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In situ polymerization of 3,4-ethylenedioxythiophene with sol–gel-derived mesoporous carbon �MC� leading to a new composite
and its subsequent impregnation with Pt nanoparticles for application in polymer electrolyte fuel cells �PEFCs� is reported. The
composite exhibits good dispersion and utilization of platinum nanoparticles akin to other commonly used microporous carbon
materials, such as carbon black. Pt-supported MC–poly�3,4-ethylenedioxythiophene� �PEDOT� composite also exhibits promising
electrocatalytic activity toward oxygen reduction reaction, which is central to PEFCs. The PEFC with Pt-loaded MC-PEDOT
support exhibits 75% of enhancement in its power density in relation to the PEFC with Pt-loaded pristine MC support while
operating under identical conditions. It is conjectured that Pt-supported MC–PEDOT composite ameliorates PEFC performance/
durability on repetitive potential cycling.
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Commercial viability of the polymer electrolyte fuel cells
�PEFCs� requires almost an order of magnitude reduction in Pt us-
age with improved performance and durability.1-5 The U.S. Depart-
ment of Energy has set targets for electrocatalyst performance for
the year 2010 at a mass activity of 0.44 A/mg�Pt� as compared
against the current value of 0.28 A/mg�Pt� and an electrochemical
surface area �ESA� �40% after accelerated aging. In the
literature,6-16 efforts are being expended to improve the performance
and durability of electrocatalysts in PEFCs by alloying Pt with tran-
sition metals, such as Ru, Ir, Co, Ti, Zr, Sn, etc., heat-treatment of
Pt-based alloys, preparation of core–shell catalysts, dealloying Pt
metal alloys, and adapting conducting polymers for developing a
durable porous catalyst support with a suitable surface area.

A fuel cell catalyst support should have a large surface area with
adequate surface functionalities for finely dispersing catalytic metal
particles, high electrical conductivity for providing electrical path-
ways, and highly developed mesoporosity to facilitate diffusion of
reactants and products in conjunction with high electrochemical sta-
bility during long-term operation.17,18 Carbon supports, such as car-
bon black and activated carbon that are being currently used, usually
exhibit a large surface area but their pore structures are primarily
microporous19 with pore sizes �2 nm, which makes the mi-
croporous structures incompatible for transporting the reactants; be-
sides, catalyst particles get buried in the micropores making them
inaccessible to fuel20,21 and hence to the overall electrochemical
process. Furthermore, these carbon supports, being prone to corro-
sion caused by electrochemical oxidation during repetitive PEFC
cycling, limit its operational life.22-24

To address the aforesaid issues, electrically conducting graphitic
carbon nanomaterials, namely, carbon nanotubes, carbon nanofibers,
and graphitic porous carbon, have been widely employed as poten-
tial carbon supports.25-32 However, synthesis of a high surface area
graphitic carbon is challenging, and exploration of a cost-effective
method for their large-scale production has been eluding.

Mesoporous carbon �MC� is a functionally superior material with
excellent chemical/thermal stability desired for catalysis.33-41 MC
materials with regular arrays of uniform mesopores are highly at-
tractive from the viewpoint of pore structure, pore volume, and pore
size distribution �PSD� desired to facilitate mass transport for maxi-
mum Pt utilization that enables encountering problems inherent with
microporous carbon supports.42-47 To improve the performance of a
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catalyst, modifications in both surface chemistry and pore structure
of MC are required. Carbon is usually subjected to post-treatments
including oxidation, polymer coating, and grafting for increasing the
number of surface functional groups.48-51 In many cases, acidic
groups, such as nitric acid, sulfuric acid, phosphoric acid, alone or in
combination, are used for functionalizing MC. This provides suffi-
cient binding sites for anchoring Pt nanoparticles and allows high
metal loading onto the carbon support.38,48,52 However, functional-
ization with aforesaid acid treatments affects the pore structure of
MC with substantial reduction in their surface area. Such harsh
chemical oxidation methods also reduce the electrical conductivity
and corrosion resistance of MC. Therefore, it is highly desirable to
develop mild surface functionalization methods to introduce high
density and homogenous surface-functional groups with limited
structural damage to MCs.

Conducting polymers have received much attention as an alter-
native catalyst support because of their attractive accessible surface
area, low resistance, high stability and tolerance to CO poisoning.53

Conducting polymers possess electronic conductivity between 10−6

and 103 S/cm and have found wide applications in sensors, electro-
chemical actuators, corrosion inhibitors, and polymeric
batteries.54-58 Metal nanoparticle impregnation on a conducting
polymer matrix facilitates flow of electronic charges between them
during the electrochemical reaction. But due to low surface area and
nonporous structure of conducting polymers, the dispersion of Pt
particles and their utilization in the matrix remains limited. The
combination of an MC with a conducting polymer, such as polypyr-
role and poly�3,4-ethylenedioxythiophene� �PEDOT� may help miti-
gate the aforesaid disadvantages due to the robust pore structure and
high surface area of MCs in conjunction with the good corrosion
resistance and catalytic activity of conducting polymers.59-61 Be-
sides, such a combination appears to be most adequate as catalyst
support for fuel cell applications where the Pt nanoparticles can be
optimally dispersed for maximizing Pt utilization.

Among the conducting polymers, characteristics such as high
chemical and thermal stability62 and high electrical conductivity63 of
PEDOT make it attractive for use as support material for fuel cell
catalysts.64 The electron-conducting property of PEDOT remains
nearly unaffected even after prolonged aging in harsh environmental
conditions owing to favorable ring geometry and presence of elec-
tron donating atoms at the 3,4 positions, which help stabilize the
positive charge in the polymer backbone.65 In this study, we report
surface modification of an MC with PEDOT, through an in situ
polymerization reaction leading to formation of an MC–PEDOT
composite. Selective adsorption of 3,4-ethylenedioxythiophene
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�EDOT� on the surface of the MC and its subsequent polymerization
helps form an MC–PEDOT composite with little effect on the pore
structure of MC. Pt particles are impregnated onto the MC–PEDOT
composite using formaldehyde reduction method. A PEFC operating
with a Pt/�MC–PEDOT� composite catalyst exhibits higher perfor-
mance toward oxygen reduction reaction �ORR� with high durability
in relation to the PEFC with pristine Pt/MC or Pt/Vulcan XC-72R
catalyst.

Experimental

Materials.— EDOT and Pluronic-F127 were obtained from
Sigma-Aldrich, whereas chloroplatinic acid �Alfa Aesar�, phloroglu-
cinol dihydrate �99%�, sodium salt of polystyrene sulfonic acid, am-
monium persulphate, and methanol were procured from Acros or-
ganics. Formaldehyde �37–41%�, hydrochloric acid �37%�, and
absolute ethanol were procured from Merck, Germany. Vulcan XC-
72R carbon was obtained from Cabot Corporation. All the chemicals
were used as received. Deionized �DI� water �18.4 M� cm� used
for the experiments was produced by a Millipore system.

Synthesis of the catalyst support material.— MC with a specific
surface area of 370 m2/g, average pore diameter of 6.7 nm, and
average pore volume of 0.45 cm3/g was synthesized by a coassem-
bly route without usage of any hard template, as described
elsewhere.66 MC was thermally treated at 100°C in a vacuum oven
to remove the physically adsorbed water. Chemical polymerization
of EDOT on the surface of MC was performed with ammonium
persulfate as an oxidant similar to the process reported by Wang et
al.67 The required amount of MC was immersed in 12 M aqueous
methanol solution with varying EDOT contents in acidic medium
and stirred for 1 h. To the above admixture, aqueous 0.05 M solution
of ammonium persulfate was added drop wise with mechanical stir-
ring between 0 and 5°C followed by further stirring for 4 h. The
product was filtered and washed copiously with DI water and metha-
nol. The resulting MC–PEDOT composite was dried under vacuum
at 80°C for 12 h. The amount of PEDOT in the MC–PEDOT com-
posite was varied as 20, 30, and 50 wt %.

Catalyst preparation.— Both MC and MC–PEDOT composite
supported Pt catalysts were prepared by the formaldehyde reduction
method. In brief, the support material was first suspended in an
appropriate amount of chloroplatinic acid in aqueous medium and
pH of the mixed solution was adjusted to 12 by using an aqueos 0.5
M NaOH solution. Subsequently, formaldehyde was added drop
wise to the slurry. The mixture was refluxed in an oil bath at 90°C
for 3 h. An aqueous solution of NaNO3 was added to the above
solution as a sedimentation promoter. The above mixtures were fil-
tered and washed with copious amount of water followed by drying
under vacuum at 80°C for 12 h.

Physicochemical characterization.— The presence of a conduct-
ing polymer on the surface of MC was confirmed by a Fourier
transform infrared �FTIR� spectroscope �Thermo Nicolet, model
Nexus 670� using KBr pellet method. The thermal stability of MC
and MC–PEDOT composites were studied using an SDT Q600 V8.2
TGA instrument between 30 and 700°C at a heating rate of
10°C/min under N2 atmosphere. Textural and surface properties of
carbon supports were characterized by N2 physisorption and
temperature-programmed desorption, respectively. Nitrogen-
sorption isotherms were obtained at 77 K using a Micromeritics
ASAP 2020. Total surface areas and pore volumes for the samples
were determined by Brunauer–Emmett–Teller �BET� and the single-
point methods, respectively. PSD curves were obtained by Barrett–
Joyner–Halenda �BJH� method, and the position of the maximum in
the PSD was used as the average pore diameter. Powder X-ray dif-
fraction �XRD� patterns for supported catalyst samples were ob-
tained on a Philips PanAnalytical X-ray diffractometer employing
Cu K� radiation of wavelength 1.54 Å. Transmission electron mi-
croscope �TEM� images for determining structural changes and the
Pt particle distribution in the supporting material were obtained us-
ownloaded 19 Jan 2011 to 210.212.252.226. Redistribution subject to E
ing a 200 KV Tecnai-20 G2. For these measurements, the samples
were suspended in acetone with ultrasonic dispersion for 3 min.
Subsequently, a drop of the suspension was deposited on a carbon-
coated copper grid and allowed for drying. TEM images for the
samples were recorded with a bottom-mounted MultiScan charge-
coupled device camera �model 794, Gatan� using low dose condi-
tions.

Electrochemical measurements.— Electrochemical tests on the
catalysts were performed with a rotating disk electrode �RDE� ap-
paratus �Eco Chemie BV� at room temperature ��25°C�. A glassy
carbon disk �geometric area of 0.071 cm2� was used as a substrate
for the catalyst. A catalyst suspension was obtained by adding 6.3
mg of catalyst to 10 mL water mixed with a 30 wt % Nafion solution
�DuPont� followed by ultrasonication for 30 min. A 10 �L aliquot
of the dispersed suspension was pipetted onto the substrate to obtain
a Pt loading of 35.5 �g/cm2. Pt wire and saturated calomel elec-
trode �SCE� were used as counter and reference electrodes, respec-
tively. Linear sweep voltammetry for ORR activity measurements
was performed using RDE in aqueous 0.5 M HClO4 saturated with
O2 at a scan rate of 1 mV/s with a rotation speed of 1600 rpm. To
test the electrochemical stability of the catalyst, 500 cycles were
performed in aqueous 0.5 M HClO4 solution at a scan rate of 50
mV/s between �0.25 and 0.8 V vs SCE.

Fabrication of MEA.— 15 wt % teflonized Toray TGP-H-120
carbon paper of 0.37 mm thick was used as the backing layer. To
prepare a gas diffusion layer �GDL�, Vulcan XC-72R carbon was
suspended in cyclohexane and agitated in an ultrasonic water bath
for 30 min. To this solution, 15 wt % poly�tetrafluroethene� suspen-
sion in 2 mL ammonia was added with continuous agitation to form
a slurry to coat on the backing layer uniformly until the required
loading of 1.5 mg/cm2 was attained. The GDL thus obtained was
sintered in a furnace at �350°C for 30 min. For the reaction layer,
prepared catalysts were dispersed separately in isopropyl alcohol
and ultrasonicated for 30 min followed by the addition of 30 wt %
of Nafion solution; the resultant slurries were ultrasonicated for 1 h
and coated onto the GDLs �represented as cathode� until a Pt load-
ing of 0.5 mg cm−2 was achieved. For the anode, 40 wt % Pt/C
�Johnson Matthey� was used with 7 wt % of Nafion loading. A
membrane electrode assembly �MEA� was obtained by sandwiching
the pretreated Nafion 1135 membrane between the two electrodes
followed by its hot compaction under a pressure of 60 kg/cm2 at
130°C for 3 min. MEAs were coupled with Teflon gas-sealing gas-
kets and placed in a single-cell test fixture with a parallel serpentine
flow field machined on graphite plates. Gaseous H2 and gaseous O2
were fed to the anode and cathode of the PEFC, respectively,
through the bubble humidifiers kept at 10°C higher than the cell
temperature. The flow rates of both the reactants were kept at 100
mL/min. After equilibration at a cell temperature of 60°C, galvano-
static polarization data were obtained using an LCN100-36 elec-
tronic load from Bitrode Corporation. All the MEAs were evaluated
in a 4 cm2 PEFC under atmospheric pressure.

Cyclic voltammograms �CVs� were recorded in fuel cell mode at
�25°C to determine the ESA of catalysts using a potentiostat �Au-
tolab PGSTAT 30� with its reference and counter electrodes con-
nected to the cell anode and its working electrode to the cell cath-
ode. During the experiment, gaseous hydrogen and gaseous nitrogen
were fed to the anode and cathode, respectively, at a flow rate of 100
mL/min. Voltammograms were recorded after a run time of 1 h, with
the working electrode cycled between 0 and 1 V at a sweep rate of
50 mV/s, to obtain stable and reproducible data.

Results and Discussion

Physicochemical characterization.— FTIR spectra for MC–
PEDOT composites are shown in Fig. 1. In the spectra, the peaks at
1340 and 1518 cm−1 are due to the C–C and C = C stretching of the
thiophene ring, respectively, whereas the peaks at 685, 841, and
975 cm−1 represent C–S vibration modes of the thiophene ring
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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present in composites and the peaks at 1083 and 1198 cm−1 are
assigned to stretching mode of ethylene dioxy �C–O–C� group of
PEDOT.68 It can be seen that the characteristic peak intensities cor-
responding to PEDOT increase with increasing PEDOT content.

Thermogravimetric analysis �TGA� curves for pristine MC and
MC–PEDOT composites are shown in Fig. 2. The first weight loss
between 100 and 120°C is observed due to the removal of phys-
isorbed water �residual humidity�. The weight loss is higher for the
MC–PEDOT composite indicating its higher hydrophilic nature in
relation to pristine MC. The second weight loss for the MC–PEDOT
composite in the temperature range between 120 and 450°C is as-
signed to the thermal decomposition of PEDOT. The amount of
PEDOT loaded on MC is determined using the residual weight dif-
ference between the MC–PEDOT composite and the pristine MC
from TGA traces at 700°C. The residual weight percentage at 700°C
is 64.2% for pristine MC, whereas the residual weight percentages
for 20, 30, and 50 wt % MC–PEDOT composites are 45.2, 35.2, and
15.5%, respectively. The amounts of PEDOT are calculated as
reported60 and are found to be 19, 29, and 48.6% for MC–20 wt %
PEDOT, MC–30 wt % PEDOT, and MC–50 wt % PEDOT, respec-
tively.

The textural effects of PEDOT polymerization on MC are illus-
trated by N2 sorption isotherms and PSD analysis shown in Fig. 3a
and b, respectively. Both MC and MC–PEDOT composites exhibit
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Figure 1. FTIR spectra for MC and MC–PEDOT composites between 500
and 3500 cm−1 wavenumber in transmittance mode.
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Figure 2. TGA for MC and MC–PEDOT composites.
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type IV isotherm with a pronounced hysteresis loop in conjunction
with a sharp capillary condensation at a high relative pressure, indi-
cating the presence of mesopores, whereas type II isotherm is typi-
cally observed for nonporous and macroporous materials.66,69 The
respective BET surface areas for pristine MC, MC–20 wt % PE-
DOT, MC–30 wt % PEDOT, and MC–50 wt % PEDOT composites
are found to be 370, 278, 262, and 118 m2/g �see Table I�. The pore
sizes and pore volumes for composite supports are lower in relation
to pristine MC. The decrease in surface area, pore size, and pore
volume for MC–PEDOT composites might be due to surface cover-
age of MC by PEDOT during polymerization process.18 For further
insight into the internal pore structure of MC and MC–PEDOT com-
posites, TEM analysis is carried out as shown in Fig. 4. Only a little
structural variation with decrease in pore size is observed for the
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Figure 3. �a� Nitrogen sorption isotherms for MC and MC–PEDOT com-
posites and �b� corresponding PSD for MC and MC–PEDOT composites.

Table I. Physical parameters for MC and MC–PEDOT
composites.

Composites
BET surface area

�m2/g�
BJH pore size

�nm�
Pore volume

�cm3/g�

MC 370 6.7 0.45
MC–20 wt % PEDOT 278 3.9 0.40
MC–30 wt % PEDOT 262 3.6 0.37
MC–50 wt % PEDOT 118 3.1 0.26
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MC–PEDOT composites in relation to pristine MC. The monomer
easily penetrates and adsorbs in large pores in MC, which on sub-
sequent polymerization leads to narrow PSD for MC–PEDOT com-
posites in relation to pristine MC. This further supports that the
polymerization of PEDOT on MC only has a marginal effect on the
microstructural changes in agreement with the N2 sorption isotherm
and PSD curves, as shown in Fig. 3.

To explore the feasibility of MC–PEDOT composites as a cata-
lyst support for fuel cells, about 40 wt % of Pt is loaded on to the
supporting material. Powder XRD patterns for Pt loaded onto MC,
MC–PEDOT composites, and Vulcan XC-72R are shown in Fig. 5.
For all the samples, the characteristic peaks at 39.96, 46.22, and
67.59° assigned to the �111�, �210�, and �220� reflections of crystal-
line Pt characteristic of face-centered cubic phase of Pt. The average
Pt particle size is calculated from Scherrer’s equation based on the
Pt�111� diffraction peak. The average particle size values for Pt/
MC–20 wt % PEDOT, Pt/MC–30 wt % PEDOT, and Pt/MC–50 wt
% PEDOT as obtained from the Scherrer equation are 3.6, 3.4, and
6.2 nm, respectively, whereas the particle size for Pt/Vulcan XC-
72R is 4.2 nm. In relation to Pt/MC, Pt/MC–PEDOT composites
comprise smaller Pt crystallites suggesting PEDOT to have more
number of available surface groups for anchoring Pt particles. This
in turn helps increase dispersion of Pt particles in the composites.
There is not much difference in Pt particle size with varying PEDOT
content in the MC–PEDOT composites.

The morphologies of Pt particles in MC and MC–PEDOT com-
posites are analyzed by TEM images shown in Fig. 6. Electron
diffraction peaks shown in the inset of Fig. 6 confirms the polycrys-

(a) (b)

Figure 4. Representative TEM images for �a� pristine MC and �b� MC–30
wt % PEDOT composite �scale bar = 50 nm�.
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Figure 5. XRD patterns of Pt/MC and Pt/MC–PEDOT composites and Pt/
Vulcan XC-72R.
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talline nature of Pt nanoparticles. The ring pattern in diffraction
micrographs once again confirms the particle size to be in the nan-
oregime. The ring pattern is indexed and the diffraction pattern
matches with cubic Pt phase �PDF 040802�. Pt particles are in the
size range of 6–8 nm with agglomeration in some region in the case
of Pt impregnated in pristine MC. However, spherical Pt particles
are widespread and homogeneously dispersed in the MC–PEDOT
composites. Surface polymerization of PEDOT on MC increases
surface binding sites, mitigates the formation of Pt aggregates, im-
proves the dispersion of metal nanoparticles, and reduces the aver-
age size of deposited metal nanoparticles. Pt particles of about 2–3
nm are observed in the composites comprising MC–20 wt % PE-
DOT and MC–30 wt % PEDOT, whereas Pt particles of about 4–5
nm are observed for the MC–50 wt % PEDOT composite. The
population density of Pt particles increases with PEDOT content in
the composite due to availability of more number of anchoring sites.
An increase in Pt particle size in MC–50 wt % PEDOT composite is
due to a decrease in the surface area of the composite as observed
from the N2 sorption isotherm leading to particle growth in the
composite.

Cyclic voltammetry.— CVs for catalysts measured in fuel cell
mode are presented in Fig. 7. All catalysts exhibit similar oxidation
and reduction peaks, with slightly different shapes. Two to three
peaks are observed between 0.05 and 0.4 V, where adsorbed hydro-
gen is oxidatively desorbed. The change in shape for oxidation
peaks observed may be attributed to the development of different
crystalline facets on the supporting materials. In the reduction scan,
the CVs show a peak between 0.6 and 0.8 V corresponding to the
reduction of surface oxide on Pt nanoparticles. The ESA for the
as-prepared catalysts are obtained by integrating the total charge
corresponding to the adsorption/desorption peak of hydrogen fol-
lowed by normalizing the scan rate, Pt loading, and the charge value
of 210 �C/cm2 for the Pt surface, and the values are given in Table
II. The hydrogen adsorption/desorption charge is 94.5 mC/cm2 after
subtracting the double-layer charge amounting to 35 mC/cm2 for
Pt/MC–PEDOT �30 wt %�. Pt/MC has the lowest ESA due to the
poor distribution of Pt particles, as shown in Fig. 6a. By contrast, Pt
particles supported on composites have a large ESA in relation to
MC-supported Pt. The increase in ESA for MC–PEDOT composites

(a)

(d)(c)

(b)

Figure 6. TEM images for �a� Pt/MC, �b� Pt/MC–20 wt % PEDOT, �c�
Pt/MC–30 wt % PEDOT, and �d� Pt/MC–50 wt % PEDOT.
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in relation to MC is due to the availability of more number of sur-
face groups to anchor on Pt particles in presence of PEDOT result-
ing in uniform distribution of nanoparticles.

ORR activity.— Electrochemical activities for catalysts are in-
vestigated using RDE in acidic solution at room temperature to as-
certain the catalytic activity for oxygen reduction as depicted in Fig.
8. Pt on MC–PEDOT is superior toward ORR in relation to pristine
MC. The corresponding onset potential for Pt/MC–30 wt % PEDOT
is greater than those for Pt/MC and Pt/Vulcan XC-72R. PEDOT
exhibits electrocatalytic activity toward ORR.59 From the same ex-
perimental data, the mass activities of the catalysts are obtained by
calculating ik, the mass-transport-free kinetic current normalized to
the Pt loading.70 At 0.65V vs SCE, the mass activities for Pt/MC,
Pt/MC–30 wt % PEDOT, and Pt/Vulcan XC-72R are found to be
0.019, 0.08, and 0.051 A/mg�Pt�, respectively, at room temperature
with a sweep rate of 1 mV/s in O2-saturated 0.5 M aqueous HClO4
at 1600 rpm. In the present study, Pt supported on an MC–PEDOT
composite exhibits improved activity due to the presence of PEDOT,
which acts as an active electron exchanger during the electrochemi-
cal reaction and results in higher oxygen reduction current for Pt
particles impregnated in MC–PEDOT composite in relation to Pt
particles supported on pristine MC, suggesting a considerable in-
crease in the catalytic activity for the former.

Fuel cell test.— Figure 9 shows the performance data for PEFCs
with MEAs of all the catalysts tested under identical experimental
conditions. Because Pt/Vulcan XC-72 R is used as the anode for all
MEAs, variation in performance is attributed only due to ORR on
the cathode catalyst. As PEDOT content increases from 20 to 30 wt
% in the MC–PEDOT composites, the PEFC performance also in-
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Figure 7. �Color online� CVs for Pt/MC, Pt/MC–20 wt % PEDOT, Pt/
MC–30 wt % PEDOT, Pt/MC–50 wt % PEDOT, and Pt/Vulcan XC-72R
recorded at 25°C in a single cell with H2 and N2 streams at the anode and
cathode, respectively �scan rate = 50 mV s−1�.

Table II. Effect of potential cycling on ESA of the catalysts em-
ployed in this study.

Catalysts

ESA �m2/g�

Initial
100th
cycle

300th
cycle

500th
cycle

Pt/MC 36.4 34.2 31.3 30.2
Pt/�MC–20 wt % PEDOT� 85.7 81.4 73.7 70.3
Pt/�MC–30 wt % PEDOT� 90 83.7 79.2 76.5
Pt/�MC–50 wt % PEDOT� 81.4 77.3 72.5 70
Pt/Vulcan XC-72R 89 85.3 72 66.7
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creases. However, a further increase in the PEDOT content deterio-
rates the PEFC performance due to significant structural changes. As
shown in the TEM image, the dispersion of Pt nanoparticle is im-
proved in the MC–PEDOT composites that increases ESA and hence
the PEFC performance. From the textural features and the PEFC
polarization data, it is surmised that a balance between the surface
area and dispersion of Pt particles in the composites is mandatory. In
this study, the optimum PEDOT content in the MC–PEDOT com-
posites is 30 wt % for the maximum performance for PEFC. In
general, a porous structure facilitates more Pt particles for partici-
pating in electrochemical reaction that improves the PEFC perfor-
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Figure 8. �Color online� Linear sweep voltammograms for Pt/MC, Pt/
MC–30 wt % PEDOT and Pt/Vulcan XC-72R supported on a glassy carbon
electrode at 1600 rpm in O2-saturated aqueous 0.5 M HClO4.
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Figure 9. Performance curves for �a� H2–O2 PEFC comprising Pt/MC, Pt/
MC–PEDOT composites and Pt/Vulcan XC-72R as cathode catalysts and �b�
H2 air PEFC comprising Pt/MC–30 wt % PEDOT composites and Pt/Vulcan
XC-72R as cathode catalysts.
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mance. Besides, the porous structure allows free flow of oxidant as
well as easy removal of product water extending the operation of
PEFC to high load current densities, as shown in Fig. 9a. By con-
trast, the PEFC employing Pt/Vulcan XC-72R shows poor mass
transfer primarily due to the presence of micropores in the carbon
support. For further confirmation, the PEFCs comprising Pt/Vulcan
XC-72R and Pt/MC–30 wt % PEDOT are operated with H2 air
under atmospheric pressure, as shown in Fig. 9b. The PEFC with
MC–30 wt % PEDOT shows better performance at high load current
densities owing to improved reactant gas distribution and removal of
product water.66 The peak power density of 510 mW/cm2 at a load
current density of 1050 mA/cm2 is achieved for the PEFC with
MC–30 wt % PEDOT as compared to the peak power density of
470 mW/cm2 at a load current density of 930 mA/cm2 for the
PEFC with Vulcan XC-72R.
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Figure 10. �Color online� CVs for Pt/MC, Pt/MC–30 wt % PEDOT and
Pt/Vulcan XC-72R in N2-purged 0.5 M aqueous HClO4 at a scan rate of
50 mV s−1.

Table III. Electrode kinetic parameters for PEFCs with MC, MC–P

Catalysts
E0
�V�

i�0.9 V�
�A/mgP

Pt/MC 0.98 0.024
Pt/�MC–20 wt % PEDOT� 1.01 0.102
Pt/�MC–30 wt % PEDOT� 1.02 0.119
Pt/�MC–50 wt % PEDOT� 0.99 0.079
Pt/Vulcan XC-72R 0.97 0.1
ownloaded 19 Jan 2011 to 210.212.252.226. Redistribution subject to E
The cell potential �E� vs current density �i� data for different
catalysts in H2–O2 PEFCs are analyzed by Eq. 1

E = E0 − b log i − Rii �1�
assuming the mass-transport limitations to be negligible at low load
current densities and considering hydrogen oxidation reaction to be
fast.

In Eq. 1, E0 = Er + b log i0, where Er is the thermodynamic
reversible potential for fuel cell reaction, i0 and b are exchange
current density and Tafel slope, and Ri is the differential resistance
of the cell. The value E0 is the cell potential at 1 mA/cm2. In the
present analysis, i0 is replaced with i0.9 V, i.e., current density at a
cell potential of 0.9 V because a slight variation in Tafel slope could
yield anomalous values for i0.71,72 The electrode kinetic parameters
are summarized in Table III. The values of E0 and i0.9 V are superior
for Pt-impregnated MC–30 wt % PEDOT indicating good catalytic
activity in agreement with the results obtained from ORR studies.
For 20–30 wt % PEDOT in MC–PEDOT composites, the mass ac-
tivity values are higher compared to 50 wt % loading of PEDOT on
MC. The decrease in Tafel slope for the Pt-impregnated MC–30
wt% PEDOT shows an active ORR in comparison to Pt on Vulcan
XC-72R.

Durability.— Repeated potentiodynamic cycling between the hy-
drogen adsorption and the oxide formation potentials can change the
ESA of the catalyst. The effect of cycling on the CVs of Pt/Vulcan
XC-72R, Pt/MC, and Pt/MC–30 wt% PEDOT composite is depicted
in Fig. 10. The current–potential response shows that cycling leads
to the proportional decrease in ESA due to increase in Pt particle
size by dissolution/redeposition/surface migration resulting in aggre-
gation of Pt particles.73 The ESA values are culled from the cyclic
voltammetric curves and are presented in Table II. From the data, it
is seen that the ESA for all catalysts decreases with potential cy-
cling. However, in case of Pt supported onto MC and MC–PEDOT
composites, only a marginal decrease in ESA is observed. The loss
of ESA for Pt/Vulcan XC-72R is �25%, whereas the loss of ESA
for Pt/MC and Pt/MC–30 wt % PEDOT is �18 and �15%, respec-
tively. By contrast, the loss in ESA for Vulcan XC-72R is quite
substantial in relation to MC–PEDOT. Clearly, the high electro-
chemical stability of PEDOT and the robust porous nature of MC
provide stability under repetitive potential cycling.

Conclusion

The study reports in situ polymerization of EDOT with sol–gel-
derived MC leading to a novel porous catalyst support of optimized
composition and the process for insertion of Pt nanoparticles. Ho-
mogeneous dispersion of 2–3 nm Pt particles in the composite im-
proves electrocatalytic activity toward ORR leading to enhanced
PEFC performance and durability on repetitive potential cycling.
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composites, and Vulcan XC-72R as catalyst supports.
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