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1. Introduction

Dramatic advances in polymer electrolyte fuel cells
(PEFCs) have focused attention on this technology as an
energy source for traction power [1]. Further reductions
in weight, volume and cost of the PEFC stacks are
imperative to make them competitive with the existing
internal-combustion engine. One way to achieve this
objective is to operate the PEFC stacks at atmospheric
pressure with commercially acceptable power densities
[2]. This would help eliminate auxiliaries such as
compressors and result in lighter PEFC stacks. In
essence, a PEFC consists of an anode to which hydrogen
fuel is supplied, a cathode to which oxygen is supplied
and a per¯uorosulfonic acid (Na®onÒ) electrolyte mem-
brane that permits the ¯ow of protons from anode to
cathode.
The assembly comprising anode, cathode and Naf-

ionÒ membrane, is called the membrane electrode
assembly (MEA). The anode and cathode electrodes
are supported on a macroporous carbon paper, often
called the di�usion layer backing, of �0.3 mm thick-
ness. This carbon paper is coated on one side with a
carbon black/polytetra¯uoroethylene (PTFE) suspen-
sion, forming a thin, microporous, hydrophobic backing
layer onto which a catalyst ink is subsequently coated.
In the absence of this di�usion layer, the catalyst ink
absorbs into the macroporous carbon paper where it is
not e�ective for catalytic reactions in the fuel cell.
Hence, the nature of this backing layer and its in¯uence
on fuel cell performance is of key interest in optimising
the PEFC.
Following the ®rst description of carbon-supported

gas-di�usion electrodes with low-catalyst loadings for
PEFCs [3±5], several improvements have been reported
in the design, composition and catalyst loading in these
systems [6±21]. One would expect that the ability of the
gaseous reactants to access the Pt catalyst will depend,
in part, on di�usion through the backing layer. Al-
though it has been demonstrated that the content of
polytetra¯uoroethylene (PTFE) [6] in the di�usion layer

a�ects the performance of PEFCs, a study of PEFC
performance with di�usion layers comprising carbon of
varying surface area and morphology is still lacking in
the literature. More explicitly, these studies have been
restricted to Vulcan XC-72R carbon which has a surface
area of about 250 m2 gÿ1. The nature and loading of the
carbon black could conceivably be important in achiev-
ing optimal PEFC performance. In this communication
therefore, we report our ®ndings on the performance of
PEFCs containing MEAs with electrode di�usion-layers
made separately from Vulcan XC-72R carbon and
Acetylene Black carbon, which has a BET surface area
of only about 50 m2 gÿ1.
This study demonstrates that an improvement in the

performance of PEFCs is possible using MEAs with
electrode di�usion-layers made from Acetylene Black in
place of Vulcan XC-72R carbon. It appears that the
di�usion layer plays a seminal role in the water
management of the cell as well as in the humidi®cation
of the membrane electrolyte.

2. Experimental details

The 20 wt % Pt/C catalyst was obtained from E-TEK
Inc., USA. Mercury intrusion porosimetry was per-
formed both for Vulcan XC-72R and Acetylene Black
carbon using a Micromeritics-9310 pore sizer. Particle
size analyses were carried out on a Malvern Instruments
Mastersizer-X. Galvanostatic-polarization data on the
PEFC were obtained at various cell and humidi®cation
temperatures using an Arbin BT-2042 electrochemical
station.
To make the MEAs, a homogeneous suspension

(carbon ink) of 10 wt % PTFE and carbon (Vulcan
XC-72R or Acetylene Black) was prepared in cyclohex-
ane. Electrodes with various di�usion-layer loadings
(0.7±2.5 mg cmÿ2) were prepared by brushing the car-
bon ink onto a wet-proofed TGP-H-120 carbon paper
followed by drying and weighing. The carbon backing
paper with the di�usion layer were also sintered at
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350 �C for 30 min to study the e�ect of altering the
PTFE distribution within the di�usion layer. To prepare
the catalyst layer, a homogeneous dispersion of the
catalyst in isopropanol (catalyst ink) was prepared by
ball milling the E-TEK 20 wt % Pt/C catalyst with
9 wt % Na®onÒ-ionomer solution. Catalyst ink equiv-
alent to a platinum weight of 0.5 mg cmÿ2 was applied
onto the di�usion layer of the electrodes using a Pasteur
pipette. Both the anode and cathode were prepared in
this manner and subsequently hot-bonded on either side
of a Na®onÒ-112 membrane, by ®rst passing the
assembly through a laminator at 125 �C followed by
its compaction at the same temperature at 50 kg cmÿ2

for 2 min to form the MEA. The active geometrical area
of the electrodes was 4 cm2.
The PEFC was assembled by mounting the MEA into

a cell in which the anode and the cathode were contacted

by a serpentine ¯ow pattern machined into high-density
graphite. Humidi®ed hydrogen gas preheated at 85 �C
was delivered at a ¯ow rate of 100 mL minÿ1 to the
anode chamber of the cell, and humidi®ed oxygen (or
air) preheated at varying temperatures (25±80 �C), was
passed at a ¯ow rate of 100 mL minÿ1 through the
cathode chamber of the cell. All cells were operated at
atmospheric pressure. Optimal operating conditions
were achieved by systematically varying the cathode
gas humidi®cation temperature and cell temperature
until a maximum in performance (maximum power
density) was achieved as seen in polarisation data. The
anode humidi®er was kept constant at 85 �C and the cell
at 75 �C while the cathode humidi®er was ®rst
optimized. Temperatures were equilibrated at 5 �C
intervals, starting at the highest temperature of 80 �C,
until the optimum cell power density was obtained. An

Fig. 1. Particle-size distribution for (a) Vulcan XC-72R, (b) Acetylene Black and (c) milled Acetylene Black carbon.
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optimal cell temperature was then obtained by measur-
ing the maximum power densities for varying cell
temperatures.

3. Results and discussion

The particle-size data for as received Vulcan XC-72R
and Acetylene Black is shown in Figure 1(a) and (b),
respectively. The data on the milled Acetylene Black is
shown in Fig. 1(c). The mean particle size from the
particle-size analyses of the carbon samples was found
to be 4.91, 3.66 and 1.76 lm, respectively. This particle
size must refer to aggregates of carbon since the
individual carbon particles have been reported to be
about 30 nm for Vulcan XC-72R and about 42 nm for
Acetylene Black [22]. The pore size data for Vulcan
XC-72R and Acetylene Black is shown in Figure 2.
Although the pores in the range 0.01±10 lm have a
similar volume distribution, Vulcan XC-72R has a
higher pore volume distribution both below 0.01 lm
and in the range of 10±100 lm.

The lower surface area of Acetylene Black (50 m2 gÿ1)
compared with Vulcan XC-72R (250 m2 gÿ1) can be
explained from the pore-size data. Acetylene Black has a
lower volume of micropores in the region below
0.01 lm. i.e. the aggregates of Acetylene Black carbon
are less porous than Vulcan XC-72R thus resulting in a
lower surface area. Since the largest aggregate size itself
is not much greater than 10 lm, the pore volume data
above 10 lm represents the intra-aggregate porosity. As
can be seen in Figure 2, as well as the aggregates of
Acetylene Black being less porous, the intra-aggregate
porosity is lower than that of Vulcan XC-72R.
Acetylene Black is therefore a more dense carbon black
with less structure and microporosity compared with
Vulcan XC-72R.
The details of the various types of PEFCs studied

here, together with optimum operating conditions and
resulting cell performances, are given in Table 1. In
addition the performance of cells with sintered Acety-

Fig. 2. Pore-volume data for (a) Vulcan XC-72R and (b) Acetylene

Black.

Fig. 3. Maximum power-density, under optimized conditions, for

PEFCs containing sintered di�usion layers: (s) Acetylene Black, (´)
Vulcan XC-72R, (a) oxygen and (b) air. Gas ¯ow-rates 100 mL minÿ1

at atmospheric pressure.
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lene Black and Vulcan XC-72R backing layers, in terms
of maximum power density, both with oxygen and air
operation, is given in Figure 3(a) and (b), respectively.
Repeat experiments with equivalent fabrication condi-
tions give an error estimate of �3% for the maximum
power densities reported. From this data it can be seen
that maximum power density with oxygen operation is
attained with a sintered Acetylene Black di�usion layer
with a loading of 1.9 mg cmÿ2 (cell 9). With air

operation maximum power density is achieved with a
sintered Acetylene Black di�usion layer with a loading
of 1.25 mg cmÿ2 (cell 7). This data clearly re¯ects that,
in general, the performance of cells containing MEAs
with Acetylene Black di�usion layers are superior to
cells containing MEAs with Vulcan XC-72R di�usion
layers. The galvanostatic polarization data for the cells
showing best performances with oxygen and air oper-
ation are given in Figure 4; the operational conditions

Fig. 4. Galvanostatic polarization data for the best performing PEFCs during operation with (a) oxygen (cell 9) and (b) air (cell 7) at atmospheric

pressure.

Table 1. Details of di�usion layers, optimal operating conditions and power densities of PEFCs investigated during the study

Cell type Details of di�usion layer Optimum operational temperatures (°C) for H2 humidi®er/O2

(or air) humidi®er/Cell and max. power densities obtained

H2/O2/Cell W cm)2 H2/Air/Cell W cm)2

1 0.7 mg cm)2 Vulcan XC-72R carbon with 10 wt % PTFE 85/25/57 0.45 85/25/80 0.23

2 1.8 mg cm)2 Vulcan XC-72R carbon with 10 wt % PTFE 85/80/70 0.62 85/60/75 0.19

3 0.7 mg cm)2 Vulcan XC-72R carbon with 10 wt % PTFE; Sintered 85/40/65 0.75 85/25/83 0.25

4 1.8 mg cm)2 Vulcan XC-72R carbon with 10 wt % PTFE; Sintered 85/60/70 0.78 85/40/75 0.25

5 0.7 mg cm)2 A.B. carbon with 10 wt % PTFE 85/40/70 0.73 85/40/70 0.25

6 1.9 mg cm)2 A.B. carbon with 10 wt % PTFE 85/60/75 0.68 85/25/80 0.23

7 1.25 mg cm)2 A.B. carbon with 10 wt % PTFE; Sintered 85/60/75 0.83 85/40/75 0.3

8 0.7 mg cm)2 A.B. carbon with 10 wt % PTFE; Sintered 85/25/70 0.75 85/25/75 0.25

9 1.9 mg cm)2 A.B. carbon with 10 wt % PTFE; Sintered 85/60/70 0.87 85/25/75 0.29

10 2.5 mg cm)2 A.B. carbon with 10 wt % PTFE; Sintered 85/60/75 0.71 85/60/75 0.24

11 1.25 mg cm)2 milled A.B. carbon with 10 wt % PTFE; Sintered 85/40/65 0.55 85/60/70 0.20
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for the respective cells are given in Table 1. A maximum
power density of 0.87 W cmÿ2 at a polarization voltage
of 0.4 V was achieved with cell 9 using oxygen, while a
maximum power density of 0.3 W cmÿ2 was obtained at
a polarization voltage of 0.54 V with cell 7 using air. The
improvement gained by simply changing the di�usion
layer carbon from Vulcan XC-72R to Acetylene Black
corresponds to a 15% increase in maximum power
density for both oxygen and air operation.
When comparing Acetylene Black and Vulcan XC-

72R of similar loading and cell operating conditions
(such as cell 4 and cell 7 shown in Figure 5), a signi®cant
di�erence in performance is seen in the di�usion-
controlled region at high current density. Acetylene
Black di�usion layers give better performance in the
di�usion-limited region where maximum power density
is obtained. At low current densities, as seen in the iR
corrected Tafel plot (Figure 5(b)), it is evident that
Acetylene Black di�usion layers also result in better
performance. At low current density the current is
limited by reaction kinetics, whereas, at high current
density, the current is limited by gas di�usion. Since

reaction kinetics are related to properties of the active
catalyst layer, it is envisaged that the di�usion layer is
impacting on the catalyst layer, a�ecting the current
density. In this way, an increase in the real surface area
of the catalyst and/or the local partial pressure of
reactants at the electrode could lead to higher current
density in the fuel cell. In considering the high current
density region of Figure 5, where gas di�usion is
in¯uential, it is di�cult to envisage how a less porous
Acetylene Black di�usion layer can cause improved
di�usion, except that the di�usion layer indirectly leads
to improved di�usion by managing water in the cell. The
optimum water pro®le is a balance of having enough
water to maintain Na®onÒ hydration while, at the same
time, avoiding ¯ooding of the catalyst layer which
hinders gas di�usion. It is likely that the porosity of the
carbon will have an a�ect on this.
It is evident, in Table 1 and Figure 3, that not only

the type of carbon but also the carbon loading in¯uences
the cell performance. This has been previously demon-
strated for Vulcan XC-72R backing layers [19]. For
Acetylene Black there is an optimum loading both for
oxygen and air operation. In the case of oxygen the
optimum loading is 1.9 mg cmÿ2 while, for air, the
optimum loading is lower at 1.25 mg cmÿ2. The di�er-
ence between oxygen and air is almost certainly related
to both the lower partial pressure of oxygen in air and
the blanketing e�ect of nitrogen in air causing di�usion
e�ects to be di�erent. Therefore factors that increase
di�usion may be more important for air operation than
when pure oxygen is utilized. The optimum di�usion
layer loading for each gas can be explained by di�usion
limitations and/or water management problems at too
high a loading. At low loadings, inadequate coverage of
the di�usion layer carbon on the porous carbon paper
could occur. This would lower the ability of the di�usion
layer to support the catalyst layer in a homogenous thin
region. Interestingly, at the highest loading, the oxygen
or air humidi®cation temperature was highest indicating
that, contrary to ¯ooding, membrane hydration was
di�cult to achieve. This suggests that Acetylene Black
can more e�ectively remove water from the cell. Also,
when the density of the Acetylene Black was decreased
further by ball milling (cell 11) a high humidi®cation
temperature and a low cell temperature were required to
optimise the cell power density. i.e. even lower porosity
may increase the rate of water removal from the cell
resulting in di�culty maintaining membrane hydration.

4. Conclusion

This study demonstrates that in general the performance
of PEFCs containing MEAs with di�usion layers of
Acetylene Black carbon are superior to those with
Vulcan XC-72R carbon. It is suggested that the mech-
anism of improved performance is that lower porosity
Acetylene Black is better at removing water from the
MEA, thereby leading to improved gas di�usion. It

Fig. 5. Galvanostatic polarization data for cell 4 and cell 7, both with

air at a ¯ow-rate of 100 mL minÿ1 at atmospheric pressure.
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should be pointed out however that the di�usion-layer
morphologies presented here are not necessarily fully
optimized and further improvements in performance are
highly likely.
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