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Abstract: Co—P (4.9% P) powders with a chain-like morphology were prepared by a novel chemical reduction method. The Co—P
and germanium powders were mixed at various mass ratios to form Co—P composite electrodes. Charge and discharge test and
electrochemical impedance spectroscopy (EIS) were carried out to investigate the electrochemical performance, which can be
significantly improved by the addition of germanium. For instance, when the mass ratio of Co—P powders to germanium is 5:1, the
sample electrode shows a reversible discharge capacity of 350.3 mA-h/g and a high capacity retention rate of 95.9% after 50 cycles.
The results of cyclic voltammmetry (CV) show the reaction mechanism of Co/Co(OH), within Co—P composite electrodes and EIS
indicates that this electrode shows a low charge-transfer resistance, facilitating the oxidation of Co to Co(OH),.
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1 Introduction

Some traditional Ni-based alkaline rechargeable
batteries have been well studied, such as nickel/cadmium
(Ni/Cd), nickel/iron(Ni/Fe), nickel/zinc(Ni/Zn), and
nickel/metal hydride(Ni/MH) batteries [1,2]. However,
practical application of these batteries was limited by
drawbacks of toxicity, low capacity, and/or poor cycling
stability [3,4]. In recent years, considerable research
attention has been paid to Ni/Co alkaline rechargeable
batteries as a promising entry to the energy storage
electrode materials for their several advantages: cycle
stability, discharge capacity, enhancement of electrode
conductivity, charging efficiency, and suppression of
electrode swelling during charge and discharge cycling
[5-8].

The negative materials of Ni/Co alkaline
rechargeable batteries could be composed of Co powders,
Co-based alloys or cobalt oxides [9-12]. The Co
powders had a high discharge capacity. ZHAO et al [9]

studied the electrochemical properties of crystalline Co
powders and found that their maximum discharge
capacity was about 364 mA-h/g. In addition, CHUNG et
al [10,11] found that the discharge capacity of crystalline
Co powders could reach more than 400 mA-h/g. But the
expensive price of Co powders limited their practical
application in Ni/Co batteries. LI et al [12] found that the
discharge capacity of mesoporous nano-Cos;O, could
reach 436.5 mA-h/g and still remained at 351.5 mA-h/g
after 100 cycles. Up to now, some researchers have paid
more attention to binary Co-based alloys, which are
mainly made up of Co—B [13-16], Co—Si [17], Co—S
[18,19] and Co—P [20] alloys. They reported that
chemical reduction method was beneficial to achieve fine
particles and thus good electrochemical performance.
But this aspect for Co—P powders was not reported,
which may be attributed to a high energy barrier of the
reduction reaction. HARAN et al [20] and
DURAIRAJAN et al [21] reported that Co—P coating
could improve the discharge capacity and cycle stability
of hydrogen storage alloys. Afterwards, CAO et al [22]
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synthesized Co—P alloy powders by ball milling and
reported that they showed a stable discharge capacity of
about 300 mA-h/g, but poor activation property. Recently,
PENG et al [23] used a solid sintering method to prepare
Co,P material, which exhibited a maximum discharge
capacity of 223.5 mA-h/g and a high capacity retention
rate of 97.9% after 300 cycles in Ni/Co batteries. All
these indicated that nonmetal elements (B, S, P, Si) had
catalytic effect on Co electrodes. Germanium and silicon
are in the same main group, therefore, germanium has a
certain degree catalytic effect like silicon on Co
electrodes. On the other hand, germanium as a mental
element was first to be added into the Co-based
electrodes.

In this work, Co—P powders were prepared using a
novel chemical reduction method and the
electrochemical performance of Ni/Co batteries was
investigated. The effect of the addition of germanium
powders into the Co—P electrodes was also studied.

2 Experimental

All the reagents were of analytical grade. The Co—P
powders were synthesized as follows. 10.1 g
CoSO47H,0, 10.6 g Na;C¢Hs0,2H,O0, 198 g
(NH4),SO4and 11.4 g NaH,PO,-H,O were successively
dissolved in distilled water to form 300 mL aqueous
solution, which was then heated to 90 °C in water bath
and adjusted to pH 9 with NH;H,O solution.
Afterwards, 20 mL PdCl, solution (0.5 g/L) as initiator
was added into the resulting mixture with constant
stirring. A black precipitate was thoroughly rinsed with
distilled water and ethanol. Finally, the sample was dried
in a vacuum at 60 °C for 12 h.

The structure of the powders was studied by XRD
in a Thermo ARL X’ TRA diffractometer, equipped with
Cu K, radiation. The morphology of the powders was
analyzed by a JSM—-5610LV scanning electron
microscope. Chemical composition of the prepared
sample was determined by inductivity coupled plasma
atomic emission spectroscopy (ICP-AES, Optima2000,
Thermo Electron).

The as-prepared Co—P powders were mixed with
germanium powders (>99% purity, 25 pm) in a mortar at
the mass ratios of 1:0, 1:1, 3:1, and 5:1 to form various
mixtures, which were signed as A, B, C and D in the
following section, respectively. Work electrodes, in a
half-cell consisting of a Ni(OH)/NiOOH counter
electrode and a Hg/HgO reference electrode under a
6 mol/L KOH solution, were constructed by pressing 0.1
g active powders and 0.3 g carbonyl nickel powders into
a pellet with 10 mm in diameter and 0.6—0.8 mm in
thickness, under a pressure of 15 MPa.

The work electrode was charged at 100 mA/g for 6

h, followed by a 10 min rest and then discharged at 300
mA/g to the cut-off potential of —0.6 V (vs. Hg/HgO)
using BT—2000 testing equipment (Arbin, USA).
Electrochemical impedance spectroscopy (EIS) of the
electrodes was obtained in the frequency ranging from
100 kHz to 1 mHz with an amplitude of 5 mV at 50%
depth of discharge (DOD). Cyclic voltammetry (CV)
was carried out at a sweep rate of 0.1 mV/s from —1.2 to
—0.4 V (vs Hg/HgO). All the electrochemical tests were
performed on a CHI 660D electrochemical workstation
in the 6 mol/L. KOH solution at 298 K.

3 Results and discussion

3.1 Structure and morphology of Co—P particles
Figure 1 shows the SEM images of the as-prepared
Co—P alloy powders, which present a chain-like
morphology arrayed by Co—P particles with a size of
about 1 pm. The XRD pattern of Co—P powders is shown
in Fig. 2. It gives a few of weak diffraction lines, which

Fig. 1 SEM images of Co—P alloy
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Fig. 2 XRD pattern of as-prepared Co—P alloy
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can be indexed from the hexagonal Co structure (JCPDS
5—727). This indicates the existence of crystalline Co
structure while separate phase of elemental phosphor
cannot be found, which is in agreement with the XRD
result by CAO et al [22]. The composition of the alloy
obtained from the result of ICP-AES is Coo;12P73s,
which shows a phosphor content of 4.3%. So, the low
content of phosphor may give rise to the outcome that
phosphorus cannot be found in XRD pattern of Co—P
alloy.
3.2 Effect of germanium on electrochemical

performance of Co—P electrodes

Figure 3 shows cycle stability of the Co—P
electrodes without and with the addition of germanium
powders at a high discharge current density of 300 mA/g.
It is clear that there is a sharp decrease in discharge
capacity of all electrodes in initial fifteen cycles, which
is due to the fact that a part of Co(OH), accepts
additional hydroxide ions to form the dark blue
Co(OH);" dicobaltite ion in the alkaline solution. Then
the blue Co(OH)i_ would react with oxygen in the
electrolyte to form the brown CoOOH precipitate, which
was an irreversible exsolution process [24]. After 15
cycles, the formation of a large amount of CoOOH may
inhibit the exsolution process of Co(OH), and redox of
Co trends to a dynamic equilibrium process of a stable
discharge capacity as shown in Fig. 3. Moreover, the
discharge capacity of Co—P electrode without
germanium can reach about 300 mA-h/g at the 50th cycle,
which is similar to Co—P electrode prepared by ball
milling [22]. However, the initial electrochemical
discharge capacity of the milled Co—P electrode is less
than 200 mA-h/g and must be fully activated in nearly 30
cycles [22]. On the contrary, the as-prepared Co—P
electrode shows no activation process and a high
discharge capacity of 552.2 mA-h/g in the first discharge
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Fig. 3 Cycling stability of Co—P electrodes at high current rate
of 300 mA/g

cycle, which could be attributed to fine particles formed
by the chemical reduction method. With the addition of
germanium into the Co—P electrodes, the composite
electrodes represent a notable increase in the discharge
capacity. Compared with sample A, sample D shows a
discharge capacity of 350.3 mA-h/g at the 50th cycle, 50
mA-h/g higher than sample A. In addition, sample D has
a high reversible cycling capacity retention rate Sso
(850=Cs¢/C15x100%) of 95.9%.

The specific electrochemical discharge results are
listed in Table 1. Sample D demonstrates the best
discharge performance and best cycling stability. These
results indicate that germanium has a catalytic effect on
the electrochemical performance of the composite
electrodes. To investigate the effect of germanium on
Co—P powder, the cyclic voltammetry (CV) curves of
samples A and D at the 30th cycle are shown in Fig. 4.
Each curve consists of a pair of oxidation and reduction
peaks. After addition of germanium, the shapes of the
two CV curves are basically consistent, noting that no
change of the electrochemical reaction mechanism
appears after the addition of germanium. Furthermore,
the anodic peak of electrode moves to more negative
potential and the cathodic peak shifts left, indicating that
with addition of germanium, reversible property of Co—P
powders has been improved.

Table 1 Electrochemical data from discharge curves of

electrodes
C]/ C15/ C30/ CSO/ SSO/
Electrode 1 A heg ) (mAhg?) (mAhg ") (mAhg?) %
A 552.2 322.6 309.6 3040 942
B 666.9 368.5 3323 315.8 857
C 628.0 353.2 3244 318.0 90.0
D 581.5 365.1 350.8 3503 959
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Fig. 4 Comparison of CV curves between electrodes A and D at

scan rate of 0.1 mV/s
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3.3 Electrochemical mechanism of germanium on
Co—P electrodes
For better understanding the effect of germanium on
the electrochemical performance of the composite
electrodes, electrochemical impedance spectroscopy
(EIS), as a nondestructive testing technology, was
adopted to characterize the electrochemical processes of

composite electrodes during charge and discharge testing.

Figure 5 shows the EIS patterns of the electrodes at the
50% DOD at the 30th cycle. As shown in Nyquist plots
of Fig. 5(a), there are three parts in the curve of electrode
A, which is consistent with the Bode-phase plots
including three time constants, as shown in Fig. 5(b).
The semicircle in high frequency region reflects the
contact resistance in the electrode A. The semicircle in
subsequent is related to the charge-transfer resistance at
the interface of electrode/electrolyte. In low frequency
region, the pattern of the electrode A shows a slope line,
which is caused by diffusion of soluble cobalt ions
within electrode A. And the resistance related to the
semicircle is the chord length to which the semicircle
was corresponding [25]. Moreover, the EIS pattern of
electrodes B, C or D only includes two parts,
corresponding to contact resistance and charge-transfer
resistance. The inset in Fig. 5(a) shows the equivalent
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Fig. 5 EIS patterns of composite electrodes at 30th cycle of
50% DOD: (a)Nyquist plots; (b) Bode-phase plots

circuit for EIS. R;, R,, and R; represent solution
resistance, contact resistance and charge-transfer
resistance, and specific resistances are listed in Table 2.
The charge-transfer resistance of electrode B, C or D is
less than that of electrode A, and electrode D shows the
lowest charge-transfer resistance. The addition of
germanium facilitates the oxidation of Co to Co(OH), in
the composite electrodes, resulting in a significant
increase in discharge capacity.

Table 2 Specific resistances of equivalent circuit for EIS

Electrode  R/(Qcem®)  Ry/(Q-cm?)  Ry/(Qem?)
A 0.9365 0.2802 116.1
B 0.8247 0.1114 86.12
C 1.116 0.3554 106.6
D 1.105 0.1967 83.2

In order to further confirm the electrochemical
reaction mechanism of electrode D, cyclic voltammetry
(CV) curves of electrode D during the initial four cycles
are presented in Fig. 6. It is observed that in the first
discharge process, two oxidation peaks appear around at
the potentials of —0.78 and —0.70 V, respectively. From
the 2nd to the 4th CV cycles, the oxidation peak shifts to
—0.76 V obviously. It is clear that there are two oxidation
peaks only in the first cycle, and no reduction peak can
be seen. So, the first peak is the oxidation of hydrogen
adsorbed on the surface of electrode D. Usually, the
oxidation peak potential of traditional hydrogen storage
appears around —0.9 V [26] while that of electrode D at
the first cycle occurs at —0.78 V. This may be attributed
to the semiconductor property of germanium [27]. With
addition of germanium, the polarization resistance of
electrode D increases, as a result that hydrogen
desorption potential changes from —0.90 V to —0.78 V.
From the second cycle, the catalytic effect of germanium
within electrode D is dominant and there is a pair
of remarkable redox peaks, indicating that a reversible
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Fig. 6 CV curves of electrode D at scan rate of 0.1 mV/s
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oxidation/reduction reaction exists. The shape and peak
voltage of CV cycles are very similar to those of Co—B,
Co—Si and Co—S alloys [16—18]. In addition, the XRD
pattern of discharge products embedded in Fig. 6
confirms that the new phase Co(OH), occurs on electrode
D after discharge.

Hence, there is an irreversible reaction between
phosphor and the alkaline solution, as that of B in Co—B
alloy [28,29]. In initial cycles, phosphor on the surface
dissolved in the alkaline solution sharply, resulting in
more contact area between Co and alkaline solution to
form Co(OH),. So, high discharge capacity is shown in
Fig. 3 in initial cycles. And the discharge capacity of
Co—P electrodes after adding a bit of germanium powder
is increased, which indicates that germanium powders
show catalytic effect on the reaction between electrode
and electrolyte. As it can be seen, the sample D shows
the best electrochemical discharge capacity of 350.3
mA-h/g at the 50th cycle, which is much more than that
of sample A. There has been not any report about the
catalytic effect of germanium at present. More
investigations in this field may help to solve the problem.

Based on the above analysis, the reaction of the
electrode D could be described as follows [30]:

Co+20H ==Co(OH),+2e (1)
4 Conclusions

1) Among the materials, the sample D shows a
discharge capacity of 350.3 mA-h/g at the 50th cycle and
a high cycling capacity retention rate of 95.9%,
indicating the best discharge performance and the best
cycling stability, higher than that of as-prepared sample
A.

2) The addition of germanium facilitates the
charge-transfer process of the composite electrodes and
promotes the redox reaction between Co and Co(OH),
within the composite electrodes.
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