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The electrochemical behaviour of nanoporous TiO2 in a room temperature ionic liquid (RTIL),
1-ethyl-3-methylimidazolium bis((triﬂuoromethyl)sulfonyl)amide (EMITFSI), was investigated
by cyclic voltammetry (CV) and impedance spectroscopy. Exponentially rising currents in
voltammetry were attributed to the charging/discharging of electrons in the TiO2 ﬁlm and a
charge transfer mechanism. The main features of the voltammetry and impedance followed the
same trends in the ionic liquid as in other organic solvents and also in aqueous electrolytes. In the
presence of lithium ions, the onset potential of the charge accumulation increased due to the
change of the initial position of the TiO2 conduction band. The results show that substitution of
organic solvents contained in solar cells, supercapacitors or other electrochemical devices is in
general feasible, though requires some adjustment in the electrolyte composition for optimal
performance.

1. Introduction
Nanoporous metal oxide electrodes have been utilized in many
applications such as photovoltaics, photocatalysis and energy
storage (batteries and supercapacitors). An important material
in this respect is titanium dioxide, whose combination of
semiconducting properties and chemical stability makes it a
candidate for use in, for example, rechargeable batteries 1–3
and solar cells.4–6 In the ﬁeld of photovoltaics, dye-sensitized
solar cells (DSCs) are attractive due to their high-energy
conversion eﬃciency and low production cost.
Room temperature ionic liquids (RTILs) have been the
focus of many recent scientiﬁc investigations because of their
physical and chemical properties.7–15 They are promising for
many applications in electrochemical systems such as actuators, batteries, supercapacitors, electrochromic windows and
displays, photovoltaic cells and light-emitting electrochemical
cells. From an electrochemical aspect, ionic liquids have
excellent properties, in particular high-ionic conductivity and
wide potential windows. They are also non-volatile and nonﬂammable and have high thermal stability. Some ionic liquids
have the advantage that they can be obtained in a very dry
state, which is especially suitable for electrochemical applications from which moisture must be excluded over long periods
of operation. The utility of RTILs for DSCs has been reported
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recently,16–18 avoiding such problems as leakage and evaporation of the organic solvent and high-temperature instability.
Electrochemical cyclic voltammetry (CV) and impedance
spectroscopy (IS) are useful tools for investigating the eﬀects
of electrolyte composition on the extent and nature of electron
accumulation and the charge compensation in nanostructured
metal oxide electrodes. Understanding these processes is essential for performance optimization of electrochemical and
photoelectrochemical nanostructured devices. In this work, we
utilize these two techniques to examine the charging/discharging processes within nanoporous-nanocrystalline TiO2 and
the eﬀect of a current loss due to an irreversible charge
transfer. The results will be interpreted using methods previously developed for liquid electrolyte based nanoporous
electrodes.19 First, we shall compare the electrochemical behaviours of nanoporous TiO2 in a RTIL and in a standard
liquid electrolyte, propylene carbonate (PC). Then, we analyse
the eﬀect of adding lithium salt, Li(CF3SO2)2N, on the CV
response. Finally, we will make a deeper analysis of the
electrochemical response of the TiO2 ﬁlm in RTILs and Li+
salt by means of IS.

2. Experimental
The RTIL used in this work was 1-ethyl-3-methylimidazolium
bis((triﬂuoromethyl)sulfonyl)amide (EMITFSI), which exhibits
a high ionic conductivity. In measurements with lithium the salt
lithium bis((triﬂuoromethyl)sulfonyl)amide (Li(CF3SO2)2N or
LiTFSI) was used.
The synthesis of EMITFSI, (Fig. 1), was achieved using a
previously published procedure.7 The 3,4-ethylenedioxythiophene (EDOT) monomer was provided by Bayer AG and
distilled prior to use. LiClO4 was supplied by Fluka. LiTFSI,
Acetonitrile (ACN) and propylene carbonate (HPLC grade)
Phys. Chem. Chem. Phys., 2006, 8, 1827–1833 | 1827

AgCl. Thus, to reference the potentials measured for ionic
liquid samples, the potentials of TCO in pure RTIL and RTIL
with Li+ were measured in open circuit conditions vs. Ag/
AgCl and the obtained values used to correct the data to the
same reference. No potential drift was observed over the 1 h
measurements.

3. Results and discussion
Fig. 1 Structures of bis((triﬂuoromethyl)sulfonyl)amide, TFSI, (a)
and 1-ethyl-3-methylimidazolium, EMI+, (b).

were obtained from Aldrich. The synthesis and characterization of the TiO2 is reported elsewhere.20
The electrochemical experiments with the RTIL were performed in a sandwich conﬁguration as described in Fig. 2. This
cell conﬁguration was used in order to minimize the quantity
of RTIL used during each experiment. In all the cases, the
geometric area of the nanostructured electrode was 1 cm2. The
working electrode was a nanostructured TiO2 deposited on an
optically transparent electrode (F-doped SnO2), TCO. The
same TCO, electrically separated from the area in which the
ﬁlm is deposited, was used as pseudo-reference. The counterelectrode consisted of electrochemically deposited poly(3,4ethylenedioxythiophene), PEDOT, on TCO. The electrodeposition was performed in a 0.1 M LiClO4 in acetonitrile solution
containing the monomer as described in a previous study.21
After its preparation, the PEDOT electrode was washed with
acetonitrile and cycled in a monomer free solution with 0.1 M
LiClO4. When a stable CV was obtained, the PEDOT electrode was oxidized electrochemically.
The measurements of the samples containing liquid based
electrolyte, PC, were carried out in a three electrode conﬁguration, with the TiO2 working electrode, a platinum electrode
as a counter-electrode and Ag/AgCl reference electrode. The
supporting salt was 0.1 M KPF6 (Aldrich). The cyclic voltammetry experiments were performed on an EG&G Princeton
Applied Research model 273A Potentiostat/Galvanostat or on
an Autolab General Purpose Electrochemical (AUT30.FRA2AUTOLAB, Eco Chemie, B.V., The Netherlands), with which
we also carried out the impedance measurements.
In this work, with the aim of a better comparison between
the two electrolytes, all the potentials are referenced to Ag/

Fig. 2 Schematic representation of the electrochemical cell. RE is the
reference electrode, WE is the working electrode and CE is the
counter-electrode.
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CVs of nanoporous TiO2 ﬁlms immersed in RTIL and in the
liquid electrolyte are shown in Fig. 3. We report the following
observations.
The current shows a plateau at the potentials where the
TiO2 is an insulator (around 0 V). Here, the electrical response
is dominated by the Helmholtz capacity of the uncovered
TCO/solution interface at the bottom of the TiO2 ﬁlm.22 This
capacity has a constant value of 4 mF cm2 in the case of the
molten salt and 11 mF cm2 for the liquid electrolyte. The
diﬀerence may be explained by the diﬀerent dielectric constants of the two media and the size of the positive ions, K+
and EMI+. When the voltammetry is conﬁned to this region
and swept at diﬀerent rates a linear relationship is observed
between the measured current and the sweep rate (Fig. 4). At

Fig. 3 Cyclic voltammetry of nanoporous titanium dioxide ﬁlms in
0.1 M LiTFSI in RTIL (a) and 0.1 M KPF6 in PC (b). Both present the
same shape, the only diﬀerence being a shift in the potentials of the
CV. The separate lines represent diﬀerent current sweep rates: 100
mV s1 (TT); 50 mV s1 (  ); 10 mV s1 (--); 5 mV s1 (– –).
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Fig. 5 Scheme of the electron density in TiO2. As the Fermi level
approaches the conduction band due to the applied potential then n,
and thus the capacity, increase exponentially.

where e is the charge of an electron. The electron density
depends on the Fermi level as
n = n0 ea(EFnEF0)/kBT)

(2)

where kB is the Boltzmann constant and T is the temperature,
EF0 the position of the Fermi level in equilibrium and a is a
constant accounting for bandgap localized states and can take
values r1. Thus, from eqn (1) and (2), we can write
C = C0eaeV/kBT
Fig. 4 Cyclic voltammetry of nanoporous titanium dioxide ﬁlms in
0.1 M LiTFSI in RTIL (a) and 0.1 M KPF6 in PC (b) conﬁned to the
region where the capacity of the TCO/solution dominates. The
separate lines represent diﬀerent current sweep rates: 100 mV s1
(TT); 50 mV s1 (  ); 10 mV s1 (--); 5 mV s1 (– –).

high speeds the end of the plateau is rounded due to the
presence of a resistance (larger in the system with PC than for
the one with RTIL) originating from the sum of the TCO and
electrolyte resistances, which are connected in series with this
nearly constant capacitor.19,23,24
At the more negative potentials, the cathodic current displays an exponentially rising behaviour that is transformed
into a peak when the direction of the voltammetry is reversed
to anodic. As the sweep rates become slower the height of the
anodic peak diminishes until, at very low rates, it disappears.
As explained below, the origin of this behaviour is the sum of
two contributions: the charging/discharging of electrons in the
ﬁlm and a charge transfer mechanism.
It has been shown in several works that charge accumulation in TiO2 generates an exponentially dependent capacity.19,25–29 This chemical capacitance30–32 is proportional to
the derivative of the density of electrons in the TiO2, n, with
respect to the Fermi level, EFn, which depends on the potential
as V = (EFn  EF0)/e (see Fig. 5),

C¼
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ð1Þ

(3)

where C0 = AeaEcb/kBT is a constant that depends on the
position of the conduction band edge of TiO2, Ecb. The
capacitance increases exponentially with negative bias and
yields the characteristic voltammetry shown in Fig. 3.
At a certain potential, the chemical capacitance associated
with the electron population becomes larger than the Helmholtz capacitance of the substrate/solution interface and dominates the capacitive component of the ﬁlm. This eﬀect
determines the shape of the CV at high enough negative
potentials and sweep rates such as those plotted in Fig. 3.
The shape of the anodic peak is a function of both the series
and the charge transfer resistances previously mentioned.19 At
return potentials below the activation of the charging of the
semiconductor and the charge transfer, the Helmholtz capacity dominates (Fig. 4). It is important to remark here that the
anodic peak of the CV in Fig. 3 is not related to a single-energy
redox process. Indeed, this kind of process relating to the
charging of a distribution of states does not yield a cathodic
peak at more negative potentials.
The charge transfer process is mainly related with irreversible electron leakage to acceptors such as oxygen in the
solution. Charge transfer dominates the CV at low scan rates
and at intermediate return potentials (Fig. 6) where the current
associated with the TiO2 capacitance is small. The main
diﬀerence between the shapes of the voltammetry in Fig. 3a
and b is the voltage at which the transition occurs from
the Helmholtz-controlled current to the exponentially rising
current.
Phys. Chem. Chem. Phys., 2006, 8, 1827–1833 | 1829

Fig. 7 Shift in the CV of TiO2 ﬁlms in RTIL with (TT) and without
(  ) LiTFSI. The voltammetry of the electrolyte with Li+ was taken at
a scan rate of 100 mV s1 while the one without was taken at 400
mV s1. The diﬀerences in the Helmholtz capacitance deducted from
this plot may be explained by the diﬀerent size of the Li+ and
EMI+ cations.

Fig. 6 Slow scan rate cyclic voltammetry of nanoporous titanium
dioxide ﬁlms in 0.1 M LiTFSI in RTIL at 1 mV s1 and (a) 0.1 M
KPF6 in PC at 5 mV s1 and (b) at the most negative potentials of
these CV’s, leakage currents dominate over capacitive.

This onset potential is controlled by the initial position of
the conduction band of the TiO2 with respect to the equilibrium position at open circuit, EF0. This position is determined
by the ﬁlm preparation parameters and the electrolyte composition, i.e. the type of the solvent and ions used and their
concentration.19,33–35 From this result we can expect that the
diﬀerent environment at the surface of the TiO2 will necessitate re-optimizing the components added to the solvent when
the liquid electrolytes are substituted by a molten salt in a
device.
In the following section we discuss the inﬂuence of the Li+
ions on the electrochemical response of TiO2 in EMITFSI.
Li+ is an ion commonly used in applications such as dye
sensitized solar cells to screen the charge in the semiconductor.
It is well known that in liquid electrolytes it has other eﬀects
such as lowering the conduction band edge position to a
greater extent than other, larger cations.33,35
Fig. 7 shows the CV patterns of a nanoporous TiO2
electrode in the presence and absence of Li+ for small return
potentials. As expected, the exponential rising of the current
begins at less negative potential when Li+ ions are present in
EMITFSI. In addition, the presence of the Li+ ions in the
EMITFSI results in a change of the Helmholtz capacity of the
system. This change is shown by adjusting the sweep rate of
1830 | Phys. Chem. Chem. Phys., 2006, 8, 1827–1833

the two CVs to values that produce similar currents. A scan
rate that is 4 times slower when Li+ is present compared with
the Li+ free RTIL shows that the Helmholtz layer capacitance
increases by a factor of 4 upon Li+ addition. Both eﬀects are
related with the diﬀerent size of the two ions, EMI+ and
Li+.33,35 With regard to the onset of the exponential current
increase, the smaller the ion size, the bigger is the positive shift
of the TiO2 conduction band edge. Consequently, in the
presence of lithium, C0 of eqn (3) is bigger and the onset of
charge accumulation during the cathodic scan occurs at a
more positive potential. Thus, the conduction band edge level
of TiO2 is controlled by surface interactions. Regarding the
Helmholtz layer capacitance, smaller ions involve a thinner
Helmholtz double layer and, therefore, a larger capacitance
associated to it.
Another possible eﬀect, though with relatively smaller impact than the size eﬀect over the CV, is the reported speciﬁc
interaction of imidazolium cation on nanoporous TiO2 surface.36 It must be borne in mind that despite the large size of
EMI+ compared with that of Li+, the concentration of EMI+
was very high in our experimental conditions. Thus, the surface interaction competition involving Li+ and EMI+ on
TiO2 can be aﬀected by the dynamics of the surface rearrangement. In this context, the surface rearrangement processes can
be viewed as the change of the surface concentration of cations
involved in the speciﬁc interactions with the TiO2 surface. The
detailed analysis of this phenomenon is reserved for future
work.
The results presented and discussed above may be analysed
more deeply by using IS. We have measured the impedance of
a TiO2 cell in RTIL with Li+ in the same range as the CV
measurements. Similar results (but displaced in potential) may
be expected for the sample with pure RTIL as its CV has the
same shape.
In Fig. 8 we present the values of the charge transfer
resistance and capacitance of a TiO2 ﬁlm obtained at the
potentials where the semiconductor produced a measurable
This journal is
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Fig. 9 Cyclic voltammetries at diﬀerent return potentials of a TiO2
ﬁlm in a RTIL with 0.1 M LiTFSI solution. The peak attributed to
intraband Ti3+ states (arrows) rises with cycling. Note, that in RTIL
the peak seems quite reversible.

Fig. 8 Charge transfer resistance (a) and TiO2 capacitance (b)
obtained from impedance as a function of the applied potential in a
ﬁlm immersed in RTIL with 0.1 M LiTFSI.

response. At more positive potentials, as described for CV,
Helmholtz capacitance dominated the impedance spectra.
In the range of potentials shown in Fig. 8a, the charge
transfer resistance varies exponentially from nearly 1 MO to
less than 1 kO with a small valley at 0.7 V. In the same range,
the TiO2 ﬁlm capacitance has an exponential rise as described
previously, with a peak also at 0.7 V. The valley and peak
appearing in both graphs corresponds to the presence of a well
known Ti3+ intraband localized state,37,38 which is more
prominent and easy to observe in CV when, as in our case,
the sample is aged (Fig. 9). Note that contrary to many cases
in aqueous electrolytes, here the charging and discharging of
these states demonstrates signiﬁcant reversibility. This indicates a low charge transfer from this state to the electrolyte
(low losses) and a good enough conductivity of the TiO2 at
these potentials to allow full discharge of the state.
In Fig. 8b the capacitance tends to saturate into a constant
value. This value is the Helmholtz capacity of the total surface
of the TiO2 ﬁlm, which allows an estimate of the total to
geometric surface ratio of E200 : 1. If we take the data far
from this saturation and perform the calculations in ref. 19,
from these capacitance data we can roughly estimate that the
This journal is
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conduction band edge is located at around 1.35 V vs. Ag/
AgCl. Note, that when the saturation level is approached most
of the overpotential drops in the electrolyte layer but the
Fermi level in the semiconductor may hardly approach the
conduction band edge.
If we extrapolate the results of Fig. 8 to the CV of the
sample in RTIL without Li+, we ﬁnd that the combination of
the high leakage and saturation of capacity is the reason why
the anodic current peak of Fig. 3a is not as large as in the case
of liquid electrolyte, Fig. 3b.
A ﬁnal remark about the models used to ﬁt impedance data
should be made here. At the cathodic limit of potential, the
impedance can be modelled by a resistance in series with the
parallel combination of the charge transfer resistance of
electrons from TiO2 to acceptors in the electrolyte and the
capacity of the TiO2 ﬁlm. At the anodic limit, the equivalent
circuit is the same but now the capacity and the transfer

Fig. 10 Typical impedance spectrum of nanoporous TiO2 at potentials of transition varying from the insulating to conducting state.
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Fig. 11 Complete transmission line model used to ﬁt the data. At
very negative potentials rt - 0 and the transmission line is reduced to
the parallel combination of the chemical capacitance of TiO2 and the
charge transfer from semiconductor to electrolyte,Cm = cmL, Rct =
rct/L. At positive potentials, rt - N and the only contributions are
those from the TCO/electrolyte interface.

the same trends in each of the three media employed (RTIL,
PC or aqueous). Also, an anodic shift (in potential scale) or a
decrease of the energy level (energy scale) of the conduction
band of TiO2 is observed in the presence of Li+ in EMITFSI.
This eﬀect is explained by the competitive surface interactions
of the imidazolium cation of RTIL and Li+ on TiO2 due to the
diﬀerent ionic size. The ionic size is also responsible for a
change in the Helmholtz capacitance at the interface between
uncovered substrate and the solution.
These results indicate that RTIL is a suitable medium to
substitute any solvent used in TiO2-based devices, such as
solar cells, supercapacitors, etc. However, the change of the
conduction band due to the diﬀerences in surface interactions
must be considered and the additives used have to be optimized to achieve a good performance from any speciﬁc
application or design.
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