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Abstract In the present work, the photoelectrochemical char-
acterization of ITO/TiO, electrodes electrosynthesized at two
distinct TiO, film charges (0.35 and 1.00 C) was performed.
Scanning electron microscopy presented a globular-like nano-
structure and a typical morphology that are dependent on the
growing charge, where the photoelectrode synthesized at
0.35 C presented a more homogeneous morphology. Such
dependence was also observed at the photoelectrochemical
response, once the photoactivity for the photoelectrode syn-
thesized at 0.35 C was better than the photoelectrode synthe-
sized at 1.00 C, which was explained by the surface recombi-
nation process and the electron lifetime. In order to explore the
charge-transfer process and the displacement of the quasi-
Fermi level upon illumination, electrochemical impedance
spectroscopy (EIS) was performed at distinct applied poten-
tials. EIS results corroborate the previous results, presenting a
higher charge-transfer resistance and a lower chemical
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capacitance for the 1.00 C electrode film, the last one in ac-
cordance with the open-circuit voltage decay.

Keywords Photoanodes - ITO/TiO, electrodes - Cathodic
electrodeposition - Electrochemical impedance spectroscopy

Introduction

The search for new materials with a potential applying in re-
newable and environmentally friendly solar energy devices is
the aim of a great number of current papers [1-23]. Among
these materials, titanium dioxide (TiO,) is the subject of recent
research [4, 5]. TiO, is a n-type semiconductor that has, depend-
ing on its crystal structure, a band gap energy of 3.2 and 3.0 eV
for anatase and rutile phases, respectively, and a range from 3.2
to 3.5 eV in its amorphous state [6—10. Depending on some key
redox potentials and the relative position of the TiO, band
edges, combined with a long electron lifetime in the anatase
phase and chemical stability, such material can find numerous
functional applications such as gas sensors [11], corrosion resis-
tant coatings [12], photocatalysis [13, 14] and solar energy con-
version devices [15, 16].

Considering the abundance of the solar cell energy irradi-
ated at Earth’s surface and the amount of available water, the
water splitting into H,/O, probably is one the most desired
line to support the idea of renewable and environment friendly
energy resources. In this way, photocatalytic water splitting
using TiO, offers a promising way for clean, low-cost, and
environmentally friendly H,/O, production. Several papers in
the literature have demonstrated that besides the microstruc-
ture, the morphology plays an important role in the oxide
properties [17, 18]. Yun et al. [19] studied the TiO, nanopar-
ticles shape effect on hydrogen production via water splitting.
At this study, two shapes were considered, nanospheres and
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nanorods, and the authors found that both the charge-transfer
rate across the interfacial region and space charge capacitance
were significantly improved in the case of nanorods due to a
decreased probability of the electron-hole pair recombination,
leading to a hydrogen volume generation of 1.6 times for
nanorods than nanospheres. Therefore, not only the micro-
structure and morphology plays an important role in the
TiO, photocatalytic activity but the synthesis conditions also
does. In a recent paper, Freitas et al. [20] prepared TiO, nano-
tubes arrays considering two amounts of ionic liquid, 1 and
5 %wt. The authors found that, besides the similarity in the
morphology, crystallite size and band gap values for the ob-
tained TiO, nanotubes arrays, a very distinct water-splitting
efficiency was observed, that was explained by different
electron-hole recombination rate.

One can mention distinct methods to obtain a TiO, film,
such as sol-gel [21], Pechini [22] and hydrothermal [23]; how-
ever, these methods are wet routes, favoring the metastable
polymorphs formation (i.e., anatase, brookite), in a ratio that
depends on the synthesis variables. In this way, the
electrosynthesis (ES) of TiO, is an interesting alternative to
traditional methods cited above, once such method permits
fine-tuning of the synthesis variables, such as current and
applied potential [24, 25]. Karuppuchamy et al. [26] prepared
crystalline TiO, films on several steel substrates by a one-step
electrochemical method at low temperature in basic media.
Electrodeposition occurred at 60 °C, applying several current
densities (from —0.5 to 25 mA/cm?) at an aqueous solution of
0.1 M of K,[TiO(C,04),] and 1.0 M hydroxylamine,
adjusting the pH to 8.0 by addition of KOH. In other study,
Karuppuchamy et al. [27] obtained a cathodic electrodeposit-
ed ITO/TiO, film in acid media applying a constant potential
of —1.1 V, at 10 °C, from an aqueous solution containing
0.02 M TiOSOy, 0.03 M H,0,, and 0.1 M KNO; (pH=1.8).
Further heat treatment was necessary to obtain crystalline film
in both methods. One can mention that in both works, the
resulted TiO, structure was well tuned by electrosynthesis.

Considering the exposed above, the main goal of this paper
is to promote the photoelectrochemical characterization of the
ITO/TiO, films grown by cathodic electrodeposition method
at two distinct charges, 0.35 and 1.00 C.

Experimental procedure

All reagents were analytical grade.

The morphological characterization was carried out using a
Supra 35 Zeiss field emission scanning electron microscope
(FESEM).

Electrosynthesis was performed using a conventional
three-electrode cell, controlled by an AUTOLAB PGSTA
T302N Potentiostat, with a Pt foil as a counter-electrode and
a satured calomel electrode (SCE) as a reference. Optically
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transparent ITO films (Delta Technologies Ltd.) with nominal
coating thickness between 150-200 nm and a sheet resistance
of 60 {2/o (Delta Technologies) were used as a working elec-
trode. The electrolyte was described elsewhere [27], in re-
sume, an aqueous solution containing 0.02 M TiOSOy,
0.03 M H,0,, and 0.1 M KNOj;. Electrodeposition occurred
at 10 °C by means of an ice-water bath, and the applied po-
tential was —1.1 V vs SCE, varying the total deposited charge,
0.35 and 1.00 C, named, respectively, sample A and sample B.
Prior to thermal annealing, samples were dried at room tem-
perature during 24 h. Thermal annealing was performed in a
furnace at 600 °C during 2 h, heating the sample at 10 °C/min.
After 2 h, the furnace temperature was slowly cooled until
reaching room temperature.

After thermal annealing, the resulted thickness was mea-
sured using a Veeco DekTak 150 profilometer and it was
found values of 110 and 750 nm for samples A and B,
respectively.

Photoelectrochemical measurements were performed in a
photocell with a quartz window (d=3 cm), using an Autolab
PGSTAT-30 Potentiostat/Galvanostat. Platinum wire and ITO/
TiO, were, respectively, used as counter and working elec-
trodes. All potential were referred to the reversible hydrogen
electrode (RHE). Photoelectrochemical test were carried out
using a 0.5 M H,SOy solution as electrolyte. A solar simulator
(Newport Oriel Arc lamp housing 67005, Oriel xenon lamp
6255, Oriel Arc lamp power supply 69907 USA) was used as
a light source.

Electrochemical impedance spectroscopy (EIS) was per-
formed under illumination at several applied dc potentials,
applying an ac potential of 0.010 V in a frequency range from
240 KHz to 30 mHz. Before each EIS measurement, station-
ary state condition was attained by applying the dc potential of
interest and waiting constant values of current. The Zview
equivalent circuit modeling software (Scribner Associates,
North Caroline, USA) was employed for data fitting.

Results

Figure 1 shows the scan electron microscopy images for sam-
ples A and B. We can see that the morphology is dependent of
the film-deposited charge. Both samples presented a globular-
like structure in the range of nanometers that is also dependent
of the deposited charge, once for sample A, these nanostruc-
tures are smaller than sample B. Besides the similarity in the
structure shape, the resulted morphology is quite different for
samples A and B. Sample A presents a homogeneous mor-
phology, when compared to sample B. It seems that, at the
beginning of the electrodeposition process, a homogeneous
film is formed, as we can observe in sample A, recovering
all the substrate surface, continuing the electrodeposition, nu-
cleation may occur in some preferred sites, which leads to the
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Fig. 1 FESEM images of ITO/TiO, electrodes grown in different
conditions. a Sample A and b sample B

formation of clusters which increases the film roughness, as
one can see in sample B. Similar behavior was also observed
for conducting polymers [28].

Figure 2 shows the photocurrent behavior for the ITO/TiO,
electrodes over chronoamperograms upon light on/off mea-
surements. One can observe that under illumination, electrons
are photogenerated at the TiO, film with concomitant trans-
port to the ITO substrate producing a photocurrent. Switching
off the light, the recombination between electrons from the
TiO, conduction band and holes decreases the photocurrent
(Fig. 2a). It is interesting to note that both samples present a
cathodic current when the light is switched off (Fig. 2b). Such
cathodic current is a fingerprint of surface recombination pro-
cess, which suggests that photogenerated holes are being ac-
cumulated in the surface states, increasing the recombination
probability and them, decreasing the photocurrent.
Interrupting the illumination, such accumulated holes in the
surface states continue recombining, originating the cathodic
current. Because of the surface recombination, sample B pre-
sents a photocurrent lower than sample A, where such process
is less pronounced [29, 30].

Figure 3 shows the photocurrent along the UV range. It is
possible to observe that the surface recombination process, as
discussed above, affects the photocurrent value, presenting
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Fig.2 a Photocurrent transients generated during photo irradiation under
UV-visible light performed in H,SO,4 0.5 M electrolyte. b Zoomed in
photocurrent transients in order to observe the fingerprint of surface
recombination process. Sample A (/ine) and sample B (dof)
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Fig. 3 Photocurrent spectra of the ITO/TiO, electrodes performed in
H,S0,4 0.5 M electrolyte. =0.5 V vs RHE. Sample A (line) and
sample B (dof)
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photocurrent values greater for sample A than sample B. One
can observe that both samples present a peak wavelength
around 360 nm, which is related to the direct inter-band tran-
sition originated in TiO, particles [31, 32].

A typical open-circuit voltage decay (V) response to il-
lumination followed by termination of illumination is showed
in Fig. 4a. From 0 to 15 min, at dark conditions, the variation
of'the Voc is due to the stabilization of the double-layer capac-
itance. The open-circuit voltage of the photoelectrochemical
TiO, electrodes represents the difference in the Fermi level
between the TiO, and counter electrodes, which is dictated
by redox equilibration in the dark. Band gap excitation of
TiO, upon illumination results in charge separation, increas-
ing the electron concentration in the TiO, film, which causes a
shift of the Fermi level to more negative potentials, increasing
the Vo [33]. As the electron accumulation occurs, the recom-
bination rate between photogenerated electrons and holes in-
creases, and the open-circuit voltage occurs when the
photogeneration and recombination rates are equal, attaining
a steady state (region between 15 and 20 min). We can observe
that the variation in the voltage upon illumination is more
pronounced for sample A (0.63 V) than sample B (0.57 V),
indicating a greater variation of the Fermi level for sample A.
Switching off the light (after 20 min), no more
photogeneration occurs and the accumulated electrons decay
upon recombination process, decreasing the open-circuit volt-
age to a value different from that obtained after the stabiliza-
tion of the double-layer capacitance. It occurs due to the oc-
cupancy of trap states, which increases the Fermi level, in-
creasing the Vo value, as observed. Monitoring such voltage
decay can provides an insight into the mechanism loss of
accumulated electrons in the TiO, film. The V-shape curve
shows a dependence on the quasi-Fermi level, confirming a
trap-assisted conduction mechanism; in other words, it means
that not only the free carriers contribute for recombination

process but also the charge-transfer, trapping, and detrapping
mechanisms [34].

In order to quantify such behavior, Bisquert et al. [34]
proposed a model to analyze the electron accumulation decay
correlating with the open-circuit voltage decay, as depicted by

Eq. (D]

kg.T (0Voc\
pr— 1
. ( € ) 1)

e

where k3 is the Boltzmman constant, 7' the absolute tempera-
ture, e the positive elementary charge, and 6V /0t the deriv-
ative of the open-circuit voltage transient. The resulted elec-
tron accumulation decay (7) applying Eq. (1) to the data in
Fig. 4a is shown in Fig. 4b. One can observe that at low
voltages, where the photogeneration dominates the recombi-
nation process, 7 values for sample B are greater than sample
A, indicating that the delay in the charge-transfer process is
greater in sample B. On the other hand, in voltages near the
open-circuit voltage, at around 0.5 V, where the
photogeneration and recombination rates are equal, the life-
time for sample A is greater than sample B, indicating that
recombination process in sample B is more accentuated. Sim-
ilar results were observed by Mor et al. [35]. The authors
studied highly ordered transparent TiO, nanotubes arrays for
dye-sensitized solar cell applications and compared such life-
time with TiO, nanoparticles one. According to the authors,
the transparent TiO, nanotubes exhibited longer lifetime, in-
dicating fewer recombination centers in the nanotubular struc-
ture. Hossain et al. [36] also observed similar lifetime en-
hancement for CdSe nanocluster deposited at different times
in TiO, nanotubes arrays structure.

Photoelectrochemical properties of the TiO, film have been
examined by evaluating a linear sweep voltammetry (Fig. 5).
The linear sweep voltammogram behavior for both samples
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Fig.4 a Open-circuit voltage decay of the ITO/TiO, electrodes performed in H,SO4 0.5 M electrolyte and b electron accumulation decay measurements
calculated from the open-circuit voltage decay. Sample A (/ine) and sample B (dor)
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Fig. 5 Linear sweep voltammograms of the ITO/TiO, electrodes
performed at 50 mV.ss ' in H,SO, 0.5 M electrolyte. Sample A (line)
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Fig. 6 Nyquist plots of the electrochemical impedance spectroscopy of
the ITO/TiO, electrodes performed at H,SO4 0.5 M electrolyte upon
illumination at distinct applied potential. a Sample A measured at (V)
0.1V, (m)0.5V,(e)1.0V,and (A) 1.5 Vand b sample B measured at (V)
0.1V,@0.5V,(c)1.0V,and (A) 1.5V

shows a typical behavior of #-TiO, semiconductor, presenting a
positive relationship between the photocurrent and the applied
potential, and almost reaching a plateau-like behavior at 1.4 V
for samples A and B. One can observe that sample A presents a
photocurrent greater than sample B, in order of 190 %, compar-
ing the peak photocurrent. Dark response was also shown in
order to verify that no leakage of current was present.
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Fig. 7 a Equivalent circuit model used to fit EIS data presented in Fig. 6.
Ry is the series resistance, Ry the charge-transfer resistance, and C,, the
chemical capacitance. b Charge-transfer resistance as a function of the
applied potential for (m) sample A and (o) sample B. ¢ Chemical
capacitance as a function of the applied potential for (m) sample A and
(o) sample B
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Figure 6 shows the EIS response for samples A and B as a
function of the applied potential. For both samples, we can
observe the same behavior, one potential-dependent semicircle,
which is related to the charge-transfer resistance, associated to
the oxygen evolution reaction, combined with the chemical
capacitance (C,,) [37]. The EIS data were fitted using the ap-
propriate equivalent circuit model, as showed in Fig. 7a,
consisting of a series resistance (Rs), accounting for the elec-
trolyte and contacts contribution, a resistance accounting for the
charge-transfer resistance (Rc7) and a capacitance accounting
for the chemical capacitance (C,,). In order to compare R-rand
C, for samples A and B, such values were normalized by
geometric area and film volume, respectively [38, 39].

Figure 7b presents the charge-transfer resistance (Rc7) as a
function of the applied potential for both samples. The behav-
ior presented in both samples is typical of charge transfer via
surface state, as discussed elsewhere [40], in accordance with
the results presented in Fig. 2. The R values are greater for
sample B, indicating that the charge-transfer process account-
ing for the oxygen evolution is more facilitate in sample A,
supporting the greater values of photocurrent encountered in
such sample (Fig. 5).

The chemical capacitance (C,,) as a function of the applied
potential is showed in Fig. 7c. One can observe that the values
for sample A are greater than sample B. As described above,
the C,, relates the quasi-Fermi level displacement upon illumi-
nation, showing that the displacement for sample A is more
pronounced than sample B, which confirms the V- measure-
ments (Fig. 4a), where we can observe that the voltage varia-
tion upon darkness and illumination is also more pronounced
for sample A.

Conclusions

In this paper, the photoelectrochemical characterization of the
ITO/TiO, electrodes synthesized by electrochemical methods
at two distinct growing charges was performed (0.35 and
1.00 C, named, respectively, sample A and sample B). Besides
the morphology, the growing charge also determined the elec-
trodes photoactivity, where sample A presented the best re-
sults. The typical surface recombination process showed in the
photocurrent transients generated during photoirradiation un-
der UV-visible light was the main drawback in the perfor-
mance of sample B, where such process was more pro-
nounced, which was confirmed by the electrochemical imped-
ance spectroscopy, where sample A presented the lowest
values of the charge-transfer resistance. Moreover, the chem-
ical capacitance values were greater for sample A, indicating
that the displacement of the quasi-Fermi level for such elec-
trode is more pronounced, which was also confirmed by the
open-circuit voltage decay measurement.
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