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Anatase titanium dioxide nanoparticles were synthesized via fast microwave-hydrothermal route and they were
characterized by BET, SEM, XRD and EIS. The synthesis process took barely 20 s, which means a low sintering
time which provides a decrease in the cost and energy required in the synthesis process. Pure anatase colloidal
TiO, particles were obtained under these synthesis conditions. Particulate TiO, films were deposited onto high
porous graphite substrates and their catalytic activity toward the oxygen reduction reaction in alkaline media
was qualitatively demonstrated by cyclic voltammetry and linear sweep voltammetry. The ORR mechanism

showed to follow the two-electron pathway via hydrogen peroxide production and further reduction to water.

1. Introduction

Titanium dioxide is one of the most versatile materials with proved
applications in energy generation, degradation of organic pollutants,
membranes in solar cells, among others [1], since it is relatively
inexpensive, chemically and biologically inert, non-toxic, photostable
and easy to produce and to use. Depending on the size, it may show
mesoporous structure facilitating reactive species adsorption and,
therefore, great efficiency in a wide range of catalytic processes [2].
TiO, performance may be influenced by surface area, crystal structure
and density of surface hydroxyl groups, and all these parameters may
differ with different synthesis methods [3]. Among all, the sol-gel
process is the most widely used [3], including its combination with
contemporary synthesis methods, such as ultrasonic [3], hydrothermal
[4-6], solvothermal [3,7], microwave [8-13] and reverse microemul-
sions [14-20] methods.

Sol-gel processing displays several advantages over other methods
of synthesis such as low cost and operating temperature, high chemical
homogeneity and purity [21]. However, sol-gel chemistry also has some
significant limitations, as (i) low-crystallinity products are obtained
which need further calcination processes at elevated temperatures,
which may provoke aggregation and/or particle growth, as well as a
breakdown of the mesostructure [22-25]; and (ii) the difficulties in
obtaining nanosized particles, since the current technology requires
very small sized particles for potential application in, for example,
nanoelectronics [19]. In addition, long reaction times are usually
needed what may lead to contamination of the products. Microwave
heating has been employed in an attempt to minimize the reaction time,
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since it was previously reported to notably spur several reactions
[26,27].

The benefits of microwave dielectric heating, over other conven-
tional synthesis methods, are mainly based on its rapid, uniform and
energy efficient heating [28]. It means a reduction in the sintering time
and temperature what provides a decrease in the cost and energy
required in the synthesis process [8]. As a direct consequence of the
decrease in reaction time and temperature, a restriction in the particle
growth occurs, as well as an improvement in the uniformity of the
product together with the microstructure and higher chemical yield
[13,29-34]. Furthermore, metal oxide nanoparticles of small size, with
the desired crystallinity and good dispersibility are obtained under
microwave-synthesis conditions. No additional stabilizing agents are
needed, avoiding the contamination of the nanoparticles with inter-
mediate products, which is of great importance for catalytic processes.

However, traditional reagents and/or synthesis routes have been
used in the microwave synthesis, which under microwave irradiation
generate even more harmful residues. For this reason, the polyol route
has emerged as an alternative green microwave-assisted method,
especially for metal oxide nanoparticles [35]. In particular, polyethy-
lene glycol (MW 400, PEG 400) shows interesting properties as a
reaction media. PEG 400 is nonvolatile, shows low flammability, is
biodegradable, thermally stable and may be used as a co-solvent, since
it provides a decrease in the polarity of the solution giving an increase
in the solubility of organic molecules and it is water soluble. However,
by changing the temperature, rich- and poor-polymer phases may
appear, resulting in biphasic aqueous systems [36]. Above all, the most
interesting from the point of view of metal oxides synthesis, is that PEG
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has the ability to form complexes with metal cations due to the high
amount of ether groups contained in its polymeric chain, similar to
crown ethers [37]. In consequence, PEG of different molecular mass has
recently emerged as alternative solvents for chemical synthesis [38,39].
The sulfate esterification reaction of alcohols and sulfuric acid,
giving acid alkyl sulfates, has been previously postulated [21,40-43]:

Sulfate esters have long been used as anionic surfactants in the
detergent and dye industries, as well as in the production of alcohols
from alkenes [44]. Titanium isopropoxide (TIP), as TiO, precursor, will
be enclosed inside the micelles forming complexes with the hydro-
phobic hydrocarbon chain via ether groups; whereas the polar sulfate
group will be facing the solution. Micellar reaction avoids the fast
reaction of hydrolysis of TIP with water in acidic media, and ensures a
homogeneous reaction. This system serves as a reaction medium,
improving the selectivity. However, since the species location plays
an important role, it is necessary to obtain insight in the species-micelle
structure. Micellar synthesis has been successfully applied to perform
reaction in which organic solvents have been replaced by aqueous
surfactant solutions [45]. Using micelles as nanoreactors for nanopar-
ticles synthesis, it is possible to alter the mechanism, since they may
stabilize reagents, intermediates and/or products [46] (and the refer-
ences therein).

There are many remaining problems concerning the development
and real application of low temperature fuel cells and metal-air
batteries, concerning the development of cost-effective Pt-free catalysts
and the reduction of the cathode over-potential, considering the limited
kinetics of the oxygen reduction reaction (ORR) at the cathode. In this
way, transition metal oxides have been previously reported to show
high activity toward the ORR [47,48] and titanium dioxide remains as a
suitable candidate due to its valuable properties mentioned above, and
since it is a cost-effective material. The most valuable mechanism, from
application point of view, is related to the direct 4-electron reduction
pathway from O, to H>O [49]. However, most common mechanisms
include a sequence of steps with H,0, as intermediate, leading to a loss
in cell potential what could be only reduced by further reducing the
peroxide formed. In addition, in alkaline solutions, the reduction of
oxygen to superoxide (O, ) via 1 electron may also occur, restricting
the potential of oxygen reduction even more acutely than peroxide
formation [49].

We report the fast synthesis of colloidal anatase, by microwave-
hydrothermal method based on a sulfate esterification reaction, and its
application to the oxygen reduction reaction. The main objective of this
work is the development of a new route of synthesis for a well-known
material with good electrocatalytic properties.

2. Experimental section
2.1. Reagents and materials

Titanium isopropoxide (TIP), polyethylene glycol MW 400 (PEG
400) and sulfuric acid (H,SO4) were purchased from Aldrich. All
reagents were analytical grade and used as received, without further
purification. All solutions were prepared using Milli-Q water (specific
conductivity of 18.2 MQ-cm) and deaerated with nitrogen (99%, White
Martins) or oxygen (99.5%, Linde).

2.2. Instrumentation

All electrochemical experiments were carried out on an Autolab
PGSTAT302 electrochemical workstation (Eco Chemie) in a conven-
tional three-compartment electrochemical glass cell. The working
electrode was a high porous graphite electrode containing a particulate
film of TiO, and the auxiliary electrode was a platinum wire. All
potentials are reported versus the saturated calomel electrode (SCE).
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Fig. 1. SEM images of anatase-TiO, nanoparticles prepared by microwave-hydrothermal
process at 240 °C/10s.

Table 1
BET surface area calculated from the linear part of the BET plot (P/Py) = 0.05-0.3.

SgET Pore volume Pore diameter (nm) Particle size
(m*g~ ") (em®>g™ ") (nm)
83 0.05 2.6 73

Total pore volume, from the volume of N, adsorbed at about (P/Py) = 0.5.

Relative Intensity / a.u.

20/ Degrees

Fig. 2. XRD patterns of anatase-TiO, particles synthesized by microwave-hydrothermal
process at 240 °C/10s.

Potentials can be converted to the RHE scale with the following
relation: E(RHE) = E(SCE) + 0.242 + 0.059 pH. Synthesis of nanoparti-
cles was performed in a microwave reactor Monowave 400 (Anton
Paar). The structure of the samples was characterized by the powder X-
ray diffraction (XRD), performed on a Shimadzu (XRD-6000) X-ray
diffractometer with monochromatized CuKa radiation. The morpholo-
gies and crystal structures of as-prepared samples were determined by
scanning electron microscopy (SEM, Supra-35 ZEISS FESEM). The
surface area of the samples was measured by the Brunauer-Emmett-
Teller (BET) method using nitrogen adsorption and desorption iso-
therms on a Micrometrics ASAP 2020 system. The geometric area of the
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Fig. 3. Cyclic voltammograms of (black) bare graphite and TiO,-graphite electrodes with
different TiO, content: (red) 1 mg; (blue) 2 mg; (green) 4 mg, all in an aqueous solution
containing 1 M KOH (N, saturated), at 50 mV-s ™~ 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Polarization curves of (solid line) bare graphite; (dotted line) GT; (dashed-dotted)
GT"; (dashed line) GT", in (A) an aqueous solution containing 1 M KOH, O, saturated
and in (B) an aqueous solution containing 5 mM H,0, and 1 M KOH, O, saturated.
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Fig. 5. Polarization curves of GT" electrode in an oxygen-saturated aqueous solution
containing (black) 5mM; (red) 10 mM; (blue) 20 mM; (green) 30 mM; (pink) 40 mM
H,0, and 1 M KOH, at 50 mV-s~ *. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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working electrodes was 1.0 cm?,
2.3. Synthesis of TiO, colloidal solution and electrode preparation

Porous TiO, nanoparticles were prepared combining a classic sol-gel
method with microwave-assisted hydrothermal method. Colloidal solu-
tions were prepared mixing, under vigorous stirring conditions, PEG-
400, H,SO4, TIP and H,O (8:6:1 M ratio, respectively, in 10 mL water).
A yellowish suspension was obtained after 5 min stirring and it was
stable for several days under cool storage conditions. The irreversible
hydrolysis of titanium isopropoxide rapidly occurs in the presence of
water, leading to the spontaneously formation of titanium oxide. After
mixing of the reagents, we did not observe any evidence of particulate
precipitates on the reaction vessel, suggesting that a transesterification
reaction took place and TIP was encapsulated inside the micelles.
Reactants were poured in a glass microwave vessel (30 mL volume) as
prepared, and the synthesis was performed under microwave conditions
(240 °C for 20s, 25bar). Under these conditions, fast nucleation
occurred and a colloidal suspension was obtained. It was cooled at
room temperature and transferred into a polypropylene centrifuge tube.
The suspension was washed and centrifuged several times in water and
ethanol and TiO, nanoparticles were obtained after removing the
supernatant, without calcination. For electrodes preparation, the as-
obtained particles were dispersed in DMF, dropped on a high-porous
graphite sheet and dried at 300 °C for 24 h. Three different electrodes
were prepared containing 1 mg TiO, (GT"), 2 mg TiO, (GT") and 4 mg
TiO, (GT™).

3. Results and discussion

The morphology and structure of TiO, particles were characterized
by SEM (Fig. 1). Spherical shaped particles showed an average size of
100 nm diameter and they appeared as aggregates, as a result of the fast
reaction rates in microwave synthesis. Particles exhibited roughness
surface responsible for the high surface area, confirmed by BET
analysis. Specific surface area analysis was performed by BET method.
Surface area, specific volume and pore diameter are represented in
Table 1. Particles showed relative high surface area, which may be
further related to the higher catalytic activity attributed to more
accessible reactive sites. Pore size distribution, obtained from BJH
method, indicated a narrow distribution with average pore diameter of
2.6 nm. Particles consisted of 0.05cm®g~' pore volume, which
provides estimated porosity [50] of 34%. The average particle size
was estimated in 73 nm, in good agreement with data obtained from
SEM analysis. BET analysis suggests high roughness particles containing
small pores.
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The XRD patterns of the as-synthesized TiO, are shown in Fig. 2.
The sample showed all characteristic peaks of anatase (JCPDF# 21-
1272). Crystalline phase particles containing some defects were
obtained by microwave-hydrothermal synthesis route without further
calcination.

Graphite electrodes have been previously used as a support for
titanium oxide in catalysis [51], mainly due to its high specific surface
area and its intrinsic chemical and thermal stability. Fig. 3 shows cyclic
voltammograms (CV) of all electrodes performed in an aqueous solution
containing 1 M KOH (N, saturated), at 50 mV-s™ . CV of bare graphite
electrode (black line) showed typical features with an oxidation peak at
ca. —0.7V and the corresponding reversible reduction peak at ca.
— 1.0 V associated to surface adsorbed species. Graphite may contain
surface adsorbed groups as OH, C=0 and C—H [52] with reversible
electrochemical activity. Addition of TiO, nanoparticles strongly
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200 nm

Fig. 6. SEM images of bare graphite (A-B) and TiO,-graphite electrodes (C-D) GT"; (E-F) GT'I and (G-H) GT", at different magnifications.

affected the electrochemical response of the electrodes, as evidenced
by the suppression of the above mentioned reversible oxidation/
reduction peaks, what became more reversible since the coverage of
the graphite increased. It can also be found, related to the increase
deposit of TiO, particles, typical feature corresponding to the reduction
of electroactive Ti** [53], at ca. — 1.1 V. The electrochemical profile
progressively changed from the bare graphite electrode to the 4 mg
TiO,-graphite electrode. Increasing the titanium oxide content led to a
decrease in the graphite electrochemical response and the voltammetric
profile approximated to a pure titanium oxide electrode [54].

The electrocatalysts activity was explored by polarization measure-
ments in aqueous solution containing 1 M KOH (O, saturated) within a
potential range from 0.1V to —1.25V, at 50 mV-s~! (Fig. 4). The
catalytic activity of carbon materials toward the ORR has been
previously reported [55,56], with evidences to enhanced interaction
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Fig. 7. (A) Cyclic voltammograms of all electrodes, performed at 1 mVs™~ . (Black) Bare
graphite and graphite/TiO, electrodes: (red) GT'; (blue) GT"; (green) GT". (B) Nyquist
plot of (red) GT', (blue) GT" and (green) GT" TiO,-graphite electrodes in 1 M NaySO,
containing 5 mM Fe(CN)¢* ~ /Fe(CN)¢> ~. Highlighted (O) represents 60 MHz frequency.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 2
Impedance data for graphite/TiO, electrodes.

GT' GT" GTVv
R /Q 4.1 2.5 3.0
Q (*107 1) /Q 'sn 1.6 1.8 1.3
n 0.85 0.86 0.83
Ret/Q 1.8 3.0 3.7
W (¥107 %) / Qs~ /2 1.2 0.39 0.012
%% (*107) 6.7 9.6 2.0

Experiments were performed in a solution containing 5 mM Fe(CN)(,4 —3-,

of O, with species at the graphite surface. Depending on the type,
graphite can (i) catalyze the ORR via 2-electron pathway, producing

H,0, or (ii) further reduced until H,O formation, and the same reaction
mechanism occurs at the TiO, surface [56,57]:

Oz(ads) + € = Ojaay [®)
Og(ad5> + H,O + 2¢™ —» HOQ(MS) + OH~ 3
HO; + H,0 + 2¢~ — 30H" @

LSV profiles for all electrodes showed two cathodic irreversible
peaks. Bare graphite electrode (Fig. 4A solid line) showed little activity
toward the ORR, as expected and the activity did not increase
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substantially in the case of the electrode containing 1 mg of TiO,
particles (Fig. 4A dotted line), showing that this amount of TiO, was not
enough to provoke a larger effect than that of the substrate. On the
contrary, double amount of TiO, (Fig. 4A dashed-dotted line) led to a
markedly increase in the signal exhibiting two well-separated two
electrons reduction peaks [58]. The first peak at ca. —0.3V can be
ascribed as the oxygen reduction via 2 electrons (Egs. 2 and 3) and the
second peak at ca. — 0.9V as the subsequent reduction to water via 2
electrons (Eq. 4). In the case of the GT" electrode (Fig. 4A dashed line),
cathodic currents were surprisingly lower compared to those obtained
for the GT" electrode (Fig. 4A dashed-dotted line). This feature will be
explained below.

To correlate the peaks with the reaction mechanism, polarization
curves were acquired after the addition of 5 mM H,0,, O, saturated
(Fig. 4B). Two well-defined cathodic peaks were clearly observed and
the second peak (ca. — 0.9 V) showed higher peak currents compared to
that at ca. — 0.3V, indicating that corresponds to hydrogen peroxide
reduction to water. Again, the electrode containing 2 mg TiO, showed
higher catalytic activity.

Experiments with successive addition of hydrogen peroxide are
represented in Fig. 5. Successive aliquots were added to obtain final
concentration of 5, 10, 20, 30 and 40 mM H,0,. Results showed a linear
increase of the peak current with the hydrogen peroxide concentration
(see inset) and that the potential peak progressively shifted to more
cathodic potentials. These results confirm the background of the second
peak, which can be certainly ascribed to the H,0, reduction reaction.

The catalytic performance of our materials toward the ORR was
found to be higher to that of other TiO, materials prepared by other
methods [58-61]. After geometric area normalization, we obtained
current densities up to ten times higher than those shown in literature.
We ascribe these high currents to the higher mass of catalytic material
and the difficulty of comparing results in the area of materials science.

SEM images of graphite (Fig. 6A-B) and graphite-TiO, electrodes,
with different TiO, content are shown in Fig. 6C-H. Bare graphite
shows a high roughness and irregular surface with porous cavities. After
functionalization with TiO,, surface appeared smoother since TiO, has
filled the graphite pores, forming about a uniform film and the film
morphology is strongly influenced by the amount of TiO,. For electro-
des with low TiO, content (Fig. 6C-D), barely half of the surface was
covered, in good agreement with the results obtained by CV (Fig. 4A),
in which the voltammetric profile was similar to that observed in bare
graphite. Increasing the TiO, content up to 2 mg led to the complete
coverage of the graphite surface but not to pore blocking (Fig. 6E-F).
On the contrary, for high TiO, content, particle accumulation comple-
tely saturated graphite pores and a thick film was formed (Fig. 6G-H).
SEM analysis supports previous results obtained by CV. Increasing the
amount of TiO, increased the voltammetric response to the ORR, until
the graphite surface is covered to such a degree to impede the electron
transfer. A semiconductor particulate thick film substantially covering
the graphite surface may behave as an electron-transfer barrier. There-
fore, the voltammetric profile for GT" electrodes is close to that of bare
graphite since the electrochemical process preferentially may occur in
the graphite face free of titanium oxide barrier.

Electrochemical impedance spectroscopy studies (EIS) were per-
formed to characterize processes at graphite/TiO,/electrolyte inter-
faces (Fig. 7B), associated to their respective resistance (R) and
capacitance (Q). Measurements were performed in 1 M Na,SO, contain-
ing 5mM Fe(CN)s* ~/Fe(CN)¢> ~, in a frequency range between
60 MHz to 10 KHz and 10 mV (rms), and the corresponding cyclic
voltammograms are shown in Fig. 7A. All electrodes showed good
reversibility toward redox processes, with a AE, close to 54 mV (at
1mV-s~1). Experimental results (from the cathodic peak) were ad-
dressed by spectra simulation with an equivalent circuit and a non-
linear least squares fitting (NLLS) algorithm [62]. Frequency responses
were measured under potentiostatic conditions at 0.25 V (SCE).

In the present case, a Randles equivalent circuit has been used for
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the data fitting which is represented in the inset of Fig. 7B. In this
equivalent circuit, R; represents the ohmic resistance of the electrolyte;
Q, is the non-ideal capacitance of the electrical double layer (substrate/
TiO,/electrolyte interface), represented by a constant phase element; n
is the exponential coefficient of Qq; Ry is the charge transfer resistance
Fe(CN)¢* ~/Fe(CN)s® ~ reaction; W (Warburg coefficient) is the diffu-
sion coefficient of Fe(CN)g* ~/Fe(CN)s> ~ to the electrode surface. The
fitting parameters together with adjustment quality coefficient, x2, are
presented in Table 2. R, increased with TiO, content, what may be
ascribed to a decrease in the reaction rate. Such behaviour could also be
attributed to an increase of the ohmic drop in the TiO, layer. Q;
corroborates this proposition, since Q increased from GT' to GT" and
diminished from GT" to GT"V. The important decrease in W, from GT' to
GTY, could be also associated to a decrease in the mass transport
through the TiO, layer, in concordance with results shown in Fig. 6. Q;
slightly increased from GT' to GT", but decreased in the case of GT",
which may be attributed to a partial decrease in the surface area
(please, see Fig. 6G). EIS analysis supports the results obtained from
cyclic voltammetry and further explains the better efficiency of GT" to
the ORR.

4. Conclusions

Colloidal TiO, nanoparticles were synthesized by microwave-as-
sisted hydrothermal route, based on a sulfate esterification reaction.
The synthesis process took barely 20 s, which means a low sintering
time which provides a decrease in the cost and energy required in the
synthesis process. As a direct consequence of the decrease in reaction
time, a restriction in the particle growth occurs, as well as an
improvement in the uniformity of the product and higher chemical
yield, leading to pure anatase particles with high surface area (without
further calcination). It is suggested that microwave-assisted hydrother-
mal route can provide novel materials for a wider range of applications,
including electrochemical ones. In such a way, as an example, we have
applied the as-synthesized TiO, nanoparticles for the ORR.

Electroactive TiO, particulate films were deposited onto the surface
of graphite electrodes and investigated for the oxygen reduction
reaction in alkaline media. The use of graphite electrodes, as support
for TiO, catalysts, reduced the limitations of planar electrodes regard-
ing to the diffusion of oxygen to the electrode surface. The ORR
mechanism qualitatively showed to follow 2-electrons steps, for oxygen
reduction to hydrogen peroxide and further reduction to water. TiO,
content showed to strongly influence the electrodes activity. Increasing
the TiO, content led to higher catalytic activity, until the TiO, layer was
thick enough to provoke a hindrance to charge transfer. The as-
prepared electrodes showed good catalytic properties with likely
applications in hydrogen peroxide production, fuel cells and metal-air
batteries.
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