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bstract

For commercialization of proton-exchange membrane fuel cells (PEMFCs), stack fabrication cost should be significantly reduced, possibly by
educing the loading of platinum catalyst. Under normal operating conditions using humidified hydrogen and air, the performance of a single

ell is not uniform over the active electrode area due to non-uniform distribution of reactant gases and water. To improve catalyst utilization, a
atalyst-gradient electrode method is applied to a single-cell fabrication. This procedure is found to be very effective in reducing platinum usage
ithout loss in cell performance.
2007 Published by Elsevier B.V.
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. Introduction

The proton-exchange membrane fuel cell (PEMFC) is con-
idered to be an efficient and clean energy-conversion system
or stationary and automotive applications. For commercializa-
ion of PEMFCs, however, it is necessary to reduce the stack
abrication cost, possibly by decreasing the loading of Pt cata-
yst. To this end, many studies have been carried out [1–9]. Pt/C
atalysts with Pt and a carbon support of diverse particle size
ave been employed to enhance Pt utilization by optimizing
he electrode porosity. Several noble or non-noble metals and
t-based alloys have been screened to replace the Pt catalyst.
iverse fabrication methods for membrane–electrode assem-
lies (MEAs) have been developed for efficient use of the Pt
atalyst.

Most of the previous studies [1–9] have dealt with elec-
rodes fabricated with a uniform structure and composition
ver the whole active area although it was revealed by current-

istribution measurements and mathematical models that the
urrent density of a PEMFC was dependent upon the relative
osition of the unit area in the flow-field [10–13]. In general, on
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eeding humidified reactant gases, cell performance gradually
ecreases from the gas inlet to the gas outlet region since the
eactant gases are rich in the former and depleted in the latter.

oreover, an increase in water vapour pressure downstream can
mpede mass transport to the catalyst of gas outlet region. Since
he reaction is exothermic, there is an autocatalytic heating effect
eading to a further increase in the reaction rate in the gas inlet
egion.

For efficient utilization of the whole electrode active area
f PEMFCs, non-uniform gas-diffusion layers (GDLs) were
pplied in MEA fabrication [14,15]. Johnson et al. [14] demon-
trated that the performance of a single cell could be improved
y employing an in-plane, non-uniform, GDL composed of
arbon cloth, carbon paper, grooved carbon paper and pierced
arbon paper. The complexity in assembling these GDLs, how-
ver, makes the structure hardly applicable to stack fabrication.
hen et al. [15] showed that a graduated polytetrafluroethy-

ene (PTFE) water-management layer between the backing
ayer and catalyst layer could effectively prevent drying out of
he electrolyte membrane and flooding of the cathode, which
esulted in a high-performance PEMFC. On the other hand,

ince the PTFE layer acts not only as a hydrophobic agent
ut also as a binder for the carbon particles, carbon loss from
egions with low PTFE content can cause performance degra-
ation.

mailto:eacho@kist.re.kr
dx.doi.org/10.1016/j.jpowsour.2006.12.076
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In this study, to obtain a cell with uniform performance
istribution over the whole active area, electrodes have been
abricated with a non-uniform distribution of catalyst loading.
he catalyst loading is increased from the gas inlet to the gas
utlet to counteract the depletion of reactants in the gas stream.
sing this catalyst-gradient electrode technique, the Pt loading

an be reduced without performance loss.

. Experimental

.1. Preparation of membrane–electrode assemblies and
ingle cells

Catalyst ink was prepared by mixing 40 wt.% Pt/C (E-tek
nc.) with isopropyl alcohol (Baker analyzed HPLC Reagent)
nd then the mixture was ultrasonicated for 1 h. A 5 wt.%
afion® solution (Du Pont Inc.) was added to the catalyst ink,
hich was ultrasonicated again for 1 h. The MEAs were pre-
ared by the catalyst coated membrane (CCM) method, in which
he prepared ink was sprayed over a Nafion® 112 membrane. The
ctive electrode area was 25 cm2. Single cells were assembled
ith the prepared CCMs, gas-diffusion media (Sigracet®, SGL
arbon Inc.), gaskets, and graphite blocks.

.2. Characterization of membrane–electrode assemblies

Before assemble, the surface morphology of the catalyst-
oated membrane was examined by means of scanning electron
icroscopy (Hitachi S-4200).
Hydrogen and air were fed to the anode and the cathode of

he single cell after passing through bubble humidifiers held at a
emperature of 80 and 65 ◦C, respectively. The cell temperature
as 80 ◦C. The performance of the single cell was evaluated
y measuring the current–voltage (i–V) characteristics with an
lectronic load (Daegil Electronics Inc., EL 1000P). The resis-
ance of the single cell was determined by a.c. impedance with
he air electrode as the working electrode and the hydrogen
lectrode as the reference and counter electrodes. An IM6 instru-
ent (ZAHNER) was used for impedance measurements and the

pplied frequency was varied from 10 mHz to 10 kHz with an
xcitation voltage of 5 mV (peak-to-peak). In these studies, the
ounter electrode also served as a reference electrode, since the
verpotential at the counter electrode for hydrogen oxidation or
volution reaction is negligible [16].

. Results and discussion

.1. Effect of anode catalyst loading on fuel cell
erformance

To reduce the anode catalyst loading, MEAs with anode cata-
yst loading in the range of 0.2–0.01 mg Pt cm−2 were prepared
hile keeping the cathode loading constant at 0.4 mg Pt cm−2.

he data in Fig. 1(a) clearly show that a reduction in Pt loading

rom 0.2 to 0.03 mg Pt cm−2 has little effect on cell performance.
n the examined range of Pt loading, the difference in cell volt-
ge at a current density is less than 7 mV if the current density

t
a
0
i

ig. 1. Effects of anode catalyst loading on (a) cell performance and (b) Nyquist
lot. Cathode catalyst loading = 0.4 mg Pt cm−2.

s below 1 A cm−2. This difference is negligible and inevitable
n laboratory-scale MEA fabrication. On decreasing the cata-
yst loading from 0.03 to 0.01 mg Pt cm−2, however, the cell
otential decreases significantly in the measured current density
egion. Impedance spectra presented in Fig. 1(b) show that the
hmic and charge-transfer resistances are almost constant for
he single cells with a Pt loading from 0.2 to 0.03 mg Pt cm−2,
amely, 0.06 and 0.47–0.53 � cm2, respectively. By contrast, a
ingle cell with a Pt loading of 0.01 mg Pt cm−2 has a differ-
nt shape of Nyquist plot from the others. The ohmic resistance
ncreases to 0.11 � cm2 and two arcs are present. This implies
hat the charge-transfer resistance for the anode reaction is com-
arable with that for the cathode reaction [17], and results in a
eduction in cell performance. Since the cathode was identically
repared for all the single cells, the charge-transfer resistance for

he cathode could be assumed to be same at about 0.5 � cm2,
s revealed for the single cells with a Pt loading from 0.2 to
.03 mg Pt cm−2. Since the sum of the diameters of the two arcs
s calculated to be 0.79 � cm2 by subtracting the ohmic resis-
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Fig. 2. Scanning electron micrographs of surface morphology of anod

ance (0.11 � cm2) from the right point of intersection with the
-axis (0.9 � cm2), the charge-transfer resistance for the anode
eaction is estimated to be 0.29 � cm2.

The surface morphology of the MEAs was investigated by
canning electron microscopy. As shown in Fig. 2(a), there is
lack of coverage of catalyst particles on the membrane as

ndicated by thick outlines. On the other hand, this feature is
ot observed for higher loadings. Thus, the increase in charge-
ransfer resistance of the anode and the resulting performance
oss can be attributed to the isolation of catalyst particles in the
node with a Pt loading of 0.01 mg Pt cm−2. The increase in
hmic resistance could also be caused by the catalyst isolation
ince the ionomer in the anode catalyst layer would be also dis-

onnected. The effects of anode Pt loading on the performance
nd resistance of single cell are displayed in Fig. 3. The data
uggest that 0.05 mg Pt cm−2 is an optimum Pt loading for the
node.

r
d
F

lyst layer: (a) 0.01, (b) 0.03, (c) 0.05, (d) 0.1, and (e) 0.2 mg Pt cm−2.

.2. Effect of cathode catalyst-gradient loading on fuel cell
erformance

To examine the effects of cathode catalyst loading on cell
erformance, i–V curves were measured for the single cells with
athode catalyst loadings from 0.1 to 0.55 mg Pt cm−2 and pre-
ented in Fig. 4. In contrast to Fig. 1(a), with increasing catalyst
oadings from 0.1 to 0.4 mg Pt cm−2, the cell performance is
mproved markedly over the measured current density region.
or the single cell with a catalyst loading of 0.55 mg Pt cm−2,

he voltage dropped abruptly at high current densities. This is
robably due to mass-transport resistance caused by the thick
lectrode layer.
Based on the above results, gradient electrodes were fab-
icated with an average Pt loading of 0.4 mg Pt cm−2. The
istribution of Pt loading for the gradient electrodes is shown in
ig. 5(a). In these electrodes, the catalyst loading increases from
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Fig. 3. Effects of anode catalyst loading on ohmic and charge-transfer resistance
and cell potential at 100 mA cm−2. Cathode catalyst loading = 0.4 mg Pt cm−2.

Fig. 4. Effects of cathode catalyst loading on cell performance. Anode catalyst
loading = 0.4 mg Pt cm−2.

Fig. 5. (a) Distribution of cathode catalyst loading (mg Pt cm−2) designed in this study. Average Pt loading for cathode is kept at 0.4 mg Pt cm−2. (b) Performance
and (c) Nyquist plots for single cells fabricated with non-gradient and gradient electrodes described in (a). Anode catalyst loading = 0.2 mg Pt cm−2.
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he inlet to the outlet to counteract the depletion of reactants in
he gas stream. For example, catalyst-gradient electrode 1 (CG 1)
s composed of two zones, namely, 10 cm2 with 0.34 mg Pt cm−2

nd 15 cm2 with 0.44 mg Pt cm−2. In the same manner, CG 2
onsisted of three zones: 5 cm2 with 0.3 mg Pt cm−2, 10 cm2

ith 0.35 mg Pt cm−2 and 10 cm2 with 0.5 mg Pt cm−2. The
istributions are based on the five-channel, semi-serpentine,
ow-field geometry of the graphite block used in this study.
he average Pt loading is 0.4 mg Pt cm−2. To eliminate possi-
le loss of cell performance caused by low catalyst loading of
node, this loading is set to 0.2 mg Pt cm−2. The polarization
urves for the single cells with a catalyst-gradient cathode as
escribed in Fig. 5(a) are given in Fig. 5(b). Single cells with

atalyst-gradient electrodes CG 1, 2, 3 and 4 exhibit almost the
ame performance as that with a conventional (non-gradient)
lectrode. In case of CG 5, a significant decrease in cell per-
ormance is observed, which is probably due to the too low

b
a

c

ig. 6. (a) Distribution of cathode catalyst loading (mg Pt cm−2) designed in this stu
erformance and (c) Nyquist plots for single cells fabricated with non-gradient and gr
er Sources 166 (2007) 53–58 57

atalyst loading in the inlet region (0.07 mg Pt cm−2) and/or to
arge deviation in the thickness of the catalytic layer. Since
he catalyst loading increases by more than 10 times from
he inlet to the outlet region, the electrode thickness will also
roportionally increase over these regions, resulting in a poor
ontact between the cathode and backing gas-diffusion media.
mpedance spectra for the single cells presented in Fig. 5(b)
upport the conclusion that higher charge-transfer resistance
or the single cell with CG 5 results in a lower cell perfor-
ance. It should be noted that for the single cells with CG 1,

, 3 and 4 electrodes, the deviation of thickness in the cath-
de has little effect on performance. This can be attributed to
much smaller deviation in the cathode thickness that may
e compensated by the compression pressure applied in cell
ssembly.

To investigate in detail the effects of a catalyst-gradient
athode on cell performance, the average catalyst loading was

dy. Average Pt loading for cathode is 0.25, 0.3, 0.34 and 0.4 mg Pt cm−2. (b)
adient electrodes, as described in (a). Anode catalyst loading = 0.2 mg Pt cm−2.
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educed from 0.4 to 0.34, 0.3 and 0.25 mg Pt cm−2. The distri-
ution of catalyst loading over the active electrode area is shown
n Fig. 6(a), while the cell performance is given in Fig. 6(b). The
atter reveals that the non-gradient electrode with a Pt loading
f 0.3 mg Pt cm−2 has almost the same performance as the gra-
ient electrode with average loading of 0.25 mg Pt cm−2, and
hat the gradient electrodes with an average loading from 0.4 to
.3 mg Pt cm−2 has almost the same performance.

It is remarkable that for the same average loading of
.3 mg Pt cm−2, the performance of the catalyst-gradient elec-
rode exhibits higher performance. At a current density of
00 mA cm−2, the cell voltage is 0.56 and 0.61 V for the non-
radient and the gradient electrode, respectively. The maximum
ower density is calculated to be 504 and 590 mW cm−2 for
he non-gradient and the gradient electrode, respectively. The
nhancement of cell performance by using the catalyst-gradient
lectrode is magnified at high current densities, which implies
hat the gradient electrode increases the local reaction rate
f the electrode due to higher catalyst loading in the outlet
egion [18,19]. These results clearly show that by using the
atalyst-gradient method, the performance of the fuel cell can
e improved while maintaining the same level of Pt usage.
lternatively, by comparing the cell performance of the non-
radient electrode with an average loading of 0.3 mg Pt cm−2

ith that of the gradient electrode with an average loading of
.25 mg Pt cm−2, it can be concluded that by using the catalyst-
radient electrode method, the Pt loading can be reduced without
erformance loss.

. Conclusions

From studies of single cells with different anode catalyst load-
ng, it is found that the Pt loading can be reduced to as low
s 0.03 mg cm−2 with pure hydrogen. At lower loadings, i.e.,
.01 mg cm−2, the cell performance is drastically lowered. This

s probably due to poor surface coverage of platinum particles
n the membrane.

At an average catalyst loading of 0.25 and 0.3 mg cm−2, the
radient cathodes give better performance than conventional

[
[

er Sources 166 (2007) 53–58

lectrode on account of the presence of more platinum particles
t the gas outlet part of the cell where the oxygen concentration is
ow, particularly at high current densities. The presence of more
latinum particles improves the local reaction rate of the elec-
rode at the outlet region. By contrast, a conventional electrode
ith a uniform catalyst loading gives an inferior performance.
hus, by using the gradient electrode suggested in this study,
latinum usage can be reduced.
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