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Semiconductor electrodes can catalyze photo-induced redox reactions with
light illumination. Photoexcitation produces excited carriers that subse-
quently transfer to the front and back contacts as determined by the bulk and
surface properties of the photoelectrodes. This transfer defines the resultant
quasi-Fermi levels of the photo-generated carriers at the photoelectrode sur-
face, which, in turn, impacts the efficiency of surface photoelectrochemical
reactions. However, determining such quasi-Fermi levels is not a simple task. In
this study, we introduce a method for estimating the quasi-Fermi level of holes
using outer-sphere electron transfer reactions. The quasi-Fermi level of holes is
estimated by linking the oxidation photocurrent on photoanodes to the
separately measured electrode potential on a stable metal electrode. Using
this method, the quasi-Fermi level of holes at the surface is monitored in
response to variations in applied potential and light intensity. This approach
effectively separates the photocurrents of the CdS model electrode between
surface redox reaction and photocorrosion, while concurrently quantifying
the dynamic quasi-Fermi level at the surface. This work facilitates quantitative
understanding of photoelectrochemical reactions on semiconductor electro-
des to design green chemical transformation systems.

Photocatalysis using semiconductors represents a promising approach
for converting solar energy into chemical energy. The harnessing of
visible light within the solar spectrum is vital for effective solar energy
conversion. Thus, visible-light-responsive semiconductors with relatively
narrow bandgaps, such as metal chalcogenides and nitrides, have been
intensively studied for use in water splitting'” or organic synthesis**®
applications. Nevertheless, these visible-light-responsive semiconductors
face efficiency challenges due to factors like self-photooxidation, also
known as photocorrosion, and surface carrier recombination’’. In pho-
tocatalysis, the electrochemical potentials of electrons and holes are

significant parameters as they determine which photoelectrochemical
(PEC) reactions occur at the surface of photoelectrodes at which rate. On
a photoanode made of an n-type semiconductor, PEC oxidation reac-
tions happen at the surface when illuminated. The rates of these oxida-
tion reactions rely on the electrochemical potential, i.e., the quasi-Fermi
level (QFL), of photo-generated holes™. The QFL of holes at the surface of
photoanodes, represented as £/, is defined as follows:
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where p,, E,, N, k, T, and e represent the density of holes at the surface
of photoanodes, the potential of valence band maximum (VBM),
effective density of states in the valence band, Boltzmann’s constant,
absolute temperature, and elementary charge, respectively. Many
researchers have been focusing on measuring the QFL of holes. Pinson,
for instance, estimated the QFL of a hole at the surface of the photo-
anode by measuring the potential of a porous Au layer built on a GaP
photoanode". Subsequently, Boettcher’s group developed a dual-
working-electrode technique to measure the potential of the electro-
catalyst on a TiO, photoanode. This enabled them to elucidate the
energetics and charge-transfer processes at the semiconductor/
electrocatalyst interface'”. This technique was also utilized in a
SrTiO; photoanode by Chen et al., and they described the relationship
between the rate of water oxidation and the surface potential of the
SrTiO; photoanode™. Osterloh’s group developed a contactless
photovoltage measurement technique using vibrating Kelvin probe
surface photovoltage (VKP-SPV) spectroscopy. They were successful in
measuring the photovoltage of a BiVO, photoanode in electrolyte
solutions with fast electron donors®. All these studies, relying on stable
metal oxide semiconductors as model semiconductors, indicate that
measuring the surface potential of photoanodes contributes to a
better understanding of interfacial energetics and charge-transfer
processes.

The semiconductor/electrolyte interface has also been investi-
gated using redox couples'® . Prévot et al. employed redox couples
with varying redox potentials to explore the Fermi-level pinning
associated with the surface states on a CuFeO, photocathode®.
Additionally, using simple reactions with different redox potentials
proves effective for analyzing more complex reactions on photo-
anodes, such as competitive reactions of photocorrosion. This is often
observed on visible-light-responsive photoanodes like CdS®"**#,
Memming evaluated the energetics of the CdS photoanode/electrolyte
interface, emphasizing the faradaic efficiencies (FEs) of oxidation of a
variety of redox couples'®. Further, Inoue et al. scrutinized the com-
petitive behavior between photocorrosion and oxidation of redox
couples with diverse redox potentials on a CdS photoanode, eluci-
dating the photocorrosion tendency based on the standard potentials
of redox couples'. Although reactions of redox couples can simplify
the complexity of reactions on photoanodes, reactants for inner-
sphere electron transfer reactions, such as halides and sulfides, are
often employed together. It is important to note that charge transfer
kinetics are highly dependent on the involved surface, which limits the
elucidation of surface kinetics on photoelectrodes.

Here, we propose an experimental protocol to evaluate the QFL of
holes at the surface of a photoanode using outer-sphere electron
transfer of redox couples in acetonitrile (ACN) solutions. This protocol
primarily comprises two steps: i) quantifying the oxidation photocurrent
of redox species j.qox With various redox potentials on a photoanode
and ii) estimating the QFL of holes at the surface by correlating the
oxidation photocurrent to the separately measured electrode potential
on a stable metal electrode, like a Pt plate electrode. In the first step, PEC
measurements are conducted to oxidize the redox species on a photo-
anode, and the selectivity of redox species oxidation is quantified to
obtain the jiqox- This is necessary because visible-light-responsive pho-
toanodes, such as CdS photoanodes, suffer from photocorrosion due to
self-oxidation by photo-generated holes. The selectivity in the compe-
titive behavior between redox species oxidation and photocorrosion is
quantified by reducing the oxidized redox species on a metal wire
electrode. In the second step, the current density (j)-potential rela-
tionship of redox species oxidation on a Pt plate electrode (under dark
conditions) is used to evaluate the QFL of holes at the surface of the
photoanode. The QFL of holes is estimated by correlating the jeqox ON
photoanodes to the electrode potential of the Pt plate electrode (both of
which should have similar active surface areas), under the assumption
that the kinetics of the electrochemical oxidation are identical between

the Pt plate electrode and the photoanodes. To make this assumption
reasonable, reversible redox couples with outer-sphere electron transfer
were chosen as redox probes. This protocol enables us to estimate the
QFL of holes under operando conditions.

The measurement protocol was initially established using a
0.05 wt.% niobium-doped titanium dioxide (Nb:TiO,) photoanode as a
model oxide semiconductor. A CdS single-crystal photoanode serves as
a model for the visible-light-responsive photoanode due to its superior
carrier transport properties in its bulk, as demonstrated through carrier
dynamic analysis. The bulk properties were explored by carrier
dynamics analysis using an optical-pump terahertz-probe (OPTP) tech-
nique, supplemented by a time-resolved microwave conductivity
(TRMC) measurement. Subsequently, the developed protocol was
applied to the CdS photoanode, validating that the methodology accu-
rately tracks the QFL of holes on the photoanode in response to the
imposed potential and light intensity. By estimating the QFL of holes, the
surface reactions on the CdS photoanode are differentiated between
redox species oxidation and photocorrosion. The refined protocol will
yield information on the QFL of holes at the surface of various photo-
anodes, specifying the oxidation capability of the photoanodes.

Results

Candidate redox couples

In this protocol, we employ redox couples whose oxidation unfolds
through an outer-sphere electron transfer because the QFL of holes is
estimated by correlating the oxidation photocurrent density on photo-
anodes to the separately measured electrode potential of a metal elec-
trode (Supplementary Fig. 1). By utilizing outer-sphere redox couples,
consistent electrochemical oxidation kinetics can be assumed on
both photoanodes and metal electrodes. Firstly, we investigated
the electrochemical properties of redox couples using a glassy
carbon (GC) electrode as depicted in Fig. 1. The candidates include
molecular redox species (2,2,6,6-tetramethylpiperidine 1-oxyl free radi-
cal (TEMPO), 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl free
radical (TEMPOL), thianthrene, iodide, and bromide) and metal com-
plexes (ferrocene, tris(3,4,7,8-tetramethyl-1,10-phenanthroline)iron(ll)
([Fe(phen-Mey);]*"), tris(1,10-phenanthroline)iron(ll) ([Fe(phen);]*"), and
tris(2,2"-bipyridine)ruthenium(ll) ([Ru(bpy)s]*)). The mid-point poten-
tials deduced from cyclic voltammograms (CVs) of these redox couples
indicate differing redox potentials among the redox species (Fig. 1a,
Supplementary Table 1). Among them, the outer-sphere redox species,
such as ferrocene, TEMPO, TEMPOL, and thianthrene, are used for the
QFL estimation. Figure 1b presents the CVs of TEMPO at various scan
rates. Both anodic and cathodic peak currents are amplified with
increasing scan rate. Notably, the anodic peak current increases pro-
portionally to the square root of the scan rate (Fig. 1c). Further, the peak
potential separation remained nearly the same irrespective of the scan
rates (Fig. 1b). These behaviors in CVs are characteristics of a reversible
redox system. The peak potential separation was approximately 69 mV,
aligning well with the theoretical value of 60 mV in a reversible one-
electron-transfer system at 25°C**. Thianthrene also showed the
characteristics of a reversible redox system (Supplementary Fig. 2). To
explore the oxidation kinetics of these redox species, we conducted
linear sweep voltammetry (LSV) using Pt and GC plate electrodes
(Fig. 1d). The oxidation kinetics of ferrocene were virtually identical on
both the Pt and GC plate electrodes, indicating that ferrocene oxidation
occurs via an outer-sphere electron transfer. In the case of oxidation of
TEMPO, TEMPOL, and thianthrene, the LSV curves were not substantially
different between the Pt and GC plate electrodes, with a mere difference
of approximately 20 mV at 5 mA cm™2, which is far less than the potential
difference in the inner-sphere electron transfer, such as oxidation of
iodide or bromide (Supplementary Fig. 3). The electrode reaction rate
constants of outer-sphere electrode reactions exhibited no significant
difference on Pt and GC electrode or on GC electrodes with or without
surface modification by monolayer organic molecules™*. Therefore, we
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Fig. 1| Electrochemical properties of redox species. a CVs on the GC disk elec-
trode in 1 mM redox species containing solutions at the scan rate of 10 mVs™
without stirring. b CVs on the GC disk electrode in 1 mM TEMPO-containing solu-
tion at various scan rates without stirring. ¢ The plots of anodic peak current
density versus the square root of the scan rate. WE: GC disk; CE: Pt wire; RE: Ag/Ag"
reference electrode; Electrolyte: ACN containing 100 mM TBAPF¢ and 1 mM of

v1/2 / (mV S—1)1/2

E-iR/Vvs. SHE

redox species. d Linear sweep voltammetry (LSV) on the Pt plate (solid line) and GC
plate (dashed line) electrodes in ACN containing 20 mM ferrocene, 80 mM TEMPO,
80 mM TEMPOL, or 20 mM thianthrene and 100 mM TBAPF with stirring at

700 rpm. CE: Pt wire; RE: Ag/Ag’ reference electrode. Source data are provided as a
Source Data file.

conclude that when using these outer-sphere redox species, it is rea-
sonable to assume that their electrochemical oxidation kinetics are
equivalent on both photoanodes and metal electrodes.

Parasitic light absorption by the redox couples is a crucial factor
during experimental conditions. In this investigation, we used fer-
rocene, TEMPO, TEMPOL, and thianthrene as redox couples, because
they possess adequately small absorption coefficients for achieving
sufficient photocurrent on photoanodes. Other redox couples, like
the metal complexes of bipyridine or phenanthroline ligands, exhibit
considerably large absorption coefficients, as demonstrated in Sup-
plementary Fig. 4. Our three-electrode cell used in this study has an
approximate optical path length of 5mm (Supplementary Fig. 5).
Therefore, it is necessary for the absorption coefficients of the redox
couples to be small enough to diminish parasitic absorption and
measurement time needed to accumulate a sufficient amount of
oxidized redox species. This measure helps evade experimental
errors such as ACN evaporation. Improvements in the measurement
setup, like introducing back illumination to semiconductor films
(which are deposited on a transparent conducting electrode), would

permit the use of redox couples with large absorption coefficients.
Nevertheless, in this study, we adopted front light illumination using
single-crystal semiconductor photoanodes as model photoanodes.

Estimation of the QFL of holes at the surface of a TiO,
photoanode

In utilizing the chosen redox couples, an estimation of the QFL of holes
was successfully demonstrated, using a 0.05wt.% niobium-doped
titanium dioxide (Nb:TiO,) single-crystal photoanode. This protocol
entailed quantifying the oxidation of redox couples via reduction on a
metal electrode, enabling the derivation of FEs for redox couple oxi-
dation on the photoanode. It is pivotal to maintain a balance between
photocurrent densities and diffusion-limiting current densities, as the
QFL of holes cannot be distinctly determined if the photocurrent
density on a photoanode surpasses the diffusion-limiting current
density of redox species. Supplementary Fig. 6 illustrates the LSVs on
the GC plate electrode in 10 and 20 mM ferrocene-loaded solutions.
The current density obtained from ferrocene oxidation reaches
saturation at the potential above roughly 0.5V versus standard
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Fig. 2 | Estimation of the QFL of holes on a Nb:TiO, photoanode. a /-t curves of
chronopotentiometry (CP) for the Pt plate electrode at 1.0 mA to oxidize TEMPOL
(black line) and the subsequent CA for the Ni wire electrode at —0.35V vs. Fc'/Fc
(green line). b /-t curves of CA for the Nb:TiO, photoanode at —0.08 V vs. Fc*/Fc to
oxidize TEMPOL (red line) and the subsequent CA for the Ni wire electrode at
-0.35V vs. Fc'/Fc (green line). CE: Pt wire; RE: Ag/Ag" reference electrode;

Electrolyte: ACN containing 20 mM TEMPOL and 100 mM TBAPFg; stirring rate:
700 rpm; light source: 370 nm LED light (68 mW cm™2). ¢ Comparison of the results
of the Pt plate electrode and the Nb:TiO, photoanode. d FEs for the oxidation of the
redox species on the Nb:TiO, photoanode. e Estimation of the QFL of holes on the
Nb:TiO, photoanode during the redox couple oxidation. Source data are provided
as a Source Data file.

hydrogen electrode (SHE), indicative of diffusion limitation. The fluc-
tuations in the photocurrent densities are likely due to electrolyte
solution stirring. The plateau values shown in Supplementary Fig. 6
represent the upper photocurrent limits for photoanode experiments
with these redox couples. If the photocurrent density surpasses the
diffusion-limiting current density, the partial current density of redox
species oxidation jieqox On photoanodes must conform to this
diffusion-limiting current density. Consequently, the QFL of holes can
be allocated to any potential above 0.5V vs SHE, without explicit
specification. Therefore, careful considerations of the concentrations
of redox couples, applied potential on photoanodes, and light inten-
sity are crucial in this protocol to ensure photocurrent densities stay
below the diffusion-limiting current densities.

Figure 2a-c present the outcomes of a typical measurement
protocol, namely, the oxidation of TEMPOL on the Nb:TiO, photo-
anode. Initially, the Pt plate electrode served as a calibrator to oxidize
TEMPOL to TEMPOL" until roughly 300 mC had passed through the
circuit. This was followed by the reduction of TEMPOL" on a Ni wire
electrode. Control experiments without redox species ensured lack of
reduction current associated with the reduction of ACN or any
impurity like trace H,0 in the range of applied potential from -0.7 V to
0V yvs. Fc'/Fc. Thus, in this study we used Pt, Ni, and Au as an electrode
for reduction reaction (Supplementary Fig. 7). Subsequently, the oxi-
dation of TEMPOL took place on the Nb:TiO, photoanode under
370 nm LED light illumination through a chronoamperometry (CA)
measurement set at —0.08 V vs. Fc'/Fc (OV vs. Ag/Ag"), resulting in a

relatively stable photocurrent (Fig. 2b, red curve). The generated
TEMPOL" was then reduced using the Ni wire electrode. As a control
measurement for the reduction of oxidized redox species, CAs were
conducted on the Ni wire electrode in ACN with only supporting
electrolyte (Supplementary Fig. 8), because not only oxidized redox
species but also water traces in ACN can be reduced. The current on
the Ni wire electrode due to residues such as water was comparatively
small (<3 pA) enough to ignore as a contribution to the currents
(-0.2maA). In Fig. 2c, the reduction charge was plotted against the
oxidation charge for comparison between the Nb:TiO, photoanode
and the Pt plate electrode. The results for both electrodes are identical,
which implies that the FE of TEMPOL oxidation on the Nb:TiO, pho-
toanode is unity. The discrepancy between oxidation and reduction
charges may be due to the loss of oxidized redox species from the
working electrode (WE) compartment to the counter electrode (CE)
compartment via the cation exchange membrane. Figure 2d encap-
sulates the FEs of redox species oxidation on the Nb:TiO, photoanode.
Outcomes of the oxidation of ferrocene, TEMPO, and thianthrene,
required to obtain the FEs, are displayed from Supplementary Fig. 9 to
Supplementary Fig. 11, respectively. It was discovered that the FEs are
nearly unity in the oxidation of ferrocene, TEMPO, and TEMPOL,
suggesting that the Nb:TiO, photoanode can selectively oxidize these
redox species. On the other hand, thianthrene was not oxidized on the
Nb:TiO, photoanode, and an immediate decay of photocurrent was
observed (Supplementary Fig. 11). It is likely that charge recombination
of excited carriers over this doped sample is so facile that the QFL is
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pinned at more negative potential than the redox potential of thian-
threne. Based on the gathered FEs and average photocurrent densities
(imeas.) during the CA measurements, the partial current densities for
oxidation of the redox species (jreq0x) Were calculated as shown in
Supplementary Table 2.

The QFL of holes (E/") found at the Nb:TiO, photoanode surface
during the oxidation of each redox species was approximated by
drawing a correlation between j,.qox and the separately gauged
electrode potential of the Pt plate electrode. In Fig. 2e, solid lines
illustrate the relationship between jqox for the oxidation and
potential under dark conditions on the Pt plate electrode. By
creating plots on these lines, dependent on the j,.qox Mmeasured on
the Nb:TiO, photoanode, the electrochemical potential of holes on
the photoanode can be estimated. Since the electrochemical oxi-
dation kinetics are assumed to be identical on both the photoanode
and Pt plate electrodes, we can now estimate the electrochemical
potential of the holes on the illuminated photoanode by effectively
comparing the results in Fig. 2e. Consequently, the green dots ren-
der the jieqox—potential plots under illuminated conditions on the
photoanode when oxidizing each redox species, while the red dots
on the x-axis display the QFL of holes E/". The approximated E/*
values stood at 0.30, 0.64, and 0.67 V vs. SHE in the oxidation of
ferrocene, TEMPO, and TEMPOL, respectively. It was noted that the
E¢" inclines towards the positive direction during the oxidation of
redox species with an increased positive redox potential, an indi-
cation of a greater number of holes accumulating at the photoanode
surface. However, the QFL of holes could not reach more positive
potentials than the redox potential of thianthrene (1.2V vs. SHE),
which is far more negative than the potential of valence band max-
imum (VBM) of TiO, (-3 V vs. SHE?*®). This indicates the significance
of discussion on the QFL for those cases where the VBM position
cannot be used for oxidation capability. As such, a measurement
method for estimating the QFL of holes has been derived.

Estimation of the QFL of holes at the surface of a CdS
photoanode

In this study, CdS was chosen as a model of visible-light-responsive
semiconductor material because of its excellent optoelectronic prop-
erties in its bulk form. Initially, the band structure of the CdS was
investigated using ultraviolet photoelectron spectroscopy (UPS). The
results from the UPS measurement for the CdS single crystal are shown
in Supplementary Fig. 12. The work function (¢) was calculated to be
3.91eV, derived from the energy of He I excitation (21.22 eV) and E yop
in Supplementary Fig. 12a. The potential difference between the Fermi
level and VBM was determined from the VB region in the UPS spectra,
assuming that the Fermi level (Er.ry) equals the binding energy of
0 eV. Utilizing the reported value of 2.5 eV as the bandgap of CdS”, the
band diagram was determined, as shown in Supplementary Fig. 12b.
The flat-band potential of the CdS photoanode was determined from
the Mott-Schottky plots (Supplementary Fig. 13). The flat-band
potential was nearly identical, irrespective of frequency (Supplemen-
tary Table 3), averaging at —0.87V vs. Fc'/Fc (-0.55V vs. SHE). This
value aligns with the Fermi level of -0.53V vs. SHE obtained from the
UPS measurement. Additionally, Mott-Schottky plots were also
obtained in the presence of redox species (Supplementary Fig. 14). If
surface states cause the Fermi level to pin, the flat-band potential
would shift following the redox potentials of the redox couples in the
electrolyte solutions since the surface states would equate to the redox
potential?®. However, the flat-band potential of the CdS photoanode
did not change significantly, regardless of the utilized redox couples
(Supplementary Table 4). Therefore, it appears that Fermi-level pin-
ning caused by surface states on the CdS photoanode has a minimal

used an OPTP technique and a TRMC measurement (Supplementary
Fig. 15). A more detailed discussion of these methods can be found in
the Supplementary Information (Supplementary Discussion 1). The
measured carrier mobility and diffusion length are summarized in
Supplementary Table 6. When compared with the carrier dynamics
properties of representative photoanode materials such as Fe,O3,
BiVO,, and TasNs, the CdS single crystal was found to have greater
carrier mobility and extended diffusion length, showing that the CdS
single crystal exhibits excellent carrier dynamic properties.

Nevertheless, the CdS photoanode is known to suffer from pho-
tocorrosion due to its energetically and kinetically facile self-
photooxidation reaction. We estimated the QFL of holes on the CdS
photoanode to investigate the PEC reactions at the surface of the CdS
photoanode. Figure 3a displays the FEs for the oxidation of various
redox species oxidation on the Nb:TiO,, Nb-doped strontium titanate
(Nb:SrTiO3), and CdS photoanodes. Results from this oxidation on the
Nb:SrTiO; and CdS photoanodes and their subsequent reduction on
the metal wire electrodes to determine FEs are displayed in Supple-
mentary Fig. 16-20. As already shown in Fig. 2d, the Nb:TiO, photo-
anode could not oxidize thianthrene, suggesting that its QFL of holes
cannot reach sufficiently positive potentials to oxidize thianthrene.
Alternatively, a Nb:SrTiO; was used as another photoanode for thian-
threne oxidation. Here, we chose —0.082V vs. Fc'/Fc (OV vs. Ag/Ag")
for the applied potential as a representative value where the photo-
current reached saturation (Supplementary Fig. 21). The FEs of ferro-
cene oxidation were close to 100% on the CdS photoanodes. This is
consistent with the surface morphology of the CdS photoanode as
observed by scanning electron microscopy (SEM), showing negligible
change before and after the ferrocene oxidation (Supplementary
Fig.22). The photocurrents of ferrocene oxidation were not stable over
time on both Nb:TiO, and CdS photoanodes, even though the FEs were
nearly unity. This may be because a passivating layer of an insoluble
iron salt or organic polymer is formed during the oxidation of ferro-
cene in the ACN solution®*~*>, However, the estimation of QFL of holes
was effectively achieved as discussed in Supplementary Discussion 2.
On the contrary, the FEs of TEMPO and TEMPOL oxidation on the CdS
photoanode ranged from 85 to 95% respectively, whereas those on the
Nb:TiO, photoanode were near unity. It is noteworthy that thian-
threne, which has a significantly more positive redox potential in
comparison to TEMPO and TEMPOL, could be oxidized on the CdS
photoanode. The FE of thianthrene oxidation on the CdS photoanode
was only 23%, which is considerably lower than the near 100% FE
observed on the Nb:SrTiO; photoanode. The oxidation of thianthrene
was confirmed by UV-vis measurements for reaction solutions (Sup-
plementary Fig. 23). The color of solution clearly changed after the
oxidation with the CdS photoanode while the light irradiation at
370 nm alone did not change. Thianthrene radical cation has a char-
acteristic absorption peak at approximately 543 nm***, After the oxi-
dation on the CdS photoanode, the absorbance at 543 nm increased,
indicating that thianthrene was oxidized to thianthrene radical cation.
The increase in the absorbance was smaller than that after the oxida-
tion on the Pt electrode, indicating that thianthrene oxidation com-
peted with photocorrosion on the CdS photoanode. These results
suggest that photocorrosion competes with the oxidation of redox
species with more positive redox potentials. We confirmed the accu-
racy of the FE calculated based on the charges of oxidation and
reduction by quantifying the dissolved cadmium ions (Cd*) in the
electrolyte solution using atomic absorption spectroscopy (AAS) to
obtain the FE of photocorrosion competing with TEMPO oxidation.
The reaction equation of photocorrosion in the ACN solution can be
represented as follows®*:

effect on the QFL of holes in the observed potential range. CdS+2h* — Cd** +S )
To understand the fundamental semiconductor properties of a

CdS single crystal, an analysis of carrier dynamics was conducted. We
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Fig. 3 | Estimation of the QFL of holes on a CdS photoanode. a FEs of redox
species oxidation on the Nb:TiO, (red bar), Nb:SrTiO; (green bar), and CdS (blue
bar) photoanodes. b Comparison of FE and partial current densities calculated
from two different methods, charges of oxidation and reduction of TEMPO and
quantification of cadmium ions in the reaction solution after the PEC measure-
ments. While the open ones were measured with the light intensity of 17 or

68 mW cm2. ¢ Estimation of QFL of holes on the CdS photoanode during redox

couple oxidation. d Applied potential dependence of the QFL of holes in the
TEMPO oxidation. The closed symbols were measured with the light intensity of
34 mW cm while the open ones were measured with the light intensity of 17 or
68 mW cm™ e Electronic energy profile of the CdS photoanode combined with the
predicted j-potential profile of CdS photocorrosion. Error bars represent standard
deviations obtained with three independent experiments. Source data are provided
as a Source Data file.

Following this equation, the Cd** on the surface of the CdS
photoanode would dissolve into the reaction solution through pho-
tocorrosion. The electrolyte solution after the PEC measurement,
shown in Supplementary Fig. 24, was subjected to the AAS

measurement. The quantification results for Cd** and the calculation
of the FE are represented in Supplementary Fig. 25. Figure 3b com-
pares the FEs and partial current densities obtained using
charges and AAS. The partial current densities of redox species

Nature Communications | (2025)16:3688


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58837-9

oxidation (jredox) and photocorrosion (jphotocorrosion) are calculated
using the following equations:

3

Jmeas. =Jredox TJ photocorrosion

Jredox =Jmeas. * FE 4

where jieas. is the average photocurrent density measured in the CA
measurements for the CdS photoanode. The FE calculated from
charges roughly agrees with that obtained by the AAS result, sup-
porting the validity of the calculation of FEs based on the oxidation and
reduction charges.

In Fig. 3¢, the QFL of holes at the surface of the CdS photoanode is
estimated by correlating the obtained j,cqox ONn the CdS photoanode
with the electrode potential of a Pt plate electrode. The green-filled
square dots depict the jieqox 0N the CdS photoanode for the oxidation
of the different redox species by irradiating with a fixed light intensity
(34 mW cm™). The corresponding QFLs of holes are shown as the red-
filled circle dots on the x-axis. The QFL of holes shifted to a more
positive potential when a redox couple with a more positive redox
potential was oxidized. The QFL of holes can be estimated under var-
ious conditions, such as the dependence on the light intensity and
applied potential. TEMPOL oxidation on the CdS photoanode was
performed at different light intensities (17 and 68 mW cm™) as depic-
ted in Supplementary Fig. 26, and the FEs and partial current densities
are summarized in Supplementary Fig. 27. The total photocurrent
density almost doubled when the light intensity doubled because the
number of excited carriers increased with the increase in light inten-
sity. Conversely, the FE did not significantly change regardless of the
light intensity. As a result, both jredqox and jphorocorrosion iNCreased in
response to the light intensity increase. A similar outcome was also
obtained in TEMPO oxidation (Supplementary Fig. 28, 29). The extra
Jredox ON the CdS photoanode and the corresponding E¢” are plotted as
green open square and red open-circle dots, respectively, in Fig. 3c. All
Jredox aNd Jiphotocorrosion Plotted in Fig. 3¢ are summarized in Supple-
mentary Table 7. Supplementary Fig. 30 shows the light intensity
dependence of the QFL of holes during TEMPOL oxidation. The QFL of
holes linearly shifted in relation to the logarithmic scale of light
intensity, consistent with the definition of the QFL of holes when the
density of holes at the surface is assumed to change linearly with the
light intensity. The dependence of the QFL of holes on the applied
potential was also observed during the TEMPO oxidation. The FEs and
partial current densities are represented in Supplementary Fig. 31. The
estimated QFLs of holes and electrons are plotted against the applied
potential in Fig. 3d. Here, the QFL of electrons can be approximated to
the applied potential because the electron is the majority carrier in the
CdS photoanode. A higher applied potential leads to a wider space
charge region, a larger potential drop across it, and the accumulation
of holes at the surface, which in turn leads to a positive shift of the QFL
of holes (see Supplementary Discussion 3). The shift of the QFL of
holes was, however, much smaller than the shift of the QFL of elec-
trons, and the gained photovoltage decreased with the increase in the
applied potential. This is probably because the QFL of holes is pinned
at the redox potential of TEMPO (0.64 V vs. SHE from Supplementary
Table 1), due to the facile kinetics of TEMPO oxidation. This behavior of
potential dependence was also observed in the QFL of holes estimated
from LSV curve for TEMPO oxidation on the CdS photoanode (Sup-
plementary Fig. 32). While the applied potential was swept from 0.8 V
to —0.4V vs. SHE, the QFL of holes shifted from 0.69V to 0.42V vs.
SHE. The behavior of the QFL of holes is similar to the pinning of the
front surface potential (Ers) on the bismuth vanadate (BiVO,4) photo-
anode, observed using a VKP-SPV technique by Osterloh’s group®.
They found that the Egfis pinned to the electrochemical potential of

the present redox couple in the electrolyte solution under open circuit
conditions, due to the rapid hole transfer from the photoanode. This
data confirms that the proposed protocol can track the QFL of holes on
photoanodes under operando conditions.

In addition, the estimation of the QFL of holes clarifies the rela-
tionship between jphotocorrosion and E/ (indicated by orange-filled
square dots), enabling predictions concerning the kinetics of the CdS
photocorrosion. Figure 3e outlines the electronic energy profile of the
CdS photoanode in conjunction with the predicted kinetics of CdS
photocorrosion. CdS photocorrosion commences as soon as 0.54 V vs.
SHE, indicating that competition with photocorrosion is unavoidable
when the QFL of holes is more positive than 0.54 V vs. SHE on a bare
CdS photoanode. The thermodynamic potential of the CdS photo-
corrosion in an aqueous solution has been computationally predicted
to be 0.25V vs. SHE”. The Gibbs free energy for the transfer of Cd*
from water to ACN has been reported to be 17-42kJ mol ™50,
Therefore, the thermodynamic potentials of the CdS photocorrosion
in an ACN solution are estimated to fall between 0.34-0.47 V vs. SHE.
The predicted onset potential of the CdS photocorrosion aligns with
the calculated thermodynamic potential of the photocorrosion. It is
noteworthy that the rate of photocorrosion did not increase mono-
tonically as a function of the QFL of holes. The limitation of the
Jphorocorrosion May indicate that photocorrosion on the CdS photo-
anode is not controlled by the electrochemical driving force from the
holes. The photocorrosion of CdS accumulates solid sulfur as an oxi-
dized product, which limits the kinetics of further oxidation of the CdS
surface”*. Due to the limitation of the jynotocorrosion, the QFL of holes
reached approximately 1.2 V vs. SHE. This result indicates the benefit of
this QFL measurement by outer-sphere reaction because the kinetics
of e.g., photocorrosion and Faradaic reaction can be quantitatively
discussed.

Discussion

The current study has developed a protocol aimed at estimating the QFL
of holes at the surface of photoanodes under operando conditions. This
process utilizes reversible redox couples with outer-sphere electron
transfer. Experiments were conducted with a Nb:TiO, photoanode to
confirm the efficacy of the measurement protocol in estimating the QFL
of holes during the redox species oxidation process. The QFL estimation
on the Nb:TiO, photoanode revealed that the QFL of holes cannot reach
more positive values than the redox potential of thianthrene, suggesting
that the photoanode’s capability to drive oxidation reactions is lower
than might be expected from the position of its VBM. By implementing
this protocol, estimations were made regarding the QFL of holes at the
surface of the CdS photoanode which exhibits excellent carrier transport
properties evidenced by the analysis of carrier dynamics. These calcu-
lations were influenced by light intensity and applied potential. Further,
the QFL estimation of holes on the CdS photoanode decoupled the
photocurrent kinetics of CdS photocorrosion and the oxidation reac-
tion. The separation of these kinetics unveiled the stability window and
oxidation capability of photoanodes with Faradaic efficiency. Utilizing
the insights derived from the QFL estimation, it will be possible to select
an appropriate reaction or to quantitatively assess and rationally design
the performance of protective layers. Furthermore, with regard to
(photo)electrocatalytic reactions involving inner-sphere reactions,
assuming that an electrocatalyst layer is coated similarly on both semi-
conductor and conductive substrates, the j-V curve measurements
using the catalyst-coated conductive substrate would help to elucidate
the QFL on the electrocatalyst-coated semiconductor from its j~ mea-
surements (+Faradaic efficiency measurement) under light irradiation.
The estimated QFL will also facilitate understanding of what drives the
charge carriers towards the interface. In conclusion, the developed
method proves to be useful for designing green chemical transforma-
tion systems.
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Methods

Preparation of photoanodes and metal electrodes

A commercially available 0.05wt.% Nb:TiO, single crystal ((110),
10x10 mm, 0.5mm thickness, SHINKOSHA Co., Ltd.), 0.01wt.%
Nb:SrTiO; single crystal ((100), 10 x 10 mm, 0.5 mm thickness, SHIN-
KOSHA Co., Ltd.), and a CdS single crystal ((0001), 10 x 10 mm, 1 mm
thickness, MTI Corp.) were used for photoanodes. The CdS single
crystal was cut into pieces to be used as a CdS photoanode. An elec-
trical connection was established between the lead wire and the single
crystals by soldering indium onto the edge of the back side of the
crystals. This indium soldering was then covered with epoxy resin for
insulation. The exposed photoanode surface area, used to calculate
the current density, was determined using ImageJ software (Nb:TiO,
photoanode: 0.89 cm? Nb:SrTiO; photoanode: 0.65 cm? CdS photo-
anode: 0.69 cm?” in ferrocene oxidation, 0.65 cm? in thianthrene oxi-
dation, and 0.35 cm? in other experiments). We also prepared GC and
Pt plate electrodes in the same manner as the photoanodes using a
commercially available GC plate (10 x 10 mm, 1 mm thickness, Nilaco
Co., LTD) and a Pt plate (10x10 mm, 0.1 mm thickness, Nilaco Co.,
LTD). The surfaces of the Nb:TiO, and Nb:SrTiO; photoanodes was
polished using 0.05um polishing alumina and then washed with
ultrapure water and ACN before the electrochemical measurements.
We cleaned the surface of the CdS photoanode by immersing it in
concentrated hydrochloric acid (HCI) solution (35.0-37.0% (mass/
mass), FUJIFILM Wako Pure Chemical Corp. (Wako)) for 1 min®. The
CdS photoanode was then washed with ultrapure water and ACN
(99.5+% (mass/mass), Wako). The GC plate electrode was polished with
0.05 um polishing alumina, and washed with ultrapure water and ACN,
while we cleaned the Pt plate electrode by immersing it in aqua regia
for 10 s and then washing it with ultrapure water and ACN before the
electrochemical measurements.

Electrochemical and PEC measurements

In the ensuing electrochemical and PEC evaluations, all data were col-
lected using a potentiostat system (VMP3, BiolLogic Science Instru-
ments). All measurements were conducted at room temperature (ca.
25°C). The redox potentials of the species were examined by cyclic
voltammetry using a GC disk electrode (diameter: 3.0 mm) inside a
single-compartment, three-electrode cell equipped with a Pt wire
counter electrode and an Ag/Ag’ reference electrode (interior elec-
trolyte solution: ACN containing 0.01M silver nitrate (AgNO3z) and
0.1 M tetrabutylammonium perchlorate (TBAP)). The electrochemical
and PEC oxidation of redox species using the Pt plate electrode and
photoanodes, respectively, were carried out in a three-electrode H-type
cell. The working electrode compartment and the counter electrode
compartment were separated by a cation exchange membrane (Nafion
117, Fuel Cell Store). The three-electrode H-type cell was deployed to
reliably quantify the redox species oxidized at the working electrode, as
the reduced products at the counter electrode could react with the
oxidized redox species. The working electrode was situated at the
quartz glass window, maintaining a distance of approximately 5mm
from the electrode and the window. An Ag/Ag’ reference electrode was
placed in the working electrode compartment, and a coiled-Pt wire was
used as the counter electrode. The electrolyte solution in the counter
electrode compartment was ACN containing 0.1-0.2M tetra-
butylammonium hexafluorophosphate (TBAPF¢, 98%, Tokyo Chemical
Industry Co., Ltd. (TCI)) based on the electrolyte solution in the
working electrode compartment. The electrolyte solution in the
working electrode compartment is clarified in the captions. The pri-
marily used redox species in this protocol, such as ferrocene (98%,
Sigma-Aldrich), 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, 98%,
Sigma-Aldrich), 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl free
radical (TEMPOL, 98%, TCI), and thianthrene (>98%, TCI) were readily
available commercially and used without any modification. In all elec-
trochemical and PEC measurements using the H-type cell, the volume

of the electrolyte solution was 40 mL in both the working and counter
electrode compartments. All electrochemical and PEC measurements
were performed under an Ar atmosphere.

Before we initiated the oxidation of the redox species on the
photoanodes and the Pt plate electrode, we conducted electro-
chemical measurements to establish the standard condition of the
electrolyte solutions. The fresh electrolyte solution contained only
reduced redox species. Conversely, the electrolyte solution in its
standard condition contained a certain portion of the oxidized redox
species.

To create this standard condition, we first conducted CA using a
Pt wire electrode at 2-3 mA. This action oxidized the redox species
until ~300 mC of charge had passed through the circuit. Subsequently,
we switched the working electrode to a metal wire reduction electrode
and conducted CA at the applied potential within the potential window
(Supplementary Fig. 7). This was done until the reduction current on
the metal wire electrode decreased to a threshold current (/y,), which
was set to —0.01 mA in our setup.

The oxidation of redox species on the Pt plate electrode and
photoanode commenced from this standard condition. The reduction
of the oxidized redox species continued until the electrolyte solution
returned to the standard condition. This procedure was chosen
because reducing the oxidized redox species to the same condition as
the fresh electrolyte solution would take a significantly longer time.

After preparing the standard condition of electrolyte solutions,
we conducted electrochemical measurements with the Pt plate elec-
trode and PEC measurements with photoanodes to determine FEs of
redox species oxidation. We employed an LED light (370 nm, ASAHI
SPECTRA Co., Ltd.) as the light source for the PEC measurements,
positioning it 1cm away from the photoanodes. The optical path
length in the electrolyte solution was -5 mm. CP and CA were per-
formed on the Pt plate electrode and photoanodes, respectively, to
oxidize redox species until the circuit had a charge pass-through of
around 300 mC. Subsequently, we replaced the working electrode
with the metal wire electrode and reduced the oxidized redox species
back to the electrolyte solution’s standard condition. The faradaic
efficiency of redox species oxidation was determined by the following
equation:

C /C
FE/% = red. after photoanodes’ -~ ox. photoanodes

x100 (5
Cred.after Pt plate/ Cox. Pt plate

The charge of the redox species oxidation (C,y) was obtained by
integrating the current on photoanodes and Pt plate electrodes over
time. The charge of the reduction of the oxidized redox species (Ceq.)
was obtained by integrating the current on the metal wire electrode
over time. The applied currents and potentials in CP and CA mea-
surements, respectively, were described in the captions.

The conversion of the electrode potential from Ag/Ag" to ferro-
cenium/ferrocene (Fc'/Fc) is based on the CVs for 1 mM ferrocene with
the GC disk electrode*?, and E(Fc'/Fc) is 0.08 V vs. Ag/Ag". The elec-
trode potential of Fc'/Fc is converted to the SHE by F'(Fc*/Fc) =0.40 V
vs. SHE®. The LSV curves on the Pt plate electrode, which were used to
estimate the QFL of holes on photoanodes, were iR-corrected using
uncompensated resistances between the working and the reference
electrodes. The uncompensated resistances were obtained from the
high frequency intersect (=100 kHz) in electrochemical impedance
spectroscopy measurements (amplitude 10 mV).

OPTP and TRTS

The measurements were taken according to previous literatures**¢,
Supplementary Fig. 33 shows a schematic illustration of the reflection
mode setup. The CdS single crystal is photoexcited by an ultrafast laser
pulse with a full-width half-maximum of ~70 fs at a 150 kHz repetition
rate and a wavelength of 400 nm. The setup consists of an amplifier

Nature Communications | (2025)16:3688


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58837-9

(150 kHz, RegA, Coherent Corp.), which is seeded by 800 nm pulses
from a Ti:Sapphire oscillator (80 MHz, Vitara, Coherent Corp.). An
optical rectification in a (110)-oriented ZnTe crystal generates the THz
pulse. Detection is conducted in a second ZnTe crystal. Further details
are provided in previous literature***¢,

ST-TRMC

The measurements were performed as previous literatures***, The
differences from conventional TRMC are excitation source, the mea-
surement electronics, the frequency band, and the waveguide design.
The excitation source remains the same as that used in the OPTP setup.
An oscilloscope (RTO2044, Rohde and Schwarz) is used to detect
changes in reflected microwave power, with a sampling rate of 20 Gs s™
and a bandwidth of 4 GHz. The microwave can vary in frequency
between 28 and 38 GHz and is chosen to ensure that the reflected power
is at a minimum. In this particular setup, the sample is positioned on top
of the waveguide, which does not have an iris, effectively allowing the
sample to terminate the waveguide. This setup offers a high time
resolution, demonstrated by its short rise time of only 100 ps. However,
this advantage comes with the drawback of a relatively poor signal-to-
noise ratio. For the ST-TRMC design, it was difficult to determine the
precise K-factor, which prevented us from calculating absolute mobi-
lities. Additional details can be found in previous literature***,

Other characterization

The band structure of a CdS single crystal was determined by UPS
(KRATOS ULTRA2, Shimadzu). Helium I excitation (21.22 eV) was uti-
lized, and a charge neutralizer was employed during the UPS
measurement.

The absorption spectra of reaction solutions were obtained by
UV-vis measurements (V-770, JASCO Corp.). The surface morphology
of the CdS photoanode was characterized before and after oxidation
using SEM (JSM-IT800, JEOL Ltd.). A polarized Zeeman atomic
absorption spectrophotometer (ZA3000, Hitachi High-Tech Corp.)
was utilized for AAS to quantify the cadmium ions in the electrolyte
solutions.

Data availability

All data that support the findings of this study can be found within this
article and its supplementary information. The source data, backing
the findings of this study, are provided with this paper. Any corre-
spondence and material requests should be addressed to K. Taka-
nabe. Source data are provided with this paper.
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