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a  b  s  t  r  a  c  t

The  citric  acid treated  carbon  supported  Ru85Se15 catalysts  are  synthesized  by  microwave  assisted  polyol
method  at the  optimal  solution  pH =  7.  The  catalyst  coated  membrane  method  with  ultrasonic-spray
technique  is  employed  to  prepare  electrodes  without  hot  press  step.  The  cell performances  with  dif-
ferent Nafion  contents  and  Ru loads  in the cathode  catalyst  layer  are  systematically  examined  in  both
H2/air  and  H2/O2 fuel  cells  at 65 ◦C under  ambient  pressure.  The  surface  morphologies  of membrane
electrode  assemblies  and  the interfacial  characteristics  of  single  cells  are  studied  using  scanning  electron
microscopy  and  electrochemical  impedance  spectroscopy,  respectively.  The  Nafion  content  is  optimized

−2

elenium modified ruthenium
afion content
u load
lectrochemical impedance spectroscopy

to be  33%  when  the  catalyst  loadings  are  lower  than  0.8  and  0.6  mg  Ru  cm in  the  H2/air  and  H2/O2 fuel
cells,  respectively,  but  reduced  to 20%  at the  higher  Ru  loads.  The  maximum  peak  power  densities  of
190 mW  cm−2 at 620  mA  cm−2 and  400  mW  cm−2 at 1430  mA  cm−2 are  achieved  in the  H2/air and  H2/O2

fuel  cells,  respectively,  with  0.27  mg Ru cm−2 and  33%  Nafion.  The  best  catalyst  utilizations  are  obtained
at  0.14  mg  Ru  cm−2 with  33%  Nafion,  resulting  in  the maximum  peak  power  densities  per unit  mass  Ru
of  917  and  2460  mW  mg−1 in  the H2/air  and  H2/O2 fuel  cells,  respectively.
. Introduction

Selenium modified ruthenium (RuxSey) catalysts have been
eceiving more and more attention as potential alternatives to
latinum-based cathode catalysts in polymer electrolyte mem-
rane (PEM) fuel cells because of their comparable catalytic activity
oward oxygen reduction reaction (ORR), low cost, high abundance
nd, in particular, a high tolerance to small organic molecules [1].
ower catalyst loading with an optimum Nafion content in the
atalyst layer is necessary for maximizing cell performance. The
atalyst coated gas diffusion medium (GDM) method has been
eveloped to utilize carbon supported platinum (Pt/C) to incorpo-
ate Nafion ionomer within the catalyst layers [2].  It was  found that

he gas diffusion electrodes (GDEs) fabricated by the ultrasonic-
pray method with 0.05 mg  Pt cm−2 exhibited a peak power rating
f 10.9 W mg−1 compared to 9.8 W mg−1 with the same loading for

∗ Corresponding author at: Department of Materials Science and Engineering, Xia-
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the hand-painted GDEs [3].  However, the GDM method caused the
structural deformation during the hot press step and the catalyst
loss through the porous gas diffusion layer (GDL). As an alternative
to the GDM, the catalyst coated membrane (CCM) method has been
employed without the hot press step. The interfacial characteris-
tics between the electrolytes and the catalyst layers were enhanced
because the catalyst layers are directly coated onto the membranes
[4,5].

The Nafion ionomer is generally impregnated into the surface
of catalyst layers to increase the three dimensional reaction zones
where only these catalysts are electrochemically active. The Nafion
ionomer also acts as a proton conductor, binding materials to
impart mechanical stability and hydrophilic agents to retain mois-
ture and prevent membrane from dehydration [2].  The effects of
Nafion ionomer content and Pt/C catalyst load on the cell perfor-
mance have been previously studied [6–12]. The optimum Nafion
content should depend on the Pt loading since it affected the triple
phase boundary [6].  The electrode where the Nafion ionomer was
impregnated on the surface of catalyst layer showed better cell per-
formance than that of in the inside of catalyst layer [7].  The optimal

Nafion content was  further determined to be 56% with 0.4 mg  cm−2

of Pt/C load [7].
Compared with Pt or Pt-based catalysts, the effects of Nafion

content and catalyst load on cell performance using Ru85Se15
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s a cathode catalyst have not been previously studied. Accord-
ngly, no optimized Nation contents have been determined. The

aximum power density of 141 mW cm−2 at 450 mA  cm−2 was
eported with the optimized 0.4 mg  Ru cm−2 of RuxSey and 65%
afion at 80 ◦C under 30/40 psi back pressure in a H2/O2 single
ell test [13], while 38 mW cm−2 at 200 mA  cm−2 in the optimized
.9 mg  Ru(44%)Se(2.8%)/XC72 cathode catalyst layers with 30%
afion at 80 ◦C under ambient pressure for a direct methanol fuel
ell [14]. Recently, under non-optimized conditions the promis-
ng peak power densities as high as 126 mW cm−2 at 510 mA cm−2

nd 336 mW cm−2 at 1230 mA  cm−2 in the H2/air and H2/O2 sin-
le cell tests, respectively, were obtained with 0.14 mg  Ru cm−2 of
u85Se15 supported on citric acid treated XC-72R and 33% Nafion

n our previous work [15].
This work was carried out to systematically investigate the

ffects of Nafion ionomer content and Ru85Se15 catalyst load within
he electrode on the single cell performance. The Ru85Se15 cat-
lysts were synthesized by microwave assisted polyol synthesis
ethod. The electrodes with different Ru loads and Nafion contents

n the cathode catalyst layer were prepared by the ultrasonic-spray
echnique and were examined in both H2/air and H2/O2 PEM fuel
ells. The interfacial characteristics were studied by electrochem-
cal impedance spectroscopy and the interfacial parameters were
valuated by fitting with the equivalent circuit. The best cell per-
ormance and best catalyst utilization were determined with the
ptimized Nation contents and Ru loads.

. Experimental

.1. Preparation of catalysts

The Ru85Se15 catalysts were prepared with citric acid (CA)
reated commercial carbon blacks Vulcan XC-72R (Cabot Corp., BET:
37 m2 g−1) using microwave assisted polyol synthesis method at
he optimized initial solution pH = 7 as determined previously [15].
he weight ratios of Ru85Se15 and Ru in the Ru85Se15/CA-XC72R
atalyst were approximately 25% and 22%, respectively.

.2. Preparation of membrane electrode assemblies (MEAs)

The 40% Pt/C (Johnson Matthey) was placed in a beaker and wet-
ed with a few drops of water. The 5% Nafion solutions (DuPont) and
thanol were added and ultrasonicated for 30 min. The Nafion con-
ent was in term of wt% of Nafion (dry weight of Nafion ionomer
ivided by the total weights of catalyst and Nafion ionomer, mul-
iplied by 100). The Pt/C ink with 33% Nafion was prepared as the
node catalyst ink. Meanwhile the 25% Ru85Se15/CA-XC72R and 5%
afion solutions were well distributed in ethanol and used as the
athode catalyst ink.

The membrane electrode assemblies (MEAs) were fabricated
sing the Sono-Tek ‘Exacta-coat’ ultrasonic-spray instrument oper-
ting at 48 kHz which includes an ultrasonic syringe and an
ltrasonic-spray head to obtain the uniform and smooth catalyst

ayer. The spray head was controlled to create a specific pattern for
ifferent repetitions to spray on Nafion-212 membranes (Dupont).
he MEAs were prepared with 0.256 mg  Pt cm−2 for anode and dif-
erent catalyst loads (0.14, 0.27, 0.48, 0.61, 1.02 mg  Ru cm−2) with
arious Nafion contents (20, 33, 38, 43, 50%) in the cathode catalyst
ayer.

.3. Single cell tests
The catalyst coated membranes were placed between two sili-
one gaskets, sandwiched by two GDLs (SGL carbon AG, Germany),
hen assembled into 5 cm2 single cells. The polarization curves were

easured using a fuel cell test station (850C, Scribner Associates
ources 201 (2012) 151– 158

Inc.). The single cell tests were operated at 65 ◦C under ambi-
ent pressure. The flow rates of H2 were 100 and 250 ml  min−1,
respectively, in the H2/air and H2/O2 single cell tests with the
flow rates of air and O2 being 250 ml  min−1. After the polarization
measurements, the single cell was  stabilized at 0.4 V for 10 min
and the impedance measurements were made at 0.4 V with a fre-
quency range of 10 kHz–0.1 Hz. The data were curve-fitted with
ZSimpWin software (Princeton Applied Research) utilizing com-
plex non-linear least square errors technique. The tested MEAs
were removed from the single cell. The MEAs before and after
each single cell test were cut by a blade in liquid nitrogen to
obtain the surface and cross-sectional morphologies using LEO1530
field emission scanning electron microscope (Oxford Instrument,
Germany). The surface elemental compositions of cathode catalyst
layers were also characterized by the build-in energy dispersive
X-ray spectrometer.

3. Results and discussion

3.1. Effect of Nafion contents on cell performance

The polarization and power density curves obtained with dif-
ferent Nafion contents and Ru loads in the H2/air single cell tests
at 65 ◦C under ambient pressure are shown in Fig. 1. At low cat-
alyst loading of 0.14 mg  Ru cm−2 as depicted in Fig. 1(a), the cell
performance was  slightly improved when the Nafion contents
went up from 20% to 33% where the maximum peak power den-
sity (Pmax) of 127 mW cm−2 was reached at 506 mA  cm−2. Further
increases to 50% resulted in a significant decayed cell perfor-
mance. The apparent enhanced cell performances were observed
with 0.27 mg  Ru cm−2 as evident in Fig. 1(b). The best Pmax of
190 mW cm−2 was obtained at 620 mA cm−2 with 33% Nafion,
which is 50% higher than that obtained at 0.14 mg  Ru cm−2. The cell
performances also became worse with the Nafion contents larger
than 33%. At very high catalyst loading of 1.02 mg Ru cm−2 as seen
in Fig. 1(c), the best performance was achieved at 20% Nafion. The
cell performance degraded all the way  with the increases of Nafion
content.

The polarization and power density curves were measured in
the H2/O2 fuel cells under the same conditions as those used
in Fig. 1 except replacing air by oxygen. The results are pre-
sented in Fig. 2. Compared with Fig. 1, the cell performances
were remarkably enhanced with oxygen, and the similar effects of
Nafion contents and Ru loads were observed. The best Pmax values
were found to be 339 and 400 mW cm−2 with 33% Nafion at 0.14
and 0.27 mg  Ru cm−2, respectively, while 325 mW cm−2 with 20%
Nafion at 1.04 mg  Ru cm−2 in the H2/O2 single cells.

In an effort to understand possible changes occurred within the
MEAs by variations of Nafion contents and Ru loads, the surface and
cross-sectional morphologies, as well as the elemental information
of cathode catalyst layers from the fresh and tested MEAs under dif-
ferent Nafion contents and Ru loads were obtained. Fig. 3(a) shows
a typical electrode including micro-porous layer (MPL), GDL and
MEA consisting of membrane, anode catalyst and cathode catalyst
layers (bottom left image in Fig. 3(a)). The cross-sectional micro-
graphs of fresh MEAs revealing the apparent thicknesses of cathode
catalyst layers at 33% Nafion with low loading of 0.14 mg  Ru cm−2

(Fig. 3(b)) and high loading of 0.61 mg  Ru cm−2 (Fig. 3(d)), as well as
at 50% Nafion with 0.14 mg  Ru cm−2 (Fig. 3(f)) are also provided. The
surface morphologies of Ru85Se15 catalysts and the corresponding
EDX spectra are illustrated in Fig. 3(c, e and g). A lot of gas pores

were observed from the cross-sectional morphology (bottom right
image in Fig. 3(a)) and the surface morphologies of cathode cat-
alyst layers (Fig. 3(c, e and g)). The Ru85Se15 catalysts distributed
uniformly and attached to the carbon supports well. The thickness
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Fig. 1. Polarization and power density curves obtained with different Nafion con-
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Fig. 2. Polarization and power density curves obtained with different Nafion con-
tents under different catalyst loads in the single cell tests at 65 ◦C and ambient
ents and catalyst loads in the H2/air single cell tests at 65 ◦C under ambient pressure.

2/air: 100/250 ml  min−1, anode: 40% Pt/C, 0.256 mg  Pt cm−2, cathode: Ru85Se15/CA-
C72R, Nafion-212.

f catalyst layers would be directly affected by the amounts of cata-
yst and Nafion content. With the nearly same thicknesses of anode
atalyst layers and membranes, the thickness of cathode catalyst
ayer increased approximately from 11 to 28 �m with the Ru loads
oing up from 0.14 to 0.61 mg  cm−2 (Fig. 3(b and d)), while 11 to
5 �m with the Nafion contents increasing from 33 to 50% (Fig. 3(b
nd f)). In the cathode catalyst layer the ORR occurs at the triple
hase boundary involving oxygen, electrolyte and catalyst [16]. The

ell performance is mainly determined by the amount of the triple
hase boundary. Oxygen diffuses through three different compo-
ents: gas pores, liquid water and electrolyte. It was  reported that

or Pt/C oxygen diffusion in gas pores was the dominant process and
pressure. H2/O2: 250/250 ml  min−1, anode: 40% Pt/C, 0.256 mg Pt cm−2, cathode:
Ru85Se15/CA-XC72R, Nafion-212.

diffusion in the other two components might be neglected when the
volume of gas pores was sufficiently high [8].  In the present case
the oxygen diffusion in gas pores has been mainly considered. The
quantity of catalyst sites and the thickness of catalyst layers would
be directly affected by the amounts of catalyst. The use of higher
catalyst loading increases not only the active catalyst sites, which
is beneficial to cell performance, but also increases the thickness
of cathode catalyst layer, which may  lead to poor cell performance

due to the mass transport limitations including oxygen diffusion,
proton transfer and water drainage. Unfortunately, there was no
suitable method available to quantitatively determine the active
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Fig. 3. SEM images: (a) cross-section of the anode and cathode electrodes. The
insets are MEA  (left) and cathode catalyst layer (right) with 0.27 mg  Ru cm−2 and
33%  Nafion; (b, d and f) cross-sections of fresh MEAs and (c, e, and g) surfaces of
cathode catalyst layers with (b and c) 0.14 mg  Ru cm−2 and 33% Nafion, (d and e)
0
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with an extension of the three-phase interface. This is consistent
.61  mg  Ru cm−2 and 33% Nafion, (f and g) 0.14 mg  Ru cm−2 and 50% Nafion. The
orresponding EDX spectra are also included.

urface of RuxSey catalysts in MEAs since RuxSey did not absorb
ethanol or CO [14]. Compared with 23% F and 18% Ru in Fig. 3(c),

s well as 22% F and 20% Ru in Fig. 3(e), the weight proportions of F
nd Ru elements in Fig. 3(g) were 34% and 12%, respectively. Fewer
atalysts observed in Fig. 3(g) might be due to the abundant Nafion
ontents (50%). The Nafion ionomer binds the catalysts to impart
echanical stability, acts as no only a proton conductor to expand

he electrochemically active region into the bulk catalyst layer, but
lso hydrophilic agents to retain moisture and prevent membrane

rom dehydration. The addition of appropriate amount of Nafion
lectrolyte should enlarge the triple phase boundary and simulta-
eously heighten the degree of catalyst utilization. Too less Nafion
Fig. 4. The equivalent circuit used to fit the impedance data.

contents may  result in poor contact of electrolyte with catalyst
since proton conducting Nafion ionomer fragments may become
discontinuous [6],  and too much Nafion may  block catalyst surface
atoms and prevent them from adsorbing and activating oxygen. The
high Nafion content may  also result in water flooding which blocks
the catalyst sites and arouses mass transport polarization. There-
fore, the optimum Nafion and catalyst loads require a good balance
among oxygen transport, catalyst sites and proton migration within
the catalyst layer.

3.2. Effect of Nafion contents on cell interfacial characteristics

The equivalent circuit selected for the representation of the cata-
lyst/Nafion interface is illustrated in Fig. 4, where R�, Rpt and Rct are
the ohmic resistance, proton transfer resistance and charge transfer
resistance, respectively. The constant phase element (CPE) replaces
the conventional double-layer capacitance because the capacitance
caused by the double-layer charging is distributed along the length
of the pores in the porous electrode [17,18]. The form of CPE with
impedance can be written as

ZCPE = 1
YO(jω)n (1)

where j = √−1, ω is the angular frequency and YO is a constant
with dimension of F sn−1. The case n = 1 in Eq. (1) recovers a perfect
capacitor. The goal of an equivalent circuit is to split up the total
impedance of a fuel cell into single impedance elements, which
represent the individual parts of a fuel cell.

The impedance data corresponding to the cell performances in
Fig. 1 were collected and are fitted using the equivalent circuit given
in Fig. 4. The results are presented as Nyquist and Bode plots in
Fig. 5. Experimentally the pure hydrogen could minimize the anode
effect, and the high airflow of 250 ml  min−1 used in this study would
lessen the mass transport effect through the GDL. Therefore, the sin-
gle semicircles are seen in Fig. 5(a–c) when the electrode process
is dominated by the ORR interfacial kinetics only, and can be used
to study the cathode kinetic behavior of the fuel cell directly with-
out other complications. The high frequency intercept of a single
impedance arc on the real axis, R�, represents the total ohmic resis-
tance of the cell, which includes all the contact resistances between
components and ohmic resistance of the cell components such as
the membrane, catalyst layers, GDLs, and bipolar plates. The nearly
linear responses at the high frequency region in Nyquist plots (the
insets in Fig. 5(a–c)) were observed because of the proton conduc-
tivity limitation within the catalyst layer. This straight line, which
is typical of a porous electrode, can provide information about the
localization and distribution of the catalyst and electrolyte in the
layer. The effect of proton transfer was not negligible from the
observation of the insets in Fig. 5(a–c). This impedance response
corresponds to the equivalent circuit composed of CPEpt and Rpt.
The diameter of the kinetic loop, Rct, is a measure of the charge
transfer resistance of ORR [19,20]. The charge transfer arc shrank
with the increase of electrochemical kinetics which is associated
with the corresponding cell performance obtained as provided in
Fig. 1. However, the mass transport losses in this study cannot
be represented by introducing the conventional Warburg element,
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ig. 5. Nyquist plots (a–c), Bode magnitude and phase angle plots (a′–c′) obtained w
n  the H2/air single cell tests at 0.4 V from 0.1 Hz to 10 kHz.

hich is expected as an additional semicircle or a straight line in
he Nyquist plot at low frequencies. A parallel circuit containing a
PEct and Rct was used to analyze the ORR kinetics which is also
etermined by oxygen transport.

The transport limitation results from an increase in a path-
ay through which the gas has to permeate, diffuse, or migrate.
he diffusion process is related to an oxygen concentration gradi-
nt in the Pt/C cathode including the GDL and gas channel which
ecome quite small using the high flow air or pure oxygen [21,22].
he diffusion process is predominated at low frequency region,
rious Nafion contents (�20% ©33% �38% �43% ♦50%) under different catalyst loads

for example, at frequencies smaller than 1 Hz for Pt/C, while the
charge transfer process corresponds to intermediate and high fre-
quencies. As can be seen from the corresponding Bode plots in
Fig. 5(a′–c′), the shifts in frequencies to 10 Hz (related to the dif-
fusion process) at both 0.14 and 0.27 mg  Ru cm−2 as compared
with 1 Hz at 1.02 mg  Ru cm−2 might be caused by the differences

in the thicknesses of catalyst layer which are much thinner at low
Ru loads. The triple phase boundary was also determined by the
catalyst sites, and the addition of Nafion from 20% to 33% would
increase the catalyst utilization. Thus, the cell impedances became
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Fig. 7. Polarization and power density curves obtained at the optimized Nafion
content of 33% under different catalyst loads in the single cell tests at 65 ◦C

−1
ig. 6. Variations of interfacial resistances with the Nafion contents and catalyst
oads.

maller and the peak phase angles shifted toward lower frequen-
ies (Fig. 5(a′ and b′)) similar to Pt/C [18]. At larger Ru loads, the
atalyst layer became thicker and the gas pores became smaller
ith increasing the Nafion concentrations. The proton conductivity
ould be enhanced with larger Nafion loads. However, too small
ores inside too thick catalyst layer may  introduce severe mass
ransport limitations by retarding the gas access to active sites.
hereby, at the very high catalyst loading such as 1.02 mg  Ru cm−2,
ecreasing Nafion ratio led to the reduction in mass transport lim-

tation through which the oxygen diffuses to the catalyst sites.
he smallest impedance and phase angle shifting to lower fre-
uency were observed with 20% Nafion which led to the best
erformance.

To more quantitatively analyze the changes of cathode cata-
yst layers by variations of Nafion contents and Ru loads, three
nterfacial resistances, namely R�, Rpt and Rct, are plotted against
he Nafion contents and Ru loads in Fig. 6. It is obvious that the

� (opened circles) increased almost linearly with the increase
f Nafion contents in the range of 43–96 m� cm2, implying that
he catalyst layer became thicker. The magnitude of Rct was  1
r 2 orders larger than Rpt. At both 0.14 and 0.27 mg  Ru cm−2,
he Rct reduced first at 33% and then went up, while the Rpt

ropped with the increases of Nafion contents, indicating that the
RR taking place at the triple phase boundary became more diffi-
ult at higher Nafion concentrations, although the proton transfer
ecame faster. At 1.02 mg  Ru cm−2 the Rct climbed all the way
ith the increase of Nafion contents owing to the thicker catalyst

ayers by using very high Ru load. The Rpt increased apprecia-
ly at 33% and remained virtually unchanged with the increase
f Nafion contents from 33% to 43% since the proton transfer
equired a longer path due to the oxygen diffusion limitations.
or the thicker catalyst layer the beneficial proton transfer (pos-
tive) and detrimental oxygen diffusion (negative) by the addition
f 23–33% Nafion were not completely compensated, this led to
evere degradation in the cell performance as evident in Fig. 1(c).
t 50% Nafion a rapid rise in Rct was observed at the three levels of
u loads, which might be caused by the partially Nafion-coated
ctive sites on the catalyst surfaces and very thick catalyst lay-
rs. Although the proton transport became fast (smaller Rpt), the
ore heavily retarded or impeded oxygen diffusion (very large

ct) was responsible for the very poor cell performances obtained
ith 50% Nafion at the three levels of Ru loads (Fig. 1). It is, there-

ore, not always good to increase the Nafion content on a cathode,

nd an optimal amount of the Nafion ionomer to facilitate both
he proton conduction and oxygen diffusion to the catalyst sites is
ecessary.
under ambient pressure with (a) H2/air: 100/250 ml min and (b) H2/O2:
250/250 ml  min−1. Anode: 40% Pt/C, 0.256 mg Pt cm−2, cathode: Ru85Se15/CA-
XC72R, Nafion-212.

3.3. Effect of Ru loads on cell performance

At the optimal 33% Nafion in the cathode catalyst layers based
in Figs. 1 and 2, the polarization and power density curves were
obtained with different Ru loads in the H2/air and H2/O2 fuel
cells, and the results are compared in Fig. 7. It is interesting to
note that in Fig. 7(a) the cell performances were almost the same
at the low current density region for the catalyst loads of 0.27,
0.48 and 0.61 mg  Ru cm−2 in the H2/air fuel cells, while apprecia-
bly different from each other at the current densities higher than
550 mA  cm−2. The highest Pmax was obtained with 0.27 mg  Ru cm−2

due to the good trade of between the numbers of catalyst sites
(more than 0.14 mg  Ru cm−2) and the thickness of catalyst layers
(thinner than 0.48 and 0.61 mg  Ru cm−2). When the catalyst layer
was comparatively thinner (less than 0.27 mg  Ru cm−2), the active
sites may  become the main rate-determining step, while at high
loadings and high Nafion contents, the catalyst layer may  become
thicker and oxygen diffusion becomes the main rate-determining
step. Too less or too much Ru loads resulted in poor cell per-
formance. In the H2/O2 fuel cells as seen in Fig. 7(b), the cell
performance significantly improved with oxygen. The best cell
performance was  also achieved at 0.27 mg  Ru cm−2. The major dif-
ferences in the H2/air and H2/O2 fuel cells are the charge transfer

step, which is becoming dominant as increasing the Ru loads by
decreasing the oxygen diffusion limitation. The highest Pmax values
obtained at 0.27 mg  Ru cm−2 were 190 mW cm−2 at 620 mA  cm−2

and 400 mW cm−2 at 1430 mA  cm−2, corresponding to Pmass
max (Pmax
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Fig. 8. Effects of Ru loads and Nafion content on peak power density obtained in the
single cell tests at 65 ◦C under ambient pressure with (a) H2/air: 100/250 ml  min−1
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