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ABSTRACT

The impregnation method was used to synthesize Pt and Pt;Co supported on MWCNTs applying NaBHj as the reducing agent.
The structure, morphology, and chemical composition of the electrocatalysts were characterized through SEM, XRD, and EDX.
X-ray diffraction showed a good crystallinity of the supported Pt nanoparticles on the composites and showed the formation of
Pt;Co alloy. The SEM images revealed that the particles of Pt;Co were deposited uniformly on the surface of MWCNT with a
diameter of 10 nm. EDX analysis confirmed the surface segregation of Co and Pt occurred (1:3 surface atomic ratio Pt-Co) for
the Pt;:Co/MWCNT nanocomposite. The Pt;Co/MWCNTSs and Pt/MWCNTs electrocatalysts’ electrochemical performance was
assessed against the methanol oxidation reaction (MOR) in 0.5 M H,SO4 solution using the chronoamperometry (CA) and the
cyclic voltammetry (CV) methods. The minimum onset potential and the largest oxidation current density were obtained at
Pt:Co/MWCNTs electrocatalyst. The Pt;Co/MWCNT catalyst with a good alloying degree has been shown to have better anti-
poisoning ability, electrochemical activity, and long-term durability than PMWCNT catalysts, approved by the bimetallic
catalysts’ bi-functional mechanism.
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1. Introduction Numerous electrocatalysts have been used for
oxidization of methanol [6-11], but the largest
electrocatalytic activity is obtained at Pt and Pt-based
alloys [12,13]. The high adsorption of carbon monoxide
on Pt slows down the methanol oxidation reaction’s
(MOR) kinetics [14,15], assuming the high amount of
Pt metal as a catalyst. Two techniques have been chosen
to solve the problems. The first is based on the Pt
nanoparticles’ dispersion on an appropriate support.
Different types of substrates have been assessed
including polymer matrices [16,17], carbon nanotubes
[18-20], and carbon black [21-23]. CNTs have been
reported as the major focus of numerous studies, owing
to their superior structural and electrical features
including good electronic conductivity, great
chemically active surface, and great chemical stability

The progression of novel materials that can overcome
complicated difficulties in clean energy conversion,
generation, and storage is crucial for obtaining a
substitute for environmentally unfriendly fossil fuels.
Fuel cells are efficient, clean and suitable for renewable
energy sources and carriers needed for sustainable
progression and security of energy. Recently, the
methanol electro-oxidation has attracted the attention of
scholars since direct methanol fuel cells (DMFCs) are
great power sources for future [1-3]. As with fuel,
methanol has many privileges in comparison with pure
hydrogen. Methanol has a higher density of energy
compared with hydrogen. It could be conveniently
transported, stored, and controlled with the infra-
structure as a liquid at environment conditions [4,5].

[24-26].
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Tel.: +98 21 88221117; Fax: +98 21 8822 1117 nickel can be applied to change the Pt catalysts’ nature
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The addition of a co-catalyst to platinum can improve
the electrocatalytic function of active sites via reducing
problems of poisoning. One of the difficulties for
determination of the impact of alloying by supported
catalysts is that a supported catalyst’s activity may
possess a broad range of values based on its preparation
method on the microstructure. The nanoparticles’
inherent activity is based on shape, particle size, and
composition. There is no separate value of the specific
activity if they normalized by the area of Pt surface.
Since the particles of alloyed Pt catalyst cannot have the
similar particle size or form as Pt catalysts, a plain
comparison of activity normalized through mass or
surface area is not adequate to diagnose real alloying
influences. Moreover, since surface segregation and
segregation-triggered  variations in the surface
electronic features are not known for nanoparticles of
Pt-bimetallic, the impact of atomic structure and
chemical composition on reactivity has not been
specified yet. These complications regarding supported
catalysts emphasize the need for investigation of the
effects of atomic structure and composition of
intermetallic on MOR. Bimetallic Pt-Co catalyst shows
a superior electrochemical activity compared with Pt-Ni
and Pt-Fe catalyst [32,33]. Thus, this finding leads us to
deeply assess the Pt-Co catalyst’s electrochemical
activity on CNT for application of DMFC. Here,
advanced concepts can be utilized to comprehend and
anticipate the MOR reactivity induced by the influences
of alloying Pt with the Co in PtCo/MWCNTs
electrocatalyst.

This study aimed to assess the coordination atomic
between structures of binary Pt;:Co/MWCNTs
nanoparticles and their manipulation to enhance the
electrocatalysts provided by chemical reduction
employing a strong reducing agent (NaBH4). The
surface was further characterized using X-ray
diffraction (XRD), scanning electron microscopy
(SEM), and energy dispersive X-ray spectroscopy
(EDX). The electrocatalytic activity of these
Pt:Co/MWCNTs catalysts was evaluated toward MOR
in HoSOy4 solution. The result indicates that the higher
Pt:Co/MWCNTs electrocatalytic activity and platinum
active sites’ stability in MOR can be attributed mainly
to the atomic structure and morphology of the
electrocatalysts and composition of Pt3Co nanoparticles
on MWCNTs.

2. Experimental

2.1. Materials and apparatus

Cobalt chloride hexahydrate (CoCl».6H»0),
Hexachloroplatinic acid hexahydrate (H,PtCls.6H,0),
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and sodium borohydride (NaBH4) were obtained from
Merck. MWCNTs were purchased from Alfa ascer and
Nafion (5 w.t. %) were purchased from Aldrich. XRD
analyses were done on an STOE-STADV X-ray
diffractometer with the Cu Ko (k=1.5406A) radiation
source functioning at 40 kV and 40 mA. The
nanocomposites’ bulk composition was evaluated by
energy dispersive X-ray analysis (EDX) in a SEM
(MIRA3 LMU, TESCAN co.)

2.2. Preparation of electrocatalysts

Multi-wall carbon nanotubes (MWCNTSs) were handled
by refluxing in HoSO4 98% and HNO;3; 70% (3:1 V/V)
mixture at 90 °C. In order to prepare Pt;Co/MWCNTs
nanocomposites, 50 mg of the MWCNTSs were entered
into 20 ml deionized water. Then, an aqueous solution
(1.3 ml, 0.05 M) of hexachloroplatinic acid hexahydrate
(H2PtCls.6H,O) and (50 ml, 0.01 M) cobalt chloride
hexahydrate (CoCl,.6H,O) were added to the
suspension dropwise and were vigorously mixed. The
black suspension was put in an ultrasonic bath for 30
min. The solution pH was set at 9.0 through adding an
adequate amount of NaOH 1 M aqueous solution.
Afterwards, sodium borohydride (NaBH4) solution 20
ml was added slowly to the suspension which was
treated with vigorous stirring, sonicated for 30 minutes
and stored for 12 h at room temperature. The induced
sample was washed by a large amount of deionized
water and dried in a vacuum oven for 8 h at 70 °C. The
Pt:3Co/MWCNT catalyst with a nominal atomic ratio of
Pt: Co 3:1 was achieved (20 w.t% overall metal loaded).

2.3. Electrochemical activity measurement

The sample’s electrocatalytic activities were estimated
in a conventional three-electrode cell by an Autolab
Methrom. The three-electrode cell consisted of a Pt wire
serving as the counter electrode, an Ag/AgCl (3 M KCl)
electrode used as the reference electrode and glassy
carbon (GC) disk (3 mm in diameter) electrode with
coated catalysts used as the working electrode. The
working electrode was produced according to following
instructions: 5 mg of catalyst powder was added into a
mixed solution (200 pL of ethanol, 200 uL of water, and
50 pL of 5% Nafion 117 solution) with 30 min
ultrasonication to make a uniform black suspension. 20
uL of the suspension was pipetted carefully onto the
surface of GC electrode, and the coating was dried at
60°C for 20 min. The catalysts’ electrochemical surface
area values were determined via hydrogen
absorption/desorption’ cyclic voltammetry (CV) at
room temperature in 0.5 M H>SOs solution. The
catalysts’ electrocatalytic activity for oxidation of
methanol was specified through collecting CVs in a 0.5
H>SO4 and 1 M methanol solution at several scanning
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rates. Numerous activation was scanned until obtaining
reproducible voltammograms. The last voltammograms
(5" voltammogram) were merely employed for
comparison of the specified catalysts’ catalytic activity.
The tests of chronoamperometry were performed for 20
min at 0.6 V. The curves of chronopotentiometry were
recorded in 1 M methanol solution and 0.5 M H,SOs.
The applied current was estimated at 0.6 V from the
forward scanning of the corresponding cyclic
voltammogram.

3. Results and Discussion
3.1 Characterization of electrocatalysts

Fig. 1 depicts the XRD patterns of the PYMWCNT and
Pt:Co/MWCNT prepared samples. For the PUMWCNT
composite, the observed broad peak at about 26 =26.0°
can be indexed to the hexagonal graphite structure’s
(002) diffraction in MWCNTs. In addition, the strong
peaks of diffraction at 39.5°, 46.8°, and 67.6° can be,
respectively, attributed to the characteristic (111), (200),
and (220) crystalline planes of Pt, characteristic of Pt fcc
structure, showing the supported Pt nanoparticles’
decent crystallinity in the composite (JCPD card No.
00-029-0499) [34]. In the case of the Pt;Co/MWCNT
catalyst, the peaks of Pt diffraction are modified to
higher angles with respect of those of Pt catalyst. This
shifting is because of the Pt lattice contraction made by
the Co incorporation. For the Pt;Co/MWCNT, there are
no peaks attributed to the Co structure; this may be due
to this fact that species of Co is present in amorphous
form of tiny crystallites. However, based on the
platinum peak (Pt (200) at 26 of nearly 68°), the mean
size of platinum crystallite was estimated to be 10.7+0.2
nm using Sherrer’s equation [35,36].

The results of XRD were further proved by SEM
and EDX analysis. Fig. 2 shows the Pt/MWCNT
and PtCo/MWCNT composite samples’ SEM
images, with an average particles size around 10 nm,
were detected clearly. An analysis of EDX in
Fig. 3 confirmed that the composite materials have
Co, Pt, and C elements, and the overall metal loading
value is ca. 18 w.t.%. The Pt: Co atomic ratio in
the Pt:Co/MWCNT nanoparticles was about 3:1
(Table. 1). The results confirmed the successful
preparation of the Pt/MWCNT and Pt;Co/MWCNT
catalyst samples.

3.2. The electrochemical results

The PUMWCNT and Pt:Co/MWCNT’s electrocatalytic
activity at the same catalyst mass loading was specified
via CV (Fig. 4). The catalysts exhibit the peaks of H,
desorption/adsorption in the potential range -0.2 to 1.2
V (vs. Ag/AgCl). Fig. 4 shows that both of the catalysts
showed a tailed oxidation peak related to Pt oxidation to
PtO reaction and a sharp peak corresponding to
reduction of PtO to Pt reaction (a common voltammetric
reaction of Pt surface in acidic conditions) in 500 mV.
In the region of hydrogen adsorption/desorption, pure Pt
demonstrate the resolved peaks related to weakly and
robustly bonded species of hydrogen on various Pt
crystal faces [37]. In addition, the Pt;Co/MWCNT
exhibits current peaks which are well defined and
related to processes of hydrogen adsorption/desorption.
According to Fig. 4, the H» adsorption/desorption peaks
are larger for the Pt;Co/MWCNT catalyst than those for
Pt/MWCNT catalysts, indicating that the catalytic
activity of Pt3Co/MWCNT and using Pt;:Co are
preferred for nanostructure catalysts compared with
pure catalysts of Pt.
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Fig. 1. The XRD patterns of PYMWCNT, Pt;Co/MWCNT samples.
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Fig. 2. The SEM images of (a) PUMWCNT, and (b) Pt;Co/MWCNT samples.
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Fig. 3. The EDX spectrums of (a) PUMWCNTs, and (b) Pt;:Co/MWCNTSs samples.
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Table 1. Variation of the elemental composition of Pt/MWCNTSs and Pt;Co/MWCNTs electrocatalysts according to EDX

analysis.
C Pt Co
Catalyst
wt.% at.% wt.% at.% wt.% at.%
Pt/MWCNTSs 81.61 98.63 18.39 1.37 - -
Pt;Co/MWCNTs 82.01 97.86 14.45 1.02 3.54 0.71
The electrocatalytic activity of Pt:Co/MWCNT in the forward sweep between 0.4 and 0.8 V which

and P/MWCNT for MOR was studied via recording
CVs in deaerated 0.5 M aqueous solution of H,SO4
containing 1 M CH3OH at room temperature. Both
catalysts’ CVs which are normalized by the Pt mass
(mass activity) are displayed in Fig. 5. The features of
CV are common to methanol electro-oxidation on Pt
electrode in acidic media with two anodic peaks: one
peak in the reverse sweep between 0.9 and 0.6 V
because of oxidative elimination of incomplete oxidized
intermediates made in the forward sweep and the other
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corresponds to methanol oxidation. Higher current
density of forward peak shows a more rapid rate of an
electrochemical reaction. The current of peak in the
forward sweep for the Pt;Co/MWCNT was 3.65 mA,
which is higher than that for PUMWCNT (2.78) mA.
Furthermore, the potentials of peak for reverse and
forward scans changed to more anodic potentials for the
Pt;Co/MWCNT; This happens due to the alloying
influence of Co on the electrocatalyst of
Pt:Co/MWCNT.
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Fig. 4. The cyclic voltammograms of a) PYMWCNTs and b) Pt;Co/MWCNTs electrocatalyst samples, in 0.5 M H,SO; solution.
The potential range is from =200 to +1200 mV at scan rate of 50 mV s™!.

However, the higher Pt:Co/MVCNT’s electrocatalytic
activity corresponds to more decreased state of Pt in this
catalyst because of alloying with Co metal. Proposed
mechanism for electrocatalytic methanol oxidation at
the PtsCo/MWCNT catalyst can be explained as
follows:

Generally, water splitting is a rate-determining phase in
oxidation of methanol on Pt catalyst [38]. Furthermore,
its reaction takes place at great potentials about 0.7 V
(vs. NHE) on a surface of pure platinum [39], That is
why the pure platinum is a poorer electrocatalyst for
DMFCs’ anodic reaction. This problem can be
overcome by incorporation of the second element like
Fe, Ni, and Co, to the Pt lattice [32]. The obtained
matters can improve the methanol electro-oxidation
reaction’s overall process, recognized as a bi-functional
mechanism as follows:

Pt + CH;OH —4H" + Pt—CO,q + 4¢” (1)
Co+Hy0—Co—HOugs ()
Co—H>0.4—Co-OH,gs + H + ¢ €)
Pt—COags + Co—OHags =Pt + Co + CO, + H + ¢ @)

The improved activity of Pt;Co can be assigned to the
mechanisms compared with pure Pt [40,41]: (1) Since
cobalt is more electropositive than platinum, alloying Pt
with Co can decrease the Pt electronic binding energy to
place Pt in a further reduced state and develop the C—H
cleavage reaction. (2) Cobalt oxide render a source of
oxygen for oxidation of CO at lower capacities [24,42].
CO poisoning that came from equation (1) is the main
problem in deactivation of Pt catalyst in MOR.
According to the above proposed mechanism, Co can

331

act as an anti -poisoning agent in the catalyst also.
(eq. 2-4).

For evaluating the anti-poisoning performance of an
electrocatalyst in MOR, the forward anodic peak current
(Ir) ratio to the reverse anodic peak current (I,) will be
examined [43]. A higher value of the I¢/l, provides
superior methanol oxidation for carbon dioxide in the
forward scanning and lower electrocatalysts’ poisoning
through the CO-like intermediates. In Fig. 5, the Iylp
values of Pt3Co/MWCNT and Pt/MWCNT are,
respectively, 0.96 and 0.93. Although the observed
enhancement is not very impressive, relative increase of
I¢#/l, implies that Co metal has a positive role in
enhancing the resistance of catalyst to poisoning
impacts. The observed enhancement in PtsCo/MWCNT
catalyst performance in comparison to the PYMWCNT
can be explained by the bi-functional theory [44], and
supporting effects [34,44] as follows:

According to the bi-functional theory, CO species
adsorb on the Pt surface’s active sites, whereas OH
attaches to the atoms of cobalt to produce Co—OHags
[34,45]. This species of hydroxyl can oxidize the
adsorbed CO on Pt surface, inducing a clean catalyst for
more oxidation reaction (see eq. 2-4). On the other hand,
the catalyst support is crucial in the electro-oxidation
reaction. This is clear from the Pt catalyst’s activity
dependence to oxidize CO on the support nature. Multi-
walled carbon nanotubes as a support for nanoparticles
of Pt—Co present another explanation for their observed
good electrocatalytic activity [46,47]. This results from
the great number of the oxides, which include the
hydroxyl and carboxylic groups on the MWCNTSs’ side
walls.
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Fig. 5. The cyclic voltammograms of Pt/MWCNTs and Pt;:Co/MWCNTs electrocatalyst samples, in 0.5 M H,SOj, solution
containing 1 M CH3OH. The potential range is from —200 to +1200 mV at scan rate of 50 mV s7'.

They remained due to MWCNTS’ purification in mixed
solution of nitric and sulfuric acids. They possibly
regenerate Pt—CO,q;s sites [48], as below:

CNT-OH + Pt-COygs — CNT + Pt +CO, +H' + & (5)

As CNTs defect, the dangling bonds may be simply
oxidized at a low capacity to groups containing oxygen.
Adding cobalt decreases the required potential for
electrolysis of water, and as a result, the corresponding
carbon oxidation [49, 50], as follows :

CNT+Pt-Co+H,0—CNT-OH+Pt-Co—H 6)

This limits the poisoning CO species’ accumulation and
produces numerous active sites for MOR. Generally,
methanol concentration greatly affects the potential
values of MOR and the current density. Therefore,
Fig. 6 represents the cyclic voltammograms of

Pt3Co/MWCNTs electrocatalysts in 0.5 M H,SO4
solution exposed to various concentrations of
methanol from 0.5 to 2 M. As the concentration of
methanol rises, the values of oxidation current density
rise at the first and the second peaks with a small
potential change in the positive direction. More
molecules of methanol are possibly adsorbed on the
active sites of catalyst and enhance the obtained
oxidation current density. In the backward direction, this
enhances the current density of the associated reverse
oxidation peak. Nevertheless, increased values of
current density are recorded at PtsCo/MWCNTs
electrocatalyst via addition of methanol until a
concentration value of 1 M is obtained. This confirms
the good electrocatalytic function of Pt;Co/MWCNTs
electrocatalyst versus the oxidation reaction of
methanol.
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Fig. 6. The cyclic voltammograms of Pt;Co/MWCNTs electrocatalysts, in 0.5 M H,SOs solution containing 0.5, 1, 1.5, 2 M
CH;OH. The potential range is from —200 to +1200 mV at scan rate of 50 mV s\
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The lengthy electrocatalytic stabilities of the
Pt;:Co/MWCNT  catalyst were examined by
chronoamperometry toward MOR at the 0.6 V potential.
As can be seen from Fig. 7, the catalyst’s current density
declined quickly in the first stage, this is possibly
attributed to the poisoning of catalyst through species of
chemisorbed carbonaceous formed in MOR [51]. After
a long period of time, the potentiostatic current decayed
gradually, and a pseudo-steady condition was created.
The Pt;Co/MWCNT catalyst could maintain the largest
current density all time, rendering the most favorable
electrocatalytic function. This is in line with the cyclic
voltammograms’ behavior, not only assigned to the
synergistic influence of the bimetallic active
components, but also to the acceptable maintenance of
the intrinsically electronic conductivity of MWCNTs.

3.3. Kinetic investigation of methanol electro-oxidation
at Pt:Co/MWCNT

The transportation properties of methanol on the
Pt;Co/MWCNT catalyst were studied through changing
the rate of scanning; the associated voltammograms are
depicted in Fig. 8a. The association between the square
root of scan rate (v) and the forward peak current density
(ip) is shown in Fig. 8b. A linear relationship is detected,

12

suggesting that the forward peak potential Ep elevated
with the scan rate (v); another linear relationship
between Ep and long (v) was gained (Fig. 8c), showing
that the methanol oxidation is an irreversible process
[52-54]. Oxidation of methanol is handled by a process
of diffusion on modified GCE of Pt;Co/MWCNT. So,
the greater coefficient of diffusion shows a useful
impact on methanol oxidation kinetics.
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Mass Activity (A/g)
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Fig. 7. The i-t curves of PtCo/MWCNT catalyst sample at 0.6
V for 1000 s in 0.5 M H>SO4 solution containing 1 M CH30OH.
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Fig. 8. (a) The cyclic voltammograms of Pt:Co/MWCNTs electrocatalyst sample, in 0.5 M H,SOs solution containing 1 M
CH;OH. Inner to outer; scan rate is 25, 50, 75, 100, 125 and 150 mVs™'. (b) i, vs. v/ plot and (c) E, vs. In (v) plot.
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4. Conclusions

Employing the impregnation method, Pt:Co and Pt
supported multi-walled carbon nanotubes were
synthesized with NaBHs. Cyclic voltammetry showed
that the catalysts of Pt;Co were active electrochemically
in methanol oxidation and hydrogen
adsorption/desorption. Based on the findings, the
Pt;Co/MWCNT catalyst with an acceptable alloying
rate has better anti-poisoning ability, electrochemical
activity, and long-term durability than catalysts of
Pt/MWCNT, approved by the bimetallic catalysts’ bi-
functional mechanism. A great amount of Pt-Co pairs
has the combination impact. Co site is used as an
enhancing center for the production of Co—OH species,
so more sites of Pt are accessible for oxidation of
methanol. The results indicate that the higher
Pt:3Co/MWCNT electrocatalytic activity and platinum
active sites’ stability in MOR can be attributed mainly
to the composition of intermetallic Pt;Co nanoparticles
on MWCNTs. The fabrication procedure of
Pt:Co/MWCNT catalysts which makes the electro-
oxidation of methanol easier possesses a paramount
success in developing DMFCs.
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