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polyaniline nanotubes (BDP@Pt).

� Synthesized BDP@Pt act as an effi-
cient electro-catalyst for MOR in
acidic medium.
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depends with Pt-NPs density on PANI
surface.
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A facile room temperature and surfactant free synthesis of platinum nanoparticles (Pt-NPs) on benzene
tetra-carboxylic acid doped polyaniline (BDP) tube has been successfully demonstrated by solution
dipping method. Preparation of Pt-NPs has been done through a red-ox reaction between BDP tubes and
Pt-salt, as BDP itself acts as nontoxic reducing agent as well as template cum stabilizer for Pt-NPs. In
BDP@Pt composites, ~2.5 ± 0.5 nm spherical shaped Pt-NPs as observed from TEM studies are nicely
decorated on the surface of BDP. The population or the loading density of Pt-NPs on BDP tube is greatly
controlled by changing the w/w ratio of BDP to H2PtCl6. Synthesized BDP@Pt composites are subse-
quently employed as an efficient electro-catalyst for methanol oxidation reaction (MOR) in acidic me-
dium. Furthermore, the observed catalytic activity is consequently ~12 times higher than that of
commercially available Pt/C catalyst. Depending on the loading density of Pt-NPs on BDP tubes, the ef-
ficiency and carbon monoxide (CO) tolerance ability of composites have been explored.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Direct methanol fuel cells (DMFCs) have received significant
attention as a new portable clean power sources ranging from
mobile phone to vehicles [1e5]. This considerable interest towards
methanol is due to its high theoretical energy conversion efficiency,
low pollutant emission, low materials cost, easy handle, simple
storage, low temperature operation and many others [3,6,7].
However, some difficulties or drawbacks are still present for the
commercialization of DMFCs including insufficient activity and
high cost of anode modified materials. Pt-nanoparticles (Pt-NPs)
are still regarded as most effective catalyst in the methanol
oxidation reaction (MOR) than other metal nanomaterials (like Au,
Ag, Pd, Ru etc.). However, the limited abundance and the high cost
of Pt based materials make immense challenge for the scientists or
researchers to produce easy, novel and smart method of
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preparation [8e10]. Secondly, difficulty lies in the catalyst
poisoning originated from the strong interaction of intermediate
carbon monoxide (CO) species with catalyst active sites [11e14].
Thirdly, methanol crossover in electrolyte is sluggish the kinetics of
methanol oxidation [15,16]. Therefore, the development of high CO-
tolerance with excellent catalytic activity and good durability of
electrochemical anodic material is the key issue nowadays. To
address these concerns, tremendous efforts have been devoted by
researchers to develop of Pt-NPs combine composites materials in
which the size and shape of nanoparticles play an important role
towards the methanol oxidation [17,18]. Ultrafine size Noble metal
nanoparticles are more essential because of high surface areas,
more edges and corners that cumulatively enhance the efficiency of
the catalyst [19,20].

In general, Pt-NPs is most familiar efficient electro-catalytic
material for methanol oxidation reaction. Many processes have
been already well developed to making Pt-NPs with the help of
several stabilizing and reducing agents. General approach is the
chemically synthesized Pt-NPs that are subsequently stabilized by
surfactants or any organic binders. These stabilizers fully or
partially hinder the active site of catalyst, it results the lowering of
catalytic efficiency and it is not suitable to use repeated times for
catalytic cycles. Different carbon based materials like graphene
[21e24], carbon nanotubes [25,26], carbon nanofibers [27,28],
carbon black [29,30], mesoporous carbon [31] are utilized as sup-
ports for Pt-NPs in fuel cells. A number of bimetallic nanoparticles
have been also developed for active anode materials in methanol
fuel cell [5,32,33]. Majority of Pt-NPs based composite materials
have prepared through different reaction condition, like high re-
action temperature, hazardous reagent used, multistep reaction
procedure, lack of purification etc. and it is less demanding from the
view point of applications. Therefore, making of single step, eco-
friendly, easy, high performance, cost effective Pt-based electro-
catalyst with high durability and CO tolerance ability is still missing
in the literature.

Currently, polymer-Pt nanocomposites have received a great
deal of attention owing to their excellent chemical and physical
properties in the fields of catalysis, electronic devices, solar cell,
sensor etc. In the conducting polymer family, polyaniline (PANI) is
the most popular polymer and significant for the formation of
metal-incorporated nanostructure, because (i) the presence of
amine (eNHe) moiety in the main polymer chain that helps
chemically synthesized Pt-NPs attached on PANI surface by elec-
trostatic interaction [34e37]. (ii) The crucial advantage of PANI for
its reduction potential (0.70e0.75 V) [38], which is relatively higher
than that of the common noble metal, (Au, Ag, Pd, Pt) and it results
the facile formation of metal nanoparticles at room temperature
[39,40]. (iii) Reducing nature of PANI chain to form metal nano-
particles unlike other conductive polymers. (iv) A good solid sup-
port cum template material for metal NPs. (v) PANI itself interacts
with watermolecule and it may facilitate the oxidation of CO to CO2
during methanol oxidation reaction at room temperature [41e43].
(vi) Apart from these, easy synthesis procedure, low materials
production cost, good thermal as well as environmental stability,
high electrical conductivity, doping/dedoping behaviour of PANI
makes signification advantages in research field [44,45].

In this article, we have reported an easy and room temperature
procedure for synthesis of Pt-NPs, embellished on high aspect ratio
benzene tetra-carboxylic acid doped polyaniline (BDP) nanotube,
that behaves as a reducing template cum solid supporting agent for
Pt-NPs. Synthesized BDP@Pt composites have been characterized
by TEM, XPS, XRD, ICP-AES studies. The population density of Pt-
NPs on PANI surface has been checked with changing BDP to Pt
w/w ratio although shape and size of Pt-NPs remains almost same.
Prepared surfactant free Pt-NPs on BDP tubes have been utilized as
efficient electro-catalysts for methanol oxidation reaction. The ratio
of BDP to Pt (w/w) has been optimized as an efficient and CO-
tolerance composite for methanol oxidation reaction at room
temperature. CO-tolerance activity has been also compared with
the commercially available Pt/C catalyst.

2. Experimental section

2.1. Materials

Aniline and methanol were supplied by Merck Chemicals. Ani-
line was distilled under reduced pressure and stored at 5 �C in a
dark place and methanol (CH3OH) was distilled under normal
pressure in N2 atmosphere. Chloroplatinic acid hexahydrate
(H2PtCl6, 6H2O, �37.50% Pt basis), Pt/C (10% wt. loading), 1,2,4,5-
benzene tetra-carboxylic acid (BTCA), and ammonium persulfate-
persulfate [(NH4)2S2O8] (APS) were purchased from Sigma-Aldrich
and were used without further purification. All solutions were
prepared in deionised water (18 MU cm, Millipore Milli Q water).

2.2. Preparation of 1,2,4,5-benzene tetra-carboxylic acid doped
polyaniline (BDP)

1,2,4,5-benzene tetra-carboxylic acid doped polyaniline (BDP)
was synthesized according to our early report [37]. In the typical
experiment, BTCA (0.07 g, 0.27 mmol) was dissolved in 15 mL of
water with continuous stirring. Aniline (100 mL, 1.02 gcm�3,
1.1 mmol) was added to 15 mL BTCA soluble water solution and
stirred for another 1 h at 25 �C. A fresh aqueous solution of APS was
added drop by drop to the reaction mixture at 10 �C and reaction
mixture was allowed to stand at 5 �C temperature for 18 h without
stirring. The deep green color precipitate was washed several times
with water followed by methanol to remove the oligomers and
excess APS. Finally, the solid product was dried at 80 �C under
vacuum to get high-aspect-ratio BTCA-doped PANI (BDP) tubes as
powdered form.

2.3. Preparation of the BDP@Pt catalyst

The Scheme 1 illustrated the fabrication of Pt-NPs on BDP fiber.
In the typical experiment 1.0 mg of BDP fiber was dispersed in
500 mL of water in a glass bottle equipped with magnetic stirrer. In
different sets of batch reaction (Table 1) 3.5 mL of H2PtCl6 solution
with four different concentration (0.25, 0.5, 0.75 and 1.0 mg mL�1)
were added drop wise with continuous stirring for 24 h at room
temperature (25 �C) until to complete reduction. Synthesized
BDP@Pt compositewas collected by centrifugation at 5000 rpm and
thoroughly washes with pure water several times. Finally, prepared
composites were purified through dialysis processes (2000MW cut
off) to remove untreated H2PtCl6 from the surface. Resulting com-
posites were used as stock materials for further experiments.

2.4. Characterization

Material characterizations were performed with the help of
following technique and instruments. Bright-field, high-angle
annular dark-field (HAADF) imaging and mapping of BDP@Pt
composites were carried out on a UHR-FEG-TEM (JEOL, JEM 2100 F)
instrument at an accelerating voltage of 200 kV. Prior to TEM
observation, samples were dispersed in water and soaked with a
200 mesh carbon film coated Cu-grid. FESEM study was done by
JEOL, JSM 6700 F instrument operating at 5 kV, a small amount of
water dispersed sample was drop casted on a glass cover slip and
dried at room temperature. XRD analysis were performed through
Bruker AXS diffractometer (D8 advance) using Cu Ka radiation



Scheme 1. Schematic presentation for the preparation of BDP@Pt composites.

Table 1
Preparation of different Pt-NPs loading % BDP@Pt composite and their electro-catalytic activity.

Composite BDP (mg) H2PtCl6 (mg) BDP:Pt (w/w) Pt loading % Pt NPs ECSA (m2g�1) If/Ibb

Shape Size (nm) (Initial cycle) 100thcycle

Pt/Ca - - e 10.0 Spherical 2.3 to 3.0 14.62 e e

BDP@Pt1 10.00 8.75 1:0.8 12.5 Spherical 2.5 ± 0.5 20.47 1.81 1.54
BDP@Pt2 10.00 17.5 1:1.7 29.1 Spherical 2.5 ± 0.5 38.63 1.14 1.01
BDP@Pt3 10.00 26.2 1:2.6 42.2 Spherical 2.5 ± 0.5 62.60 1.05 0.99
BDP@Pt4 10.00 35.0 1:3.5 61.5 Spherical 2.5 ± 0.5 69.54 1.09 0.86

a Data were taken from the catalogue of commercial supplier.
b The ratio of forward and backward peak intensity of methanol oxidation reaction.
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(l ¼ 1.542 Å), a generator voltage of 40 kV, and a current of 40 mA.
Powder samples were scanned from 2q¼ 10e85� at the rate of 0.5 s
per step with a step width of 0.02. XPS study was completed by
using a focusedmonochromatized Al Ka X-ray source (1486.8 eV) in
an Omicron Nano Technology 0571 XPS instrument. The amount of
Pt present in the BDP@Pt composites were measured by an Optima
2100 DV (PerkinElmer) inductively coupled plasma atomic-
emission spectroscopy (ICP-AES) instrument. UVevis spectra of
BDP fiber were recorded from Agilent (model 8453) a UVevis
spectrophotometer by using a quartz cell with path length of
1.0 cm. FTIR studies were carried out in Shimadzu instrument
(FTIR-8400 S) using KBr pellets.

2.5. Electrochemical measurements

All electrochemical experiments like cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and chro-
noamperometry (CA) were performed by a CHI6087E electro-
chemical workstation (CHI, USA). A conventional three-electrode
cell setup was used for these experiments, which consisted of a
BDP@Pt composites modified glassy carbon electrode (GCE) as a
working electrode, a Pt-wire as an auxiliary electrode, a saturated
Ag/AgCl as a reference electrode. GCE of 3 mm in diameter
(0.07 cm2 surface area) was polished very carefully with 1, 0.3, and
0.05 mm alumina powder step by step, until a mirror finish was
obtained. GCE was washed with water and ethanol mixture several
times and dried in air at room temperature. The water dispersed
synthesized BDP@Pt composite was dropped over on active surface
of GCE and dried under N2 atmosphere at room temperature for
further electrochemical measurement. The electro-oxidation of
methanol was recorded by cyclic voltammetry technique at scan
rate 50 mV�1 in a mixture of 0.5 M H2SO4 and 0.5 M methanol.
Current per geometrical surface area (current density) was used for
all calculation except the catalytic activity towards MOR, current
per ECSA was considered.

CO-stripping voltammetry experiment was performed by same
electrochemical experimental setup. BDP@Pt composite modified
working electrode was feeding with CO gas externally for 10 min
bubbling. After the adsorption on Pt-NPs surface, CO was elimi-
nated from electrode surface through dry N2 bubbling for 30 min.
The CO stripping voltammogram was recorded at room tempera-
ture with 50 mV�1 scan speed.

3. Result and discussion

3.1. Morphological study

Chemical synthesis of BDP are schematically shown in Fig. 1a
and prepared BDP are hollow tube having diameter ~200 nm as
observed in FESEM investigations (Fig. 1b). The careful observation
of TEM image proves tube like morphology judged from contrast
different between edge and core of fiber (Fig. 1c). After treatment of
BDP tubes with H2PtCl6, Pt-NPs are formed in/on BDP surface. Four
different BDP@Pt composites have been synthesized with different
w/w ratio of BDP to H2PtCl6 salt.

TEM images of BDP@Pt composites (Fig. 2) reveal the tubular
structures of PANI and interaction of BDP tubes with the tiny Pt-
NPs. It is also seen that Pt-NPs are embedded on the surface of
BDP tube without affecting the BDP morphology. The very close
look of TEM image shows, Pt-NPs are tightly adhered to the BDP
surface without large aggregates, indicating the strong interaction
between the Pt-NPs and the BDP solid support and the reduction of
Pt ions by PANI chains. The loading density of Pt-NPs on BDP surface
is controlling by changing the w/w ratio of BDP to H2PtCl6 (Table 1).
The loading density estimated by ICP-AES measurement is 61.5,
42.2, 29.1, and 12.5 wt % for BDP@Pt4, BDP@Pt3, BDP@Pt2 and



Fig. 1. (a) Preparation of BDP, (b) FESEM image and (c) TEM image of synthesized BDP fiber showing tube like nature.

Fig. 2. TEM images of room temperature synthesized Pt-NPs decorated BDP nanotube with different BDP to H2PtCl6 w/w ratio (a) BDP@Pt1; (b) BDP@Pt2; (c) BDP@Pt3; (d) BDP@Pt4
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Fig. 4. Powdered XRD pattern of BDP@Pt1 composite (black), BDP@Pt2 composite
(red) BDP@Pt3 composite (green), BDP@Pt4 composite (blue). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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BDP@Pt1, respectively. The maximum Pt-NPs loading density is
achieved in BDP@Pt4 composite, where BDP to H2PtCl6 w/w ratio is
1:3.5. However the particles size remains almost same
~2.5 ± 0.5 nm in all composites (Fig. S3).

Careful observation of high magnification TEM image of
BDP@Pt3 composite clearly shows that dark black spots are Pt-NPs,
that are uniformly distributed over on BDP tubes (Fig. 3a). The close
look of TEM image (Fig. 3b) of BDP@Pt3 composite indicates that
BDP tubes are coated by tiny Pt-NPs that is also confirmed from
dark field image (Fig. 3c). A selected region of TEM image is used to
determine particle size distribution and histogram of Pt-NPs. The
size of Pt-NPs is quite uniform (~2.5 ± 0.5 nm), although shapes of
the particles are not exactly spherical in nature (Fig. S2). The layer
to layer distance of single Pt-NPs is calculated ~0.225 nm, from high
resolution fringe lattice image (inset image of Fig. 3b). SAED pattern
(inset image of Fig. S2b) exactly matches with (111) plane of Pt-NPs
in XRD study [9,24,46]. The presence of Pt-NPs on BDP fiber con-
firms from the mapping image by yellow coloring (Fig. 3e) of the
selected area of Fig. 3d. The EDX study of BDP@Pt composite reveals
that it consists of Carbon, Nitrogen, Oxygen and Platinum (Fig. 3f)
environment.

3.2. XRD study

X-ray diffraction (XRD) patterns of BDP@Pt composites in the
range of 2q ¼ 10-85� show the presence of amorphous PANI and
crystalline Pt-NPs (Fig. 4). A broad peak at ~15-30� indicates for the
amorphous nature of PANI [37,45,47] and other four strong peaks
for crystalline Pt-NPs. Strong crystalline peaks centered at 2q¼ 40�,
46.3�, 67.8� and 81.5� correspond to (111), (200), (220) and (311)
crystal planes of the fcc Pt-NPs [33,48,49]. XRD results suggest that
Pt species are reduced to the metallic state of nanoparticles
embedded in PANI supported matrix. The intensity of diffraction
peak for Pt-NPs is increased from BDP@Pt1 to BDP@Pt4 composite
with the increase of the loading density of Pt-NP over on PANI
matrix. The fringe distance i.e., layer to layer distance between two
Fig. 3. (a) PANI nanofiber coated Pt-NPs; (b) HRTEM images with fringe pattern (inset image
mapping; (e) corresponding mapping image; (f) EDX pattern of BDP@Pt3 composite.
similar crystal plane of metal has been calculated from Bragg's
equation: nl ¼ 2dsinq, where, “l” indicates X-ray wavelength (Cu
Ka ¼ 0.154 nm), “d” is the layer to layer distance between two
similar crystal plane, “q” stands for Bragg angle (o). The calculated
fringe distance from Bragg's equation for (111) crystal planes is
~0.225 nmwhich is matchedwith TEM result (inset image of Fig. 3b
and Fig. S2b) [9,24,46].
3.3. XPS study

To analyze the chemical composition of BDP@Pt3 composite, X-
ray photoelectron spectroscopy (XPS) study has been further
) of BDP@Pt3 composite; (c) Dark filed image; (d) dark field image with selected area for
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employed in the region of binding energy (Eb)¼ 50e700 eV (Fig. 5).
Full scanned XPS spectra reveal that composites consist of Carbon,
Nitrogen, Oxygen and Platinum due to the presence of C1s, N1s, O1s
and Pt4f signals at ~282, 397, 530 and 72 eV, respectively (Fig. 5a)
[50,51]. In the region of Eb ¼ 65e80 eV two strong signals at 69.7
and 72.6 eV correspond to Pt4f7/2 and Pt4f5/2 respectively (Fig. 5b).

The deconvoluted XPS spectra of Pt4f indicate the presence of
three different oxidation state of platinum in the composite. Peaks
at 69.5 and 72.6 eV are corresponding Pt are in metallic state i.e. Pt
(0). Another two peaks at 70.2 and 73.4 eV are attributed to oxide Pt
(II); again peaks at 72 and 74.2 eV are for oxide Pt (IV) [22]. Simi-
larly, deconvoluted XPS spectra of N1s (Fig. 5c) reveal the infor-
mation of three sub-peak at 396.5 (-N]), 397.6 (eNHe) and
398.3 eV for (eNþe) [36,44,52]. The deconvoluted C1s spectrum
shows three sub-peak at 281.3, 283.2 and 283.8 eV for C]C/CeC,
CeN/CeO and C]O, respectively (Fig. 5d). Therefore, XPS studies
suggest the presence of metal and metal oxide as a mixture along
with C1s, N1s and O1s signal from PANI support.
Fig. 6. Cyclic voltammograms of BDP@Pt composites in 0.5 M H2SO4 with scan speed
50 mV�1 at room temperature.
3.4. Electro-catalytic oxidation of methanol

The electrochemical performances of prepared BDP@Pt com-
posites (with different Pt-NPs loading density on BDP fiber) have
been evaluated towards methanol oxidation reaction (MOR).
Commercial available Pt/C (10% Pt loading) has been taken for
comparison of MOR study. The cyclic voltammetry (CV) curve of
prepared four BDP@Pt composites and commercial Pt/C recorded in
0.5 M H2SO4 solution at scan speed of 50 mV�1 are shown in Fig. 6.

The voltagram clearly provides the information about the
hydrogen adsorption/desorption on the surface of BDP@Pt, oxide
formation and oxide reduction on Pt-NPs surface of BDP@Pt
Fig. 5. (a) Full scan XPS study of BDP and BDP@Pt3 composite; (b) deconvoluted XPS spectr
composite. The higher potential peak at ~0.48 V is attributed to the
reduction of Pt-oxide on BDP fiber surface during forward scan
[22,53]. While characteristic peak at lower potential ~ �0.25 to
0.1 V region is attributed to monolayer hydrogen adsorption/
desorption on Pt-NPs active surface [49,54,55]. The electrochemical
surface area (ECSA) is an important parameter for electrochemical
performance of an electro-catalyst. The ECSA of the BDP@Pt catalyst
has been calculated from the coulombic charge of hydrogen
a for Pt 4f; (c) deconvoluted XPS spectra of N1s; (d) deconvoluted XPS signature of C1s.
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adsorption/desorption (QH) with respect to the value of 210 mCcm�2

for hydrogen monolayer formation on a smooth surface [56,57].
Integrated anodic and cathodic peak areas of hydrogen adsorption/
desorption in the potential range�0.25 to 0.1 V (vs SCE) are directly
associated to the QH. The ECSA of all BDP@Pt catalyst along with
control has been calculated by following equation [21,22,49,58].

ECSA ¼ QH

mpt � 210� 10�6

where, ‘QH’ is the total charge relating to Hþ adsorption on inte-
grated peak area of hydrogen adsorption/desorption; ‘mPt’ is the
activemass of Pt catalyst (gm�2) on the glassy carbon electrode and
it is 0.807 g m�2 for BDP@Pt4, 0.485 g m�2 for BDP@Pt3,
0.686 g m�2 for BDP@Pt2, 1.143 g m�2 for BDP@pt1 and 1.56 g m�2

for Pt/C.
The calculated ECSA value for BDP@Pt composites (from

BDP@Pt1 to BDP@Pt4, Table 1) are ~20.47 m2 g-1, 38.63 m2 g-1,
62.6 m2 g-1, and 69.54 m2 g-1, respectively. The ECSA value for
BDP@Pt1 is 1.4 times, BDP@Pt2 is 2.7 times, BDP@Pt3 is 4.5 times
and BDP@Pt4 is 5 times higher than that of commercial Pt/C cata-
lyst. Calculated ECSA values imply the significant improvement of
electrochemical activity on Pt-NPs site in the BDP@Pt composites.

CV curves for MOR by BDP@Pt composites (as an active electro-
catalyst) are shown in Fig. 7. The oxidation reaction has been tested
by BDP@Pt composites modified GCE in 0.5 M H2SO4 electrolyte
solution containing 0.5 M methanol at 25 �C temperature with
potential range �0.25e1.0 V (vs SCE). Voltamograms represent
significantly different voltametric behaviours in terms of oxidation
peak potential and specific activities. MOR consists of two well
defined oxidation peaks at forward and reverse scan. The first one
between 0.4 and 0.8 V in the forward scan and the second peak is
Fig. 7. Cyclic voltammetry curve MOR 1st cycle (black line) and 100th cycle (grey dot line) on
range �0.25e1.0 V (vs SCE) with scan rate 50 mV�1 at 25 �C temperature (a) BDP@Pt1, (b)
between 0.1 and 0.6 V in the backward scan. The peak current
density (current per ECSA) at the forward scan (If) corresponds to
dehydrogenation of methanol oxidation and the oxidation of
adsorbed species, producing Pt-adsorbed carboneous species such
as CO. This Pt-adsorbed CO acts as catalyst poison. Methanol
oxidation reactions on BDP@Pt surface are represented by the
following reactions at forward peak:

BDP@Pt þ CH3OH/BDP@Pt � ðCH3OHÞads
BDP@Pt � ðCH3OHÞads/BDP@Pt � ðCOÞads þ 4Hþ þ 4e�
BDP@Pt þ H2O/BDP@Pt � ðOHÞads þ Hþ þ e�

and at reverse peak:

BDP@Pt�ðCOÞadsþBDP@pt�ðOHÞads/BDP@PtþCO2þHþþe�

The peak current density at backward scan (Ib) is primarily
associated with the oxidation of adsorbed carboneous species as an
intermediate species that are not completely oxidised in the for-
ward scan [4,58]. To distinguish the intrinsic activity of Pt active
surface area from the activity caused by large Pt active surface area,
we have compared the intensity of the peak current density of in-
dividual composite with commercial Pt/C. The intensity of peak
current at forward scan (If) at 0.4e0.8 V of methanol oxidation for
BDP@Pt4 composite is ~12 times, BDP@Pt3 is ~6 times, BDP@Pt2 is
~4 times and BDP@Pt1 composite ~2 times higher performance
with respect to Pt/C catalyst by taking consideration of current per
ECSA. Importantly, absolute value of If or Ib and the ratio of If/Ib are
two crucial parameters which lead to the better understanding of
catalytic efficiency as well as catalyst poisoning behaviour. Higher
the value of peak current intensity will be the higher catalytic ef-
ficiency [30,59]. Values of If or Ib (initial cycle or 100th cycle) are
gradually increased from BDP@Pt1 to BDP@Pt4. As higher value of If
BDP@Pt catalyst surface frommixture of 0.5 Mmethanol þ 0.5 M H2SO4 in the potential
BDP@Pt2, (c) BDP@Pt3 and (d) BDP@Pt4. Arrows indicate the direction of scan.
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or Ib is observed for BDP@Pt4, it is the efficient catalyst among four
composites. In our MOR study, If/Ib (1st cycle or 100th cycle) ratio
decreases with increasing ECSA from BDP@Pt1 to BDP@Pt4. The
ratio of If/Ib decreases from 1st cycle to 100th cycle for a single
composite. It means that after 100th cycle catalytic efficiency de-
creases. Interestingly, If/Ib ratio after 100th cycle is going down to
0.86 for BDP@Pt4 composite (Table 1), indicating higher catalyst
poisoning for BDP@Pt4 than that of others three BDP@Pt compos-
ites. This type of catalyst poisoning may be explained from the
morphology pattern of BDP@Pt4 composite. In BDP@Pt4 compos-
ites, BDP tubes are fully coveredwith Pt-NPs (Fig. 2d) and it reduces
the vacant space required for the CO liberation. So with increasing
Pt-NPs loading density as catalytic efficiency/activity increases and
catalytic poisonability also increases. From the consideration of
ECSA and If/Ib together, BDP@Pt3 composite is the best among the
four synthesized materials as an efficient catalyst with comparable
good catalytic efficiency and relatively low poisoning ability.

The long-term performance of catalyst towards methanol
oxidation has been checked by the continued CV cycles and chro-
noampherometric (CA) study. The CA study of synthesized BDP@Pt
composites and commercial Pt/C are represented in Fig. 8b. CA
studies were conducted in 0.5 M H2SO4 solution containing 0.5 M
methanol at 0.61 V for a period of 1200 s. Initially, chro-
noampherometric curves decay owing to the formation interme-
diate species such as BDP@Pt-(CH3OH)ads, BDP@Pt-(CO)ads,
BDP@Pt-(OH)ads etc. that are deactivating the Pt-surface. After a
certain times, the rate of current decay gradually slows and remains
at pseudo-steady value because of adsorption/desorption
Fig. 8. (a) MOR study by commercial Pt/C catalyst with scan speed 50 mV�1; Chrono-amph
methanol þ 0.5 M H2SO4 mixture on 0.6 V; (c) CO stripping voltammograms study of BDP
equilibrium of intermediate species on the surface [4].
The CO-tolerance ability is also estimated from the ratio of If and

Ib, higher If/Ib ratio implies the better CO-tolerance that is complete
oxidation methanol to CO2 [57,60]. Lower If/Ib ratio suggests low
CO-tolerance. The If/Ib ratio decreases from BDP@Pt1 to BDP@Pt4
composite (Table 1) which signifies CO-tolerance ability is
decreased from BDP@Pt1 to BDP@Pt4 composite. To confirm CO
tolerance ability of synthesized BDP@Pt composites, CO-stripping
has been measured (Fig. 8c). In COads-stripping experiment, peak
at ~0.5e0.7 V has been observed after feeding the composite
modified working electrode with CO gas externally for 10 min
bubbling and the same peak is disappeared upon treatment with
dry N2 gas for 30 min. The obtained peak intensity is much higher
for BDP@Pt4 composite than other three BDP@Pt composites. It
indicates that BDP@Pt4 composite is highly affected by CO as a
reaction intermediate species in MOR though it shows relatively
higher catalytic ECSA compared to BDP@Pt3. Benzene tetra-
carboxylic acid plays a very important role to achieve high aspect
ratio polyaniline tubes [37]. Subsequently, Pt ions are reduced to Pt-
NPs by polyaniline chains (without use of any external reducing
agents). These tubes are: (a) generating more surface area onwhich
Pt-NPs reside, (b) inhibiting the agglomeration of Pt-NPs, (c)
maintaining nice distribution of Pt-NPs on/into PANI matrix of BDP
fibers and (d) facilitating the diffusion of methanol to Pt-NPs for
catalytic activity. Moreover, PANI tube also assists to CO-tolerance
ability in MOR as amine groups of PANI chains and carboxylic
functional group of benzene tetra-carboxylic acids help to adsorb
water molecule to form BDP@Pt-(OH)ads that accelerates the
erometric study of synthesized BDP@Pt composite and commercial Pt/C catalyst in 0.5
@Pt composites in 0.5 M H2SO4 electrolyte solution with scan speed 50 mV�1.
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oxidation of CO to CO2 at room temperature [41,42]. With
increasing the Pt-NPs loading density, the number of available
active site is increased and it is significantly reflected on the
methanol oxidation reaction.

4. Conclusion

In the conclusion, we have successfully developed surfactant
free, very small Pt-NPs by a simple, clean room temperature, so-
lution dipping method for high performance fuel cell catalyst to-
ward methanol oxidation reaction. Preparation method has been
employed through a red-ox reaction between BDP tubes and Pt-
based salt to make of BDP@Pt composite. BDP tubes itself acts as
a reducing agent as well as template cum stabilizing agent for Pt-
NPs formation at room temperature. The Pt-NP loading density on
BDP tubes varies with w/w ratio of BDP to Pt-salt. Prepared BDP@Pt
composites are showing good CO-tolerance properties with Pt-NPs
loading density due to presence of BDP as a template helps for
catalytic methanol oxidation reaction. Among four BDP@Pt com-
posites, BDP@Pt3 is the best with respect to efficiency and CO-
tolerance ability for the repeated cycles.
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