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Nanocrystalline face-centered cubic (FCC) Co powder encapsulated within graphite layers
was fabricated by an arc discharge method. Its electrochemical hydrogenation properties
were investigated and compared with those of the hexagonal close packed (HCP) structure.
Both exhibited a similar stabilized discharge capacity of approximately 350 mAh/g that can
be attributed to the CoH,/Co reaction. During the cyclic charge/discharge, transition
between HCP-Co and FCC-Co took place. Graphite encapsulation was beneficial to the cycle
stability of the FCC powder.
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1. Introduction

There has been an intensive effort to search for new materials
with high hydrogen storage capacity and good retention of
capacity for hydrogen energy application in the last several
decades, such as alkaline metal aluminum hydride [1], LiN [2],
metal-organic frameworks (MOFs) [3], metal-CNT [4,5], Co-Si
[6,7], and so on. Until now, only ABs-type hydrogen storage
alloys have been often used as an anode material in secondary
Ni-MH battery. However, the theoretical hydrogen storage
content of this type of alloy is only approximately 1.5 wt%, and
the discharge capacity of commercial alloys is between
250 mAh/g and 330 mAh/g [8-11]. A small amount of Co is
commonly added to the electrode to reduce the volume

expansion of the alloy during repeated hydrogenation/dehy-
drogenation or to form a conductive layer on the alloy surface
[12,13].

It has been recently reported that ultrafine amorphous
boron-containing Co powder prepared by chemical reduction
has a higher and more stable discharge capacity than that of
traditional hydrogen storage alloys [14-16]. It was proposed
that amorphous Co powder could absorb much hydrogen by
replacing the residual boron in interstitial sites with hydrogen
atoms. Feng et al. also pointed out that the CoB provided good
electrochemical catalytic activity for MgNi alloy [17]. Previ-
ously, we have observed that boron-free crystalline Co could
absorb electrochemically a large amount of hydrogen, and the
discharge capacity was attributed to the CoH,/Co
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dehydrogenation reaction [18]. Crystalline Co has two kinds of
structure, HCP and FCC, and they have different gas-phase
hydrogenation properties. The phase transition temperature
between the low-temperature HCP phase and high-tempera-
ture FCC phase at ambient pressure is 450 °C. In gas-phase
hydrogenation, the dissolution of hydrogen in Co stabilizes
the HCP phase up to CoHpg at pressures below 2.5 GPa [19].
When increasing the hydrogen pressure, the HCP-Co will
transform into FCC-Co and the hydrogenation capacity also
increases to CoHjo. In electrochemical hydrogenation, the
hydrogen fugacity is high enough so that reversible phase
transformation between HCP and FCC may take place at room
temperature. Therefore, Co hydride in the forms of CoH; o and
CoHy (x < 1) may coexist.

In a previous work, we described that a crystalline HCP-Co
powder containing a small amount of FCC-Co had a discharge
capacity close to that of pure HCP-Co [18], and both the crys-
talline boron-free Co powders showed higher discharge
capacities than that of amorphous CoBy [16]. In general, it is
not easy to prepare Co powder with a pure FCC structure
because it is unstable at ambient temperature. It has been
revealed, however, that FCC-Co can be encapsulated within
carbon and remains stable at room temperature [20]. This
paper describes the electrochemical hydrogenation property
of such an FCC-Co powder that was used as the negative
electrode material and tested in a battery system. The
discharge performance is compared with that of HCP-Co, and
phase transformation of the Co powder during repeated
charge and discharge is discussed.

2. Experimental

Two Co powder samples were tested. Sample A was
a commercial powder (Kokkola Chemicals) with a pure HCP
structure prepared by a chemical precipitation method. Its
electrochemical hydrogenation behavior was presented
previously [18], and is used here as a control specimen.
Sample B with an FCC structure was fabricated by an arc
discharge method, as was presented previously [20]. The
cyclic voltammetry (CV) was conducted by using a three-
electrode test cell. The cell consisted of sample A or B as the
working electrode, sintered Ni(OH), powder as the counter
electrode, and an Hg/HgO electrode as the reference electrode.
The electrolyte was 6 M KOH + 1 wt% LiOH. The scan range
was between —1.3V and —0.5V vs. Hg/HgO, and the scan
started from the open circuit potential and then along the
negative direction at a scan rate of 5mV/s. The electro-
chemical charge and discharge curves were measured in
a two-electrode test cell, which contained one piece of posi-
tive electrode and one piece of negative electrode made of Co
powder. The positive electrode material consisted of nickel
hydroxide, 5 wt% Co, and 5 wt% CoO. The electrolyte was 6 M
KOH + 1 wt% LiOH. Each of the positive and negative electrode
material was mixed with 3 wt% PTFE to form a paste, and
coated on a piece of Ni-foam. The electrode plate was cold
pressed at a pressure of 50 kgf/cm? for 30 s. Both the charge
and the discharge currents were set at 10 mA, and the cut-off
voltage was 900 mV. The charge time was 1h or 2 h. All the
experiments were conducted at 25 °C.

The crystalline structure or phase change of the samples
before and after the charge/discharge test was identified by X-
ray diffraction (XRD) with a Cu Ka source. The morphologies of
the samples were examined by field emission scanning elec-
tron microscopy (FESEM) and transmission electron micros-
copy (TEM).

3. Results and discussion
3.1. Characterization of Co powders

Fig. 1 shows the XRD patterns of samples A and B. It can be
seen that these two samples have the pure HCP and FCC
structures. The particle size of sample A calculated by
Scherrer’s equation is ~30 nm. From the SEM micrographs
displayed in Fig. 2 it is seen that the particles of sample A are
aggregated together to form clusters in a size of 300-500 nm.
On the other hand, particles of sample B with the size of
approximately 30-50 nm are separated very well. The TEM
micrograph for a large particle, Fig. 2(c), shows clearly that
there are several graphite layers covering the surface of the
particle, although the graphite peak is not observed in the XRD
pattern. The graphite content in this nanocapsulated struc-
ture measured by thermal decomposition at 700 °C for 45 min
was approximately 8.0 wt%.

3.2 Electrochemical hydrogenation

Fig. 3 shows the cyclic voltammetric curves of the two Co
samples in the 20th scan. For sample A, a broad anodic current
peak centered at —0.72V is observed. In the cathodic scan,
a peak at near —1.12V can only be barely seen. Such
a behavior has been reported for ultrafine amorphous Co-B
and crystalline Co-P particles [16,21]. For sample B, a pair of
anodic and cathodic current peaks at —0.78V and —-1.10V,
respectively, is noted. The more negative anodic peak and
more pronounced cathodic peak might be due to the encap-
sulation of graphite. The anodic peaks of samples A and B are
similar to the cyclic voltammetric feature of hydrogen storage
electrodes [14-16,21], and are ascribed to the electrochemical
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Fig. 1 - XRD patterns of the two Co powders.
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Fig. 2 - (a) SEM micrograph of sample A, (b) SEM micrograph of sample B, and (c) TEM image of an individual particle of

sample B.

oxidation of adsorbed hydrogen. As for the cathodic peak at
near —1.10V, it is generally attributed to the electrochemical
reduction of H,0, i.e., hydrogen adsorption on the electrode.
The cyclic voltammetric results for the two samples demon-
strate that the two samples undergo similar electrochemical
hydrogenation and dehydrogenation processes.

Fig. 4 shows the discharge capacities of samples A and B.
The discharge capacities of sample B have already been
normalized with 92 wt% Co. It is observed that the activation
rate of sample A is faster than, but the cycle stability is not as
good as, that of sample B. The slower activation rate and
better stability of sample B may be due to the graphite layers
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Fig. 3 - CV curves of the two Co samples in 6 M KOH
solution. Scan rate: 5 mV/s.

covered on the surface. The discharge capacity of sample A
increases to a maximum value and then gradually decays. For
sample B, the capacity steadily increases as the cycle number
increases and then remains very stable. Both samples have
almost the same discharge capacity of 350 mAh/g (equivalent
to H/Co = 1.29 wt% or CoHy 77) after 30 cycles of test, with the
charge for either 1 h or 2 h, regardless of different structures in
the initial state. Compared with commercial ABs-type
hydrogen storage alloys, they have a higher discharge
capacity. With regard to the continual decay in discharge
capacity of sample A, graphite encapsulation of the nano-
crystalline sample B appears to have a significant impact on
its cycle stability. Since a high concentration of KOH (6 M) was
used as the electrolyte, the electrode materials might be
attacked during the repeated charge/discharge test. For
example, the main cause of decay in discharge capacity of
ABs-type electrode is pulverization and oxidation of the elec-
trode material. As it will be shown in the subsequent section,
some Co(OH), was present in both the samples, but the
amount was smaller in sample B. This implies that the
graphite layer covered on the Co surface is beneficial to
corrosion resistance of sample B in the electrolyte, which
improves the cycle stability.

Fig. 5a shows the electrochemical charge and discharge
potential curves of the two samples in the first cycle at
a constant current of 500 mA/g. The potential curves are
basically very similar to those of metal hydrides. Two plateaus
are observed for sample A during the charge, whereas the
potential gradually increases to a plateau value for sample B.
The cell voltages drop to 1.3 V and 1.35 V for samples A and B,
respectively, when the charge current is stopped for a rest.
The discharge plateaus of samples A and B are between 1.26 V
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Fig. 4 - Discharge capacities of the two Co powders.

Voltage (V)

04|
00 n 1 n 1 n 1 n 1 n
0 40 80 120 160 200
Time (min)
2.0
b A
N I B

Voltage (V)

04

0.0 L 1 L 1 L 1 L 1 L
0 40 80 120 160 200
Time (min)

Fig. 5 - Electrochemical charge and discharge curves of the
two Co samples at two different cycles. The samples are
charged for 120 min, rested for 10 min and then discharged
to a cut-off potential of 0.9 V. (a) First cycle and (b) fifth
cycle.

and 1.15V, comparable to those of AB,-type and ABs-type
alloys. In general, the discharge plateaus of AB,-type and ABs-
type alloys are between 1.3V and 1.2 V and between 1.3 V and
1.1V, respectively [22]. Therefore, the discharge capacity can
be attributed to the desorption of hydrogen from Co, and
clearly sample B exhibits a lower discharge capacity than
sample A in the first cycle.

The potential curves of both the samples in the fifth cycle
are displayed in Fig. Sb. The overall charge and discharge
characteristics are basically similar to those of the first cycle,
except that sample B also exhibits two plateaus in the charge
stage. Based on the charge potential curves, it is postulated that
the first plateau of sample A in Fig. 5a is due to the hydroge-
nation of the HCP phase, and transformation to the FCC phase
occurs after approximately 35 min of charging. The second
plateau then stands for the charging behavior of the FCC phase.
On the other hand, in Fig. 5a, sample B immediately starts to
hydrogenate in the first cycle in the form of FCC phase. In the
fifth cycle, the initial phases of both the samples are the same
(i.e., HCP phase), which leads to similar features of charge
potential curve. The lower charge potential of sample B might
be due to the graphite encapsulation.

3.3. Phase transformation

The XRD patterns of both the samples after repeated charge
are shown in Fig. 6. It is seen that both patterns are essentially
the same. Since the peaks of FCC-Co are overlapped with
those of Ni-foam, it is difficult to distinguish the phase
transformation between HCP-Co and FCC-Co during the
electrochemical charge/discharge cycling. The presence of
FCC-Co has been demonstrated, however, by using a pellet
prepared by the HCP-Co and Cr powders, as was discussed in
a previous work [18]. There is only a very small amount of
HCP-Co left, even for sample A, which implies that most HCP-
Co has transformed to FCC-Co and the FCC-Co is the major
phase for discharge in both samples. This explains why both
samples exhibit about the same discharge capacities.
Although the Co(OH), peaks are also observed, the intensity is
not very strong. The formation and effect of this phase on the
hydrogenation properties have been discussed previously
[18,23].

Combined with the result of electrochemical potential
curves, it is clear that the phase transformation between HCP-
Co and FCC-Co takes place which results in the high discharge
capacities. In a previous work, it was revealed that both CoO
and Co30,4 could also be electrochemically hydrogenated and
dehydrogenated, and similar discharge capacities to that of
HCP-Co were obtained [23]. Because CoO and Co30, were
mostly reduced to HCP-Co in the initial charge stage, the
discharge capacities of both oxides came mainly from dehy-
drogenation of CoH,. The present study reaffirms that the
reaction sequence of e-Co — ¢-CoH, — y-CoH, is the key for
the electrochemical charge/discharge of Co or Co-containing
compounds.

Finally, the role and application of Co in hydrogen energy is
commented. As it is known, Co is expensive. Generally, partial
replacement of Ni with Co to reduce volume expansion of ABs-
type materials is widely used. As was mentioned previously,
the formation of hydrides of Co is very difficult under
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Fig. 6 — XRD patterns of the two Co samples after repeated
charge. (a) HCP-Co and (b) FCC-Co.

gas-phase hydrogenation. It needs a very high hydrogen
pressure to get the maximum hydrogenation capacity of Co.
This study shows that a high reversible hydrogen storage
capacity of Co can be achieved by electrochemical charge-
discharge at room temperature. The ability for hydrogenation
by charge-discharge of Co was observed only until recent
years [14-16,21]. This implies that nanocrystalline Co has
potentials to be a good catalyst for hydrogen just like other
materials with a high specific surface area (e.g., CNT, etc.). In
addition, the present work together with previous studies
[18,23] has also demonstrated that Co plays multifunctional
roles by adding to the typical ABs-type electrodes, i.e., catalyst,
reduction of expansion, and hydrogen absorption.

4, Conclusion

Graphite encapsulated nanocrystalline Co powder with an
FCC structure was used as the negative electrode in an alka-
line solution, and its electrochemical hydrogenation behavior
was studied and compared with that of HCP-Co. Both the

samples have about the same stabilized discharge capacity of
350 mAh/g (equivalent to H/Co=1.29 wt% or CoHy77). The
discharge capacities of these two structures of Co are attrib-
uted to the CoH,/Co dehydrogenation reaction. The reversible
phase transformation between the HCP and FCC phases
during electrochemical hydrogenation is observed for both
the samples, which results in the high discharge capacities.
Graphite encapsulation is beneficial to cycle stability of the
FCC powder.
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