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Abstract

Cobalt based non-precious metal catalysts were prepared by supporting cobalt-ethylene diamine complex on carbon followed by a heat
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reatment at elevated temperatures (800 ◦C). Surface oxygen groups on carbon were introduced with HNO3 oxidation. Co catalysts supported
n oxidized carbon showed improved activity and selectivity towards four-electron reduction of molecular oxygen. Quinone groups introduced
y nitric acid treatment, in addition to increasing the dispersion of the chelate complexes, play a role in forming the active site for oxygen
eduction.
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. Introduction

In recent years, there has been considerable interest in the
evelopment of non-precious metal catalysts [1–6] as Pt sub-
titutes for cathodes in polymer electrolyte membrane fuel
ells (PEMFCs). Prominent among them are macrocycle-
ased metal-containing porphyrin systems [1,2], chevrel
hase type compounds (e.g., Mo4Ru2Se8) [3] and other tran-
ition metal chalcogenides [4,5]. Côté et al. [6] demonstrated
ctivity for transition metals supported on carbon followed by
eat treatment in NH3 atmosphere. Alternatively, heat-treated
o-chelate complexes dispersed on carbon showed consider-
ble activity for oxygen reduction in acidic media [7]. Heat
reatment of macrocycles in an inert atmosphere enhanced
he catalytic activity and stability [8]. Generation of an M–N4
ype moiety with heat treatment at elevated temperatures is
idely known to act as the catalytic site for the oxygen reduc-

ion reaction [9]. Only a few studies are available on the role
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of carbon support and surface functional groups in the forma-
tion of the catalytic site. However, for Pt catalysts, dispersion
and utilization of the catalysts were found to strongly depend
on the surface functionalities [10–14] and pore size charac-
teristics [15]. Jaouen et al. [16] showed that pre-treatment
of carbon resulted in an improvement in the performance of
Fe-based non-precious metal catalysts to oxygen reduction
reaction (ORR). According to the studies of Ehrburger et al.
[17] on iron phthalocyanine (FePC), oxygen surface com-
plexes on the edge carbon atoms anchor the FePC particles
and aid in improved dispersion of these particles. Gouérec et
al. [18] studied the activity and stability of cobalt tetraazaan-
nulene (CoTAA) on two different carbon supports varying in
the amount of surface oxygen complexes, and concluded that
strong interactions between the metal complex and the car-
bon support are established via the surface oxygen complexes
thus increasing the sintering resistance of these particles. In
addition, chalcogen group elements such as O [18], S [19]
and Se [20] have been shown to act as promoters for oxy-
gen reduction reaction. The objective of this work is to study
the performance of cobalt-chelate electrocatalysts effected by
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.07.031
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characteristics of carbon: its surface oxygen groups, specific
surface area and pore size distribution.

2. Experimental

2.1. Catalyst preparation

Commercially available carbon blacks, namely Ketjen
Black EC 300 J, Vulcan XC-72 and Black Pearl 2000, were
pre-washed with 6 M HCl to dematerialize the carbon of
any metal impurities [21]. This carbon was then washed in
distilled water to remove any chloride impurities. The pre-
washed carbon was subjected to oxidation in 70% HNO3 for
7 h under reflux and then washed in distilled water, followed
by drying in an oven at 75 ◦C to obtain oxidized carbon.
For brevity, as-received Ketjen Black EC 300 J, Vulcan XC-
72 and Black Pearl 2000 are denoted as K, V and B; HCl
treated carbons as K1, V1 and B1; HNO3 treated carbons
as K2, V2 and B2. Both oxidized carbon (e.g., K2) and
un-oxidized carbon (e.g., K1) were loaded with Co-chelate
complex (denoted as CoEDA). The cobalt ethylene diamine
(CoEDA) chelate gives rise to the simplest MN4 structure
among the chelates studied [22]. This complex was synthe-
sized by adding stoichiometric amounts of ethylene diamine
to cobalt nitrate under stirring conditions in ethanol [7].
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alcohol) was added on top of the former film. 0.5 M H2SO4
was used as the electrolyte in all studies. Initially, the solu-
tion was purged with nitrogen and cyclic voltammograms
(CVs) were recorded by scanning the disk potential from
1.04 V to 0.04 V versus SHE at a scan rate of 5 mV s−1. CVs
recorded at 5 mV s−1 in nitrogen atmosphere were used to
obtain the background capacitive currents. For all electro-
chemical measurements, the ring potential was maintained
at 1.2 V versus SHE to oxidize any peroxide produced.
Before the measurement of oxygen reduction currents, the
electrolyte solution was purged with oxygen for 15 min. A
CV was recorded in this oxygen saturated electrolyte, fol-
lowed by linear sweep voltammograms at different rotation
rates of the RRDE for disk potentials from 1.04 V to 0.04 V
versus SHE at a scan rate of 5 mV s−1. All measurements
were taken using a bipotentiostat (Model AFRDE from Pine
Instruments).

2.3. Physical and surface characterization

The particle size of the catalyst was determined using
transmission electron microscopy (TEM, Hitachi H-8000
model). Surface analysis of the catalyst was performed by
X-ray photoelectron spectroscopy (XPS). Experiments were
carried out in a stainless steel ultrahigh vacuum chamber
(Leybold) with a base pressure ≤1 × 10−9 Torr which has
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he cobalt complex synthesized was dispersed on carbon in
thanol solvent under reflux conditions for 4 h. The loading
f Co with respect to carbon is 20%. This loading was kept
onstant for all the samples synthesized with Co. The carbon
oaded with the cobalt complex was dried in a rotary evapora-
or at 80 ◦C under vacuum. This dried sample was subjected
o heat treatment at 800 ◦C in Ar atmosphere for 1 h. For
omparison studies and to elucidate the effect of cobalt, car-
on loaded with metal-free ethylene diamine was prepared
nder similar conditions and denoted as K1-EDA(HT) and
2-EDA(HT) on un-oxidized and oxidized carbon supports,

espectively.

.2. Electrochemical characterization

Electrochemical characterizations were performed in a
ingle-compartment, three-electrode cell. A rotating ring disk
lectrode from Pine Instruments with a glassy carbon disk
5 mm o.d.) and Pt ring (5.52 mm i.d. and 7.16 o.d.) was
sed as the working electrode. Platinum wire was used as
he counter electrode. A standard Hg/HgSO4 electrode was
sed as the reference electrode. The potentials presented
n this study are referred with respect to standard hydro-
en electrode (SHE). The electrocatalyst was applied to the
isk electrode in the form of an ink. Eight milligrams of the
repared electrocatalyst was suspended in 1 ml of isopropyl
lcohol and ultrasonically blended for 10 min. Fifteen micro-
iters of this suspension is applied on the disk electrode in
teps of 5 �l, with drying after each addition. Five microliters
f Nafion solution (1:10:10 :: 5 wt% Nafion:water:isopropyl
een described in more detail elsewhere [23]. The cham-
er is equipped with a single-channel hemispherical energy
nalyzer (Leybold LA10) and Al K� anode X-ray source
1486.6 eV), as well as a load lock chamber for fast sample
ntroduction. The powdered samples were loaded onto con-
uctive, double-sided silver tape (Structure Probe Inc.) for
he XPS experiments. For each sample, the Co(2p), C(1s),
(1s) and O(1s) regions were collected with a step size
f 0.05 eV, dwell time of 0.2 s and pass energy of 50 eV,
nd were averaged over 10 scans. Lower resolution survey
cans were collected with a step size of 1.0 eV, dwell time of
.2 s and pass energy of 50 eV, and were averaged over four
cans.

. Results and discussion

.1. Significance of surface oxygen groups

The un-oxidized K1 and oxidized K2 bare carbon sup-
orts were tested initially for their activity for oxygen reduc-
ion. Fig. 1a illustrates a typical polarization curve obtained
n a rotating disk electrode for electrochemical reduction
f molecular oxygen in 0.5 M H2SO4. It can be seen that
n-oxidized carbon K1 has negligible activity to oxygen
eduction. However, with the introduction of surface oxy-
en groups by HNO3 treatment, the activity of the carbon
ncreases. Oxidized carbon K2, shows about 100 mV less
ctivation overpotential for oxygen reduction reaction com-
ared to K1. Electrochemical analysis indicates that car-
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Fig. 1. (a) Polarization curve of K1 and K2 in 0.5 M H2SO4 solution sat-
urated with O2. Scan rate 5 mV s−1 and rotation rate 900 rpm. (b) Typical
cyclic voltammograms of K1 and K2 in 0.5 M H2SO4 saturated with N2.
Scan rate 5 mV s−1 and rotation rate 0 rpm.

bon oxidation in nitric acid introduces quinone type oxygen
groups on the carbon surface [24,25]. The nature of the sur-
face functional groups generated with HNO3 treatment was
studied using cyclic voltammograms. The CVs were per-
formed on un-oxidized (K1) and oxidized (K2) carbon sup-
ports. Fig. 1b illustrates the cyclic voltammograms obtained
for carbons K1 and K2 in 0.5 M H2SO4 saturated with N2.
The un-oxidized carbon (K1) does not exhibit any character-
istic peak. HNO3 oxidized carbon (K2) exhibits well-defined
redox peaks at 0.55 V versus SHE. These characteristic peaks
are associated with the quinone–hydroquinone redox couple
[24]. The effect of oxidation on the dispersion and the activ-
ity of cobalt-chelate complexes was studied by testing the
samples of heat treated CoEDA on oxidized carbon K2 and
on un-oxidized carbon K1. The results are shown in Fig. 2.
The electrocatalyst K2-CoEDA(HT) showed better activity
than K1-CoEDA(HT). The catalyst supported on un-oxidized
carbon exhibits activation overpotential of 470 mV oxygen
reduction. The diffusion-limited plateau of the polarization
curve for K1-CoEDA(HT), shown in Fig. 2a, is not well
defined as is usually observed with the Pt catalysts. The model

Fig. 2. Polarization curve of heat treated CoEDA samples on oxidized and
un-oxidized carbons for oxygen reduction in 0.5 M H2SO4 solution saturated
with O2. (a) Disk currents and (b) ring currents. Scan rate 5 mV s−1 and
rotation rate 900 rpm.

proposed by Jiang and Anson [26] shows that the plateau is
more inclined when the distribution of active sites is less
uniform and the reaction is slower. However, with the use
of HNO3 treated oxidized carbon, activity towards oxygen
reduction increases. A single steep reduction wave with a
well-developed limiting plateau similar to that of Pt catalysts
is observed. The activation overpotential for oxygen reduc-
tion on K2-CoEDA(HT) decreases by 60 mV compared to
K1-CoEDA(HT). Fig. 2b gives the ring currents as a function
of the disk potential of the two catalysts. The ring currents
on K2-CoEDA(HT) are less than on K1-CoEDA(HT). This
suggests that the selectivity of the catalyst to the four-electron
reduction of oxygen to water is increased on oxidized carbon.
Another interesting feature is the shape of the ring currents on
both the samples. The ring current is a function of the poten-
tial and goes through a maximum. Oxygen reduction reaction
is potential-dependent. Potential-dependent selectivity of the
oxygen reduction reaction on iron porphyrin has been studied
previously [27]. The shape of the ring currents of iron por-
phyrin catalysts studied in that literature reference are similar
to the ones obtained in cobalt-chelate catalysts in our work.



N.P. Subramanian et al. / Journal of Power Sources 157 (2006) 56–63 59

Table 1
Average particle size and standard deviation of catalysts analyzed in TEM

Sample Average particle
size (nm)

Standard
deviation (nm)

K1-CoEDA(HT) 23.7 24.5
K2-CoEDA(HT) 9.5 3.8
B2-CoEDA(HT) 12.5 8.4
V2-CoEDA(HT) 40 12

O2 reduction follows the general scheme shown below in
Eq. (1).

(1)

Indices a, * and b indicate adsorbed, in the vicinity of the
disk electrode and in the bulk, respectively. At high potentials
k1/k2 is constant with k1 > k2 indicating a direct reduction of
oxygen to water than the two-electron reduction to peroxide.
At intermediate potentials k1/k2 ratio is falling indicating an
increase in the two-electron reduction to peroxide. At lower
potentials k1/k2 becomes lower than 1. However, k3 increases
resulting in a further reduction of peroxide to water before it
escapes into the solution.

Nitrogen fixation on carbon from nitrogen containing pre-
cursors increase with the amount of oxygen surface groups
[28,29], with one atom of nitrogen being added for every oxy-
gen atom in the quinone structure. Such quinone groups form
acidic sites on the carbon surface which favor the absorption
of the basic CoEDA complex [30]. This phenomenon results
in an increase in dispersion of the catalyst. Fig. 3a and b shows
the TEM images of heat treated CoEDA samples supported
o
t
T
2
s

Table 2
Commercial carbons used and their surface areas

Carbon Area
(m2 g−1)

Micropores
(m2 g−1)

Mesopores
(m2 g−1)

Ketjen Black 886 55 680
Vulcan XC-72 254 118 100
Black Pearl 2000 1500 720 540

better dispersion of the CoEDA complex. By increasing the
number of oxygen groups on the carbon support, the disper-
sion of the catalysts, as well as their ultimate performance, is
increased.

3.2. Effect of carbon surface area and pore size
distribution

The effect of surface area and pore size distribution of the
carbon support on the activity of heat treated CoEDA cat-
alysts was studied using three commercial carbons, namely
Ketjen Black EC 300 J, Vulcan XC-72 and Black Pearl 2000.

The total specific surface areas, mesopore areas and micro-
pore areas of the as-received carbon supports are summarized
in Table 2. The carbon supports were pre-washed in HCl and
oxidized with HNO3 as explained in Section 2. The oxidation
of carbon results only in a slight decrease in surface area and
hence will not alter the distribution of the pores to a large
extent (and hence the proportion of mesopores) [31]. Thus,
the comparisons of the carbon surface area and the pore size
distribution are based on the values for as-received carbons
(K, V and B). Fig. 4a shows the cyclic voltammograms of the
oxidized carbons K2, B2 and V2 in nitrogen atmosphere. The
redox peaks of quinone–hydroquinone couple are well pro-
nounced in B2 and K2 compared to V2. Nitric acid oxidation
attacks the relatively weak sites of the carbon structure which
o
m
n
s
m
b

oEDA(
n oxidized carbon and un-oxidized carbon. The average par-
icle size along with the standard deviation is given in Table 1.
he average particle size of the catalyst supported on K1 is
3.7 nm while the particle size for the catalyst loaded on K2
upport is 9.5 nm. Thus, the surface quinone groups cause a

Fig. 3. TEM image of (a) K1-C
ccurs at the edges of the basal planes [32]. However, only the
esopores with pore diameters of 2–50 nm are accessible to

itric acid oxidation since they possess a combination of high
urface area and large pore diameter [33]. The area inside the
icropores with a diameter smaller than 2 nm is inaccessi-

le for nitric acid oxidation. Hence, higher surface area does

HT) and (b) K2-CoEDA(HT).
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Fig. 4. (a) Typical cyclic voltammograms of oxidized carbon K2, B2 and V2
in 0.5 M H2SO4 saturated with N2. Scan rate 5 mV s−1, rotation rate 0 rpm
and polarization curves of heat treated CoEDA samples supported on K2, B2
and V2 in 0.5 M H2SO4 solution saturated with oxygen. (b) Disk currents
and (c) ring currents. Scan rate 5 mV s−1 and rotation rate 900 rpm.

not necessarily mean higher number of such oxidation-prone
sites. As shown in Table 2, the surface area of Black Pearl
2000 is higher than that of Ketjen Black EC 300 J followed
by Vulcan XC-72. The increase in the surface area in Black
Pearl 2000 compared to Ketjen Black EC 300 J results from
the increase of the area inside the micropores (720 m2 g−1).

Since, as discussed above, the micropores are not accessible
for nitric acid oxidation, the amount of quinone groups in
acid treated B2 does not increase when compared with that
of K2.

Fig. 4b shows polarization curves in 0.5 M H2SO4 of
CoEDA complex loaded on the three oxidized carbons and
heat treated to obtain the catalysts K2-CoEDA(HT), B2-
CoEDA(HT) and V2-CoEDA(HT). The activity of the heat
treated catalyst decreases as follows on the oxidized carbons:
K2 > B2 > V2. Also, a comparison of the ring currents as
shown in Fig. 4c indicates that the ring currents decrease
with the increase of the amount of quinone groups as given
by the CVs in N2 in Fig. 4a. Also, the shape of the ring
currents is similar to those in Fig. 2b. Thus, the higher the
amount of quinone groups, the higher the selectivity to the
four-electron reduction of oxygen to water. The catalyst per-
formance increases with increased dispersion of the catalyst
which increases with the amount of quinone groups on carbon
surface.

TEM images presented in Figs. 3b and 5a and b provide
supporting evidence that the average particle size of cobalt
in K2-CoEDA(HT) is 9.5 nm compared to 12.5 nm for B2-
CoEDA(HT) and 40 nm for V2-CoEDA(HT). The bigger
particle size is due to a decrease of quinone groups result-
ing from a decreased mesopore area.

The charge under the peaks of the nitrogen CVs corre-
s
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ponding to quinone/hydroquinone couple was calculated
nd it turns out to be that, among the oxidized carbons, Ket-
en has slightly higher charge (after background subtraction).
he charges under the peaks are 0.00039053 C, 0.0020854 C,
.002029 C and 0.0 C for V2, K2, B2 and K1, respectively.
he lower particle size in the case of catalysts loaded on K2
ompared to that on V2 and B2 is due to the higher peak
rea observed on K2. However, the very small difference in
he calculated charges between Black Pearl and Ketjen does
ot warrant this conclusion. Higher mesopore area in Ketjen
tself can be another reason why CoEDA on Ketjen shows
smaller particle size. This can be further substantiated by

omparing the particle size of CoEDA on oxidized Vulcan
C-72, V2 (with lower mesopore area) to that on un-oxidized
etjen Black EC 300 J, K1 (with higher mesopore area). The

verage particle size of V2-CoEDA is 40 nm and that of K1-
oEDA is 23.7 nm. Thus, both the number of the oxygen
roups and the mesoporous area contribute to the increase in
he dispersion of the catalyst.

.3. Role of O, N and Co on active site

Fig. 6a shows the polarization curves for K2-EDA(HT)
nd K2-CoEDA(HT) catalysts on a disk electrode in 0.5 M
2SO4 saturated with oxygen. The performance of K2-
oEDA(HT) and K2-EDA(HT) catalysts is compared with

he E-TEK 19.1% Pt/C-14 �gPt cm−2. The ring currents were
easured to estimate the amount of hydrogen peroxide pro-

uced during oxygen reduction. In addition to the increase in
ispersion of the CoEDA, the surface oxygen group appears
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Fig. 5. TEM image of (a) V2-CoEDA(HT) and (b) B2-CoEDA(HT).

to play an important role in the generation of active sites
for oxygen reduction, as shown by the polarization curves
in Fig. 1a. Further introduction of nitrogen groups, by ethy-
lene diamine adsorption on K2 followed by heat treatment,
decreases the activation overpotential towards oxygen reduc-
tion by 300 mV. With the incorporation of cobalt in the
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catalyst, a drastic increase in activity towards oxygen reduc-
tion is observed. The on-set potential for oxygen reduction
is as high as +820 mV versus SHE. The catalyst shows less
than 100 mV higher overpotential for oxygen reduction in
comparison to E-TEK 19.1% Pt/C catalyst. The single steep
reduction wave with a well-defined diffusion-limited plateau
indicates the improved kinetics of the K2-CoEDA(HT) cat-
alyst. Fig. 6b gives the ring currents of the catalysts whose
disk currents are given in Fig. 6a. The ring currents were mea-
sured to estimate the amount of hydrogen peroxide produced
during oxygen reduction. The ring current for K2-EDA(HT)
is higher illustrating the large quantity of hydrogen peroxide
generated. After addition of Co, the ring current decreases
drastically indicating a decrease of the amount of hydrogen
peroxide produced. The number of electrons transferred (n)
and the percentage of peroxide produced (%H2O2) can be
determined by the following equations [34]:

n = 4ID

ID + IR/N
(2)

%H2O2 = 100(4 − n)

2
(3)

where N, ID and IR are the collection efficiency, disk current
and ring current, respectively. We assumed the collection effi-
ciency to be constant at a theoretical value of 0.39 for all the
c
c
T
C
o
o

ig. 6. Polarization curves for K2-EDA(HT) and K2-CoEDA(HT) samples
ompared to that of commercial E-TEK 20% Pt/C catalysts in 0.5 M H2SO4

olution saturated with oxygen. (a) Disk currents and (b) ring currents. Disk
otential scanned at 5 mV s−1 scan rate and rotation rate 900 rpm.
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atalysts studied. Fig. 7a and b gives n and %H2O2 of the three
atalysts K2-EDA(HT), K2-CoEDA(HT) and commercial E-
EK 19.1% Pt/C-14 �gPt cm−2. It is clearly seen that with
o addition the number of electrons transferred during the
xygen reduction reaction is more than 3.6, and the amount
f peroxide produced is less than 20% for most of the poten-
ial range examined. Thus, with the addition of the transition

etal, the selectivity to the four-electron reduction of oxygen
s increased.

.4. XPS measurements

XPS measurements were carried out to examine the
hanges in surface chemical states due to chemical and heat
reatments. An attempt was also made to identify the active



62 N.P. Subramanian et al. / Journal of Power Sources 157 (2006) 56–63

Fig. 7. (a) Number of electrons and (b) percentage peroxide produced cal-
culated from Eqs. (1) and (2) for the catalysts compared in Fig. 6.

surface sites. Samples K1, K2, K1-CoEDA, K2-CoEDA, K1-
CoEDA(HT) and K2-CoEDA(HT) were analyzed. Fig. 8a
shows the Co(2p3/2) spectra for the samples K1-CoEDA,
K2-CoEDA, K1-CoEDA(HT) and K2-CoEDA(HT). For as-
prepared samples, the Co(2p3/2) peak has a binding energy
of approximately 782 eV, which is attributed to Co in a high
oxidation state; metallic Co has a binding energy of 777.9 eV,
while CoO and Co2O3 have binding energies of 780 eV and
779.4 eV, respectively [35]. After the heat treatment, the shift
in the Co(2p3/2) peaks to lower binding energies indicates
that Co becomes more reduced during this process. The loss
of Co signal after heating is consistent with previous reports
in the literature indicating that the Co becomes encapsulated
with carbon upon heating [36].

Fig. 8b shows the XPS spectra for the N(1s) region for the
as-prepared and heat treated samples on various carbon sup-
ports. As expected, no nitrogen was detected on the carbon
supports before exposure to CoEDA. The presence of nitro-
gen on the carbon supports was initially detected following
treatment with CoEDA, but the intensity of the nitrogen sig-
nal decreased almost to zero after the heat treatment, and the
shift to lower binding energies indicates a reduction in the
nitrogen species.

Fig. 8. XPS spectra in (a) Co(2p), (b) N(1s) and (c) O(1s) regions of
the samples K1, K2, K1-CoEDA, K2-CoEDA, K1-CoEDA(HT) and K2-
CoEDA(HT).

The O(1s) spectra in Fig. 8c show that HNO3 treatment
does not substantially increase the amount of surface oxy-
gen on the carbon support. However the nature of the oxygen
species is slightly different as demonstrated by the shift in
O(1s) binding energies between the spectra for K1 and K2.
This is consistent with the electrochemical results where
quinone type groups were observed on K2 and not in K1.
On both supports, treatment with CoEDA introduces more
surface oxygen with higher binding energies. Subsequent
heating to 800 ◦C removes approximately 50–70% of the sur-
face oxygen from the carbon supports and this loss of surface
oxygen is consistent with the decrease in oxidation state for
the cobalt. Similar to the supports K1 and K2, catalysts K1-
CoEDA(HT) and K2-CoEDA(HT) show a slight difference
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in O(1s) binding energy, probably due to the presence and
absence of quinone groups in K2 and K1, respectively, as
observed by the cyclic voltammograms in Fig. 1b.

Regarding the C(1s) region (data not shown), the K1
and K2 supports exhibit similar spectra with a main peak
at ∼284.3 eV, a binding energy that has been observed
for a number of other carbon supports such as Norit SX
Ultra [18,37] and Vulcan SC-72R [36]. The addition of
CoEDA results in a peak shift to higher binding energies
(285–285.5 eV) due to the presence of carbon in the ethylene
diamine complex. However, after heating the CoEDA-treated
samples, the resulting spectra are again similar to that of the
K1 and K2 supports.

In summary, chemical nature and concentrations of cobalt,
nitrogen and oxygen species observed on the two carbon sup-
ports are similar to each other before and after treatment with
CoEDA, as well as after heating. On both supports, the heat
treatment decreases the surface concentration of cobalt, nitro-
gen and oxygen, and this could be attributed to diffusion
of these species into the carbon support [35] or desorption
of gaseous nitrogen and oxygen-containing species during
heating. Furthermore, the cobalt becomes more reduced upon
heating. Thus, a reduced cobalt species (closer to the metallic
state) and quinone groups contribute to the observed electro-
chemical activity.
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