
C A R B O N 4 7 ( 2 0 0 9 ) 1 0 2 – 1 0 8

. sc iencedi rec t .com
ava i lab le at www
journal homepage: www.elsevier .com/ locate /carbon
Polymer electrolyte fuel cells employing electrodes with
gas-diffusion layers of mesoporous carbon derived
from a sol–gel route
A.K. Sahua, K.G. Nishantha, G. Selvarania, P. Sridhara, S. Pitchumania, A.K. Shuklaa,b,*

aCentral Electro-Chemical Research Institute, Karaikudi 630 006, India
bSolid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560 012, India
A R T I C L E I N F O

Article history:

Received 20 May 2008

Accepted 10 September 2008

Available online 18 September 2008
0008-6223/$ - see front matter � 2008 Elsevi
doi:10.1016/j.carbon.2008.09.031

* Corresponding author: Address: Central Ele
E-mail address: shukla@sscu.iisc.ernet.in
A B S T R A C T

Sol–gel derived mesoporous carbon (MC) for the preparation of gas-diffusion layer (GDL)

and its ameliorating effect on the performance of polymer electrolyte fuel cells (PEFCs) is

reported. MC with a specific surface area of 370 m2/g, pore diameter of 6.7 nm and pore vol-

ume of 0.45 cm3/g has been synthesized by co-assembly of a tri-block copolymer, namely

pluronic-F127, as a structure directing agent, and a mixture of phloroglucinol and formal-

dehyde as carbon precursor. X-ray diffraction and transmission electron microscopy have

been employed to examine the structural properties of the MC. Surface morphology of the

GDL comprising MC has been studied by scanning electron microscopy. A peak power den-

sity of 0.53 W/cm2 at a load current-density of 1.1 A/cm2 is achieved for the PEFC employing

electrodes with GDL of MC compared to the peak power density of 0.47 W/cm2 at a load cur-

rent-density of 0.93 A/cm2 for the PEFC employing electrodes with GDL of commercial Vul-

can XC-72R carbon, while operating at 70 oC with H2 and air feeds at atmospheric pressure.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Being energy efficient and environmentally benign, fuel cells

are emerging as the energy-conversion machines for portable,

mobile and stationary power applications [1]. Among various

types of fuel cells, polymer electrolyte fuel cells (PEFCs) are

most attractive due to their quick start-up capability under

ambient conditions. In recent years, although ground-break-

ing progress has been made in terms of membranes, ano-

dic/cathodic catalysts, bipolar-plate materials as well as the

system design, a major performance limiting-factor for PEFCs

remains to be the lack of optimal distribution of reactant

gases within the solid–liquid–gas (SLG) interface of the elec-

trodes. At the SLG interface, solid phase exists as high surface

area carbon, liquid phase as water and gas phase as reactant

gas. The distribution of micropores (<2 nm) and mesopores

(2–50 nm) in the carbon is central to the optimal distribution
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of liquid water and reactant gas at the SLG interface. PEFC

electrodes generally comprise a backing layer, a gas-diffusion

layer (GDL) and a catalyst layer. Among these, it is the GDL

that primarily dictates the distribution of the reactant gas at

the SLG interface. The GDL comprises a hydrophobic sub-

stance dispersed in hydrophilic carbon wherein the porous

nature of the latter plays a seminal role on the performance

of the PEFC. The multi-faceted functionality of the GDL in-

cludes reactant-gas distribution, water transport, electron

transport, heat conduction and mechanical support to the

membrane electrode assembly. In addition to various afore-

said physical parameters of the GDL, gas permeability and

pore size distribution also determine the limiting load cur-

rent-density of the fuel cell, especially when air is used on

the oxidant side [2].

The most widely used materials for GDL are Vulcan XC-

72R, pearl black, acetylene black and Ketjen black. Jordan
.
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et al. [3] have shown that acetylene black, with a low pore vol-

ume and an optimized thickness, gave a better performance

in PEFCs than Vulcan XC-72R carbon. Neergat et al. [4] have

reported that Ketjen black carbon with a high surface area

gave better performance than acetylene black or Vulcan XC-

72R in a direct methanol fuel cell. It could be argued that

the dominant microporous structure of the above cited acti-

vated carbon materials could restrict the optimal distribution

of reactant at the SLG interface of the electrode. To address

this issue, efforts have been expended to develop new carbon

nano-materials with higher surface area and/or higher elec-

trical conductivity than activated carbon materials and their

feasibility explored for fuel cell electrodes. Graphitic carbon

frameworks include carbon nanotubes, carbon nanofibers,

carbon nanohorns, carbon nanocages and graphitic porous

carbon, which have been the subject of continuing research

and development [5–9]. Kannan et al. [10] studied the applica-

tion of single-walled carbon nanotubes (SWCNTs), pearl black

(PB) and their combination as GDL and their effect on the per-

formance of PEFCs. A combination of SWCNT and PB gives

higher performance for PEFC as compared to pristine SWCNT

and PB, mainly due to a better distribution of the reactant

gases at the SLG interface. Ironically, harsh synthetic condi-

tions and low production yields limit large-scale and cost-

effective production of SWCNTs. Mesoporous carbon (MC)

materials, comprising regular arrays of uniform mesopores,

are highly attractive from the viewpoint of pore structure

and pore sizes (2–50 nm) that provide improved mass trans-

port, electron transport and easy removal of product water

from the fuel cell [11–13].

Over the last decade, there has been considerable interest

in the synthesis and development of MC as these possess

attractive textural and structural features like, highly or-

dered-structures, high surface areas, and wide pore range

and pore size distribution. Ordered mesoporous carbon

(OMC) materials with tunable pore sizes and pore structures

can be prepared from hard template methods that include:

(i) forming a composite by filling the nano-channels of hard

template (usually SBA-15, MCM-48 and colloidal silica) with

appropriate carbon precursors, (ii) carbonization of the com-

posite at high temperature, and (iii) removal of templates

with aqueous NaOH or HF [14,15]. Accordingly, the fabricated

porous carbons happen to be the structural replica of the hard

template. In this process, an additional step is mandatory to

prepare silica templates prior to the multistep template syn-

thesis making it a long and complicated process [16]. There-

fore efforts have also been made to synthesize OMC

materials without the hard template route [17]. Although,

these classes of MCs show some irregularly interconnected

pores and relatively wider distribution of pore sizes than

OMCs, their synthesis is simple and mesoporous structures

can be controlled by varying the molar ratio of the respective

precursors. For example, ordered hexagonal MC films have

been prepared through the direct carbonization of a thermo-

setting polymeric carbon precursor and a thermally decom-

posable surfactant [18–21]. Zhao et al. [22,23] synthesized

OMC powder through direct assembly of a tri-block copoly-

mer (P123) and resol. Subsequently, OMC materials with vary-

ing structures, namely hexagonal, cubic and lamellar

frameworks, were synthesized by simply adjusting the molar
ratio of the polymer precursors and amphiphilic surfactants

[23]. Aerosol-assisted methods have also been reported for

the synthesis of MCs [24].

This study demonstrates the ameliorated performance of

the PEFC electrodes with GDL of a sol–gel derived MC. The

study includes the synthesis of OMC structures based on

commercially available tri-block copolymer (pluronic F127,

EO106PO70EO106) as a structure directing agent and a mixture

of phloroglucinol and formaldehyde as a cost-effective carbon

precursor by a sol–gel route. The resultant high surface area

MC is used as GDL and its effect on the performance on PEFC

is studied. The mesoporous GDL with favorable surface area

and pore size distribution (PSD) helps ameliorating the liquid

water flux through the GDL with minimum flooding and im-

proves oxygen diffusion to the catalyst layer during the fuel

cell operation.
2. Experimental

2.1. Materials

Phloroglucinol dihydrate (99%, Acros Organics), pluronic F127

(Sigma–Aldrich, Inc.), formaldehyde (37–41%) and absolute

ethanol (both obtained from Merck, Germany), hydrochloric

acid (HCl) (37%, sd-fine chemicals, India) were used as re-

ceived. De-ionized water (18.4 MX cm) used for experiments

was produced by a Millipore system.
2.2. Synthesis of MC

A soft-template route described elsewhere [20] was adopted

for the preparation of MC. In brief, 1.25 g phloroglucinol and

1.25 g pluronic F127 were dissolved into 9 g of 10:9 wt. ratio

of ethanol and water mixture. Subsequently, the solids were

dissolved under magnetic stirring at room temperature; 0.1 g

of HCl was added to the solution as a catalyst. The solution

was stirred at room temperature for additional 30 min till a

light pink color appeared. Following this, 1.3 g of formalde-

hyde was added to the above solution. The solution turned

cloudy after 30 min and separated into two layers after

1 h. The upper layer mainly consisted of the mixture of

water and ethanol, while the lower layer was a clear poly-

mer-rich solution. The polymer solution was kept on contin-

ued stirring overnight to form an elastic but non-sticky

monolith that was further cured at 100o C overnight. The

materials were then carbonized in a tubular furnace under

nitrogen atmosphere via heating ramps of 1 oC/min from

100 to 400 oC, 5 oC/min from 400 to 850 oC and then kept

at 850 C for 2 h. In order to maintain the high surface area

of MC, the carbonization temperature in this study was lim-

ited to 850 oC. The sample was allowed to cool to the room

temperature. The materials were collected and ground to

fine powders. MC was treated by refluxing in HNO3 (1, 2

and 3 M) at boiling conditions for 2 h in each case in order

to create oxygen surface groups. After oxidation, samples

were recovered and washed copiously with de-ionized water

until the pH was close to 7 followed by overnight drying at

90 oC.
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Fig. 1 – (a) Powder XRD pattern for MC and (b) low-angle XRD

pattern for MC.
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2.3. Physical and structural characterization

For the structural characterization, X-ray diffraction (XRD),

scanning electron microscopy (SEM) and transmission elec-

tronic microscopy (TEM) were used. XRD patterns at small an-

gles (2h = 0.2–5o) were recorded using a BRUKER NANOSTAR

SAXS system with a h–h configuration and using CuKa radia-

tion. The surface morphology of the carbon particles coated

over a macroporous substrate was observed with the help a

JEOL JSM 5400 SEM. TEM images for determination of pore

size and their distribution were obtained using a 200 KV Tec-

nai-20 G2. For these measurements, the samples were sus-

pended in acetone with ultrasonic dispersion for 3 min.

Subsequently, a drop of this suspension was deposited on a

holey carbon grid and allowed for drying. TEM images of the

samples were recorded both in the axial direction of the or-

dered hexagonal pores as also in the perpendicular direction.

Images were recorded with a MultiScan CCD camera (model

794, Gatan) using low-dose conditions. Textural and surface

properties of carbon supports were characterized by N2-phys-

isorption and temperature programmed desorption, respec-

tively. Nitrogen adsorption–desorption isotherms were

measured at 77 K using a Micromeritics ASAP 2020. Total sur-

face area and pore volumes were determined using the

Brunauer–Emmett–Teller (BET) equation and the single point

method, respectively. PSD curves were obtained by Barrett–

Joyner–Halenda (BJH) method and the position of the maxi-

mum of the PSD was used as the average pore diameter.

The point-of-zero-charge (PZC) measurements were carried

out for both MC and MC treated with 2 M HNO3 with pH

adjusted de-ionized water. The pH was adjusted using differ-

ent normality values of HCl and NaOH. The PZC was mea-

sured using a pH meter (Elico-127L) adopting the procedure

described elsewhere [25]. Before measuring PZC, both the

modified and pristine MCs were washed copiously with hot

de-ionized water followed by drying in an air oven at 80 oC.

The pH of adjusted de-ionized water was taken as the initial

pH. Finally, the calculated amounts of MC and MC treated

with 2 M HNO3 were separately added to sample bottles con-

taining de-ionized water at different pH values followed by

sonication for 1 h. The pH was measured and recorded as

the final pH. Air permeability of GDLs comprising Vulcan

XC-72R, MC and MC treated with 2 M HNO3 were also

measured with Automated Capillary Flow Porometer: CFP-

1500-AEXBB, Porous Materials, Inc., US. The working diameter

(1 cm) and the thickness (0.4 mm) were kept identical for all

samples. The tests were performed with differential air-pres-

sure applied to the samples and the corresponding air flow

rates through the porous GDLs were recorded.

2.4. Fuel cell performance

Performance of the PEFCs comprising MC and treated MC as

GDL were examined both in H2/O2 and H2/air modes and the

results were compared with the PEFC comprising Vulcan XC-

72R as GDL. For making membrane electrode assemblies

(MEAs), Toray carbon papers of thickness 0.37 mm with

15 wt.% teflonization were used both for anode and cathode.

For the diffusion layers, carbon slurry was prepared by disper-

sion of synthesized MC in 2-propanol with 15 wt.% poly-tetra-
fluoro ethylene (PTFE) under ultra sonication. The resultant

slurry was applied onto the macro porous support with a

loading of 1.5 mg/cm2 on both the electrodes followed by sin-

tering in a muffle furnace at 350 �C for 30 min. For the catalyst

layer, 40 wt.% Pt/C (Johnson Matthey) was dispersed in a mix-

ture of 2-propanol and Nafion solution followed by ultrasoni-

cation for 20 min to form a homogeneous slurry. The slurry

was then applied to the diffusion layer. The catalyst loading

on both the anode and the cathode (active area = 25 cm2) were

kept at 0.5 mg/cm2. A thin layer of Nafion ionomer was ap-

plied to catalyst surface of both the electrodes. MEAs were ob-

tained by hot pressing the Nafion-1135 membrane

sandwiched between cathode and anode under 15 kN

(�60 kg/cm2) at 125 �C for 3 min. The MEAs were evaluated

using a conventional 25 cm2 fuel cell fixture with parallel ser-

pentine flow field machined on graphite plates (Schunk

Kohlenstofftechnic). The cells were tested at 70 �C with gas-

eous hydrogen and gaseous oxygen/air fed at atmospheric

pressure at the anode and cathode sides, respectively. The

flow rates for both hydrogen and oxygen/air gases were kept

at 1 L/min using mass flow controllers (Aalborg Instruments

and Controls, US). Both the gaseous reactants were passed

through humidifiers before feeding them to the cell. After

establishing the desired experimental conditions (dew point

temperature 80 �C, gas temperature/gas supply temperature

85 �C, and dew point humidification temperature 85 �C)
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galvanostatic polarization data were obtained under steady-

state condition on the PEFCs using a fuel cell test station

(model PEM-FCTS-158541) supplied by Arbin Instruments,

US. The reproducibility of the data was ascertained by repeat-

ing the experiments at least twice.
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Fig. 3 – PZC for (j) as prepared MC and (d) MC treated with

2 M HNO3.
3. Results and discussion

Powder XRD pattern for the synthesized MC shown in Fig. 1a

exhibits characteristic XRD peaks at 23� and 43� confirming

the carbonaceous nature of the sample with low crystallinity.

Fig. 1b shows the typical small-angle XRD pattern of as pre-

pared MC with a peak at small angles indicating the presence

of mesoporous structure as observed by Liang et al. [20].

Fig. 2a and b shows the N2 sorption isotherms of as pre-

pared MC and MC treated with 2 M HNO3 and their corre-

sponding PSDs. Both MCs show type IV isotherm with

pronounced hysteresis loop with a sharp capillary condensa-

tion at a high relative pressure, indicating the presence of rel-

atively large pores, while type II isotherm is typically observed

for non-porous or macro-porous materials. The respective

BET surface areas of as prepared MC and MC treated with

2 M HNO3 are found to be 370 and 354 m2/g, respectively.

The PSD analysis derived from the adsorption branch of the

isotherms indicates two populations of mesopores at 3.9
0.0 0.2 0.4 0.6 0.8 1.0
50

100

150

200

250

300

350

Relative pressure (P/Po)

Vo
lu

m
e 

ad
so

rb
ed

 (c
m

3 /g
 S

TP
)

0 5 10 15 20
0.000

0.002

0.004

0.006

0.008

0.010

Po
re

 v
ol

um
e 

(c
m

3 /g
-A

)

Pore diameter (nm)

a

b

Fig. 2 – (a) N2 sorption isotherm for (j) as prepared MC and

(d) MC treated with 2 M HNO3 and (b) corresponding PSD for

(j) as prepared MC and (d) MC treated with 2 M HNO3.
and 7.6 nm for as-prepared MC. Similarly, the PSD for MC

treated with 2 M HNO3 shows two populations of mesopores

at 3.84 and 6.4 nm. In brief, the average BJH pore diameters

of the as-prepared MC and MC treated with 2 M HNO3 are
Fig. 4 – (a) TEM pictures for as synthesized MC and (b) MC

treated with 2 M HNO3. The scale bar in both the pictures is

50 nm.
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6.74 and 5.92 nm, respectively. The pore volumes for as-pre-

pared MC and MC treated with 2 M HNO3 calculated from

the adsorption isotherm are 0.45 and 0.38 cm3/g, respectively.

Reduction in surface area, pore diameter and PSD for treated

MC is due to the partial distortion of the mesoporous nature

of the carbon. In relation to the activated carbons like Vulcan

XC-72R that has a BET surface area of 235 m2/g with micro-

porous nature (<2 nm) [26,27], MC has high surface area with

large pore sizes and pore volumes. It is noteworthy that the

graphitic carbon synthesized by pyrolysis of ethanol with dis-

solved iron carbonyl prepared at 600, 700 and 900 oC had BET

surface areas of 800, 433 and 201 m2/g, respectively [8]. In the

present study, MC synthesized at 850 oC exhibits a surface

area of 370 m2/g in agreement with the literature [8].

For an estimation of oxygen-containing surface groups in

MC treated with nitric acid, the PZC measurements are car-

ried out with the final pH as a measure of the strong buffering

effect. The initial pH versus final pH for MC and MC treated

with 2 M HNO3 are depicted in Fig. 3. The PZC is obtained from

the horizontal part of the curve for different types of MC. The

PZC values for the MC and MC treated with 2 M HNO3 are 7.7

and 3.2, respectively. From the data, it is clearly reflected that

nitric acid treatment of the MC introduces acidic groups, like

�COOH, that contain active oxygen surface and bring down

the PZC. A larger reduction in PZC value for the MC treated

with HNO3 in relation to the pristine MC strongly influences

the charge density on the MC to which the acidic groups is

attached.

TEM study further corroborates these observations. Fig. 4a

shows the TEM picture for as-prepared MC and Fig. 4b shows

the TEM picture for the treated MC. In the case of as-prepared
Fig. 5 – (a) SEM images for GDL layers comprising Vulcan XC-7
MC, no long-range pore ordering is observed but instead a

worm-like structure is clearly revealed. It is noteworthy that

the absence of long-range pore ordering is obtained without

usage of any hard-template approach during synthesis of

MC but by mere use of pluronic-F127 as a mild structure

directing agent. The pores typically have a diameter of

�7 nm in accordance with the results obtained from the

nitrogen-sorption study. After oxidation treatment, the struc-

ture is maintained with partial distortion in its pores.

Fig. 5a–c shows SEM micrographs of GDL layers utilizing

Vulcan XC-72R, as prepared MC and MC treated with 2 M

HNO3, respectively. The GDL coated with Vulcan XC-72R

shows homogeneous carbon distribution with surface cracks.

By contrast, GDL of MC shows uniform carbon distribution

and crack-free surface which facilitates the reactant gas to

diffuse to the active catalyst sites. The GDL layer with treated

carbon also shows an almost similar surface morphology

indicating that after nitric acid treatment of the MCs the sur-

face characteristics are retained.

The GDLs comprising different carbons are also evalu-

ated for their air permeability prior to their use in the fuel

cell. Fig. 6 shows the air flow rate versus differential air-

pressure for different GDLs. The data suggest the air flow

rate for all the samples to increase with pressure. The MC

treated with HNO3 is a little lower in air permeability in

relation to the pristine MC. This may be due to the decrease

in the pore size of treated carbon (Fig. 2). In general, the GDL

coated with MC shows higher gas permeability in relation to

the GDL coated with Vulcan XC-72R. The high gas-perme-

ability of the GDL comprising MC is a desired feature in fuel

cell operation.
2R, (b) as prepared MC, and (C) MC treated with 2 M HNO3.



0 200 400 600 800 1000 1200 1400 1600
0

100

200

300

400

500

600

Po
w

er
 d

en
si

ty
 (m

W
/c

m
2 )

Current density (mA/cm2)

0.0

0.2

0.4

0.6

0.8

1.0

Ce
ll 

vo
lta

ge
 (V

)

Fig. 8 – Galvanostatic polarization data for H2/air PEFCs

comprising MEAs with GDLs of different carbon, (j) Vulcan

XC-72R and (d) MC treated with 2 M HNO3.

C A R B O N 4 7 ( 2 0 0 9 ) 1 0 2 – 1 0 8 107
The performance of PEFC gas-diffusion electrodes employ-

ing Vulcan XC-72R, MC and treated MC are studied from the

polarization data. In this study, we have investigated the ef-

fect of oxidation environment at which high amount of sur-

face groups can be created, while maintaining the structural

order of MC. To ascertain this, various MEAs with different

treated carbon have been realized and studied to quantify

their effect on the fuel cell performance. This has enabled

to identify the ideal mesoporous structure and the optimal

functionalization level. Fig. 7 compares the polarization

curves at 70 oC for all MEAs under fully-wet condition (100%

relative humidity) with gaseous-reactants fed at atmospheric

pressure. The PEFC with GDL of Vulcan XC-72R shows a peak

power density of 0.74 W/cm2 at a load current-density of

1.65 A/cm2. By contrast, the GDL with non-treated MC delivers

0.69 W/cm2 at a load current-density of 1.5 A/cm2, which is a

little lower in power density in relation to commercial Vulcan

XC-72R. Interestingly, an increase in power density value is

observed with the GDL coated with treated MC. A maximum

power density of 0.79 W/cm2 at a load current-density of

1.65 A/cm2 is observed with the GDL of MC treated with 2 M

HNO3.
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comprising MEAs with GDLs of varying carbons, (m) Vulcan

XC-72R, (j) as prepared MC and MC treated with (d) 1, (�) 2

and (.) 3 M HNO3.
The nitric acid treatment of the MCs besides creating the

surface oxygen-groups also has an influence on both their

pore diameter and pore volume. Fig. 2b suggests the pore vol-

ume to increase almost twice for small pores (3.8 nm) for the

treated MC. By contrast, the pore volume for large pores is not

affected and instead the pore diameter reduces from 7.6 to

6.4 nm. Due to the presence of different pore sizes in the

GDL, the product water generated during the fuel cell opera-

tion can be easily removed through the smaller pores due to

capillary action. The larger pores help permeation of reactant

gases to the active catalyst site. As a result, the mass-transfer

region in the PEFC is observed at a relatively higher load cur-

rent-density and particularly so when air is used on oxidant

side of the fuel cell. The MC treated with 3 M HNO3 delivers

a little lower power density possibly due to the partial damage

of the mesoporous nature [28]. It is believed that the MEAs

constituting MC treated with 2 M HNO3 carbon create maxi-

mum oxygen surface groups without much destruction of

structural features of the MC and hence this condition is ta-

ken as the optimal level of functionalization for fuel cell per-

formance in this study.

The influence of the MC treated with 2 M HNO3 is also ana-

lyzed for H2/air PEFCs performance at 70 �C and atmospheric

pressure and the results are compared with commercially

available Vulcan XC-72R as shown in Fig. 8.

It is interesting to note that a peak power density of 0.53 W/

cm2 at a load current- density of 1.1 A/cm2 is achieved for the

PEFC electrode with MC treated with 2 M HNO3 as compared to

the peak power density of only 0.47 W/cm2 at a load current-

density of 0.9 A/cm2 for the PEFC electrode with Vulcan XC-

72R. Increase in power density of PEFC of H2/air system with

MC treated with 2 M HNO3 near high current-density region

is a clear manifestation of improved reactant-gas distribution

as observed from the gas-permeability data presented in Fig. 6

and the subsequent product water removal.

4. Conclusions

A MC of high specific surface area and pore size is success-

fully synthesized by a soft-template route and utilized for
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the first time, to our knowledge, as GDL in electrodes for

PEFCs. The MC treated with 2 M HNO3 ameliorates the fuel

cell performance with little effect on its surface area and pore

size. Due to the presence of different pore sizes in the GDL,

both the product water removal and the gas permeability to

the active catalyst sites are ameliorated.
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