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Abstract: Electrochemical deposition of photocatalyst, espe-
cially TiO2, onto several cathode materials was investigated
and evaluated. The deposited films were characterized by
scanning electron microscopy (SEM), energy dispersive X-ray
spectrometer (EDX) and electrochemical measurements. Photo-
catalytic activity was determined by the decomposition of cyclo-
hexane in air by irradiation with ultraviolet light emitting diodes.
It was found that stainless steel is the best cathode material.

1. Introduction

Immobilizing photocatalysts onto a support material would be convenient for recycling
and reusing the photocatalyst. However, immobilization of the photocatalysts has not
been satisfactorily achieved yet (Taranto et al., 2009; Hänel et al., 2010; Zaleska et al.,
2010). The support material and matrix for immobilization should be characterized
by the following properties (Pozzo et al., 1997):

• strong anchoring of the nanoparticles preventing detachment;

• promoting the activity of the photocatalyst;

• being chemically stable during photocatalytic reactions.

Cathodic deposition and immobilization of photocatalysts, especially TiO2, was pro-
posed in the literature, but only a few researchers investigated the photocatalytic
activity of cathodic deposited films. Furthermore, electrochemical oxide deposition
was mainly investigated for titanium (Zhitomirsky, 1999), platinum (Zhitomirsky,
1999) or doped tin oxide (An et al., 2005) and electrodes, which are too expensive for
large scale technical applications. Thus, this research was focused on the evaluation
of different cathode materials for the deposition of TiO2, namely nickel, graphite and
stainless steel.
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2. Cathodic deposition of oxides

In cathodic deposition, the reactant is typically dissolved in an electrolyte bath and
deposited as a solid on the working electrode. Depending on the metal ion, the
metal precursor is a complex species preventing precipitation before electrochemical
deposition. Typical complexes are peroxo-species, e.g. for the electrodeposition of
WO3 (Pauporté, 2002), TiO2 (Zhitomirsky et al., 1995), and MoO3 (McEvoy and
Stevenson, 2003). Metal ions precipitate directly as oxides on the cathode or as
hydroxides, which required additional heat treatment to yield the metal oxide, e.g.
TiO2 (Zhitomirsky et al., 1995). Examples of direct deposition of metal oxides include
Cu2O, a p-type semiconductor (Paracchino et al., 2012), and ZnO (if the deposition
bath temperature is above 50◦C) (Shinagawa et al., 2012).

The deposition of TiO2 can be achieved by the titanium peroxo complex route.
The complex is formed by the reaction of a titanium precursor with hydrogen peroxide
in acidic solution. The formation of the peroxo complex was described for the first
time by Mühlebach et al. (1970) it is shown in the following equation:

Tiaq
4+ +H2O2 + (n−2)H2O −−→ [Ti(O2)(OH)n−2] ↑ + nH+ (1)

The color of the peroxo complex depends on the pH and is orange below pH 1 and
yellow around pH 3 (Mühlebach et al., 1970; Kakihana et al., 2010). Mühlebach et al.
(1970) stated that with increasing the pH the complexes condense to polynuclears,
which produces yellow precipitated peroxotitanium hydrate TiO3(H2O)x, where x is
between 1 and 2. Zhitomirsky et al. (1995) proposed hydrolyzing the titanium peroxo
complex by the OH– ions:

[Ti(O2)(OH)n−2] ↑ +mOH− + kH2O −−→ TiO3(H2O)x (2)

OH− ions can be produced in the following reactions (Equation 3–6) (Therese
and Kamath, 2000; Zhitomirsky, 1999; Bard and Faulkner, 1980). Standard electrode
potentials are given for an alkaline solution (pH 14):

2H2O+ 2 e− −−⇀↽−− H2 ↑ +2OH− E	−−−0 · 828 V (3)

NO3
− +H2O+ 2 e− −−⇀↽−− NO2

− + 2OH− E	−−0.01 V (4)

NO3
− + 7H2O+ 8 e− −−⇀↽−− NH4

+ + 10OH− E	−−−0 · 12 V (5)

O2 + 2H2O+ 4 e− −−⇀↽−− 4OH− E	−−0.401 V (6)

Subsequent annealing of the peroxotitanium hydrate leads to the formation of
TiO2 in anatase or rutile phase depending on the annealing temperature:

2TiO3(H2O)x −−→ 2TiO2 +O2 + 2xH2O (7)
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3. Experimental

All reagents were used as received without further purification. Titanium(IV) oxysul-
fate was purchased from Alfa Aesar. Potassium nitrate (99%, pure p.a.) was obtained
from POCh Gliwice. Hydrogen peroxide (30%) was received from P.P.H. Stanlab Sp. J.
and nitric acid (65%) was obtained from Chempur. The working electrode materi-
als used were: stainless steel mesh (SS) AISI 304 (24 mesh per inch, wire diameter
0.014”), nickel and graphite foil (Alfa Aesar). All electrochemical experiments were
carried out with the Electrochemical Unit ATLAS 0531 from Atlas-Sollich, Zakład
Systemów Elektronicznych.

The formation of TiO2 was investigated by cyclic voltammetry (sweeping rate
50 mV/s). The deposition bath consisted of 0.02 M TiOSO4, 0.03 M H2O2, 0.05 M
HNO3 and 0.1 M KNO3 and was based on the procedure of Georgieva et al. Georgieva
et al. (2006); Georgieva (2012). The pH was around 1.4 before the deposition ex-
periments. The working electrodes were rinsed with water, acetone, and methanol.
Metallic materials were etched in diluted HCl, removing oxide layers and forming a
’fresh’ surface. Platinum mesh was used as the counter electrode and Ag/AgCl satu-
rated KCl electrode was used as a reference electrode. After deposition the samples
were rinsed with deionized water, dried and annealed at 450◦C.

For scanning electron microscopy (SEM), Leo 1430 VP was used, which was
equipped with an energy dispersive X-ray spectrometer (EDX) Quantax 200 and
XFlash 4010 detector from Buker AXS, Germany. Photocatalytic activity was deter-
mined by the decomposition of 150 ppm cyclohexane in a batch reactor in dry air at
room temperature (Hänel, 2014). The photoreactor had a volume of 34 ml and was
irradiated by 26 UV-LEDs (14 mW, λ=375 nm of a single LED). The UV radiant
flux density was 15 mW/cm2. Before the UV-LEDs were switched on, the sample in
the reactor was kept in the dark for 30 min, achieving adsorption equilibrium. Gas
aliquots of 200 µl were taken and their concentration was determined by gas chro-
matography (Clarus 500, PerkinElmer) equipped with a flame ionization detector and
an Elite-5 capillary column (30 m x 0.25 mm, 0.25 µm).

4. Results and discussion

Results of the investigated working electrodes are presented in the following sections.
Nickel was chosen, since it is resistant to alkaline conditions, which are generated
close to the electrode. Graphite was considered, since it is a common inert electrode
material used in aqueous solutions. The stability of graphite for annealing at 450◦C
was examined, and no mass decrease was observed, which would point to the decom-
position of graphite during annealing. Finally, stainless steel was examined since it is
an easily available and commonly used material.

4.1. Nickel

The cyclic voltammogram for the deposition on nickel shows both a decrease of current
density magnitude and a decrease of the area under the curve between the forward
and the backward cycle (Fig. 1). The deposited mass after annealing was equal to
0.83 mg/cm2. The electrode surface was covered with a greenish-yellow film. The
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SEM image presented in Fig. 2 shows random and low coverage of the nickel elec-
trode by TiO2. Furthermore, the EDX analysis confirmed the low deposition of TiO2

(Tab. 1). The SEM image also shows non-regular structures, typical for corrosion,
which could be caused by the reaction of nickel with nitrate. Thus, it was concluded
that nickel was an inappropriate material for the deposition of peroxotitanium hy-
drate.

Fig. 1. Cyclic voltammogram obtained for electrodeposition onto nickel.

Fig. 2. SEM image of cyclic voltammetry deposited TiO2 onto nickel.

4.2. Graphite

The cyclic voltammetry deposition of peroxotitanium hydrate on graphite shows an
increase in the magnitude of the current density (Fig. 3). Furthermore, the curve
area between the forward and the backward scan increases with progressive cycling,
which indicates an increase of surface area. However, it seems that the increase in the
surface area does not originate from deposition of peroxotitanium hydrate, since the
graphite electrode was inflated after the deposition. Thus, the graphite electrode was
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Tab. 1. Elemental analysis of the deposited TiO2 onto nickel.

Element [at.%] C O S Ti Ni

Mean value 6.08 13.33 0.66 4.25 75.68

σ 0.28 2.92 0.27 2.37 5.29

σx 0.16 1.68 0.15 1.37 3.06

puffed out by hydrogen evolution. Additionally, peroxotitanium hydrate is supposed
to be non-conductive, which is contradictory to an increase of surface area.

The SEM image of cyclic voltammetry deposited TiO2 (Fig. 4) shows only partly
covered graphite surface. Both flakes and porous deposit are observed, whereas the
porous structures are mainly attached on the flake tops. The EDX analysis also
shows only low amounts of deposited titanium (see Tab. 2). Sulfur and potassium are
found, although the sample was rinsed with water after electrochemical deposition.
The atomic percentage of oxygen is higher than expected for the formation of TiO2,
thus it is assumed that oxygen functional groups on the graphite surface exist, which
may also affect the deposition of the peroxotitanium hydrate.

Fig. 3. Cyclic voltammogram obtained for electrodeposition onto graphite.

Tab. 2. Elemental analysis of the deposited TiO2 onto graphite.

Element [at.%] C O S K Ti

Mean value 62.52 29.40 0.16 0.46 7.46

σ 3.80 2.43 0.02 0.06 1.30

σx 2.19 1.40 0.01 0.04 0.75
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Fig. 4. SEM image of cyclic voltammetry deposition of TiO2 on graphite.

Photocatalytic activity of cyclic voltammetry deposited TiO2 on graphite was
investigated for films deposited at a sweeping rate of 50 mV/s and 100 cycles for
potential sweeps between -0.2 V to -1.2 V and -0.4 V to -1.6 V. The results are
shown in Fig. 5. It was observed that the cyclohexane concentration was around one
during the experiment. Thus, it is assumed that graphite adsorbs cyclohexane during
equilibration time of 30 min. During the photocatalytic decomposition experiment
cyclohexane desorbs from the graphite keeping equilibrium of adsorbed cyclohexane
on graphite and cyclohexane in the gas phase.

Fig. 5. Photocatalytic activity of cyclic voltammetry deposited TiO2 onto graphite.

4.3. Stainless Steel

The cyclic voltammogram of stainless steel (Fig. 6) shows a decrease in magnitude of
current density for increasing cycle. Furthermore, no increase of area under the curve
was observed, which indicates that passivation of the working electrode occurred.
The mass increase after annealing was determined with 0.04 mg/cm2. Thus, it can be
concluded that a non-conductive layer was formed on the electrode. For the deposition
of peroxotitanium hydrate it means that with increasing film thickness the deposition
is hindering itself.
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Fig. 6. Cyclic voltammogram obtained for electrodeposition onto stainless steel.

From the EDX analysis of the electrode surface (Tab. 3) it can be seen that depo-
sition of peroxotitanium hydrate was achieved, since titanium and oxygen are present
in the film. Additionally, sulfur was found, which originates from the titanium pre-
cursor. The carbon, silizium, chromium, iron and nickel amounts fit the background
of the stainless steel mesh.

Tab. 3. Elemental analysis of deposited TiO2 onto stainless steel.

Element [at.%] C O Si S Ti Cr Fe Ni

Mean value 5.35 32.73 0.22 1.99 17.31 8.53 30.64 3.23

σ 1.15 9.58 0.14 0.36 4.42 2.55 8.99 0.97

σx 0.66 5.53 0.08 0.21 2.55 1.47 5.19 0.56

The investigation of photocatalytic activity of deposited TiO2 is summarized in
Table 4 and Fig. 7. The sample prepared at a sweeping rate of 10 mV/s, was cy-
cled only 63 times since the peroxotitanium complex became unstable and started to
precipitate. Decomposition of cyclohexane was observed and was independent of the
deposition method.

Tab. 4. Cyclic voltammetry deposited TiO2 photocatalyst.

Sample and deposition parameters Deposit Total mass

[mg/cm2] [g]

-0.2 V to -1.2 V, 50 mV/s, 100 cycles 0.04 0.0009

-0.2 V to -1.6 V, 50 mV/s, 100 cycles 0.31 0.0078

-0.2 V to -1.2 V, 10 mV/s, 63 cycles 0.29 0.0076
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Fig. 7. Photocatalytic activity of deposited TiO2 onto stainless steel.

5. Conclusions

In the presented experiments, cathodic deposition of TiO2 was investigated. Various
working electrode materials have been evaluated. Nickel reacted with the deposition
bath, which was not suitable for the deposition reaction. Graphite was promising for
the cyclic voltammetry deposition of TiO2. However, cyclohexane adsorbed on the
graphite, which falsified the results of photocatalytic reaction. Furthermore, graphite
was inflated by the hydrogen evolution. Stainless steel has been found to be proper as
a working electrode material, which is eligible for the stable formation of TiO2 on its
surface. Photocatalytic decomposition of cyclohexane in the gas phase was observed
for TiO2 deposited onto stainless steel.
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