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Response
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1. Introduction

This work develops an analytical model to consistently interpret the

steady-state and small-perturbation response (both in the time and frequency
domain) of photoanodes for solar water-splitting. In addition to accounting for
the fundamental mechanisms of charge-carrier generation, recombination,
and slow hole transfer at the photoanode/electrolyte interface, the model
overcomes the key shortcomings of existing models in the literature. These
include consistency across measurement/bias conditions and the
non-consideration of imperfect electron extraction at the collecting contact
and its corresponding effect on the recombination rate in the bulk. The model
is applied to analyze the time constants obtained from intensity-modulated
photocurrent spectroscopy (IMPS) and intensity-modulated photovoltage
spectroscopy (IMVS) measurements of a hematite photoanode, obtaining an
electron extraction velocity of 100 cm s~ close to the 1 sun open-circuit
potential, that corresponds to an electron mobility of 0.022 cm? V=" s~ . The
model further predicts a linear dependence of the photocurrent versus anodic
voltage, an observation whose origin is strongly debated in the literature in
the case of hematite photoanodes. The generality of the model allows its
extension to other photoanodes and photovoltaic systems, by the addition or

removal of specific physical mechanisms.
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Photoelectrochemical ~ (PEC)  water
oxidation is increasingly attracting
attention due to its potential as an
environmentally-friendly method for
converting solar energy into hydrogen.!!]
Since the oxygen evolution reaction
(OER) is considered the bottleneck
of the overall process,?l an efficient
catalyst working as a photoanode is
an important requirement. Although
higher performances are currently ob-
tained by coupling different materials
through interface engineering,?! the
optimization of sustainable photoanodes
made of a single material could offer a
simpler solution. Hematite (Fe,0;) is a
frequently studied material because it
is earth-abundant, low-cost, stable, and
has a suitable band edge position with
respect to the OER, in addition to pos-
sessing an optimal energy band gap for a
single-junction device (1.9-2.2 eV). How-
ever, its performance is limited by the
high electron-hole recombination rate,
poor electron conductivity, and apparent short hole diffusion
length.[¥l Understanding the kinetic aspects of the involved pro-
cesses, that is, transport and recombination of photogenerated
carriers in the bulk of the material and at the semiconductor—
electrolyte interface is therefore crucial for the design of efficient
photoanodes. However, despite continuous research endeavors,
the multi-redox reaction at the photoanode—electrolyte interface
involved in the OER still remains unclear.®)

In this context, small-perturbation methods are powerful tools
for probing the dynamic processes occurring in the photoanodes.
In the time domain, these methods prominently include tran-
sient photocurrent (TPC) and transient photovoltage (TPV). In
the frequency domain, the methods are impedance spectroscopy
(IS), intensity-modulated photocurrent spectroscopy (IMPS), and
intensity-modulated photovoltage spectroscopy (IMVS). In the
case of IMPS, several models have been developed to distinguish
the processes of hole charge transfer from the semiconductor to
the electrolyte, trapping and recombination of charge carriers,
and other multi-step reaction mechanisms.[®! TPC, which is the
corresponding time-domain method of IMPS, has been used to
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estimate the rate of electron extraction and electron—hole recom-
bination in the photoanode.”) IS has been used to identify the ex-
istence of surface states in hematite photoanodes,®! though their
impact on the device performance has been extensively discussed
in the literature.’) IMVS measurements have been typically car-
ried out at open-circuit conditions to determine parameters re-
lated to the recombination of charge carriers.l'% However, sev-
eral of these models either do not fully capture the physics of
operation of the photoanode (e.g., assuming perfect electron col-
lection at the back contact) or lack self-consistency (e.g., cannot
reproduce the steady-state response). Furthermore, it is unclear
how these models can be unified to describe the response of the
photoanode. Finally, since all these measurements are carried out
on the same device, a unique equivalent circuit is required that
generates the IS, IMPS, and IMVS response.[!!] Therefore, there
is an urgent need to develop a consistent model that captures the
basic processes occurring in the photoanode effectively and re-
produces the steady-state and transient response (time-domain
and frequency-domain).

In this work, we develop an optoelectronic model for semi-
conductor photoanodes to consistently interpret steady-state
current—voltage measurements and the small-perturbation re-
sponse in the frequency and time domain. In addition to the
fundamental mechanisms of charge generation, recombination,
and slow hole kinetics at the photoanode/electrolyte interface, the
model specifically accounts for the difference between the quasi-
Fermi-levels of electrons and holes within the semiconductor ab-
sorber and the external applied voltage under illumination. Sec-
ond, the model also accounts for non-ideal electron extraction at
the collecting contact. Both these factors play a significant role in
determining the current densities of recombination and charge
transfer in the photoanode. The validity of the model was tested
by comparing its predicted IMPS and IMVS spectra across differ-
ent DC parameters with those obtained from full drift-diffusion
simulations, which showed a good agreement with each other.
Thus, our model can serve as a base model for predicting the
steady-state and transient response of semiconductor photoan-
odes, to which specific physical models can be added (e.g., sur-
face states) depending upon the system being studied.

Application of the model to the case of hematite photoanodes
naturally explains the linear dependence of the measured pho-
tocurrent on the applied voltage, through a voltage-dependent
electron extraction velocity that depends on the constant electric
field across the hematite layer. Furthermore, the simulated IMPS
and IMVS spectra show a good agreement with the trends of the
experimental spectra reported in literature, as a function of DC
parameters such as the applied voltage and the effect of the ad-
dition of a hole scavenger. From a combined analysis of the time
constants obtained from IMPS, IMVS, and TPV measurements,
we calculated a hole transfer rate constant of k, = 16 s, con-
firming the slow kinetics of holes at the hematite/electrolyte in-
terface. We further determined an electron extraction velocity of
Sexe = 100 cm s71, that corresponds to an electron mobility of

exc

U, = 0.022 cm? V-1 57! in the hematite layer.

2. Results and Discussion

For the sake of clarity, we begin by providing a brief description
of the different time-domain (TPC, TPV) and frequency-domain
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methods (IMPS, IMVS) that are used in this work to study the
physics of operation of our hematite photoanodes. An IMPS mea-
surement involves the application of a small perturbation of the
photon flux @ at a chosen angular frequency @ on the sample, fol-
lowed by measurement of the corresponding modulated current
density j. The IMPS transfer function is given by

1)

where j,, = q® is the modulated photon flux represented as a cur-
rent density. The IMPS transfer function is dimensionless and
can be measured at any given DC condition of applied voltage or
light intensity. The frequency f (w = 2xf) is swept over a large
range (typically mHz to kHz) to obtain the full IMPS spectrum.
The corresponding measurement in the time domain is called
a transient photocurrent measurement. In a TPC measurement,
the device is connected via a 50 Q cable to a 50 Q load, which
corresponds to a situation close to short circuit for our typical
device area of 0.198 cm?. A DC illumination intensity is then ap-
plied to the cell, and the potential drop across the load is mea-
sured using an oscilloscope to obtain the DC photocurrent. A
short laser pulse (with intensity much lower than the DC light
intensity) impinges on the sample, which creates an excess pho-
tocurrent Aj that rises and subsequently decays. Since TPC is a
small-perturbation method, we assume that all processes are lin-
earised with respect to the carrier concentration. For time con-
stants that are well-separated in magnitude, the response can be
analysed using:(!?]

A (1) =1y [exp (Tj ) ~ exp (T_‘_t )] 2)
], ecay ],r1s€

where ji, is a constant and 7; ;.., 7 gecay ate the characteristic time
constants of the rise and decay of the photocurrent respectively.

The second method in the frequency domain is called IMVS,
which involves the measurement of the AC voltage V upon ap-
plication of an AC photon flux with a chosen angular frequency
on the sample, for any given DC condition of applied voltage or
light intensity. The IMVS transfer function is given by,

<

W(w) = 3 G)
]

—

which has the units of a resistance multiplied by area (Q cm?).
We note that the output of IMPS or IMVS measurements
is typically in the form of a responsivity, which can be eas-
ily converted to the desired form of the transfer functions
shown in Equations (1) and (3).[**) Similar to IMPS, the IMVS
spectrum is measured over a large range of frequencies. The
corresponding measurement in the time domain is called a
transient photovoltage measurement, which is identical to a
TPC measurement except that the sample is held at open cir-
cuit by setting the load resistance to 1 MQ. The evolution
of the excess voltage AV versus time in a TPV measurement
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Figure 1. Drift-diffusion simulations showing the typical representation of the spectra obtained from small-perturbation frequency domain mea-
surements and their corresponding small-perturbation time domain measurements — a) intensity-modulated photocurrent spectroscopy (IMPS) and
b) transient photocurrent (TPC) response, c) intensity-modulated photovoltage spectroscopy (IMVS) and d) transient photovoltage (TPV) response. In
(b) and (d), the dashed lines indicate a rise of the quantity while the solid lines indicate a decay. The characteristic time constants obtained from these
spectra are indicated in the labels. Reproduced under terms of the CC-BY license,['22] 2024, The Authors, published by the Royal Society of Chemistry.

for the case of well-separated time constants in magnitude is
given by:[14]

AV (H) =V, |:exp <T ;t > —exp (T—t >} )
V,decay V,rise

where Vj is a constant and 7y, Tygecay ar€ the characteristic
time constants of the rise and decay of the phovoltage respec-
tively.

The time constants in Equations (2) and (4) are typically evolv-
ing as a function of the DC variables — light intensity, applied
voltage, and current density. Figure 1 shows the typical data rep-
resentation of the small-perturbation frequency domain methods
and their corresponding time domain methods. The frequency
domain methods are expected to yield the same information as
their corresponding methods in the time domain, since both do-
mains are connected by the Laplace transform.[122]

2.1. Two-Capacitor Model

A fundamental model was developed by Wilson et al. to explain
the transient response of a semiconductor—electrolyte junction
after the application of a short light pulse.[**] The model assumes
a doped semiconductor with a space-charge region whose capac-
itance (F cm™2) is C,_, exchanging charge with the Helmholtz ca-

sc?
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pacitor with capacitance Cy; at the photoanode-electrolyte inter-
face. Minority carrier exchange between the capacitors at the pho-
toanode/electrolyte interface is proportional to the difference of
charge on the capacitors, with the respective rate constants (s™!)
of transfer given by k. and kj;. The majority carriers are swept
across the depletion region and collected, generating a current
density j in the external circuit. The model is completed by using
Ohm'’s law which equates the sum of the potential drops across
the space-charge and Helmholtz capacitors to the potential drop
across the total series resistance R, (sum of resistances arising
from the electrolyte, semiconductor bulk, and the Ohmic contact
for electron collection) when the current density j (Acm™2) flows
over it. This yields the equations:

d

Bk (0 Q) o)
4. _
7=_J+kH(Qsc_QH) (6)
0 Qi _.

=4 =R, 0

where Q.. and Qy are the charge per unit area (Ccm™2) in the
space-charge region and Helmholtz layer respectively. We first
investigate the validity of the model at steady-state conditions.
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photoanode

electrolyte

Figure 2. Schematic of the processes considered in the modified two-
capacitor model for IMPS measurements of photoanodes (ref. [6a]). The
recombination of photogenerated electron-hole pairs at the photoan-
ode/electrolyte interface is proportional to the rate constant k. (ks in
the model of Wilson et al.[>l) and the transfer of holes from the valence
band to the electrolyte is proportional to the rate constant k, (ky in the
model of Wilson et al.[™>l). Perfect collection of electrons is assumed at
the back contact.

We therefore set the left-hand side of Equations (5) and (6) to
zero, which yields

jz_ksc (QSC_QH)=kH (QSC_Q.H) (8)

where the overbar indicates a steady-state value. Equation (8) im-
plies:

_ksc = kH (9)
that shows that the two rate constants are notindependent of each
other, rather their magnitudes are equal with opposite signs. The
non-independency of the rate constants in this model is its fun-
damental limiting feature.

Ponomarev and Peter modified this model to describe small-
perturbation measurements of photoanodes in the frequency do-
main, specifically IMPS measurements.[®! This was carried out
by the addition of a photogenerated photon current density j, =

q®, where ® is the photon flux, to Equation (5). Furthermore,
the rate constant k. was replaced by k..., whose corresponding
term now describes recombination of the photogenerated holes
with the electrons in the conduction band. The rate constant k;
was replaced by k., indicating charge transfer of holes from the
valence band to the electrolyte. A schematic of the processes con-
sidered in the model is shown in Figure 2. Accounting for the
photogenerated photon current density in equation 5 and apply-
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ing a small perturbation to Equations (5)—(7), removing steady-
state terms and using the Laplace transform, we obtain,

insc = _j +j<l) - krec (Qc - QH) (10)
leH =_j+kct (QC_QH) (11)
Qsc QH _7

&t e =R (12)

where the tilde indicates an AC quantity. We also define the fol-
lowing time constants,

1
Ty = 7 (13)
' kCt
1
=L 14
Trec krec (14)
S WO U T (15)
P Tt Trec B kct + krec
-1
1 1
T3 = R‘tot<C_ + C_) = R‘totctot (16)
sc H

The IMPS transfer function can then be calculated from Equa-
tions (10)—(12) as,!'*P]

1+ iwy 7,

(1+iwr,) (14 ia)'rpar)

Q=3 = Qe (17)

,e%"l|k..z

where Q. is the low-frequency limit of the IMPS transfer func-
tion, which also corresponds to the charge transfer efficiency or
surface transfer efficiency,['®! given by:

T,

Qs _ rec
te T

T4+ 7,

k
— ct (18)
k.+k

ec rec

The variable y_ is a ratio of capacitances given by:

Ctot

= (19)

The IMPS response of this model is shown in Figure 3a. We
observe an arc in the upper quadrant at high frequencies that in-
tercepts the real axis at the value y_ (termed the high-frequency
intercept), followed by an arc in the lower quadrant that inter-
cepts the real axis at the value Q.. The time constant of the
high-frequency (HF) arc, obtained from the maxima e of the
negative imaginary part of the transfer function versus angular
frequency, is:

1
Tyr = w_F =T = Rtotctot (20)
H

The time constant of the low-frequency (LF) arc is given by:

L =1 (21)

Tigp = —
LF par
W p kct + krec
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Figure 3. a) Simulated IMPS response of the two-capacitor model, developed in ref. [6a] b) corresponds to the IMPS spectrum for the case of fast charge
transfer (r, << 7o) While ) corresponds to the spectrum for the case of fast recombination (7, < 7). The parameters used for the simulations are
relative permittivity e, = 32, series resistance R, = 1Q cm?, space charge capacitance C,. = 1077 F cm~2, Helmholtz capacitance C;; = 1076 Fcm™2.
The hole transfer rate constant k,, was setto k, = 105" in (a) and (c) and k, = 10* s™! in (b). The recombination rate constant k. was set to k.. =

20s7"in (a) and (b) and k,ee = 2 X 10* s in (c).

rec

For the case of fast charge transfer (k, > k) shown in
Figure 3D, the low-frequency arc moves to the upper quadrant
and extends toward a value of Q.. = 1. For the case of fast re-
combination (k.. > k) shown in Figure 3c, the low-frequency
arc extends toward a value of Q. = 0. The spectrum in Figure 3a
offers a simple method to calculate the charge transfer and re-
combination time constants—using the time constant of the low-
frequency arc (Equation (21)) and the low-frequency intercept
on the real axis Q. (Equation (18)). This method has been
used widely in the photoelectrochemistry community to interpret
IMPS measurements of photoanodes.[1%1171 This model was ex-
tended by Ponomarev and Peter to include the effect of surface
states!® and also multi-step charge transfer mechanisms.[’]

However, there are several problems with this model — a) The
steady-state solution of the model implies that k, and k,.. are not
independent rate constants but are equal in magnitude (Equa-
tion (9)) and opposite in sign, leading to Equations (15),(18), and
(21) tending to infinity. b) The intercept of the high-frequency
arc on the real axis y, is a ratio of capacitances, while it should
actually depend on a ratio of resistances since the phase shift is
zero for any point on the real axis.[*®! ¢) The model does not ac-
count for situations with an applied voltage, which prevents mod-
elling spectra for different DC biases and also the correspond-
ing IS/IMVS spectra. d) The model does not account for the
difference between the internal voltage (quasi-Fermi-level split-
ting) and the external (electrode) voltage under illumination (as
seen in Equation 12), discussed in detail in the next section. This
difference is crucial to drive the photocurrent and to determine
the voltage-dependent recombination losses in the absorber layer,
which has been extensively discussed in the case of solar cells.["?]
This also implies that Equation 7, which equates the external po-
tential to the sum of electrostatic potential drops in the photoan-
ode, cannot be valid under illumination conditions. e) The trans-
port and collection of electrons (majority carriers) is assumed to
Dbe perfect, which is contrary to the observation of TPC decay time
constants in the order of milliseconds./”?°! In this regard, a con-
sistent model was developed by Bertoluzzi et al.,[''3] though they
assume a simplified case where the perturbation of the electron
concentration is introduced using a transport/series resistance.

Adv. Energy Mater. 2025, 15, 01101 e01101 (5 of 19)

2.2. The Internal Voltage

In a three-electrode measurement, the external voltage V., is ap-
plied between the photoanode and the counter-electrode, while
the measured voltage V..., is between the photoanode and a ref-
erence electrode. Therefore, V.. is connected to V., through

meas ext

Vmeas = VYocv,dark ~ Vext (22)

where Ve 4., is the measured dark open-circuit voltage (OCV).
Therefore, a positive value of V,,, (forward bias) makes V.
more negative, which corresponds to the cathodic region of the
current—voltage curve, while a negative value of V,, (reverse
bias) corresponds to the anodic region of the current—voltage
curve.l’!l We define the electrode voltage V.. as the difference
between the quasi-Fermi-level of electrons at the collecting con-
tact/photoanode interface minus the quasi-Fermi- level of holes
at the photoanode/electrolyte interface, divided by the electronic
charge g. Since a continuous quasi-Fermi-level is required to de-
fine a current, we have the hole quasi-Fermi-level at the photoan-
ode/electrolyte interface (x = d) equal to the redox level E, 4,
for the OER. For a current density j flowing through the external
circuit, V.. is connected to the external voltage V., through

V

elec

=V,

ext + Rs] (23)
where R, is the external series resistance that includes the po-
tential drop in the electrolyte from the counter-electrode to the
redox Fermi level at the photoanode/electrolyte interface. A posi-
tive value of j implies a photocurrent flowing out of the photoan-
ode with V.. > V., while a negative value implies a current
flowing into the photoanode with V.. < V..

To explain this effect in further detail, we carry out drift-
diffusion simulations of an idealized (i.e., highly doped) hematite
photoanode, consisting of a hematite absorber layer and a
fluorine-doped tin oxide (FTO) layer, that acts as the contact
for electron collection. The drift-diffusion simulations are ex-
plained in detail in Section Al (Supporting Information) and
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Figure 4. Drift-diffusion simulations of the band diagrams of an idealized (highly doped, n-type) hematite photoanode under 1 sun illumination at
a) +1.23 V (anodic) b) 0V, and c) —0.51V (cathodic). The slow kinetics of hole transfer from the photoanode to the electrolyte leads to the accumulation
of holes at the photoanode/electrolyte interface and causes a sharp jump of the hole quasi-Fermi-level to the redox level. Simulation parameters are

shown in Table S1 (Supporting Information).

simulation parameters are shown in Table S1 (Supporting In-
formation). Figure 4 shows simulated band diagrams of the
FTO/hematite/electrolyte junction under 1 sun illumination, at
different applied voltages. At 0 V under illumination, we observe
a depletion region at the hematite/electrolyte interface due to
the high dopant (donor) density in the Fe,O, layer, followed by
a neutral region in the bulk. The width of the depletion region
is enlarged in the case of anodic voltages while it is reduced in
the case of cathodic voltages. In all cases, we observe that the
hole quasi-Fermi-level is very close to the valence band at the
Fe, O, /electrolyte interface. This can be understood by consider-
ing that the rate of holes flowing from the valence band to the
electrolyte is typically described by

dp
= =ka(p=po) (24)

where p is the hole density at the hematite/electrolyte interface,
P, is the corresponding equilibrium hole density and k_, is a rate
constant for hole transfer. Since the kinetics of hole transfer at the
hematite/electrolyte interface is well-known to be very slow,[”22l
a large density of holes is required to drive a given current den-
sity. The hole quasi-Fermi-level thus remains close to the valence
band at the interface, followed by a sharp step down to the redox
level. Furthermore, in all cases in Figure 4, a large internal volt-
age V,, exists in the hematite layer, where V,, is proportional
to the average quasi-Fermi-level splitting AE; in the layer, that
is, Viy = AE;/q. Thus, we conclude that in the range of applied
voltage where the photocurrent is much higher than the dark cur-
rent, that is, the typical range of polarization of photoanodes, V;
is much larger than V.. In the case of solar cells, this difference
between V,, and V. has been shown to have a significant im-
pact on the efficacy of charge extraction.!'?>!#1925] Figure 4 shows
that V,,, is much larger than the V. for typical operation con-
ditions of the photoanode, which implies significant recombina-
tion currents at each point of the current-voltage curve because
the recombination rate U «x exp(AEg/kyT) = exp(qVi,/ksT). In
the case of solar cells, this effect significantly contributes to the
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differences between the recombination current in the dark and
under illumination.['*¢] In summary, the internal voltage is an
important factor that controls the rates of charge extraction and
recombination, which implies that the assumption of V;, = V..
cannot be made while modelling the optoelectronic response of

the photoanode.

2.3. Electron Exchange Model

We will now develop a model that overcomes the shortcomings
of the two-capacitor model and hence captures the physics of
operation of the photoanode/electrolyte junction effectively. We
use a hematite photoanode as our reference device, whose fabri-
cation details are reported in Section A3 (Supporting Informa-
tion). The current-voltage curves of the hematite photoanode
were recorded under AM 1.5G illumination and in the dark con-
dition, in 1 M KOH (Figure 5a). The dark current is minimal at
low potential up to 1.65 V, when the OER occurs.

Figure 5a shows the evolution of the photocurrent j,, (calcu-
lated as the difference between the light and dark current—voltage
curves) from its onset at 0.95 up to 1.65 V (beyond which the
steep rise is due to the dark current). Figure 5b shows that as the
intensity of the light increases, the resulting photocurrent also
rises while maintaining a mostly linear dependence on voltage.
This shape of the voltage-dependent photocurrent can arise due
to different mechanisms, such as the shunt resistance,?*] charge
collection dominated by the depletion layer (Girtner model),!**]
or the drift of charge carriers across an electric field in the bulk
of the photoanode.[*! In this regard, Klahr et al.[?*! ruled out the
shunt resistance and the depletion layer-dominated charge col-
lection (which would imply that the photocurrent is proportional
to the square root of the applied anodic voltage) as the originat-
ing mechanism. They instead attributed this effect to the drift
of holes due to the built-in electrostatic voltage Vi, across the
bulk of the photoanode.?*! The argument of an electrostatic po-
tential across the entire photoanode is consistent with our pre-
vious work, where we clarified that the large doping densities
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Figure 5. a) Experimental current—voltage curves of a hematite photoanode in KOH 1 M solution, in the dark and under AM 1.5G illumination (front).
Also shown is the photocurrent versus voltage, which is defined as jopoto = Jiight — Jdark- b) Corresponding current-voltage curves for different light
intensities. ¢) Simulated current-voltage curves for different light intensities using the developed analytical model. Simulation parameters are shown
in Table S2 (Supporting Information). For (c), the built-in voltage was set to 0.1V, the hole transfer rate constant was set to k, = 10 s™' and the

recombination coefficient (defined in Equation (28)) was setto B, = 107 cm?s

observed from capacitance measurements of hematite photoan-
odes are an artefact arising due to the response of the geomet-
ric capacitance.[?!! This implies that the effective doping densi-
ties are low enough for the electrode charge to determine the
potential distribution, which creates a constant electric field (lin-
ear electrostatic potential drop) in the photoanode, as shown in
the simulated band diagrams under illumination in Figure 6. The
slow hole kinetics at the hematite/electrolyte interface leads to
the accumulation of holes at this interface, that causes the hole
Fermi level to approach the valence band closely before making
a step down to the redox Fermi level of the electrolyte, as dis-
cussed previously. The electron density remains relatively con-
stant through the bulk of the hematite layer, increasing signifi-
cantly close to the collecting contact while dropping to the equilib-
rium concentration at the photoanode/electrolyte interface. The
existence of a constant electric field through the absorber leads to
a voltage-dependent charge extraction of electrons from the bulk
to the collecting contact (and hence a voltage-dependent pho-
tocurrent), which is discussed in detail in subsequent sections.
The model considers a photoanode of thickness d with a den-
sity of positively-charged dopants N, distributed uniformly. Since
the potential distribution is assumed to be determined by the
electrode charge and not by the dopants, a constant electric field
F is assumed through the photoanode, which leads to a built-
in voltage V,; at the photoanode/electrolyte interface (x = d)
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3 -1

(schematic shown in Section A4, Supporting Information). The
electrons are collected by the contact at x = 0 and the holes
are extracted to the electrolyte at x = d. We further assume that
the electron contact is perfectly blocking for holes and the pho-
toanode/electrolyte interface is perfectly blocking for electrons
(ie., j,(0) = Oandj,(d) = 0). We also assume uniform photo-
generation across the absorber layer. Under a steady-state condi-
tion of large anodic applied voltage and one sun illumination, we
have a density of electrons ng and a density of holes p, accumu-
late at the photoanode/electrolyte interface in a layer of thickness
., The current density of holes transferred to the electrolyte is

int*

given by

.jp (d) = qdintkct (ps _Pso) (25)

where k, is the rate constant for hole transfer and p,, is the equi-
librium hole density at the photoanode/electrolyte interface. The
electrons are transported across the bulk of the photoanode to
the collecting contact at x = 0. Under the assumption of an
exponentially-decaying electron current density across the pho-
toanode (which is a valid assumption for low current densities
and significant bulk recombination, see Figure S3, Supporting
Information), the measured current density of electrons at the
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www.advenergymat.de

(b) +1.23 V under illumination

redox

x=0 x=d

Figure 6. Drift-diffusion simulations of the band diagrams of an intrinsic (zero doping density) hematite photoanode under 1 sun illumination at
a) 0V and b) +1.23 V. V. is the electrode voltage, defined in Equation (23). Simulation parameters are shown in Table S1 (Supporting Information).
The interface layer mobilities of electrons and holes were increased by a factor of 10 from the value in Table S1 (Supporting Information), which is an
arbitrarily low value to simulate the effect of the slow hole transfer at the photoanode/electrolyte interface (see Section A1, Supporting Information).

collecting contact is given by (see Section A4, Supporting Infor-
mation for the derivation),

, qVelec
Jn (0) = qsexc [ns — Nyo€Xp < kB}T )] (26)

where ng, is the equilibrium electron concentration at the pho-
toanode/electrolyte interface. S.,. is the electron extraction veloc-
ity for the photoanode, given by:

) .
- [exp (=1) —exp (%{?)]

exc

where p,, is the electron mobility and F = (V,; — Vg.)/d is the
electric field, with V;; being the built-in electrostatic potential.
Furthermore, we assume that the recombination at the photoan-
ode/electrolyte interface is governed by the product of n, and p,.
For clarity, we replace j, (0) with j, the measured current density.
The main advantage of our approach is the simplification of the
problem by requiring only the solution of the charge densities at
the photoanode/electrolyte interface to determine the total mea-
sured current density. We obtain the continuity equations for the
electron and hole density at the photoanode/electrolyte interface
as,

dn, _ -7 Je 2

R e
dp, _

E - q;; _Brec (nsps_niz) _kCt (ps_pso) (29)
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where j,, is the photogenerated current density represented as
a current density (j, = f X q®, where ® is the input photon
flux and g is the efficiency of charge carrier photogeneration, as-
sumed to be equal to 1 for simplicity) and B, is the recombina-
tion coefficient (cm? s7!). The internal voltage (quasi-Fermi-level
splitting) is related to the densities of electrons and holes via,

V.
np, = n’exp ({i ‘;f) (30)
B

where n; = \/m = /N N,exp(—E,/2k;T) is the intrinsic car-
rier concentration, ny, and p, are the equilibrium electron and
hole densities at the photoanode/electrolyte interface, N, and
N, are the effective density of states in the conduction and va-
lence band respectively and E, is the bandgap. The equilibrium
hole density at the photoanode/electrolyte interface p,, was deter-
mined from the equation for n, after calculating n , using ny, =
Neexp(— (E,, + qVi;)/kgT), where E,, is the injection barrier
for electrons at the FTO/hematite interface. At steady-state, us-
ing Equations (26,28, and 29), we have,

, qVelec
J= qsexc [ns — Mg €Xp ( k ’IT )] = qdintkct (ps _Pso) (31)
B

The steady-state solutions of n, and p, are shown in Sec-
tion A5 (Supporting Information), which allows determination
of the current density from Equation (31). Figure 5¢ shows simu-
lated current-voltage curves as a function of light intensity using
the analytical model, showing similar features as the measured
current—voltage curves in Figure 5b (we note that the model does
not encompass the dark photocurrent at large anodic potentials
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Figure 7. Simulated current-voltage curves using our analytical model for different values of a) hole transfer rate constant k., (1-243 s™'), b) recombi-
nation constant B,e. (5 x 10717-3.8 x 10719 cm3 s77), ¢) electron mobility y,, (0.01-0.0759 cm? V=" s71) that modifies the electron extraction velocity
Sexc (see Equation 27) and d) electrostatic built-in voltage V}; (0.1-0.6 V). See Table S2 (Supporting Information) for all the simulation parameters.
The applied voltage versus Vg is the applied potential minus the OCV measured in the dark condition (from data in Figure 5). The dashed lines are

obtained using the parameters in Table S2 (Supporting Information), used as a reference in each graph.

observed in Figure 5a). Figure 7 shows the effect of the hole trans-
fer rate constant k, recombination coefficient B,.., electron ex-
traction velocity S.,. and the electrostatic built-in potential V,; on
the simulated steady-state current-voltage curves. These curves
show the characteristic “S”- shape typical of hematite photoan-
odes, with a photocurrent that depends linearly on the applied
voltage (at high anodic voltages) due to the proportionality be-
tween S, and the electric field F (for large anodic voltages and
hence large electric fields, S, « u,F, see Equation (27)). The
shape of the current—voltage curve is strongly influenced by the
slow kinetics of the holes at the photoanode/electrolyte interface,
which leads to a large density of holes accumulating at this inter-
face and a large V,,,, through almost the entire current-voltage
curve (charge densities and internal voltage shown in Figure
S4, Supporting Information), which leads to large recombination
current densities. An increase in k, reduces this hole accumula-
tion, which results in higher current densities and shifts the pho-
tocurrent onset toward more cathodic potentials (Figure 7a). Ex-
perimentally, similar effects are observed by the addition of a hole
scavenger (e.g., H,0,).[°] Conversely, an increase in the recom-
bination coefficient leads to lower current densities and slightly
shifts the onset potential to more anodic values (Figure 7b).
This behavior aligns with the observed performance of opti-
mized hematite photoanodes, where improved charge transfer

ct?
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efficiency is achieved through reduced interfacial electron-hole
recombination.!?] Figure 7c shows the effect of S.,. by varying
the electron mobility y,. Lower values of S, increase the V,, (see
Figure S5, Supporting Information), leading to higher recombi-
nation current density j,.. since j,..xexp(q Vi, /niqks T), where ny
is the ideality factor.] Higher values of S, increase the pho-
tocurrent by improving the efficiency of electron extraction to the
collecting contact, though it does not have a significant impact
on the photocurrent onset potential. This is in agreement with
the observed increase in photocurrent when electron extraction
to the FTO is improved, by engineering the FTO/hematite inter-
face with an ITO or TiO, underlayer.!?’] Finally, the effect of the
Vi is shown in Figure 7d. Increasing the V;; creates a cathodic
shift in the onset of the photocurrent density and also leads to
an increased photocurrent. This is because S, increases with
increasing Vi; (Equation (27)), which leads to improved electron
collection.

We note that our model aims to capture the fundamental phys-
ical mechanisms (in particular, the effect of unbalanced elec-
tron and hole extraction) occurring in the photoanode, while also
maintaining relative simplicity in its analysis. We thus focused
on the case of a photoanode with a doping density low enough
to not affect the electrostatic potential, while also neglecting non-
radiative recombination through interface defects. With regard to

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UBD17 SUOWIWOD BAIIS1D 3|qedl|dde au Aq peusenob aJe Sejoile YO ‘8sn Jo Se|ni Joj Akelqi8uluO A3|IM UO (SUONIPUOD-PUE-SULB)A0D AB 1M AeIq 1 BUl|UO//SANY) SUONIPUOD PUe SWwie | 84} 89S *[9202/20/60] UO Aiqiauliu A8|IM *BIUSD UoIessey HAWD Yoiine wniuezsbunyosiod Aq TOTTOSZ0Z WUse/Z00T 0T/I0p/wiod" A8 Im Akeiq 1 puluo"peoueApe//sdny oy pepeojumod L€ ‘5202 ‘0v89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

the first assumption, we note that Equation (26) can be modified
to be valid also for the case of a highly-doped photoanode that
creates a short depletion region (only a change in the pre-factor
of the exponential terms is required, this is derived in ref. [19D]).
In such a scenario, Equation (26) would model the extraction of
electrons across the depletion region formed at the interface be-
tween the photoanode and the collecting electrode. Furthermore,
a highly-doped photoanode would make both the radiative and
non-radiative recombination terms linear in (minority) carrier
density, leading to an effective recombination lifetime that is a
parallel combination of the radiative and non-radiative recombi-
nation lifetimes, given by 7. = 1/(B.g X N,), where Nj is the
doping density and B.g is an effective recombination coefficient
that replaces B,,4. Therefore, our developed model can be modi-
fied and extended to account for different situations and physical
mechanisms that are relevant for different photoanode systems.

2.4. Small-Perturbation Response

We now develop the model for the different small-perturbation
methods commonly used, namely IMVS, IMPS and IS in the fre-
quency domain, and TPV and TPC in the time domain. Applying
a small perturbation to Equations (28,29) and removing steady-
state terms, we obtain,

dﬁs _j j:tb

= — — Bo.PsTls — B 1P 32
dt qdint + qd recPsMs recsPs ( )
b, _Jo
2 =22 _B pii— B np. —k.p 33
dt qd recps ns rec nsps ctps ( )

The modulated electron current density is obtained by applying
a small perturbation to Equation (26), yielding:

51 S 7 Velec 34
= iy — ——
J =85 — & (34)

exc

where R, is the resistance associated with the exchange of elec-
trons from the photoanode to the collecting electrode, given by:

R = kB T —q Velec 35
e qZ Sexc nsO eXP kB T ( )

Substituting Equation (34) in Equation (32), we obtain,

~ ""/ j:
So g _de 4B opii.—B.np 36
dt T qdimRexc qd recpsns recnsps ( )

where 7,
toanode/electrolyte interface, given by:

is a time constant for electron extraction from the pho-
[12b]

dint
Texc = S_ (3 7)

exc

We further define the recombination lifetime of the electrons
as,
1
- 38
Tn Brecps ( )
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and the recombination lifetime of the holes as,

s =1 (39)

p
B reclts

We can rewrite Equation (36) using Equations (38),(39) as,

dﬁs _ﬂs Velec j(l) ﬁs ps
_ Jo M _Ps 40
&t Tad R (40)

exc

exc

In a transient measurement, the total current is given by the
balance of the extracted electrons and the capacitive discharge
from the electrode. In addition, we also consider a current loss
through an effective shunt resistance Ry,, which yields,

T C df/elec Velec 41
Jwot =J g dt Rsh ( )

The model is completed by the relation between V.. and the
applied external voltage V., through the series resistance R,
which yields,

Xt

\%

elec

=V

ext + sttot (42)

Equations (33,40—42) can be arranged into a 3 X 3 matrix and
solved (see Section A6, Supporting Information), yielding the
IMPS transfer function as:

) 7, 72 _03
Qo) = <—1 Fion, ) +Q < 1+ o7, ) +Q <1 + ia)r]-}) (43)

where Q,, Q,, and Q; are constants and 7, ;, 7, ,, and 7, ; are char-
acteristic time constants. Similarly, the IMVS transfer function
can be obtained from the solution of the IMVS matrix (see Sec-
tion A6, Supporting Information) as:

T T T
W)= Wy [ ) + Wy [ ) + W, [ —=— ) (44)
1+iwty 4 1+iwty, 1+iwty 3

where W,, W,, and W; are constants and 7y, 7y,, and 7y;
are characteristic time constants. The time constants in Equa-
tions (43) and (44) are obtained from the inverse eigenvalues of
the IMPS and IMVS matrices shown in Section A6 (Supporting
Information). A simple analytical formula for these time con-
stants is unfortunately impossible due to the complicated cou-
pling between the electron transfer, hole transfer, and recombi-
nation processes.

Figure 8 shows the simulated IMPS and IMVS spectra as a
function of different DC parameters, for the specific case of slow
hole transfer to the electrolyte (i.e., 7, > 7..). In general, we ob-
serve two arcs for both IMPS and IMVS, one in the upper quad-
rant at high frequencies followed by an arc in the lower quad-
rant at low frequencies. Experimental measurements also typ-
ically show two arcs for both IMPS and IMVS,[1%%1628] though
Klotz et al. observed the LF arc in the upper quadrant in the case
of IMVS.[28] The effect of the DC photon flux or light intensity
on the IMPS and IMVS spectra is shown in Figure 8a,b respec-
tively. Increasing the photon flux causes the width of both arcs
to decrease and leads to smaller values of the intercepts on the
real axis. In the case of IMPS, the intercepts on the real axis can
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the electrolyte is assumed (i.e., 7, > 7

rec

exc)

and g,h) electron extraction velocity S
. See Table S2 (Supporting Information) for the list of simulation parameters. IMPS spectra were simulated

exc- In all cases except (c) and (d), slow hole transfer to

at 1.23 V versus Vi e while IMVS spectra were simulated at open-circuit conditions (250 W m~2 white LED illumination).

be interpreted as ratios of resistances,'¥"! with the LF intercept
corresponding to the differential quantum efficiency!'% (termed
EQE,, _ 4) or the charge transfer efficiency.['®! The reduction of
the intercept values thus implies an increased recombination rate
(reduced recombination resistance) upon generation of electron—
hole pairs with increasing light intensity, exacerbated by the slow
extraction of the holes. In the case of IMVS, the widths of the arcs
correspond to the magnitudes of different resistances and hence,
the reduction of the arc widths with increasing light intensity can

Adv. Energy Mater. 2025, 15, 01101 e01101 (11 of 19)

be viewed as the corresponding reduction of the magnitudes of
the resistances.

The effect of the hole transfer rate constant k is shown in
Figure 8c,d. In the case of IMPS, increasing k leads to larger
magnitudes of the HF and LF intercepts (higher charge transfer
efficiency). This can be understood as the reduction of the inter-
facial hole density due to faster hole transfer to the electrolyte,
which reduces the recombination rate and allows more elec-
trons to be collected by the electrode, leading to a larger current
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density. In the limiting case of very large k., the LF arc disap-
pears and the HF intercept reaches its maximum value. Such
a trend in the IMPS spectra is expected to occur, for example,
upon the addition of a hole scavenger and has indeed been ob-
served experimentally.['®28] A similar effect is observed in the
IMVS spectra, with the LF intercept increasing in magnitude for
higher k_, until the LF arc disappears. This behavior has also been
observed from IMVS measurements of hematite photoanodes
using a hole scavenger.!'®1¢] For very high k_, values, the LF arc
moves to the upper quadrant.

The effect of the recombination coefficient B,.. on the IMPS
and IMVS spectra is shown in Figure 8e,f. Increasing values of
B, lead to a reduction in the magnitude of the HF and LF in-
tercepts on the real axis for both these techniques. In the case of
IMVS, the concomitant reduction in the width of the HF arc im-
plies a reduced HF resistance associated with increased recom-
bination.

The influence of the charge extraction velocity S,,. on the IMPS
and IMVS spectra is shown in Figure 8g,h. In the case of IMPS,
we observe a HF arc in the upper quadrant and an LF arc in
the lower quadrant, whose intercepts on the real axis increase in
magnitude with increasing S.,.. For sufficiently large S, values,
the LF arc disappears, similar to the effect of k. In the case of
IMVS, an arc each in the upper and lower quadrant is observed
(for higher k, values, the LF arc is shifted to the upper quadrant,
shown in Figure 8d), which are mostly unaltered at lower fre-
quencies for different S.,.. However, at high frequencies, the real
part of the transfer function makes a transition to negative val-
ues before reaching the origin. This transition is also observed
for the IMPS spectra and is pronounced for lower values of S,
This spectral feature is thus a signature of non-ideal electron ex-
traction and can be used to estimate the magnitude of S,,. exper-
imentally, which is discussed in the next section.

We now proceed to analyze the predicted evolution of the IMPS
and IMVS spectra as a function of applied voltage from the ana-
Iytical model, shown in Figure 9a,c. These spectra are simulated
for the case of slow hole transfer to the electrolyte, that is, 7, >
T t0 be consistent with experimental observations. The IMPS
spectra show the typical feature of two arcs — one in the upper
quadrantat high frequencies and one in the lower quadrant at low
frequencies. The IMVS spectra also show two arcs in the upper
quadrant, with a small arc at high frequencies followed by a much
larger arc at lower frequencies. The IMPS spectra in Figure 9a
show a trend of increasing HF arc width versus applied anodic
voltage, with increasing magnitude of the HF and LF intercepts
on the real axis. This can be understood by the dependence of
the electron extraction velocity S, on the electric field F in Equa-
tion (27). For large anodic voltages, there is a large electric field
through the photoanode which results in S_, . being proportional
to the electric field (S,,. « u,F). This means improved extraction
of electrons at larger anodic voltages, which leads to the increased
magnitudes of the HF and LF intercepts in the IMPS spectra seen
in Figure 9a. The HF arc in the IMVS spectra does not evolve with
anodic voltage, while the LF arc becomes larger with increasing
anodic voltage.

These trends can be better understood by observing the evo-
lution of the characteristic time constants, shown in Figure 9b,d
for IMPS and IMVS respectively. These time constants are typi-
cally obtained from the inverse maxima of the negative imaginary
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part of the transfer function versus angular frequency w or equiv-
alently, from the inverse angular frequency of the peak of the arc
or arcs observed in the plot of real versus negative imaginary part
of the transfer function (commonly referred to as a Nyquist plot).
Recently, it has been shown that this method does not reveal all
the time constants present in the data.l'?] For the case of non-
ideal charge extraction at the collecting contact, a transition of the
real part of the transfer function to negative values is observed,
as also seen in Figure 8g,h. The time constant for charge extrac-
tion (Equation (37)) is embedded in this transition and cannot be
extracted using the traditional analysis of the negative imaginary
part of the transfer function. Simultaneous extraction of both the
rise and decay time constants from the data has been achieved us-
ing a modified transfer function that focuses on the evolution of
its real part versus w,['?] which is discussed in detail in Section
A7 (Supporting Information) and applied to the simulations in
Figure 8 to determine 7. Therefore, we conclude that the spec-
tra in Figure 9a,c yield three time constants each — a fast time
constant 7, from the transition of the real part to negative values
at high frequencies, followed by two time constants (z,, ;) that
correspond to the two arcs observed in the spectra.

We first focus on the high-frequency time constant 7, ob-
tained from the IMPS and IMVS spectra in Figure 9. This time
constant is determined by a parallel combination of the recom-
bination lifetime for electrons z,, (Equation (38)) and the elec-
tron extraction time constant 7 (ryy in Figure 9b,d). In addi-
tion, 744 does not evolve significantly (i.e., over orders of mag-
nitude) with applied anodic voltage. This is because of two fac-
tors — the first being the linear dependence of the electron ex-
traction velocity S.,. on the electric field (S, « u,F, see Equa-
tion (27)) and hence applied voltage, and the second being the
relatively voltage-independent magnitude of the hole concentra-
tion p, (see Figure S4, Supporting Information). The latter ef-
fect is strongly influenced by the slow rate of hole transfer k
to the electrolyte. However, at cathodic voltages, both 7, and 7,
(and hence 7)) show a sharp increase in their magnitudes. The
intermediate-frequency time constant 7, in the case of IMPS is
the voltage-independent product of the series resistance R, and
the geometric capacitance C,. This effect is generally referred to
in the literature as RC attenuation.[®®?] In the case of IMVS, the
intermediate-frequency time constant 7, at large anodic voltages
is a parallel combination of the hole transfer time constant 7,
and 7., scaled by the ratio of the hole and electron recombi-
nation lifetimes. The slowest time constant 7, for IMPS is the
same as the intermediate-frequency IMVS time constant (r;; in
Figure 9b,d), while for IMVS, it is a parallel combination of at-
tenuation via the exchange resistance R, or the shunt resistance
Ry, (Ty,r in Figure 9d). Moving toward cathodic voltages, in the
case of IMVS, the exponential voltage-dependence of R, (Equa-
tion (35)) makes 7, and r, exchange with each other, leading to
7; being dominated by 7, while 7, is dominated by the R, C,
product. A summary of the predicted time constants are shown
in Table 1.

2.5. Drift-Diffusion Simulations
To test the validity of the predictions of our analytical model,

we carry out full drift-diffusion simulations of the photoanode
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Figure 9. Simulated a) IMPS and c) IMVS spectra using the developed model (slow hole transfer to the electrolyte, that is, 7, > 7, is assumed),
versus applied voltage. b,d) show the predicted effective time constants (z;, 7, and 73, open markers) as a function of applied voltage. The box on the
right-hand side shows the different time constants that comprise the observed effective time constants in (b) and (d). These time constants are also the
same time constants that are predicted by the analytical model for the corresponding time domain techniques (i.e., IMPS — TPC and IMVS to TPV).
We note that the time constants are the inverse eigenvalues of the matrices for IMPS and IMVS shown in Section A6 (Supporting Information). These
eigenvalues can sometimes exchange with each other depending on their magnitudes, which has been corrected in (b) and (d) for ease of viewing. See
Table S2 (Supporting Information) for the list of simulation parameters. The hole transfer rate constant was setto k, = 10s™' to maximize the visibility
of the time constants in (b) and (d). This larger value of k., (compared to the spectra in Figure 8d) causes the low-frequency arc in the IMVS spectra to

disappear.

response (a basic overview of drift-diffusion simulations is pro-
vided in Section A1 (Supporting Information) and corresponding
parameters are shown in Table S1, Supporting Information). We
simulate the effect of different device parameters on the IMPS
spectra at 1.23 V anodic voltage and IMVS spectra at open-circuit
conditions, for the case of slow hole transfer to the electrolyte
(i-e., T4 > 7). Figure 10a,b show the effect of the DC light in-
tensity on the IMPS and IMVS spectra respectively. The IMPS
spectra show a HF arc in the upper quadrant and an LF arc in the
lower quadrant, whose intercepts on the real axis become smaller
with increasing light intensity. The IMVS spectra show two arcs
in the upper quadrant, whose widths decrease with increasing
light intensity. These trends are identical to that predicted by our
analytical model in Figure 8a,b — due to the slow hole transfer,
photogenerated electron-hole pairs due to increasing light inten-
sity increase the recombination rate, leading to a reduction in the
magnitudes of the arc widths and intercepts versus increasing
light intensity. However, in the case of IMVS, the analytical model

Adv. Energy Mater. 2025, 15, 01101 €01101 (13 of 19)

predicts the second arc to exist in the lower quadrant (Figure 8b),
while the drift-diffusion simulations show the second arc in the
upper quadrant. We note that our analytical model predicts that
the arc in the lower quadrant is shifted to the upper quadrant for
large k, values (see Figure 8d).

The evolution of the IMPS spectra as a function of the hole
transfer rate constant k, and the recombination coefficient B,
are shown in Figure 10c,e respectively. We observe an arc in the
upper quadrant at high frequencies followed by an arc in the
lower quadrant at low frequencies. The magnitudes of the in-
tercepts of the HF and LF arcs on the real axis become larger
(with the width of the LF arc becoming smaller) for higher k, val-
ues due to an increased photocurrent arising from efficient hole
transfer to the electrolyte. Conversely, increasing B, values re-
duce the magnitudes of the intercepts. These trends are also con-
sistent with the predictions of the analytical model (Figure 8c,e).
In the case of IMVS, larger k, values (Figure 10d) lead to a
larger magnitude of the arcs’ intercepts on the real axis, while
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Figure 10. Drift-diffusion simulations of (a,c,e,g) IMPS (at 1.23 V anodic voltage) and (b,d,f,h) IMVS (at open-circuit, 25 mW cm~2 white LED illumina-
tion) spectra. Simulation parameters are shown in Table S1 (Supporting Information), with the doping density N4 = 0 cm~3, mobilities of electrons and
holes in the photoanode/electrolyte interface layer setto u =5 x 107" cm? V=1 5=, These simulations are made as a function of (a,b) DC photon flux
®, (c,d) hole transfer rate constant by variation of the interface layer mobility, (e,f) recombination coefficient B,.. and (g,h) electron extraction velocity

Sexc- In all cases where the hole transfer rate is not varied, slow hole transfer to the electrolyte is assumed (i.e., 7o > 7

» Pt EXC) :
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Table 1. Predicted high-frequency (HF), intermediate-frequency (IF), and low-frequency (LF) time constants using the developed analytical model for
IMPS/TPC and IMVS/TPV measurements of a thin-film photoanode, in the limiting condition of slow hole transfer to the electrolyte, at large anodic

voltages.
Experiment HF time constant IF time constant LF time constant
IMPS/TPC r= (L + 1) T=R.G rm (L — )
Th Texc . . T ree()
electron recombination in parallel with RC attenuation n
. hole transfer to electrolyte, in parallel to
electron extraction . .
electron extraction with a pre-factor
IMVS/TPY r= (L4 1) r= (L 1) = (b )

7 Texc
electron recombination in parallel with

electron extraction

electron extraction with a pre-factor

hole transfer to electrolyte, in parallel to

Tet RexcCg Rsh Cg

7
P

Texc(7)

; attenuation via the parallel combination of the
electron exchange resistance and shunt

resistance

increasing B, values (Figure 10f) cause a reduction in the mag-
nitude of these intercepts. Such a trend can be understood by
the fact that smaller values of k, and larger values of B,.. lead
to an increased recombination rate, which implies a smaller re-
combination resistance. These trends are also predicted by the
analytical model (Figure 8d.f). Finally, the effect of the electron
extraction velocity S,,. on the IMPS and IMVS spectra is shown
in Figure 10g,h respectively. Increasing S.,. values have a simi-
lar effect to that of increasing k, values, where for IMPS, the HF
and LF arc intercepts on the real axis increase in magnitude. In
case of IMVS, the two HF arcs increase in width for increasing
Sy values. Furthermore, the influence of S,,. can be seen in the
high-frequency region of the spectra in Figure 10g,h, where the
real part of the transfer function shows a pronounced transition
to negative values before reaching the origin. As discussed in the
last section, this region of the spectra allows determination of
the electron extraction time constant using a suitable data trans-
formation, explained in Section A7 (Supporting Information). Fi-
nally, drift-diffusion simulations of the IMPS and IMVS spectra
versus applied voltage are shown in Figure S7 (Supporting Infor-
mation), which also show a good agreement with the trends pre-
dicted by the analytical model in Figure 9. In summary, we con-
clude that our analytical model consistently captures the trends of
the IMPS and IMVS spectra as a function of different DC param-
eters, which is confirmed using full drift-diffusion simulations.

2.6. Analysis of Experimental Spectra

We now proceed to characterize our hematite photoanode
(current-voltage curves shown in Figure 5) using a combination
of IMPS, IMVS, and TPV measurements, followed by interpreta-
tion of the spectra using the analytical model. We clarify that this
model has been developed to serve as a general, base model that
captures the fundamental physics of charge generation, recombi-
nation, electron extraction, and interfacial hole transfer in a con-
sistent manner, for both the steady-state and transient response
in a semiconductor photoanode. It therefore does not capture
the physics of specific effects occurring in different systems, for
example, charge accumulation at surface states,[*! formation of
surface-bound intermediates,|®®) and Fermi-level pinning.l**) In-
clusion of specific effects such as trapping-de-trapping of charges
via surface states and the effect of the potential drop in the
Helmholtz layer is beyond the scope of this work. We therefore
use the model to determine only the rate constants or characteris-
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tic time constants of hole extraction at the photoanode/electrolyte
interface and electron extraction at the collecting electrode, since
these parameters should not be affected significantly by the spe-
cific nature of the interfacial recombination in our hematite pho-
toanodes.

The IMPS and IMVS measurements were made across a range
of bias voltages under 25 mW cm~? white LED illumination
within a frequency range of 100 mHz-20 kHz, shown in Figure
11a,b respectively. The IMPS spectra show two arcs, one in the
upper quadrant at high frequencies and one in the lower quad-
rant at low frequencies. For larger anodic voltages, both the HF
and LF intercepts on the real axis (that correspond to the arcs in
the upper and lower quadrant respectively) increase in magni-
tude. This behavior is consistent with the predictions from both
the analytical model (Figure 9a) and the drift-diffusion simula-
tions (Figure S7a, Supporting Information) and occurs due to im-
proved electron extraction to the collecting contact arising from
a larger electric field in the bulk. We note that the arc in the up-
per quadrant is incomplete due to the upper limit (20 kHz) of the
frequency range of our measurement setup.

In the case of IMVS, we observe a single arc in the upper
quadrant whose width becomes larger for increasing anodic volt-
ages. The IMVS arcs are incomplete due to the chosen lowest fre-
quency of the measurement (100 mHz), which confirms the very
slow response of the hematite photoanodes. Table S3 (Support-
ing Information) shows a comparison between the predictions
of the developed model, the drift-diffusion simulations, and the
experimental spectra. Since the IMPS and IMVS measurements
capture the LF response of the device but not the HF response, we
carried out TPV measurements to determine the rise time con-
stants. An example of a TPV spectrum of our device is shown in
Figure 11c, which was fitted using Equation (4) assuming 7 ;. <

T decay (a5 confirmed by the full set of TPV spectra shown in Figure

S8, Supporting Information) within the measured time range,
to calculate the rise time constant. Figure S9 (Supporting Infor-
mation) shows the corresponding fits of the entire set of TPV
spectra.

Figure 12 shows the calculated time constants from the IMPS,
IMVS, and TPV measurements. IMPS yields two time con-
stants — a voltage-independent IF time constant with a mag-
nitude of 10™* s and a LF time constant with a magnitude
ranging between 0.08 and 0.5 s. The IMVS measurements yield
a LF time constant that is similar in magnitude to the IMPS LF
time constant, especially at large anodic voltages. In case of the
TPV measurements, we obtained a voltage-independent rise time
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constant. For ease of view, the decay of the photovoltage deflection is not shown. See Figure S8 (Supporting Information) for the set of full (rise and
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constant with a magnitude of = 10~® s (Figure 12b). Using our
analytical model, we can assign these time constants to different
physical mechanisms occurring in the device. Figure 9d shows
that the slowest time constant in the case of IMVS corresponds
to the time constant of hole transfer to the electrolyte 7, until
the attenuation via the parallel combination of the exchange re-
sistance and shunt resistance (see Table 1) takes over at high an-
odic voltages. We thus assign the IMVS time constant at the most
cathodic voltage value as 7, obtaining a k value of 16 s7%. In
the case of the IMPS time constants, the IF time constant corre-
sponds to RC attenuation (i.e., 7z nyps = R;C,, confirmed by the
IS data in Figure S10, Supporting Information) and is hence not
useful for our analysis. The LF time constant in IMPS is again
strongly dominated by , according to Figure 9b and hence does
not provide any additional useful information. From Figure 9d
and Table 1, we observe that the TPV rise time constant is a par-
allel combination of the electron extraction time constant ... and
the electron recombination lifetime 7. Figure 9d further shows
that upon moving toward cathodic voltages, 7, becomes larger
in magnitude and approaches 7, eventually becoming larger
than z,, for higher cathodic voltages. Therefore, we assume that
the HF time constant, which corresponds to the rise time con-
stant in TPV (measured at the light open-circuit voltage, which
corresponds to cathodic voltages), is dominated by 7, .. Assum-
ing d,,, = 10 nm and setting r.,. = 1078 s, we can calculate the
electron exchange velocity S, using Equation (37). We thus ob-
tain a value of S, = 100 cm s~!. Furthermore, at open-circuit
conditions close to or above the 1 sun open-circuit voltage (which
is assumed to be the flatband voltage), we can Taylor-expand the
exponential term in Equation (27) and replace the absorber layer
thickness d (2100 nm for our hematite photoanodes) with an ef-
fective thickness d.s = d — d,,, across which the electrons are

transported to the collecting contact, obtaining

ﬂnF(l - q]:iB:F> ) [ : ]
exp(-1) — (1 - qde_ﬁF> T [1-exp(-1)

kT

ky T
(B_> Hn (45)
q deff
Using Equation (45), we estimate a value of u, =
0.022 cm?V-ls7! for the electron mobility in the hematite

layer, which is comparable to the values reported in literature for
similar hematite configurations.[®"]

S

(Voe(1 sun)) =

exc

3. Conclusion

Further development in the efficiency of operation of photoan-
odes requires a fundamental understanding of the physical
mechanisms occurring within them — in particular, the charge
carrier transport, recombination, and transfer at the photoan-
ode/electrolyte interface or the collecting electrode. While exist-
ing optoelectronic models capture the effect of specific mecha-
nisms occurring in the bulk or at the photoanode/electrolyte in-
terface, they cannot be applied to consistently reproduce both the
steady-state and transient optoelectronic response (time and fre-
quency domain) of the photoanode. Furthermore, these models
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do not account for a fundamental feature in all photovoltaic de-
vices — the difference between the internal (average quasi-Fermi
level splitting within the photoanode) and external voltage that
drives the photocurrent and the excess recombination current
arising from non-ideal charge carrier extraction. Finally, these
models assume a highly doped photoanode with a thin depletion
layer at the photoanode/electrolyte interface, which has not been
confirmed experimentally across different photoanode materials.

To solve these problems, we have developed an analytical
model that assumes that the potential distribution within the
photoanode is determined by the charges on the electrode, rather
than a doping density in the bulk. In addition to the processes of
charge generation, recombination and slow hole transfer at the
photoanode/electrolyte interface, this model explicitly accounts
for the dependence of the electron current on the difference be-
tween the quasi-Fermi level splitting within the photoanode un-
der illumination and the applied external voltage. Furthermore,
it also accounts for the effect of non-ideal electron extraction at
the collecting electrode and its influence on the recombination
rate at the photoanode/electrolyte interface. The model is able
to consistently simulate both the steady-state and transient re-
sponse of the semiconductor photoanode, allowing comparison
and analysis of different light and voltage-modulated techniques
both in the time domain (e.g., TPV and TPC measurements) and
frequency domain (e.g., IMPS and IMVS measurements), to ob-
tain a unified analysis and verification of the extracted parameters
from the data. We verified the model’s predicted IMPS and IMVS
spectra across a range of DC parameters using full drift-diffusion
simulations, obtaining a good agreement with each other. Fur-
thermore, the model can be modified to add specific situations
or mechanisms that are relevant for the chosen system under in-
vestigation, such as the consideration of a highly-doped absorber
layer, the influence of non-radiative recombination via interface
defects and the impact of additional interface layers. Our devel-
oped model can thus serve as a base model for modelling the op-
toelectronic response of different types of photoanode systems
under investigation.

We used the model to interpret the measured time constants
from small-perturbation measurements of hematite photoan-
odes both in the frequency domain (IMPS and IMVS) and time
domain (TPV). We calculated a hole transfer rate constant of
k., = 16 s71, at the photoanode/electrolyte interface, confirm-
ing the well-known slow kinetics of holes in this region. We also
determined an electron extraction velocity of 100 cm s, that
corresponds to an electron mobility of 0.022 cm? V~!s7! in the
hematite layer. Furthermore, the dependence of the electron ex-
traction on the electric field within the photoanode causes the
model to naturally reproduce the linear dependence of the pho-
tocurrent on the applied voltage that is commonly observed in
hematite photoanodes.

4. Experimental Section

Fabrication:  Fluorine-doped tin oxide (FTO)-coated glass substrates
(20 mm x 15 mm, Ossila TEC 8 FTO) were cleaned sequentially in ace-
tone, ethanol, and isopropanol for 10 min in an ultrasonic bath. Sn-doped
hematite on FTO was fabricated via physical vapor deposition of 50 nm
of Fe-Sn (with 3% Sn by atomic weight), followed by thermal annealing.

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

35UBD |7 SUOWILLOD dAIIRID a|qed|dde ays Aq peusenob ale sajoNe YO ‘8sn JO S3|NJ 10 AReid 1 aulUQ A3]IA UO (SUOTIPUOD-PUR-SLLIBIALI0D" A3 | 1M AIq 1}U 1 |UO//SdNY) SUONIPUOD pue WS | U1 89S *[9202/20/60] U0 AelqiaulluQ A8|1M *BILSD UoJeasay HAW yoIne wnnuezsbunyasiod A TOTTOSZ0Z WUSe/Z00T OT/I0p/ W00 8| IM A elq 1 puluo’paoueApe//Sdny WoJly papeojumod ‘L€ ‘S20Z ‘Ove9vTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANgED
ENERGY
MATERIALS

www.advancedsciencenews.com

A pure (>99.9%) Fe target was used with a DC power supply (P =75 W),
while a pure (>99.9%) Sn target was used with an RF power supply
(P =9 W). The distance between the target and the sample was ~7 cm,
and the deposition rate was 2 A s=1. The samples were kept in rotation
during the deposition. Pure Ar gas was used as working gas at pressure
p=5X 103 mbar. An area of the samples was masked to allow electrical
contact for photoelectrochemical measurements. The atomic Sn fraction
was determined by energy dispersive X-ray analysis with a Zeiss Sigma
HD field emission scanning electron microscope. The thickness of the de-
posited film was measured by an NT-MDT atomic force microscope.

The thermal annealing of the deposited film was performed in a tube
furnace in air at 550 °C for 12 h. It is well known that annealing at high
temperatures (650 to 800 °C) promotes the diffusion of Sn from the FTO
substrate into the hematite film, enhancing PEC performance.[®! Despite
the higher photocurrent, this strategy was detrimental for the conductivity
of the FTO and was not compatible with the melting temperature of the
soda lime glass substrate. In this work, the photoanodes were annealed at
55 °C to safely preserve the electrical properties of the substrate.

Photoelectrochemical Measurements: Photoelectrochemical measure-
ments were performed at room temperature in a customized Teflon
cell, provided with a quartz window, and using a Zahner Zennium Pro
potentiostat. The sample was mounted in the cell using an O-ring
(area = 0.1979 cm?) and electrically contacted by pressing a Cu plate on
the non-deposited area of the FTO. 1 m KOH was used as electrolyte, Mer-
cury Oxide Electrode (MOE, Merck E® = 0.098 vs SHE) and Pt wire were
used respectively as reference electrode and counter electrode. The linear
sweep voltammetry was performed at 5 mV sec™! under front-illumination
of AM 1.5G simulated solar light (sun simulator from LS0306-Quantum
Design, equipped with a UV-filter, 100 mW cm™2 at the sample position).
The geometric area exposed to the electrolyte was considered for the deter-
mination of the current density. The potential was corrected by the voltage
drop due to the uncompensated resistance R, of the cell, measured by the
high-frequency intercept of the impedance in the real axis in the Nyquist
plot of EIS (see Figure S10a, Supporting Information).

Frequency Domain Measurements: Controlled intensity-modulated
photocurrent spectroscopy (CIMPS) and controlled intensity-modulated
photovoltage spectroscopy (CIMVS) measurements were performed us-
ing the Zahner PP211 module with a white LED (P = 25 mW cm~2), with
an oscillation amplitude of 10% in a frequency range between 20 KHz to
100 mHz.

Transient Photovoltage Measurements: Transient photovoltage mea-
surements were carried out using a pulsed UV-solid-state laser (Coherent
Flare NX, 343 nm, 1 ns pulse length, repetition rate 100 Hz) with front-
side illumination. An LED with a wavelength A = 448 nm was used as the
DC source with back-side illumination. The experiments were carried out
varying the power of the DC LED and measuring the corresponding TPV
response between the WE and CE. The resulting voltage transients were
measured with an oscilloscope (LeCroy Waverunner HRO 66Zi 600 MHz
analog bandwidth, 12 Bit analog to digital conversion). The open-circuit
condition was set using a 1 MQ load resistance, and BNC-crocodile clips
were used to contact the electrodes to the oscilloscope.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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