumination with applied potential of 1.6 VRHE at different pHs. (e) Relationship of photocurrent densities (LA cm-2) and surface hole densities (number of holes nm-2) at pH

This journal is © The Royal Society of Chemistry 20xx
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10.0 (black square) and pH 13.6 (red dot). (f) Schematic of the O-O bond formation path way transition with electrolyte pH. Reproduced with permission from ref. 2. Copy right 2018

American Chemical Society.

Ka[Fe(CN)g], the reaction order keeps constant as 1 with
increasing hole concentration.192 The third order reaction of
PEC water oxidation is explained by the rate-limiting step of
forming an intermediate requiring three-hole incorporation.”?
These conclusions are consistent with a recent theoretical
calculation work which suggests that the key to enhancing the
photocatalytic OER efficiency is to increase the concentration of
surface holes.194 Inspired by the rate law analysis, the water
oxidation kinetics on photoanodes was efficiently promoted by
increasing the surface hole concentration through strategies
such as doping and coating hole-storing overlayers.105

Furthermore, the PIA technique was applied to investigate
the role of ECs on photoanodes. The hole accumulation in CoPi
was quantified for a CoPi/BiVO,4 photoanode.1% When apparent
photocurrent is observed on BiVO4/CoPi, the hole
concentration in CoPi is too low to contribute noticeable
current, indicating that hole transfer from BiVO,4 to CoPi is not
efficient. Hence, the authors concluded that water oxidation on
CoPi/BiVO,4 occurs primarily on BiVO,4 rather than CoPi.10 |n
comparison, CoFe-Prussian blue (PB)/BiVO,4 can provide a more
favourable interface for efficient hole transfer, which can be
inferred from the change of PIA spectrum induced by CoFe-PB
modification (Figure 9d).107

3.2 Transient absorption spectroscopy (TAS)

TAS is generally used to study the time scale of fundamental
processes in solar energy conversion, including formation,
trapping, transfer, and recombination of photogenerated
charge carriers in semiconductors.108-110 TAS is based on the
pump-probe technique, where the pump initiates the
photoexcitation of a sample and the probe measures the optical
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Figure 9. (a) The PIA signals recorded at 650 nm and (b) the photocurrent densities
measured simultaneously, with the sample being held at 1.5 Vgye in 1 M NaOH
electrolyte. (c) Transition of water oxidation reaction order from 1 to 3 with increasing
surface hole density on hematite photoanodes. Reproduced with permission from ref.
71, Copy right 2015 American Chemical Society. (d) Comparison of PIA spectra of CoFe-
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PB modified and unmodified BiVO,. Reproduced with permission from ref. 107, Copy right
2018 American Chemical Society.

absorption of the sample at various time following the
excitation, thus tracing the time evolution from excited states
to ground states.111

In situ TAS measurement under PEC conditions enables the
direct observation of the photogenerated carrier kinetics in
photoelectrodes, and the spectra should be collected in the
time range matching the time scale of the kinetic process of
interest. Generally, charge transfer at solid-liquid interfaces
exhibits slower kinetics (longer time scales) than that at solid-
solid interfaces.

3.2.1 TAS in us-s. TAS spectra in ps-s timescale are
conventionally collected using a laser flash photolysis (LFP)
spectrometer, where the pump is provided by a ns-laser and the
probe is provided by a flash lamp.112.113 The time resolution of
LFP spectrometers are determined by the sensitivity of
detectors. Systematic studies on the photoanode-electrolyte
interfacial charge behaviour and the water oxidation kinetics
have been carried out by using ps-s TAS.101,114-116 Tgaking
hematite as the study platform, Durant and coworkers observed
a general potential-dependent feature on the TAS spectra of
hematite photoanodes regardless of the fabrication
methods.92101 The positive TAS peak at 580 nm under unbiased
condition turns to a bleaching (negative) peak under anodic
applied bias (Figure 10a). The 580 nm TAS signal was assigned
to an intraband trap states. The peak transition from positive to
negative can be ascribed to emptying the initially electron-
occupied trap states by anodic applied bias, which is consistent
with the growing space charge layer width with positive
potentials.117 It was suggested that the trap states can trap
electrons to the photoanode surface and induce back reaction
for oxygen reduction or surface charge recombination.118119 As
indicated by the TAS study from Li and coworkers, an acid
treatment on hematite can increase the de-trapping rate of
trapped electrons, thus alleviating the losses of photoelectrons
at the photoanode-electrolyte interface.11® Besides, a broad
photoinduced absorption peaking at 650 nm (Figure 10a) with a
timescale of ms-s is observed when applying positive voltages,
while it is absent when the film is near flat-band potential or
under unbiased conditions.101120 The authors assigned this
transient absorption signal to photogenerated holes in
hematite and gave interpretation as follows. The increasing
band bending of hematite with anodic potentials results in less
charge recombination in the space charge region, thus
photogenerated holes accumulate near the hematite surface,
giving rise to the broad absorption band of photoholes.101 The
dynamics of the transient absorption probed at 650 nm shows
a clear biphasic decay (Figure 10b), with a relatively fast decay
within 10 ms that can be assigned to electron-hole
recombination, and a slower decay that extends to ~1 s which
corresponds to long-lived photoholes.190 The amplitude of TAS
signal for the long-lived photoholes increases with applied bias,
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exhibiting a similar threshold potential and bias-dependence as
compared to the photocurrent-potential curve (Figure 10c).100
This quantitative correlation indicates that the PEC water
oxidation occurs in the timescale of ~1 s, and thus accumulation
of long-lived photoholes is a prerequisite to the observation of
water oxidation photocurrent. Moreover, it is suggested that
the consumption of the long-lived photoholes is a combined
process of PEC water oxidation and back electron-hole
recombination across the space charge layer.121 The two
processes were distinguished by combining TAS with
photocurrent transient and PEIS measurements, and the rate
constants were calculated to be 0.5 s for water oxidation and
100-1 st for back electron-hole recombination, respectively.
The results indicate that back electron-hole recombination is
strongly competing with water oxidation at the photoanode-
electrolyte interface (Figure 10d), causing significant efficiency
loss of water splitting photonaodes.121

Furthermore, us-s TAS was also used to interrogate the
water oxidation-relevant carrier dynamics influenced by
electrocatalysts, passivation overlayers, or heterojunctions.
CoPi can form Schottky-type junction with hematite, and GeOy
can passivate the surface states of hematite, both of which
increase band bending and electron depletion in hematite,
inhibiting back electron-hole recombination.92120 Besides, WO3
can efficiently extract electrons from BiVO4, which benefits the
yield and accumulation of long-lived holes on BiVO,
surface.122123 |n these cases, TAS measurements indicate an
elongated lifetime of surface holes in the composite
photoanodes as compared to that in the bare ones, thus leading
to promoted water oxidation and enhanced photocurrents.

3.2.2 Ultrafast TAS. TAS in ps and fs time domains is a
powerful and sensitive tool to investigate the ultrafast
photochemical and photophysical dynamics. Temporal
evolution of the transient excited states is collected by
measuring the absorption at different time delays between
pump and probe pulses.111 Typically, both pump and probe
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Figure 10. (a) Transient absorption spectra of nanostructured Si-doped CVD hematite
photoanodes under different applied electrical bias relative to RHE in 0.1 M NaOH. (b)
Effect of applied electrical bias in the transient absorption decay dynamics of
nanostructured hematite photoanodes probed at 650 nm after bandgap excitation with
355 nm laser light. Reproduced with permission from ref. 11 Copyright 2013 The Royal
Society of Chemistry. (c) Correlation of the photocurrent density (dark blue line) with the
long-lived photohole signal amplitude at 100 ms (red diamonds) as a function of applied

This journal is © The Royal Society of Chemistry 20xx

electrical bias. Reproduced with permission from ref. 190, Copyright 2012 The Royal
Society of Chemistry. (d) Illustration of the charge recombination and surface water
oxidation time scales inferred from TAS decay. Reproduced with permission from ref.
121 Copyright 2014 American Chemical Society.

pulses are generated by fs-lasers, and the time delay between
the two pulses can be continuously varied by using an optical
delay line.111.124 The maximum measured time scale is several
nanoseconds due to the space limitation of the optical delay
line.

Constructing SC-SC heterojunctions has been a widely
utilized strategy towards more efficient photoelectrodes.16:125
The improved PEC activity of the heterojunctions as compared
to their monocomponent counterparts can be ascribed to the
internal electric field which benefits charge separation, or the
combination of advantages from different semiconductors.16.126
However, understanding the detailed carrier dynamics at a
heterojunction is difficult, since techniques with sufficiently
high time resolution is required to monitor the ultrafast process
occurs at solid-solid interfaces.12? Thanks to the development of
ultrafast TAS, researchers recently are getting deeper
understanding on the interfacial charge behaviour at the
heterojunctions between semiconductors.

BiVO4/WOs3 is one of the most studied platforms of SC-SC
heterojunction photoanodes with type-ll band alignment,
which can simultaneously utilize the good visible light response
of BiVO4 and the excellent electronic conductivity of WOs, thus
leading to the significantly enhanced PEC activity.125.128
Systematic studies by using ultrafast TAS have been carried out
to elucidate the interfacial charge behaviour in BiVOs/WO;
heterojunction.

Initially, the ultrafast TAS measurement were performed
under non-operando conditions. UV-visible pulses were
suggested to be valid probe for photoexcited holes in BiVO4, and
thus the electron injection from BiVO4 to WO3 was inferred by
detecting the BiVO4 hole dynamics by using ultrafast TAS in UV-
visible region.129-131 Furthermore, Selli’s group demonstrated
that photoexcited electrons can be directly monitored by
midinfrared (IR) probes.'2? The time-resolved IR TAS traces
recorded for monocomponent semiconductors are displayed in
Figure 11a, demonstrating that photogenerated electrons live
much longer in WO3 (red circle) than in BiVO, (blue square).
When the BiVO4/WOs3 heterojunction is excited upon 500 nm
pump, photocarriers generate only in BiVO4 but not in WO3
since the excitation energy is higher than the band gap of BiVO,4
but lower than that of WOs. The IR TAS signal of photoelectrons
in BiVO4/WO3 heterojunction upon the exclusive excitation of
BiVO4 exhibits very a similar decay trace (Figure 11a, green
triangle) with the that in the single WOs (Figure 11a, red circle).
The decay traces were further analysed by fitting with
exponential equations for time constant calculation, suggesting
that the electron transfer from BiVO4to WOs is ultrafast (Figure
11b) and even faster than the function response of the
experimental setup (~200 fs). Consistently, Durrant et al also
manifested the faster electron injection from BiVO, into WO3
than that into FTO substrate. When the BiVO4/WO3
heterojunction is excited by 410 nm pump, photocarriers
simultaneously generate in both semiconductors, activating the
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pathway of recombination between holes in BiVO; and
electrons in WOs (Figure 11b), thus shortening the lifetime of
photogenerated carriers (Figure 11a, orange star). This work
provides direct evidence for the fast electron transfer at the
BiVO4/WOs interface. It is also suggested that future efforts
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Figure 11. (a) IR-fs TA traces recorded at 2050 cm! with the WO; (red circles), BiVO, (blue
squares), and WOs/BiVO, (orange stars) electrodes upon 410 nm excitation (270
nJ/pulse) and with WO3/BiVO, upon 500 nm excitation (300 nl/pulse; green triangles).
(b) Excitation wavelength dependent electronic interactions in WO3/BiVO, under
selective excitation of BiVO, (500 nm pump) and simultaneous excitation of both oxides
(410 nm pump). Reproduced with permission from ref. 127. Copyright 2018 American
Chemical Society. Ultrafast TAS dynamics of (c) BiVO, and (d) WO3/BiVO, monitored at
470 nm. Reproduced with permission from ref. 132 Copyright 2019 American Chemical
Society.

should be paid on minimizing the parasitic interfacial charge
recombination upon simultaneous excitation, thus to further
improve the performance of the heterojunction photoanode.27

Furthermore, Selli’s group conducted operando UV-visible
fs-TAS of BiVO4/WOs3 photoanode under PEC conditions, finding
that the TAS trace of BiVO4/WO3 shows a more pronounced
bias-dependence compared with that of bare BiVO, (Figure 11c
and 11d), which can be ascribed to the built-in electric field at
the heterojunction.’32 Combining electronic measurements,
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they concluded that the bias-altered intraband gaps states in
BiVO4 play a critical role in determining the carrier dynamics of
BiVO4/WOs heterojunction.132

Optical techniques are wused not as widely as
electrochemical techniques in PEC studies, which is mainly due
to the difficulty of performing in situ optical spectroscopic
measurements under operative PEC conditions.133 |t is also
challenging to collect accurate information from the complex
reaction environment that combines illumination, applied bias,
and solution. Besides, the complicated setup of optical paths
and the high expense of lasers in TAS also hinders the wide
application. However, optical techniques are indispensable for
deep understanding of the PEC mechanisms since they can
provide important information which is not accessible by
electrochemical techniques. The functions and weaknesses of
the introduced optical techniques are briefly listed in Table 3.

4. Summary and perspectives

Techniques applied for the interface study in PEC systems are
overviewed herein. In the electrochemical technique section,
we introduced PEIS and IMPS for interrogation of interfacial
charge transfer and recombination, OCP for photovoltage
measurement, CV and chopped-light CA for observation of
interfacial charge accumulation, as well as the DWE technique
for SC/EC interface investigation. In the optical spectroscopic
technique section, steady sate optical spectroscopy is first
introduced, including spectroelectrochemistry and ATR-IR
spectroscopy which are mainly used for reaction intermediate
detection, as well as PIA technique which aims at hole
quantification at operative PEC conditions. Besides, transient
absorption spectroscopy that traces the time evolution of
photocarriers is also introduced, including us-s TAS for solid-
solution interfaces and fs-ps TAS for solid-solid interfaces.
Insightful understandings have been gleaned on the SC-
electrolyte, SC-EC, and SC-SC interfaces during PEC process,
including interfacial thermodynamics, carrier dynamics, as well
as the water oxidation kinetics and pathways. However,
challenges still remain, and much efforts should be paid on the

This journal is © The Royal Society of Chemistry 20xx
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Table 3. A summary and comparison of optical spectroscopic techniques for interface study in PEC systems.

Technique Outputs

Weaknesses Ref.

Spectroelect-
rochemistry

Reaction intermediate detection

Reaction intermediate identification and reaction

Cannot provide the accurate chemical o105

identity of the intermediate species.

IR absorption of electrolyte can disturb
the analysis. 9109
Ultrathin layer of electrolyte within a

micrometre is required.

Holes in EC and SC may not be accurately
distinguished in a composite photoanode.

Intense excitation pulse is required to

ATR-IR
pathway study
Quantification of charge accumulation at operative PEC
PIA conditions
Rate law measurement
TAS us-s TAS for solid-solution interfacial carrier dynamics

generate detectable signals, which 100

Ultrafast TAS for solid-solid interfacial carrier dynamics

deviates from continuous solar irradiation.

future development of techniques for in-depth PEC interface
study.

First, the data reliability should be cautiously evaluated
and validated. Some methods relying on too much prior
assumptions and models have limited application only for
certain conditions. Specifically, for PEIS and IMPS, the
characteristic frequency assignment, the equivalent circuit
establishment, and the rate constant calculation require
sufficient prior knowledge on the studying systems, and thus
should be conducted carefully. Such analysis may heedlessly
spread to inappropriate situations and cause misleading
conclusions. Hence, development of techniques with direct
observation and straightforward data interpretation is
encouraged, since they give more reliable evidences and have
more potential to be widely applicable.

Second, employing different techniques on
experimental system is good way to address the validity issue,
as well as to gain deeper mechanistic understanding. For
instance, both electrochemical and optical spectroscopic
techniques can be simultaneously utilized to confirm the time
scale of interfacial charge behaviour, or the energetics of some
interface defects and trap states.?3.121 Besides, by analysing the
electronic response of photoelectrodes accompanied by the
chemical identity determination of intermediate species, the
detailed interfacial charge transfer steps might be inferred.®®
Hence, combining the complementary information obtained
from different techniques allows more comprehensive
knowledge of the underlying mechanisms.

Third, new in situ techniques should be explored for PEC
studies towards characterization in nanoscale and even atomic

one

scale. Nanostructured photoelectrodes are always favoured
due to the higher PEC activity. However, the heterogeneity of
physicochemical property at nanoscale adds to the difficulty of
interface study. Conventional electrochemical responses are
collected for the photoelectrode as a whole, where the
interfaces in the multilayer photoanode cannot be directly
distinguished. In contrast, the newly-developed DWE technique
provides direct and independent observation of the potential
and current on the SC and the EC in an SC/EC composite
photoanode, and thus junction photovoltages and charge
accumulation in the EC can be directly detected at operative
PEC conditions. More excitingly, the spatial resolution in PEC
study is improved to nanoscale by using the AFM tip-based DEW
technique. However, this single powerful DWE technique is not
enough, more various techniques with high spatial resolution is
demanded. For instance, space-resolved surface photovoltage
(SPV) has been implemented in photocatalysis field to map the
separation of photogenerated carriers dominated by the facet
exposure and defect distribution at nanoscale in a
photocatalyst.134135 This SPV technique is also expected to be
applied in PEC field to deliver useful information. Furthermore,
in situ transmission electron spectroscopy, which have been
implemented in electrocatalysis and photocatalysis field, is also
suggested to be utilized in PEC study.136-138 |t would enable
researchers to directly observe the structure evolution of
materials at atomic scale under operative conditions, thus
helping to construct the structure-performance relationship
and guide the design of highly efficient photoelectrodes.
Fourth, should be
combined with experimental techniques to obtain insightful

theoretical simulation/modelling



understanding on PEC systems. By conducting the optical
modelling in company with photocurrent action spectra
measurements on planar photoelectrodes, Sharp et al.
extracted the spatial collection efficiency (SCE) during PEC
process. The modeling should be carried out carefully especially
for transition metal oxide semiconductors, where the
generation of photocarriers can be affected by the electronic
transition type in addition to light absorption. The SCE profiles
enabled the researchers to quantify the efficiency losses coming
from bulk and surface of a photoelectrode. It also helped to
differentiate the performance bottlenecks, which is meaningful
for photoelectrode modification.139.140 Beside the simulation of
optical and electronic properties within the semiconductors as
introduced above, simulation of the electrode-electrolyte
interface, as well as the mass transport in the electrolyte, are
also important and should be considered in the future study.

In summary, the in-depth understanding of PEC interfaces
is essentially dependent on the advances of study techniques.
Although the existing techniques have guided great progress,
challenges regarding the data reliability, spatial and time
resolution, and the difficulty of in situ characterization, still
remains to be overcome. Exploiting new techniques,
cooperation between different techniques, and the addition of
theoretical simulations, may hold the opportunity for new
breakthrough of mechanistic study, thus allowing further
efficiency improvement of PEC cells.
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