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The aim of this study was to investigate the activity of CeO,/C and Nb,0,/C
supported platinum nanoparticles composites, prepared by the rapid micro-
wave synthesis method, towards the oxidation of ethanol in an alkaline me-
dium. The electrocatalytic activity of the Pt-CeO,/C and Pt-Nb,0,/C catalysts
with respect to the electro-oxidation of ethanol was investigated by means of
cyclic voltammetry. The electrochemical behaviour of the synthesized cata-
lysts towards the oxidation of ethanol was compared with that of a carbon
supported bare Pt catalyst. X-ray Diffraction and Transmission Electron Mi-
croscopy were used to determine the structure, shape and the size of cata-
lysts particles. Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) was employed to determine the composition of the synthesized
catalysts.

It has been found that the both investigated Pt-CeO,/C and Pt-Nb,0,/C
catalysts show a higher activity towards the electro-oxidation of ethanol
when compared with that of the Pt/C catalyst, the Pt- Nb,O_/C catalyst being
most active.
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INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) have been
widely investigated over several decades as one of the most
promising alternative power sources [1-4]. Recently, much
interest has been attracted to the use of alcohols in fuel cells.
The authors predominantely studied direct methanol fuel
cells (DMEFCs) [5-7], however, there is evidence that metha-
nol may be replaced by environment-friendly ethanol and
may be successfully used in direct ethanol fuel cells (DEFCs)
[8-11]. The low toxicity, light enough availability (from bio-
mass products) and transportation makes ethanol a promis-
ing alternative fuel [12-15].

Since the start of the fuel cell trials, platinum-support-
ed materials were among the most commonly used ones.
However, researchers have been looking for ways to reduce
the amount of platinum in the catalysts because of its high
cost and possible poisoning of the electrode surface. There-
fore, recently research has been focused on a new generation
of catalysts, where part of platinum is modified by addition
of other metals (Au, Co, Ni, Ru, Pd etc.) [16-20] or rare earth
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and transition metal oxides (AlL,O,, CeO,, TiO, etc.) [21-28].
It was reported that directly added metal oxides such as ALO,
(21,22], CeO, [23-26], TiO, [27-29] promote electrocatalytic
properties of catalysts towards the oxidation of ethanol and
methanol as compared to those of bare Pt catalysts and allow
reducing the Pt amount in the catalysts. Rare earth metal ox-
ide, such as CeO,, is widely used as an additive in preparation
of fuel cell catalysts due to its synergetic electronic effect, tol-
erance to CO poisoning, low price and many other character-
istics [30-32]. To our knowledge, a very few works describe
the use of Nb,O, oxide as a support for deposition of well-
dispersed Pt nanoparticles for ethanol electro-oxidation, al-
though it has excellent properties such as chemical stability
and corrosion resistance. Justin et al. and Chun et al. [33, 34]
have investigated the electrochemical oxidation of methanol
on Pt-Nb,0,/C in acidic media and described the enhanced
electrocatalytical properties of the latter catalyst as compared
to those of the Pt/C catalyst.

In this study the Pt supported CeO,/carbon and Nb,0./
carbon catalysts (denoted as Pt-CeO,/C and Pt-Nb,0,/C)
were prepared by means of microwave synthesis [35, 36].
The prepared catalysts were characterized by means of X-
ray Diffraction (XRD), Transmission Electron Microscopy
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(TEM) and Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES). The electrocatalytic activity of
the synthesized catalysts towards the ethanol oxidation reac-
tion was investigated by cyclic voltammetry.

EXPERIMENTAL

Chemicals

H,PtCl, (37.5%), Nb,0, powder (purity 99.9%), CeO, powder
(purity 99.95%) and graphite powder (99.9995%) were pur-
chased from Alfa-Aesar and Aldrich suppliers. Nafion (5 wt.%,
D521, 1100 EW) was purchased from Ion Power Inc. Supply.
H,80, (96%), NaOH (98.8%), ethanol (96%), glycerol (99.5%)
and acetone (99.5%) were purchased from Chempur Company.
All chemicals were of analytical grade. Ultra-pure water with
the resistivity of 18.2 MQ cm™ was used to prepare all the so-
lutions.

Preparation of catalysts

The primary CeO,/C and Nb,0,/C composites were prepared
according to the following procedures: at first, dry powders
of CeO, or Nb,0, were mixed with carbon (mass ratio being
1:1) in a 2-propanol solution by ultrasonication for 30 min
with further desiccation of the mixture. Further, CeO,/C and
Nb,0,/C composites were heated at 500 °C for 2 h. Later, Pt
nanoparticles were dispersed over CeO,/C and Nb,0,/C com-
posites by the rapid microwave heating method. The typical
preparation consists of the following steps: at first, a solution
containing 1.9 mM of H,PtCl, and 1 M of glycerol was pre-
pared. pH of the solution was adjusted to 11.65 by adding
dropwise a 0.4 M NaOH solution. Then, 100 mg of CeO,/C or
Nb,0,/C was added to the solution mentioned above and it
was sonicated for 20 min. Then the prepared reaction mixture
was put into a microwave reactor Monowave 300 (Anton Paar).
Synthesis was carried out at a temperature of 170 °C for 30 s.
For comparison purposes, the carbon supported Pt catalyst
was also prepared under the same conditions. After prepara-
tion, the synthesized catalysts were washed with acetone, ultra-
pure water with the resistivity of 18.2 MQ cm™, then filtered
and dried in a vacuum oven at 80 °C for 2 h.

Characterization of catalysts

The shape and size of catalyst particles were examined using
a transmission electron microscope Tecnai G2 F20 X-TWIN
equipped with an EDAX spectrometer with an r-TEM detec-
tor. For microscopic examinations, 10 mg of sample was first
sonicated in 1 ml of ethanol for 1 h and then deposited on a Cu
grid covered with a continuous carbon film.

X-ray diffraction patterns were recorded using a D8 dif-
fractometer (Bruker AXS, Germany) with Cu Ka radiation
using a Ni/graphite monochromator. A step-scan mode was
used in the 2-theta range from 20 to 90° with a step length of
0.02° and a counting time of 5 s per step.

The Pt metal loadings were estimated from ICP-OES mea-
surements. The ICP optical emission spectra were recorded

using an ICP optical emission spectrometer Optima 7000DV
(Perkin Elmer).

Electrochemical measurements

Ethanol electro-oxidation measurements were performed with
a Zennium electrochemical workstation (ZAHNER-Elektrik
GmbH & Co. KG) using a three-electrode cell. A thin layer of
the prepared Pt-CeO,/C, Pt-Nb,0,/C and Pt/C catalysts de-
posited on a glassy carbon electrode with a geometric area of
0.07 cm? was used as a working electrode, a Pt wire was used
as a counter electrode and an Ag/AgCl/KCl (3 M KCl) electrode
was used as a reference. Steady state linear sweep voltammo-
grams were recorded ina 1 M C,H.OH + 0.5 M NaOH solution
at a linear potential sweep rate of 50 mV s™! from —0.5 to 0.5V
at a temperature of 25 °C. The electrode potential is quoted
versus the standard hydrogen electrode (SHE). The presented
current densities are normalized with respect to the geomet-
ric area of catalysts. All solutions were deaerated by argon for
15 min prior to measurements.

The working electrode was prepared according to the fol-
lowing steps: at first, 10 mg of the Pt-CeO,/C, Pt-Nb,0,/C or
Pt/C catalysts was dispersed ultrasonically for 1 h in a solution
containing 0.25 pl of 5 wt.% Nafion and 0.75 ul deionized H,0
to produce a homogeneous slurry. Then, 5 pl of the prepared
suspension mixture was pipetted onto the polished surface of
a glassy carbon electrode and dried in air for 12 h.

RESULTS AND DISCUSSION

One of the reactions taking place in DEFC is ethanol oxida-
tion, so it is very important to develop an effective and selec-
tive catalyst for this reaction. It is known that the rare earth
metal oxides enhance electrocatalytic activity of catalysts
towards the oxidation of ethanol. The powders of CeO, and
Nb,O, oxides are cheaper than pure Pt precursors, so adding
them to the catalyst system allows not only reducing the price
of the catalysts due to the reduction of the amount of Pt, but
also developing more efficient catalysts for ethanol oxidation.
In this study the Pt nanoparticles were deposited on the sur-
faces of carbon, CeO,/C and NbZOS/C by means of the sim-
ple and rapid microwave heating method. The synthesized
Pt-CeO,/C, Pt-Nb,0,/C and Pt/C catalysts were examined as
electrocatalysts towards the electro-oxidation of ethanol.

Characterization of catalysts

The particle size and shape of synthesized catalysts were
determined by Transmission Electron Microscopy. Figure 1
shows the TEM images of the Pt/C (a), Pt-CeO,/C (b) and
Pt-Nb,0,/C (c) catalysts. The Pt nanoparticles of ca. 4-5 and
6-12 nm in size were deposited on the surfaces of carbon
supported CeO, and Nb,O,, respectively (Fig. 1b, c). For com-
parison, the Pt/C catalyst was synthesized with Pt nanopar-
ticles of ca. 2-3 nm in size as depicted in Fig. 1a. In all cases,
the Pt nanoparticles were uniform and adequately dispersed
on the surface of carbon.
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Fig. 1. TEM images of the Pt/C (a), Pt-Ce0,/C (b) and Pt-NbZOS/( (c) catalysts

The crystallographic structures of CeO,/C and Nb,0,/C
supported Pt nanoparticles catalysts were estimated by X-ray
diffraction measurements. XRD patterns of the synthesized
Pt/C, Pt-Nb,0,/C and Pt-CeO,/C are shown in Fig. 2. As seen
from the XRD patterns of Pt/C (Fig. 2, pattern 1) and Pt-
Nb,0,/C (Fig. 2a, pattern 2), the diffraction peaks at the 26 of
39.76°, 46.24° and 67.45° can be assigned to the characteris-
tic (111), (200) and (220), respectively, crystalline planes of Pt
(PDF 4-802). The average size of Pt crystallites in the catalysts
was calculated by the Hadler-Wagner method [37]. The av-
erage size of Pt nanoparticles deposited on the carbon and
Nb,0,/C are ca. 4-5 and 12 nm, respectively. It was found that
the orthorombic (PDF 27-1003) and monoclinic (PDF 37-
1468) NbZOS particles of ca. 48 and 18 nm in size, respectively,
are predominant in the Pt-Nb,0_/C catalyst.
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Fig. 2. XRD patterns of the Pt/C (pattern 1, a, b), Pt-Nb,0,/C (pattern 2, a) and Pt-
(e0,/C (pattern 2, b) catalysts synthesized by the microwave irradiation method

Figure 2b shows the XRD patterns of the Pt/C (pattern 1)
and Pt-CeO,/C (pattern 2) catalysts. The Pt (111) diffraction
peak at Pt-CeO,/C is broader than that at Pt/C (Fig. 2, pattern 1)
and Pt-Nb,0,/C (Fig. 2a, pattern 2), indicating that Pt crystal-
lites are very small (according to TEM), and it is difficult to de-
termine their size correctly. CeO, (PDF 4-16-4868) with parti-
cles of ca. 16 nm in size was deposited on the surface of carbon.

The Pt loading of the synthesized catalysts was determined
by ICP-OES. It has been found that the Pt loadings were 0.128,
0.157 and 0.114 mg Pt cm™ in the Pt/C, Pt-CeO,/C and Pt-
Nb,0,/C catalysts, respectively.

Active surface area estimation

The electrochemically active surface areas (ESAs) of Pt in
the synthesized catalysts were determined from the cyclic
voltammograms of the Pt-CeO,/C, Pt-Nb,0,/C and Pt/C cata-
lysts recorded in a deaerated 0.5 M H,SO, solution at a sweep
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rate of 50 mV s™' by calculating the charge associated with
hydrogen adsorption (220 pC cm™) [38] (Fig. 3). It has been
determined that the values of ESA are 1.8 cm* for Pt/C and
2.7 and 3.5 cm’ for the Pt-CeO,/C and Pt-Nb,0,/C catalysts,
respectively. The specific activity has been determined to be
20 m* g! Pt for Pt/C, 24 m* g™ Pt for Pt-CeO,/C and 44 m* g™
Pt for Pt-Nb,0,/C.
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Fig. 3. (ydlic voltammograms of the Pt-Ce0,/C (dash-dotted line), Pt-Nb,0,/C
(dashed line) and Pt/C (dotted line) catalysts recorded in 0.5 M H,S0, at a sweep
rate of 50 mV's™

Electrocatalytic behaviour of catalysts
The electrocatalytic activity of the Pt-CeO,/C, Pt-Nb,0,/C and
Pt/C catalysts with respect to the oxidation of ethanol was in-
vestigated by cyclic voltammetry. Figure 4 shows long-term
cyclic voltammograms for the Pt-CeO,/C, Pt-Nb,0,/C and
Pt/C catalysts recorded ina 1 M C,H,OH + 0.5 M NaOH solu-
tion at a sweep rate of 50 mV s™*. In the forward sweep, anodic
peaks I are observed at ca. -0.03 V for the Pt/C and ca. 0 V
for the Pt-Ce0,/C and Pt-Nb,0,/C catalysts (Fig. 4). Peak I is
related with the direct oxidation of ethanol in an alkaline me-
dium [36]. In the reverse sweep, anodic peaks I were detected
at ca.-0.15 V for the Pt/C and ca. -0.10 for the Pt-CeO,/C and
Pt-Nb,0,/C catalysts. This peak II in the reverse sweep is at-
tributed to the removal of the incompletely oxidized carbo-
naceous species formed in the forward sweep [39]. During
long-term cycling the ethanol electro-oxidation current den-
sity values (anodic peak I) recorded at the Pt-Nb,0,/C cata-
lyst increase in contrast to those at the Pt/C and Pt-CeO,/C
catalysts. However, it should be noted that the obtained first
cycle of ethanol oxidation current densities are also greater at
the Pt-Nb,0,/C catalyst as compared to those at the Pt/C and
Pt-Ce0,/C catalysts.

Figure 5 presents stabilized positive potential-going scans
(10 cycles) of the investigated catalysts recorded in 1 M
C,H,OH + 0.5 M NaOH at a sweep rate of 50 mV s™'. As seen
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Fig. 4. Cyclic voltammograms of the Pt/C (a), Pt-Ce0,/C (b) and Pt-Nb,0,/C
(0) catalysts recorded in 1 M CH.OH + 0.5 M NaOH at a sweep rate of
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Fig. 5. Stabilized positive-potential going scans (10 cycles) of the Pt-
(e0,/C (dash-dotted line), Pt-Nb,0,/C (dashed line) and Pt/C (dotted line)
catalysts recorded in 1M CH.OH + 0.5 M NaOH at a sweep rate of 50 mV's™!
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from the data in Fig. 5, the onset potential values on the Pt-
Ce0,/C and Pt-Nb,0,/C are at ca. 0.1 V more negative as com-
pared to those on the Pt/C catalyst, indicating that CeO,/C and
Nb,0,/C promote the oxidation of ethanol on Pt at lower po-
tentials. The obtained ethanol oxidation current densities are
also greater at the CeO,/C and Nb,0,/C supported Pt nanopar-
ticles catalysts as compared to those at the bare Pt/C catalyst.
Ethanol oxidation current densities are ca. 4 and 6 times higher
on the Pt-Ce0,/C (dash-dotted line) and Pt-Nb,0_/C (dashed
line) catalysts, respectively, as compared to those on the bare
Pt/C catalyst (Fig. 5).

To evaluate the electrocatalytic activity of investigated cat-
alysts, ethanol oxidation current densities were normalized by
the electrochemically active surface areas and Pt loadings to
represent the specific and mass activities of catalysts. Figure 6
shows comparison of current densities (a), specific (b) and
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Fig. 6. Comparison of current densities (a), specific (b) and mass
activities (c) towards the oxidation of ethanol at 0V vs SHE for Pt/C,
Pt-Ce0,/C and Pt-Nb,0,/C recorded in 1M CH.OH + 0.5 M NaOH at
a sweep rate of 50mV's™

mass activities (c) towards the oxidation of ethanol for the pre-
pared catalysts. Assuming ca. 2 times higher ESAs value of
the Pt-CeO,/C and Pt-Nb, 0, /C catalysts as compared with that
of Pt/C, the surface area normalized ethanol oxidation current
densities are ca. 2.5 and 3.4 times higher on the Pt-CeO,/C and
Pt-Nb,0,/C catalysts, respectively (Fig. 6b).

The mass activities for ethanol oxidation are ca. 3 and 7
times higher at the Pt-CeO,/C and Pt-Nb,0,/C catalysts, re-
spectively, as compared to those at the Pt/C catalyst (Fig. 6¢).

It has been found that cerium(IV) oxide/carbon or
niobium(V) oxide/carbon supported Pt nanoparticles catalysts
show an enhanced electrocatalytic activity towards the electro-
oxidation of ethanol in an alkaline medium as compared with
that of the carbon supported bare Pt catalyst. A higher activity
of Pt-Ce0,/C and Pt-Nb,0,/C may be related with the syn-
ergistic effect between Pt and CeO, or Nb,O, [34, 40-44].
However, the Pt-Nb,O_/C catalyst shows the highest catalytic
activity among the Pt-CeO,/C and Pt/C catalysts (Fig. 6). En-
hanced activity of Pt-Nb,0,/C towards the electro-oxidation
of ethanol may be related to the modified electronic struc-
ture of Pt by Nb,0, [34]. Furthermore, Nb_O, is well-known
for its strong metal-support interaction (SMSI) which shows
the pronounced and cooperative effect in metal-metal oxide
system [42, 43]. Nb,O, can provide its surface mobile oxygen
species to the Pt surface by the spillover effect to facilitate elec-
tro-oxidation of adsorbed CO and ethanol [34].

CONCLUSIONS

A rapid microwave heating method was used to prepare
the CeO,/C and Nb,0_/C supported Pt nanoparticles cata-
lysts. The Pt nanoparticles of 4-5 and 6-12 nm size were
deposited on the CeO,/C and Nb,0,/C supports, respectively.

It has been found that the both investigated Pt-CeO,/C and
Pt-Nb,0,/C catalysts show higher activity towards the electro-
oxidation of ethanol when compared with that of the Pt/C
catalyst. However, the Pt-Nb,0,/C catalyst outperforms the Pt-
Ce0,/C catalyst towards the electro-oxidation of ethanol and
shows the highest electrocatalytic activity in this work.
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Pt-CeO,/C IR Pt-Nb,0_/C KATALIZATORIAI
ETANOLIO ELEKTRO-OKSIDACIJOS REAKCIJAI

Santrauka

Mikrobangy sintezés metodu buvo suformuoti Pt-CeO,/C,
Pt-Nb,0,/C ir Pt/C katalizatoriai, kuriuose nusodintos Pt jkrova ati-
tinkamai lygi 0,157,0,114 ir 0,128 mg cm™2, o nusodinty Pt nanoda-
leliy dydis minétuose katalizatoriuose — nuo 2 iki 12 nm.

Darbe tiriamy katalizatoriy Pt elektrochemiskai aktyvus pa-
virSiaus plotas buvo nustatomas i§ vandenilio monosluoksnio
adsorbcijos ant Pt elektrodo krivio 0,5 M H,SO, tirpale. Nusta-
tyta, kad Pt-CeO,/C, Pt-Nb,0,/C ir Pt/C katalizatoriuose Pt elek-
trochemi$kai aktyvus pavir$iaus plotas atitinkamai lygus 2,7, 3,5
ir 1,8 cm?.

Katalizatoriy elektrokatalizinés savybés buvo tiriamos $armi-
niame etanolio (1 M C,H.OH + 0.5 M NaOH) tirpale. I$matuotos
etanolio elektrooksidacijos srovés tankio vertés ant Pt-CeO,/C ir
Pt-Nb,0,/C yra 4 ir 6 kartus didesnés nei ant Pt/C katalizatoriaus.
Etanolio elektrooksidacijos srovés tankio vertés, normalizuotos
pagal nusodintos Pt elektrochemigkai aktyvy plota ir jkrova, ati-
tinkamai 3 ir 8 kartus didesnés palyginti su Pt/C katalizatoriumi.
Visais tirtais atvejais didZiausiu elektrokataliziniu aktyvumu pa-
sizyméjo Pt-Nb,0,/C katalizatorius.



