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a b s t r a c t

The development of H2/air alkaline membrane fuel cells (AMFCs) enables the use of non-platinum group
metal (PGM) catalysts which are intrinsically stable and have an activity similar to platinum in alkaline
media for the oxygen reduction reaction (ORR). As opposed to PEMFCs, the research and development of
these types of catalysts for AMFC has had little attention and even less has been given to the development
of alkaline membranes and ionomers. Acta S.p.A. has developed recently new non-PGM ORR catalysts
with activity higher than Pt in alkaline media. More importantly, a new anionic ionomer derived from
eywords:
lkaline
olymer membrane
uel cells
onomer

cheap starting materials with optimum performance has been produced. In this paper we demonstrate the
use of this new ionomer in H2/air AMFCs showing the first polarization and durability data, with current
densities higher than those recently reported in the literature. Furthermore, we report the effect of CO2

on AMFC performance, showing the possibility of use of such alkaline devices not only in outer-space
applications, but also with atmospheric air for large scale devices.
atalysts
athode

. Introduction

Proton exchange membrane fuel cells (PEMFCs) have been the
ubject of intensive research over the last 20 years, however
he major obstacle to the diffusion of this technology remains
he slow kinetics of the oxygen reduction reaction (ORR). This
eads to a high loading of precious metal catalysts, usually plat-
num, on the cathode side which creates a strong limitation
o the eventual large scale production of fuel cell devices. In
act, the Pt-specific power density would have to be reduced to
0.2 gPt kW−1 at cell voltages of ≥0.6 V (to maintain high fuel cell
nergy conversion efficiencies > 55%). State-of-the-art Pt loading
re ≈0.4–0.5 mgPt cm−2

MEA, corresponding to Pt-specific power
ensities of ≈0.5 gPt kW−1. Therefore, to reach the above targets, Pt

oadings of ≤0.15 mgPt cm−2
MEA are needed, which would require

mproved cathode catalysts with an approximately four-fold higher
ctivity compared to Pt/C [1]. Consequently, many researchers have

oncentrated on developing alloyed catalysts with low platinum
ontent and non noble metal based catalysts.

The development of alkaline membrane fuel cells (AMFCs) has
ade possible the use of first row transition metal based cata-
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lysts which are intrinsically stable and have an activity similar
to platinum in alkaline media. As opposed to PEMFCs, these cat-
alysts are relatively less well studied, as well as anionic exchange
membranes and ionomers. In the last few years a number of new
anion-exchange polymers [2,3] (membranes and ionomers) have
been developed, along with noble metal free catalysts for the ORR,
which together offer the possibility of developing MEAs (mem-
brane electrode assemblies) using anionic ionomers [6] as binders
analogous to PEMFCs [7].

Research carried out at Acta S.p.A. led to the production of PGM-
free catalysts for ORR [4,5] that show higher activity and lower
production of peroxides with respect to commercial platinum
based catalysts. Recent advances in Acta include the development
of a new in house anion-exchange ionomer in collaboration with
the University of Pisa, Italy produced from cheap materials and a
simple synthetic route, which has shown good performance and
durability when used in AMFCs.

This paper describes how this new solvent suspended anion-
exchange ionomer has been employed to prepare Pt/Pt catalyst
coated membranes (CCM) tested in H2/air AMFC, using CO2-free

air, with commercially available anion-exchange membranes. Also
the non-PGM catalyst HYPERMECTM 4020 prepared by Acta has
been tested as a cathode in AMFCs and the polarization curve
and durability compared with the Pt/Pt CCMs. The same Pt/Pt
CCM has been employed to understand the effect of CO2 on AMFC

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:michele.piana@gmail.com
dx.doi.org/10.1016/j.jpowsour.2009.12.085
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Fig. 1. (a) Polarization and power curves using SGL 25 BA as diffusion medium; (b)
polarization and power curves using SGL 25 BC as diffusion medium. Both MEAs with
876 M. Piana et al. / Journal of Po

olarization curves and durability, using non-purified atmospheric
ir.

. Experimental

.1. MEA preparation

For AMFC testing and anion-exchange measurements, a
enchmark commercial membrane and an anionic ionomer (I2)
uspended in methanol, developed in the collaboration between
cta S.p.A. and the University of Pisa, were used. CCMs were pre-
ared either using a 40 wt% Pt on Vulcan catalyst (BASF) or a
ransition metal based catalyst supported on carbon (HYPERMECTM

020 from Acta [4,5]). The catalyst was mixed with a certain amount
f water, lower aliphatic alcohols, and ionomer solution, and then
onicated to obtain a homogeneus ink. The obtained ink was coated
n a decal support and transferred to the membrane by hot-
ressing to obtain CCMs. SGL carbon paper (25BC and 25BA) with
nd without a microporous layer were used as diffusion medium.

The ink with Pt on carbon was obtained mixing 0.4 g of C2–40
0% HP Pt on Vulcan XC-72R supplied by BASF, 0.9 g of D.I. water
� ≥ 10 M� cm) and 2.3 g of 1-propanol (99.95% ACS Aldrich): this

ixture was sonicated at 20 kHz, 60 W for 30 s, three times. After
he sonication, 2.4 g of ionomer suspension (I2) were added and
hen the ink was sonicated again at 20 kHz, 30 W for 30 s. Using
mayer rod of 200 �m thickness, the ink was coated on a 0.003′′

hick PTFE sheet as decal. The metal loading in the coating was ca.
.5 mgPt cm−2.

The ink with Acta’s catalyst 4020 was prepared using the same
rocedure with the following quantities: 0.45 g of catalyst, 1.04 g
f D.I. water, 4.88 g of methanol (>99%, Fluka Analytical), 3.24 g of
onomer suspension (I2).

.2. H2/air AMFC tests

Cells were assembled using 5 cm2 stainless steel single cell hard-
are supplied by Fuel Cell Technologies and MEAs prepared as
escribed above. Pt/C based electrodes were used on the anode
ide, whereas Pt/C or 4020 based electrodes were used on the cath-
de side. PTFE gasket thickness was selected to obtained an overall
train of ≈25% to guarantee good electrical contact and sealing. H2
nd CO2-free air (purity of N 5.0) were provided by Sol Group. Gas
ows, humidification, temperature and cell temperature were con-
rolled using a Scribner 850C test station. MEAs were conditioned
y cycling between OCV and 200 mV cell potential for 10 min/step
Arbin BT-2000), till stable performance between two cycles was
bserved. Polarization curves were collected applying a current
can at 10 mA s−1 or constant voltage steps in 100 mV intervals from
CV to 200 mV.

.3. SEM analysis

An MEA with Pt/C at anode side and 4020 at cathode side
as subjected to scanning electron microscope (SEM), for mor-
hological and elemental analysis of the electrodes before and
fter utilization in AMFC, using a JEOL JSM5600LV SEM equipped
ith Oxford EDS (energy dispersive spectroscopy) detector. Both

ides were observed to understand the morphological differences
etween 4020 and Pt electrodes and correlate it with AMFC polar-

zation and durability results. Each side was analysed before and

fter test with low vacuum and low magnification (90×), then after
ample metallization with high vacuum and high magnification
20,000×) in order to observe the electrode morphology at 100
nd 1 �m level. Furthermore, an elemental analysis was carried
ut with EDS to confirm the electrode composition.
anode and cathode loading of 0.45 mgPt cm−2, commercial membrane and Acta I2
anion-exchange ionomer with ionomer/carbon 0.3:1. Test conditions: H2 1 sL min−1

Thum.: 46 ◦C at the anode, air (CO2 free) 2 sL min−1 Thum.: 46 ◦C at the cathode, Tcell:
50 ◦C (RH ∼85%). (c) Polarization and power curves of MEA described in Ref. [7].

2.4. HR-TEM analysis

The catalyst powders used to prepare the MEA were investigated
using high resolution transmission electron microscopy (HR-TEM)
to determine particle size and elemental composition, using a JEOL
2010 TEM, 200 kV, point-to-point resolution 1.9 Å, equipped with
Oxford EDS (energy dispersive spectroscopy) detector. The elemen-
tal analysis with EDS was carried out to confirm the composition
and observe the omogeneity of the samples.

3. Results and discussion

3.1. H2/air AMFC performance

3.1.1. Pt/Pt CCMs
First of all, the anionic polymer synthesised and suspended

in alcohol to obtain the ionomer suspension was analysed to
determine fundamental properties like water uptake, ion-exchange
capacity and ionic conductivity. Unfortunately, it was not possible
to measure them because of its poor mechanical properties after
casting and its high water uptake that makes it even less stable
in water; in fact, when put in contact with water it is easily frag-
mented, forming readily a suspension. Nevertheless, this ionomer
was used to prepare Pt/Pt MEAs for test in AMFCs. As evident in
Figs. 1 and 2 it is effective as an ionomer despite these poor mechan-
ical properties and high water uptake. Fig. 1 shows a comparison
between two polarization and power curves in an AMFC with Acta
ionomer and a recent data reported in a conference abstract [8]. The
ionomer to carbon ratio is 0.3:1 for Acta cells whereas this value is
more than twice in the literature data (0.7:1) and the gas humid-
ification used is higher in latter data (95% RH compared to about
85% RH for Acta AMFCs). It is evident that the power and polariza-
tion curves are very similar in the kinetic range (low current); both
the results obtained in Acta are very close to each other and bet-

ter than that reported in the literature at higher currents, where
contibutions from ohmic drops due to membrane and electrodes
become important. The difference between curves (a) and (b) is in
the gas diffusion layer (GDL) used: in (a) there is SGL 25 BA with-
out a microporous layer while in (b) a SGL 25 BC with microporous
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Fig. 2. Durability test for MEAs with anode and cathode loading of 0.45 mgPt cm−2, commercial membrane and Acta I2 anion-exchange ionomer, ionomer/carbon 0.4:1. (a)
I ons: H2 1 sL min−1 Thum.: 46 ◦C at the anode, air (CO2 free) 2 sL min−1 Thum.: 46 ◦C at the
c carbon 0.3:1; constant current at 240 mA cm−2 with low mass flow. Test conditions: H2

0 athode, Tcell: 50 ◦C (RH ∼85%) using SGL 25 BC as diffusion medium.
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Fig. 3. Polarization and power curves for: (a) MEA with anode and cathode load-
onomer/carbon 0.4:1; costant potential at 0.4 V with high mass flow. Test conditi
athode, Tcell: 50 ◦C (RH ∼85%) using SGL 25 BC as diffusion medium. (b) Ionomer/
.1 sL min−1 Thum.: 42 ◦C at the anode, air (CO2 free) 0.3 sL min−1 Thum.: 42 ◦C at the c

ayer is used. The difference between the two results, even though
urve (b) is truncated, can be correlated to a better mass transport
or curve (a) due to the absence of the microporous layer. The mass
rasport problem in the literature data can be correlated to the high
onomer to carbon ratio that decreases the amount of porosity in the
lectrode. From these polarization results we can say that with this
onomer and CCM produced in Acta we can provide excellent peak
ower density, the best yet to be found in the scientific literature.

The durability curves in Fig. 2 were obtained with a CCM having
higher ionomer to carbon ratio (0.4:1) than that shown in Fig. 1,

n order to get better durability, even though slightly decreased
ower density. Fig. 2a and b shows different durability tests: poten-
iostatic at 0.4 V and 1 sLm H2, 2 sLm pure air for Fig. 2a while for
ig. 2b galvanostatic at 240 mA cm−2 that provides a cell voltage
f about 0.6 V at the beginning of the test and 0.1 sLm H2, 0.3 sLm
ure air; the conditions used in the latter test simulate better a
eal working device. Such preliminary durability tests show a good
tarting point with a first ionomer with unoptimized properties
hich include high water uptake and consequent poor mechanical
tability. Such durability, of course, is not comparable to the results
hat can be obtained reliably with Nafion, but this instability can
lso be explained by poor control of gas humidification control that
ncreases the mechanical stress to the bonded electrode which con-
ains an ionomer that swells too much in the presence of water. The

ing of 0.45 mgPt cm−2, commercial membrane and Acta I2 anion-exchange ionomer
with ionomer/carbon 0.3:1; (b) MEA with anode loading of 0.45 mgPt cm−2 and cath-
ode loading of 0.8 mg4020 cm−2, commercial membrane and Acta I2 anion-exchange
ionomer with ionomer/carbon 0.3:1. Test conditions: H2 1 sL min−1 Thum.: 46 ◦C at
the anode, air (CO2 free) 2 sL min−1 Thum.: 46 ◦C at the cathode, Tcell: 50 ◦C (RH ∼85%)
using SGL 25 BC as diffusion medium.
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Fig. 4. Durability test for (a) MEA with anode and cathode loading of 0.45 mgPt cm−2,
commercial membrane and Acta I2 anion-exchange ionomer with ionomer/carbon
0.4:1; (b) MEA with anode loading of 0.45 mgPt cm−2 and cathode loading of
0
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.8 mg4020 cm−2, commercial membrane and Acta I2 anion-exchange ionomer with
onomer/carbon 0.3:1; test conditions: H2 1 sL min−1 Thum.: 46 ◦C at the anode, air
CO2 free) 2 sL min−1 Thum.: 46 ◦C at the cathode, Tcell: 50 ◦C (RH ∼85%) using SGL 25
C as diffusion medium.

eason for the spikes observed in the durability are due to the neces-
ity of stopping the test to refill the water humidification bottles.
ll this instrumental factors make the durability tests intrinsically
ore severe for these CCMs.
.1.2. Pt/4020 CCMs
Fig. 3 shows a comparison between the polarization curves

ollected with Pt/Pt (a) and Pt/4020 (b) MEAs. The decrease in
eak power for MEA with non-PGM catalyst is evident and from
he shape of polarization curve is not due to a kinetic difference

ig. 6. SEM micrographs of the anode side of CCM (Pt catalyst layer). (a) and (c) before te
CO2 free) 2 sL min−1 Thum.: 46 ◦C at the cathode, Tcell: 50 ◦C (RH ∼85%) using SGL 25 BC as
Fig. 5. Real part of impedance at 100 kHz and 100 Hz, voltage amplitude 1 mV, every
30 min during durability test of Fig. 4, curve (b).

between the two catalysts (confirming the RDE data comparison
showed in [4]) but an increased ohmic drop due to the non-
PGM electrode, since it is the only difference between the two
CCMs. Nevertheless, Fig. 3 shows good and promising initial per-
formance of MEAs with the HYPERMECTM 4020 cathode catalyst
(205 mW cm−2 of peak power).

In Fig. 4 the first few hours of the durability experiments of Pt/Pt
(the same as Fig. 2b) and that of Pt/4020 CCMs are compared. It is

evident a faster decrease in power density occurs for the Pt/4020
CCM. Fig. 5 provides evidence that the decrease in performance
with time is correlated to electrode resistance: the high frequency
real part of impedance, attributable mainly to the membrane

st; (b) and (d) after test. Test conditions: H2 1 sL min−1 Thum.: 46 ◦C at the anode, air
diffusion medium.
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3.3. CO2 effect

One of the doubt for the use of an alkaline membrane fuel cell is
the carbonation of the MEAs, most of all using non-purified atmo-
spheric air [9]. This doubt is an inheritance from the old H2/O2
ig. 7. SEM micrographs of the cathode side of CCM (4020 catalyst layer). (a) and (c)
ir (CO2 free) 2 sL min−1 Thum.: 46 ◦C at the cathode, Tcell: 50 ◦C (RH ∼85%) using SGL

esistance is constant with time, while the low frequency real part
f impedance, having a higher contribution from electrode resis-
ance, increases with time.

.2. SEM analysis on CCMs

Figs. 6 and 7 show the SEM analysis on a Pt/4020 CCM before and
fter testing in AMFC (right column and left column, respectively);
he four micrographs in Fig. 6 regard the Pt anodic side of the CCM
hile the other four in Fig. 7 show the non-PGM side both with
igh and low magnification. Already at a first glance, also without
microscope, a strong increase in cracking and disomogeneity of

he non-PGM cathode side is evident, in comparison with PGM side
Figs. 6a and 7a). The omogeneity of the CCM at 0.1 mm scale on the
athode side decreases further after testing (Fig. 7b) and it is also
ossible to see on the nude membrane the prints of the fragments of
he cathodic coating. Such bad homogeneity and mechanical insta-
ility is the first reason of low performance and durability of the
on-PGM AMFC, due to increase of electrode resistance. Also PGM
ide of the CCM shows an increase in cracks and disomogeneity
fter testing (Fig. 6b); this is, also for Pt, the main reason for decrease
n durability. On the contrary, at micron scale there is very good
omogeneity for all the coatings after and before the tests, with
article size that is about 100 nm (Figs. 6c and d and 7c and d). Also
DS analysis shows homogeneity of the coatings to submicromet-

ic scale, since it is impossible to discriminate ionomer and catalyst.
his is the evidence of a good ink preparation in each case, while
he bad homogeneity at macroscopic scale proves bad effectiveness
s binder of Acta’s I2 ionomer, most of all in the case of non-PGM
atalyst.
e test; (b) and (d) after test. Test conditions: H2 1 sL min−1 Thum.: 46 ◦C at the anode,
as diffusion medium.
Fig. 8. Polarization and power curves for MEAs with anode and cathode loadings of
0.45 mgPt cm−2, commercial membrane and Acta I2 anion-exchange ionomer with
ionomer/carbon 0.3:1; test conditions: H2 1 sL min−1 Thum.: 46 ◦C at the anode, air
2 sL min−1 Thum.: 46 ◦C at the cathode, Tcell: 50 ◦C (RH ∼85%) using SGL 25 BC as dif-
fusion medium. (a) Used CO2-free air at cathode; (b) used non-purified atmospheric
air at cathode.
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Fig. 9. Durability test for MEAs with anode and cathode loading of 0.45 mgPt cm−2, commercial membrane and Acta I2 anion-exchange ionomer with ionomer/carbon 0.4:1;
test conditions: H2 0.1 sL min−1 Thum.: 42 ◦C at the anode, air 0.3 sL/min Thum.: 42 ◦C at the cathode, Tcell: 50 ◦C (RH ∼85%) using SGL 25 BC as diffusion medium. Galvanostatic
test at 240 mA cm−2. After 2 h switched from CO2-free air to non-purified atmospheric air at cathode.

F al par
t M mic
5

a
i
I
i
i
b
p
i
m
F
i
f

ig. 10. (a) HR-TEM micrograph on 4020 catalyst powders, showing no evident met
o the presence of very finely dispersed metal (definitely less than 1 nm); (b) HR-TE
–8 nm on carbon support.

lkaline fuel cells with liquid electrolyte, which had durability
ssues because of the progressive carbonatation of the electrolyte.
n the case of AMFC the situation is slightly different: the electrolyte
s a functionalized thin membrane with anionic conductivity which
s carbonated in presence of atmospheric air, leading to lower mem-
rane ionic conductivity. When the current increases OH− ions are
roduced at the cathode and migrate through the membrane, mak-
ng its ionic conductivity higher with the so-called self-purging
echanism [3,10]. This behaviour explains the data showed in

igs. 8 and 9. The polarization curve in Fig. 8 shows a strong decrease
n potential at low currents due to membrane carbonatation and a
ast change in slope at higher currents with a slope similar to the
ticle but only a dark rim on the carbon edges, evidence of high electron density due
rograph on 40% Pt/C evidencing, as expected, Pt particles with approximate size of

polarization curve collected using CO2-free air. Also the durability
in Fig. 9 shows only a small drop in potential and power chang-
ing from CO2-free air to non-purified atmospheric air, without any
poisoning with time. All these results are coherent with the above
mentioned mechanism.

3.4. HR-TEM analysis on catalyst powders
The HR-TEM analysis of 4020 cathode catalyst confirmed the
presence of very finely dispersed groups of metal atoms, so small
that are not directly visible using HR-TEM microscopy, thus hav-
ing a size definitely lower than 1 nm. Their presence is indirectly



er So

e
c
h
c
o
d
r
m
e
i
o
v
a

4

i
n
p
f
b
A
n
l
H
g
v
c
p
t
s
w
c
t
u

341.
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vident from the EDS analysis, which shows an appreciable metal
ontent dispersed over the whole carbon support, even though not
omogeneously dispersed, quantified as at least twice the metal
ontent obtained from a background analysis of the surroundings
f the sample. Another visual, direct evidence is the presence of a
ark rim on the carbon edges, proving high electron density in that
egion (Fig. 10a). The analysis evidenced other metal phases with
uch larger particle sizes (about 50 nm), certainly not providing

nough surface area and of a quantity to justify the catalytic activ-
ty. For sake of comparison, Fig. 10b shows the HR-TEM micrograph
f commercial Pt/C 40% used in the AMFC tests. The sample obser-
ation evidenced sharp, homogeneously dispersed Pt particles with
pproximate size of 3–8 nm on a carbon support.

. Conclusions

This work has confirmed the importance of optimization of the
onomer material for AMFCs improved performance. A family of
ovel anion-exchange ionomers have been developed in Acta that
romote excellent peak power density in AMFC, the best yet to be
ound in the scientific literature. Together with commercial mem-
ranes, these in-house ionomers gave excellent results in H2/air
MFC using Pt/C in both anode and cathode catalyst. ACTA’s own
on-PGM cathode catalyst also performed encouragingly in pre-

iminary tests; metal quantification with an EDS detector during
R-TEM analysis on this catalyst provided the first evidence of
roups of very finely dispersed metal atoms (size less than 1 nm),
isible at direct observation with HR-TEM only as dark rim on the
arbon edges. The degradation mechanisms seem to be mainly a
hysical weathering of the electrode during functioning that leads
o a brittle electrode layer that easily separates from the membrane

urface. The consequent dramatic increase in electrode resistance
as observed to be indeed due to the deterioration of the electrode

oating. In order to obtain long term stability in AMFCs (>10,000 h)
uning of important characteristics of the ionomer such as water
ptake has yet to be achieved and this will form the basis of fur-

[
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ther research effort in Acta. Furthermore, we have confirmed that
feeding atmospheric air at the cathode does not lead to a continu-
ous deterioration in performance due to carbonatation but only to
a step down in performance. If this is confirmed then AMFCs have
a real potential as low cost alternatives to PEMFCs in large scale
applications.

Acknowledgements

HR-TEM micrographs on catalyst powders were obtained in the
Earth Science Department of the University of Siena. We would like
to express our gratitude to Prof. Marcello Mellini for the accurate
and prompt HR-TEM analysis.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jpowsour.2009.12.085.

References

[1] H.A. Gasteiger, S.S. Kocha, B. Sompalli, F.T. Wagner, Appl. Catal. B 56 (2005) 9.
[2] J.R. Varcoe, R.C.T. Slade, E. Lam How Yee, Chem. Commun. (2006) 1428.
[3] L.A. Adams, S.D. Poynton, C. Tamain, R.C.T. Slade, J.R. Varcoe, Chemsuschem 1

(2008) 79–81.
[4] M. Piana, S. Catanorchi, H.A. Gasteiger, ECS Trans. 16 (2) (2008) 2045.
[5] S. Catanorchi, M. Piana, European patent nr. 8715PTEP entitled “High perfor-

mance ORR (Oxygen Reduction Reaction) PGM (Pt group metal) free catalyst”.
[6] A. Filpi, M. Boccia, H.A. Gasteiger, ECS Trans. 16 (2) (2008) 1835.
[7] M.S. Wilson, S.S. Gottesfeld, J. Electrochem. Soc. 139 (1992) L28.
[8] H. Yanagi, S. Watanabe, K. Sadasue, T. Isomura, H. Inoue, K. Fukuta, in: Improved

Performance of Alkaline Membrane Fuel Cells (AMFCs) based on Newly Devel-
oped Electrolyte Materials in Meeting Abstract, Electrochem. Soc. 902 (2009)
(2005) 27–31.
10] Y. Matsui, M. Saito, A. Tasaka, M. Inaba, in: Influence of Carbon Dioxide on

the Performance of Anion-exchange Membrane Fuel Cells in Meeting Abstract,
Electrochem. Soc. 902 (2009) 378.

http://dx.doi.org/10.1016/j.jpowsour.2009.12.085

	H2/air alkaline membrane fuel cell performance and durability, using novel ionomer and non-platinum group metal cathode ca...
	Introduction
	Experimental
	MEA preparation
	H2/air AMFC tests
	SEM analysis
	HR-TEM analysis

	Results and discussion
	H2/air AMFC performance
	Pt/Pt CCMs
	Pt/4020 CCMs

	SEM analysis on CCMs
	CO2 effect
	HR-TEM analysis on catalyst powders

	Conclusions
	Acknowledgements
	Supplementary data
	Supplementary data


