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Using a facile and effective method based on the solid phase reaction between Co(OH), and KBH4, we
successfully synthesize orthorhombic CoB. It is shown that this CoB obtained is of high purity and thermal
stability. A possible formation process for orthorhombic CoB is discussed in detail. In addition, crystalline
CoB shows excellent electrochemical reversibility and considerable high charge-discharge capacities
when it is used as the anode material for nickel-based secondary batteries. The reversible discharge
capacities of the CoB electrode are found to be about 380 mAhg-! at a discharge current of 25mAg-!
and 360 mAhg-! at 100 mA g~'. Moreover, electrochemical reaction mechanism of CoB is investigated in

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

There has been much progress in preparing transition metal
borides (M-B, M=Fe, Co, Ni), stimulated by the interest in fer-
rofluids, powder metallurgy, magnetic applications, composite
materials, and catalysis applications [1-12]. In recent years, Co-B,
as one of the transition metal borides, has been frequently reported
as an anode material for nickel-based secondary batteries [13-17],
largely due to its high discharge capacity and excellent cycling per-
formance. However, to date, almost all of them have focused on
the electrochemical properties of Co-B with amorphous structure,
few studies have been reported on the crystalline structures [18].
The reason is that the amorphous structure of Co-B with nano sizes
could be easily obtained by chemical reduction of cobalt salt with
NaBH4/KBH4 in an aqueous or ethanolic solution [19]. Unfortu-
nately, the composition of this Co-B is usually unmanageable and
the structure is unstable, and thus the electrochemical mechanism
is contentious. Using a crystalline structure is a feasible route to
investigate its reaction mechanism.

Typically, crystalline transition metal borides are prepared
by arc melting of the pure metal and boron [20-22]. However,
because of the high melting points of metal and boron, it requires
extremely high reaction temperature (>2000°C). Moreover, the
alloys obtained are bulky, and impurity phases such as pure met-
als, metal oxides, and B,03 are always simultaneously produced.
Therefore, it is necessary to develop an alternative method for
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preparing high-purity crystalline transition metal borides with
nano sizes at a lower temperature.

According to the bulk phase diagram, the Co-B system consists
of three intermediate compounds, Co3B, Co,B and CoB. A key ques-
tion is what phase of cobalt boride will be produced if chemical
reactions are carried out with or without stoichiometric control.
This paper reports a new way to prepare highly crystalline cobalt
boride with phase control by the solid phase reaction of Co(OH),
and KBHy4. In this particular method, KBHy is used as not only a
boron precursor but also a reducing agent. High purity and ther-
mal stability of orthorhombic CoB can be successfully obtained and
electrochemically used as the anode material for nickel-based sec-
ondary batteries. The structural and electrochemical characteristics
of the crystalline CoB are discussed. Moreover, the electrochemical
reaction mechanism of CoB is investigated in detail.

2. Experimental

In a typical procedure, Co(OH), (0.005 mol, prepared by precip-
itation method) was homogeneously mixed with KBH4 (0.01 mol,
98.0%) in a carnelian mortar. The mixture was pressed into a small
pellet of 10 mm in diameter under 20 MPa pressure. Then, the pellet
was heated at 600 °C for 12 hand cooled to room temperature under
a flow of Ar (99.999%). The black solid obtained was washed thor-
oughly with distilled water and absolute ethyl alcohol to remove
the by-products. After that, the wet products were dried in vacuum
at 80°Cfor 12 h.

Crystalline structure of CoB sample was determined by X-
ray powder diffraction (XRD, Rigaku D/Max-2500 with Cu Ko
radiation), and selective area electronic diffraction (SAED, JEOL
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Fig. 1. X-ray diffraction profile of CoB sample: observed (red points), calculated
(greenline), and difference (bottom blue line). Vertical bars below the patterns show
the positions of all possible reflection peaks. The h k! labels are placed according to
the reflection position. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

JEM-2100). XRD patterns were refined by RIETAN-2000 [23].
Surface morphology was evaluated by transmission electron
microscopy (TEM, JEOL JEM-2100). Electronic states were investi-
gated by X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra
DLD spectrometer with Al Ka radiation), during which CoB samples
were etched for 10 min to avoid surface oxidation. All of the binding
energy values were calibrated using C 1s=284.6eV as a reference.
Thermal stability of CoB sample was performed by simultane-
ous thermogravimetry-differential scanning calorimetry (TG-DSC,
NETZSCH STA-409PC) under N, (99.999%) atmosphere at a heating
rate of 5°Cmin~1.

Quantitative temperature hydrogen absorption curve was
determined by volumetric methods with a home-made Sieverts-
type apparatus. For each experiment, 200 mg of CoB powder sample
was loaded into a stainless-steel tube reactor, which was connected
to aSieverts-type apparatus. Then, the sample was gradually heated
to 300°C at an average ramp of 1°Cmin~! and kept for 12 h. Tem-
peratures and pressures of the sample and gas reservoirs were
automatically monitored and recorded.

For electrochemical measurements, the CoB electrodes were
constructed through mixing the products with carbonyl nickel
powdersinaweightratio of 1:3. The powder mixtures were pressed
under 30 MPa pressure into a small pellet of 10 mm in diameter.
Then, the electrodes were conducted in a three compartment cell
using a LAND battery test instrument (CT2001A). NIOOH/Ni(OH),
and Hg/HgO were used as the counter electrode and the reference
electrode, respectively. The electrolyte was a 6 M KOH aqueous
solution. Charge-discharge cycle tests were carried out at the cur-
rentof25 and 100 mA g~!. The cut-off voltage for discharge test was
—0.5V (vs. Hg/HgO). The testing interval between charge and dis-
charge was 5 min. Zahner IM6e electrochemical workstation was
used for cyclic voltammetry (scan rate: 0.1, 0.2, 0.5 and 1TmVs™1,
potential interval: —1.2V to —0.4V, vs. Hg/HgO). All the experi-
ments were conducted at room temperature.

3. Results and discussion
3.1. Material characterization

Fig. 1 shows the representative Rietveld refinement of XRD
patterns of the sample. It reveals that the sample obtained is
homogeneous and crystalline. The diffraction peaks well match
that of orthorhombic structure CoB (space group Pnma, JCPDS
no. 65-2596). No peak from other phase such as crystalline Co,
Co,B, or Co3B has been detected in the samples, revealing that the
CoB obtained is of high purity. The lattice parameters a=5.255A,

b=3.043A, c=3.955A from the diffraction pattern are in good
agreement with literature values for orthorhombic CoB. Further-
more, the refined patterns fit the observed data points very well,
further confirms the pure phase of CoB.

Fig. 2a and b shows low- and high-magnification TEM images
of orthorhombic CoB. They mainly present in spherical shape with
diameters of several tens to several hundreds of nanometers which
is similar to the reported amorphous Co-B. The HRTEM image in
Fig. 2c clearly reveals a lattice spacing of 0.220 nm corresponding
to the (111)/(201) plane of orthorhombic CoB. The SAED image
(Fig. 2d) displays many diffraction spots, suggesting a crystalline
structure of CoB. To study the electronic interaction between the
atoms in the compound, XPS spectra of CoB are acquired and
reported in Fig. 2e and f. A peak with binding energy (BE) of 777.8 eV
is observed in the Coyp3, level, and accordingly, a peak with BE of
188.0eV occurs in the By level, indicating that Co and B exist in the
state of CoB. This also validates the high-purity of CoB obtained.

Transition metal borides with amorphous structures are always
thermal unstable, which greatly restricts their applications in high
temperature conditions. Therefore, we also investigate the thermal
stability of as-prepared CoB. TG and DSC curves of CoB are showed
in Fig. 3. There is no noticeable endothermic/exothermic peak and
weight loss from room temperature to 400°C, indicating a high
thermal stability of CoB obtained.

3.2. Investigation of the formation process

In order to understand the solid state reaction between Co(OH),
and KBHy, a series of experiments are carried out. Fig. 4 shows
the XRD patterns of the products before and after rinsing. As com-
pared to the final products, the sample obtained without rinsing
is composed of CoB and KBO,. The molar ratio of CoB/KBO, cal-
culated by RIETAN-2000 is about 55%/45% [23]. Compared to the
ratio of raw materials, about half of the K and some H are lost. TG
profile of Co(OH), and KBH4 mixture (Co(OH),/KBH,4 =1/2) is illus-
trated in Fig. 5. There are two noticeable weight losses occurred.
The weight loss around 200 °C is obviously due to the decomposi-
tion of Co(OH),. Ostroff and Sanderson [24] studied the behavior
of KBH,4 heated in nitrogen, and found that metal K, B and H, were
generated at 584 °C and the metal K was lost by volatilization. Thus,
the weight loss from 480 °C to 560 °C may be attributed to the metal
K and H,. This can be confirmed by the mass loss of 20.58% and the
existence of Kin the exhaust (determined by flame reaction). In this
procedure, the decomposition temperature of KBHy4 is lower than
reported, showing that Co(OH), (may be CoO or CoB) has a catalytic
activity for the thermal decomposition of KBHy.

Based on these experimental facts and materials and charge
balances, the solid reaction between Co(OH), and KBH,4 for the
production of CoB could be suggested as follows:

2Co(OH); + 3KBH4 = 2CoB + KBO, + 2K + 6H; +2H,0 (M

According to this equation, the minimum ratio of Co(OH), /KBH4
should be 1.5 for converting all Co(OH), to CoB. Therefore, KBHy is
superfluous in this work, which would react with the H,O con-
tained in Co(OH), to form KBO,. Furthermore, it is concluded that
using cobalt oxides (Co304, Co,03 and Co0) instead of Co(OH), as
cobalt precursors is a possible way to obtain orthorhombic CoB.

3.3. Electrochemical performance

Fig. 6a shows the typical cyclic voltammogram (CV) curves of
CoB electrode in 6 M KOH aqueous solution. For the CV curve with
the scanning rate of 1 mV s~!, a remarkable reduction peak appears
at —1.07V, and correspondingly, a strong oxidation peak arises
at —0.61V, respectively, suggesting a reversible electrochemical
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Fig. 2. (a) TEM and (b and ¢) HRTEM images of as-prepared orthorhombic CoB. (d) The SAED image. XPS spectra of (e) Cozpy/3 and (f) By for CoB obtained.

reaction occurring on the CoB electrode. When the scanning rate
decreases, the potential of the oxidation peak decreases, while the
reduction peak increases, indicating that the faster the scanning
rate is, the more serious the polarization will be. Fig. 6b shows the
liner relationship between the peak current and the square root
of the scanning rate v!/2. It implies that the electrochemical reac-
tions of CoB electrode in 6 M KOH solution are diffusion-controlled
reactions.

Fig. 6¢c shows the cycling performances of CoB electrodes at dif-
ferent discharge rates. At the initial cycle, the CoB electrodes show

exceptionally high irreversible discharge capacities (728 mAhg~!
at 25mAg-! and 393mAhg-! at 100mAg-!), which is similar
to amorphous Co-B electrode reported [14]. When the discharge
current is 25mA g1, the reversible capacity is stabilized at about
380 mAh g~! from the fifth cycle. Even after 50 cycles, the reversible
capacity is still kept up at more than 360mAhg-!, showing
quite good capacity retention. The reversible capacity of the CoB
electrode at the high discharge current of 100mAg-! is about
360mAhg-1, which occurs at the tenth cycle. After 50 cycles, it
remains more than 325 mAh g1, showing excellent rate capability.
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Fig. 7. Hydrogen absorption curves (H/M-T) for orthorhombic CoB sample.

This crystalline CoB electrode shows better electrochemical activity
than previously reported [13-18].

3.4. Electrode reaction mechanism

There are two possible reaction mechanisms for the anode mate-
rial of nickel-based secondary batteries, electrochemical hydro-
gen absorption-desorption mechanism and oxidation-reduction
mechanism. For the former, the anode material must have the
hydrogen storage properties. Thus, the hydrogen absorption prop-
erties of orthorhombic CoB are studied and illustrated in Fig. 7.
There is no obvious hydrogen absorption for CoB even in high tem-
perature and hydrogen pressure. Therefore, we conclude that CoB
is not a hydrogen storage material, and its electrochemical capacity
should not be attributed to the electrochemical hydrogen desorp-
tion.

To further investigate the reaction mechanism of CoB electrode,
the XRD patterns at different cycles are acquired and reported in
Fig. 8. At the 1st charge, there is no obvious change for CoB elec-
trode. However, some diffraction peaks of Co(OH);, appear in the
1st discharged electrode. This indicates that the electrode is trans-
formed from CoB to Co(OH), during the 1st cycle. After the 2nd
cycle, the diffraction peaks of CoB disappear, while the peaks of
Co(OH), become stronger, further confirms the conversion of CoB
to Co(OH),. At the 10th charge, some diffraction peaks of Co are
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Fig. 8. XRD patterns of CoB electrode at different cycles.

detected while those of Co(OH), still exist. However, the diffrac-
tion peaks of Co(OH), become stronger and those of Co become
weaker in the 10th discharged electrode, illustrating that some Co
are transformed into Co(OH), during the discharge.

Based on these experimental facts, we conclude a possible reac-
tion mechanism of CoB electrode. CoB alloy is composed by Co
and B in 0 oxidation. At the initial several cycles, Co is gradually
oxidized into Co(OH);, while B is gradually dissolved in 6 M KOH
[18]. Then, Co and Co(OH), are mutually transformed during the
charge-discharge process. The charge-discharge reaction can be
expressed as follows:

discharge
Co+20H" = Co(OH), +2e (2)

charge

The reversible electrochemical capacity of CoB electrode is
attributed to the electrochemical oxidation of Co to Co(OH),. It
is worthwhile to point out that B in CoB will provide some holes
in the electrode when they are dissolved in KOH, which is use-
ful to increase contact area of the electrode to KOH and improve
its electrochemical performance. This is similar to the function of
amorphous S on Co(OH), electrode reported [25], which is the rea-
son that the discharge capacity of CoB is higher than that of Co.
Moreover, it could be concluded that the theoretical capacity of
CoB is higher than other Co compounds because B is the lightest
non-metallic element.

4. Conclusion

In summary, pure and high thermal stable orthorhombic CoB
has been successfully prepared via the solid phase reaction
between cobalt hydroxide and potassium borohydride, and elec-
trochemically used as anode material for nickel-based secondary
batteries. The reversible discharge capacities of the orthorhom-
bic CoB electrode obtained are about 380 mAhg-! at a discharge
current of 25mAg-! and 360mAhg-! at 100mAg-!, exhibiting
excellent cycling performance and rate capability. The reversible
electrochemical capacity of CoB electrode is attributed to the
electrochemical oxidation of Co to Co(OH),. To the best of our
knowledge, the synthesis of orthorhombic CoB employing such a
solid phase reaction is reported for the first time, and it shall be
possible to extend this method for preparing other transition metal
borides such as TiB,, FeB, and NiB. Further studies are underway to
broaden the applicability of this method.
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