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a b s t r a c t

Catalysts of Co(OH)2 supported on polypyrrole-modified Super P carbon and on polypyrrole-modified
BP 2000 carbon are prepared by a chemical method. The structure and morphology of the catalysts
are characterized by X-ray diffraction, X-ray photoemission spectroscopy and transmission electron
microscopy. BP 2000 carbon demonstrates larger specific surface area, lower crystallization degree and
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lower electrochemical resistance than Super P carbon. The surface characteristics of the carbon support
have notable influences on the morphology and electrocatalytic activity of Co(OH)2. Co(OH)2 distributes
much homogeneously on the polypyrrole-modified BP 2000 with more polypyrrole content, and exhibits
higher electrocatalytic activity compared with that on polypyrrole-modified Super P carbon. The DBFC
using Co(OH)2 supported on polypyrrole-modified BP 2000 as the catalysts demonstrates fairly good

−2) u
obalt hydroxide
erformance

performance (160 mW cm

. Introduction

The direct borohydride fuel cell (DBFC) has attracted much inter-
st as a potential power source for portable and mobile applications
ue to its higher electromotive force of 1.64 V and higher capac-

ty of 5.67 Ah g−1 than proton exchange membrane fuel cell and
irect methanol fuel cell [1,2]. Unlike those fuel cells working
nder an acidic electrolyte, DBFCs operate under alkaline elec-
rolytes so that non-precious metals can be used as catalysts for
orohydride oxidation reaction (BOR) and oxygen reduction reac-
ion (ORR) because BOR and ORR are more favorable in alkaline
ondition [3,4]. However, DBFCs using alkaline NaBH4 solutions
s the fuel have to keep a chemical balance of NaOH due to that
a+ functions as a charge carrier to form NaOH solution at cathode

ide during operation [5]. It is considered that this problem can
e resolved by recycling NaOH solutions with a pump from cath-
de side to anode side. In recycling NaOH solutions, how to avoid
he conductivity degradation of NaOH solutions caused by CO2
bsorption would be another problem in development of the DBFC
echnology.

Carbon supported metal macrocycle compounds such as carbon

upported Co polypyrrole [6], carbon supported Co and Fe phthalo-
yanines [7,8] are considered to be alternatives to Pt/C as cathode
atalysts due to their good electrocatalytic activities comparable to
t/C. It has been proved that the characteristics of carbon support

∗ Corresponding author. Tel.: +86 571 87951977; fax: +86 571 87953149.
E-mail address: zhoupengli@zju.edu.cn (Z. Li).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.001
nder ambient conditions.
© 2009 Elsevier B.V. All rights reserved.

significantly influence the electrocatalytic activity and stability of
metal macrocycle compounds [9–12]. For example, the dispersion
and the surface composition of metal macrocycle compounds are
dependent upon the surface properties of carbon support. The con-
ductivity of carbon support plays an important role in improving
electrocatalysis [13].

Super P is a kind of conventional carbon black which is usually
used as conducting additive in lithium-ion batteries [14]. In our
previous work [15], we studied the electrocatalytic properties of
Co(OH)2 supported on polypyrrole-modified Super P carbon. It is
considered that the specific surface area of Super P is notably lower
than that of other carbon supports such as Vulcan XC-72 or BP 2000
[16].

By using Super P and BP 2000 as a pair of comparison objec-
tives, this work investigates the influences of carbon support on
the electrocatalytic activities of Co(OH)2 supported on polypyrrole-
modified carbon.

2. Materials and methods

2.1. Catalyst preparation

The carbon dispersion was prepared by adding 10 g of carbon
powder (Super P or BP 2000) and 2.5 mL of glacial acetic acid to

150 mL of de-ionized water and then stirring for 20 min under room
temperature. After that, 2 g of pyrrole and 10 mL of H2O2 solution
(10 wt.%) were added to the carbon dispersion. The mixture was
stirred under room temperature for 3 h to form polypyrrole on car-
bon particles. The pH value of the solution was controlled to be

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zhoupengli@zju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.12.001
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round 3. The polypyrrole-loaded carbon powders were filtered,
ashed and then dried at 90 ◦C under vacuum for 10 h. The loading

f polypyrrole on the carbon was about 17 wt.%.
3 g of the polypyrrole-loaded carbon powders was placed in a

hree-necked round-bottom flask and intimately mixed with 15 mL
f Co(NO3)2 solution (10 wt.%). Then the mixture was stirred for
0 min at 80 ◦C. After that, 400 mL of NaOH solution (1 wt.%) was
dded into the mixture at a rate of 20 mL min−1 with a peristaltic
ump. The catalysts were obtained after filtering and washing
epeatedly with warm de-ionized water, and then drying at 90 ◦C
nder vacuum for 12 h. The loading of Co(OH)2 was calculated to
e about 15 wt.%.

.2. Electrode preparation

Cathodes were prepared by coating catalyst slurry on to a piece
f hydrophobic carbon cloth with a catalyst loading of 5 mg cm−2.
nodes were prepared by coating the catalyst slurry on to a piece
f Ni foam with a catalyst loading of 5 mg cm−2. The catalyst
lurry was prepared by mixing the catalyst with de-ionized water,
afion solution (5 wt.%) and anhydrous ethanol with a mass ratio
f 1:3:7:3.

.3. Characterization and measurement

The specific surface area of catalysts and carbon supports
as determined by Brunauer–Emmett–Teller (BET) isotherm
ethod with N2 adsorption under the liquid-nitrogen temper-

ture using Coulter OMNISORP-100CX instrument. The samples
ere degassed to 10−5 Pa for 2 h at 200 ◦C before testing. The crys-

al structure of catalysts was identified by X-ray diffraction (XRD)
ith Rigaku-D/MAX-2550PC diffractometer using Cu K� radiation

� = 1.5406 Å). The chemical valence states of Co and N were identi-
ed by X-ray photoemission spectroscopy (XPS) (PHI-5000C ESCA
ystem). The morphologies of catalysts and carbon particles were
bserved with a JEM-2010 transmission electron microscopy (TEM)
perated at 200 kV.

A single cell with an active area of 6 cm2 was assembled
o evaluate the electrocatalytic activity of the catalysts in the
BFC. The cell configuration was described in our previous paper

15]. The Nafion membrane N112 was used as the electrolyte.
n alkaline NaBH4 solution (5 wt.% of NaBH4, 10 wt.% of NaOH)
as used as the fuel. An Hg/HgO (1 M NaOH) electrode was

pplied as the reference electrode which was connected with the
uel tank by a salt bridge. The cell performance and electrode
olarization were measured at a fuel flow rate of 10 mL min−1

nd a dry O2 flow rate of 150 mL min−1 under ambient condi-
ions.

Electrochemical impedance spectroscope (EIS) analyses and
otating disc electrode (RDE) voltammetry tests were carried out
n a Zahner IM6 analyzer using Hg/HgO electrode as the ref-
rence electrode in a three-electrode system. The AC frequency
as varied from 10 mHz to 10 kHz with an amplitude of 5 mV.

he experimental setup and procedure of RDE voltammetry were
escribed in detail elsewhere [17]. A Pt wire electrode was used
s the counter electrode. The working electrode was prepared
s following: 8.0 mg of catalyst sample, 1.5 mL of ethanol and
.1 mL of Nafion solution (5 wt.%) were ultrasonically mixed to
orm homogenous ink. Then 20 �L of this ink was pipetted on to
he pretreated glassy carbon electrode (3 mm in diameter) and

ried at room temperature. RDE voltammograms were recorded
etween −1.0 and 0.2 V (vs. Hg/HgO) in 0.1 M KOH solution satu-
ated with O2 under room temperature at a scan rate of 10 mV s−1

nd a rotation speed of 200, 400, 600 and 800 rpm, respec-
ively.
rces 195 (2010) 3124–3129 3125

3. Results and discussion

3.1. Catalyst characterization

As shown in Fig. 1, TEM images reveal the difference in mor-
phology between Super P carbon and BP 2000 carbon. Super P
particle has smooth surface with an average size of around 40 nm,
while BP 2000 particle shows rough surface with an average
size of around 20 nm. The high resolution transmission electron
microscopy (HRTEM) observations indicate that the crystalliza-
tion degree of BP 2000 is lower than that of Super P. From
BET measurement, the specific surface area of Super P is deter-
mined to be 58 m2 g−1, which is much lower than that of BP
2000 (1443 m2 g−1). This result is consistent to the TEM observa-
tion.

Fig. 2 shows the XRD patterns of the as-prepared Co(OH)2 sup-
ported on polypyrrole-modified Super P carbon (Co(OH)2-PPY-SP)
and on polypyrrole-modified BP 2000 carbon (Co(OH)2-PPY-BP).
The XRD diffraction peaks at 19.1◦, 32.4◦, 37.9◦ and 51.3◦ corre-
spond to the (0 0 1), (1 0 0), (1 0 1) and (1 0 2) crystalline planes of
�-Co(OH)2, respectively. Widening of XRD diffraction peak of car-
bon at 26.1◦ reveals that BP 2000 carbon has low crystallization
degree, and the shifting of the peak to smaller angle implies that
BP 2000 carbon has larger interplanar spacing than Super P car-
bon. The result is consistent to the HRTEM observations as shown
in Fig. 1.

Morphologies of the prepared Co(OH)2-PPY-SP and Co(OH)2-
PPY-BP are shown in Fig. 3. It can be seen that there are some
platelets dispersed on carbon particles. The platelets are smaller
in size and distributed more homogeneously on BP 2000 carbon
than those on Super P carbon. Park and Keane [18] have found that
the strong epitaxial interaction between the catalytic species and
the graphitic planes leads to a homogeneous distribution of the
loaded Pd. It is considered that the rough surface, large interplanar
spacing and high specific surface area of BP 2000 would enhance
the epitaxial interaction between Co(OH)2 and the graphitic planes.
As a result, Co(OH)2 can be distributed homogeneously on the
BP 2000 carbon with smaller size than that on the Super P car-
bon.

Co and N electron binding energies on the surfaces of Co(OH)2-
PPY-SP and Co(OH)2-PPY-BP are investigated by XPS analysis as
shown in Fig. 4. Electron binding energy values of Co 2p1/2 and Co
2p3/2 reveal that the chemical valence of Co is +2 in these catalysts,
which is consistent with the XRD result and former studies [19]. It
is noted that the peak of Co 2p3/2 shifts from 781.0 to 785 eV in both
Co(OH)2-PPY-SP and Co(OH)2-PPY-BP. The similar phenomenon
was also observed in the study of Co-PPY/C [20]. Zhang and Bai
[21] reported that N 1s electron binding energy in polypyrrole was
399 eV. From Fig. 4(b), it can be seen that the N 1s electron bind-
ing energy in Co(OH)2-PPY-SP and Co(OH)2-PPY-BP are higher than
399 eV. The energy shifts of Co2p3/2 and N 1s electrons imply that
Co is binding to N in the Co(OH)2-PPY-SP and Co(OH)2-PPY-BP.

In addition, the N 1s peak intensity of Co(OH)2-PPY-BP is larger
than that of Co(OH)2-PPY-SP. As N is only from polypyrrole, it is
implied that BP 2000 carbon can absorb more polypyrrole than
Super P carbon because BP 2000 carbon has larger specific surface
area and lower crystallization degree. Through BET measurements,
it was found that polypyrrole-modified Super P carbon exhibited
a specific surface area (60 m2 g−1) which was equivalent to that
of the original Super P carbon (58 m2 g−1). However, the specific
surface area of polypyrrole-modified BP 2000 carbon (664 m2 g−1)

was reduced nearly 50% compared with that of the original BP
2000 carbon (1443 m2 g−1). BET results indirectly reconfirmed that
BP 2000 carbon absorbed more polypyrrole than Super P carbon.
Consequently, Co(OH)2-PPY-BP contained more polypyrrole than
Co(OH)2-PPY-SP.
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Fig. 1. TEM and HRTEM images of Super P

.2. Cell performance

Performances of the test cells using Co(OH)2-PPY-SP or
o(OH)2-PPY-BP as the catalysts are illustrated in Fig. 5. Compared
ith the cell using Co(OH)2-PPY-SP, the cell using Co(OH)2-PPY-
P demonstrates better performance. Although the cell using
o(OH)2-PPY-SP has approximate open-circuit voltage with the

ell using Co(OH)2-PPY-BP, the polarization of the cell using
o(OH)2-PPY-SP is worse than that of the cell using Co(OH)2-PPY-
P. As a result, the maximum power density of the cell using
o(OH)2-PPY-BP (160 mW cm−2) is 28% higher than that of the cell

ig. 2. XRD patterns of the as-prepared Co(OH)2-PPY-SP (a) and Co(OH)2-PPY-BP
b).
n (a and b) and BP 2000 carbon (c and d).

using Co(OH)2-PPY-SP (126 mW cm−2). Furthermore, the electrode
polarization measurements indicate that the slopes of the linear
potential-current relations corresponding to Co(OH)2-PPY-BP cath-
ode and anode are smaller than those of the linear potential-current
relations corresponding to the Co(OH)2-PPY-SP cathode and anode,
as shown in Fig. 6.

Fig. 7 shows the electrochemical impedance spectra of the anode
and the cathode at open circuit condition in a three-electrode sys-
tem. It can be seen that the modulus of anode impedance is about
10 times smaller than that of the cathode impedance, showing that
the performance of the DBFC is mainly determined by the ORR
process. The impedance spectra of cathodes demonstrate a single
impedance arc in the Nyquist plot as shown in Fig. 7(a). The diame-
ter of the single semicircle loop is a measure of the charge transfer
resistance of the ORR [22]. There are two arcs in the Nyquist plot of
anodes as shown in Fig. 7(b). The diameter of semicircle at low fre-
quencies is attributed to the charge transfer resistance of BOR [23].
It can be seen that both cathode and anode using Super P carbon as
the catalysts support exhibit larger charge transfer resistance than
those using BP 2000 carbon. Considering the results obtained from
polarization measurements as shown in Fig. 6, it can be concluded
that the use of BP 2000 carbon as the catalyst support can decrease
the electrode polarization of the PPY modified Co(OH)2 catalysts
due to the decrease of charge transfer resistance, so that the cell
performance can be improved.

As a comparison, we measured the electrochemical impedance
spectra of anode and cathode using Super P carbon and BP 2000
carbon without PPY modification and Co(OH)2 loading. The results
demonstrated that BP 2000 carbon had lower electrochemical reac-

tion resistance as shown in Fig. 7(c) and (d).

Zhang et al. [24] suggested using apparent exchange current
density (ioO2

) to evaluate the electrocatalysis through establishment
of an equivalent circuit and simulation of the Nyquist plots. Accord-
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Fig. 3. TEM images of Co(OH)2-PPY-SP (a) and Co(OH)2-PPY-BP (b).
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Fig. 4. Co 2p (a) and N 1s (b) core-level XPS

ng to Eq. (1), the apparent exchange current densities for ORR can
e evaluated.

OCV = RT

n˛OFioO2

(1)

here R is the universal gas constant (8.314 J mol−1 K−1), T is the

emperature (K), n˛O is the electron transfer numbers related to
RR.

The n˛O values corresponding to Co(OH)2-PPY-SP and Co(OH)2-
PY-BP cathode were determined to be 2.9 and 3.7, respectively,

ig. 5. Cell performance of DBFCs using Co(OH)2-PPY-SP or Co(OH)2-PPY-BP as the
atalysts under ambient conditions.
ra of Co(OH)2-PPY-SP and Co(OH)2-PPY-BP.

which are calculated by Koutecky–Levich plots according to the
RDE voltammograms as shown in Fig. 8. The corresponding ROCV

values were obtained from the diameter of the semicircle at the
low frequency in Fig. 7(a). According to Eq. (1), the apparent
exchange current densities of ORR at Co(OH)2-PPY-SP and Co(OH)2-
PPY-BP cathode are calculated to be 2.77 × 10−4 A cm−2 and
3.54 × 10−4 A cm−2, respectively, which reveals that ORR demon-

strates faster kinetics on Co(OH)2-PPY-BP. It is considered that the
homogeneous dispersion of Co(OH)2 on polypyrrole-modified BP
2000, provides more active sites for the electrochemical reactions
so that ORR kinetics is improved.

Fig. 6. Cathode and anode polarization curves of DBFCs using Co(OH)2-PPY-SP or
Co(OH)2-PPY-BP as the catalysts under ambient conditions.
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Fig. 7. Electrochemical impedance spectra for the cathodes of Co(OH)2-PPY-SP and Co(OH
of Super P carbon and BP 2000 carbon (c); the anodes of Super P carbon and BP 2000 carb

Fig. 8. Koutecky–Levich plots at −0.6 V obtained at Co(OH) -PPY-SP/GC and
C
a
f

4

C
e
d

(

[7] J.F. Ma, Y.N. Liu, P. Zhang, J. Wang, Electrochem. Commun. 10 (1) (2008)
2

o(OH)2-PPY-BP/GC electrode in O2 saturated 0.1 M KOH solutions at room temper-
ture. The theoretical slopes calculated assuming the 2- and 4-electron processes
or the O2 reduction are given.

. Conclusions

Based on the microstructure and morphology studies to
o(OH)2-PPY-SP and Co(OH)2-PPY-BP, and investigations of their
lectrochemical catalytic activities, several conclusions can be
rawn as follows:
1) The characteristics of carbon support demonstrate notable
influences on the morphology and the electrocatalytic activity
of the polypyrrole-modified carbon supported Co(OH)2.

[

)2-PPY-BP (a); the anodes of Co(OH)2-PPY-SP and Co(OH)2-PPY-BP (b), the cathodes
on (d).

(2) BP 2000 carbon demonstrates larger specific surface area and
lower electrochemical resistance than Super P carbon. Co(OH)2
could distribute much homogeneously on the polypyrrole-
modified BP 2000 carbon. The prepared Co(OH)2-PPY-BP
contains more polypyrrole than Co(OH)2-PPY-SP.

(3) Co(OH)2-PPY-BP demonstrates lower charge transfer resistance
towards BOR and faster ORR kinetics than Co(OH)2-PPY-SP. The
use of BP 2000 as carbon support could effectively decrease the
electrochemical resistance of the electrodes in DBFCs so that the
DBFC using Co(OH)2-PPY-BP as catalyst demonstrates higher
power density than the cell using Co(OH)2-PPY-SP.
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