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The electrochemical properties in aqueous solution of composite materials made from nanocrystalline anatase TiO,
with CuBr and CuO are reported. CuO-TiO, composite samples are prepared by a novel route based on oxidation
of CuBr-TiO,. The corrosion of CuBr-TiO, composite electrodes prevents a detailed electrochemical analysis. The
data on CuO-TiO, composites are consistent with the presence of a surface layer of TiO, nanoparticles. A Mott—
Schottky analysis gives a flat-band potential of —0.5 V/NHE (pH = 6) and a low carrier density of 10'* cm™>.

1. Introduction

Interfaces between p- and n-type semiconductors have
great technological importance at the heart of micro-
electronics [1]. Interfaces also play a significant role in
other domains of materials research, such as solid state
ionics [2]. We have investigated the interfacial properties
of ionic and mixed conductors, in the form of polycrys-
talline [3, 4], thin-film [5, 6], nanocrystalline [7] and
composite [8] materials. All these solids have a complex
microstructure, so that the priority is given to simple
binary compounds with well-defined chemical and
physical properties.

Given its chemical stability, absence of toxicity and
tuneable semiconductor properties, nanocrystalline
TiO, has many applications, notably in the photo-
electrochemical domain, as electrode material in re-
chargeable lithium ion batteries [9], in electrochromic
devices [10] and in dye-sensitised solar cells [11, 12]. An
‘all-solid-state’ dye-sensitised solar cell was proposed in
1998 [13], based on a mixture of Cul with dye-sensitised
nanocrystalline anatase particles. This new development
stimulated interest in obtaining more information on
composites of copper(I) halides with nanocrystalline
anatase. Several studies were devoted to composites with
CuBr matrix, incorporating dispersed nanocrystalline
TiO, particles with the anatase structure [14, 15]. For
several reasons, the mixed conductor CuBr is an ideal
matrix material in model composites with TiO,. (1)
CuBr is a relatively soft material that can be compressed
at room temperature to high density composites (>90%
of theoretical density). (2) The high Cu™ ion mobility
facilitates the establishment of equilibrium conditions at

the interfaces. (3) CuBr is non-hygroscopic and more
stable than Cul. (4) Ternary compounds with anatase or
solid solutions are not formed under our experimental
conditions.

We have previously reported a significant increase in
the ionic conductivity of CuBr-TiO, composites with
moderate volume fraction f of TiO, (0.04 < f < 0.25)
compared to pure CuBr [15]. The conductivity enhance-
ment can be interpreted by the formation of ionic space
charge regions near the heterointerfaces, resulting from
an ‘internal’ adsorption phenomenon of Cu™ ions on
the cationophilic anatase surfaces [15]. With addition of
sufficient TiO, (f > 0.04), the space charge regions can
percolate through the macroscopic composite, because
the anatase nanoparticles tend to form continuous
layers around the large CuBr grains. For large TiO,
content (f > 0.25), continuous layers of insulating TiO,
nanoparticles are formed around the CuBr grains, which
interrupt the conduction paths of Cu™ ions: the ionic
conductivity drops sharply after this second percolation
threshold. The experimental dependence of conductivity
vs second phase content was simulated numerically [16]:
the obtained bell-shaped curve was in good agreement
with the experimental data. The percolation of TiO,
particles is also important for the dye-sensitised solar
cell based on nanocrystalline anatase, because no
significant space charge region exists inside anatase
nanoparticles and only majority carriers, i.e. electrons,
are transported through the anatase to the current-
collecting back-contact [17].

The purpose of the present work was to determine the
electrochemical properties of CuBr-TiO, composites
in aqueous electrolyte. This study follows previous
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experiments on polycrystalline CuBr electrodes [18].
Furthermore, we show how the CuBr-TiO, samples can
be transformed into a CuO-TiO, composite by anneal-
ing in air at reduced temperature. First results on this
oxide—oxide mixture are also reported.

2. Experimental
2.1. Composite preparation

The ceramic samples were obtained from pure copper(l)
bromide powder (99.999%, Aldrich) and titanium diox-
ide, prepared by the sulfate process with calcination at
300 °C (Bayer) [19]. The TiO, powder was phase-pure
nanocrystalline anatase with an average grain size of
20 nm, determined by X-ray diffraction applying Scher-
rer’s equation and by adsorption measurements follow-
ing the BET technique. A wet chemical analysis of more
than 20 elements revealed impurity sodium as principal
(1300 ppm), remaining from the precipitation process
[15].

Appropriate amounts of the two phases were thor-
oughly mixed together and pressed into discs under
400 MPa at room temperature. Given the mechanical
softness of the ionic conductor CuBr, composite samples
with densities above 90% of theoretical, could be
obtained by this technique [15]. The residual porosity
was sufficiently low so that the ceramics were imperme-
able to the eclectrolytic solution.

The discs were annealed at 350 °C for several hours to
release stresses and eliminate transient defects due to the
compression. If the annealing was done under pure
argon, the CuBr-TiO, composition was retained. If the
sample was annealed under oxidising conditions, for
example in air, a complete oxidation of CuBr into CuO
was noticed (see below). The different preparation steps
were accompanied by a structural analysis using X-ray
diffraction (Siemens D5000 diffractometer, Cuk, radi-
ation, 4 = 0.15405 nm) and optical microscopy.

2.2. Electrochemical characterization

The electrochemical measurements were performed in a
three-electrode cell, with a large gold counter electrode
and a saturated sulfate reference electrode (SSE). The
electrolyte was a de-aerated aqueous solution of Na,SOy
(0.5 M), continously flushed with argon gas. The elec-
trolytic solutions were prepared with high-purity water
(p=18.2 MQ cm). The pH of the solution was measured
with a pH meter; an average pH value of 6.0 £ 0.1 was
maintained throughout the experiments. This is not far
from the point of zero charge of TiO,, inside the large
scatter of literature data (e.g. pH=4.7 [20] or 6.7 [21]).

The 0.1-0.2 cm thick composite discs were mounted
using epoxy resin with a circular electrode area of 1 cm?.
The back contact was made using a copper wire and
silver epoxy paint, following a procedure that gave a
good ohmic contact in the case of a pure copper(l)

bromide electrode [18]. The copper wire was isolated
from the solution with a glass tube embedded in the
resin. The electrode surface was carefully polished with
diamond paste before the measurements.

The dc current—voltage characteristics and ac imped-
ance spectra were recorded in dim light using an
electrochemical interface (Solartron 1287) and a fre-
quency response analyser (Solartron 1260). The linear
sweep polarizations and cyclic voltammograms were
recorded with a scan rate between 1 and 10 mV s™'. The
scans were made from anodic to cathodic potentials.
The impedance spectra were measured with a dc bias
between +1 and —2 V/SSE in 0.1 V steps. Prior to each
measurement, the electrodes were equilibrated for 1 h at
the new potential. The amplitude of the ac voltage was
10 mV and the frequency ranged from 10° to 10~ Hz.

3. Results and discussion
3.1. Preparation and structure

The X-ray diffraction pattern of a CuBr-TiO, compos-
ite ceramic (f{Ti0,)=0.26) after compression and an-
nealing under argon is shown in Figure 1A: all peaks
correspond to anatase and y-CuBr. New lines or line
shifts are not observed, indicating the absence of
reactions or significant intermixing between CuBr and
anatase. According to X-ray line broadening, the grain
size of the nanocrystalline anatase remains unchanged
during the preparation procedure with an average value
of 20 nm. There is no indication for any formation of
the rutile phase. These results are expected, since the
annealing is done at 350 °C, a temperature insufficient
for grain growth or phase transformation in TiO, [22].

The complete oxidation of CuBr after annealing in air
is demonstrated by X-ray diffraction: the oxidised
samples show only peaks of CuO (tenorite phase) and
anatase with no evidence of ternary phases or formation
of extended solid solutions (Figure 1B). Lines from
Cu,O0, rutile TiO» or remaining CuBr are absent.

This oxidation technique is a novel way to synthesise
oxide composite ceramics without open porosity. The
resulting pellets are impermeable to electrolytes. As a
result of low processing temperatures, nanocrystalline
grain size of TiO, is maintained and no formation of
copper titanates is observed.

3.2. Electrochemical properties: CuBr—TiO, composites

In the following, all potentials are indicated vs the
normal hydrogen electrode (NHE). The correspondence
between the schemes of solid state physics and electro-
chemistry can be established considering that the
potential of the normal hydrogen electrode lies at
—4.5 V below the vacuum electron level [23]. Figure 2
shows the typical dc current—voltage behavior of a
CuBr-TiO, composite electrode (f(TiO,)=0.26, top) in
comparison with a polycrystalline CuBr electrode
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Fig. 1. X-ray diffraction patterns (A(Cuk,)=0.15405 nm) of composite samples prepared from CuBr and TiO,. (A) After annealing at 350 °C
under argon, all peaks correspond to CuBr ((#) JPCDS no 06-0292) or anatase ((ll) JPCDS no 21-1272). (B) After annealing in air, the peaks
correspond to CuO ((A) Tenorite phase, JPCDS no 05-0661) or anatase.

(bottom). It is obvious that anodic and cathodic
currents for CuBr-TiO, are several orders of magnitude
larger than those of pure CuBr, due to an enhanced
dissolution of the electrode. However, there is also a
shift from the p-type behaviour of pure CuBr [18] to an
n-type behaviour of the composite (anodic blocking).
According to the potential value, the cathodic currents
cannot be attributed to proton reduction (Eeq =
—0.36 V/NHE). They are ascribed to the reduction of
Cu’" ions present in the solution due to previous anodic
dissolution of the electrode. A large increase in cathodic
current is observed when Cu®* ions are voluntarily
added to the electrolyte (0.5M CuSO,), which is
consistent with this hypothesis.

The corresponding impedance spectra (Figure 3)
confirm this conjecture. The ‘bulk’ resistance of the
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Fig. 2. Dc current-voltage behavior of a CuBr-TiO, composite
(f(Ti0,)=0.26, top) and comparison with polycrystalline CuBr (bot-
tom). Scan rate: | mV s\,

composite electrode can be obtained from the high
frequency intercept of the observed semi-circle. In the
complex impedance plane, a non-ideal semi-circle can be
represented by a parallel circuit of a resistance (R) and a
constant-phase element (CPE). The impedance of the
CPE can be written [24]:

Zepe = Yo(iw)™ (1)

Y, is a constant prefactor, w is the angular frequency
and i the imaginary unit. The fractional exponent n
indicates the physical nature of the element: n =0
corresponds to a pure resistance and n = 1 to a pure
capacitance. In an elementary model, R represents the
charge transfer resistance and can be estimated from the
semi-circle diameter. In Table 1, the interfacial resis-
tance data obtained for different CuBr-TiO, electrodes
in solution are compared to ‘all-solid’ measurements
made on Cu/CuBr-TiO,/Cu cells. ‘All-solid’ measure-
ments with copper electrodes gave much larger charge
transfer resistances. Furthermore, the charge transfer
resistance in solution is orders of magnitude smaller for

. —15000
§ 4
e~ 0000
£
o
= =5000 [
N
0 1 1 L 1 ! 1 1
0 10000 20000 30000 40000
Z'/0Ohm cm®

Fig. 3. Impedance spectrum of a CuBr-TiO, composite (f{TiOy)=
0.26).
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Table 1. Interfacial resistance Rj,, of CuBr-TiO, composites with
different volume fraction f of TiO, determined in solution (liquid
junction) or by ‘all-solid” measurements (copper electrodes)

ATiOy) Rip/kQ cm®
Liquid junction Copper electrodes

0.048 8000
0.098 3600
0.108 5

0.111 7000
0.131 7500
0.160 500
0.191 47

0.240 400

0.264 43

CuBr-TiO; clectrodes than for pure CuBr [18]. These
discrepancies are indicative of the dissolution of the
composite electrode in solution. The corresponding CPE
(n = 0.7) can be attributed to distributed capacitances,
with values typical of semiconductors (=1077 F/cm ™).
Several other non-aqueous and aprotic electrolytes
were investigated in order to reduce the electrode
corrosion, but without success: solutions in acetone
and toluene had too large an electrical resistance, CuBr
was too soluble in acetonitrile and its derivatives. The
experiments were discontinued at this point, because it
became apparent that the intended Mott—Schottky
analysis was impossible. The rapid electrode corrosion
might be related to the rougher surface and slightly
larger porosity that increase the active surface area.

3.3. Electrochemical properties: CuO-TiO, composites

3.3.1. Dc current—voltage characteristics

The linear polarization sweep in Figure 4 shows the
typical current—voltage behavior of CuO-TiO, elec-
trodes. This response is qualitatively similar to that of
CuBr-TiO, composites, but with much lower currents.
The I-V curves show the typical behaviour of a n-type
semiconductor. The anodic current above 1.5 V/NHE is
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Fig. 4. Dc current-voltage behavior of a CuO-TiO, composite
(f(Ti05)=0.45). Scan rate: 1 mV s™".

characteristic of oxygen evolution from aqueous solu-
tion. It is related to hole tunnelling at very large band
bending in a n-type semiconductor (inversion layer). The
small cathodic current peak in the range —0.2 V/NHE is
only observed after anodic oxidation of the electrode.
Analogous experiments to those described for CuBr—
TiO, composites showed that the current is due to the
reduction of Cu®>" jons present in the solution after
prior anodic dissolution of the electrode. This reduction
peak becomes larger, if the protective surface layer of
TiO, is removed by prolonged polishing of the electrode.

The large cathodic current observed below —0.7 V/
NHE corresponds to electron accumulation. Several
cathodic reactions are conceivable. (1) CuO reduction
into Cu,O is feasible below 0.16 V/INHE [25]. (2)
Hydrogen evolution is thermodynamically possible be-
low —0.36 V/NHE at pH=6. (3) Cation insertion into a
n-type semiconductor compound is in principle possible
below its flat-band potential. Li" insertion into anatase
has been observed experimentally [26, 27]. Given the
larger cation radius, the corresponding Na * insertion is
improbable in bulk anatase, although it might be
possible in subsurface regions (M. Koudriachova, per-
sonal communication).

To have a better insight into the reactions, cyclic
voltammograms were made. They showed a Ilarge
convoluted cathodic current below —1 V/NHE and
three different processes on the anodic side (Figure 5).
The hysteresis in the cathodic part shows that proton
reduction can not be the only cathodic process. In this
case, the forward and the backward current would be
similar. The different amounts of charge for cathodic
and anodic processes also indicate side reactions. The
first oxidation peak starts at about —-0.3 V/NHE,
whatever the scan rate. This might correspond to
sodium extraction, but more work is necessary to
confirm this. The second peak may be attributable
to hydrogen oxidation. The peak area observed above
0.5 V/NHE increases with decreasing scan rate. The
disappearance of the oxygen evolution at high anodic
potentials indicates a change in electrode surface
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Fig. 5. Cyclic voltammogram of CuO-TiO, composite electrodes.
Scan rate: 10 mV s



composition. The third peak is most probably related to
the oxidation of previously formed Cu,0. Moreover, the
red coloration of the electrode after long-time polariza-
tion at cathodic potentials confirms the formation of
Cu,0 during reduction with deterioration of the elec-
trode performance. Similar observations have been
reported in the literature [28]. Cu,O was, however, not
detected by X-ray diffraction, probably because the
oxide is highly defective.

3.3.2. Impedance spectra and Mott—Schottky analysis
Typical impedance spectra of a CuO-TiO, composite
electrode (f(TiO,) = 0.45) are shown in Figures 6 and 7.
Figure 6 corresponds to the blocking region
(E = 0.942 V/NHE) and Figure 7 to the cathodic region
(E = —0.658 V/NHE), where large currents are ob-
served. The spectra can be interpreted by an equivalent
circuit consisting of a series alignment of two parallel
elements [resistance (R) + constant-phase element
(CPE)].

The high frequency arc does not depend on the bias
voltage and is attributable to the ‘bulk’ of the composite
electrode. The ‘bulk’ CPE is very near an ideal
capacitance (n > 0.9). Given the small electrical resis-
tivity of CuO (p = 16 Q cm [28]), the large ‘bulk’
resistance of the composite (typically several MQ,
Figures 6-7) can only be understood if insulating TiO,
forms continuous layers. Previous measurements on
nanocrystalline anatase ceramics, made from identical
precursor TiO, at 500 °C in air gave a resistivity
p = 10° Q cm and an activation energy below 1 eV [7].
Using these data, the extrapolated resistivity at 300 K in
air is p = 10" Q cm. Assuming a thickness of the TiO,
layer below 20 nm, a resistance below 20 MQ can be
estimated, which is not in contradiction with the
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Fig. 6. Impedance spectrum of a CuO-TiO, composite (f{TiO,) =
0.45) in the anodic blocking region (E = 0.942 V/NHE).
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Fig. 7. Impedance spectrum of a CuO-TiO, composite (f(TiO,) =
0.45) in the cathodic region (E = —0.658 V/NHE).

experiment. This interpretation is further strengthened
by simulations [16], showing that at f > 0.25, TiO,
nanoparticles form continuous layers at the surface of
the grains of CuBr. Using our particular oxidation
technique at reduced temperature, the initial micro-
structure of CuBr-TiO, composites remains essentially
unchanged in CuO-TiO, composites.

The low frequency response, corresponding to the
composite electrode/electrolytic solution interface, can
also be described by a parallel (R-CPE) element. As
expected, the respective charge transfer resistances are
relatively small in the domain of large cathodic currents
(Figure 7). In the potential range corresponding to
blocking conditions (0 < U (V/NHE) < 1, Figure 6),
the charge transfer resistance is very large. The CPE
(n = 0.7) can again be attributed to distributed capac-
itances. In the case of charge carrier depletion near the
interface with the electrolytic solution, the interfacial
capacitances can be used for a Mott—Schottky analysis.
According to the Mott—Schottky relation (2), the
depletion layer capacitance C of a n-type semiconductor
is given by:

C™2 =2(E — Ep)/(e eN) 2)

Here, E is the electrode potential, Eg, the flat-band
potential, g, the electrical permittivity, e the elementary
charge and N the ionised acceptor/donor concentration
(depending on the type of the semiconductor).

1.6
1.4
e 1.2
o1
=08
O 0.6
s 0.4
T 0.2
0

- -0.5 0 0.5 1

E vs NHE/V

Fig. 8. Mott—Schottky plot for a CuO-TiO, composite (f(TiO,) = 0.45)
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A plot of the inverse square of the interfacial
capacitance data against the electrode potential E
(Figure 8) gives a straight line with positive slope,
indicative of n-type semiconductor behaviour. The flat-
band potential can be extrapolated at the intersection of
the straight line with the abscissa: Egp, = —(0.5 &+
0.1) V/NHE. This value is in agreement with the flat-
band potential of anatase at pH = 6. The pH depen-
dence of the flat-band potential of anatase can be
expressed as (R. Van de Krol, pers. comm.):

En(V/NHE) = —0.16 — 0.06 pH (3)

This equation gives Ep=—0.52 V/NHE at pH = 6.

Using the dielectric constant of anatase (¢ = 55 [29]),
the ionised donor concentration is: Np=(2 =+
1)10" em™. This very low carrier density compared
with the usual values for anatase is due to charge carrier
depletion of the nanocrystallites [30, 31], possibly by
contact with p-type CuO. In principle, nanocrystals can
be fully depleted of charge carriers, i.e. electrons in n-
type TiO,, when the Debye length 4 becomes compara-
ble to the particle size:

) = (kTeey/e*Np)'/? (4)
For a donor density of 10" cm™, a Debye length of
800 nm can be calculated. Schoonman and coworkers
investigated depleted two-layer semiconductor compos-
ites of indium-doped tin oxide/anatase with TiO, layer
thickness up to 120 nm [29]. We believe that our
experiments give another example of carrier depletion
in nanocrystalline materials.

4. Conclusions

The electrochemical investigation of composite elec-
trodes based on copper compounds and nanocrystalline
anatase is complicated by dissolution of the copper
compounds. Dc current—voltage characteristics and
impedance spectra are consistent with the hypothesis
of a continuous surface layer of nanocrystalline anatase
particles that protects the electrodes and determines the
electrochemical properties in solution. The Mott—Scho-
ttky analysis gives low carrier densities in the nanocrys-
talline anatase particles.
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