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Abstract

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 measurements/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. We applied the model to analyse the time constants obtained from intensity-
modulated photocurrent (IMPS) and photovoltage (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-1st. The model further predicts
a linear dependence of the photocurrent versus anodic voltage, an observation whose origin has
been 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.

Introduction

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,? an efficient catalyst working as a photoanode is an important requirement. Although
higher performances are currently obtained by coupling different materials through specific
interface engineering,®! the optimization of sustainable photoanodes made of a single material
could offer a simpler solution. Hematite (Fe20s) is a frequently studied material because it is
earth abundant, low cost, stable and has a suitable band edge position with respect to the oxygen
evolution reaction (OER), in addition to possessing an optimal energy band gap for a single-
junction device (1.9-2.2 eV). However, its performance is limited by the high electron-hole
recombination rate, poor electron conductivity and apparent short hole diffusion length.[
Understanding the kinetic aspects of the involved processes, i.e. 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 endeavours, 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
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transient 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.l®! TPC, which is the corresponding time-domain method of
IMPS, has been used to estimate the rate of electron extraction and electron-hole recombination
in the photoanode.l”! IS has been used to identify the existence 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 carried out at open-circuit
conditions to determine parameters related to the recombination of charge carriers.*® However,
several of these models either do not fully capture the physics of operation of the photoanode
(e.g. assuming perfect electron collection 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 reproduces the
steady-state and transient response (time-domain and frequency-domain).

In this work, we develop an optoelectronic model for semiconductor photoanodes to
consistently interpret steady-state current-voltage measurements and the small-perturbation
response 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 absorber and the external applied voltage under
illumination. Secondly, 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 different 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 photoanodes, to which specific physical models can be added (e.g. surface
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 photocurrent 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 IMV'S 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 addition 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, confirming the slow kinetics of holes at the
hematite/electrolyte interface. We further determined an electron extraction velocity of Sq.. =
100 cm/s, that corresponds to an electron mobility of p, = 0.022 cm?V-s? in the hematite
layer.

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 methods (IMPS, IMVS) that are used in this work to study
the physics of operation of our hematite photoanodes. The IMPS measurement involves the
application of a small perturbation of the photon flux @ at a chosen angular frequency w on the
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sample, followed by measurement of the corresponding modulated current density j. The IMPS
transfer function is given by

Q) ==L

e 1)
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where j, = q@ is the modulated photon flux represented as a current 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 = 2rf) 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 (TPC) 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 a typical device area of 0.1979 cm?. A DC illumination intensity is then applied
to the cell and the potential drop across the load is measured 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 photocurrent Aj that rises and subsequently
decays. Since TPC is a small-perturbation method, we assume that all processes are linearised
with respect to the carrier concentration. For time constants that are well-separated in
magnitude, the response can be analysed using(*?

0 = joexp () e ()] o
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where j, is a constant and 7j rise, Tjdecay aré the characteristic time constants of the rise and
decay of the photocurrent respectively.

The second method in the frequency domain is called intensity-modulated photovoltage
spectroscopy (IMVS), which involves the measurement of the AC voltage 7 upon application
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) =+, ®)

which has the units of a resistance multiplied by area (QQcm?). We note that the output of IMPS
or IMVS measurements is typically in the form of a responsivity, which can be easily converted
to the desired form of the transfer functions shown in equations 1 and 3.1 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 (TPV) measurement, which
is identical to a TPC measurement except that the sample is held at open circuit by setting the
load resistance to 1 MQ. The evolution of the excess voltage AV versus time in a TPV
measurement for the case of well-separated time constants in magnitude is given byl

AV (t) =V, [exp( il ) - exp( -t )] , 4)

Tv,decay TV rise

where V; is a constant and Ty rise, Tv,decay are the characteristic time constants of the rise and
decay of the phovoltage respectively.

The time constants in equations 2 and 4 are typically evolving as a function of the DC variables
- light intensity, applied voltage and current density. Figure 1 shows the typical data
representation 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 domains are
connected by the Laplace transform. 23
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Figure 1 Drift-diffusion simulations showing the typical representation of the spectra obtained
from small-perturbation frequency domain measurements 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 solid lines indicate a decay. The characteristic time
constants obtained from these spectra are indicated in the labels. Reproduced from ref.[*?3, ©
The authors of ref.[!2. CC-BY 4.0.

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 capacitance (Fcm™) is Cyc,
exchanging charge with the Helmholtz capacitor with capacitance Cy at the photoanode-
electrolyte interface. Minority carrier exchange between the capacitors at the
photoanode/electrolyte interface is proportional to the difference of charge on the capacitors,
with the respective rate constants (s*) of transfer given by k.. and ky. 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) flows over it. This
yields the equations

dQsc

dt = _j - ksc(Qsc - QH) ) (1)
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where Q. and Qy are the charge per unit area (Ccm?) in the space-charge region and Helmholtz
layer respectively. We first investigate the validity of the model at steady-state conditions. We
therefore set the left-hand side of equations 1 and 2 to zero, which yields

J= _ksc(ésc - QH) = kH(Qsc - QH) , (4)
where the overbar indicates a steady-state value. Equation 4 implies
—kee = ky , )

that shows that the two rate constants are not independent of each other, rather their magnitudes
are equal with opposite sign. The non-independency of the rate constants in this model is its
fundamental limiting feature.

ct

photoanode electrolyte

Figure 2 Schematic of the processes considered in the modified two-capacitor model for IMPS
measurements of photoanodes (ref.[%8). The recombination of photogenerated electron-hole
pairs at the photoanode/electrolyte interface is proportional to the rate constant k.. (k. 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., (kg in the model of Wilson et al.[*®)). Perfect collection of
electrons is assumed at the back contact.

Ponomarev and Peter modified this model to describe small-perturbation measurements of
photoanodes in the frequency domain, specifically intensity-modulated photocurrent
spectroscopy (IMPS) measurements.[® This was carried out by the addition of a photogenerated
photon current density jo = q®, where @ is the photon flux, to equation 1. 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 ki was
replaced by k., indicating charge transfer of holes from the valence band to the electrolyte. A
schematic of the processes considered in the model is shown in figure 2. Applying a small
perturbation to equations 1-3, removing steady-state terms and using the Laplace transform, we
obtain
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where the tilde indicates an AC quantity. We also define the following time constants
1

Ter = k_ct ) (9)
1

Trec = E ' (10)
1 1\ ! 1

Tpar = (T—ct + Trec) - kct+Krec ' (ll)

1 1\71
Ts = Riot (C_sc + a) = RiotCrot - (12)

The IMPS transfer function can then be calculated from equations 6-8 as(**"!
1+iwycTet

wts)(1+iwTpar) '

where Q.. is the low-frequency limit of the IMPS transfer function, which also corresponds to
the charge transfer efficiency or surface transfer efficiency, ! given by

Q= i = Qste (1+i (13)

— _Trec Kct
Qste - TcttTrec - kct+krec (14)
The variable y, is a ratio of capacitances given by
Vo= (15)

€ G
The IMPS response of this model is shown in figure 3(a). We observe an arc in the upper
quadrant at high frequencies that intercepts the real axis at the value y. (termed the high-
frequency intercept), followed by an arc in the lower quadrant that intercepts the real axis at the
value Q.. The time constant of the high-frequency arc, obtained from the maxima wyp of the
negative imaginary part of the transfer function versus angular frequency, is
1

THF = o Ts = RiotCot - (16)
The time constant of the low-frequency arc is given by
1 1
TF = o T keotkrec (17)

For the case of fast charge transfer (k.. > ko) Shown in figure 3(b), the low-frequency arc
moves to the upper quadrant and extends towards a value of Q. = 1. For the case of fast
recombination (k... > k) shown in figure 3(c), the low-frequency arc extends towards a value
of Q. = 0. The spectrum in figure 3(a) offers a simple method to calculate the charge transfer
and recombination time constants — using the time constant of the low-frequency arc (equation
17) and the low-frequency intercept on the real axis Q. (equation 14). This method has been
used widely in the photoelectrochemistry community to interpret intensity-modulated
photocurrent spectroscopy (IMPS) measurements of photoanodes.['% 6171 This model was
extended by Ponomarev and Peter to include the effect of surface states® and also multi-step
charge transfer mechanisms. 6]
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Figure 3 (a) Simulated IMPS response of the two-capacitor model, developed in ref.[®3. (b)
corresponds to the IMPS spectrum for the case of fast charge transfer (7. < Tyec) While (C)
corresponds to the spectrum for the case of fast recombination (7. < 7). The parameters
used for the simulations are relative permittivity s, = 32, series resistance Ry = 1 Qcm?, space
charge capacitance C,. = 10~7 Fcm™, Helmholtz capacitance Cy = 107 Fcm. The hole
transfer rate constant k.. was set to k.. = 10 st in (a) and (c) and k. = 10* st in (b). The
recombination rate constant k.. was set to k... = 20 st in (a) and (b) and k.. = 2 x 10% s
in (c).

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
(equation 5) and opposite in sign, leading to equations 11, 14 and 17 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.[*® (c) The model does not account for situations with an applied voltage, which prevents
modelling spectra for different DC biases and also the corresponding IS/IMVS spectra. (d) The
model does not account for the difference between the internal voltage (quasi-Fermi-level
splitting) and the external (electrode) voltage under illumination (as seen in equation 8),
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 3, which
equates the external potential to the sum of electrostatic potential drops in the photoanode,
cannot be valid under illumination conditions. (e) The transport and collection of electrons
(majority carriers) is assumed to be perfect, which is contrary to the observation of TPC decay
time constants in the order of milliseconds.I”- 2! In this regard, a consistent model was developed
by Bertoluzzi et al.,'¥ though they assume a simplified case where the perturbation of the
electron concentration is introduced using a transport/series resistance.

The internal voltage

In a three-electrode measurement, the external voltage V... is applied between the
photoanode and the counter-electrode, while the measured voltage Ve.s IS between the
photoanode and a reference electrode. Therefore, V.5 IS cOnnected to V., through

Vineas = VOCP,dark — Vext » (18)

where Vocp qark 1S the measured dark open-circuit voltage (OCP). Therefore, a positive value

of Vey: (forward bias) makes V;,.,s 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?! We define the electrode voltage Ve as the difference

between the quasi-Fermi-level of electrons at the collecting contact/photoanode interface minus

the quasi-Fermi- level of holes at the photoanode/electrolyte interface, divided by the electronic
7



charge g. Since a continuous quasi-Fermi-level is required to define a current, we have the hole
quasi-Fermi-level at the photoanode/electrolyte interface (x = d) equal to the redox level E¢gox
for the OER. For a current density j flowing through the external circuit, Ve IS cOnnected to
the external voltage V.. through

Velec = Vext + Rsj (19)

where R is the external series resistance that includes the potential drop in the electrolyte from
the counter-electrode to the redox Fermi level at the photoanode/electrolyte interface. A positive
value of j implies a photocurrent flowing out of the photoanode with Vgjec > Vext, While a
negative value implies a current flowing into the photoanode with Vgjee < Vext-

(a) anodic (b)yov (c) cathodic

Figure 4 Drift-diffusion simulations of the band diagrams of an idealised (highly doped, n-
type) hematite photoanode under 1 sun illumination at (a) +1.23 V (anodic) (b) 0 V and (c) -
0.51 V (cathodic). The slow kinetics of hole transfer from the photoanode to the electrolyte
leads to 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
in the SI.

To explain this effect in further detail, we carry out drift-diffusion simulations of an idealised
(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 explained in detail in section Al in the Sl and simulation parameters are shown
in table S1 in the SI. 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 Fe2Oz 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 case of cathodic voltages.
In all cases, we observe that the hole quasi-Fermi-level is very close to the valence band at the
Fe2Os/electrolyte interface. This can be understood by considering that the rate of holes flowing
from the valence band to the electrolyte is typically described by

L= kalp —Po) . (20)
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,[” 2?1 a large density
of holes is required to drive a given current density. 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.
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Furthermore, in all cases in figure 4, a large internal voltage V;,. exists in the hematite layer,
where V. is proportional to the average quasi-Fermi-level splitting AE; in the layer i.e. Vi, =
AE¢/q. Thus, we conclude that in the range of applied voltage where the photocurrent is much
higher than the dark current, i.e., 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 impact on the efficacy of charge extraction.[*2 14 19 191 Figyre 4 shows
that V;, Is much larger than the V. for typical operation conditions of the photoanode, which
implies significant recombination currents at each point of the current-voltage curve because
the recombination rate U o exp(AE;/kgT) = exp(qVin/kgT). In the case of solar cells, this
effect significantly contributes to the differences between the recombination current in the dark
and under illumination.[* 1% |n summary, the internal voltage is an important factor that
controls the rates of charge extraction and recombination, which implies that the assumption of
Vint = Velec CANNOL be made while modelling the optoelectronic response of the photoanode.

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 fabrication details are reported
in section A3 in the SI. The current-voltage curves of the hematite photoanode were recorded
under AM 1.5 G illumination and in the dark condition, in 1M KOH (figure 5(a)). The dark
current is minimal at low potential up to 1.65 V, when the OER occurs.
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Figure 5 (a) Experimental current-voltage curves of a hematite photoanode in KOH 1M
solution, in the dark and under AM 1.5G illumination (front). Also shown is the photocurrent
versus voltage, which is defined as jpnoto = Jlight — Jaark- (0) Corresponding current-voltage
curves for different light intensities. (c) Simulated current-voltages curves for different light
intensities using the developed analytical model. Simulation parameters are shown in table S2
in the SI. For (c), the built-in voltage was set to 0.1 V, the hole transfer rate constant was set to
k.. = 10 st and the recombination coefficient (defined in equation 24) was set to B, = 10~ !
cm3st,
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Figure 5(a) shows the slope of the photocurrent j,0¢0 (Calculated as the difference between the
light and dark current-voltage curves) from its onset at 0.95 V up to 1.65 V (beyond which the
steep rise is due to the dark current). Figure 5(b) 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,?®l charge collection dominated by the depletion layer (Gartner model(24)
or the drift of charge carriers across an electric field in the bulk of the photoanode.™! In this
regard, Klahr et al.[?®l ruled out the shunt resistance and the depletion layer-dominated charge
collection (which would imply that the photocurrent is proportional to the square root of the
applied anodic voltage) as the originating mechanism. They instead attributed this effect to the
drift of holes due to the built-in electrostatic voltage V,,; across the bulk of the photoanode.?*!
The argument of an electrostatic potential across the entire photoanode is consistent with our
previous work, where we clarified that the large doping densities observed from capacitance
measurements of hematite photoanodes are an artefact arising due to the response of the
geometric capacitance.[?Y! This implies that the effective doping densities are low enough for
the electrode charge to determine the potential distribution, which creates a constant electric
field (linear 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 discussed previously. The electron density remains relatively constant through
the bulk of the hematite layer, increasing significantly close to the collecting contact while
dropping to the equilibrium 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
photocurrent), which is discussed in detail in subsequent sections.

(&) 0V under illumination (b) +1.23 V under illumination

E

redox
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Figure 6 Drift-diffusion simulations of the band diagrams of an intrinsic (zero doping density)
hematite photoanode under 1 sun illumination at (a) 0 V and (b) +1.23 V. V. is the electrode
voltage, defined in equation 19. Simulation parameters are shown in table S1 in the SI. The
interface layer mobilities of electrons and holes was increased by a factor of 10 from the value
in table S1, which is an arbitrarily low value to simulate the effect of the slow hole transfer at
the photoanode/electrolyte interface (see section Al in the SI).

The model considers a photoanode of thickness d with a density of positively-charged
dopants Ny 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) (schematic shown in section A4 in the SlI). 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 photoanode/electrolyte interface is perfectly
blocking for electrons (i.e. j,(0) =0 and j,(d) = 0). We also assume uniform photo-
generation across the absorber layer. Under a steady-state condition of large anodic applied
voltage and one sun illumination, we have a density of electrons ng and a density of holes p,
accumulate at the photoanode/electrolyte interface in a layer of thickness d;,;. The current
density of holes transferred to the electrolyte is given by

jp(d) = qdintkce(Ps — Dso) (21)
where k.. is the rate constant for hole transfer and py, is the equilibrium 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 photoanode (which is a valid assumption for low
current densities and significant bulk recombination, see figure S3 in the SI), the measured
current density of electrons at the collecting contact is given by (see section A4 in the Sl for the
derivation)

Jn(0) = qSexc [ns — Ngo€XP (%)]- (22)
where ng, is the equilibrium electron concentration at the photoanode/electrolyte interface. Sey.

is the electron extraction velocity for the photoanode, given by

unF(1-727)

S rrm—ci

where p, is the electron mobility and F = (V}; — Veec)/d is the electric field, with 14; being
the built-in electrostatic potential. Furthermore, we assume that the recombination at the
photoanode/electrolyte interface is governed by the product of ng and ps. For clarity, we replace
jn(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 measured current density. We obtain the
continuity equations for the electron and hole density at the photoanode/electrolyte interface as

Se

(23)

% __—J JE _ _ 2

dt  qdint + qd Brec(nsps nl) ' (24)
dps  Jj

d_pt - f;i; — Brec(nsps — 7)) — kee(Ps — pso) (25)

where j4 IS the photogenerated current density represented as a current density (jo = f X q@,
where @ is the input photon flux and g is the efficiency of charge carrier photogeneration,
assumed to be equal to 1 for simplicity) and B, is the recombination coefficient (cm®/s). The
internal voltage (quasi-Fermi-level splitting) is related to the densities of electrons and holes via
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Nsps = n12 exp (m) ) (26)

kgT

where n; = \/nsopso = \/NCNVexp(—Eg/ZkB T) is the intrinsic carrier concentration, ng, and
Dso 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 valence band respectively and
E, is the bandgap. The equilibrium hole density at the photoanode/electrolyte interface ps, was
determined from the equation for n; after calculating ng, using ng =
N.exp(—(Epn + qVsi)/kgT), where Ey, is the injection barrier for electrons at the
FTO/hematite interface. At steady-state, using equations 22, 24 and 25, we have
j = qSexc [ns — Nso€Xp (%)] = qdintkct(ps - Pso) : (27)
The steady-state solutions of ng and pg are shown in section A5 in the Sl, which allows
determination of the current density from equation 27. Figure 5(c) shows simulated current-
voltage curves as a function of light intensity using the analytical model, showing similar
features as the measured current-voltage curves in figure 5(b) (we note that the model does not
encompass the dark photocurrent at large anodic potentials observed in figure 5(a)). Figure 7
shows the effect of the hole transfer rate constant k.., recombination coefficient B, electron
extraction 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
photoanodes, with a photocurrent that depends linearly on the applied voltage (at high anodic
voltages) due to the proportionality between Sq,. and the electric field F (for large anodic
voltages and hence large electric fields, Sqy. < py F, see equation 23). 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
interface and a large V;,; through almost the entire current-voltage curve (charge densities and
internal voltage shown in figure S4 in the Sl), which leads to large recombination current
densities. An increase in k.. reduces this hole accumulation, which results in higher current
densities and shifts the photocurrent onset toward more cathodic potentials (figure 7(a)).
Experimentally, similar effects are observed by the addition of a hole scavenger (e.g. H202).[?°!
Conversely, an increase in the recombination coefficient leads to lower current densities and
slightly shifts the onset potential to more anodic values (figure 7(b)). This behaviour aligns with
the observed performance of optimized hematite photoanodes, where improved charge transfer
efficiency is achieved through reduced interfacial electron-hole recombination.[?8! Figure 7(c)
shows the effect of S by varying the electron mobility . Lower values of Sey. increase the
Vint (See figure S5 in the Sl), leading to higher recombination current density j.ec SINCE jrec X
exp(qVine/nigksT), Where nyq is the ideality factor.”s] Higher values of S,y increase the
photocurrent 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 interface with an ITO or TiO, underlayer.?” Finally, the effect
of the 1%,; is shown in figure 7(d). Increasing the V4,; creates a cathodic shift in the onset of the
photocurrent density and also leads to an increased photocurrent. This is because Sqy. increases
with increasing V}; (equation 23), which leads to improved electron collection.
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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) recombination constant B,e. (5x10 —
3.8x10%% cm¥s), (c) electron mobility p,, (0.01- 0.0759 cm?V-1st) that modifies the electron
extraction velocity S.,. (see equation 23) and (d) electrostatic built-in voltage V;; (0.1-0.6 V).
See table S2 in the Sl for all the simulation parameters. The applied voltage versus Vrwe is the
applied potential minus the measured OCP measured in the dark condition (from data in figure
5). The dashed lines are obtained using the parameters in table S2 in the S, used as reference
in each graph.

Small-perturbation response

We now develop the model for the different small-perturbation methods commonly used,
namely intensity-modulated photovoltage spectroscopy (IMVS), intensity-modulated
photocurrent spectroscopy (IMPS), impedance spectroscopy (1S) in the frequency domain, and
transient photovoltage (TPV) and transient photocurrent (TPC) in the time domain. Applying a
small perturbation to equations 24, 25 and removing steady-state terms, we obtain

dfi -7 J 5 7]
At qdine + q% — BrecDsfls — BrecsPs (28)
aps _ ] . 5 5
d_ts - qi(; — BrecPsfis — BrecsPs — KeiDs » (29)

where the tilde indicates a modulated quantity. The modulated electron current density is
obtained by applying a small perturbation to equation 22, yielding

~ ~ Velec
] = qSexcns - )

Rexc

(30)

where Ry IS the resistance associated with the exchange of electrons from the photoanode to
the collecting electrode, given by

_ kgT —qVelec
Rexc = (qZSexcnso) exp( kgT ) '
Substituting equation 30 in equation 28, we obtain
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dfts —Tis Velec Jo - -
= Texe ¥ Gdene T aa ~ PrecPslls ™ Brecht 32
dt Texc  QdintRexc = qd recPsMs recNsDPs » ( )

where 7. IS a time constant for electron extraction from the photoanode/electrolyte interface,
given by!1?°!

din
Texc = Sexz . (33)
We further define the recombination lifetime of the electrons as
1
Tn = BrecPs (34)
and the recombination lifetime of the holes as
1
Tp - Brecns ' (35)

We can rewrite equation 32 using equations 34-35 as

dt Texc qdintRexc qd Tn Tp '

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

diy _ s Ve | Jo _fs_ B (36)

~ ~ dve ec Ve ecC
]tot=J—ng_tl—t- (37)

The model is completed by the relation between V... and the applied external voltage V.
through the series resistance R, which yields
Velec = Vext + Rsjrot- (38)

Equations 29, 36, 37 and 38 can be arranged into a 3x3 matrix and solved (see section A6 in the
Sl), yielding the IMPS transfer function as

0w) = 01 () + 0 (52— ) + 05 (7). (39)

1+iwTj, 1+iwTj, 1+iwTj3

where Q, Q, and Q5 are constants and 74, Tj, and t;5 are characteristic time constants.
Similarly, the IMVS transfer function can be obtained from the solution of the IMVS matrix
(see section A6 in the SI) as

W(w)le( Vi )+W2( V2 )+W3< V3 ) (40)

1+iwty 1 1+iwty 1+iwty 3

where W, W, and W; are constants and ty 1, Ty, and ty 3 are characteristic time constants. The
time constants in equations 39 and 40 are obtained from the inverse eigenvalues of the IMPS
and IMVS matrices shown in section A6 in the SI. A simple analytical formula for these time
constants is unfortunately impossible due to the complicated coupling between the electron
transfer, hole transfer and recombination 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. T > Texc)- IN
general, we observe two arcs for both IMPS and IMVS, one in the upper quadrant at high
frequencies followed by an arc in the lower quadrant at low frequencies. Experimental
measurements also typically show two arcs for both IMPS and IMVS,[1% 16. 28] though Klotz et
al. observed the LF arc in the upper quadrant in the case of IMVS.[?®l The effect of the DC
photon flux or light intensity on the IMPS and IMVS spectra is shown in figures 8(a) and 8(b)
respectively. Increasing the photon flux causes the width of both the 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 be interpreted as ratios of resistances,*®! with the low-frequency (LF) intercept
corresponding to the differential quantum efficiency[*®! (termed EQEpy_qie) OF the charge
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transfer efficiency.l!'® 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 be viewed as the corresponding
reduction of the magnitudes of the resistances.

The effect of the hole transfer rate constant k. is shown in figures 8(c) and 8(d). In the case
of IMPS, increasing k. leads to larger magnitudes of the high-frequency (HF) and LF intercepts
(higher charge transfer efficiency). This can be understood as the reduction of the interfacial
hole density due to faster hole transfer to the electrolyte, which reduces the recombination rate
and allows more electrons to be collected by the electrode, leading to a larger current density.
In the limiting case of very large k., the LF arc disappears and the HF intercept approaches the
maximum value of 1. Such a trend in the IMPS spectra is expected to occur, for example, upon
the addition of a hole scavenger and has indeed been observed experimentally.™8 21 A similar
effect is observed in the IMVS spectra, with the LF intercept increasing in magnitude for higher
ke until the LF arc disappears. This behaviour has also been observed from IMVS
measurements of hematite photoanodes using a hole scavenger.[°: 11 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
figures 8(e) and 8(f). Increasing values of B... lead to a reduction in the magnitude of the HF
and LF intercepts on the real axis for both these techniques. In the case of IMVS, the
concomitant reduction in the width of the HF arc implies a reduced HF resistance associated
with increased recombination.

The influence of the charge extraction velocity Sq.. on the IMPS and IMVS spectra is shown
in figures 8(g) and 8(h). In the case of IMPS, we observe a HF arc in the upper quadrant and a
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 8(d)), which are mostly
unaltered at lower frequencies for different S.... However, at high frequencies, the real part of
the transfer function makes a transition to negative values before reaching the origin. This
transition is also observed for the IMPS spectra and is pronounced for lower values of Sqy..
This spectral feature is thus a signature of non-ideal electron extraction and can be used to
estimate the magnitude of S.,. experimentally, which is discussed in the next section.
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Figure 8 Simulated (a, ¢, €, g) IMPS and (b, d, f, h) IMVS spectra using the developed analytical
model, as a function of (a, b) DC photon flux @, (c, d) hole transfer rate constant k., (e, f)
recombination coefficient B... and (g, h) electron extraction velocity S.... In all cases except
(c) and (d), slow hole transfer to the electrolyte is assumed (i.e. T > Teoxc)- See table S2 in the
Sl for the list of simulation parameters. IMPS spectra were simulated at 1.23 V vs Vrre While
IMVS spectra were simulated at open-circuit conditions (250 W/m? white LED illumination).

We now proceed to analyse the predicted evolution of the IMPS and IMVS spectra as a
function of applied voltage from the analytical model, shown in figures 9(a) and 9(c). These
spectra are simulated for the case of slow hole transfer to the electrolyte i.e. Tt > Texc, 10 be
consistent with experimental observations. The IMPS spectra show the typical feature of two
arcs - one in the upper quadrant at 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
9(a) 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 equation 23. For
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large anodic voltages, there is a large electric field through the photoanode which results in Sy
being proportional to the electric field (Sexc < 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 9(a). 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 evolution of the characteristic time
constants, shown in figures 9(b) and 9(d) for IMPS and IMVS respectively. These time
constants are typically obtained from the inverse maxima of the negative imaginary part of the
transfer function versus angular frequency w (w = 2mf, where f is the measurement frequency)
or equivalently, 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.'?? 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 figures 8(g) and 8(h). The time constant for charge extraction (equation 33) 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 using a modified transfer function that focusses on
the evolution of its real part versus w,*?3 which is discussed in detail in section A7 in the SI
and applied to the simulations in figure 8 to determine 7.... Therefore, we conclude that the
spectra in figures 9(a) and 9(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 (t,, t3) that correspond to the two arcs observed in the spectra.

L e L H o 10*

| (a) IMPS

4 | 101
- 20 anodic voltage V 0
3 < 10°
x 3
10 H < @ .n5
g s s
g ()] OE) 107 =

0 \ } N 11
-9 -1
10 —— o —— e =—+
| AL L L T = T T
P S R S 101 L e
0 10 20 30 06 08 10 12 14 16
real Q x 10°® V VS Veye (V)

»(,C),,_,WIM{/;H,_H_
rﬁgle C ] 10t
) [ o 1 T -1 1 + 1
alz anodic voltage V. 1 & 10 WLF TR.Cq Ry,
< r e
) -3
4 8L 7 :,3) 10
x 1 2
> 1 8 10°
o 4 I R 1 2
g | ® 1 E 107
N Of E 10°

-4 L b b by ] 101t L
0 4 8 12 16 20 06 08 10 12 14 16
real W x 10* (Q cm?) V VS Vge (V)

Figure 9 Simulated (a) IMPS and (c) IMVS spectra using the developed model (slow hole
transfer to the electrolyte i.e. T, > Tox IS assumed), versus applied voltage. (b) and (d) show
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the predicted effective time constants (7,, T, 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—TPV). We note that the time constants are the inverse
eigenvalues of the matrices for IMPS and IMVS shown in section A6 in the SI. 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 in the Sl for the list of
simulation parameters. The hole transfer rate constant was set to k., = 10 s to maximise the
visibility of the time constants in (b) and (d). This larger value of k.. (compared to the spectra
in figure 8(d)) causes the low-frequency arc in the IMVS spectra to disappear.

We first focus on the high-frequency time constant 7; obtained from the IMPS and IMVS
spectra in figure 9. This time constant is determined by a parallel combination of the
recombination lifetime for electrons t,, (equation 34) and the electron extraction time constant
Texc (Tyr IN figure 9(b) and 9(d)). In addition, Ty does not evolve significantly (i.e. over orders
of magnitude) with applied anodic voltage. This is because of two factors — the first being the
linear dependence of the electron extraction velocity S... on the electric field (Seye < u,F, see
equation 23) and hence applied voltage, and the second being the relatively voltage-independent
magnitude of the hole concentration p, (see figure S4 in the Sl). The latter effect is strongly
influenced by the slow rate of hole transfer k., to the electrolyte. However, at cathodic voltages,
both 7, and 7.4 (and hence Tyr) 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 Rg and the geometric capacitance C,. This effect is generally referred to in the
literature as RC attenuation.[® 21 |n the case of IMVS, the intermediate-frequency time constant
T, at large anodic voltages is a parallel combination of the hole transfer time constant ., and
Texc SCaled by the ratio of the hole and electron recombination lifetimes. The slowest time
constant T3 for IMPS is the same as the intermediate-frequency IMVS time constant (7 in
figure 9(b) and 9(d)), while for IMVS, it is a parallel combination of attenuation via the
exchange resistance Rey. Or the shunt resistance Ry, (tw r in figure 9(d)). Moving towards
cathodic voltages, in the case of IMVS, the exponential voltage-dependence of R.y. (equation
31) makes 75 and 1, exchange with each other, leading to 75 being dominated by 7., while 7,
is dominated by the Re..Cg product. A summary of the predicted time constants are shown in
table 1.

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.

Experiment | HF time constant IF time constant LF time constant
1 14\t -
Tn Texc T 578 T = —_— + —T
T P
IMPS/TPC ¢ Texc (ﬁ)
electron recombination RC attenuation
in parallel with hole transfer to electrolyte,
clectron extraction in parallel to electron
extraction with a pre-factor
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IMVS/TPV

1 1\t
T= (— + )
Tn TEXC

electron recombination
in parallel with
electron extraction

-1

1 4 1
—t——
Tet Texc (ﬁ)

hole transfer to electrolyte,
in parallel to electron
extraction with a pre-factor

T =

< >
=
ReXC Cg “Sh Cg

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

Drift-diffusion simulations

To test the validity of the predictions of our analytical model, we carry out full drift-diffusion
simulations of the photoanode response (a basic overview of drift-diffusion simulations is
provided in section Al in the Sl and corresponding parameters are shown in table S1 in the SI).
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. T¢ > Texc). Figures 10(a) and 10(b) show the effect of the DC light intensity
on the IMPS and IMVS spectra respectively. The IMPS spectra show a HF arc in the upper
quadrant and a 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 figures 8(a) and 8(b) — due to the slow hole transfer, photogenerated
electron-hole pairs due to increasing light intensity 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 predicts the second arc to exist in the lower
quadrant (figure 8(b)), 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 8(d)).

The evolution of the IMPS spectra as a function of the hole transfer rate constant k.. and the
recombination coefficient B,. are shown in figures 10(c) and 10(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 intercepts of the HF and LF arcs on the real axis become
larger (with the width of the LF arc becoming smaller) for higher k.. values due to an increased
photocurrent arising from efficient hole transfer to the electrolyte. Conversely, increasing B¢
values reduce the magnitudes of the intercepts. These trends are also consistent with the
predictions of the analytical model (figures 8(c) and 8(e)). In the case of IMVS, larger k. values
(figure 10(d)) lead to a larger magnitude of the arcs’ intercepts on the real axis, while increasing
B, Values (figure 10(f)) cause a reduction in the magnitude 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 recombination resistance. These trends
are also predicted by the analytical model (figure 8(d) and 8(f)). Finally, the effect of the
electron extraction velocity S.,. on the IMPS and IMVS spectra is shown in figures 10(g) and
10(h) respectively. Increasing S, values have a similar 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 Sq,. values. Furthermore, the influence
of S.xc can be seen in the high-frequency region of the spectra in figures 10(g) and 10(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 transformation,
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explained in section A7 in the SI. Finally, drift-diffusion simulations of the IMPS and IMVS
spectra versus applied voltage are shown in figure S7 in the SI, which also show a good
agreement with the trends predicted by the analytical model in figure 9. In summary, we
conclude that our analytical model consistently captures the trends of the IMPS and IMVS
spectra as a function of different DC parameters, which is confirmed using full drift-diffusion
simulations.
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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? white LED illumination) spectra. Simulation
parameters are shown in table S1 in the SI, with the doping density Ny = 0 cm™, mobilities of
electrons and holes in the photoanode/electrolyte interface layer set to p =5 x 102 cm?Vv-is?,
These simulations are made as a function of (a, b) DC photon flux @, (c, d) hole transfer rate
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constant by variation of the interface layer mobility, (e, f) recombination coefficient B... and
(9, h) electron extraction velocity Seyc. In all cases where the hole transfer rate is not varied,
slow hole transfer to the electrolyte is assumed (i.e. T > Texc)-

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
interpretation 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, recombination, electron extraction and interfacial hole transfer in a consistent
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 intermediatest®”!
and Fermi-level pinning.l! Inclusion 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 characteristic
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
specific nature of the interfacial recombination in our hematite photoanodes.

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
figures 11(a) and 11(b) respectively. The IMPS spectra show two arcs, one in the upper quadrant
at high frequencies and one in the lower quadrant 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 magnitude. This behaviour is consistent with the predictions
from both the analytical model (figure 9(a)) and the drift-diffusion simulations (figure S7(a) in
the SlI), and occurs due to improved electron extraction to the collecting contact arising from a
larger electric field in the bulk. We note that the arc in the upper 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
voltages. The IMVS arcs are incomplete due to the chosen lowest frequency of the measurement
(100 mHz), which confirms the very slow response of the hematite photoanodes. 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 constants. An example of a TPV
spectrum of our device is shown in figure 11(c), which was fitted using equation 4 assuming
Trise K Tdecay (@ confirmed by the full set of TPV spectra shown in figure S8 in the SI) within
the measured time range, to calculate the rise time constant. Figure S9 in the SI shows the
corresponding fits of the entire set of TPV spectra.
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Figure 11 Measured (a) IMPS and (b) IMVS spectra of a hematite photoanode in KOH 1M
solution, as a function of applied anodic voltage under 25 mW/cm? white LED illumination. (c)
Example of the measured TPV rise spectra and fit using equation 4 (see inset) to determine the
rise time constant. For ease of view, the decay of the photovoltage deflection is not shown. See
figure S8 in the Sl for the set of full (rise and decay) TPV spectra and figure S9 in the SI for
the fits of the photovoltage deflection rise to obtain the rise time constants.

Figure 12 shows the calculated time constants from the IMPS, IMVS and TPV
measurements. IMPS yields two time constants — a voltage-independent IF time constant with
a magnitude of 10~* s and a LF time constant with a magnitude ranging between 0.08 — 0.5 s.
The IMVS measurements yield a LF time constant that is very similar in magnitude to the IMPS
LF time constant. In case of the TPV measurements, we obtained a voltage-independent rise
time constant with a magnitude of = 1078 s (figure 12(b)). Using our analytical model, we can
assign these time constants to different physical mechanisms occurring in the device. Figure
9(d) shows that the slowest time constant in the case of IMVS corresponds to the time constant
of hole transfer to the electrolyte t., until the attenuation via the parallel combination of the
exchange resistance and shunt resistance (see table 1) takes over at high anodic voltages. We
thus assign the IMVS time constant at the most cathodic voltage value as 7., obtaining a k.
value of 16 s%. In the case of the IMPS time constants, the IF time constant corresponds to RC
attenuation (i.e. Ty mps = RsCg, confirmed by the IS data in figure S10 in the SI) and is hence
not useful for our analysis. The LF time constant in IMPS is again strongly dominated by 7.
according to figure 9(b) and hence does not provide any additional useful information. From
figure 9(d) and table 1, we observe that the TPV rise time constant is a parallel combination of
the electron extraction time constant 7., and the electron recombination lifetime z,. Figure
9(d) further shows that upon moving towards cathodic voltages, t,, becomes larger in magnitude
and approaches 7.4, eventually becoming larger than 7. for higher cathodic voltages.
Therefore, we assume that the HF time constant, which corresponds to the rise time constant in
TPV (measured at the light open-circuit potential, which corresponds to cathodic voltages), is
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dominated by 7.y.. Assuming d;, = 10 nm and setting 7., = 1078 s, we can calculate the
electron exchange velocity Sq,. using equation 33. We thus obtain a value of Sqy. = 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
23 and replace the absorber layer thickness d (= 100 nm for our hematite photoanodes) with
an effective thickness df = d — d;,; across which the electrons are transported to the
collecting contact, obtaining

_qdeffF)
IJnF(l kBT

N _ 1 kT n
.S‘exc(Voc(1 Sun)) = exp(—l)—(l—%—ff) - [1—exp(—1)] (%) % ' (41)

Using equation 41, we estimate a value of p,, = 0.022 cm?V-!s’* for the electron mobility in the
hematite layer, which is comparable to the values reported in literature for similar hematite
configurations.l!
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Figure 12 Calculated (a) IMPS and IMVS time constants from the experimental spectra shown
in figure 11(a, b) and (b) rise time constants from the TPV measurements shown in figure S8
in the SI (fits shown in figure S9 in the SI).

Conclusions

Further development in the efficiency of operation of photoanodes requires a fundamental
understanding of the physical mechanisms occurring within them - in particular, the charge
carrier transport, recombination and transfer at the photoanode/electrolyte interface or the
collecting electrode. While existing optoelectronic models capture the effect of specific
mechanisms occurring in bulk or at the photoanode/electrolyte interface, they cannot be applied
to consistently reproduce both the steady-state and transient optoelectronic response (time and
frequency domain) of the photoanode. Furthermore, these models do not account for a
fundamental feature in all photovoltaic devices - the difference between the internal (average
quasi-Fermi level splitting within the photoanode) and external voltage that drives the
photocurrent and the excess recombination arising from non-ideal electron extraction at the
collecting electrode. 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
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explicitly accounts for the dependence of the electron current on the difference between the
quasi-Fermi level splitting within the photoanode under 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 response
of the semiconductor photoanode, allowing comparison and analysis of different light and
voltage-modulated techniques both in the time domain (e.g. transient photovoltage (TPV),
transient photocurrent (TPC)) and frequency domain (e.g. intensity-modulated photocurrent
(IMPS) and intensity-modulated photovoltage spectroscopy (IMVS)), to obtain 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. Our model can thus serve as a base
model for modelling the optoelectronic response of photoanodes, which can be modified to add
specific effects that are relevant for the chosen materials or interfaces under investigation.

We used the model to interpret the measured time constants from small-perturbation
measurements of hematite photoanodes both in the frequency domain (IMPS and IMVS) and
time domain (TPV). We calculated a hole transfer rate constant of k. = 16 s*, at the
photoanode/electrolyte interface, confirming 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-1s in the hematite layer. Furthermore, the dependence of the
electron extraction on the electric field within the photoanode causes the model to naturally
reproduce the linear dependence of the photocurrent on the applied voltage that is commonly
observed in hematite photoanodes.
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