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The electrocatalysis of graphene-cobalt hydroxide (Co(OH); ) composite towards oxygen reduction reac-
tion (ORR) in 0.1 M KOH is studied with Co(OH),/graphene-modified glassy carbon (GC) electrode using
cyclic and rotating ring-disk electrode voltammetry. The electrode is prepared by casting of graphene
suspension on GC electrode and subsequent electrodeposition of Co(OH), from Co(NOs3 ), solution. A char-
acteristic interlaced nanowalls morphology is observed for Co(OH), with scanning electron microscopy.
Raman spectra demonstrate the microstructure of graphene changes during electrochemical treatment

Keywords: . . in nitrate solutions, which has a great impact on its catalysis towards ORR. At GC electrode, two reduc-
Oxygen reduction reaction . . .
Graphene tion processes both attributed to 2-electron reduction are recorded for ORR. The presence of Co(OH);

on GC electrode results in larger peak current without obvious potential shift due to its good catalytic
activity towards the disproportionation of intermediates. Graphene not only increases the peak current
and shifts the peak potential in the positive direction, but also leads to further reduction of HO,~ at the
second step. After electrochemical treatment in nitrate solutions, graphene is activated to catalyze the
disproportionation of HO,~ effectively, and its cooperation with Co(OH), enables reduction of O, to OH~
at lower overpotential. Graphene-Co(OH), composite is a potential electrode material for air cathodes

Cobalt hydroxide
Rotating ring-disk electrode
Disproportionation

in alkaline electrolyte electrochemical systems.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Interest in alkaline fuel cells has been resurging in recent years,
due to the alleviation of carbon dioxide poisoning problem with
the development of anion exchange membrane [1]. As a low-
temperature energy conversion technology, the sluggish oxygen
reduction reaction (ORR) at the cathode decreases energy efficiency
and power density. Thus, catalysts with high activity towards ORR
are highly desirable. Pt and Pt-based alloys are still the most widely
used catalysts for ORR in acid fuel cells for their excellent catalytic
activity and stability, but the less corrosive alkaline electrolyte
allows the use of non-Pt metals. Until now, many promising non-Pt
catalysts have been reported, such as silver [2], manganese oxide
and their combination with metal macrocyclic complex or carbon
nanotube (CNT) [3-5], nonprecious-metal chalcogenides [6,7], Fe-
or Co-based catalysts [8], and nitrogen-doped CNT [9,10].

Graphene, a novel carbon nanomaterial with unique physical
and chemical properties, has a good potential in electrochemical
application. It has been reported that graphene can be used in elec-
trochemical sensors [11,12], capacitors [13,14], lithium batteries
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[15,16], solar cells [17], and catalysts for fuel oxidation [18,19].
There are also many reports on its utilization in ORR, either as
catalyst support material or as catalyst itself. When used as sup-
port material, the supported catalysts are usually precious metals,
like Pt, Au, Pd, and their alloys [20-23]. The presence of graphene
results in better dispersion of active catalysts and thus improves the
catalytic activity and durability [22]. Unlike precious metal cata-
lysts, few studies are concerned about the combination of graphene
with non-precious ORR catalysts. When used as catalyst itself,
nitrogen-doped graphene is focused due to the fact that the intro-
duction of nitrogen heteroatom creates active site for reduction of
0, [24-26]. However, the synthesis of nitrogen-doped graphene
usually involves chemical vapor deposition [27], nitrogen plasma
treatment [28], arc discharge in the presence of protective gases
and nitrogen source vapor [29], or high temperature treatment in
ammonia [30]. These methods increase the cost and complicate the
operation in comparison with chemical reduction of graphite oxide
(GO).

In our previous work, we have studied the catalytic activity of
graphene synthesized via hydrazine reduction of GO and cobalt
hydroxide (Co(OH),) prepared by galvanostatic electrodeposition
towards ORR [31,32]. Both materials show good catalytic activity, in
which graphene decreases the reaction overpotential and Co(OH),
catalyzes the disproportionation of intermediates. Inspired by this,
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we attempted to prepare a composite of graphene and Co(OH),
as ORR catalyst in this study and reduction of O, to OH~ did
occur at low overpotential in 0.1 M KOH. Furthermore, it was found
that graphene could be activated during the potentiostatic elec-
trodeposition of Co(OH),, and the activated graphene can catalyze
the disproportionation of peroxide (HO,~), which has not been
reported before. To our best knowledge, this is the first report on
the catalysis of graphene-Co(OH), composite towards ORR.

2. Experimental
2.1. Chemicals and materials

For synthesis of graphene, natural graphite powder (99.99%) was
purchased from Beijing Chemical Company (China) and reagents
including H2504 (98%), NaN03, KMI’IO4, H202 (30%), N2H4~H20
(85%), and NH3-H,0 (28%) with analytical grade were provided by
Sinopharm Chemical Reagent Co. Ltd. (China). Co(NOs3), and KOH
were utilized to prepare solutions for electrodeposition of Co(OH),
and electrochemical measurements. Ultra-high purity N, and O,
(Heli Gas Co. Ltd., China) were used for the deaeration of solu-
tions and the preparation of O,-saturated solutions, respectively.
All aqueous solutions were prepared with Milli-Q water (Millipore,
USA).

2.2. Synthesis of graphene

Graphene was synthesized via chemical reduction of GO. GO was
made by a modified Hummers method [33], which consists of pre-
oxidation of natural graphite with concentrated H,SO4 and KMnOy,
re-oxidation with H,0,, and exfoliation by sonication. Then, the
chemical reduction of GO was carried out according to the method
reported by Li et al. [34]. In brief, 10 mL of GO dispersion with a
concentration of 0.5 mg mL~! was mixed with 70 wL NH3-H,0 (28%)
and 4 p.LNyH4-H,0 (85%) in a 20 mL glassy vial. After being stirred
for 5 min, the vial was put in a water bath (95°C) for 1 h to obtain
graphene dispersion.

2.3. Preparation of modified glassy carbon (GC) electrodes

A rotating ring-disk electrode (RRDE, Pine Research Instrument
Inc., USA) with a GCdisk (5.61 mm diameter) and a Pt ring (7.92 mm
outer diameter and 6.25 mm inner diameter) was used in this study.
Prior to the surface modification, the disk electrode was polished
with 1.0 and 0.05 pm alumina slurries, and then cleaned by sonica-
tion for 15 min. A graphene modified GC (graphene/GC) electrode
was prepared by casting the graphene suspension on the disk elec-
trode surface and drying in N, atmosphere at ambient temperature.
The loading of graphene on the surface of GC electrode was ca.
0.04 mg cm~2. Co(OH), was electrodeposited on the graphene/GC
or bare GC electrode by applying a potential of —1.1V vs. Ag/AgCl
(KCl-sat.) for 30s in 10mM Co(NOs), solution. The deposition of
Co(OH), can be expressed by the following reactions:

NO3~ +7H,0 + 8e~ — NH4* 4+ 100H- M
Co?* +20H™ — Co(OH), (In)

Cathodic reduction of NO3;~ results in the electrogeneration of
OH~ (reaction (I)), which causes a steep increase in the pH close
to the electrode surface, and then Co(OH), precipitation takes
places (reaction (II)). To investigate whether the catalytic activ-
ity of graphene was affected by electrodeposition process, we also
treated the graphene/GC electrode in 20 mM NaNOj3 solution in the
same manner.

Fig. 1. SEM images of graphene/GC (A) and Co(OH),/graphene/GC (B) electrodes.

2.4. Electrochemical, scanning electron microscopic, and Raman
spectroscopic measurements

Cyclic and RRDE voltammetric electrochemical measure-
ments were performed on a computer-controlled electrochemical
analyzer (CHI 760C, CH Instruments, Inc., USA) with a three-
electrode electrochemical cell. A Pt wire and a Ag/AgCl (KCl-sat.)
electrode were used as the counter electrode and reference
electrode, respectively. The working electrodes consisted of GC,
graphene/GC, Co(OH),/GC, Co(OH),/graphene/GC, and NaNOs-
treated graphene/GC disk electrodes and Pt ring electrode. In RRDE
measurement, Pt ring electrode was kept at +0.5V to determine
HO,~ produced at the disk electrode. All potentials are reported
vs. the Ag/AgCl (KCl-sat.) electrode. A JOEL JSM-6700F scanning
electron microscope (SEM) was employed for morphology obser-
vation and Raman Spectra were obtained using a Jobin-Yvon
LabRam-Infinity system. All experiments were carried out at room
temperature (25 °C).

3. Results and discussion
3.1. SEM images and Raman spectra of modified GC electrodes

SEM images of graphene/GC and Co(OH),/graphene/GC elec-
trodes are shown in Fig. 1. The graphene film made of many stacked
graphene layers exhibits a rough structure, which is an ideal sup-
port for depositing nanomaterials. For Co(OH), electrodeposited on
the surface of graphene film, a characteristic interlaced nanowalls
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Fig. 2. (A) Raman spectra of GO, graphene, NaNOs-treated graphene, and
Co(OH);/graphene. The corresponding D/G intensity ratios are shown in (B).

morphology is observed, which provides easy access of O, to the
underlying graphene. In comparison with the morphology of elec-
trodeposited Co(OH), reported by others [35,36], ours seems not so
regular, which may be associated with the absence of surfactants
and different substrates. The presence of Co element in energy dis-
persive spectrometer spectrum (data not shown here) confirms the
successful preparation of Co(OH), again.

Raman spectroscopy is a powerful nondestructive tool to dis-
tinguish ordered and disordered crystal structures of carbon. G
band is usually assigned to the E;; phonon of sp? atoms, while D
band is a breathing mode of k-point phonons of A;g symmetry [37].
Fig. 2 depicts Raman spectra of GO, graphene, Co(OH),/graphene,
and NaNOs-treated graphene and the corresponding D/G intensity
ratios are also shown. The spectra of these four materials are simi-
lar, which all contain D band at wavenumber of ca. 1340 cm~! and
G band at ca. 1595 cm~!, But the D/G intensity ratio increases from
1.21 of GO to 1.28 of graphene, and further rises to 1.29 after elec-
trochemical treatment by applying a potential of —1.1V for 30s in
10 mM Co(NO3 ), or 20 mM NaNOs solution. This change suggests a
decrease in the average size and an increase in the number of small
crystalline graphitic domains, which is consistent with the results
of some reports on chemical and electrochemical reduction of GO
[38-40]. As shown below, this microstructure change in graphene
has a great impact on its catalytic activity towards ORR.

3.2. Cyclic voltammetry for O, reduction

Cyclic voltammograms (CVs) for O, reduction obtained at bare
GC, Co(OH);/GC, graphene/GC, Co(OH), /graphene/GC, and NaNO3-
treated graphene/GC electrodes are shown in Fig. 3. Compared with
N,-saturated 0.1 M KOH (curve a’), there are two cathodic peaks at
ca. —0.38V and —-0.84V on bare GC electrode in O,-saturated solu-
tion (curve a). Both processes are attributed to 2-electron reduction

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

E/V(vs. Ag/AgCl, KCl-sat.)

Fig. 3. CVs recorded at bare GC (a and a’), Co(OH),/GC (b and b’), graphene/GC (c
and c’), NaNOs-treated graphene/GC (d and d’), and Co(OH); /graphene/GC (e and e’)
electrodes in N;- (a/, b/, ¢/, d’, and e’) and O,-saturated (a, b, ¢, d, and e) 0.1 M KOH
solutions. Scan rate: 50mVs~'.

of O, to HO, ™, the first of which is mediated by the active native
surface quinone-like groups with superoxide anion (05°~) as the
intermediate (reactions (III)-(VI)), while the second is a direct 2-
electron reduction (reaction (VII)) at the GC surface [41].

Q+e - Q- (1)
Q*"+02—~ Q + 02°~ (V)
20,°" +H,0 — HO,~ +0, +OH~ V)
0,°~ +H0 + e~ — HO,~ +OH™ (V1)
0, +H,0 + 2~ — HO,~ +OH™ (Vi)

The modification of Co(OH); on GC electrode does not yield
any cyclic voltammetric waves in Ny-saturated solution (curve b’),
demonstrating that Co(OH), in this system is electro-inactive in
the potential window employed. However, in O,-saturated solu-
tion, the presence of Co(OH), greatly increases the current of these
two cathodic peaks without obvious potential shifts (curve b),
indicating Co(OH), possesses excellent catalytic activity for the dis-
proportionation of 0,°*~ (reaction (V)) and HO,~ (reaction (VIII)),
which is in good agreement with our previous report [32].

2HO,~ — 20H™ +0, (VIII)

Different from bare GC electrodes, there is a pair of reversible
redox peaks (indicated by two vertical arrows) at ca. —0.40V on
the graphene/GC electrode in Nj-saturated solution (curve c’),
which can be ascribed to the quinone-like groups [42]. At such an
electrode, ORR also undergoes two processes (curve c). The first
reduction peak at ca. —0.25V is essentially redox-mediated by the
quinone-like groups at graphene (reaction (III)-(VI)). The modi-
fication of graphene on GC electrode greatly increases the peak
current and makes the peak potential shift by ca. 130 mV towards
the positive direction. The second peak at ca. —0.88 V corresponds
to further reduction of HO,~ produced to OH~ (reaction (IX)) as
will be evident with RRDE voltammetry shown below.

HO,~ +2e~ +H,0 — 30H™ (IX)

In Nj-saturated 0.1 M KOH, the CV of Co(OH),/graphene/GC
electrode (curve e’) is similar to that of graphene/GC electrode.
But the CVs of these two electrodes obtained in O,-saturated solu-
tion are totally different. The presence of Co(OH), on graphene/GC
electrode leads to an increase in the first reduction peak current
of O, to HO,~ (reaction (III)-(VI)) and a clear decrease in the sec-
ond reduction peak current of HO,~ to OH~ (reaction (IX), curve
e). Furthermore, the peak potential shifts from —0.25V to —0.20V.
However, it has been mentioned above that Co(OH); increases the
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Fig. 4. RRDE voltammograms with a rotation rate of 400 rpm at bare GC- (a and a’),
Co(OH),/GC- (b and b’), graphene/GC- (c and c’), NaNOs-treated graphene/GC- (d
and d’), and Co(OH),/graphene/GC-Pt (e and e’) electrodes in N,- (a/, b/, ¢/, d’, and
¢’) and O,-saturated (a, b, ¢, d, and e) 0.1 M KOH solutions. Scan rate: 10mVs~'.

current without potential shifts. What will be responsible for the
positive potential shift of the first peak? The change of graphene
during electrodeposition of Co(OH), should be responsible, and this
can be confirmed by CVs on NaNOs-treated graphene/GC electrode.
Based on the data available, the change mainly refers to microstruc-
ture variation mentioned above.

In comparison with 10 mM Co(NOs),, applying a potential of
—1.1V on graphene/GC electrode in 20 mM NaNO3 could not cause
the precipitation of Co(OH), on the electrode surface, but it could
also induce the microstructure variation of graphene with an
increase of D/G intensity ratio (shown in Fig. 2B). After electrochem-
ical treatment in NaNOs solution, the first peak potential shifts to
—0.20V (curve d), indicating graphene is activated during the elec-
trochemical treatment, and the activated graphene decreases the
reaction overpotential. Interestingly, besides the positive shift of
peak potential, the current response for ORR on NaNOs-treated
graphene/GC electrode is similar to that on Co(OH),/graphene/GC
electrode except for a smaller peak current. Therefore, the acti-
vated graphene also catalyzes the disproportionation of HO, ~. The
0, replenished from reaction (VIII) could be re-reduced, resulting in
the increase in the first reduction peak current of reaction (III)-(VI)
and the decrease in the second peak current of reaction (IX). On the
Co(OH),/graphene/GC electrode, current for the peak at ca. —-0.20V
increases further due to the catalytic activity of Co(OH), towards
0,°*~ and HO,~ disproportionation.

3.3. RRDE voltammetry for O, reduction

The RRDE voltammograms for O, reduction obtained at bare
GC, Co(OH),/GC, graphene/GC, Co(OH),/graphene/GC, and NaNO3-
treated graphene/GC disk electrodes and Pt ring electrode are
shown in Fig. 4. Similar to the results of cyclic voltammetry, two
reduction processes are recorded at bare GC disk electrode, and
the corresponding ring current exhibits two typical steps ascribed
to both 2-electron reduction of O, to HO,~ (curve a) [43]. Elec-
trodeposition of Co(OH), on GC disk electrode clearly results in a
larger disk current for O, reduction and a smaller ring current for
HO,~ oxidation (curve b), further confirming that Co(OH), pos-
sesses good catalytic activity for HO,~ disproportionation. Two

reduction steps are also observed on graphene/GC disk electrode
(curve c), but the modification of graphene leads to an signif-
icant increase in disk current and ca. 130 mV positive shift of
the half-wave potential. Furthermore, very different from bare
GC electrode, the second reduction process on the graphene/GC
disk electrode is attributed to the reduction of HO,~, which is
supported by the decrease in ring current. After electrochemical
treatment in 20mM NaNOs solution, it is not that easy to tell
the second reduction process on graphene modified GC electrode
(curve d), deriving from the disproportionation of HO, ~ induced by
activated graphene. The disproportionation of HO, ~ provides addi-
tional O, for the first reduction step, and decreases the amount of
HO,~ for further reduction at the second step. Consequently, the
current interval between these two stages is much smaller than
that on graphene/GC disk electrode. The deposited Co(OH), fur-
ther enhances the disproportionation of HO,~, as a result, only
one reduction step is observed on Co(OH),/graphene/GC electrode
(curve e). In comparison with bare GC electrode, the half-wave
potential for O, reduction on the Co(OH),/graphene/GC electrode
is shifted ca. 190 mV in the positive direction, and also the reduc-
tion current increases obviously. These results demonstrate that
our graphene-Co(OH), composite possesses good catalytic activity
towards ORR.

On the basis of RRDE voltammograms, we can calculate the num-
ber of electrons transferred (n) and percentage of HO,~ (% HO, ™)
for ORR. The equations used are [44,45]:

4Ip
" (Ip + Ir/N) ()
o _100(2Ir/N)
% HO, (Ip +Ir/N) 2)
where Ip and Iz denote the faradic current at the disk and ring
electrode, respectively, which are deduced by subtraction of the
current in Ny-saturated 0.1 M KOH, and N, collection efficiency, is
taken as 0.37 for our experiment. The potential dependences of
calculated n and % HO,~ are shown in Fig. 5. It can be seen from
Fig. 5A that the value of n on bare GC electrode remains at round
2 in the potential window employed (curve a), and the introduc-
tion of Co(OH), results in its increase to greater than 3 (curve b),
which is in accordance with the properties of Co(OH), mentioned
above. For graphene/GC electrode (curve c), the n value is close to
2 at low overpotentials (E>—0.4V) and gradually increases (n>3
at —0.9V), suggesting HO,~ produced reduces to OH~ at more
negative potentials. The electrochemical activation of graphene/GC
electrode in 20 mM NaNOj causes a higher n value, and the value
can reach to 3 at —0.6V (curve d), which confirms that activated
graphene does catalyze the disproportionation of HO, ~ effectively.
The value of n on Co(OH),/graphene/GC reaches 3.5 at quite low
overpotentials due to the synergistic effect of activated graphene
and Co(OH), (curve e), indicating the prepared graphene-Co(OH),
composite has high catalytic activity towards reduction of O, to
OH~. As shown in Fig. 5B, the value of % HO,~ on bare GC and
Co(OH),/GC electrodes changes minimally with potential (curves a
and b), and the introduction of Co(OH), induces a decrease of the
value from greater than 90 to ca. 45. Different from bare GC elec-
trode, the % HO, ~ value on graphene/GC electrode is dependent on
potential (curve c), in which it is higher than 80 at potentials for
the first reduction step and drops to ca. 40 at potentials more neg-
ative than —0.9V. This difference is attributed to the occurrence of
HO,~ reduction rather than the direct 2-electron reduction of O,
at the second step on graphene/GC electrode. After electrochemical
treatment in 20 mM NaNOs, the value of % HO,~ decreases obvi-
ously (curve d), and further precipitation of Co(OH), results in a
value of ca. 20 (curve e), which is accordance with our prediction
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Fig. 5. The dependence of n (A) and % HO,~ (B) on potential.

on the catalytic activity of activated graphene and Co(OH), towards
HO,~ disproportionation.

4. Conclusions

We have first demonstrated that graphene-Co(OH), compos-
ite possesses excellent catalytic activity for reduction of O, to
OH~ in 0.1 M KOH. At graphene modified GC electrode, O, reduc-
tion undergoes two successive 2-electron processes with HO,~ as
intermediate. After electrochemical treatment in 10 mM Co(NO3),,
not only precipitation of Co(OH), but also activation of graphene
occurs. The activated graphene decreases the overpotential and cat-
alyzes the disproportionation of HO,~, and its combination with
Co(OH); results in 4-electron O, reduction at lower overpotential.
The present work enriches the ORR catalysts.
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