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Abstract Hybrid MO,—C (M = Sn, Ni) supports and Pt/
MO,—C catalysts for direct alcohol fuel cells were prepared
via the electrochemical oxidation and dispersion of a metal
under the influence of a pulsed alternating current. We esti-
mated conductivity and specific surface area of as-prepared
SnO,, NiO and hybrid supports, as well as estimated their
morphology and the morphology of Pt-based catalysts using
X-ray diffraction, transmission and scanning electron
microscopy analyses. Pt/MO,—-C (M = Sn, Ni) catalytic
systems with oxide contents of 30 and 60 % in hybrid sup-
ports and a Pt content of 25 % were used for the electro-
chemical oxidation of CO, methanol and ethanol in acidic
and alkaline solutions. The presence of oxides in the hybrid
supports for catalysts reduces the onset potential for the
electrooxidation of CO and alcohols in an acidic solution. At
Pt/SnO,—C, the onset potential of ethanol electrooxidation in
an acidic solution decreases by 170 mV and increases the
rate of the oxidation process by more than sevenfold at the

Electronic supplementary material The online version of this
article (doi:10.1007/s10800-016-1006-5) contains supplementary
material, which is available to authorized users.

< A. B. Kuriganova
kuriganova_@mail.ru

Platov South-Russian State Polytechnic University (NPI),
Prosveschenia Str. 132, Novocherkassk,
Russian Federation 346428

Don State Technical University, Gagarin Square 1,
Rostov-on-Don, Russian Federation 344000

Electrochemistry and Electroplating Group, Technische
Universitaet Ilmenau, Gustav-Kirchhoff-Str. 6,
98693 Ilmenau, Germany

National University of Science and Technology “MISiS”,
Leninskiy Prospect 4, Moscow, Russian Federation 119049

low Tafel potential region. In alkaline solutions, the presence
of metal oxides in the catalysts is not so effective, which is
probably due to the high coverage of the platinum surface
with oxygen-containing species. The Pt catalyst on the
SnO,—C hybrid support exhibited superior electrochemical
stability in an acidic solution and Pt/NiO-C—in an alkaline
solution. The difference in the optimum oxide content (30 %
for SnO,, 60 % for NiO) of the catalysts can be attributed to
different morphologies of the oxides.
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1 Introduction
Low-temperature fuel cells (LTFCs) are promising future

devices to provide power for vehicles, portable devices and
emergency electric power sources because they result in
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less damage to the environment than current powering
methods. Hydrogen and alcohols (methanol or ethanol) are
usually used as a fuel for proton or anion exchange
membrane fuel cells (PEMFCs or AEMFCs) and direct
alcohol fuel cells (DAFCs), respectively [1-3]. For a more
active extension of the scope of LTFCs, one needs to
reduce their cost and increase their safety, durability, and
life cycle. The main problem regarding the use of cheap
hydrogen produced by hydrocarbon reforming is the poi-
soning of the catalyst layer by CO. The presence of over
10 ppm CO in hydrogen significantly reduces the operating
current of the LTFC.

DAFCs have some advantages over hydrogen as a fuel:
the use of alcohols does not involve the use of assistive
systems, such as humidifiers and a gas pressure delivery
system, and the storage of alcohols is more compact and
safer compared with hydrogen [2]. Concerning their
application in fuel cells, methanol and ethanol have both
advantages and disadvantages when compared with each
other. Methanol is oxidized much easier because it has only
one carbon atom. On the other hand, methanol is toxic and
highly soluble in water, making it very dangerous in an
emergency. Ethanol is a more attractive fuel and can be
easily produced in a large quantity by the fermentation of
sugar-containing raw materials and biomass [4].

Nanodispersed Pt particles supported on carbon black
are very effective catalysts for LTFCs. However, adsorbed
CO or chemisorbed intermediate products of alcohol oxi-
dation may block the active sites of the platinum catalyst
and decrease its activity, which reduces the FC’s efficiency
[5]. CO and alcohol adsorption as well as oxidation at Pt
electrodes were studied by many researchers [3, 6-8]. All
types of adsorbed particles are oxidized to CO, via the
Langmuir-Hinshelwood mechanism (Eq. 1) [9], and for
their oxidation, the presence of adsorbed oxygen-contain-
ing species (OH,qs or O,q4s) that appear on platinum as a
result of water molecule discharge is necessary. In partic-
ular, the low-surface concentration of the oxygen-con-
taining species in the reaction zone causes a high
overpotential of alcohol’s anodic oxidation process and a
low tolerance to the CO poisoning of platinum [8, 10]

(Pt)COad + (Pt)OHad — CO, + H" +e . (1)

A number of metals, such as Ru, Sn, Ni, Co, and Fe,
which adsorb oxygen at a higher cathodic potential than
platinum, have been introduced in platinum-based cata-
lysts. In this case, a bifunctional mechanism of electro-
catalysis applies (Eq. 2) [11]:

(Pt)CO4 + (M)OHyy — CO, + H' +e™. (2)

As is generally known, ruthenium has the best oxygen
absorbency and lability [7, 11], but many researchers are
turning their attention to cheaper metals, such as tin and
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nickel. Those metals have been introduced in the catalytic
system as ad-atoms [12, 13], as alloys with platinum
[14—-16] and metal oxides [17, 18]. An effective enhance-
ment of the catalytic properties of single-platinum crystals
by the deposition of irreversibly adsorbed ad-atoms was
found for the oxidation of methanol [19] and ethanol [20].

In all of these cases, significant catalytic effects when
using these electrodes have been obtained. However, it
should be noted that the ad-atom approach is a model system
that is necessary for developing an understanding of the
regularity of the processes on electrodes and the nature of the
catalyst, but it cannot be used in real fuel cells. Catalysts
containing alloyed particles are more stable, but non-noble
metal leaching will definitely reduce the catalytic effect with
time [21]. Additionally, the bi-phase PtSn 4+ SnO, com-
pared with the purely alloyed PtSn catalysts were more
active for ethanol electrooxidation at lower overpotentials,
which is of practical interest for applications such as the
catalytic system in direct oxidation fuel cells [22]

Another reason for the reduction of the fuel cell’s effi-
ciency during operation is the degradation of the catalyst
layer, which can be explained by catalyst particle
agglomeration [23] as well as the oxidation of the carbon
support [24, 25]. On this basis, the development of CO-
tolerant and resilient to oxidative degradation catalytic
materials is an important direction for the resolution of the
problem described above.

Traditionally, carbon black is used as the support for Pt
nanoparticles (Pt NPs) because it has a good combination
of electronic conductivity, specific surface area and
porosity. However, carbon corrosion during fuel cell
operation is one of the main reasons for the decrease of the
catalytic activity of Pt-based catalysts [23, 24]. To solve
this problem, other support materials, such as metal oxides
(MO,), were investigated [18, 26-36]. Some of the results
dedicated to this issue are summarized in Table 1:

It should be noted that all of those oxides (SnO,, NiO,
TiO,, WO3, CeO, and ZrO,) have shown good chemical
and electrochemical stabilities and, in some cases, a good
catalytic effect.

However, general problems in the syntheses of all of the
given materials are that the syntheses are (i) multistage and
complex (ii) time-consuming, as well as requiring (iii) the
use of corrosive reagents and organic solvents and (iv)
calcination at high temperatures.

Moreover, the values of the conductivity and specific
surface area of the metal oxides or hybrid supports are not
present in most of those studies. However, the metal oxides
are semiconductors, and the complete replacement of the
carbon support with MO, is problematic because of their
lower electrical conductivity. Thus, hybrid MO,/C mate-
rials should have the optimal mixture of conductivity,
catalytic properties and durability.
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Table 1 Comparative electrochemical behaviour of P/MO, or P/MO,—C catalysts obtained by different methods

MO, Method of Sger  Method of Pt Conditions Catalytic Durability test Note Ref.

or support (m? catalyst (electrolyte, effect

MO,~  preparation g~ ")  preparation method of

C measurements)

support

SnO, Co- - Chemical 0.1 M Increase in - Multi-step synthesis [18]
precipitation reduction. Pt HCIO4 + 0.5 M 4 times technique, calcination at
procedure particle size C,HsOH, CV, (at 0.6 V 300 °C.

5 nm CA vs. RHE)
Hard template 127,  Polyol 0.5 M H,SO4/H,, - 23 % ECA loss at Multi-step synthesis [30]
method 7 process. Pt CV, CA 1800 cycles in technique, duration more
particle size 0.6-12V than 2 days, calcination
1-3 nm (RHE) at 700 °C, the use of
corrosive reagents (HF)

NiO Precipitation - Polyol 0.5 M Increase in  — Multi-step synthesis [34]

method process. Pt H,SO4, + 2 M 1.25 technique, duration more
particle size CH;0H, CV times (at than 1 days, calcination
1, 6 nm 0.6 V vs. at 400 °C and higher

RHE)
Hydrothermal Microwave- 0.5 M Increase in Multi-step synthesis [28]

synthesis assisted H,SO4 + 1 M 3.3 times technique, duration more
polyol C,HsOH, CV (at 0.6 V than 2 days, calcination
process. Pt vs. RHE) at 540 °C
particle size
3.9-4.4 nm

WO, Hard template 86 Conventional 0.5 M H,SO4 1 % Increase in Multi-step synthesis [35]
replicating borohydride CO and 99 % H, 3 times technique, duration more
method reduction (volume scale) (after than 2 days, calcination

method. Pt CV, CA 400 s of at 773 K, the use of
particle size CA) corrosive reagents (HF)
5.2 nm
Hard template = 47 Microwave 0.5 M H,SO4, H,, - Stable after 2000  Multi-step synthesis [32]
method method. Pt CV, CA cycles in technique, duration more
particle size 0.6-1.2 V(RHE)  than 2 days, calcination
1-3 nm at 700 °C, the use of
corrosive reagents (HF,
HNO3)

TiO, Temperature - Microwave 05 M Increase in  — Multi-step synthesis [36]
reduction method. Pt H,SO4 + 1 M 7 times technique, calcination at
procedure particle size CH;0H, CV (at 04V 700 °C

3-5 nm vs. RHE)
- - Microwave- - - 22 % ECA loss at Calcination at 400 °C [33]
assisted 1000 cycles in
polyol 0.11-049 V
process. Pt (Hg/Hg2S04).
particle size
3-4 nm

CeO, Sol-gel Conventional 0.5 M Increase in  — Multi-step synthesis [29]

method ethylene H,SO4 + 05 M 2 times technique, duration more
glycol (EG) CH;0H, CV (at 0.6 V than 1 days, calcination
method. Pt vs. RHE) at 550 °C
particle size
2.5 nm

Hydrothermal Microwave- 05 M Increase in  1.23 times better ~ Multi-step synthesis [26]

synthesis assisted H,SO, + 05 M 1.79 after 1000 technique, calcination at
polyol CH;0H, CV times cycles during 300 °C
process Pt (forward methanol
particle size oxidation electrooxidation
2-4 nm peak)
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Table 1 continued

MO, Method of Sger  Method of Pt Conditions Catalytic Durability test Note Ref.
or support (m? catalyst (electrolyte, effect
MO,~  preparation ¢ ") preparation method of
C measurements)
support
710, Hydrothermal - Ethylene - - 41 % ECA loss at Multi-step synthesis [31]
synthesis glycol 2500 cycles in technique, duration more
reduction 0.05-12V than 2 days, calcination
method. Pt (RHE). at 160 °C,
particle size
2-4 nm
Intermittent Ethylene 05M Increase in Multi-step synthesis [27]
microwave glycol H,SO4 + 0.2 M 6.4 times technique,
heating reduction CH;0H, CV (forward
method method. Pt oxidation
particle size peak)
2.8-3.5 nm

CV cyclic voltammetry, CA chronoamperometry

MO, and MO,/C composite supports for Pt NPs can be
produced by different methods, including hydrothermal
synthesis [37], Bonnemann method [38], spontaneous
deposition [39], thermal decomposition of polymeric pre-
cursors [40] and precipitation [34, 41].

SnO, and NiO are the most inexpensive and available
metal oxides, whose properties and conductivities strongly
depend on their preparation conditions. Moreover, it was
found that these oxides promote Pt-based electrocatalysts
during the electrooxidation of small organic molecules
[42].

Nickel and tin oxides with a high electronic conductivity
and appropriate structural characteristics can be synthe-
sized by the electrochemical dispersion method [43—-46].
This method is based on electrochemical oxidation and
dispersion of metal electrodes under the action of an
alternating pulse current. The technique is characterized by
the simplicity of its procedure, high rate of the process, the
lack of a need to use capping agents, its calcination pro-
cedure and the ability to produce nanosized platinum-based
catalysts with various types of support—carbon black with
different microstructures [47] as well as metal oxide sup-
port [48].

The main goal of the current study is to prepare hybrid
MO,-C supports and Pt/MO,-C electrocatalysts an elec-
trochemical dispersion approach and to study their
activities and stabilities towards CO, methanol and etha-
nol oxidation in acidic and alkaline electrolytes. The
fundamental investigation of the electrocatalytic proper-
ties of these materials is important for their further
implementation in LTFCs, assisting the development of
fuel cells.

@ Springer

2 Materials and methods

2.1 Electrochemical preparation of hybrid MO,-C
supports and Pt/MO,—C catalysts (M = Sn, Ni)

For the preparation of hybrid MO,—C supports and Pt/MO,—
C catalysts (M = Sn, Ni), we used different approaches: the
preparation of hybrid MO,—C supports by the mechanical
mixing of metal oxide powders with carbon black (Fig. 1(i))
and a one-pot electrochemical preparation of the hybrid
pared by the same electrochemical dispersion technique and
deposited onto the hybrid MO,—C supports.

2.1.1 Metal oxide (MO,) powder preparation

Two tin or two nickel foil electrodes (thickness 0.25 mm) were
immersed in an aqueous solution of 2 M NaCl or 2 M NaOH,
respectively [43, 45]. The electrodes were connected to a pulse
alternating current (ac) source operating at 50 Hz. The current
density was 1 A cm;e%m. Under pulse ac operation, the metal
electrodes were oxidized and dispersed into the electrolyte
(Fig. 1(i)). The as-prepared metal oxide powder formed after
the electrolysis the products were collected by filtration, washed
with double distilled water, and dried at 80 °C to constant
weight. This treatment is referred to as purification.

2.1.2 Hybrid MO,—C support preparation

The hybrid MO,~C support preparation was carried out in
two ways. The first way was the mechanical mixing of a
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Fig. 1 Scheme of Pt/MO,—C (M = Sn, Ni) catalysts synthesis via
electrochemical oxidation and dispersion method. (a) Electrochemical
oxidation and dispersion of Sn or Ni electrodes under action of
alternating pulse current, current density 1 A cm™> and current
frequency 50 Hz; electrolyte 2 M NaCl for Sn, 2 M NaOH for Ni;
mechanical mixing. (b) Filtrating, washing with distillate water,
drying at 80 °C. (¢) Mechanical mixing of MO, and Vulcan XC-72 in
2 M NaOH. (d) Electrochemical dispersion of Pt electrodes under
action of alternating pulse current, current density 1 A cm™> and

desired amount of as-prepared metal oxide with a 30 g L™
suspension of the carbon black powder Vulcan XC-72
(Cabot. Corp.) in a 2 M NaOH aqueous solution. The
suspension was mixed with a magnetic stirrer for 1 h
(Fig. 1(i)). The second way involved the one-pot prepara-
tion of the hybrid MO,-C supports (M = Sn, Ni) via
electrochemical oxidation and the dispersion of the tin or
nickel electrodes in a suspension of Vulcan XC-72in2 M

be noted that the N10—C hybrid supports in contradlstmc-
tion to the SnO,—C hybrid supports do not need to be
purified before the Pt dispersion process because the dis-
persions of the platinum electrodes and nickel electrodes
are carried out in the same aqueous solution. The SnO,—C
hybrid supports need to be purified (second stage) because
2 M NaCl was used as the electrolyte, and Cl™ ions can
subsequently have a negative effect on the platinum dis-
persion process.

2.1.3 Pt/MO,—C catalyst preparation

Two platinum foil electrodes were immersed in the sus-
pension of the hybrid MO,—C support in a 2 M NaOH
aqueous solution and were electrochemically dispersed
under a pulsed ac operation at 50 Hz, and the current
density was 1 A cmgezom, as was reported in [46]. Finally,
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current frequency 50 Hz; electrolyte 2 M NaOH + MO,—C, mechan-
ical mixing. (e) Electrochemical oxidation and dispersion of Sn
electrodes under action of alternating pulse current, current density
1 Acm™? and current frequency 50 Hz; electrolyte 2 M
NaCl + Vulcan XC-72; mechanical mixing. (f) Electrochemical
oxidation and dispersion of Ni electrodes under action of alternating
pulse current, current density 1 A cm™2 and current frequency 50 Hz;
electrolyte 2 M NaOH + Vulcan XC-72; mechanical mixing

the freshly prepared Pt-MO,/C catalysts (M = Sn, Ni)
were purified as described above. The metal oxide loading
in the catalysts was 30 and 60 %, with a platinum loading
of 25 %. For comparison, Pt/C catalysts were prepared the
same way as was reported earlier [46].

2.2 Physical characterization of catalysts

The XRD studies and crystallite size determination were
performed with an ARL X’TRA powder diffractometer,
Thermo Scientific, (Cu K, target, 1 = 1.5418 A). XRD data
were collected in the 26 range of 20°-100° using step scan
mode with a step width of 0.01° and a step time of 2.00 s. A
sufficient intensity could be obtained with this step width and
was found to be suitable for obtaining a satisfactory profile
shape. The average grain size was determined after applying
a correction for the instrumental and strain broadening using
the well-known Scherrer equation (Eq. 3):

D = K1/(FWHM cosf), (3)

where /A is the wavelength, D is the volume averaged grain
size, K = 0.89 is the Scherrer constant, FWHM is the full
width at half maximum of the diffraction peak, and 6 is the
Bragg angle of the [h k 1] reflection.

The morphology of the Pt/MO,—C catalysts was inves-
tigated using a ZEISS Supra 25 unit operated at 20 kV. A

@ Springer
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practical size distribution of samples was obtained with
transmission electron microscopy (TEM) using a JEM-
2100 (JOEL).

Low-temperature N, adsorption and desorption mea-
surements were performed using a Micromeritics ASAP
2020 analyser at 77 K. All of the investigated samples were
degassed at 473 K for 24 h in a vacuum prior to the
adsorption experiment. The specific surface area was
determined in the relative pressure range 0.05 < P/
Py < 0.20 according to the Brunauer—-Emmett—Teller
(BET) method for NiO, SnO, and hybrid MO,~C materials.

The electrical conductivity (o) of the metal oxide
powders and hybrid MO,—C supports was measured at
room temperature using a four-electrode arrangement. The
powdered material was compressed (500 kPa) in a glass
tube (0.4 cm diameter) between two brass electrodes. The
value obtained for the electric conductivity was determined
in the range between 0 and 1.5 A (scan rate 100 mA s_l).

2.3 Electrochemical measurements

The electrochemical measurements were performed at
room temperature using a potentiostat/galvanostat P-30 J
(Elins) in a three-clectrode cell. Platinum wire was used as
a counter electrode. The potentials were measured versus a
saturated Ag/AgCl reference electrode. The potentials cited
in this work were related to the reversible hydrogen elec-
trode (RHE).

The catalytic ink was prepared with 14 mg of catalyst,
1 mL of isopropanol and 24 pL of a 10 wt% Nafion®
solution (Du Pont). The mixture was mixed with a mag-
netic stirrer (30 min), and 60 pL of the catalytic ink was
dropped onto a glassy carbon electrode (~0.2 mgp,) and
dried at 80 °C in air for 40-50 min.

Cyclic voltammograms (CVs) were conducted in a
nitrogen-saturated 0.5 M H,SO,4 or 1 M NaOH electrolyte
for a potential range of 50 to 1300 mV versus RHE. Before
CV testing, the working electrode was cycled for 20 cycles
to stabilize the system. The activity of the synthesized
catalysts for the methanol oxidation reaction (MOR) and
ethanol oxidation reaction (EOR) was measured by
potential cycling between 50 to 1300 mV versus RHE in a
0.5 M H,SO, + 0.5 M alcohol or 1 M NaOH + 0.5 M
alcohol electrolyte.

The CO-stripping voltammograms were used for the
determination of the electrochemically active surface area
(ESA) of the Pt/C electrocatalysts. CO was adsorbed at the
surface of the working electrode by bubbling CO through
0.5 M H,SO, for 15 min, while the electrode was kept at a
constant potential of 300 mV versus RHE. After CO bub-
bling, the electrolyte was purged with N, (30 min) to
remove the dissolved CO, and the CV curves were mea-
sured. The charge required for the desorption of a CO,q4

@ Springer

monolayer was 420 uC cm™? of the true surface, i.e. only
linear CO,4s adsorption was assumed.

The ESA was evaluated by calculating the charge
accumulated during CO adsorption after subtracting the
double-layer charging current (Eq. 4),

Oco

ESA=—""—|
Om X gpt

(4)
where Qco (HC) is the charge passed during the CO oxi-
dation, gp, is the mass of Pt on the working electrode and
Om = 420 (nC cm_z) [49]—the charge required for the
desorption of a CO,4, monolayer.

3 Results and discussion

3.1 Physical characterization of oxides MO,, hybrid
supports MO,—C and Pt/MO,—C catalysts
(M = Sn, Ni)

The oxide materials synthesized during the first step with
route (i) were characterized by means of XRD. The anal-
ysis of the patterns for pure tin dioxides (blue line in
Fig. 2a) showed that it has the typical tetragonal structure
of SnO, [space group: P42/mnm (no. 136)] with a unit cell
parameter a = 4.739 A that is slightly larger than that of
rutile SnO, (a = 4.737 10%), as was also reported in [50].
Earlier, we showed that a small amount of less than
1.5 at% of Cl is included in the as-prepared SnO, powder

5 2 2 & = 5
2 £z85 § @ '
| g g7 ¢ b i
= 1] 2] 2 a3
: | 3
- 3
> l l PY/Sn0,-C (60% SnO,) =
z _ . ‘
Q o ) -
E PY/Sn0,-C (30% Sn0,) 5nm = (c)
"
30 40 50 60 70
2 Theta / degree
252 G g ()
CEox e z
5 2127 z &
S TN
<
2 Pt/NiO-C (60% NiO)
172}
=
g PUNIO-C (30% NiO)

30 40 50 60

2 Theta / degree

Fig. 2 XRD patterns of metal oxides and Pt catalysts on hybrid
Sn0O,—C (a) and NiO-C (b) supports; TEM images of Pt (c), SnO,
d nanoparticles and NiO plates e synthesized via electrochemical
oxidation and dispersion technique
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Fig. 3 Conductivity (a) and 7
BET specific surface area (b) of 1 _(a) % * 240 * (b)
carbon black Vulcan XC-72, 210
Sn0, and SnO,-C, NiO and - ol = L) o
NiO-C materials. Shaded area g - g 180 2
shows the interval of threshold v -1} ~ 150
percolation for different models o u 2 9
of conductivity of strongly Lo -2F 120
inhomogeneous media [53] 90
3. 8
0 20 40 60 80 100 0 20 40 60 80 100
Vulcan XC-72 /% v.v Metal oxide / % wt.
B SnO, and SnO,-C materials
® NiO and NiO-C materials
* Carbon black Vulcan XC-72
[43] indicating the considerable oxygen deficiency of the  single crystals of NiO (107°Scm™') and SnO,

as-prepared SnO, powder. Moreover, chlorine has an ionic
radius (1.83 A) that is larger than that of oxygen (1.4 A),
and the substitution of a O>~ site by a C1™ ion leads to high
lattice strain, hence, the increase in the unit cell parameter.

The analysis of the patterns for pure nickel oxides (blue
line on Fig. 2b) showed that the unit cell parameter of the
as-prepared NiO is 4.194 A. This is greater than the stan-
dard value of 4.17 A (Fm3m, JCPDS 75-0269). As was
shown earlier [45, 51], the increase in the unit cell
parameter may be caused by the doping of NiO by Na*
during the synthesis to form a solid solution of Na,
Ni?*,, Ni**O. The ionic radius of sodium (1.02 A) is
considerably larger than the ionic radius of nickel (0.6 A),
which means the substitution of a Ni*" site by a Na™ ion
results in lattice strain and increases the unit cell parameter.
Thus, the used electrochemical technique allowed for the
metal oxides with defect-induced structures.

The average crystal sizes calculated by using Scherrer
equation are 15.6 and 9.1 nm for SnO, and NiO, respec-
tively. However, the SnO, morphology can be described as
individual particles, while the NiO morphology is a tightly
packed array of nanoplates with a length of 500-2000 nm
(Fig. 2d, e). Thus, SnO, particles are slightly smaller but
comparable to carbon black particles (3040 nm), while
NiO particles are significantly larger.

It should also be noted that the doping of the p-type
semiconductor NiO by the cation Na® and of the n-type
semiconductor SnO, by the anion Cl~ leads to an addi-
tional increase in the nonstoichiometry; therefore, it can
lead to an increase in the conductivities of the synthesized
metal oxides. The conductivities of the synthesized NiO
and SnO, were 1 X 1073 and 5 x 1072S cm_l, respec-
tively, (Fig. 3a), and are some orders of magnitude higher
than the room temperature conductivities of stoichiometric

(>10"*S em™) [51, 52].

Although the conductivities of the as-prepared metal
oxides are sufficiently large for a semiconductor, it is
necessary to increase the conductivity by 2-3 order to use
the metal oxides as supports for fuel cell catalysts. This is
possible through the introduction of a good electronic
conductor—carbon, thus creating a hybrid support “elec-
tronic conductor-semiconductor”. The dependence of the
conductivity of such materials on the composition of the
material is described by the percolation theory in strongly
inhomogeneous media [53]. Based on this theory, we cal-
culated the area of the metal oxide and carbon black
loading where a percolation conductivity has to be
observed, regardless of the particle morphologies of the
two different components. The minimum value of the
content of the conductive component in the material should
be at least 65 v.v%. In Fig. 3a, the percolation area is
highlighted by shading. The prepared materials have 68—70
and 87-88 v.v% of carbon black, which corresponds to 60
and 30 wt% of metal oxide. To eliminate the influence of
the possible leaching of the less noble component (MO,)
during catalyst exploitation, we used the supports with the
highest possible oxide loading. Figure 3a clearly shows
that the prepared MO,-C hybrid supports have a high
electronic conductivity, which increases with the carbon
black loading, that is generally similar to the conductivity
of carbon black (20 S cm™'). Thus, we determined the
compositions that may be used as a hybrid support for the
platinum catalysts of fuel cells.

The BET specific surface areas of the bare metal oxides
and the hybrid support SnO,—C and NiO-C composites are
shown in Fig. 3b. The as-prepared bare metal oxides have
low specific surface areas of 82 and 79 m”> g~' for tin
dioxide and nickel oxide, respectively. However, when the
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Fig. 4 Scanning (a, d, g) and transmission (d, e, h) electron microscopy images; platinum particles size distribution (c, f, i) in Pt/C (a—c) and Pt/

SnO,—C (d—f) and Pt/NiO-C (g-i) catalysts

carbon black Vulcan XC-7 was added, the specific surface
area of the hybrid supports increased linearly. Even with a
high loading of metal oxides (60 wt%), the specific surface
areas of the hybrid supports are approximately 150 m* g~ ',
which is sufficient to create an appropriate (proper) inter-
face with the fuel cell’s catalytic layer.

The prepared Pt catalysts based on the MO,—~C hybrid
supports were also investigated by XRD. The XRD pat-
terns of the Pt/C and Pt/MO,~C catalysts synthesized via
the electrochemical oxidation and dispersion method are
shown in Fig. 2a, b, and a TEM image of a Pt particle is
shown in Fig. 2c. Three well-defined diffraction peaks at
39.6, 46.1 and 81.3° are assigned to the (111), (200) and
(220) crystal planes, respectively, of the Pt face-centred
cubic structure [space group: Fm3m (no. 225)]. In fact, the
particle size along the [111] (D;;;) calculated from the
Scherrer equation is 10.6 nm [46]. The metal oxide
diffraction peaks display lower intensities, which increase
with metal oxide content.

Scanning and transmission electron microscopy studies
of the Pt/C and Pt/MO,—C catalysts showed that the plat-
inum particles have a uniform distribution over the surface
of the metals oxide as well as on the carbon surface
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(Fig. 4). Both Pt/NiO-C and Pt/SnO,—C catalysts have
rather narrow size distributions of approximately 6-8 nm;
however, as it is clear from the TEM images for Pt/SnO,—
C, the presence of Pt agglomerates is more characteristic
(Fig. 4e).

3.2 Electrochemical measurements

3.2.1 ESA and features of CO electrooxidation on Pt/
MO,—C catalysts

The ESA is the most important characteristic of the elec-
trocatalytic materials. For the determination of the ESA,
the CO-stripping method was used. The voltammetric
curves corresponding to the CO-stripping from the Pt/
MO,—C catalysts are presented in Fig. 5. The activity of Pt/
C catalyst obtained by the same method is shown for
comparison. The EAS of the Pt/C catalyst was 12 m? g~ ",
while the presence of a metal oxide in the catalytic system
leads to an increase in the specific surface area of the
catalyst to 15 m*g~' for the PtNiO-C catalyst and
17 m* g7 for the Pt/SnO,—C catalyst (Table S1). The
increase of the EAS in the presence of metal oxides can be
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Fig. 5 CO-stripping on Pt/
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due to a decrease of the Pt particles size and the better
electrochemical performances of Pt on the surfaces of the
metal oxides. In the presence of MO,, the electrical
capacitance of the double electric layer of the Pt-based
catalysts at 0.4-0.6 V decreases, as was shown in [54], and
the hydrogen adsorption—desorption peaks are expressed
more clearly.

It was observed that the Pt/C catalyst demonstrates an
onset potential of CO oxidation at 0.55 V and a potential of
the CO oxidation peak at 0.73 V (Fig. 5). In the presence
of MO, and with increasing metal oxide content in the
hybrid supports, the onset and peak potentials for CO
oxidation are shifted in the cathodic direction, i.e. the
overvoltage oxidation of CO adsorbed on the platinum
decreases. In general, the overvoltage of the CO oxidation
at Pt/SnO,—C is reduced by 90-140 mV, which is more
than that at Pt/NiO—-C (30-90 mV) in comparison with Pt/C
catalyst (Table S1). This tendency is particularly expressed
for Pt/SnO,—C, where the differences between the onset
potentials of CO-stripping at the Pt/SnO,—C and Pt/C cat-
alysts are 140 and 160 mV for Pt/SnO,—C (30 % SnO,)
and Pt/SnO,—C (60 % SnQO,), respectively. Although the
presence of platinum agglomerates on the Pt/SnO,—C cat-
alysts was observed by SEM and TEM (Fig. 4), this fact
does not affect the value of the onset potential of CO
oxidation on those catalysts. This may be attributed to a
lack of influence of the aggregation effect on the onset
potential and peak potential of CO oxidation [55].

The electrocatalytic behaviour of the Pt/MO,~C hybrid
support is consistent with the well-known bifunctional
mechanism of CO oxidation [11, 56]. Because OH,4 forms
on the MO, surface at lower potentials than on Pt, CO
oxidation occurs at the Pt/MO,~C catalysts at lower

potentials than at Pt/C, reducing the anodic overvoltage
and increasing the useful fuel cell voltage.

This enhanced effect of metal oxides on the stripping of
CO adsorbed on the Pt surface was observed in previous
studies [18, 54, 56, 57]. In [18], the CO stripping peak at
Pt/NiO-C was shifted to the cathode side by 80 mV
compared with that on Pt/C. The ESA of the catalysts in the
presence of nickel oxide was higher than the value for the
pure Pt/C catalyst. In [57], an analogous effect was
observed for Pt/SnO,—C—the potential of the CO oxidation
peak was observed at 0.62 V (RHE) compared with that at
the Pt/C catalyst (0.76 V (RHE)). However, unlike [18] in
[57], the ESA of catalysts in the presence of metal oxides
was reduced more than ten times because of Pt particle
agglomeration, which is due to the Pt selectively depositing
onto the oxide sites [57]. It is very important to prepare
catalysts with a good ratio of the sizes of the Pt and MO,
particles and their loading in the catalyst, which allow for a
three-phase boundary of platinum-metal oxide—carbon.

3.3 Electrochemical oxidation of alcohols

The as-prepared materials were tested for the electrooxi-
dation of methanol and ethanol. The quasi steady-state
polarization curves for the MOR and EOR at the Pt/MO,—C
(M = Sn, Ni) catalysts are presented in Fig. 6. The Tafel
slope for the methanol electrooxidation process is
60-63 mV for all of the investigated catalysts (Fig. 6a, b),
as is usually observed on polycrystalline Pt and Pt/Pt
electrodes [58]. The electrooxidation of ethanol is more
difficult because of the slow rate of the adsorption step.
The Tafel slopes in these cases are 152—-132 mV [59],
depending on catalyst composition, and they decrease with
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Fig. 6 Tafel plots of Pt/SnO,—
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the increasing content of the oxide phase (Fig. 6¢, d). In the
Tafel region, the rate of MOR and EOR processes on the
Pt/MO,—C catalysts are increased by 4-5 and 5-7 times,
respectively, in comparison with Pt/C.

The CV curves of the Pt catalysts on the pure carbon
(Vulcan XC-72) support Pt/C and the hybrid metal oxide—
carbon supports Pt/SnO,—C, and Pt/NiO-C were measured
in 0.5 M CH;0H and 0.5 M C,HsOH in acidic 0.5 M
H,SO, (Fig. S2) and alkaline 1 M NaOH (Fig. S3) solu-
tions. The presence of the metal oxide in the support
caused a cathodic shift of the onset and peak potential of
the alcohol’s oxidation on both the forward and reverse
scans (Fig. 7, black lines; Table S1). In particular, in the
acidic medium, the MOR at Pt/C starts at nearly 0.65 V,
while the onset potentials for Pt/SnO,~C (30 % SnO,) and
Pt/SnO,-C (60 % SnO,) are 0.56 V and 0.58 V, respec-
tively (Fig. 7a, black solid line). In the case of the EOR, the
onset potential of the process at Pt/SnO,—C (30 % SnO,)
and Pt/SnO,—C (60 % SnQ,) is approximately 0.50 V and
0.55 V, respectively, which represent cathodic shifts of 170
and 120 mV, respectively, compared with the Pt/C catalyst
(0.67 V) (Fig. 7b, black solid line). The tendency for the
decrease of the onset potential of the MOR and EOR in the
acid medium was also observed for the Pt/NiO-C catalysts
(Fig. 7a, b, dash lines). The largest cathodic shift of the
onset potential for alcohol oxidation of 110 mV was
observed for the catalyst with a 60 % nickel oxide content
in contrast to the Pt/SnO,—C catalysts in which the highest
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effect was demonstrated with a 30 % tin dioxide content
(Table S1).

The surface specific activity (SSA) of the as-prepared
catalysts for alcohol oxidation at 0.6 V (on the forward
scan) depends on the composition of the hybrid support.
Therefore, in the acid medium, the SSA of tin dioxide
containing materials has a maximum at 30 % SnO,. In this
case, the SSA increases by approximately five times for the
MOR and by more than seven times for the EOR compared
with the SSA for Pt/C (Fig. 7 a, b, solid red lines). At the
Pt/NiO-C catalyst, the influence of the metal oxide pres-
ence is less expressed—the maxima increases of the SSA
are only approximately 2 and 4 times for the MOR and
EOR, respectively, with 60 % NiO in the support (Fig. 7a,
b, dash red lines). These data agree with the results under
quasi steady-state conditions (Fig. 6).

In contrast to the oxidation in the acidic electrolyte, the
presence of a metal oxide in the catalytic system caused a
decrease in the overall rate and onset potential of the
alcohols’ oxidation in alkaline media (Fig. 7c, d). In all of
the cases, the onset potentials of the methanol and ethanol
electro-oxidations in the presence of a metal oxide in the
support are shifted towards more anodic potentials. In
alkaline solutions, the specific surface activity of the Pt/C
reference catalyst is higher than that for Pt/MO,-C
(Table S1).

Discussing the results, we have to answer two main
questions: why does the presence of a metal oxide in the
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catalyst composition accelerate the alcohol oxidation pro-
cess in the acidic medium and inhibit the process in the
alkaline medium? And why do the Pt catalysts on supports
with different metal oxides show a different dependence of
the catalytic activity on the oxide loading in the hybrid
supports?

The forward scans of the alcohol oxidation curves
measured in 0.5 M H,SO4 and 1 M NaOH at Pt/C and Pt/
MO,-C are presented in Fig. 8. The MO,-C hybrid sup-
ports with 30 % SnO, and 60 % NiO were selected for
comparison as the most active catalytic materials. Lines A
and B indicate the onset potential of the alcohol elec-
trooxidation in acidic and alkaline solutions, respectively.
The overall alcohol electrooxidation process at the pure Pt
or Pt/C electrode, sometimes named the ‘dual pathway’,
consists of parallel reactions, which can be formulated as
shown in Fig. 1. For the realization of both of these path-
ways, a catalyst is required, and it should be able to
(i) adsorb alcohol molecules and promote the dissociation
of the C—H bond and C—C bond, leading to the formation of
adsorbed intermediates (CH,, CHO, CO, etc.) [60] and (ii)
facilitate the reaction of the adsorbed particles with some
O-containing species to form CO,, HCOOH or CH;COOH.
This means that on the surface of the catalyst has to be a
certain balance between the adsorbed organic particles and
oxygen-containing particles. The coverage of the catalyst’s
surface by any type of adsorbate depends on the electrode
potential. Therefore, the adsorption of alcohols at the sur-
face of polycrystalline Pt can only begin at potentials near
0.2 V (RHE), but a strong interaction of water with the Pt
surface is only possible at potentials above 0.45 V (RHE).
This explains the fact that a high rate of oxidation at pure

Metal oxide loading / %

Pt occurs at potentials of ~0.7 V (RHE) in the acidic
solution, which is too anodic for fuel cell applications [7].

There are two ways to solve this problem. The first way
is to increase the electrolyte pH, resulting in a change of
the alcohol oxidation kinetics and better polarization
characteristics of the alcohol oxidation on platinum com-
pared with acidic media [61]. The difference between the
onset potentials of the methanol and ethanol electrochem-
ical oxidations at Pt/C in acidic and alkaline electrolytes is
approximately 200 mV (RHE), because, in alkaline media,
OH,q4 formation is initiated at the Hypq potential region in
contrast to that in acidic media [62]. Therefore, most
electrocatalytic processes should be more facile in alkaline
solutions than in acidic solutions [63]. The second way is
using a two-component catalysts, for example, a Pt alloy
with oxygen adsorbing metals or Pt supported on metal
oxides, which allow for the creation of more favourable
conditions for the alcohol electrooxidation process at Tafel
region potentials. In this case, alcohols molecules are
adsorbed with dehydration on the Pt surface, while the
oxygen adsorbing metal provides the presence of oxygen-
containing species in the reaction zone. On the other hand,
in [64], it is suggested that the differences between the
EOR in acidic and alkaline media mainly arise from the
different reactivities of the adsorbed intermediate CH,
species in the alkaline solution.

In the acid electrolyte, the presence of tin dioxide in the
catalyst composition has a greater impact than the presence
of nickel oxide. The maximum effect is observed for a
catalyst with 30 % SnO,: the onset potential of the ethanol
oxidation shifts toward the cathode by 170 mV (Fig. 8).
The mechanism of the accelerating effect of the oxide
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component in the support for the MOR can be explained by
the theory of bifunctional catalysis. [7, 65]. In the case of
the EOR, electronic ligand effects are possible as well [56].
In the alkaline electrolyte, the presence of an oxide in the
catalyst composition does not affect the process of ethanol
oxidation (Fig. 8d—f), and negatively affects the oxidation
of methanol. The onset potential of methanol oxidation in
the presence of a nickel oxide is shifted to the anode side
(Fig. 8a—c). Taking into account the high coverage of the
Pt surface by OH,4 in alkaline media, sometimes the
additional introduction of O-adsorbing metals can further
enhance the surface concentration of OH, which induces
negative effects, e.g. inhibits alcohol adsorption [7]. Thus,
the coverage of OH,4 on the Pt surface plays an important
role in the overall process rate: a promoting effect at low-
surface coverage and an inhibiting effect at high surface
coverage [62, 65]. It is likely that in the presence of oxides
in the catalyst, the surface coverage of platinum by OH,4
species increases too strongly. This impedes the adsorption
of alcohol molecules and reduces the rate of its oxidation.

By analysing the data of two-component catalysts with
various chemical and physical methods, it should be noted
that the approach proposed by us to introduce a second
metal not into the active part of the catalyst (platinum or
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alloy, ad-atom, etc.) but in support and creation of a hybrid
support, MO,—~C provides higher catalytic effects for the
alcohol oxidation reactions (Table S1).

As for the second question, why are the contents of the
oxide in the more effective catalysts for electrochemical
alcohols oxidation different—60 % for NiO and 30 % for
SnO,? One of the reasons for may be the differences in the
morphology of the oxides. The tin dioxide particles have a
spherical shape and sizes of approximately 15-20 nm [43],
[43], and the morphology of the prepared NiO is nanosh-
eets of approximately 500-2000 nm in length and 20 nm in
thickness [45], while the specific surface areas of the metal
oxides are very similar: 82 and 79 m? g~ for tin dioxide
and nickel oxide, respectively. Therefore, some part of the
nickel oxide is essentially not available for contact with the
platinum particles and cannot participate in an electro-
chemical reaction.

3.4 Durability tests

The stability of the catalyst and the fuel cell, in general, is
largely dependent on the stability of the catalyst support.
Because the catalysts work under very strict conditions
and, in the presence of platinum, carbon oxidation occurs,
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Fig. 9 CV curves of Pt/C (a),
Pt/SnO,~C (30 %) (b), Pt/NiO-
C (60 % NiO) (¢) and
normalized Oy (d) during
cycling in 0.5 M H,SO,, scan
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the corrosion of the carbon support in the vicinity of the
platinum nanoparticles causes a loss of its contact with the
support and is thus out of the reaction zone [66]. One can
expect that the introduction of a metal oxide in the support
will have a positive impact on the catalyst’s durability.

We investigated the stability of the synthesized Pt/MO,—
C (M = Sn, Ni) catalysts by cycling in 0.5 M H,SO, over
a potential range of 0.05-1.3 V versus RHE. Although the
synthesized catalysts are designed for use as anodes of fuel
cells (hence, their potential cannot rise above 0.7 V), we
decided to test the catalysts under stricter oxidation con-
ditions to definitively establish the differences in the sta-
bilities of the carbon and hybrid supports.

Figure 9 shows the CV curves of the Pt/MO,-C cata-
lysts in 0.5 M H,SO, during cycling and the dependence
of the charge of hydrogen desorption, which is normalized
to the maximum amount of charge from the cycle num-
bers. It is clear that there are dramatic changes in the Pt/C
catalyst CV curves under cycling. For the first 50 cycles,
the values of the charge of hydrogen desorption increases
(Fig. 9a, d) due to the purification of the platinum surface.
However, after the 1000th cycle, the catalyst is nearly
completely degraded. The peaks characteristic of platinum
CVs (the reverse peaks of the desorption and adsorption of
hydrogen and the irreversible peaks for the adsorption—
desorption of oxygen) disappear. The oxidation peaks of
the carbon support and the so-called “quinone” peak
appear on the anode scan in the dual-layer potential region,
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and the “hydroquinone” peak appears at 0.4 V in the
cathode scan with an increase in the current value of the
last one. The behaviour of the Pt/NiO-C catalyst is the
same, but the rate of catalyst degradation is somewhat
higher than that of Pt/C (Fig. 9c, d) and is probably due to
the solubility of NiO in the acidic medium. The catalyst
based on the hybrid support containing tin oxide is sig-
nificantly more stable (Fig. 9b, d, S4). The value of the
charge of hydrogen desorption after 1500 cycles decreases
to 60 %, while it has a tendency to stabilize for all of the
catalysts on the SnO,—C support, independent of tin oxide
loading (Fig. 9d). In the alkaline solution, the stability of
the catalysts is very high for the Pt/C and Pt/NiO-C cat-
alysts (Fig. S5).

Thus, the catalysts of the MO,—C hybrid supports
demonstrated a higher catalytic activity in the oxidation of
alcohols as well as Pt/SnO,—C catalysts demonstrated a
higher stability than the Pt/C catalyst.

4 Conclusions

In summary, we propose an electrochemical technique for
the preparation of hybrid MO,—C (M = Sn, Ni) supports
via the electrochemical oxidation and dispersion of a metal
under the influence of a pulsed alternating current. The
proposed method is free from the drawbacks of other
preparation methods, such as being multistage and

@ Springer



1258

J Appl Electrochem (2016) 46:1245-1260

complex, time-consuming, as well as having the necessity
of using corrosive reagents and organic solvents and a
calcination step at high temperatures. The hybrid MO,—C
supports with an oxide loading of up to 60 % have good
electrical conductivity and proper BET surface areas. In
addition, we prepared and investigated Pt/MO,—C
(M = Sn, Ni) catalytic systems with oxide contents of 30
and 60 % in hybrid supports and a Pt content of 25 % for
the electrochemical oxidation of methanol and ethanol in
acidic and alkaline solutions. The presence of tin dioxide in
the hybrid support for catalysts decreases the onset
potential of ethanol electrooxidation in acidic solution by
170 mV and increases the rate of the oxidation process by
more than sevenfold at the low potential region that is
important for direct alcohol fuel cell applications. In
alkaline solutions, the presence of a metal oxide in cata-
lysts is not effective, probably because of the high value of
coverage of the platinum surface with OH,q4 species. The
difference in the optimum oxide content (30 % for SnO,
and 60 % for NiO) for the catalyst can be attributed to the
different morphologies of the oxides. The Pt catalyst on the
SnO,—C and NiO-C hybrid supports exhibited superior
electrochemical stability in acidic and in alkaline media,
respectively.

Thus, the proposed electrochemical method of produc-
ing hybrid supports systems may be extended to other
metals, and we hope that this method will be useful to
create electroactive hybrid materials for electrochemical
energy conversion and storage devices.
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