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� Relevance of fabrication variables is proved on TiO2 photoelectrodes.

� Film thickness and sintering atmosphere roles are investigated by data fitting.

� A theoretical model interprets trends in the cyclic voltammetry outcome.

� A phenomenological approach describes the effect on transient photocurrent.

� The change in model parameters for the photoelectrode series is discussed.
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a b s t r a c t

Semiconductor metal oxides are intensively studied in electrodes for photoelectrochemical

(PEC) water splitting. On a series of nanoparticulate TiO2 photoanodes, we analyze specific

fabrication variables by means of data fitting. First, the experimental outcome is gathered

using PEC characterization techniques, mostly cyclic voltammetry and transient photo-

current measurements. Subsequently, we apply models to gain insights into the involved

charge trapping and transfer phenomena. We find that capacitance coefficients and the

switch-on transient kinetics depend on the TiO2 layer thickness, respectively indicating

surface mechanisms and stationary regimes that are mediated by light accessibility. On the

contrary, exponential factors of capacitance are independent of thickness, but reflect

changes in the density of electron states with different sintering atmospheres. Also, the

transfer resistance in the electrolyte side is indirectly influenced by sintering. Through

meticulous quantitative analysis of trends, we stablish simple mathematical relationships

that connect thickness-dependent parameters. This knowledge delves into fundamental

mechanisms governing the TiO2 photoelectrode behaviour, and aims to facilitate further

improvements in the efficiency of materials and electrodes for green hydrogen production.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://
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Introduction processing conditions. Additionally, we develop a parametric
Water photoelectrolysis is considered as an alternative for

green hydrogen production [1]. A photoelectrochemical (PEC)

system consists of at least one photoactive electrode

immersed in the electrolyte [2,3]. Compared to a coupled

photovoltaic (PV) cell e electrolyzer (E) configuration, an in-

tegrated PEC unit allows simpler architectures, lower working

voltages, and thus the possibility of using some low-cost

earth-abundant components that might not work under the

harsh conditions of classical electrolyzers [4]. The solar-to-

hydrogen efficiency and costs of PEC and PV-E systems indi-

cate that further improvements in the performance of pho-

toelectrodes based on abundant materials would be decisive

[5e7]. Therefore, a deep comprehension of the photo-

electrochemical processes taking place in the photoelectrode

is relevant for the progress in this field [8].

Most common electrochemical techniques for the charac-

terization of semiconductor photoelectrodes include, among

others, cyclic voltammetry (CV) and transient photocurrent

measurements [9]. A physical model for CV plots of TiO2

nanoparticle electrodes under dark conditions was first

described by Fabregat-Santiago et al. [10] and later summa-

rized by Berger et al. [11], assuming a connection between CV

plots and the electron density of states (DOS). The model

considers the classical electron DOS of a semiconductor,

including conduction band, valence band, and bandgap,

together with two additional types of capacitive electron trap

states located inside the bandgap, which are usually associ-

ated to surface defects on TiO2 nanocrystals [12]. The first

group of trap states is just below the conduction band, and its

density decreases exponentially inside the bandgap, while the

second group includes isolated mono-energetic states.

Regarding transient photocurrent measurements, Peter

first suggested a physical model that formally consists of a

single exponential decay [13,14]. This model has been

extended to a double exponential decay to properly fit certain

complex phenomena, for instance those taking place in dye-

sensitized photoanodes [15].

The thickness of the semiconductor layer is a critical

parameter that significantly impacts the performance of the

photoelectrode [16,17]. It is commonly recognized that the

effect of thickness involves a delicate equilibrium between

light absorption for charge generation and collection effi-

ciency, while minimizing charge recombination [18]. Notably,

previous investigations have identified optimal thicknesses

that maximize photocurrent density (Table 1). It is evident

that the optimal thickness is also influenced by other factors,

such as chemical composition, crystal structure, deposition

method, roughness, etc. [19e38]. In our experimental study,

where all the electrodes are fabricated using the same proto-

col methodology, the influence of those parameters is

considered negligible.

In the present work, we successfully apply the above-

mentioned physical model for the description of CV mea-

surements in a series of TiO2 photoanodes, considering in

detail the influence of TiO2 layer thickness and certain
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mathematical description of transient photocurrent on the

same photoanodes, introducing various characteristic times

that account for different kinetic phenomena. As a whole, we

reveal that effects of thickness and intrinsic material prop-

erties can be successfully decoupled into separate model

parameters.
Experimental methods

The TiO2 nanoparticles (TNPs) were synthesized by a sol-gel

method from titanium isopropoxide (5 mL), using boric acid

(5 mg) as an additive [39,40]. The crystallization of TNPs was

performed by treatment in a horizontal reactor under air at

550 �C for 30 min. The as-prepared TNPs mostly contain

anatase phase with an average crystallite size of 25 nm [40].

The crystallized TNPs were dispersed in liquid media and

deposited on transparent FTO/glass substrates (70e80 U/sq.,

80 nm). More specifically, TNPswere dispersed in an ammonia

aqueous solution by an ultrasounds treatment and they were

subsequently deposited using an automatic spray coating

machine provided with an ultrasonic nozzle. The photo-

electroactive area was of 1 cm2. Electrodes with different

thicknesses were fabricated by varying the number of cycles

that the spray coating machine is depositing over the FTO/

glass substrate. Electrodes were finally sintered at 450 �C for

2 h in either nitrogen or air atmospheres.

In the following, sample nomenclature includes abbrevia-

tions standing for the dispersion liquid (W for water) and the

sintering atmosphere (N for nitrogen, A for air). In this way,

electrodes are called TNP-W-N or TNP-W-A, followed by the

TiO2 layer thickness in mm. For comparison, we also prepared

an electrode by dispersion of the TNPs in isopropanol

(abbreviated as I) and subsequent spray coatingwith amanual

gun [41]. Fitting parameters that will be presented for the TNP-

I-A-2.0 mm optimized electrode are well-consistent mathe-

matically and can be thus compared with those of series TNP-

W-N and TNP-W-A.

Scanning electronmicroscopy (SEM) images were obtained

by means of secondary electrons using the JEOL JSM 6400

Scanning Electron Microscope. Thickness of the samples, as

well as the roughness of their surface, were evaluated by using

a contact DektakXT Stylus Profiler (from Bruker). The radius of

the stylus used in the measurements was 2.5 mm. The height

of the step of the TiO2 layer was measured in different areas

along the layer edge. The depths of grooves made in different

parts of the layer (reaching the substrate) were also deter-

mined. The electrode thickness was obtained as the mean

value of such measurements.

Electrochemical measurements were performed in a 3

electrode glass cell provided with a quartz window, using a

PGSTAT302 N potentiostat (Metrohm Autolab). The reference

electrode (RE) was Ag/AgCl (3 M NaCl, E� ¼ 0.210 vs. SHE) and

the counter electrode (CE) was a graphite rod. The electrolyte

was 0.1 M Na2SO4. A 150 W Xe arc lamp (Quantum Design

GmbH), providing AM1.5G illumination, was utilized for the
otoanodes for PEC water splitting: Decoupling the influence of
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Table 1 e Literature studies that directly indicate an optimization of the photoactive film thickness on the photoelectrode,
paying particular attention to TiO2 as the semiconductor.

Material Deposition method Thickness
range [mm]

Optimal
thickness [mm]

Jph [mA$cm�2] Reference

TiO2 (A) Dip coating 3.3e15 15 0.25 [19]

TaeTiO2 (A þ R) Electrochemical 3e12 7 0.55 [20]

TiO2 (B þ R þ A) Supersonic aerosol 0.5e4 3 0.09 [21]

TiO2 (A) Spray pyrolysis 0.34e0.80 0.80 0.13 [22]

TiO2/B-diamond RF sputtering 0.3e1 0.66 3.38 [23]

TiO2 (A) Pulsed laser 0.50e3.60 1.4 0.13 [24]

TiO2 (A þ R) Electrophoresis 5e35 14.7 2.12 [25]

TiO2 (A þ R) CVD 0.1e11 0.6 1.2 [26]

TiO2 (A) Screen printing 2.67e9.92 4.89 0.33 [27]

TiO2 (A þ R) Dip coating 4e11 4 0.03 [28]

TiO2 (A) Dip coating 0.45e2.15 2.15 0.20 [29]

TiO2 (A) Atomic layer deposition 0.01e0.09 0.05 0.14 [30]

ZneFe2O3/Fe

eTiO2

Spray pyrolysis 0.24e1.21 0.89 0.75 [31]

Fe,Al-WO3 Magnetron sputtering 0.03e0.83 0.45 0.03 [32]

a-Fe2O3 Spray pyrolysis 0.01e0.03 0.03 0.26 [33]

BiVO4 Dip coating 0.06e0.21 0.16 0.57 [34]

CuO2/CeO2 Spray pyrolysis 0.10e0.49 0.40 2.89 [35]

BiVO4 Electrodeposition 0.06e0.52 0.48 0.45 [36]

Fe,NieCo3O4 Spray pyrolysis 0.14e2.16 2.16 �4.14 [37]

TieFe2O3 Hydrothermal 0.18e0.65 0.52 2.0 [38]

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 3
PEC tests. All the CV experiments were performed at a scan

rate of 20mV s�1, starting at 0.4 V vs. Ag/AgCl. All the transient

photocurrent measurements were run at 0.4 V vs. Ag/AgCl for

5 min, with chopping light intervals of 15 s, resulting in 10 on-

off pulses.
Model description

Cyclic voltammetry in the dark

We apply well-established models of CV under dark condi-

tions [10,11], with the aim of extracting new information

about the influence of certain electrode fabrication variables,

including thickness. The circuit used for CV measurements is

sketched in Fig. 1a. The potential of the RE remains fixed. A

potentiostat adjusts the overall potential (Vs) so as to ensure

that the potential difference (V) between the working elec-

trode (WE) and the RE is linearly swept with time back and

forth between two pre-set limits V1 and V2. In our measure-

ments, V1 ¼ 0.4 V and V2 ¼ �1.1 V, and the scan rate is

s ¼ 20 mV/s.

Fig. 1b sketches the relevant energy levels, following gen-

eral definitions that were introduced by Bisquert et al. [42].

The potential V is related to the difference between the elec-

tron Fermi level at the back contact of the WE and the energy

of the RE (εFn;b�εRE ¼ � qe V). It is convenient to relate both the

Fermi level and V to their values under equilibrium, where the

electron Fermi level equals the redox level in the electrolyte

(εFn;0¼ εredox; εFn;0 � εRE ¼ � qe V0). The displacement of the

electron Fermi level in the WE can be related to a voltage Vapp:

Vapp ≡V � V0 ¼ εFn;0 � εFn;b

qe
Eq. 1
Please cite this article as: Ans�on-Casaos A et al., Modelling TiO2 ph
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In order to describe the intrinsic capacity of the WE and the

charge transfer between the WE and the electrolyte, we refer

to the model described in Refs. [10,11], which we briefly

summarize in the following. Besides the conduction and

valence band edges of the semiconductor, with energies εc and

εv respectively, the TiO2 capacitance is related to the occu-

pancy of electron trap states inside the bandgap. The occu-

pancy depends on the density of states (g) and the probability

that they are occupied, given by the Fermi-Dirac distribution

(f). More precisely, the electron density n is given by:

n¼
Z

g ðεÞ fðε� εFnÞ dε Eq. 2

Capacitance expresses the dependence of the trapped

charge on the potential:

C¼d Q

d V
¼ qe

2 dn

dεFn;b
Eq. 3

Two types of electron trap states are considered: contin-

uous and monoenergetic trap states, with energies εcts and

εmts respectively. The continuous traps are shallow defect

states, which are responsible for an exponential decrease in

the DOS of the conduction band towards the bandgap. They

may be associated to vacancies in the TiO2 lattice. Their

density of states is given by:

gctsðεÞ¼Qcts

K Tc
exp

�
ε� εc;s

K Tc

�
Eq. 4

whereQcts stands for the volume density of band tail states, Tc

is a parameter modelling their broadening, and εc;s is the en-

ergy of the conduction band edge at the surface of TiO2. Their

associated capacitance is obtained by substituting Eq. (4) into

Eq. (2) and applying Eq. (3). It can be approximated by its value

at low temperature, where the Fermi-Dirac distribution tends
otoanodes for PEC water splitting: Decoupling the influence of
nal Journal of Hydrogen Energy, https://doi.org/10.1016/
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Fig. 1 e Schema of the model elements of CV measurements in the dark: a) The 3-electrode cell with working, reference and

counter electrodes (WE, RE, CE); b) Energy levels of the WE; and c) Model circuit for the WE.
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to the Heaviside step-function HðεFn � εÞ. Since we are inter-

ested in the capacitance per unit area, we multiply the

resulting expression by h, the thickness of the electrode:

Ccts � h qe
2 Qcts

K Tc
exp

�
εFn;b � εc;s

K Tc

�
¼Ca exp

�
� ac Vapp

VT

�
Eq. 5

where Ca ¼ h qe
2 Qcts

K Tc
exp

�
εFn;0�εc;s

K Tc

�
, ac ¼ T= Tc and VT ¼ K T

qe
is the

thermal voltage.

On the other hand, the monoenergetic traps are deep

defect states, which are responsible for producing rather iso-

lated energetic states in the bandgap region of TiO2, and are

typically associated to doping and grain-boundary effects [43].

The volume density of a monoenergetic state of energy εmts is

given by the Dirac delta distribution,
Please cite this article as: Ans�on-Casaos A et al., Modelling TiO2 ph
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gmtsðεÞ¼Nmts dðε� εmtsÞ Eq. 6
and thus its associated capacitance per unit area is:

Cmts ¼h qe
2 Nmts

K T

exp
�
εmts�εFn

K T

�
�
1þ exp

�
εmts�εFn

K T

��2 ¼Cm

exp
�
Vapp�Emts

VT

�
�
1þ exp

�
Vapp�Emts

VT

��2

Eq. 7

where Emts ¼ εF0�εmts
qe

and Cm ¼ h qe
2 Nmts

K T .

A third capacitive term Cb is added to take into account the

remaining capacitance at highVapp values, when both Ccts and

Cmts are very low.

The faradaic charge transfer process at the nanoporous

electrode-electrolyte interface is modelled by a resistance in
otoanodes for PEC water splitting: Decoupling the influence of
nal Journal of Hydrogen Energy, https://doi.org/10.1016/
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parallel RF that tends to a constant value at sufficiently high

negative voltage values [10]:

RF ¼RFa exp

�
aR Vapp

VT

�
þ RFb Eq. 8

The exponential dependence of RF on Vapp can be justified

by inspecting Fig. 1b. Themore negativeVapp, the closer εFn gets

to εc;s and thus the greater density of free electrons, which is

an increasing exponential function of εFn � εc;s.

In summary, the intrinsic capacitive and charge transfer

phenomena in the WE are modelled by a circuit consisting of

three capacitors and a resistance in parallel, represented in

Fig. 1c. In addition, a series resistance Rs is included to

consider the resistivity at the substrate-wire contact, as well

as the intrinsic resistance in the electrode and the electrolyte

between the WE and RE.

The current density crossing the model circuit (see Fig. 1c)

is:

J¼C
dVapp

dt
þVapp

RF
¼ðCcts þCb þ CmtsÞ dVapp

dt
þ Vapp

RF
Eq. 9

The dynamics of themodel circuit is ruled by the equation:

dVapp

dt
¼ 1
CRS

�
V�Vapp

RS þ RF

RF

�
Eq. 10

Transient photocurrent

We propose a mathematical fitting to describe the kinetics of

various phenomena that are observed in transient photocur-

rent measurements. The response to a pulse of light consists

of a current spike followed by a plateau that exhibits a pro-

gressive decay. The spike is fitted to a function of the form:

JspikeðtÞ≡ Jspike
�
Jp; t0; t0; t

�¼ Jp
�
1� e�

t�t0
t0

�
Eq. 11

where Jp is the pulsemaximum, t0 the starting time, and t0 is a

characteristic time: the lower t0, the higher dJ/dt, and thus the

shorter it takes for the current to reach its peak.

The subsequent relaxation plateau is fitted to a biexpo-

nential decay whose shape is given by:

JplateauðtÞ≡ Jplateu
�
Jf ;A1; t1;A2; t2; tp0 ; t

�¼ Jf þ A1 e
�t�tp0

t1 þA2 e
�t�tp0

t2

Eq. 12

tp0 being the time at which the photocurrent reaches its peak.

Eq. (12) implies the existence of two relaxation phenomena

with characteristic times t1 and t2, while A1 and A2 give an

estimation of the relative intensity of both phenomena.
Results and discussion

Experimental outcome

The morphological study of selected TiO2 electrodes is pre-

sented in Fig. 2. The thermal treatment at 450 �C leads to a

significant degree of nanoparticle sintering in all TiO2 films.

Detailed examination of SEM images and profile scans reveals

that the films prepared by the automatic spray coating ma-

chine (TNP-W-A-3.2 mm and TNP-W-N-3.1 mm) exhibit strong
Please cite this article as: Ans�on-Casaos A et al., Modelling TiO2 ph
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roughness. This roughness is primarily attributed to the use of

a spray technology employing an ultrasound nozzle to

generate the spray, since the films obtained using a manually

applied gun (TNP-I-A-2.0 mm) show a smoother surface.

Interestingly, the choice of sintering atmosphere, whether air

or nitrogen, does not result in remarkable qualitative effects

on the surface morphology.

Mean values of the film thickness were obtained from

contact profilometry scans. Additionally, roughness values

were quantified. As stated in the experimental section, elec-

trodes of distinct thicknesses were prepared performing a

different number of spray coating cycles. For a relatively low

number of cycles, less homogeneous coatings were obtained,

giving rise to roughness values of higher than those for thicker

samples. Film roughness ranging from 0.6 to 1.3 mm were

obtained for electrodes in the TNP-W-N series, while, as a rule,

the TNP-W-A series showed slightly lower roughness values

(<1 mm). As an exception, the thinnest electrodes in the TNP-

W-A series showed roughness values above 1.2 mm.

Typical examples of the raw PEC experimental data are

presented in Fig. 3. In the dark, CV shows a charge accumu-

lation region at E < �0.7 V vs. Ag/AgCl, which is equivalent

to < �4.0 eV in the reference vacuum scale and approximately

indicates the energy level of the TiO2 conduction band. An

increase in the intensity of the charge accumulation region

with thickness is observed comparing thin and thick elec-

trodes (Fig. 3a and 3b). As an example, a 3-fold increase is

observed from the TNP-W-N-2.5 mm to the TNP-W-N-14.6 mm

electrode at �1 V vs. Ag/AgCl.

Under light irradiation, a photocurrent is observed in CV

scans at E > �0.2 V, reaching a plateau in the range of 0e0.4 V

vs. Ag/AgCl (Fig. 3a and 3b). In this work, we choose to perform

transient photocurrent measurements at 0.4 V vs. Ag/AgCl.

The charge accumulation region is distorted and increases its

intensity by 1.3e1.6 times upon irradiation.

Transient photocurrent measurements under intermittent

irradiation are presented in Fig. 3 c for selected TNP-W-N

electrodes of distinct thickness. The chopping interval is 15 s

and the total experiment time 5min, thus generating 10 on-off

pulses for each sample. Fig. 3 d includes the complete set of

photocurrent values after 5 min, at the end of the 10th pulse.

In agreement with previous literature (Table 1), a maximum

photocurrent is observed as a function of the TiO2 layer

thickness. The trend is clearly identified for samples sintered

in N2 atmosphere, since a large number of samples of different

thicknesses was analyzed.

The shape of photocurrent pulses clearly depends on the

TiO2 layer thickness (Fig. 3c). Photocurrent spikes are observed

just after switching on the light for thin TiO2 layers, while

spikes do not appear in thick electrodes. In any case, negative

overshoots are not observed after switching off the light. This

fact might indicate relatively high rates for the chemical re-

action of photogenerated holes, according to kinetic simula-

tions performed by Araujo et al. [44].

Fitting CV in the dark

The fitting procedure consists in finding the parameter values

thatminimize a given error functionmeasuring the difference

between model estimations and experimental data:
otoanodes for PEC water splitting: Decoupling the influence of
nal Journal of Hydrogen Energy, https://doi.org/10.1016/
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Fig. 2 e Morphological characterization of three selected TiO2 electrodes. SEM images correspond to two different

magnification values: £500 (100 mm scale bar) and £5000 (10 mm scale bar). The bottom part includes representative

profilometer scans.
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p* ¼argminp

��Jexp � JestimðpÞ
�� Eq. 13

In our case, p ¼ fCa;aC;Cb;Cm;Emts;RFa;aR;RFb;Rsg is the set of

parameters defined in Section, p* the set of values that actu-

ally minimize Eq. (13), Jexp the measured values of the current

density, and JestimðpÞ the solution of Eqs. (9) and (10) as a

function of the parameters. In particular, Eq. (9) was solved by

means of the 4th order Runge-Kutta method. Starting from an

initial guess of the values of p, their final values were esti-

mated applying the Levenberg-Marquadt algorithm [45].

According to Eq. (5), aC is independent of the sample

thickness. An analogous behaviour can be expected for aR (Eq.

(8)). To check whether our results support that idea, we fol-

lowed a two-step process. In the first step, the fitting was

carried out independently for each sample and, indeed, both

aC and aR showed nearly identical values for samples with

different thickness, while the other parameters exhibited a

clear variance between samples. In the second step, we forced

common values of aC and aR for all the samples within a given

series (TNP-W-N or TNP-W-A). For each sample, the fitting

error (Eq. (13)) in this second step is less than 1% larger than

the error computed in the first step, when the parameters are

allowed to freely change from sample to sample. We can

conclude that aC and aR depend on intrinsic material charac-

teristics that can be related to the preparation process, but are

independent of the sample thickness.

Comparison of the fitting curve with the original CV data

reveals the successful application of the model for both thin

and thick electrodes (Fig. 4a and 4b). The resulting values for
Please cite this article as: Ans�on-Casaos A et al., Modelling TiO2 ph
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the complete set of electrodes are summarized in Table 2. The

fitting outcome shows interesting trends with respect to the

TiO2 layer thickness (Fig. 4c and 4d). According to Eqs. (5) and

(7), Ca and Cm would be expected to be linear functions of the

thickness h. However, our results suggest that they both in-

crease linearly for small h values and saturate for thick sam-

ples. A simple function that mimics the observed behaviour is

an asymptotic exponential function:

Ca ¼Ca;0

�
1� e�

h
La

�
Eq. 14

Cm ¼Cm;0

�
1� e�

h
Lm

�
Eq. 15

where Ca,0, La, Cm,0, and Lm are fitting parameters (Table 2).

This trend reasonably indicates that Ca and Cm coefficients

are associated with surface phenomena. For thin TiO2 layers,

the capacitance linearly increases with thickness since

the surface that is accessible to the electrolyte increases.

Indeed, that would correspond to limiting phenomena

contemplated by Eq. (5). However, for thick electrodes, the

capacitance saturates at a certain level, when no additional

surfaces can be reached by the liquid, and this is what is

observed and described as non-intrinsic thickness

phenomena.

The change in the third capacitive term Cb does not satu-

rate and might be linear in the whole considered range of

thickness (Fig. 4c):

Cb ¼Cb;0$h
	
L0 Eq. 16
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Fig. 3 e Representative PEC experimental results: a, b) CV in the dark and under light irradiation (20 mV s¡1, starting at

0.4 V), on film electrodes of different thickness; c) transient photocurrent measurements at 0.4 V on various samples of the

TNP-W-N series of electrodes; d) photocurrent values (jph) after 5 min of chopped light irradiation, as a function of thickness,

discontinuous lines being eye guides.
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where L0 ¼ 1 mm is a normalization factor. Therefore, the

characteristic parameter Cb,0 (Table 2) does not depend on the

electrochemically active surface, but on intrinsic bulk prop-

erties such as the crystalline structure of TiO2 particles. Be-

sides, the clearly different trends of Ca and Cb with thickness

supports the need of introducing the Cb contribution. The

original model properly describes intrinsic characteristics

when h « La but no thickness-dependent saturation effects are

foreseen. We include the extrinsic thickness influence, being

able to model it successfully. We see the saturation of Ca and

Cm at high thickness, as well as the need for bringing in a

thickness dependent Cb term, all this for thicknesses beyond

h « La. Therefore, it is deduced that thickness effects have to be

contemplated in models of real photoanode structures.

Because of the contribution of Cmts, the capacitance has a

local maximum when Vapp ¼ Emts (Eq. (7)), which can be

observed around �0.25 V (Fig. 4a and 4b). Unlike in our

simulation, the measured current only shows a well-defined
Please cite this article as: Ans�on-Casaos A et al., Modelling TiO2 ph
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peak when charging the electrode, but not in the subsequent

discharge. This asymmetry can be explained assuming that

detrapping from deep trap states is slow compared to the scan

rate of V [46]. In the cathodic direction V decreases, and the

electron Fermi level rises; when its value is close to εmts the

monoenergetic trap states are occupied, which causes the

observed peak in C ¼ dQ/dV. However, slow detrapping (thus

slow variation of the charge accommodated in the deep trap

states) results in a much smaller capacitive effect in the

anodic direction. In the present article, the model assumes

fast detrapping, and predicts a perfectly symmetric behaviour

in the charging and discharging directions. The fitted values of

Emts show no remarkable dependence on the TiO2 layer

thickness. Their values for the different fabrication protocols

are shown in Table 2.

Regarding the interpretation of the RF term, RFa shows

extremely high values, characteristic of an isolator (RFa >
1011 U). For positive or small absolute values of Vapp, the term
otoanodes for PEC water splitting: Decoupling the influence of
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Fig. 4 e The fitting outcome of CV experiments in the dark: a, b) comparison of experimental data and mathematical fitting

on TiO2 film electrodes of two different thicknesses; c, d) trends for the Ca, Cb and Cm fitting parameters as functions of

electrode thickness in the TNP-W-N series.
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RFa$exp (aRVapp/VT) overwhelms RFb, and thus the faradaic

current is virtually zero. For a sufficiently negative Vapp, the

predominant term becomes RFb, whose value allows for a non-

negligible current. RFb can be fitted to a decreasing exponential

function of the thickness (Table 2). Its values in the charge

accumulation region (E < �1 V vs. Ag/AgCl) are in the range of

104e105 U. Accordingly, the current through RF becomes non-

negligible for voltages V < �0.5 V and reaches a maximum

value in the order of 10 mA cm�2 at V ¼ �1.1 V. Suchmaximum

values only represent between 11% and 27% of the total, while

most of the current is linked to the capacitance term.

Lastly, the results of electrochemical impedance spec-

troscopy (EIS) measurements were fitted to a simplified

equivalent circuit (Fig. 5, Table 2), which essentially includes

the CV model circuit of Fig. 1 c. The range of calculated values

for Rs and C from EIS and CV exhibits good agreement (Table

3). The results also evidence that Rs does not depend on the

thickness of the film.
Please cite this article as: Ans�on-Casaos A et al., Modelling TiO2 ph
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In analyzing the effects of the sintering atmosphere on

model parameters (Table 2), we identify significant potential

changes in ac and Rs (Table 2). Specifically, the TNP-W-N series

exhibit higher ac values compared to the air-sintered elec-

trodes. This high ac value, which is linked to the distribution of

continuous trap states beneath the conduction band, suggests

an increased abundance of electron states near the band edge

while concurrently reducing the number of deep states within

the band-gap. We hypothesize that this alteration in the DOS

may be coupled to the presence of oxygen vacancies resulting

from the sintering treatment performed under a nitrogen at-

mosphere. Additionally, another noteworthy effect is the

decrease in the Rs value, which refers to the electrolyte side

according to the model. This decline indicates an indirect

improvement in charge carrier mobility nearby the electrode

surface. However, when considering the remaining model

parameters, the effects of the sintering atmosphere fall within

the range of experimental error.
otoanodes for PEC water splitting: Decoupling the influence of
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Table 2 e Fitting parameters from CV measurements in the dark. Series TNP-W-N and TNP-W-A include coefficients to
calculate the model parameters as a function of the sample thickness (Eqs. (14)e(16)).

Parameter TNP-I-A TNP-W-N TNP-W-A

Emts [V] �0.396 ± 0.001 �0.38 ± 0.08 �0.26 ± 0.06

Constant throughout the series

ac 0.114 ± 0.002 0.148 ± 0.012 0.128 ± 0.012

aR 0.039 ± 0.002 0.55 ± 0.10 0.71 ± 0.23

Rs [U$cm
2] 437 ± 164 278 ± 70 720 ± 60

p ¼ p0$h=L0
Cb [F$cm�2] 8.6$10�6 ± 8$10�7

Cb,0 [F$cm
�2] 5.8$10�6 ± 3.7$10�6 7.4$10�6 ± 9$10�7

r2b 0.97 0.92

p ¼ p0 ð1 � expð � h =LpÞ
Ca [F$cm�2] 1.79$10�5 ± 2$10�7

Ca,0 [F$cm
�2] 3.1$10�5 ± 4$10�6 6.2$10�5 ± 1.7$10�5

La [mm] 5.0 ± 1.7 3.6 ± 2.3

r2a 0.852 0.867

Cm [F$cm�2] 7.5$10�4 ± 2$10�5

Cm,0 [F$cm
�2] 3.7$10�3 ± 9.8$10�3 4.5$10�3 ± 8$10�4

Lm [mm] 13.3 ± 5.8 11.5 ± 3.5

r2m 0.96 0.89

p ¼ p0$exp
�� h=Lp

�
RFb [U$cm2] 7.8$103 ± 5$102

RFb,0 [U$cm
2] 1.3$105 ± 3$104 1.7$105 ± 4$104

LFb [mm] 5.5 ± 2.4 6.7 ± 3.9

r2Fb 0.85 0.87
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The CV measurements under light irradiation reflect very

complex phenomena taking place in the electrode. Models for

linear sweep voltammetry have been tested by different

groups [47e51]. However, the interpretation of CV measure-

ments under irradiation requires further attention in future

research.
Fig. 5 e Nyquist plot from EIS data at 0.4 V vs. Ag/AgCl for

two selected electrodes: TNP-W-N-3.1 mm and TNP-W-A-

3.2 mm. Line fittings were performed considering the

simplified circuit in the inset. A constant phase element

(CPE) with impedance ZCPE ¼ 1
QðjwÞn accounts for the non-

ideality of the total capacitance (for an ideal capacitor, n¼ 1)

[33]. The obtained values for the exponent are n > 0.9.
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Transient photocurrent

Let us first consider themomentwhen the light is switched on

(Fig. 6). We calculated the parameters by minimizing an error

function analogous to Eq. (13), where Jestim is Jspike (Eq. (11)). The

obtained values of t0 are similar for all the pulses of a sample,

but they differ between different samples, showing an

increasing trend with thickness (Fig. 7). Reasonably, the

switching-on process involves charge carrier generation next

to the irradiated surface and transport through the bulk TiO2

layer, resulting in a thickness-dependent response.

To analyze the subsequent plateau, we proceeded in an

analogous way, taking Jestim as Jplateau (Eq. (12)). When the

electrodes are fitted separately, the values for t1 and t2 show a

remarkably weak dependence on thickness (Fig. 7). Unlike the

switching-on process, relaxation phenomena at the station-

ary regimewould bemainly associated to charge trapping and

recombination in the bulk semiconductor, whichwould not be

dependent on the length path through the material. This fact

is in good agreement with the discussion by Gosh et al.,

assigning the origin of the relaxation to electron trapping [15].

The previous results led us to formulate the following

working hypothesis: t1 and t2 depend only on the intrinsic

material properties and t0 is a characteristic feature of each

sample thickness, while the remaining parameters account
Table 3 e Comparison of calculated values of C (¼
Ccts þ Cmts þ Cb) and Rs from CV and EIS data fitting.

Rs [U$cm
2] C range [mF$cm�2]

Series CV EIS CV EIS

TNP-W-N 278 ± 70 144 ± 39 18e124 38e110

TNP-W-A 720 ± 60 225 ± 74 13e100 43e63
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Fig. 6 e Comparison between experimental data and fitting outcome for the two first pulses of transient photocurrent

measurements on four electrodes: a) TNP-I-A-2.0 mm; b) TNP-W-N-3.1 mm; c) TNP-W-N-8.6 mm; and d) TNP-W-A-3.2 mm. Left

panel shows in detail the rise part of the first pulse.

Fig. 7 e Identification of trends in the fitting parameters obtained from transient photocurrent measurements: a) t0 and b) t1
and t2 at different thicknesses for the electrode series TNP-W-N; c) Ai (i ¼ 1, 2) vs. Number of pulse for the sample electrode

TNP-W-N-3.1 mm; and d) Jf vs Number of pulse for three samples of the series TNP-W-N.
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Table 4 e Fitting parameters from transient photocurrent
measurements. Values of Jf0 for the TNP-W-N and TNP-
W-A series correspond to the sample providing the
largest photocurrent (thickness around 3 mm).

Parameter TNP-I-A TNP-W-N TNP-W-A

<t0> [s] 0.07 ± 0.04 0.24 ± 0.18 0.30 ± 0.15

t1 [s] 0.60 ± 0.01 1.10 ± 0.02 1.86 ± 0.05

t2 [s] 6.37 ± 0.12 10.1 ± 0.4 17.9 ± 1.9

Jf0 [mA$cm
�2] 78.2 ± 1.4 74.8 ± 0.8 37.7 ± 0.8

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 11
for the variance of behaviour observed for different photo-

pulses and electrode thicknesses. We checked the hypothe-

sis by forcing common values of the pair {t1, t2} for all of the

pulses and all of the samples in a series. On the other hand,we

forced a common value of t0 for all of the pulses of the same

sample. Numerical results give support to our working hy-

pothesis. The goodness of the fit is estimated by both visual

inspection (see Fig. 6) and comparing the value of the error

function (Eq. (13)) with that computed when no restrictions

are imposed to the parameters.

Table 4 summarizes our results, including values of ti and

their standard deviations sðtiÞ for each group of electrodes. As

t0 differs between different thickness electrodes in the series,

we show its average value. Note the small values of sðt1Þ;sðt2Þ
and the larger values for sðt0Þ, reflecting that the formers are

indeed common to all the samples in a series. Logically,

t0 < t1 < t2. Also, ti (TNP-I-A) < ti (TNP-W-N) < ti (TNP-W-A),

indicating that the kinetics of those physical phenomena

depend on the processing conditions. The fabrication protocol

can influencemany characteristics of the TiO2 layer, including

particle aggregation, porosity, roughness, connectivity and

surface chemistry.

In addition, values of JF, A1 and A2 are sample and pulse

dependent. Their values for the 10 pulses of an electrode

sample can be fitted to exponential decays (Fig. 7c and d). In

particular, A1 and A2 attenuate through successive pulses, but

at a very different rate. In the first pulse A1 > A2, while the

subsequent attenuation is much faster for A1. This suggests

that the relaxation phenomenon with the smallest charac-

teristic time (t1) is predominant in the first pulse, and imme-

diately loses relevance when compared to the onewith largest

characteristic time.

We are interested in the stationary photocurrent, given by

JF in Eq. (12). To estimate it for each sample, we analyze the

trend of Jf values through the consecutive pulses, which can

be fitted by an exponential decay: Jf � Jf0 þ B � e�Np=P,Np being

the number of pulse and P an adjustable parameter. Jf0 is the

stationary value of Jf , reached after a long enough time. It is

thickness-dependent, showing a steep rise for thickness up to

approximately 3 mm, and a slow decay for thicker samples.

Estimations of the maximum stationary values are provided

in Table 4. Physically, the presence of a photocurrent

maximum is typically explained as a balance considering light

accessibility, availability of charge generation centers, carrier

mobility and transport, charge transfer and recombination.

Those phenomena depend on a spatial dimension, which is

limited by the thickness.
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Conclusions

Experimental PEC techniques are utilized to characterize a set

of TiO2 photoanodes, including three groups of samples in

terms of their fabrication protocol and a series of different

TiO2 layer thickness. The experimental data-set of CV in the

dark and transient photocurrent is described and interpreted

according to physical and mathematical models.

Qualitatively, we assess the validity and limitations of the

models, and expand them to be able to consider thickness

effects. The physicochemical phenomena that are responsible

for CV characteristics in the dark are relatively well under-

stood. In a series of electrodeswith different thickness, we can

distinguish between those parameters that follow defined

trends with thickness and others that are independent of

thickness. In examining the electrode sintering atmosphere, it

becomes evident that two parameters (ac and Rs), which are

independent of thickness, exhibit a diversified influence.

Transient photocurrent measurements are successfully fitted

to an increasing inverse exponential function and a double

exponential decay. These findings are accompanied by a se-

ries of characteristic times (ti), which are linked to the kinetics

of various photo-induced processes. Consequently, it is

concluded that when modeling real photoelectrodes, the

thickness variable must be taken into careful consideration.

Quantitatively, the analysis of parameter trends allows us

to estimate their values as functions of the thickness, leading

to a decrease in the number of free fitting parameters, and

thus providing new insights on their physical meaning.
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