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a b s t r a c t

The electrochemical stability of non-precious FeCo-EDA and commercial Pt/C cathode catalysts for zinc air
battery have been compared using accelerated degradation test (ADT) in alkaline condition. Outstanding
oxygen reduction reaction (ORR) stability of the FeCo-EDA catalyst was observed compared with the
commercial Pt/C catalyst. The FeCo-EDA catalyst retained 80% of the initial mass activity for ORR whereas
the commercial Pt/C catalyst retained only 32% of the initial mass activity after ADT. Additionally, the
vailable online 21 December 2010

eywords:
inc air battery
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FeCo-EDA catalyst exhibited a nearly three times higher mass activity compared to that of the commercial
Pt/C catalyst after ADT. Furthermore, single cell test of the FeCo-EDA and Pt/C catalysts was performed
where both catalysts exhibited pseudolinear behaviour in the 12–500 mA cm−2 range. In addition, 67%
higher peak power density was observed from the FeCo-EDA catalyst compared with commercial Pt/C.
Based on the half cell and single cell tests the non-precious FeCo-EDA catalyst is a very promising ORR

r batt
ccelerated degradation test
tability

electrocatalyst for zinc ai

. Introduction

Zinc air battery is a very promising technology owing to the
otential benefits, including cost-effective design, high energy den-
ity, easy fuel storage, non-flammable and non-explosive nature,
s well as facile reaction kinetics at the zinc electrode [1,2]. Acute
nternational awareness has generated keen interest in the devel-
pment of zinc air batteries as an integral part of sustainable energy
ystems for the future. In order to deliver a long-standing promise
f becoming an efficient and commercially viable source of clean
nergy, zinc air batteries need to overcome formidable technical
nd economic challenges. One of these challenges is the air cath-
de catalyst which limits the cost, performance and life-time of
inc air batteries [3]. At present, the most effective oxygen reduc-
ion reaction (ORR) catalyst for the cathode of zinc air batteries is
t, Pt–Ru alloys and oxides. However these catalysts are expen-
ive and suffer considerable degradation via different pathways
uch as platinum particle agglomeration [4,5], detachment [6–8]
nd poisoning [9]. Non-precious metal catalysts (NPMCs) includ-
ng organometallic compounds [10] and mixed metal oxides with

erovskite [11], or spinel [12] structures have been studied exten-
ively. However, the requirement for the commercialization of zinc
ir battery could not be met based on the current state of activ-
ty and durability of these NPMCs. Consequently, the development
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of highly active, stable, and affordable ORR catalyst is a critical
issue.

A class of NPMC based on nitrogen chelated iron or cobalt carbon
material was found to be a potential ORR catalyst for zinc air battery
owing to the high ORR activity in alkaline conditions [13,14]. How-
ever, evaluation of the stability of this class of NPMC and the study of
degradation mechanism are required for a complete understand-
ing of the underlying catalytic principles. Furthermore, only half
cell ORR activity was frequently reported for this catalyst, which
is not an accurate representation of the operation of a real zinc air
battery. In this paper, we pioneer the study of an ORR catalyst pre-
pared by high temperature pyrolysis using from iron, cobalt, and
ethylenediamine (FeCo-EDA). The ORR performance of the in-house
FeCo-EDA catalyst was evaluated by a single cell setup in alkaline
condition in addition to a half cell setup to achieve a more real-
istic cell operation environment. Additionally, the stability of the
in-house FeCo-EDA catalyst was evaluated in a half cell setup and
the degradation mechanism was examined briefly. The results of
the in-house catalyst were compared with that of the commercial
Pt/C to assess the potential use of FeCo-EDA as the cathode catalyst
for zinc air battery.

2. Experimental methods
Commercial Pt/C catalyst obtained from BASF Fuel Cell Inc. was
used for the half cell and single cell tests. The FeCo-EDA catalyst was
prepared by high temperature pyrolysis [15]. Briefly, 0.25 g of iron
sulphate and cobalt nitrates were dissolved in 125 mL of ethanol
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Fig. 1. ORR polarization curve of (A) P

ollowed by addition of 2 mL of ethylenediamine and 0.5 g of pre-
reated carbon support. The materials were refluxed at 80 ◦C and
yrolyzed at 900 ◦C for 1 h in nitrogen gas. The obtained product
as treated in 0.5 M H2SO4 for 8 h and washed before durability

est.
To characterize the Pt/C and FeCo-EDA catalysts, transmission

lectron microscopy (TEM) (PHILIPS, CM300) was used to exam-
ne the surface microstructures. X-ray photoelectron spectroscopy
XPS) (Thermal Scientific, K-Alpha XPS spectrometer) was used to
tudy the surface nitrogen group of the catalysts. The electrocat-
lytic activity and stability of the catalyst samples were measured
sing RDE voltammetry system which consisted of a potentiostat
eDAQ, ED210) and a rotation speed controller (Pine Instrument
o., AFMSRCE).

Prior to the RDE voltammetry, the catalyst ink was prepared
y suspending 4 mg of catalyst in 2 mL of 0.2 wt.% Nafion solution.
he glassy carbon area of the working electrode was deposited
ith 20 �L of ink. Once the ink dried, the working electrode was

mmersed into a glass cell containing 0.1 M of potassium hydrox-
de. A double junction saturated calomel electrode and a platinum

ire were inserted into the electrolyte to serve as the reference
lectrode and counter electrode respectively. The temperature of
he electrolyte solution was maintained at 50 ◦C during the course
f experiment to accelerate the degradation of catalysts which was
arried out in N2 saturated electrolyte solution. The potential range
f the accelerated degradation test (ADT) was swept from −1 to
.2 V vs. SCE at a scan rate of 50 mV s−1. The capacitive current was
easured by cyclic voltammetry (CV) in N2 saturated electrolyte

olution. The potential range of CV experiment was from −1 to 0.2 V
s. SCE with a scan rate of 50 mV s−1. The ORR was performed in O2
aturated electrolyte solution in the same potential window under
arious rotation speeds at a scan rate of 10 mV s−1.

Single cell test of the catalyst was performed using a multichan-
el potentiostat (Princeton Applied Research, VersaSTAT MC) and a
ome-made zinc air battery. A polished zinc plate and a piece of cat-
lyst coated gas diffusion layer (Ion Power Inc., SGL Carbon 10 BB,
.5 cm × 2.5 cm) were used at anode and cathode respectively. The
atalyst loading on the gas diffusion layer was 1.5 mgcatalyst cm−2

nd the electrolyte used in the zinc air battery was 6 M KOH. Gal-
anodynamic method was used to discharge the single cell from 0 to
00 mA cm−2. Open circuit voltage of the single cell was also deter-
ined by measuring the stabilized potential difference between

he cathode and the anode.
. Results and discussion

Severe degradation of the Pt/C catalyst compared with FeCo-
DA is showed by the decrease in the ORR performance. At −0.3 V
d (B) FeCo-EDA before and after ADT.

vs. SCE, the mass activity of the Pt/C and FeCo-EDA catalysts
before the ADT is 24.1 and 26.2 mA mg−1 respectively. After ADT,
the FeCo-EDA catalyst retained 80% (21.0 mA mg−1) of the ini-
tial mass activity whereas the Pt/C catalyst retained only 32%
(7.8 mA mg−1) of the initial mass activity. From the ORR polariza-
tion curves (Fig. 1A), the decrease in onset potential, half wave
potential and limiting current density was 0.05 V, 0.112 V and
2.4 mA cm−2 respectively in the case of Pt/C catalyst. The decrease
in onset, half wave and limiting current density is 0.05 V, 0.022 V
and 0.8 mA cm−2 respectively in the case of FeCo-EDA. Similar
decrease in the onset potential is observed for both catalysts,
however with respect to half wave potential and limiting current
density, the Pt/C catalyst showed respectively, five and four times
greater degradation compared to FeCo-EDA catalyst. Comparing
these results, much lower degradation was observed for the FeCo-
EDA catalyst (Fig. 1B).

The great potential of FeCo-EDA material as a catalyst for the
ORR in zinc air battery can be further supported by the results of sin-
gle cell test shown in Fig. 2. From the polarization curve, FeCo-EDA
exhibited current density of 261 mA cm−2 which is significantly
higher compared with the current density of 196 mA cm−2 obtained
by Pt/C at 0.8 V. Additionally, much higher peak power density
was observed for FeCo-EDA (232 mW cm−2) compared with Pt/C
(139 mW cm−2). Furthermore, the ohmic overpotential was a dom-
inant performance loss mechanism in the region between 15 and
500 mA cm−2 for both catalysts based on the observed pseudolinear
behaviour from the polarization curve.

Koutecky–Levich (K–L) plots for ORR at −0.4 and −0.5 V vs. SCE
before and after ADT were constructed for the Pt/C catalyst (Fig. 3A
and C). The increase in the slope of the K–L plot after ADT suggests
a decrease in the number of electrons transferred in the oxygen
reduction process. By extrapolation of K–L plot to the y axis, the
kinetic current density before and after ADT for Pt/C is 49 and
12 mA cm−2 respectively at −0.5 V. In the case of FeCo-EDA, the
slope of K–L plot before and after ADT showed very little change
indicating little variation with respect to the number of electrons
transferred in the reduction process (Fig. 3B and D). The kinetic cur-
rent density obtained in a similar manner from the K–L plots is 50
and 29 mA cm−2 before and after cycling respectively. Once more,
the FeCo-EDA out-performs the commercial Pt/C catalyst in terms
of the kinetic current density where more than 50% was retained for
FeCo-EDA after ADT. The observed electrochemical performances
clearly demonstrate that the FeCo-EDA is a more suitable ORR cat-

alyst for zinc air battery.

TEM was used to study the morphological changes of the cat-
alysts which are commonly associated with degradation. For the
Pt/C catalyst, significant morphology change was demonstrated
by the TEM image (Fig. 4A and B) before and after ADT. Prior to
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Fig. 2. Single cell performance of the zinc air batter

DT, the average size of platinum nanoparticle is 3.85 ± 0.92 nm
howing a narrow size distribution—a property desirable for cat-
lysts. After cycling, significant increase in the size of platinum
article and an increase in the particle size distribution is evident
howing an average particle size of 9.13 ± 5.7 nm. Agglomeration
f platinum particles is a widely observed phenomenon in Pt/C
egradation testing and it has been attributed to be an important
actor for Pt/C performance degradation in many studies [16,6].
o the contrary, higher stability of the FeCo-EDA catalyst can be
ttributed to the stable catalyst structure observed from TEM where
o obvious morphology change was observed (Fig. 4C and D). Nitro-

en content of the FeCo-EDA catalyst was determined using XPS
Fig. 5A) which illustrated change in the overall nitrogen content
efore (2.18 at.%) and after (1.55 at.%) ADT. Based on the high res-
lution N 1s spectra (Fig. 5B), pyridone, pyrrolic/quaternary and

Fig. 3. Koutecky–Levich plot of (A) Pt/C and (B) FeCo-EDA before ADT
wing (A) polarization curve and (B) power density.

pyridinic nitrogen groups are present in the FeCo-EDA catalyst. The
FeCo-EDA catalyst demonstrated 23.5% and 27.9% decrease in the
quaternary/pyrrolic and pyridinic nitrogen group respectively after
ADT. Although the exact catalytic identity of the nitrogen groups
are debatable, these apparent changes in the nitrogen groups could
cause the slight decrease in ORR performance of the FeCo-EDA cata-
lyst since the pyridinic and quaternary nitrogen groups are believed
to be important in ORR catalysis for NPMCs [17]. Additionally, sim-
ilar profile of the N 1s signal was observed before and after ADT
which could partially explain the higher stability of the FeCo-EDA
catalyst.
Based on the CV voltammogram of the Pt/C catalyst (Fig. 6A),
only 22% of the initial ECSA values remained after ADT, which
suggests possible contribution of platinum detachment to the
degradation mechanisms in addition to particle agglomeration.

. Koutecky–Levich plot of (C) Pt/C and (D) FeCo-EDA after ADT.
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ig. 4. TEM image of Pt/C catalyst (A) before and (B) after ADT in 0.1 M KOH at 50 ◦

eCo-EDA catalyst (C) before and (D) after ADT, inset of (C) and (D) showing the hig

imilar platinum detachment from carbon support into the elec-
rolyte without re-deposition has been observed [18] and it has
een attributed to be the predominant degradation mechanism.
he small current plateau near −0.36 V vs. SCE in Fig. 1A could

e attributed to the oxygen reduction catalysis by carbon materi-
ls. Previous works have investigated the effect of carbon material
nd platinum loading on the oxygen reduction behaviours of Pt/C
19,20]. Based on these studies, carbon could contribute to oxy-
en reduction at potentials lower than 0.7 V vs. RHE especially for

Fig. 5. XPS spectrum of FeCo-EDA catalyst before and after ADT: (A
et of (A) and (B) showing the size distribution of platinum particles. TEM image of
solution TEM image.

low platinum loading [21]. As a result, after ADT ORR by carbon
could be more renounced as the platinum loading was lowered by
either particle agglomeration or platinum dettachment. In contrast,
the CV voltammogram (Fig. 6B) of FeCo-EDA only showed slight

decrease in the capacitance—70 F g−1 before ADT and 57 F g−1 after
ADT. Capacitance of non precious metal catalyst based on carbon
could be related to the active site groups and the decrease in the
capacitance could suggest the disappearance of unstable active site
groups.

) full survey spectrum and (B) high resolution N 1s spectrum.
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Fig. 6. CV voltammogram of (A) Pt/

. Conclusion

In this study evaluation of ORR activity of FeCo-EDA catalyst
nd Pt/C catalysts has been examined in alkaline condition by half
ell and single cell tests. The FeCo-EDA catalyst exhibited superior
RR activity in terms of better peak power density and mass activ-

ty. From the ADT, the FeCo-EDA catalyst retained a nearly three
imes higher mass activity compared to that of Pt/C catalyst. Results
rom the TEM and XPS characterization suggest the higher durabil-
ty of FeCo-EDA can be originated from the stable morphological
nd chemical structures. The similar activity and much more supe-
ior stability of the FeCo-EDA catalyst can meet the high activity,
tability and lower cost requirements of the ORR catalyst in zinc air
attery.
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