Yy HAL R (Wuli Huaxue Xuebao)
Month Acta Phys. -Chim. Sin., 2010, 26(X):001-009 001

[Communication]

www.whxb.pku.edu.cn

NiCo,0, 5(7]' H.0, Eﬁ'&i‘gi&_qq EE.'T'kiJ‘&}?JiE E(ﬂ’E'T't‘/ﬁ'jj

= . wox 97
BAL WERET ERE FRE
(/R TR AR R 2 S Ak TRES B, R /RIE 150001)

WE. FRER-BEEEE T 99K NiCo,0,, HAIH X SRS S st T HEm AR e, 4558
FHH NiCo,0, HA S f A 85, HAP-HRA2 290 15 nm. FI| FH EE S 3 1 A0 1E B 34k 5 T LX) HL0, ZEmE:
VR PP AR 2R S R B B AR PR RE. R NiCo,0, % HyO, B A7 [ ELAT 55 B AL T M AR 2 1, 76 HLO, ¥R
JEMRT 0.6 mol - L B, JCHL Ak 2% Jit S i 32 2038 i) 4R IR 2 HET . DL NiCo,0, A BHR A AL A9 AL-HLO, 2
SRR TE 2R R IO LRSS 1.6 V; 78 1.0 mol - L™ HyO, VAWK P, IS (R 23835 200 mW -cm2, IS B 3 35 B oy
220 mA-cm™

KEBIR:  ANRER, WOREME; kISR, BIMRER SRk H
hESES.: 0646.5; 0643

Catalytic Behavior of NiCo,0, for H,0, Electroreduction in
Alkaline Medium
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Abstract: NiCo,0, nanoparticles were synthesized using a sol-gel method. Their structures and morphologies were
characterized using X-ray diffraction (XRD) and transmission electron microscopy (TEM). Results indicate that NiCo,O,
has a spinel structure and an average diameter of around 15 nm. The catalytic behavior of NiCo,O, for H,O,
electroreduction in alkaline media was investigated by linear potential sweep and chronoamperometry. NiCo,O, shows
considerable activity and stability for the electrocatalytic reduction of H,O,. The electroreduction occurs mainly via a
direct pathway at H,O, concentrations lower than 0.6 mol+L™. An Al-H,0, semi-fuel cell was constructed using NiCo,0,
as the cathode catalyst. The cell displays an open circuit voltage of 1.6 V and a peak power density of 209 mW -cm™ at
220 mA -cm™ running on 1.0 mol-L™ H,O, at ambient temperature.

Key Words: Nickel cobaltite; Hydrogen peroxide; Electrochemical reduction; Cathode catalyst; Metal semi-
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Fuel cells for use in air-free environments, such as in space or
underwater, require liquid or constringent O, as cathode oxidant.
The bulky tank for carrying O, significantly reduces the energy
density and safety standard of fuel cell systems. Since high energy
density and safety are critical for fuel cells as space or underwa-

ter power sources, alternative oxidants other than O, have been
investigated, such as H,O,. In recent years, several types of fuel
cells using H,O, as oxidant have been reported, including direct
methanol-hydrogen peroxide fuel cells!'™!, direct borohydride-
hydrogen peroxide fuel cells"=!, and metal-hydrogen peroxide
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semi fuel cells™,

H,0, as fuel cell oxidant has many advantages: (1) H,O, is a
powerful oxidant and can be converted into hydroxyl radicals
with a reactivity second only to fluorine®; (2) the single O—O
bond energy of H;O, (51 kJ-mol™) is much lower than the double
O—O0 bond energy of O, (498 kJ-mol™ ). The exchange current
density of H,O, reduction is around 3—6 order higher than that of
0, reduction"®”, so fuel cells using H,O, as oxidant tend to pro-
vide higher performance than that using O, as oxidant; (3) H,O, is
liquid and its handling, storage, and delivery to a fuel cell are
easy, which make the fuel cell system more compact and conve-
nient; (4) the electroreduction reaction of liquid H,O, occurs in a
solid/liquid two-phase reaction zone of the cathode, while O,
electroreduction requires a solid/liquid/gas three-phase region
(gas diffusion electrode). The two-phase reaction zone is more
readily realizable and easier to maintain during fuel cell opera-
tion than the three-phase region.

The performance of H,O, cathode significantly depends on
the nature of cathode catalysts. Several types of H,O, electrore-
duction electrocatalysts have been investigated, including noble
metals (Pt, Pd, Ir, Au, Ag, and a combination of these metals)##"'2,
macrocycle complexes of transition metals (Fe- and Co-porphy-
rin, Cu-triazine complexes)® !, and other types such as PbSO,
and Co;0,"*!. Among these types of electrocatalysts, the most
active and stable one is the noble metal type. However, noble
metals, besides expensive, also catalyze the chemical decompo-
sition of H,O, to O,. The evolved O,, if not further electro-
reduced, will contribute little usable electrical energy, and there-
fore robs the system of energy density. Therefore, seeking elec-
trocatalysts with low cost and less active for H,O, decomposi-
tion is necessary. Our previous study"” demonstrates that Co;0,
nanoparticles have good activity and stability for electrocatalytic
reduction of H,O, in alkaline solution.

NiCo,0, has been known to be an active and stable bifunctional
catalyst for O, evolution and reduction in alkaline media!®~*",
Structure analysis has shown the existence of Ni*, Ni*, Co*, and
Co™ in this compound®. The redox couples of Ni*/Ni* and Co*/
Co®* might be responsible for the catalytic activity of NiCo,O,
for oxygen reduction and evolution. H,O, radicals has been pro-
posed to be the intermediate of oxygen electroreduction on
NiCo0,0,#", which suggests that NiCo,0, might possess activity
for direct electroreduction of H,O.,.

In this paper, nano-sized NiCo,0, particles were prepared and
their electrocatalytic activity and stability for H,O, electroreduc-
tion were investigated. The performance of an Al-H,O, semifuel
cell using NiCo,0, as cathode catalyst was evaluated. This study
opens up a possibility for the development of a low cost H;O,
electroreduction catalyst.

1 Experimental

1.1 Synthesis and characterization of NiCo0,0,
NiCo,0,powder was synthesized by a sol-gel method. Ni(NO),*

6H,0 (>99.0%), Co(NOs),* 6H,0O (>99.0%) and NH,HCO, (NH,:

21.0% —22.0% ) were used as source materials without further
purification. Equal volumes of 1.0 mol+L™ cobalt nitrate and 0.5
mol - L™ nickel nitrate aqueous solution were mixed thoroughly.
3.3 mol -L™ NH,HCO; solution was then added dropwise to the
above mixture at room temperature under constant stirring. The
molar ratio of Ni(NOs),:Co(NO;),:NH,HCO; was 1:2:6.6. The
resulting precipitate was separated from the solution by vacuum
filtration, washed thoroughly with ultrapure water, and then dis-
solved in excess propionic acid (analytical grade, 150 mL per 100
g precipitate). The solution was heated at 140 C to remove most
of the excess water and propionic acid until a violet gel was
formed. The gel was further heated at 180 C in a stove under at-
mosphere for 24 h. After cooling to room temperature, the dry
gel was finely ground and calcined at 300 C in air for 3 h.

The phases and average particle size of the resulting powder
were determined using an X-ray diffractometer (XRD, Rigaku
TTR 1III, Japan) with Cu K, radiation (A=0.1514178 nm). The
diffractograms were obtained in a scan range of 20 from 10° to
80° with a step width of 0.01° and a scan rate of 5 (°)*min™. The
morphology of the particles was examined using a transmission
electron microscope (TEM, FEI Tecnai G2 S-Twin, Philips, Hol-
land) equipped with an energy-dispersive X-ray spectrometer
(EDX). Samples were dispersed in anhydrous ethanol and loaded
on carbon-coated copper grids.

1.2 Preparation of NiCo,0, electrode

To prepare NiCo,0, electrode, NiCo,O, powder and carbon
black (Vulcan XC-72, Cabot Corporation, USA) were dispersed
in anhydrous ethanol and sonicated for 15 min to obtain a sus-
pension, to which a PTEF emulsion(40%, Jiangsu Huayuan H-
Power Tech. Co., Ltd., China) was added. The mixture was son-
icated for another 15 min and then heated at 80 C in a water
bath until a thick paste was formed. The paste was applied to a
nickel foam current collector (Changsha Lyrun New Material Co.
Ltd., China). The nickel foam containing the paste was then
heated at 110 C for 5 h. The dry weight ratio of NiCo,0,:carbon
black :PTEF was 7:3:1. The obtained NiCo,0,/C/Ni-foam elec-
trodes were used for both tests in the electrochemical cell as the
working electrode and in the fuel cell as the cathode.

1.3 Electrochemical measurements

The electrochemical measurements were performed in a stan-
dard three-electrode electrochemical cell at room temperature
using a 3.0 mol-L™ NaOH (analytical grade) as the electrolyte
solution. A glassy carbon rod behind a D-porosity glass frit was
employed as the counter electrode and a saturated Ag/AgCl,
KCI electrode served as the reference. The NiCo0,0,/C/Ni-foam
working electrode has a dimension of 10 mmx10 mmx0.5 mm
(Iengthxwidth xthickness) with a NiCo,O, loading of around 15
mg *cm™. The cyclic voltammograms and chronoamperometry
curves were recorded using a computerized VMP3/Z potentiostat
(Princeton Applied Research, USA) controlled by EC-lab soft-
ware. The reported currents were normalized to the geometrical
area of the electrode. All solutions were made with Milli-Q water
(18 M -cm). All potentials were referred to the saturated Ag/
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AgCl, KCl reference electrode unless specified.
1.4 Al-H,0, semi-fuel cell tests

The performance of NiCo,0O, as cathode catalyst of the Al-
H,O, semi-fuel cell was examined using a home-made flow
through test cell made of Plexiglas. The aluminum alloy anode
(LF6, Northeast Light Alloy Co., Ltd.) and the NiCo,0,/C/Ni-
foam cathode possessed the same geometrical area of 4.0 cm?
(20 mmx20 mm). Nafion-115 (DuPont, USA) membrane was used
to separate the anode and the cathode compartments. The anolyte
(3.0 mol - L™ NaOH) and the catholyte (3.0 mol-L~' NaOH+
axmol - L™ H,0,) were pumped into the bottom of the anode and
the cathode compartments at a flow rate of 100 mL-min™, respec-
tively, and exited at the top of the compartments. The discharge
performance of the Al-H,O, semi-fuel cell was measured at
ambient temperature using a computer-controlled E-load system
(Arbin, USA).

2 Results and discussion
2.1 Characterization of NiCo,0,

A typical XRD profile of the synthesized NiCo,0, powder
calcined at 300 C is shown in Fig.1, in which the standard
powder XRD pattern of spinel NiCo,0, from a JCPDS card 000-
020-0781 (vertical lines) is included for comparison. Clearly, the
pattern of our synthesized sample matches well with the standard
XRD pattern of NiCo,0,, and only peaks due to the reflections
of NiCo,0, are visible. The cubic cell parameter is calculated to
be a=0.812 nm, which corresponds with ¢=0.811 nm given by
the JCPDS 000-020-0781 file. These results demonstrate that the
synthesized sample is pure NiCo,O, with a spinel structure. The
calcination temperature is critical and should be controlled within
the range of 250—-350 C. Calcination at temperatures above 400
C results in the decomposition of NiCo0,0, to NiO and Co,0,.
Samples calcined below 250 ‘C exhibit an amorphous state. The
broad XRD lines indicate the nano-crystalline nature of the ma-
terial. The crystallite sizes are estimated using Scherrer’s rela-
tionship™!, d=KA/(Bcosf), where d is the average diameter in
nm, K is the shape factor, B is the half width of the [440] peak, A
is the wavelength of X-rays (0.1514178 nm) and 6 is Bragg’s
diffraction angle. The estimated average crystallite size is 15 nm.

@
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JCPDS 000-020-0781 ‘
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Fig.1 XRD pattern of NiCo,0,

Fig.2 TEM image of NiCo,0,

TEM image of NiCo,O, powder (Fig.2) confirms that the diam-
eter of the individual NiCo,O, particles is around 10-20 nm. The
particles are roughly in spherical shape and agglomerate together.
The EDX analysis indicates that the molar ratio of Ni to Co is
9.5:18.8, which agrees well with the stoichiometric ratio of Ni to
Co in NiCo,0,.
2.2 Electroreduction of hydrogen peroxide on
NiCo,0, electrode

Fig.3 shows the current-potential polarization curves for the
electroreduction of H,O, with various concentrations on NiCo,O,/
C/Ni-foam electrode. The onset potential for H,O, electroreduc-
tion is around —0.16 V. Cathodic currents increase with the in-
crease of H,O, concentration. The current density is higher than
that obtained on the Co;0, electrode as we reported previously'.
For example, a current density of 160 mA cm™ is achieved on
the NiCo,0, electrode, but only 120 mA cm™ is obtained on the
Co,0, electrode at —0.4 V for 0.6 mol -L™ H,O,. It should be noted
that even though high current density can be achieved at high
H,O, concentration, the chemical decomposition of H,O, to O,
becomes more significant at high H,O, concentration. Interest-
ingly, electrochemical current oscillation during H,O, reduction
on the NiCo,0, electrode in 1.2 mol*L™" H,O, is observed within
the potential range from —0.57 to —0.69 V. Similar phenomena
have been reported for H,O, reduction on metal (Pt, Au, and Ag)
and semiconductor (CuFeS,, CulnSe,, and GaAs) electrodes in
acidic, neutral, and basic medium®-*3, We also measured the cur-
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0.4
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360 electrolyte: 3.0 mol-L" NaOH solution
1 1 1

1
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E/V (vs Ag/AgCl)

Fig.3 Current density (i)-potential (E) curves for H,0,
electroreduction on NiCo,0, electrode
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rent density—potential curve of C/Ni-foam electrode (NiCo0,0,-
free) in 3.0 mol-L™ NaOH containing 0.6 mol-L™ H,0, and found
the cathodic current density is less than about 1.5 mA -cm 7
which is remarkably lower than that measured on NiCo,0,/C/Ni-
foam electrode. This confirms the existence of the electroca -
talytic activity of NiCo,0, for H,O, reduction.

The H,0, cathode reaction can occur via a direct 2e” pathway
or an indirect 4e”~ pathway. In the indirect mode, H,O first de-
composes to O,, which was then electro-reduced, so H,O, simply
serves as an O, carrier. In the direct mode, H,O, is delivered to
the cathode and directly reduced electrochemically (H,O,+2e—
20H)"). Clearly, the direct pathway is preferable because: (1) the
direct electroreduction of H,O, is a 2e~ process and hence has a
lower activation energy than the electroreduction of O, (4e” pro-
cess); (2) the theoretical potential for the direct reduction of H,O,
(0.878 V) is higher than that for O, reduction (0.401 V) in a basic
medium, so the direct reduction of H,O, produces a larger cell
voltage. We indeed noted the occurrence of chemical decompo-
sition of H,O, on NiCo,0,, particularly at H,O, concentration
higher than 0.6 mol-L™. Considering NiCo,0, is able to catalyze
0, electroreduction in alkaline medium*™, there is possible that
the H,O, electroreduction may go through the indirect pathway.
In order to investigate via which pathway H,O, reduction over
NiCo,0, proceeds, the cyclic voltammogram of NiCo,0, is first
taken in a blank 3.0 mol- L~ NaOH solution (Fig.4, dot line), and
then in an Oy-saturated 3.0 mol -L™ NaOH solution (Fig.4, solid
line). Clearly, an O, reduction peak is observed with the peak
current density of 4.5 mA -cm™ at —0.29 V. This current density,
however, is nearly 6.3% of that for H,O, reduction (71 mA -cm™
for 0.4 mol -L™ H,0,, Fig.3). So it can be concluded that H,O,
reduction on NiCo,0, mainly proceeds through the direct 2e-
pathway. The cyclic voltammogram of NiCo,0, recorded in
blank NaOH solution displays significant lower cathodic current
densities than that taken in H,O,-containing NaOH solution.
This result confirms that the cathodic currents are from the elec-
troreduction of H,O, and demonstrates the catalytic activity of
NiCo,0, for H,0O, electroreduction.

Fig.5 shows the current density —time curves for H,O, elec-
troreduction in 3.0 mol L~ NaOH+0.6 mol -L™ H,0O, solution
over NiCo,0, electrode at various constant potentials. At —0.2 and

4.0
scan rate: 5 mV-s™
2.0+

i/ (mA-cm?)
(=3
o
T

in 3.0 mol-L" NaOH /Solution
6.0  inO,-saturated 3.0 mol-L ' NaOH solution

1 1 1 1
-0.5 -0.4 -03 -0.2 -0.1
E/V (vs Ag/AgCl)

Fig.4 Cyclic voltammograms of NiCo,0, electrode
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Fig.5 Chronoamperometric curves for H,0,
electroreduction at different potentials

—0.3 V, current densitions rapidly reach the steady-state and re-
main constant within a 30-minute test period, indicating NiCo,O,
being stable for H,O, reduction. At —0.4 V, current densities ir-
regularly fluctuate with the maximum amplitude of around 20
mA +cm™, but overall display no decrease. This behavior might
result from the depletion of H,O, near the NiCo,O, surface and/
or the current oscillation phenomena. The current densities are
higher than previously reported on Co;0, electrode"”, indicating
that NiCo,0, is more active than Co;0,.
2.3 Al-H,0, semi-fuel cell test

In order to evaluate the performance of NiCo,0, as the cath-
ode catalyst for fuel cells using H,O, as oxidant, an Al-H,0, sin-
gle semi-fuel cell was constructed to serve as a model fuel cell.
Fig.6 shows the plots of cell voltage and power density versus
current density at ambient temperature with varying concentra-
tions of H,O, solution feeding to the cathode. The cell has an
open circuit voltage of 1.6 V. At current density below about
100 mA -cm™, the cell voltage decays linearly with the increase
of current density and is independent of H,O, concentration. At
current densities higher than 100 mA -cm, the cell performance
depends on H,O, concentration. A maximum peak power density
of 209 mW -cm™ at 220 mA -cm™ was achieved when the cell
operating on 1.0 mol -L™ H,0,. Further increase of H,O, conce-
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Fig.6 Plots of cell voltage and power density versus current
density of the Al-H0; single semi-fuel cell with different
concentrations of H,0,
anolyte: 3.0 mol-L"' NaOH solution, catholyte: 3.0 mol- L™ NaOH+H,0, solution
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ntration to 1.5 mol*L™ reduces the cell performance. This is likely
due to the severe decomposition of H,O, as indicated by the
generation of large numbers of O, gas bubbles on the cathode.
The formation of O, bubbles reduces the effective electrode area
for H,O, reduction and affects diffusion of H,O, to the NiCo,0,
surface.

It should be pointed out that the Al-H,O, semi-fuel cell pre-
sented in this work is only for the demonstration of the feasibility
of NiCo,0, as a cathode catalyst for fuel cells using H,O, as ox-
idant. The cell configuration, cathode structure and operation
parameters, such as temperature and flow rate, are not optimi-
zed. The cell performance can be enhanced, for example, by
reducing /R drop and improving cathode structure to allow better
mass transport of H,O,. Notably, NiCo,O, can also be used in
other fuel cells using H,O, as oxidant, such as direct alkaline
NaBH,-H.0, fuel cells.

3 Conclusions

Spinel structure nano-sized NiCo,0, particles are synthesized
and tested as electrocatalyst for H,O, reduction in alkaline
medium. NiCo,O, exhibits higher electrocatalytic activity than
Co,0, and has good stability in alkaline electrolyte. The elec -
troreduction occurs primarily via the direct pathway at low H,O,
concentration. Chemical decomposition becomes severe at high
H,0, concentration. An Al-H,0O, semi-fuel cell constructed using
NiCo,0, as cathode catalyst displays an open circuit voltage of
1.6 V and a peak power density of 209 mW -cm™ at 220 mA -cm™
running in 1.0 mol -L ™ H,0, solution at ambient temperature.
This study demonstrates that NiCo,0, is a promising low cost
cathode catalyst for fuel cells using H,O, as oxidant.
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