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In this work, we report a highly active and durable methanol oxidation electrocatalyst, for the first
time, based on the synergy of platinum-ruthenium-ionic liquid crystal (Pt-Ru-ILC). The incorporation
of ionic liquid crystal played a main role resulting in quite uniform and ordered surface arrays. The
ILC allowed more available catalytic sites while providing high ionic conductance surface. The
efficiency of methanol oxidation increases while realizing the removal of carbonaceous poisoning
products from the catalyst surface. The crystalline nature of piperidinium ILC resulted in the
nucleation of nano-catalyst with an average size of 3 nm. Compared to other nano-catalysts, Pt-Ru-1LC
displayed an I¢/Ig ratio of 12.2 with relatively higher current densities and lower methanol oxidation
potential. A promising long-term durability and stability were also realized by the present catalyst.

Keywords: Methanol fuel cell; lonic liquid crystals; Pt-Ru nanoparticles; Carbonaceous poison;
Electrocatalyst.

1. INTRODUCTION

Electrooxidation of methanol has been a focus of current researchers due to several advantages,
such as high efficiency, low polluting emissions, a potentially renewable fuel source, and convenient
refueling [1-4]. The development of direct methanol fuel cells (DMFCs) is useful for power sources
for transportation, portable electronics and other applications. One of the impeding problems in the
commercialization is perhaps the high over-potential associated with the direct electro-oxidation of
methanol at most unmodified surfaces [5]. The electrode material is obviously an important factor
where a highly efficient electrocatalyst is needed.

Platinum (Pt) have been demonstrated as high performance catalysts for various fuel cells due
to their anisotropic structure and unique surface properties [6-9]. The incorporation of a second metal
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is needed to provide oxygen containing compounds when applying less potential values and results in
weaker bond strength of Pt-CO which is a necessary step for the oxidative removal of adsorbed CO
from the surface of platinum and helps the oxidation removal of CO to CO, [10]. The most studied
bimetallic Pt-Ru catalysts with a low Ru content have been demonstrated to be much more effective in
the electro-oxidation of methanol [11-13]. Among the preparation methods for Pt-Ru alloys,
electrodeposition method has received great interest because of better control and ease of processing.
The catalysts made by one-step electrodeposition method, exhibit high electro-catalytic performance
towards methanol oxidation. These methods are effective in terms of the resulting materials with
excellent purity and uniform size [13-16].

Recently, the use of ionic liquid (IL) thin films as reactivity-modifying coatings has received
much attention, both in heterogeneous catalysis [17—22] and in electrocatalysis [23-25]. The properties
of ionic liquid crystals can differ significantly from those of conventional, neutral ionic liquids. In
addition, ionic liquid crystals (ILCs) are combining both the technological properties of ionic liquids
and liquid crystals. ILCs are anisotropic materials that consist of solely ions (cations and anions). It has
been shown that a mesophase can be induced and also the incorporation of charged units can enhance
its stability [26-28]. One of the most promising features of ionic liquid crystals is ionic conductivity.
To the best of our knowledge no papers mentioned the use of ionic liquid crystal for electro-oxidation
of methanol or other fuels.

In the present work, we introduce for the first time a modified glassy electrode based on ionic
liquid crystal/Pt-Ru nanostructures for the electrocatalytic oxidation of methanol in alkaline medium.
In this study we indicate the role and the synergism of the ionic liquid crystal and the nanoparticles for
electro-oxidation of methanol.

Each component of the composite fulfills an important role: Pt to serve as the active sites for
methanol oxidation; Ru to facilitate the oxidative removal of carbonaceous poisons on adjacent metal
sites; and the ILC to provide high electric conductivity and reasonable ordered surface needed for fast
electrocatalysis. We believe that the present study introduces a novel and insightful approach to
develop an effective and durable composite for direct methanol fuel cells.

2. EXPERIMENTAL

2.1. Materials and reagents

All chemicals were used as received without further purification. Perchloric acid, sulfuric acid,
nitric acid, hydrochloric acid, methanol, hexachloroplatinic acid, 1-Butyl-1methylpiperidinium
hexafluorophosphate ionic liquid crystal (ILC), 1-n-Hexyl-3-methylimidazolium tetrafluoroborate(IL),
Palladium (1) chloride and ruthenium (111) chloride, Potassium hydroxide (KOH) , were purchased
from Sigma-Aldrich (USA). All solutions were prepared from analytical grade chemicals and
deionized water.
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2.2. Electrochemical cell and equipment

Electrochemical characterization was carried out with a standard three-electrode/one
compartment glass cell. The working electrode was a GC electrode (¢: 3 mm) from (BASI, USA), a
6.0 cm long (¢ = 0.5 mm) Pt wire from Alfa Aesar (USA) was used as the auxiliary electrode and all
the potentials in the electrochemical studies were referenced to Ag/AgCl (4 M KCI saturated with
AgQCl) electrode from (BASI, USA). All experiments were performed at 25 °C = 0.2 °C. The GC
electrode was polished with a (2 pm)-alumina—water slurry until no visual scratches were observed.
The electrochemical characterization was performed using a BAS epsilon-electrochemical analyzer
(BASI, USA) (with £5 mV error).

The microstructure of the samples was investigated using Quanta FEG 250 (USA) instrument
and an EDAX coupled to SEM was used to analyze the composition of the prepared samples (samples
were prepared on GC sheet). High resolution transmission electron microscope (HR-TEM, Tecnai
G20, FEI, Netherland) operated at 200 kV with LaB6 gun was utilized to characterize the size and
microstructure of the prepared samples. Atomic force microscope (AFM) was measured using a
Shimadzu Wet-SPM (Japan) scanning probe microscope.

2.3 Preparation of catalysts solution

Platinum—palladium (Pt-Pd) co-catalysts was prepared by dissolving H,PtClg and PdClI, (with a
ratio equivalent to (3)Pt:(1)Pd in aqua regia. The formed solution was heated until one-fourth of the
original volume was reached by evaporation. The remaining solution was diluted to the required
volume and concentration by 0.1 M perchloric acid. While, platinum or platinum-ruthenium (Pt-Ru)
was prepared by dissolving H,PtClg or a mixture of H,PtClg and RuCls in 0.5 M H,SO, to prepare Pt or
Pt-Ru solution with ratio (3)Pt:(1)Ru with the required volume and concentration. This optimized ratio
gave good distribution of Pt and Ru atoms as compared to other ratios where the atoms tend to
segregate forming clusters of pure Ru or Pt, thus physically separating the bi-functional metals. These
solutions were used to prepare the catalyst or the mixed co-catalysts.

2.4. Construction of the modified electrode

For each of 8 mg ILC (optimized after several trials), 1 mL DMF was added and the solution
was then ultra-sonicated until a homogeneous solution was obtained. The GC electrode was surface
polished as described earlier and rinsed thoroughly with deionized water, then finally surface casted
using a micropipette with 10 uL. ILC. The electrode was left for 10 min in the open air to dry the casted
layer. The surface became then prepared for electrodeposition of platinum catalyst to form
(GC/ILC/Pt) electrode or different co-catalysts to prepare (GC/ILC/PtRu) or (GC/ILC/PtPd) electrodes
from their solutions which was performed by cyclic voltammetry (CV) in a three electrodes, one-
compartment cell. Deposition of Pt and Pt-Pd was performed by applying potential between -0.25 V
and +0.65V vs. 4M Ag/AgCI reference electrode at scan rate of 50 mV s™ for 15 cycles. In case of Pt-
Ru the CV was performed by applying potential between -1.0 V and 0.0 V vs. 4M Ag/AgCl reference
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electrode at scan rate 50 mV s for 15 cycles (Scheme 1). Furthermore, the ionic liquid modified
electrode (GC/IL/PtRu) was prepared following the same procedure, by using ionic liquid (1-n-Hexyl-
3-methyl imidazolium tetrafluoroborate) (IL). The electrode (GC/PtRu) was prepared by
electrodeposition of PtRu co-catalysts from their solutions on GC electrode surface.

Casting of ILC Electrodeposion of PtRu

OH~ CH,0H + 40H™
Ru Je e[ pt
i -
@ - ILC ® Ru ® Pt -

e~ +Ru (0H) dk Pt(CO)qqs + 4H,0 + 4e™
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—O0H —
CO,+ Ru+ Pt + H,0 + e~

Schemel. Illustration of the synthesis steps for GC/ILC/PtRu nanocatalysts.

3. RESULTS AND DISCUSSION

3.1. Surface characterization

The morphology of the ILC/PtRu nanocomposite was characterized by field-emission scanning
electron microscopy (FE-SEM), which is shown in Figure 1A. The SEM picture shows that Pt-Ru
nanoparticles are homogeneously dispersed over the surface of ILC/GCE and showed uniform
formation over the ILC with the development of some clusters. In addition spherical Pt-Ru
nanoparticles are showed good distribution over the surface Figure 1A (inset) due to the presence of a
conductive homogenous ILC layer which helps exposing catalysts sites for methanol oxidation.

Chemical composition analysis obtained by EDX, Figure 1B confirms that Pt-Ru nanoparticles
were successfully deposited on the GCE. The atomic ratio of Pt:Ru obtained by EDX analysis is
approximately 3:1 which matches their original ratio in the deposition step. This indicates the uniform
formation of Pt-Ru nano-composite. As a result, highly dispersed metal nanoparticles on supports with
larger surface areas have advantages in catalytic activity and sensor sensitivity [28-30]. The advantage
of the present method using ILC is that the size of the resulting Pt-Ru nanoparticles is relatively small
and the distribution is also quite uniform and ordered.

Typical TEM image of the ILC/PtRu catalysts is shown in Figure 1C. TEM measurement
showed that size distribution of Pt-Ru particles ranged in diameter between 2.0 nm and 4.0 nm, with an
average diameter of around 3 nm. The formation of small size Pt-Ru nanoparticles is assisted by the
underlying compact and crystalline piperidinium ionic liquid crystal layer [26, 27].

Atomic force microscope was also used to investigate the morphology of the film supported on
GC. Typical 3D-images of ILC/PtRu nanocomposite are shown in Figure 1D. The surface is fairly
compact with virtually no pores or cavities. The compactness and crystalline nature of the films
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depicted in AFM image is due to the presence of ILC in the composite. ILC in the composite affected
greatly the conductivity and gave more ordered film due to its solid state structure and its molecular
orientation characteristic [31]. AFM roughness data were used to calculate the real surface area

according to the following relation:
Real surface area (1)

Surface roughness = _
Geometric E'I.II'EE.I:E' Aareda

From AFM analysis of ILC/PtRu nanocomposite, the surface roughness and real surface area
were calculated and found equal to 1.08 and 0.0765 cm?, respectively.

T B)

Element wt % At % R-Ratio 2 2 F

Rul 13.98 23.88 0.059%0 1.0522 0.4009% 1.0000

PtL 8€.02 76.12 0.8475 0.9829 1.0024 1.0000
Total 100.00 100.00
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Figurel. (A) SEM images using FE-SEM for GC/ILC/PtRu. (B) EDAX analyses for GC/ILC/PtRu.
(C) TEM images of GC/ILC/PtRu. (D) 3D-AFM images for GC/ILC/PtRu.
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3.2. Investigation of electrocatalytic properties

The electrocatalytic oxidation of methanol oxidation at different nanocomposites modified
glassy carbon namely GC/PtRu, GC/ILC/Pt, GC/ILC/PtPd and GC/ILC/PtRu was evaluated with
cyclic voltammetry in a solution of 0.5 M KOH containing 0.5 M CH3OH, the scan rate is 50 mV s™.
The cyclic voltammograms were repeated until stable and reproducible CV curves were obtained in the
working potential window as depicted in Figure 2.

The electro-catalytic activity of the different modified surfaces, GC/PtRu, GC/ILC/Pt,
GC/ILC/PtPd and GC/ILC/PtRu towards methanol oxidation were compared. The data are reported for
the forward and reverse scans with respect to oxidation peak current densities, oxidation potentials, the
ratio of the forward peak current density (If) to the reverse peak current density (Ig) and the onset
potential. The data are given in Table 1. The results indicated the following order of increasing of the
forward oxidation potentials of methanol at the modified surfaces: GC/ILC/Pt < GC/ILC/PtRu <
GC/PtRu < GC/ILC/PtPd < GC/IL/PtRu (IL is ionic liquid used for comparison with ILC). The
oxidation current increased in the following order GC/ILC/Pt < GC/PtRu < GC/IL/PtRu <
GC/ILC/PtPd < GC/ILC/PtRu. We concluded that the presence of ILC increases the current in
presence of Pt-Ru and decreases the forward oxidation potential, while the presence of Ru lowers the
potential for methanol adsorption and oxidation compared to Pd. The ILC/PtRu nano-composite plays
the best ability to resist CO poisoning of the catalyst with I¢/lg ratio of 12.2 compared to other
catalysts, while for Pt-Pd the I¢/Ir ratio is 9.2. This result is more efficient and faster rate of oxidation
of methanol compared to other catalysts.

In case of using the GC/ILC/PtRu modified electrode, first oxidation peak appeared in forward
scan at +188 mV which is attributed to the methanol oxidation. The relative high current density of the
oxidation peak (about 147 mA cm™) indicated that methanol oxidation is effectively achieved and the
high electrocatalytic efficiency of the proposed nanocomposite. Upon reversing the potential scan,
another small current oxidation peak appeared at -550 mV which could be related to the oxidation of
CO-containing compounds resulting from incomplete oxidation of the alcohol in the forward potential
scan [32]. Thus, ILC/PtRu nanocomposite shows relatively higher conversion efficiency for methanol
oxidation reaction and a better resistance to surface fouling due to intermediates generated during
oxidation. The ratio of I¢/lg can be used to characterize the catalyst poisoning tolerance to CO and the
presence of PtCO,qys intermediates results in the activity decay of electrocatalysts intermediates[33].
Basically, a higher I¢/lg ratio can be applied to measure the catalyst tolerance to CO poisoning [34].
ILC/PtRu nanocomposite shows a relatively high I¢/Ig ratio of 12.2 compared to other studied catalysts
nanocomposites in this work. The nanocomposite plays the best ability to resist CO poisoning of the
catalyst compared to other catalysts in enhanced oxidation of methanol.

From the above discussion, we concluded that the composite electrocatalysts, ILC/PtRu, have
superior activity and stability for the methanol oxidation reaction (MOR) in alkaline electrolytes. The
presence of ILC is the critical key to their outstanding performances. In an alkaline environment, the
rate-determining step of methanol oxidation reaction (MOR) on Pt is the oxidative removal of surface
adsorbed carbonaceous intermediates, for example, CO, with the assistance of OH". Free OH ions in
alkaline electrolytes could participate in this reaction via more predominant pathway. This is suggested
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to be reactions with OH’,y species either on or around Pt sites via the Langmuir—Hinshelwood
mechanism [35]. If sufficient OH,y species are supplied nearby, the rate determining step can be
greatly accelerated, and as a result, forms the basis for designing Pt alloys (including Pt-Ru), Pt-metal
oxide hybrids for MOR electrocatalysis.

The resulting morphology of the ILC/PtRu nanocomposite indicated that spaces between the
Pt-Ru nanoparticles were covered with ILC, the particles quite separated from each other [28], and
showed more available Pt sites for methanol oxidation and those of Ru for more oxidative removal of
carbonaceous poison. Furthermore, ILC in the composite affected greatly the conductivity and gave
more homogenous film for electro-deposition of the nanocatalysts in ordered form due to its solid state
structure and its molecular orientation ordering characteristic [36], [37]. On the other hand, it decreases
the aggregation of the nanocatalysts over the surface and it allows increasing in OH" ions availability at
the vicinity of the catalysts sites.
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Figure 2. CVs of GC/ILC/PtRu, GC/ILC/PtPd, GC/ILC/Pt and GC/PtRu in the solution of 0.5 M KOH
containing 0.5M CH3OH at a scan rate of 50 mV s™.

Theoretical consideration suggests that at lower values of potential application, C-H breaks and
intermediate species as CO are removed from the surface [38]. Therefore, at lower potential values C-
H bonds break easier and oxidation products are less likely to adsorb to the surface. It was reported
earlier reached [39], that the onset being defined as the potential at which 10% or 20% of the current
density value at the peak potential was reached. As can be noticed from Figure 2, the onset potential of
methanol oxidation over GC/ILC/PtRu was -570 mV, which is more negative compared to other
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studied nanocatalysts composites. This reveals that GC/ILC/PtRu nanocomposite exhibited better
performance for the promotion of C-H breaking compared to the other modified nanocatalysts
composites. The synergy between Pt-Ru and ILC is also shown to promote CO oxidation, leading to a
significant reduction of the reaction onset overpotentials [40]. In light of the diverse effects on MOR,
we propose that the bi-functional interaction between Pt and Ru in presence of ILC may present a
possible solution to the long- standing durability issue in methanol oxidation.

To further evaluate the performance of the proposed novel nanocomposite (GC/ILC/PtRu).
some relevant reported literature is listed in Table 2 for comparison. The proposed naocomposite
ILC/PtRu displayed higher catalytic performance for methanol oxidation and intermediates tolerance
in comparison to other composites reported in the literature. On the basis of these results, we can
conclude that the ILC played an important role in facilitating the methanol oxidation reaction and
tolerance to intermediates such as CO poisoning for Pt based catalysts.

Tablel. Comparison of electrocatalytic activity of methanol oxidation on GC/PtRu, GC/IL/PtRu,
GC/ILC/Pt, and GC/ILC/PtPd and GC /ILC /PtRu nanocatalysts

Electrode Forward potential Forward Current Onset potential IF/IR
(mV) (mA/cm?) (mV)

GC/PtRu 435 72.1 -400 3.1
GC/IL/PtRu 605 91.2 -500 3.0
GC/ILC/Pt 116 46.3 -480 5.7

GC/ILC/PtPd 512 125.2 -300 9.2
GC/ILC/PtRu 188 146.9 -570 12.3

3.3. Comparison between ionic liquid and ionic liquid crystal modified electrodes

The performance of the GC/ILC/PtRu electrode was compared to GC/IL/PtRu electrode toward
MOR. Thus, CVs were performed in the solution of 0.5 M KOH containing 0.5 M CH3OH at scan rate
50 mV s’. As can be noticed from Figure 3, the onset potential of methanol oxidation using
GC/ILC/PtRu nanocatalysts was -570 mV, which is more negative than GC/IL/PtRu nanocatalysts (-
500 mV). The peak current density observed at GC/ILC/PtRu nanocatalysts is approximately 146.9
mA cm, which is noticeably higher than that at GC/IL/PtRu nanocatalysts (ca. 91.2 mA cm™). Also
GC/ILC/PtRu nanocatalysts has an I¢/lr ratio of 12.2, which is again much higher than that of
GC/IL/PtRu nanocatalysts (ca. 3.0).These results suggest that ILC displays the best ability to resist CO
poisoning, facilitating the methanol oxidation process and performance for the promotion of C-H
breaking compared to IL-modified electrodes. Moreover, the utilization of ILC tends to lower the
forward oxidation potential peak significantly (ca. 188 mV) than that at GC/IL/PtRu (ca. 605 mV). So
we can conclude that the ILC plays an important role due to higher enhancement and faster charge
transfer rate. This observation is attributed to the ionic conductivity and the solid state structure of the
ionic liquid crystal which helps in the formation of ordered films[41], [42]. Furthermore, certain ionic
materials are known also to form amphiphilic liquid crystals. In such case, a wider electrochemical
potential window is obtained as the positive charge is localized on the nitrogen atom of piperidinium
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salts than in case of imidazolium and pyridinium salts at which the positive charge is delocalized over
the aromatic ring.
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Figure 3. Cyclic voltammograms of GC/ILC/PtRu and GC/IL/PtRu in the solution of 0.5 M KOH
containing 0.5M CH3OH at a scan rate of 50 mV st

3.4. Investigation of stabilities of the modified surfaces

From the practical point of view, stability is one of the critical factors for DMFCs catalyst. The
electrochemical stability and durability of GC/ILC/PtRu and GC/PtRu catalysts were characterized by
amperometric (I-t relation) experiments in 0.5 M KOH containing 0.5 M CH3OH Figure 4A. During
the methanol oxidation processes, some intermediate species such as CO and CHO are generated on
the catalysts surface, which could significantly poison the catalyst and thus hinder the methanol
oxidation [43]. All catalysts showed a fast current decrease in the first steps of the process; thereafter
all catalysts exhibited a steady-state current response with time. The current density generated from
GC/ILC/PtRu nanocatalysts was higher compared to GC/PtRu nanocatalysts during the whole testing
process. As can be observed, excellent stability for GC/ILC/PtRu was obtained for over 1 hour while
in case of GC/PtRu deviation started gradually after 30 min. Further investigation is performed via
repeated cycle stability of the GC/ILC/PtRu nanocatalysts towards methanol oxidation reaction; CVs
of 25 cycles have been performed in the solution of 0.5 M KOH containing 0.5 M CH3OH at 50 mV
s”! Figure 4B. The results illustrate that ILC as support can improve the electrocatalytic activity and
further the stability of the composite.
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Figure 4. (A) Amperometric i-t Curve of GC/ILC/PtRu and GC/PtRu nanocatalysts was held at -0.15
V for 4000 s in the solution of 0.5 M KOH containing 0.5 M CH3;0H. (B) CVs of repeated
cycles in the solution of 0.5 M KOH containing 0.5M CH3OH at a scan rate of 50 mV s
recorded at GC/ILC/PtRu.

3.5. Effect of co-catalyst loading

The amount of loaded Pt-Ru nanoparticles could be easily controlled via simply changing the
number of scanning cycles (by changing the amount of charge used for electrodeposition), thus
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resulting in the tunable catalytic properties [44]. In Figure 5 the results showed that as the number of
repeated cycles during Pt-Ru deposition increases, the anodic peak current of methanol oxidation
increases. This was realized up to 15 cycles after which the methanol oxidation peak current densities
became nearly stable. On the basis of these results, 15 scanning cycles were selected for preparing Pt-
Ru nanocatalysts which has lower oxidation potential and maximum current. From an economical
point view, this was also desirable for commercial use.
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Figure 5. Effect of co-catalyst loading on peak current density of methanol oxidation with different
scanning cycles for electrodepositing Pt-Ru at GC/ILC/PtRu in the solution of 0.5 M KOH
containing 0.5M CH3OH at a scan rate of 50 mV s™. Inset: Variation of the peak potential of
methanol oxidation at different scanning cycles

3.6. Effect of scan rate on the electrochemical behavior of GC/ILC/PtRu

Cyclic voltammograms of GC/ILC/PtRu in the solution of 0.5 M KOH containing 0.5 M
CH3OH at different scan rates from 10 to 1000 mVs™ are shown in Figure 6 (inset A). With an
increase in the scan rate, the peak current (Ip) increased and the anodic peak potential shifted to more
positive value. Figure 6 illustrates the plot of anodic peak current (Ipa) against the square root of the
scan rate (v 1/2). It can be seen that the anodic peak current are linearly proportional to v, indicating
that the electrode reaction is limited by diffusion. The oxidation peak potential (Ep) rises linearly with
log (v) indicating that the oxidation of methanol is an irreversible reaction process Figure 6 (inset B)
[14]. In general, the relationship between E, and log (v) can be represented with the following equation
[45][46]:
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Where, o is the electron transfer coefficient, characterizing the effect of electrochemical
potential on the activation energy of an electrochemical reaction [45],[46]. Hence, o value was
calculated as 0.52 for GC/ILC/PtRu nanocatalysts .This demonstrated that GC/ILC/PtRu nanocatalysts
have small activation energy and thus enhanced kinetics for methanol oxidation. Diffusion coefficients
of methanol at GC/ILC/PtRu and GC/PtRu are 2.96x10° cm? s and 0.0133x10° cm? s, respectively.
This indicates faster diffusion process of methanol at the surface of GC/ILC/PtRu.
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Figure 6. The relationship between the peak current density value of the methanol oxidation and the
square root of scan rate (v'’?) of GC/ILC/PtRu nanocatalysts in the solution of 0.5 M KOH
containing 0.5 M CH3OH. Inset (A) CVs of GC/ILC/PtRu nanocatalysts at the different scan
rates from 10 to 1000 mVs™Inset (B) The relationship between the peak potential Epa of the
methanol oxidation and log(v).

3.7. Effect of methanol concentration

Evaluation of the presence of ILC in the modified composite at high methanol concentrations
was studied. The dependence of peak current densities on the concentration of methanol ranging from
0.05 M to 1.5 M using both electrodes GC/ILC/PtRu and GC/PtRu are shown in Figure 7. The results
show that the current response for GC/PtRu reaches steady state after 0.4 M methanol, while in case of
GC/ILC/PtRu linear relationship is obtained by plotting anodic peak current versus concentration of
the methanol. This linear relation confirmed that GC/ILC/PtRu resists the accumulation of
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electrooxidation products at high methanol concentrations and consequently can be applied for
different “fuel” concentrations.
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Figure 7. The peak current density value of the methanol oxidation at the GC/ILC/PtRu and GC/PtRu
electrodes in 0.5 M KOH solution containing different concentrations of methanol at a scan rate
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3.8. Effect of temperature

Effect of temperature changes on both GC/ILC/PtRu and GC/PtRu performance in 0.5 M
CH3;OH + 0.5 M KOH was studied. Figure 8 shows the Arrhenius plot of methanol oxidation in the
temperature range from 5 to 60 °C. The peak current value increases as the temperature increased up to
60 °C which indicates that the mechanism of methanol oxidation at the surface of GC/ILC/PtRu and
GC/PtRu is partially activation controlled. The decrease of peak current value at higher temperatures
can be attributed to the progressive evaporation of methanol (the boiling point of methanol is 64.5°C)
with increasing temperature. By assuming that no azoetrope is formed in the methanol/water mixture
[47], it is expected that a progressive decrease in peak current should appear during the temperature
elevation, because of a loss in methanol concentration. By plotting log Ipa (anodic peak current) versus
reciprocal of temperature we can calculate the value of activation energy, E,, as indicated in  Figure
8. The calculated E; using GC/ILC/PtRu is 12.89 kJ mol™ while the E, value using GC/PtRu is 23.26
kJ mol™. The smaller activation energy in case of GC/ILC/PtRu electrode is due to the special
synergism between the components of the nanocomposite and ILC resulting in higher electrocatalytic
behavior of GC/ILC/PtRu compared to GC/PtRu toward methanol oxidation.
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Figure 8. Arrhenius plot of log (Ipa) versus T 'at GC/ILC/PtRu and GC/PtRu electrodes in 0.5 M
KOH solution containing 0.25 M CH3OH at a scan rate of 50 mVs™.

Table 2. Comparison of the peak potential and the peak current density reported for methanol electro-
oxidation on various electrodes

Electrode Forward Forward Methanol Medium | Reference
potential Current Concentration
(mV) (mA/cm?) (M)
GC/Ni(I1)OPD 570 vs. SCE 10.2 0.10 Basic [48]
GC /Ni(Il)-DHS 626 vs. SCE 3.1 0.10 Basic [49]
GC/PolyNi(I1)TCPP 680 vs. SCE 2.23 0.10 Basic [50]
GC/Ni(Il)CosalenA 580 vs. SCE 7.05 0.35 Basic [51]
GC /Ni-Co 600 vs. Ag/AgCl 2.3 0.10 Basic [52]
GC /Ni-Cu 600 vs. Ag/AgCI 35 0.30 Basic [53]
GC /Ni-ZnsalenA 569 vs. SCE 6.7 0.35 Basic [54]
GC/ILC/PtRu 188 vs. Ag/AgCI 146.9 0.50 Basic Our work

NiOPD:Bis(1,2-phenylenediamine)Nickel(11),DHS:N,N"-bis(2,5dihydroxybenzylidene)-1,2-
diaminobenzene, TCPP:tetra(4-carboxyphenyl)porphyrin,Salen:(N,N-bis(salicylidene)ethylenediamine)
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4. CONCLUSIONS

In our conclusion, we report a novel ILC/PtRu nanocomposite featured with PtRu
nanostructures electrodeposited and supported on conductive ILC layer. The formation of Pt-Ru
nanoparticles is due to compactness and crystalline nature of piperidinium ionic liquid crystal.
Furthermore, the incorporation of ILC greatly facilitates the presence of available Pt and Ru active
sites by keeping them quite separated from each other. This morphology enhances the methanol
oxidation process and subsequently assists in the oxidative removal of carbonaceous poison via the
Langmuir—Hinshelwood reaction pathway. The synergism between the main three components of the
composite materials achieves impressive methanol oxidation reaction activity and long- term durability
far better than those previously reported in the literature. The ILC/PtRu nanocomposite for
electrocatalysis of methanol oxidation reaction represents a promising highly efficient performance for
their commercial applications in DMFCs.
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