Synthesis of platinum nanoparticles with higher stability in ionic liquid—Nafion film
and their electrocatalytic application
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4-(3-methyl-1-imidazolio)-1-butanesulphonic acid triflate (BSMIMOTF)-Nafion film is introduced as a novel catalyst support. Nafion is used
as the conductive membrane for BSMIMOTF immobilisation. A uniform distribution of spherical platinum nanoparticles (PtNPs) 10-30 nm in
diameter can be electrochemically deposited on the membranous BSMIMOTF-Nafion matrix. Compared with the PtNPs on a bare and Nafion-
modified electrode, the proposed sulphonyl-terminated ionic liquid (IL)-Nafion stabilised PtNPs exhibit higher electrocatalytic activity and
better stability towards the electro-oxidation of methanol. The IL-Nafion film as a new catalyst support has great potential application in

direct-methanol fuel cells.

1. Introduction: Direct-methanol fuel cells (DMFCs) are
electro-chemical energy converters with great potential for use in
various applications because of their simplicity, low pollution
output and high efficiency [1-3]. However, the practical
application of DMFCs is still limited by various issues, such as
the low activity of anodic catalysts, continuous poisoning of the
catalysts and the unwanted transference of methanol from anode
to cathode. At present, the most active catalyst for methanol
oxidation is platinum (Pt). The electrocatalytic activity of Pt
particles is affected by many factors, especially particle size and
distribution [4—-10]. The microenvironment significantly affects
the morphology and electrocatalytic properties of nanoparticles
(NPs) [11, 12].

Room temperature ionic liquids (RTILs) are ionic media result-
ing from the combination of organic cations and various anions.
They exist in liquid state at room temperature and represent a
new class of non-aqueous but polar solvents that can dissolve
many compounds [13, 14]. Yang et al. [15] synthetised polyani-
line/gold (Ag) nanocomposites using 1-butyl-3-methylimidazolium
hexafluorophosphate, an RTIL. The synthesised polyaniline/Ag
nanocomposites possess enhanced electrochemical activity and su-
perior conductivity compared with the conducting polymers pre-
pared by the conventional approach. Proteins such as enzymes
also keep their activity and stability in RTILs better than in the con-
ventional organic solvents or aqueous solutions [16]. RTILs have
attracted considerable attention in electrochemistry because of
their unique chemical and physical properties, such as high chem-
ical and thermal stability, negligible vapour pressure and high con-
ductivity [17, 18]. The high viscosity of ionic liquids (ILs) is
necessary for their application as carbon paste electrode binders
[19, 20]. ILs have been widely used as electrolytes because of
their wide electrochemical potential window [21]. For instance,
Suryanto et al. [22] investigated the controlled electrodeposition
of silver onto glassy carbon (GC), Ag and indium tin oxide-coated
glass substrates from three room-temperature protic ILs. RTILs are
also highly suitable media for the electrodeposition of metals [23].
Wang et al. [24] reported a novel formaldehyde (HCHO) sensor
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synthesised by the electrodeposition of AgPd alloy NPs on a chit-
osan—IL composite. Small-diameter AgPd NPs are well dispersed
over the surface of the composite film, and the resulting electrode
exhibits high electrocatalytic activity and stability in the electro-
oxidation of HCHO. In addition, Liu et al. [25] synthesised
uniform CuPt NPs on IL-assisted graphene. However, the applica-
tion of IL with functional groups acting as a support material for
metal deposition has yet to be reported.

In the work reported in this Letter, we investigated a novel
sulphonyl-terminated RTIL, 4-(3-methyl-1-imidazolio)-1-butane-
sulphonic acid triflate (BSMIMOTF), which was immobilised by
Nafion, and pioneered the use of this RTIL as a catalyst support
for metal deposition. As a hydrophilic RTIL, BSMIMOTF has
interconnected ionic channels because of the exposed hydrophilic
SO3, which is expected to alter the electrodeposition process to
some degree. Uniform PtNPs were synthesised by electrochemical
deposition on a BSMIMOTF-Nafion-modified electrode. The pro-
posed PtNPs were analysed by scanning electron microscopy
(SEM), energy-dispersive X-ray microanalysis (EDX) and electro-
chemistry. The electrocatalytic activity of PtNPs to methanol
electro-oxidation was significantly enhanced by using BSMIMOTF
as a new catalyst support.

2. Experimental

2.1. Chemicals: BSMIMOTF was supplied by the Shanghai Cheng
Jie Chemical Co. Ltd. Nafion (5%) was purchased from Sigma. All
other chemicals were analytical reagents and used without further
purification. All experiments were carried out at room
temperature. Deionised water (18.2 MQ-cm specific resistance)
obtained with a Pall Cascada Laboratory Water System was used
in all experiments.

2.2. Apparatus and measurement: The morphology of the modified
electrodes was characterised by SEM (Hitachi S-4800 microscope,
Japan). The specimens were examined at magnifications of
20000 x and 60 000 x. The elemental compositions of the
modified electrodes were characterised by EDX (HORIBA

Micro & Nano Letters, 2015, Vol. 10, Iss. 4, pp. 198-201
doi: 10.1049/mnl.2014.0588



EX-350). All electrochemical experiments were carried out in a
conventional three-electrode cell controlled by the CHI 660D
Electrochemical Work Station (CH Instruments, Inc.). A modified
GC disc (3 mm in diameter) was used as the working electrode,
with Ag/AgCl and Pt foil serving as the reference and
counterelectrodes, respectively. Cyclic voltammogram (CV) and
amperometric i—t curve techniques were used for the
electrochemical characterisation of the modified electrodes. The
amperometric i—t curve technique was also used for the
electrodeposition of PtNPs.

2.3. Preparation of the modified electrode: Prior to use, a GC
electrode was polished to a mirror over a microcloth with 0.05
um alumina slurry and then rinsed and ultrasonicated by
deionised water. BSMIMOTF (15 ul) was dispersed in a solution
of Nafion (1%, 1.0 ml) using ultrasonic agitation to yield a
uniform solution. Then, 4 ul of the mixture solution was dropped
on a clean GC electrode and dried at room temperature to form a
uniformly  coated  electrode = (BSMIMOTF-Nafion/GCE).
Electrochemical deposition of Pt was performed in an aqueous
solution of 1.93 mM H,PtClsSH,0. The electroplating potential
was — 0.3V, with an electric charge quantity of 0.0045 C. The
obtained PtNPs/BSMIMOTF—Nafion/GCE was washed carefully

Figure 1 SEM images
a PtNPs/GCE

b PtNPs/Nafion/GCE

¢ PtNPs/Nafion—IL/GCE
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with deionised water and then dried at room temperature. PtNPs/
GCE and PtNP/Nafion/GCE were fabricated using a similar
method with the same deposition charges for comparison.

3. Results and discussion: Fig. 1a illustrates that large Pt particles
with diameters of 70-200 nm are dispersed on the GC electrode
surface via direct electrochemical deposition. The smaller Pt
particles with diameters of 50-100 nm can be observed on the
Nafion-modified GC electrode (Fig. 1b). Besides the relative large
particle size, the distributions of Pt particles on the bare and
Nafion-modified GC surface are inhomogeneous. Comparatively,
a uniform distribution of spherical PtNPs can be obtained by
direct electrochemical deposition on BSMIMOTF-Nafion
modified GCE (Fig. 1c¢). With an almost equal Pt deposition
charge applied, the density of the Pt particles is apparently
higher. This finding implies that BSMIMOTF-Nafion film
modified GCE is a suitable support material for Pt deposition. In
addition, the SEM image of the PtNPs/BSMIMOTF-Nafion/GCE
in Fig. 1¢ shows the membranous structure of the BSMIMOTF—
Nafion-modified GCE. The particle size of the PtNPs ranges from
10 to 30 nm, with uniform dispersion on the BSMIMOTF-Nafion
matrix. This phenomenon is similar to the reported literature [26,
27]. ILs have low interfacial tension, which can improve the
nucleation rate [26]. The polarity divergence has made
BSMIMOTF a buffer passage to balance the phase difference,
which is accordingly favourable for the transport of PtCIZ~. Thus,
a quasi-homogeneous distribution of PtCIZ~ can be soundly
achieved. As to the growth of PtNPs, it seems more difficult to
initially drive PtCI2~ in water to migrate towards the surface of
the BSMIMOTF-modified electrode, which results in less
attachment of PtNPs yet with more uniform dispersion [27]. In
addition, BSMIMOTF—Nafion has interconnected ionic channels
because of the exposed hydrophilic SO3. lon exchange occurs
between Pt*" and SO3 wupon dipping the BSMIMOTF-
Nafion-modified GCE in electrolyte ions. Thus, the deposition of
PtNPs on the BSMIMOTF-Nafion-modified electrode occurs in
two ways: (a) part of the PtNPs is electrochemically deposited on
the electrode directly from the aqueous solution of H,PtCls-SH,O
and (b) another part of the PtNPs can be synthesised by the
following reaction process

ion-exchange

4[(BSMIMOTF — Nafion)SO; ]/GCE + Pt**
[(BSMIMOTF — Nafion)SO;],Pt/GCE
reduction

[(BSMIMOTF — Nafion)SO,],Pt/GCE “——"
PtNPs/BSMIMOTF — Nafion/GCE

M

@

The chemical composition of the obtained PtNPs/BSMIMOTF—
Nafion/GCE composite was determined using EDX analysis
(Fig. 2). The result shows that C, O, F, Pt, Si and S are the major
elements. Si may have come from the silicone sealant. F and O
come from the Nafion and the BSMIMOTE. S solely originates
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Figure 2 EDX spectrum of PtNPs/BSMIMOTF-Nafion/GCE
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Table 1 Results of the EDX analyses of the PtNPs/CS, PtNPs/Nafion/CS
and PtNPs/BSMIMOTF—-Nafion/CS

Element  PtNPs/CS, PtNPs/Nafion/ PtNPs/BSMIMOTF—Nafion/
wt% CS, wt% CS, wt%

C 12.22 15.84 22.23

(6] 14.80 14.46 18.44

Pt 72.98 37.44 32.54

F 32.26 14.57

S 12.21

from the BSMIMOTF. The existence of Pt demonstrates that the
NPs inlaid in the BSMIMOTF—Nafion are actually Pt. In addition,
the weight ratios of the Pt element in three matrices were studied in
a copper sheet (CS) electrode and the corresponding results are
shown in Table 1 by subtracting the copper ratio. The results
have shown that the weight ratios of Pt are almost the same
because of the same deposition charge. The existence of IL—
Nafion film cannot prevent the deposition of Pt but results in
smaller particles and a unique morphology.

Typical CVs for the PtNPs/BSMIMOTF—Nafion/GCE,
BSMIMOTF-Nafion/GCE and bare GCE are between — 0.2 and
1.0 V in a 0.5 M H,SO, solution (Fig. 3). As shown in the inset,
the BSMIMOTF—Nafion/GCE appears to conduct larger electric
current than the bare GCE. BSMIMOTF has good ionic conductiv-
ity and can enhance the electrode’s electron transfer rate. In ad-
dition, the membranous structure of BSMIMOTF—Nafion
(Fig. 1c) increases the surface area of the electrode. These results
imply that the BSMIMOTF-Nafion-modified GCE has better elec-
trochemical performance than the bare GCE. In addition, the char-
acteristic feature of Pt is displayed at the voltammogram of the
PtNPs/BSMIMOTF—Nafion/GCE. Three distinctive H adsorption—
desorption peaks are detected at —0.20, —0.17 and — 0.03, fol-
lowed by a double layer region corresponding to metallic Pt.
With the potential positive shifting, the reduction peak of the Pt
deposit is detected at 0.45 V.

The electrocatalytic ability of the PtNPs/BSMIMOTF-Nafion/
GCE towards the electrochemical oxidation of methanol was inves-
tigated in 0.5 M H,SOy solution containing 1 M MeOH. As shown
in Fig. 4, the features of the CV curve at the PtNPs/GCE and PtNPs/
Nafion/GCE are significantly similar to that at the PtNPs/
BSMIMOTF-Nafion/GCE. In particular, the potentials of the two
peaks for methanol oxidation are almost the same at both electro-
des, showing that methanol oxidation is not disturbed by the

50

25 |

I, pA

=75 L L L I
-0.3 0.0 0.3 0.6 0.9 1.2

E,V

Figure 3 CVs of PtNPs/BSMIMOTF-Nafion/GCE (solid line),
BSMIMOTF-Nafion/GCE (dashed line) and bare GCE (dotted line) in
0.5 M H,S0,

Scan rate is 100 mV/s

Inset: CVs of BSMIMOTF-Nafion/GCE and bare GCE
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Figure 4 CVs of PINPs/BSMIMOTF-Nafion/GCE, PtNPs/Nafion/GCE and
PtNPs/GCE in 0.5 M H,SO,+ 1 M MeOH
Scan rate is 10 mV/s

modification using BSMIMOTE. Two oxidation peaks of methanol
can be observed clearly at 0.65 and 0.50 V, respectively. The most
negative peak of the oxidation of methanol at PtNPs/Nafion/GCE
can be observed, which indicates that the PtNPs in the Nafion
matrix are more active than that in the BSMIMOTF—-Nafion matrix.
A similar situation can also be observed at the PtNPs/IL/graphene
electrode [27]. However, compared with the bare GCE, the
PtNPs/BSMIMOTF—Nafion/GCE and the PtNP/Nafion/GCE show
excellent catalytic properties towards methanol oxidation at the
same deposition charge (0.0045 C). Moreover, the PtNPs/
BSMIMOTF-Nafion/GCE exhibits a higher methanol oxidation
current density than the PtNPs/Nafion/GCE. The small peak shifts
of the oxidation of methanol might be caused by the unique surface
properties of the electrodes.

The ratio of the forward anodic peak current density (/) to the
reverse anodic peak current density (/g) can be used to measure
the tolerance of the catalyst to partially oxidised species accumu-
lated on the surface of the electrode. A higher ratio indicates
more effective removal of the poisoning species on the electrode
surface [28]. The IF/IB ratios at the PtNPs/BSMIMOTF-Nafion/
GCE, PtNPs/Nafion/GCE and PtNP/GCE peaks are 1.71, 1.65
and 1.42, respectively. This result implies that the PtNPs/
BSMIMOTF-Nafion/GCE shows better anti-poisoning ability for
methanol oxidation than the PtNPs/Nafion/GCE and PtNPs/GCE.
The integration of PtNPs and BSMIMOTF in the Nafion polymeric
matrix formed an electron-conducting (PtNPs) network and
ion-conducting (BSMIMOTF and Nafion) matrix that improved
the electronic and ionic transport capacity of the PtNPs/
BSMIMOTF-Nafion composite film, thereby causing a greater
degree of oxidation completion and reducing poisoning. In add-
ition, the efficiency may be attributed to the small particle size
and high dispersion of PtNPs and the three-dimensional (3D) struc-
ture of the PtNPs/BSMIMOTF—Nafion.

The long-term stabilities of the PtNPs/BSMIMOTF-Nafion/
GCE, PtNPs/Nafion/GCE and PtNPs/GCE electrodes for methanol
oxidation were also studied by chronoamperometric measurements.
Fig. 5 shows typical i~ curves at a constant potential of 0.6 V in a
0.5 M H,S0O, solution containing 1 M MeOH. A slower decay of
current density with time implies that the catalyst has good anti-
poisoning ability [29]. As shown in Fig. 5, the currents decrease
rapidly during the early stage because of the formation of intermedi-
ate species. The oxidation current on the PtNPs/BSMIMOTF-
Nafion/GCE is larger than that on the PtNPs/Nafion/GCE and
PtNP/GCE at all times. Electron-oxidation of methanol on PtNPs/
BSMIMOTF-Nafion/GCE possesses the highest initial current.
Moreover, the decay of the oxidation current on the PtNPs/
BSMIMOTF-Nafion/GCE is the slowest. The current of the
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Figure 5 Amperometric it curves of PtNP/BSMIMOTF-Nafion/GCE
(curve a), PtNP/Nafion/GCE (curve b) and PtINP/GCE (curve c) for meth-
anol oxidation in 0.5 M H,SO,+ 1 M MeOH

Fixed potential is 0.6 V

PtNPs/BSMIMOTF-Nafion/GCE at 3600 s is 1.74 and 3.57 times
greater than that of the PtNPs/Nafion/GCE and the PtNPs/GCE
electrodes. Thus, the PtNPs on the BSMIMOTF—Nafion matrix
have higher stability for methanol electro-oxidation because of
the unique properties of IL-Nafion film.

4. Conclusion: This Letter illustrates the use of a BSMIMOTF—
Nafion composite film as a support for the electrodeposition of
PtNPs for methanol electro-oxidation. PtNPs with higher particle
density and smaller particle diameter were dispersed on the
BSMIMOTF-Nafion composite film because of the ion-exchange
characteristics and excellent ionic conductivity of BSMIMOTF—
Nafion. The PtNPs/BSMIMOTF-Nafion/GCE exhibits higher
electrocatalytic activity for methanol oxidation than Pt/Nafion/
GCE and PtNP/GCE. This result can be attributed to the small
particle size and high dispersion of Pt, the unique properties of
BSMIMOTF and the 3D structure of the modified electrode.
These results show that sulphonyl-terminated IL as a new catalyst
support has great potential application in DMFCs.
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