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ABSTRACT: Flat band potential (V3) is one of the most important physical ~ 875F R

parameters to study and understand semiconductor materials. However, the I "%t =035V
influence of surface states on the evaluating Vj, of titanium oxide (TiO,) and 87'0__ . Ty, ': ¢ Sj;fX
other semiconductor materials through a Mott—Schottky plot is ignored. Our & g5 5| °y 'vv' v o8y
study indicated that the influence of surface states should be introduced into g L fevy 3 <12V
the corresponding equivalent circuit even when the kinetic process did not 3 0} e 4 v
occur. Ignoring the influence of surface states would lead to an underestimation § | 1t/ %

of the space charge capacitance. Our paper would be beneficial for accurate & 855? - )

determination of Vj of semiconductor materials. We anticipate that this g ,| e &

preliminary study will open new perspectives in understanding the semi- .

conductor—electrolyte interface. * 845 '.1 L . L L L
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B INTRODUCTION

Semiconductor materials have been widely used and highly
studied due to their unique character compared to conductor
and insulator materials.'™* Particularly, TiO,, with lots of
excellent properties, has received great attention in environ-
mental and energy applications, including catalysis, electrode
material, water-splitting and photovoltaic conversion.” ® More
than 10000 publications on both fundamental and applied
aspects are devoted to titanium oxide (TiO,) every year.
Electrochemical behaviors in the semiconductor—electrolyte
interface are very important for understanding the performance
of semiconductor materials in catalytic and other applica-
tions.” > To analyze the electrochemical behaviors precisely,
efficient equivalent circuits extracted from experimental results
are indeed required because real semiconductor—electrolyte
interface often deviates from ideal behavior."*™'” Gerischer
circuit elements are often used for describing the porous
electrodes of batteries.'® But the actual proof of the existence of
the Gerischer impedance is observed much later."” The most
direct derivation of the simplified Gerischer expression is via
incorporating, according to Fick’s second law.”” Many studies
have been performed to investigate the interfacial processes and
especially the recombination/charge transfer mechanism.*' ~>*
However, the reasonable definition of equivalent circuits and
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semiconductor—electrolyte interface,

the demonstration of processes occurring on electrodes are
difficult due to the complexity of the system.”> Recently, a
number of works have highlighted the central role of surface
states in the kinetic operation of hematite in water splitting
conditions.”*™>® Bisquert formulated the kinetic model and
provided a rigorous structure of the fundamental equivalent
circuit including surface states for photoelectrochemical water
splitting systems.>’

Knowledge of the Vy, provides the first test that a material
must pass to be a potentially effective photoelectrode or
photocatalyst.*> Consequently, there is an increasing need for
accurate methods of determining band edge positions. Lots of
methods have been developed for the determination of Vi, The
most often used method for the determination of Vj, is based
on the measurement of the potential dependence of the space
charge region capacity (C,.), according to the Mott—Schottky
relation.>® The key of the Mott—Schottky method is to get
actual values of C, at different applied potentials, which
depends on an eflicient equivalent circuit that can represent the
real situation of semiconductor—electrolyte interface. Even
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though the existence of surface states of semiconductor
materials is generally recognized, the influence of surface states
on the evaluation of the semiconductor—electrolyte interface
capacitance and the Vj through a Mott—Schottky plot is
ignored. In this paper, the classical equivalent circuit for the
evaluation of the Vg, of semiconductor materials was improved.
To minimize the complexity of the studied system, we
performed electrochemical experiments in aqueous solution
without reactant additives in dark conditions at different
anodizing potentials. An improved equivalent circuit was
obtained through studying the electrochemical impedance
spectroscopy (EIS) and cyclic voltammograms (CV) of TiO,
at different anodizing potentials. Our paper clearly elucidates
why the influence of surface states should be considered in the
test potential range. Compared to the prevailing kinetic
equivalent circuits, behavior of surface states was introduced
into our modified equivalent circuit even when the kinetic
process did not occur, which made the estimation of the Vj, of
semiconductor materials more precisely. We anticipate that our
preliminary study will open new perspectives in determining Vj,
of semiconductor materials.

B EXPERIMENTAL SECTION

The working electrode was fabricated by dropping a total of S mg of
commercial rutile TiO, (40 nm, from Alfa Aesar Co.) on the FTO
glass, and the resulting films (1.0 X 1.0 cm) were heated in air at 200
°C for 1 h to improve adhesion. The thickness of the resulting films
was 2 pum, equal to the thickness of the mold.

The morphology of the working electrode (rutile layer) was
examined with scanning electron microscopy (SEM, Hitachi, S-4700).
X-ray diffraction (XRD) was performed on Rigaku D/MAX-RC X-ray
diffractometer with Cu Ker; (45 kV, SO mA, step size = 0.02°, 10° < 20
< 80°) monochromated radiation in order to identify the crystalline
phase of the working electrode (rutile layer).

Electrochemical measurements were carried out in a three electrode
cell that was composed of a thin semiconductor film as a working
electrode, a platinum plate as a counter electrode, and a saturated Ag/
AgCl (3 M KCl) electrode as a reference electrode. The electrolyte
was a 0.1 M Na,SO,(aq) solution without additives and was purged
with nitrogen gas for 2 h prior to the measurements. EIS
measurements were performed on Precision PARC workstation. The
test potential ranged from open circuit potential to 2.0 V and the
frequency ranged from 1 to 10 mHz. CV measurements were
conducted with a BAS Epsilon workstation (BASi Co., USA). The
electrodes were investigated between open circuit potential and 2.0 V
at a scanning rate of 100 mV/s.

B RESULTS AND DISCUSSION

Figure 1la and 1b show the SEM image and XRD patterns of the
working electrode (rutile layer). As shown, the rutile layer,
compact and homogeneous, was polycrystalline with primary
features having dimensions of ~40 nm (Figure la). Any other
phase such as anatase TiO, was not detected among the
diffraction peaks of the rutile layer (Figure 1b). The well-
defined and sharp peaks in the XRD patterns of the rutile layer
confirmed its phase purity and degree of crystallinity.

To improve the classical equivalent circuit for the evaluation
of the V, of semiconductor materials, the EIS of rutile TiO, at
different anodizing potentials were studied. The impedance
plots of rutile TiO, in 0.1 M Na,SO, aqueous solution at
different anodizing potentials (Figure 2) all seemed to be
composed of a semicircle, which was generally considered as
the representation of the space charge layer of semiconductor
materials when no electrochemical reaction happened.'>"?
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Figure 1. The SEM image (a) and X-ray diffraction (XRD) patterns
(b) of the working electrode (rutile layer).
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Figure 2. Impedance plots of rutile TiO, in 0.1 M Na,SO, aqueous
solution at different anodizing potentials.

Figure 3a)b displays the whole and local magnifying Bode
plots of rutile TiO, in Na,SO, aqueous solution at different
anodizing potentials. As shown in Figure 3a, only one wide
peak could be observed in each Bode plot at different anodizing
potentials, which was in accordance with the results of Figure 2.
However, to our surprise, Figure 3b showed a classical
characteristic of two time constants.”>”>* Two peaks, more
and more obvious with the positive shift of the anodizing
potential, were detected in the local magnifying Bode plots of
rutile TiO,, suggesting that the semicircles of the corresponding
impedance plots (Figure 2) were lapped by two semicircles
indeed. Therefore, it was difficult to judge the number of
semicircles of the investigated impedance plots and develop a
reasonable equivalent circuit only from impedance plots. It
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Figure 3. (a) Bode plots of rutile TiO, in 0.1 M Na,SO, aqueous
solution at different anodizing potentials; (b) local magnifying curves
of panel a.

could be concluded that the equivalent circuit of the rutile TiO,
in aqueous solution without reactant additives at different
anodizing potentials was composed of two parts, not only the
representation of space charge layer of semiconductor
materials.

CV measurements were employed to study the electro-
chemical kinetics process. Figure 4 exhibits the CV curves of
rutile TiO, in aqueous solution without reactant additives at
different pH values. As shown in Figure 4, the weak current
density could not be detected until the applied potential near to
2.0 V in 0.05 M H,SO, aqueous solution. Therefore, the CV
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Figure 4. Cyclic voltammograms (CV) curves of rutile TiO, in
aqueous solution without reactant additives at different pH values from
the open circuit potential to 2.0 V.
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measurements were performed from open circuit potentials to
2.0 V. The intensity of the detected reaction current enhanced
remarkably from pH = 1 to 13. And with the pH value of
electrolyte increasing from 7 to 13, the initial potential of the
detected reaction current moved negatively about 0.5 V. The
CV results suggested that electrochemical reaction could occur
when there was no reactant additive in electrolyte and pH value
of electrolyte had strong influence on the detected electro-
chemical reaction. During the CV measurements, an air bubble
was observed on the surface of the working electrode and
counter electrode at the initial potential of the detected reaction
current. Because rutile TiO, and Na,SO, were unable to be
oxidized under the anodizing potentials (from open circuit
potential to 2.0 V)'*™'* and there was no reactant additive in
electrolyte, the air bubble observed on the surface of the
working electrode and counter electrode was confirmed to be
the oxidation and reduction production of H,0O. Accordingly,
the reaction on the surface of the working electrode could be
exhibited by formula 1.

2H,0 — O, T + 4H" + 4e” (1)

As shown in formula 1, this reaction could be promoted and
restrained in alkali and acid solution, which was confirmed with
our CV results. The oxidation of H,O to O, (formula 1) was
allowed from the view of thermodynamic because the valence
band of rutile TiO, was more positive than the reaction energy
level of H,0/0,”*° (formula 1). According to previous
studies,>>*42636:37 charge transferred through surface states of
the semiconductor materials when the electrochemical
reactions occurred, charge-transfer processes (electrochemical
reactions) were generally represented by surface states of
semiconductor materials in the kinetics models. Consequently,
the two parts of the equivalent circuit of our studied system
were the space charge layer and surface states (charge-transfer
processes) of semiconductor materials, respectively, when the
anodizing potential was enough positive.

Moreover, a characteristic of two time constants could be
observed in the spectra registered below the thermodynamic
potential of the reaction of the water oxidation (see Figure 3b).
No anodic reaction could occur at the potential lower than the
thermodynamic potential, no matter the position of the valence
band of the semiconductor materials. Although the oxygen
evolution could not take place on the surface of working
electrode until the anodizing potential was enough positive,
there were surface states on the surface of any real
semiconductor materials even if no charge-transfer process
happened. Therefore, not only the space charge layer but also
surface states of semiconductor materials should be taken into
account at any applied potential when developing an efficient
equivalent circuit that could represent the real situation of the
semiconductor—electrolyte interface. The theory of the
impedance of a semiconductor with surface states had been
elaborated by Z. Hens.® According to that theory, semi-
conductor materials with surface states could be described by
the equivalent circuit with two time constants, which was
consistent with our experimental results.

Furthermore, the response of surface states of TiO, could be
enhanced in alkaline solution because surface states had to be
correlated with hydroxyl groups at the surface of TiO,.*® Figure
S displays the Bode plots of rutile TiO, in 0.1 M NaOH
aqueous solution at different applied potentials. As shown in
Figure S, compared with Figure 3a, two obvious peaks without
local magnifying were observed as evidence, which attributed to
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Figure S. Bode plots of rutile TiO, in 0.1 M NaOH aqueous solution
at different applied potentials.

the enhanced response of surface states of TiO, in alkaline. As
shown in Figure 4, oxygen evolution could not occur when the
applied potential below 1.1 and 1.6 V in alkaline and neutral
solution; however, the corresponding Bode plots (Figures S
and 3b) showed a classical characteristic of two time constants.
Accordingly, except the space charge layer, the influence of the
surface states of semiconductor materials on our studied system
should also be considered when the electrochemical reaction
(oxygen evolution) did not occur.

Figure 6 shows the improved (a) and classical (b) equivalent
circuit of the proposed test system. Rg, Cgg, Rgs, Csc and Ry

Csc Cgg Csc
R Rss Ry
(a) (b)

Figure 6. Modified (a) and classical (b) equivalent circuit of the
proposed test system.

represent bulk electrolyte resistance, surface states capacitance,
surface states resistance, space charge capacitance and bulk
electrode resistance, respectively. Compared to the classical
equivalent circuit for estimating Vj, of semiconductor materials,
the existence of surface states was taken into account in our
modified equivalent circuit. Moreover, the potential range of
Mott—Schottky method was wide, in which it was assumed that
the kinetic process did not occur. Consequently, the prevailing
kinetic equivalent circuits'®***° (proposed by Bisquert,
Gerischer, Kelly, etc) were not suitable for Mott—Schottky
method. Our study revealed that the influence of surface states
should be introduced into the corresponding equivalent circuit
even when the kinetic process did not happen, which would
allow calculating the Vg of semiconductor materials more
accurately on the basement of our modified equivalent circuit.

One of the most important applications of the equivalent
circuit for the semiconductor—electrolyte interface is in the
measurement of the Vj, of semiconductor materials. Figure 7
presents the Mott—Schottky curves of rutile TiO, based on
equivalent circuit (a) and (b). (Mott—Schottky curves of
anatase TiO, and P25 based on equivalent circuit (a) and (b)
are provided in the Supporting Information) As shown, the
fitting parameters extracted from equivalent circuit (a)
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Figure 7. Mott—Schottky curves of rutile TiO, based on equivalent
circuit (a) and (b).

exhibited a relative error of less than 2%, whereas those were
higher than 10% on the basement of equivalent circuit (b).
Figure 8 exhibits the fitted impedance and Bode curves
extracted from classical equivalent circuit (panels a and c) and
our improved equivalent circuit (panels b and d). As shown, the
original Bode curves showed notable characteristic of two time
constants. There were so many deviated points between
experimental curves and the fitted curves extracted from the
Figure 6b, contributing to the higher error of the fitting
parameters extracted from the classical equivalent circuit.
However, compared with the classical equivalent circuit, the
fitted curves calculated from our modified equivalent circuit
matched well with experimental curves, which attributed to the
consideration of the surface states.

Further, as shown in Figure 7, the obtained values of C,. at
different applied potentials became big and the measured flat
band potential moved positively about 0.14 V (0.09 and 0.11 V
for anatase TiO, and P2S, respectively, (see Figure S1 and
Figure S2, Supporting Information)) when employing our
improved equivalent circuit. The capacitance extracted from
equivalent circuit (a) could be expressed by formula 2.

1 1 1
+

CS C

c =

Css ()

As shown in formula 2, a smaller value of C,. would be
obtained when the influence of surface states is ignored.
Consequently, the value of C,, extracted from equivalent circuit
(b) was smaller than that calculated from equivalent circuit (a),
which led to a more negative value for the determined Vg,
Obviously, ignoring the influence of surface states would result
in departure of the obtained results from the actual values.

We also noticed that the information of our investigated
system could not be extracted from the CV curves before the
initial potential of the oxygen onset. However, EIS was sensitive
even when the value of the detected current closed to zero,
which demonstrated that the EIS was a powerful tool to study
the surface states of semiconductor materials.

Bl CONCLUSIONS

In summary, observation of two peaks in the Bode plots of
rutile TiO, in aqueous solution without reactant additives at
different anodizing potentials revealed that the influence of
surface states should be considered in the corresponding
equivalent circuit even when the kinetic process did not occur.
Not only the space charge layer but also surface states of
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Figure 8. Fitted impedance and Bode curves extracted from classical equivalent circuit ((a) and (c)) and our improved equivalent circuit ((b) and
(d)). The original curves were of the rutile TiO, in 0.1 M Na,SO, aqueous solution at 0.4 V.

semiconductor materials should be taken into account at any
applied potential when developing an efficient equivalent circuit
that could represent the real situation of semiconductor—
electrolyte interface. The contribution of surface states to the
determination of the Vj, of semiconductor materials though
Mott—Schottky plots could not be neglected. A more negative
value for the determined Vi would be acquired when ignoring
the influence of surface states of semiconductor materials.
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Mott—Schottky curves of anatase TiO, and P25 based on
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