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Membrane electrode assemblies (MEAs) with ultra-low platinum loadings are attracting significant atten-
tion as one method of reducing the quantity of precious metal in polymer electrolyte membrane fuel cells
(PEMFCs) and thereby decreasing their cost, one of the key obstacles to the commercialization of PEMFCs.
In the present work, high-performance MEAs with ultra-low platinum loadings are developed using a
novel catalyst-sprayed membrane technique. The platinum loadings of the anode and cathode are low-
ered to 0.04 and 0.12 mg cm~2, respectively, but still yield a high performance of 0.7 Acm~2 at 0.7 V. The
influence of Nafion content, cell temperature, and back pressures of the reactant gases are investigated.
The optimal Nafion content in the catalyst layer is ca. 25 wt.%. This is significantly lower than for low
platinum loading MEAs prepared by other methods, indicating ample interfacial contact between the
catalyst layer and membrane in our prepared MEAs. Scanning electron microscopy (SEM) and electro-
chemical impedance spectroscopy (EIS) measurements reveal that our prepared MEA has very thin anode
and cathode catalyst layers that come in close contact with the membrane, resulting in a MEA with low
resistance and reduced mass transport limitations.
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1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are cur-
rently considered suitable candidates to power stationary or mobile
applications, including transportation vehicles, due to their high
efficiency, high power density, and low operating temperature
[1-3]. In recent years, PEMFC research and development has accel-
erated, but the cost of PEMFC systems is still too high to make them
commercially viable [4].

Carbon supported platinum catalysts are still the widely used
electrocatalysts in PEMFC, due to the platinum is a precious metal,
the cost of catalysts accounts for about 30-45% of the whole cost of
PEMFC. Thus, to prepare membrane electrode assemblies (MEAs)
with lower platinum loadings is becoming one of the most impor-
tant issues for PEMFC.

Ultra-low platinum loading MEAs have attracted more attention
recently [5-11], as they hold the possibility of reducing precious
metal use and, thereby, cost. Xiong et al. [7] prepared ultra-low
platinum loading MEAs using a modified thin film method. These
MEAs showed good uniformity and interfacial continuity between
the membrane and the electrode, because the catalyst layer had
been deposited directly onto the membrane. The best performance
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was achieved at a platinum loading of 0.1 mgcm~2, yielding a
power density of 0.49W cm~2 at 0.65V with hydrogen and oxy-
gen as reactants. This method involved mixing Pt/C catalyst, a
Nafion solution, and deionized water with no additional organic
solvents, but required complicated processing of the MEAs. The
platinum loading in MEAs can also be decreased to a very low level
using advanced equipment. Saha et al. [8] prepared an MEA with a
platinum loading of 0.08 mg cm~2 using a dual ion-beam assisted
deposition (dual IBAD) method. They claimed the electrode pos-
sessed a significantly different morphology, in which low-density
platinum deposits (largely amorphous) were formed, had varying
depths of penetration into the gas diffusion layer, and exhibited a
gradual change towards an increasingly crystalline character. How-
ever, the principal shortcoming of this method is its lower power
density, in the range of 0.27-0.43 W cm~2 at 0.65 V. Other methods,
such as electrodeposition [9,10] and sputter deposition [11-15],
have also been developed to fabricate ultra-low platinum loading
MEAs, but most of these methods are difficult to implement for real-
life applications because they are expensive and involve complex
procedures.

Using a novel membrane electrode assembly preparation
method, developed in our lab and called catalyst-sprayed mem-
brane under illumination (CSMUI) [16], by which the swelling
and distorting of the membrane can be overcome very well and
the catalyst layer can be well contacted with membrane, we
prepared an MEA with very low platinum loading and very high
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performance. We then investigated how cell performance was
affected by the catalyst layer’s Nafion content, as well as by certain
operating conditions, namely cell temperature and the back
pressures of the reactant gases. We also characterized the MEA
using scanning electron microscopy (SEM) and electrochemical
impedance spectroscopy (EIS).

2. Experimental
2.1. Preparation of catalyst ink and fabrication of MEAs

The catalyst ink was prepared by dispersing catalyst power into
a mixture of isopropanol and Nafion solution. The catalyst used
for both anode and cathode layers was Hispec 4100 Pt/C catalyst
(40 wt.% Pt, Johnson Matthey); 5% Nafion solution was purchased
from Du Pont, USA. The dispersion mixture was ultrasonicated for
30 min before being used.

Nafion 212 membrane (Du Pont, USA) was used as the polymer
electrolyte membrane. Before use, the membrane was pretreated in
hydrogen peroxide solution (5 wt.%) at 80 °C for approximately 1 h;
after being flushed with deionized water, it was transferred into a
0.5 M sulfuric acid solution and boiled at 80 °C for an additional 1 h,
then washed with deionized water.

Under an infrared light, the catalyst ink was sprayed on the
pretreated membrane with a spray gun (atomization style, nozzle
caliber: 0.2 mm), which made the resultant catalyst distribution
very uniform [16]. The active area of the prepared MEA was 5 cm?.
Fig. 1 shows the prepared MEA without a gas diffusion layer (GDL).

It can be seen that no distortion occurred during the fabrica-
tion process. The catalyst loadings were calculated by weighing
the MEAs before applying the catalyst ink, and then after appli-
cation and oven drying. Unless specified, the platinum loadings for
the cathode and anode were 0.12 and 0.04 mg cm~2, respectively,
much lower than for conventional MEAs, and almost the lowest
loadings for catalyst coated membrane (CCM)-type MEAs that we
have found in the literature [17,18].

The GDLs for anode and cathode were prepared by the follow-
ing procedures. First, TGP-H-060 carbon paper (Toray, Japan) was
hydrophobically treated by impregnating the paper with a Teflon

Fig. 1. Photograph of an MEA prepared using the CSMUI approach.

dispersion and calcining at 330°C for 30 min; then, a slurry of
carbon black and Teflon, with a composition of 85 wt.% carbon pow-
der (Vulcan XC72, Cabot, USA) and 15 wt.% polytetrafluoroethylene
(PTFE) (60%, Aldrich, USA), was sprayed onto the pretreated carbon
paper, followed by calcining at 350 °C for 30 min in air.

2.2. Evaluation of MEAs in a single cell

The MEAs were evaluated in a single cell, using a Fuel Cell Test-
ing System (Arbin Instruments, USA). Pure hydrogen and air were
fed to the anode and the cathode, respectively, at flow rates of
300 cm3 min~! (hydrogen) and 1000 cm3 min~! (air). The cell tem-
perature was 60 °C, and the humidifying temperature of hydrogen
and air was 65 °C for most of the tests.

Generally, the MEAs were activated at 70 °C and discharge mode
for 3h under 100% humidified conditions before measurements
were taken. The back pressure of both hydrogen and air was 30 psi.

2.3. Characterization of MEAs with ultra-low platinum loadings

The MEAs were characterized using EIS with a Zahner IM6e elec-
trochemistry station (Zahner, Germany), at different cell working
statuses. The resistances and other kinetic characteristics of the
MEAs were obtained by calculation and simulation with IM6e soft-
ware. The measurements were carried out at a cell potential of
0.8V with an amplitude of 5mV, and in the frequency range of
0.1-1000 Hz.

A SEM (JSM-6380LA, JEOL, Japan) was used to observe the mem-
brane’s porous structure, a cross-section of the MEA, the thickness
of the anode and cathode catalyst layers, and the contact between
a catalyst layer and the membrane of the prepared MEA.

3. Results and discussion
3.1. Performances of MEAs with different platinum loadings

Through gradual decreasing of the platinum loadings on both
anode and cathode sides, a series of MEAs with very low platinum
loadings were successfully prepared by using the CSMUI method
and optimizing the catalyst layers’ composition. Fig. 2 shows the
performances of four MEAs with various platinum loadings. The
loadings on the cathode and anode sides, respectively, were: (1)

0.3mgcm—2 and 0.2mgcm—2; (2) 0.2 mgcm~2 and 0.08 mgcm™2;
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Fig. 2. Performances of MEAs with various platinum loadings at cathode and anode,
evaluated at a cell temperature of 60 °C; humidifying temperature for hydrogen and
air: 65 °C; back pressure of both hydrogen and air: 30 psi.
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Table 1

Resistances of single cells with various MEAs.
MEA MEA 0.09:0.03 MEA0.12:0.04 MEA 0.20:0.08 MEA 0.30:0.20
Rq (2cm?) 0.206 0.158 0.149 0.155
R (2cm?) 0.489 0.293 0.326 0.335

(3) 0.12mgcm~2 and 0.04mgcm~2; and (4) 0.09mgcm~2 and
0.03 mg cm~2. The four MEAs were denoted in abbreviated form as
MEA 0.30:0.20, MEA 0.20:0.08, MEA 0.12:0.04, and MEA 0.09:0.03.

It is important and interesting that even when the platinum
loadings were decreased from 0.3:0.2 to 0.12:0.04, the MEA per-
formance did not noticeably decline. At 0.65 V, the performance of
MEA 0.12:0.04 was higher than that of MEA 0.30:0.20, and just a
little bit lower than that of MEA 0.20:0.08. The current density was
as high as 850 mA cm~2, which is higher than that of commercial
MEAs, suggesting that there was no serious difference in the cell
performance at low and medium current densities (<0.9 Acm~2) for
those three MEAs. But when the platinum loadings were decreased
from 0.12:0.04 to 0.09:0.03, the performance of MEA 0.09:0.03
observably decreased, as shown in Fig. 2. This result indicates that
MEA 0.12:0.04 carried the minimum platinum loadings for the best
performance.

It is well known that the linear decrease region of the polar-
ization curve of a PEMFC is due to ohmic cell resistance, which
originates from ionic flow through the electrolyte membrane, and
from electron flow through the electrode layers, flow field plates,
and current collectors. As Fig. 2 shows, three of the MEAs (MEA
0.12:0.04, MEA 0.20:0.08, and MEA 0.30:0.20) present almost the
same decreasing slopes in the linear region, which implies that
they had similar ohmic cell resistances. Furthermore, similar per-
formance of the three MEAs in this region means that the ultra-low
platinum loading MEA, MEA 0.12:0.04, has ample three-phase
reaction boundaries and a higher platinum utilization, since its plat-
inum loading was much lower than the loadings in the other two
MEAs.

It should be pointed out that the performance of MEA 0.12:0.04
surpassed that of MEA 0.3:0.2 and of MEA 0.2:0.08 in the high
current density region (>0.9 Acm~2), and the surplus performance
increased with increasing current density, indicating that our ultra-
low platinum loading MEA has excellent performance at high
current densities. Generally, a voltage drop at a high current den-
sity is due to mass transport limitations occurring in the electrodes
and the membrane. So, the higher performance of the ultra-low
platinum loading MEA in the high current density region can be
explained by postulating fewer mass transport limitations, due to
much thinner catalyst layers. It is reasonable that the larger the
current density, the more obvious the advantages of MEA 0.12:0.4,
because thinner catalyst layers would promote the diffusion and
transportation of fuel and oxidant gases, especially at high current
densities.

Fig. 3 shows the in situ impedance curves of the four MEAs at
a cell voltage of 0.8 V. Only one semicircular loop can be observed
in the Nyquist plot, as the electrode process is dominated at low
current densities by the oxygen reduction reaction (ORR) [19]. The
high-frequency intercept on the real axis represents the total ohmic
resistance of the single cell, as mentioned above, and the diameter
of the arc is a measure of the charge transfer resistance of the ORR
[19].

Through simulation with an RC equivalent circuit, the cell resis-
tances (Rq) and charge transfer resistances (Rct) of the four MEAs
can be calculated, as listed in Table 1.

It can be seen that MEA 0.09:0.03 had the largest cell resis-
tance and charge transfer resistance, due to the poor ORR kinetics
resulting from insufficient catalyst.

Interestingly, MEA 0.12:0.04, MEA 0.20:0.08, and MEA 0.30:0.20
had almost the same ohmic resistance, but MEA 0.12:0.04 had the
lowest charge transfer resistance. The R order of the four MEAs is
certainly consistent with their performances showed in Fig. 2; the
lower the charge transfer resistance, the higher the MEA perfor-
mance. These results suggest that the ultra-low platinum loading
MEA yielded a more efficient electrochemically active layer than
did the MEA 0.2:0.08 or the MEA 0.30:0.20.

3.2. Effect of Nafion content in the catalyst layer on the
performance of ultra-low platinum loading MEAs

Nafion ionomer is an important component in catalyst layers,
helping toincrease three-phase reaction boundaries and boost plat-
inum utilization in the electrode. It also aids in retaining moisture
and preventing membrane dehydration, especially at high current
densities. Nafion ionomer content in the electrode simultaneously
affects gas permeability, catalytic activity, and ionic resistance.
Therefore, Nafion content in the catalyst layer needs to be opti-
mized using precise control mechanisms, in order to achieve the
best balance among these influencing factors and thereby obtain
high-performance MEAs [20-22].

We found that the catalyst layer’s Nafion content strongly
affected the performance of MEAs with ultra-low platinum load-
ings. Fig. 4(a) presents polarization curves for a series of MEAs
having different Nafion content in the anode and cathode catalyst
layers. The platinum loadings at anode and cathode for all of these
MEAs were 0.04 and 0.12 mg cm~2, respectively; the Nafion content
is expressed as wt.%, which is the weight of dry Nafion divided by
the sum of the weights of dry Nafion and catalyst. For comparison
purposes, we plotted the current densities of MEAs at 0.7V with
various Nafion contents, as shown in Fig. 4(b).

It is evident from Fig. 4(b) that MEA performance was strongly
affected by Nafion content; when the Nafion content in the cat-
alyst layer increased from 15wt.% to 25 wt.%, MEA performance
increased by more than 100%, and the current density at 0.7V
increased from 300 mA cm~2 to 650 mA cm~2. This can be explained
by the rising conductivity of the catalyst layers as Nafion content
increases. However, when the Nafion content went from 25 wt.%
to 35 wt.%, the performance decreased sharply. This event may be
related to a high overall resistance in the MEA (and in particu-
lar, a high mass transport resistance) due to the large amount of
Nafion blocking the electrode pores and reducing gas permeabil-
ity. Some catalyst sites covered by a thick layer of Nafion may also
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Fig. 3. In situ impedance curves of MEAs with various platinum loadings at anode
and cathode, at a cell voltage of 0.8 V.
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Fig. 4. The performances of MEAs with various levels of Nafion in their catalyst
layers. (a) Polarization curves corresponding to MEAs with different Nafion content.
(b) Current density versus Nafion content at 0.7 V. All data were collected at a cell
temperature of 60 °C, with both hydrogen and air back pressures at 30 psi.

have been inactive. In other words, this mass transport limitation
resulted from an increase in the distance through which the gas
had to permeate, diffuse, or migrate. We concluded that the MEA
with 25 wt.% Nafion content in the catalyst layer showed the best
performance (0.663 Acm~2 at 0.7 V) by minimizing ohmic, charge
transfer, and mass transport limitations.

In addition, the optimum Nafion content (25wt.%) for our
ultra-low platinum loading MEA was just half of that reported by
Sasikumar (50 wt.%) [20,21] on electrodes prepared using ink pro-
cesses and having a platinum loading of 0.1 mgcm~2. This result
suggests much better interfacial contact between the catalyst layer
and the membrane in our CSMUI prepared electrodes than in elec-
trodes prepared by ink processes.

3.3. The effect of hydrogen and air back pressure on the
performance of ultra-low platinum loading MEAs

It is widely recognised that major voltage losses occur in PEMFC
cathodes due to poor ORR kinetics and limitations on the trans-
portation of oxygen or air. Therefore, elevated cathodic pressure is
necessary for better cell performance.

Fig. 5(a) and (b) shows MEA performances with ultra-low plat-
inum loading (MEA 0.12:0.04) and with normal platinum loading
(MEA 0.30:0.20) at different air back pressures. It can be seen that

air back pressure has a clear influence on cell performance in the
two MEAs.

To compare the performances of two MEAs at various air back
pressures, we plotted the current density at 0.7V and different
air back pressures for both MEAs, as shown in Fig. 5(c). For MEA
0.30:0.20, the current density was almost linear to the air back pres-
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sure in the range of 0-30 psi. Compared with MEA 0.30:0.20, MEA
0.12:0.04 exhibited the excellent characteristics of a thin catalyst
layer, showing better performance for a lower air back pressure
(0-15 psi) than a normal MEA. Its performance increased with the
increase in back pressure more sharply than that of anormal MEA in
this back pressure region. When back pressure was increased from
15 to 30 psi, the performance increased only slightly. At an air back
pressure of 15 psi, the performance of MEA 0.12:0.04 was almost
20% higher than that of MEA 0.30:0.20; but at 30 psi, the perfor-
mance of MEA 0.30:0.20 was only slightly higher than that of MEA
0.12:0.04. All of these findings imply that the MEA with ultra-low
platinum loadings had excellent low back pressure performance
due to its thinner catalyst layer and decreased mass transport lim-
itations. These results indicate that the ultra-low platinum loading
MEA has an efficient electrochemically active layer and reduced
mass transfer limitations.

We also investigated the effect of hydrogen back pressure on
the performance of this MEA with ultra-low platinum loadings. As
shown in Fig. 6, the hydrogen back pressure had almost no effect on
the MEA performance, which is a reasonable result for two reasons:
(1) no transfer limitation problems occurred in the anode because
the anode layer was very thin; (2) oxidation of hydrogen at the
anode occurred very easily because the electrochemical reaction at
the anode is much faster than at the cathode. These results corre-
spond to the experimental results previously reported by our group
[16].

3.4. The effect of cell temperature on the performance of
ultra-low platinum loading MEAs

Fig. 7(a) shows the performance of our ultra-low platinum load-
ing MEA (MEA 0.12:0.04) at different temperatures. It can be seen
that the performance increased with cell temperature over the
entire current density range. At a cell temperature of 70 °C, the max-
imum power density reached 0.71 W cm~2 and the current density
reached 0.7Acm~2 at 0.7V, which were among the best results
yet reported for similar low platinum loading MEAs and operated
using air. At 0.7V, the current density and maximum power den-
sity increased almost linearly with cell temperature in the range of
35-70°C (see Fig. 7(b)). Generally, the effect of temperature can be
explained by the more facile reaction kinetics at higher tempera-
tures for both cathode and anode, but especially for the cathode.

14 0.8
L (a)
1.0 | e 0.7
L - a—0—,
09 | A T 0.6
! ke L] -
0.8 |- /‘/‘ "\ 3
L /‘v,vb—v-v \‘ 0.5 cin
o7l v 2
> S SN Fos 9
o 06 A B 8
s AN N Lo3 &
S osf \v\'\,\'\:\_ =
I = Ry L 0.2
sl —m—700C| N\ N\, 0, 02 2
b —e—60°C v\ \‘ .\\ hyy ™
0.3 -— —a—50°C v\ \A Y
02 | —v—35°C v 0.0
01 I | ENUN U VR U [N (U (U U NS NS | 041
00 02 04 06 08 10 12 14 16 18 20
Current Density/ A cm?
0.80 0.75
(b)
0.75 |
o 10 o
E 0.70 -]
= - 0.65 E
> 065 | 3
~
s g
w 060 | — 0.60 g
£ o
@ 0.55 - o
s Hoss 3
o o2
= 050 - <
g v current density at 0.7 V Joso =
= 045 ® maximum power density [1]
o 3
0.40 PN N N S O O~ M| | N O N | N 0.45

30 35 40 45 50 55 60 65 70 75
Cell Temperature/ °C

Fig. 7. Effect of cell temperature on cell performance: (a) polarization curves at
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3.5. The morphology of the ultra-low platinum loading MEA

Fig. 8 shows the cross-sectional morphology of the MEA with
ultra-low platinum loading. Evidently, the anode and cathode cat-
alyst layers were about 1.1 wm and 3.8 wm thick, respectively. Such

®1,500 10pm
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Fig. 8. SEM image of a cross-sectional view of the prepared MEA with ultra-low
platinum loading.
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thin catalyst layers may have led to small charge transfer resistance
and mass transport resistance, which would further reinforce the
results in Figs. 2 and 3. In addition, it can be observed that the
catalyst layers adhered closely to the Nafion membrane—one of
the possible reasons that our ultra-low platinum loading MEA still
achieved excellent performance.

The SEM image insert also shows the uniform porous struc-
ture of the cathode catalyst layer. The combination of thin catalyst
layer, intimate contact between the catalyst layer and the mem-
brane, and uniformly porous catalyst layer structure may be the
main reason that our ultra-low platinum loading MEA exhibited
high performance and other excellent characteristics.

4. Conclusions

A high-performance MEA with ultra-low platinum loading has
been prepared by a novel catalyst-sprayed membrane approach.
The optimal Nafion content for the MEA was 25 wt.%, with plat-
inum loadings of 0.12mgcm~2 and 0.04 mgcm~2 in the cathode
and anode, respectively. These values were significantly lower
than those for similar MEAs with low platinum loadings pre-
pared by other methods, and suggested ample interfacial contact
between the catalyst layer and the membrane. Compared with nor-
mal platinum loading MEAs, our ultra-low platinum loading MEA
showed excellent low-pressure performance and high current den-
sity performance, perhaps due to its thin catalyst layer and reduced
mass transfer limitations. At a cell temperature of 70°C and an
air back pressure of 30 psi, the maximum power density reached
0.71 W cm~2, and the current density at 0.7 V was up to 0.7 Acm~2,
which is comparable to the best results previously reported for sim-
ilar MEAs with such a low platinum loading, operating in air. We
suggest that the thinness of the catalyst layer, the intimate con-
tact between catalyst layer and membrane, and the uniform porous
structure of the catalyst layers may be the crucial factors yield-

ing the high performance and other excellent characteristics of our
ultra-low platinum loading MEA.
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