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Abstract

Cobalt nanoparticles on an amorphous Si;N4 matrix were synthesized by direct ball-milling of Co and Si3;N4 powders for an improvement of their
electrochemical performance. The microstructure, morphology and chemical state of the ball-milled Co—Siz N, composites are characterized by X-
ray diffraction (XRD), transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). The electrochemical performance of
Co-Si3; N, composites was investigated by galvanostatic charge—discharge process and cyclic voltammetry (CV) technique. It is found that metallic
Co nanoparticles of 10-20 nm in size are highly dispersed on the amorphous inactive SizN4 matrix after the ball-milling. The composite with a
Co/Si molar ratio of 2/1 shows the optimized electrochemical performance, including discharge capacity and cycle stability. The formation of Co
nanoparticles with a good reaction activity is responsible for the discharge capacity of the composites. The reversible faradic reaction between Co
and 3-Co(OH); is dominant for ball-milled Co—Si; N, composite. The surface modification of the hydrogen storage PrMg,,—Ni composites using

Co-SizN4 composites can enhance the initial discharge capacity based on the hydrogen electrochemical oxidation and Co redox reaction.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that cobalt has a wide application in various
power sources, including Ni-metal hydride (Ni-MH) batteries,
lithium ion batteries, proton exchange membrane fuel cells
(PEMEFCs) and solid oxide fuel cells (SOFCs) [1-4]. It is
reported that hydrogen can be stored in crystalline Co powder
and Co oxides in the form of CoHy due to the phase transi-
tion from hcp-Co to fcc-Co during the charge process [5,6].
In recent years, extensive research has been focused on cobalt-
based alloys as hydrogen storage electrode materials, such as
Co-B, Co-P, Co-Si and MgNi—CoB [7-11], which are demon-
strated to have a good electrochemical reversibility and large
charge—discharge capacities. However, metallic Co is an active
material being easily oxidized or corroded in air or electrolyte
environments [12], so that insoluble and stable cobalt oxide
films are formed on the surface of metal particles [13]. Particu-
larly, it was reported that Co(OH);, underwent a quasi-reversible

* Corresponding author. Tel.: +86 22 23500876; fax: +86 22 23500876.
E-mail address: xpgao@nankai.edu.cn (X.P. Gao).

0378-7753/$ — see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2008.01.077

reduction to cobalt at potentials close to the hydrogen evolution
reaction [14]. Electroless cobalt coatings on the surface of ABj
hydrogen storage alloys were shown to have beneficial effects
on the discharge capacity and cycle life due to the faradaic
reaction in the Co/Co(OH), couple [15,16]. Furthermore, the
metallic cobalt in alkaline solution has different valence changes
as the oxidation potential varied [17], and the conversion from
Co to Co(OH), occurs at the potential of —0.83 to —0.85V
(vs. Hg/HgO) [15]. The utilization of the metallic cobalt in the
oxidation reaction is greatly determined by the particle size or
dispersion of active materials. On the other hand, the amor-
phous structure is more effective for the enhanced utilization due
to faster transport of active species as compared to crystalline
materials [15].

Ball-milling is an efficient method for preparing well-
dispersed nanoparticles, and the incorporation of inactive
materials can effectively restrain the agglomeration of active
nanomaterials. Hayashi et al. found that cobalt nanocrystals
were completely isolated from each other by graphite-like car-
bon as the carbon layers, which can significantly reduce the
exchange coupling between these nanocrystals [18]. The dual-
phase composites consisted of active Si and inactive material
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such as Si-Si3Ny [19], showed improved electrochemical per-
formance as anode materials for lithium ion batteries. This is
due to the uniform distribution of active nanoparticles on the
inactive matrix.

Silicon nitride (SizNy4) exhibits a good chemical stability and
an electrochemical passivation in alkaline solution. In this work,
the Co—Si3 N4 composites are prepared via a ball-milling process
and their electrochemical behaviors are investigated. In addi-
tion, the effect of the Co—Si3zN4 composites as additives on the
discharge capacity of PrMgj, hydrogen storage alloy is also
investigated.

2. Experimental

The Co-Si3Ns composites were prepared by direct ball-
milling of cobalt powder (purity, 99%) and amorphous SizNy
particles (from HeFei Kaier Nanometer Technology Develop-
ment Co., Ltd.) using a planetary-type ball-miller. The weight
ratio of balls to powder was set to be 20/1 and the ball-milling
was conducted with a rotation rate of 580 rpm for 13 h under Ar
atmosphere. All samples were characterized by X-ray diffraction
(XRD, Rigaku D/max-2500). The morphology, microstructure
and chemical state were investigated with transmission elec-
tron microscopy (TEM, FEI Tecnai 20) and X-ray photoelectron
spectroscopy (XPS, Kratos Axis Ultra DLD).

The electrochemical measurements were carried out in a
three-compartment cell. A sintered nickel electrode with a large
capacity and an Hg/HgO electrode in 6 M KOH solution served
as counter and reference electrodes, respectively. Electrodes
were constructed through mixing as-prepared composites with
carbonyl nickel powder in a weight ratio of 1:3. The mixture
powder was pressed under 30 MPa into a small pellet of 10-
mm diameter and 1.5-mm thickness. Charge—discharge cycle
tests were performed using Land battery test instruments con-
trolled by a computer. The negative electrodes were charged at a
current density of 300 mA g~! for 90 min, and then discharged
to —0.6V (vs. Hg/HgO) at the current density of 60 mA g~!
after resting for Smin at room temperature. Cyclic voltam-
metry (CV) experiments were conducted using Zahner IM6e
electrochemical workstation. The working electrodes for CV
test were made by mixing active materials with polytetrafluo-
roethylene (PTFE) aqueous suspension, pasting the mixture on
nickel foam and then dried in a vacuum drier before testing.
The potential scan rate was set to be 0.2mVs~! and the ini-
tial potential was the steady value of the electrode in alkaline
solution.

To investigate the electrochemical reaction mechanism, the
microstructure of the ball-milled Co—Si3N4 composites after
different cycles was measured by XRD. In order to avoid the
influence of the Ni diffraction peaks, the electrodes for XRD
measurement were prepared by mixing Co-SizNy powders,
acetylene black and polytetrafluoroethylene at the weigh ratio
of 10:2:1 into a paste, which was roll pressed to 0.15-mm thick
film and then pressed onto a porous nickel mesh. After electro-
chemical cycles, the samples at different discharged and charged
states for XRD measurements were washed with distilled water
and ethanol, and dried in vacuum at 80 °C for 3 h.

The PrMgi, alloy was synthesized through a molten-salt-
cover-melting process by melting a stoichiometric mixture
of metallic Pr and Mg as reported in our previous work
[20]. The ingot was then pulverized to 200 mesh. The mod-
ification was conducted by further mechanical milling of
the PrMg;,> alloy with 200 wt% of carbonyl nickel powder
(255INCO) and Co-Si3zN4 composite (14 wt%). The weight
ratio of carbonyl nickel powders to the pulverized alloy was
set as 2:1 (total mass of 6 g). The charge—discharge curves of
PrMg12-Ni—(Co-Si3Ny) composite were performed in an alka-
line solution. When the discharge capacity was calculated, only
the PrMg>—Ni composite was considered as the active material.

3. Results and discussion

Fig. 1 shows XRD patterns of ball-milled Co and Co—SizNy
composites with different Co/Si molar ratios. The original Co
powders have two structures of cubic structure (JCPDS 89-4307)
and hexagonal structure (JCPDS 89-4308). All diffraction peaks
of ball-milled Co and Co—Si3N4 composites are broadened and
weakened, indicating the formation of nanocrystalline Co during
the ball-milling process. It is also shown that there are no new
phases, such as Si, Co—Si and Co-N, formed in the Co—SizNy4
composites or decomposed from Si3Ny particles during the ball-
milling process.

Initial charge and discharge curves of Co-Si3N4 compos-
ites with different Co/Si molar ratios are presented in Fig. 2.
It is noted that all samples can be discharged directly without
a pre-charged process in the first cycle, corresponding to the
electrochemical oxidation of Co into Co(Il) in the absence of
hydrogen atom in the lattice of alloy or metal, which are differ-
ent from metal hydride electrodes. After the pre-charged process
in the first cycle, the initial discharge capacities increase obvi-
ously for all samples. These oxidized species (as shown in XPS)
on the surface of the Co—Si3N4 composite are first reduced to
Co during the pre-charged process and subsequently also oxi-
dized to Co(OH),, hence the increased capacity is obtained for
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Fig. 1. XRD patterns of ball-milled Co and Co—Si3 N4 composites with different
Co/Si molar ratios.
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Fig. 2. Initial charge—discharge curves of Co—Si3N4 composites with different
Co/Si molar ratios: (a) discharging directly in the first cycle and (b) charging
directly in the first cycle.

all pre-charged samples in the first cycle. The discharge poten-
tial plateau in the first cycle for all samples is lower as compared
with that of metal hydride electrodes.

The cycle performance of ball-milled Co, SizN4 and
Co-Si3Ny4 composites with different Co/Si molar ratios at the
discharge current density of 60mA g~! is indicated in Fig. 3.
It is clear that the amorphous Si3Ns powders are electro-
chemically inactive in alkaline solution. The electrochemical
capacity of ball-milled pure Co sample is only 144 mAhg~!
after 5 cycles. It is demonstrated that there is an activation pro-
cess and all Co—Si3N4 composites exhibit considerably larger
reversible capacities as compared with the ball-milled Co sam-
ple. The discharging capacities of Co—Si3zN4 composites vary
with increasing the Co/Si molar ratio from 1/1 to 4/1. The
addition of inactive Si3N4 here is to ensure the homogeneous dis-
tribution of active cobalt particles for obtaining large capacities.
The higher fraction of active Co in the composites is favorable
for improving the cycle stability of the composite electrode,
because the cycle performance of composites with the Co/Si
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Fig. 3. Cycle performance of ball-milled SizNy4, Co and Co—SizN4 composites.

molar ratio of 3/1and 4/1 is similar to pure Co electrode, exhibit-
ing a quite good capacity retention. It can be seen that the
maximum reversible electrochemical capacity (403 mAhg™")
of the Co—Si3Ny4 composites is obtained at the molar ratio of
Co/Si=2/1. According to a two-electron reaction process, the
theoretical capacity of the Co redox is 909 mAh g~! based on
Faraday’s law. The calculated effective capacity of the active
metallic Co is 562 mAh g~ after deduction of the mass contri-
bution of SizN4 powders. The utilization of the active metallic
Co is 61.9% for the Co—SizN4 composite with the molar ratio
of Co/Si=2/1. When excessive Co is involved in the compos-
ite, it seems that the agglomeration of the active Co particles
becomes more serious, which leads to lower utilization of metal-
lic Co. However, the high fraction of electrochemical inactive
Si3Ny in the Co—SizNy composites results in a poor discharge
capacity. Therefore, the composite with a Co/Si molar ratio of
2/1 shows the optimized electrochemical performance (includ-
ing discharge capacity and cycle stability), which is used for
further investigation of the microstructure and electrochemical
performance in the following sections.

Typical TEM images of amorphous Si3Ny4 nanoparticles and
ball-milled Co—Si3N4 composite (Co/Si=2/1) are illustrated in
Fig. 4. The Si3N4 amorphous matrix is observed clearly from
the TEM image (Fig. 4a), in good agreement with the above
XRD analysis. The cobalt nanoparticles with the size between
10 and 20 nm are well dispersed throughout the Si3N4 amor-
phous matrix as shown in Fig. 4b. The inactive Si3N4 matrix can
ensure the high dispersion of Co nanoparticles by depressing the
random conglomeration of nanoparticles during the high-energy
ball-milling process. The formation of Co nanoparticles with a
good reaction activity is responsible for the improved electro-
chemical performance of the Co—Si3N4 composites in alkaline
solution.

In order to identify the surface chemical state of the as-
prepared sample, Co 2p, Si 2p and N 1s core level spectra,
before and after Ar* sputtering, were recorded in Fig. 5. The
cobalt exists as CoO (780.2eV) on the he surface of the ball-
milled Co-Si3N4 composite before Ar* sputtering, due to the
surface oxidation of active Co nanoparticles in air. After Ar*
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Fig. 4. TEM images of amorphous Si3Ny particles (a) and ball-milled Co—Si3N4 composite with the Co/Si molar ratio of 2/1 (b).

sputtering for 10 min, the characteristic Co 2p peak is shifted
from 780.2 to 778.5 eV, suggesting the metallic Co exists the
bulk phase in the composite. The binding energies of both N
1s and Si 2p almost remain the same value before and after
Ar* sputtering, indicating the high-chemical stability of silica
nitrides during the ball-milling process. The amorphous Siz Ny
particles act only as the inactive matrix to support the highly
dispersed active Co nanoparticles in the Co—Si3zN4 composites,
similar to the Co-BN composites [21].

The charge and discharge curves of Co—Si3Ny electrode with
the Co/Si molar ratio of 2/1 at different cycles are displayed in
Fig. 6. In the first cycle, the charge potential reaches to —1.02 V
rapidly. The discharge potential plateau is around —0.74 V, and
the discharge capacity is 300 mAh g~! for the Co-Si3N, com-
posite. In the subsequent cycles, the charge potential plateau
appears and polarization potential decreases during cycling,
indicating an excellent charge acceptance. Meanwhile, the dis-
charge potential plateau increases up to —0.80 V, and maintain
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Fig. 5. Co 2p, Si 2p and N Is core level spectra of the ball-milled Co—-SizNa
composite with the Co/Si molar ratio of 2/1 before and after Ar* sputtering for
10 min.

the same value during cycling. To further confirm the electro-
chemical reaction process of the Co—Si3zNy electrode, cyclic
voltammograms (CV) are presented in Fig. 7. In the first cycle,
an oxidation peak appears around at the potential of —0.67 V
(vs. HgO/Hg), corresponding to the low discharge potential
plateau in the initial discharge process. In the second and third
cycles, the oxidation peak shifts slightly to more negative poten-
tial (0.71-0.72 V), consistent with the increase of the discharge
potential plateau. The couple of potential peaks in the cathodic
and anodic processes suggest a reversible electrochemical reac-
tion occurring on the Co—Si3Ny electrode. In the meantime, the
integral area of the oxidation and cathodic peaks increases grad-
ually with cycling, which is attributed to the existence of thin
CoO layer on the surface of Co—Si3Ny4 composites.

Fig. 8 shows XRD patterns of the Co—Si3zN4 composite with
the Co/Si molar ratio of 2/1 at different charge and discharge
states. At the fully charged state in the first cycle, XRD lines are
consistent with the original sample, demonstrating that metallic
Co is dominant in the Co—Si3Ny electrode before discharging.
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Fig. 6. Charge and discharge curves of Co—Siz Ny particles with the Co/Si molar
ratio of 2/1 at different cycles. Open symbols are for charge curves and solid
symbols are for discharge curves, respectively.
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Fig. 7. Cyclic voltammograms of Co—Si3Ny particles with the Co/Si molar ratio
of 2/1.

After discharging in the first cycle, most of the characteristic
diffraction peaks can be indexed as 3-Co(OH), and the broad
diffraction peaks of the metallic Co almost disappear. Similar
phase transition can be repeated in the subsequent cycles. More-
over, the 3-Co(OH), phase is still detected as the coexisting
phase with metallic Co at the fully charged state. It implies that
the partial irreversible conversion between the active metallic Co
and 3-Co(OH); is involved in the faradic reaction, resulting in
the low utilization of metallic Co nanoparticles of the Co—SizNy
composite as shown above.

The initial charge and discharge curves of the ball-milled
PrMg1>-Ni composites with and without Co-SizN4 compos-
ites (Co/Si=2/1) are shown in Fig. 9, respectively. It can be
clearly seen that the addition of Co—Si3N4 composites results in
a notable enhancement of the initial discharge capacity. More-
over, the discharge potential plateau is extended in the range
of —0.69 to —0.74V, indicates that two electrochemical reac-
tion processes of hydrogen electrochemical oxidation and Co
redox reaction are involved for the PrMg|,—Ni composites with
Co-Si3Ny as an additive. Further surface modification using Co-
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Fig. 8. XRD patterns of ball-milled Co—Si3Ny particles at different charge and
discharge states (Co/Si molar ratio is 2/1).
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Fig. 9. The first charge and discharge curves of PrMg;>,—Ni composites with
and without the addition of Co—Si3N4 (14 wt%). Open symbols are for charge
curves and solid symbols are for discharge curves, respectively.

based composites with nanostructure is necessary for improving
the electrochemical performance of hydrogen storage compos-
ites in future.

4. Conclusion

The Co-Si3Ny4 composites are synthesized by ball-milling
metallic Co and Si3Ny powder. It is found that metallic Co
nanoparticles of 10-20 nm in size are highly dispersed on the
amorphous inactive Si3N4 matrix after the ball-milling. The
maximum discharge capacity (403 mAh g~!) of the Co-SizNy
composites is obtained at the molar ratio of Co/Si=2/1. The
formation of Co nanoparticles with a good reaction activity
is responsible for the discharge capacity of the composites.
The reversible faradic reaction between Co and 3-Co(OH),
is dominant for ball-milled Co-Si3zN4 composite. The surface
modification of the hydrogen storage PrMg>—Ni composites
using Co—Si3N4 composites can enhance the initial discharge
capacity based on the hydrogen electrochemical oxidation and
Co redox reaction.
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