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ARTICLE INFO ABSTRACT

Keywords: Due to their excellent chemical stability, as well as low operating temperature, high energy density, and en-
Direct methanol fuel cells vironment-friendliness, carbon supports are a prospective candidate for platinum (Pt) nanocatalysts in direct
Support methanol fuel cells (DMFCs). However, numerous efforts to achieve the high efficiency for the energy conversion
Catalysts by carbon supports have faced considerable challenges owing to an inefficient utilization of the inside region,
Mesoporous leadi the 1 1 hemical perf hus, in th d d d surf

Carbon eading to the low electrochemical performance. Thus, in the present study, we propose an advanced surface

technology for the mesoporous structure. The obtained Pt nanocatalyst-decorated mesoporous carbon nanofiber
support offers a high anodic current density of 732 mA mgp, ~*, and an excellent catalytic stability as compared
to the commercial Pt/C (20 wt% Pt on Vulcan carbon, De Nora S.P.A.) and Pt/CNF. Due to these characteristics,
this advanced carbon support provides several, benefits such as the well-dispersed Pt nanocatalysts on the
surface, as well as achieves a superb catalytic stability. In sum, the advanced carbon support is a promising

Platinum nanocatalyst

candidate to improve the electrochemical performance of DMFCs.

1. Introduction

Renewable energy devices are of a key significance in terms of
solving the foreseeable energy depletion problem and the global cli-
mate change. The fuel cells have been reported to have a large potential
to convert the chemical energy into electricity. Among the various types
of fuel cells, the typical low-temperature fuels as direct methanol fuel
cells (DMFCs) are a promising renewable energy source due to their
high energy density, low operating temperature, low emission of pol-
lutants, and high energy conversion [1-3]. The DMFC consists of an
anode, a cathode, an electrolyte, and a membrane. The methanol oxi-
dation reaction (MOR) on the anode is one of the key elements needed
for energy conversion performance in DMFCs [1-3]. However, there are
three obstacles to an effective application of MOR in DMFCs, namely:
(1) the high cost of Pt; (2) penchant to agglomerate of Pt; (3) poor CO
tolerance. Therefore, Pt nanocatalysts need to be characterized by a
high dispersion onto a support to acquire numerous electroactive sites
between the methanol fuel and nanocatalyst surface, which can lead to
an improved MOR [4-7]. Thus far, owing to their superb chemical
properties and relative stability during MOR, carbon supports have
been widely investigated for the efficient use of Pt nanocatalysts [4-7].
However, to further develop the DMFC technologies, an advanced

carbon support is urgently needed so as to enhance the electrochemical
performance.

In this context, numerous studies have sought to enhance the elec-
trochemical performance of carbon supports. Among the proposed
strategies, producing an advanced carbon support with a high surface
area and mesoporous structure is a useful technique to achieve a good
dispersion of Pt nanocatalysts on the surface, which can increase the
electroactive sites [8-15]. Nevertheless, the inefficient use of the inside
region for carbon supports still remains a problem and underlies the
limited energy conversion performance.

In the present study, we propose an advanced surface technology of
producing carbon supports using the mesoporous structure. The
synthesis of mesoporous structure for carbon supports using dissolution
of zinc oxide, which could be useful in improved electrochemical per-
formance, has not yet been studied. Our results demonstrate that the Pt
nanocatalyst-decorated mesoporous carbon nanofiber supports can be
successfully fabricated using the electrospinning and impregnation
methods. Moreover, the interlinked structure consisting of one-dimen-
sional nanofibers as carbon nanofibers ensure a good dispersion of Pt
nanocatalysts.
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2. Experimental

2.1. Synthesis of platinum catalyst-decorated mesoporous carbon nanofiber
support (Pt/MPCNF)

The platinum catalyst-decorated mesoporous carbon nanofiber
support (Pt/MPCNF) was successfully fabricated using the electrospin-
ning and impregnation methods. For electrospinning, 10 wt% poly-
acrylonitrile (PAN, M,, = 150,000, Sigma-Aldrich, Germany) and 15 wt
% zinc oxide (ZnO, nanopowder, 97% < 50 nm particle size, Sigma-
Aldrich, Germany) were dissolved in N,N-Dimethylformamide (DMF,
99.8%, Sigma-Aldrich, Germany). The feed rate and voltage were re-
tained at 0.05mLh~! and ~16KkV, respectively. To form the meso-
porous structure, the as-spun nanofibers were stabilized at 230 °C for
3h in air and then carbonized at 800 °C for 3 h under the nitrogen at-
mosphere. The carbonized nanofiber was calcined at 250 °C for 2h
under air to oxidize the Zn phases in the mesoporous carbon nanofibers
to the ZnO phases. To decorate the Pt nanocatalysts on the support
surface, the impregnation method was performed. The prepared sup-
port was dispersed in 0.28 mM H,PtClgxH,0 (=99.9%, Sigma-Aldrich,
Germany) solution and then reduced using the sodium borohydride
solution (100 mgmL ™!, Sigma-Aldrich, Germany) to load 10 wt% Pt
nanocatalysts on the support surface. To acquire the metallic Pt phases,
the nanocatalysts were obtained using the freeze-dry process under
—50 °C. For comparison, the carbon nanofibers (CNF) was synthesized
without ZnO nanopowder. In addition, the platinum catalyst-decorated
carbon nanofiber supports (Pt/CNF) were prepared under the same
conditions, but without the ZnO nanoparticles.
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2.2. Characterization

The structures and morphologies of the samples were inspected by
field-emission scanning electron microscopy (SEM, Hitachi, SU8010)
and transmission electron microscopy (TEM, Tecnai G2, Gwangju
Center, Korea Basic Science Institute). Energy-dispersive X-ray spec-
trometry mapping was performed to investigate the dispersion of ele-
ments in carbon nanofibers. The crystal structures and chemical
bonding states were examined using X-ray diffractometry (XRD, Rigaku
D/MAX-2500) and X-ray photoelectron spectroscopy (XPS, Thermo
Electron, ESCALAB 250), respectively.

2.3. Electrochemical characterization

The methanol oxidation and catalytic stability were inspected using
a potentiostat/galvanostat (Ecochemie Autolab, PGST302N) in three-
electrode cells consisting of the working electrode (glassy carbon
electrode, area = 0.0706 cm?), the reference electrode (Ag/AgCl, sat.
KCl) and the counter electrode (Pt gauze). To create the catalyst inks,
Pt/MPCNF was dispersed in 2-propanol (99.5%, Sigma-Aldrich,
Germany) with 20 wt% Nafion (Sigma-Aldrich, Germany) and then
dropped on the working electrode. Thereafter, the electrochemical be-
havior was run using cyclic voltammograms (CV) in a 0.5 M H,SO4 and
2M CH30H electrolyte (Sigma-Aldrich, Germany) at the scan rate of
50mVs~! between —0.2 and 1.0V (vs. Ag/AgCl). To further explore
the catalytic stability, chrono amperometry (CA) was performed in an
electrolyte for 2000 s at the constant potential of 0.5 V. For comparison,
the Pt/CNF and the commercial Pt/C were also prepared under the
same conditions.

Fig. 1. SEM images of (a) the CNF support, (b) Pt/CNF, (c) the mesoporous CNF support, and (d) Pt/MPCNF.
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3. Results and discussion

Fig. 1 shows the SEM images of the CNF support, Pt/CNF, meso-
porous CNF support, and Pt/MPCNF. All catalysts showed an inter-
linked structure consisting of the one-dimensional nanofiber with the
diameter of 211-236 nm, which can provide the favorable ionic diffu-
sion electron transfer during the MOR. The CNF support (Fig. 1a) dis-
played a flat surface, implying an inefficient use of the inside region.
The CNF support had the low surface area of 359 m* g~ ' and the low
mesopore volume fraction of 15.3% (data not shown). After the appli-
cation of the impregnation method, Pt/CNF (Fig. 1b) exhibited the
agglomerated Pt nanocatalysts on the surface due to the low surface
area of supports, leading to a poor electrochemical performance during
MOR. The mesoporous CNF support (Fig. 1c) showed a novel archi-
tecture of mesoporous structure with craters. The formation of meso-
porous structure of the CNF support can be attributed to the dissolution
of ZnO nanoparticles during the carbonization process. The ZnO na-
noparticles in CNF were transferred to metallic Zn and then melted at
the temperature over 419.5°C [16]. Thereafter, the melted Zn was
partly vaporized to generate the mesoporous structure [16]. The me-
soporous CNF support had the high surface area of 651 m? g~ and the
high mesopore volume fraction of 80.3% (data not shown). Further-
more, Pt/MPCNF (Fig. 1d) exhibited a novel architecture of the meso-
porous structure without the agglomerated Pt nanocatalysts on the
surface, indicating that the inefficient use of the inside region of carbon
supports with a high surface area and a high mesopore volume fraction
could be the sufficient area for the decoration of Pt nanocatalysts on the
supports. To determine the morphological properties of the supports
and catalysts, TEM measurement was performed.

Fig. 2 shows low-magnification (Fig. 2a—d) and high-magnification
(Fig. 2e-h) TEM images of the CNF support, Pt/CNF, mesoporous CNF
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support, and Pt/MPCNF. The CNF support (Fig. 2a and e) presented a
uniform contrast, implying the only carbon phase without a porous
structure. On the other hand, the dark spots of Pt/CNF (Fig. 2b and f)
are the decorated Pt nanocatalysts on the surface. Unfortunately, Pt/
CNF showed the agglomerated Pt nanocatalysts of 21-42nm in size.
The large size of Pt nanocatalysts is ineffective for MOR. Therefore, the
advanced CNF support with a high surface area and a high mesopore
volume fraction is essential to improve MOR. Interestingly, the meso-
porous CNF support (Fig. 2c and g) displayed the two types of contrast,
implying the mesopores of CNF support and ZnO nanoparticles
(2-10nm) by a dissolution of the ZnO nanoparticles during the car-
bonization. The embedded ZnO nanoparticles in the mesoporous CNF
support can inhibit CO poisoning of catalysts using the oxidizing ad-
sorbed CO to CO,, leading the enhanced MOR. Of note, Pt/MPCNF
(Fig. 2d and h) revealed well-dispersed Pt nanocatalysts without ag-
glomeration, suggesting that a high surface area and a high mesopore
volume fraction could supply the large sites for Pt nanocatalysts. In
addition, Pt/MPCNF indicated the nanosized catalysts (3-5nm) and
clear lattice fringes with the spacing of 0.22 nm corresponding to the
(111) planes of face-centered cubic Pt phases [17]. Pt nanocatalysts
were penetrated through the pores inside. This was confirmed by TEM
results (Fig. S1). To inspect the distribution of C, Zn, and Pt, the TE-
M-EDS mapping analysis was performed (Fig. 2i). The EDS results,
which revealed that well-dispersed ZnO and Pt are embedded in the
mesoporous CNF support, demonstrate that C, Zn, O, and Pt atoms are
well dispersed.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.12.175.

Fig. 3a shows the XRD pattern (see Fig. 3a) of the CNF support, Pt/
CNF, mesoporous CNF support; Pt/MPCNF was conducted to in-
vestigate their crystal structure. The main diffraction peak of the CNF

Fig. 2. (a—d) Low-resolution and (e-h) high-resolution TEM images of the CNF support, Pt/CNF, mesoporous CNF support, and Pt/MPCNF. (i) TEM-EDS mapping

data of Pt/MPCNF.
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Fig. 3. (a) XRD patterns of the CNF support, Pt/CNF, mesoporous CNF support, and Pt/MPCNF. (b) Zn 2p, (c) O 1s, and (d) Pt 4f of Pt/MPCNF.

support and mesoporous CNF support was observed at 25.0°, corre-
sponding to the (00 2) plane of graphite layers [18,19]. On the other
hand, Pt/CNF and Pt/MPCNF indicated the main diffraction peaks at
39.7° and 46.2°, respectively, corresponding to the (111) and (200)
planes of Pt phases (face-centered structure, space group Fm3m [2 2 5],
JCPDS, 04-0802). To prove the chemical bonding features of Pt/
MPCNF, the XPS measurements were performed. The spectral peaks
were standardized by C 1s line (284.5 eV). The Zn 2p XPS spectral peaks
of Pt/MPCNF (see Fig. 3b) showed two signals at ~1022.0eV and
~1045.1 eV with the spin energy separation of 23.2 eV, which corre-
sponded to the Zn 2ps,, and Zn 2p;,, of ZnO phase, respectively
[16,20]. The deconvolution of the O 1s XPS spectral peaks of Pt/MPCNF
is shown in Fig. 3c. The lower energy peak at 531.0 eV was attributed to
the typical value of O~ in ZnO. The intermediate energy peak at
532.6 eV was associated with the OH groups. Finally, the higher energy
peak at 533.7 eV was related to the COOH groups [16]. These results
indicate the formation of ZnO phases of Pt/MPCNF, which can inhibit
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CO poisoning of catalysts using oxidizing adsorbed CO to CO, during
the MOR. Fig. 3d shows the Pt 4f XPS spectral peaks of Pt/MPCNF at
71.4 eV and 74.8 eV corresponding to the metallic Pt phase [21].

To further explore the MOR performance of Pt/CNF and Pt/MPCNF,
the CV measurement was implemented in the voltage range of —0.2
and 1.0V in a 0.5M H,SO,4 and 2M CH30H electrolyte at 50 mV st
(see Fig. 4a). To normalize the measured data, the mass of Pt loading
(8 mg cm ™~ 2) was used. As is well known, the MOR turns out 6 electrons,
6 protons, and carbon dioxide (CH;0H + H,0 —6e~ + 6H' + CO,)
[1-3,5]. For comparison, the commercial Pt/C was prepared under the
same conditions. CV curves appeared to have typical MOR peaks, in-
cluding the intermediate species such as CO, COOH, and CHO in the
backward scan and the methanol oxidation peak in the forward scan
[4-7,12-15]. Therefore, the value of anodic current density related to
the methanol oxidation peak in the forward scan is a significant index
[4-7,12-18]. The maximum anodic current densities of the commercial
Pt/C, Pt/CNF, and Pt/MPCNF were 495, 383, and 732 mA mgpt’l,
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Fig. 4. (a) Cyclic voltammetry (CV) measurements of methanol oxidation of commercial Pt/C, Pt/CNF, and Pt/MPCNF at the scan rate of 50 mV s~ Lin the voltage
range of —0.2 to 1.0 V. (b) Chronoamperometry (CA) of the commercial Pt/C, Pt/CNF, and Pt/MPCNF in 0.5M H,SO4 and 2M CH3OH electrolyte at 0.5 V.
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respectively. A higher anodic current density of Pt/MPCNF entails a
higher number of electrons as compared to other catalysts, implying an
improved electrochemical performance of MOR. These results can
mainly be ascribed to the well-dispersed Pt nanocatalysts related to the
numerous electroactive sites during the MOR. In addition, it is widely
known that Pt nanocatalysts tend to the intermediate species on the Pt
surfaces, resulting in a higher ratio of the forward peak current (I) to
the backward peak current (Iz). The Iz/Ip ratio of Pt/MPCNF is the
highest (1.4) as compared to the commercial Pt/C (0.6) and Pt/CNF
(1.0), implying the excellent CO tolerance during MOR. The enhanced
CO tolerance can be defined by the bifunctional effect
(Zn-OH + Pt-CO =Pt + Zn + CO, + H" + e7) [22,23]. Thus, the
existence of the ZnO phase of Pt/MPCNF facilitates removing the ad-
sorbed CO species using the abundant adsorbed hydroxyl species, re-
sulting in clean electroactive sites of Pt nanocatalysts. One of the sig-
nificant issues for the DMFC technology is the catalytic stability.
Therefore, to inspect catalytic stability of catalysts, chrono ampero-
metry (CA) was carried out at 0.5V in a 0.5M H,SO4 and 2M CH3;0H
electrolyte for 2000 s (see Fig. 4b). The decay of current density was
monitored owing to the adsorption of SO42~ anions and intermediate
species onto the Pt surface. Despite the disturbance of absorption for
anion and intermediate species, Pt/MPCNF indicated the lowest dete-
rioration rate and highest current density. These results suggest that
ZnO phases could enhance the catalytic stability due to the bifunctional
effect.

The enhanced electrochemical performance of Pt/MPCNF was
achieved due to two major factors. First, the good distribution of Pt
nanocatalyst afforded numerous electroactive sites between the Pt na-
nocatalyst and the electrolyte, leading to an improved anodic current
density during MOR. Second, the existence of the ZnO phases in Pt/
MPCNF made it possible to resist the adsorbed CO species using the
abundant adsorbed hydroxyl species during MOR, which resulted in an
enhanced catalytic stability.

4. Conclusions

In the present study, Pt/MPCNF as a catalyst for MOR was fabri-
cated using the electrospinning and impregnation methods. The Pt/
MPCNF showed a good dispersion of Pt nanocatalysts (3-5 nm) without
the agglomeration, meaning that the inefficient use of the inside region
for the CNF supports using the high surface area and the high mesopore
volume fraction could serve the sufficient area for the decoration of Pt
nanocatalysts on the supports. Pt/MPCNF showed an improved elec-
trochemical behavior with the highest anodic current density of 732 mA
mgp.~ , and an excellent catalytic stability compared to commercial Pt/
C and Pt/CNF. The superb electrochemical performance of Pt/MPCNF
can be attributed to the following two main factors: (I) the enhanced
anodic current density related to the good distribution of Pt electro-
catalyst; (II) the excellent catalytic stability related to the existence of
the ZnO phases. In sum, Pt/MPCNF could be a promising candidate to
replace the commercial Pt/C for application in DMFCs.
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