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Electrochemical Hydrogen Storage Behaviors of
Ultrafine Amorphous Co—B Alloy Particles

Ya D. Wang, Xin P. Ai, and Han X. Yang*
Department of Chemistry, Wuhan University, Wuhan 430072, China

Received May 12, 2004. Revised Manuscript Received August 27, 2004

Ultra-fine amorphous alloy particles (UAAP) of Co—B were synthesized and investigated
as an anode material in aqueous KOH solution. The experimental results demonstrated
that the Co—B particles so prepared show excellent electrochemical reversibility and
considerably high charge—discharge capacity. The reversible discharge capacity of the Co—B
UAAP electrode is found to exceed 300 mAh/g at a current rate 100 mA/g, similar to values
for conventional hydrogen storage alloys. In addition, the cycling ability and high rate
capability of the Co—B electrode are fairly good with only 10% capacity decay after 100
cycles at a high rate of 300 mA/g. These exceptional electrochemical performances are
suggested to arise from the electrochemical hydrogen storage reaction on the Co—B material,
which is brought about by the nanosize effects and special amorphous structure of the Co—B

UAAP particles.

Introduction

Hydrogen storage alloys (HMs) have been actively
investigated as a high capacity negative material of
nickel—metal hydride batteries for use in various elec-
tronic devices and hybrid low-emission vehicles.!™3 In
the past few decades, many metal hydrides, such as
ABs-type rare-earth metal alloys,* 10 ABo-type Laves
phase alloys,112 A;B-type Mg-based alloys,!314 and AB-
type intermetallic compounds,!%16 have been explored,
and a large amount of work, such as the optimization
of alloy composition!?~20 and surface modifications,21-23
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has been done to improve the electrochemical capacity
and high rate capability of these materials. Though
some of the Mg-based alloys have very high capacities
of =600 mAh/g, their cycling abilities and poor dynamics
are insufficient for practical applications.2425 At the
present state of the art, the commercially used MHs
usually have a reversible capacity of ~300 mAh/g,26:27
and therefore, the search for new hydrogen storage
materials with higher energy density has been continu-
ously carried out in recent years.

Nanosized materials have received considerable in-
terest for development of new generation of hydrogen
storage materials because of their unique characteris-
tics?® such as high surface reactivity and strong gas
adsorption. Carbon nanotubes??—33 and some nanosized
alloy particles®*~37 were reported to have larger hydro-
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gen storage capacities than conventional hydrogen
absorbing alloys; however, the room temperature kinetic
behaviors of these materials are not satisfactory. In this
paper, we report the electrochemical hydrogen storage
behaviors of the Co—B UAAP synthesized by chemical
reduction of cobalt in aqueous borohydride solution and
describe the charge—discharge properties of this mater-
ial used as a hydrogen storage electrode.

Experimental Section

2.1. Material Synthesis. The ultra-fine amorphous Co—B
alloy particles were synthesized by chemical reduction of cobalt
sulfate in aqueous sodium borohydride solution. The synthetic
apparatus and experimental manipulations were performed
almost in the same way as described in ref 38, and the only
difference is that we used an ice bath to control the reaction
temperature rather than using circulating isothermal water.
A typical experimental procedure is as follows: 250 mL of
sodium borohydride solution (0.5 mol L~1!) was first prepared
and adjusted to pH = 12 with sodium hydroxide to prevent
violent hydrolysis. Bivalent cobalt sulfate solution (0.1 mol L1,
250 mL) was prepared with degassed distilled water and then
cooled in an ice bath. The chemical reduction reaction was
carried out by adding borohydride solution dropwise into
CoSOy solution at stirring. When the addition was complete,
the solution bath was kept at stirring about 1 h to release the
hydrogen to prevent burning of the precipitate following
filtration. After that, the precipitate was washed first with
distilled water to remove the reaction residues, and then with
acetone to prevent the sample surface from further oxidizing.
Finally, the sample was dried in a vacuum at 80 °C for 14 h
for the removal of residual water and acetone. All the reagents
were of analytical grade (Shanghai Chemical Reagent Com-
pany) and used as received without further purification.

2.2. Electrochemical Measurements. The cyclic voltam-
metry (CV) was conducted by using a powder microelectrode.
The powder microelectrode was fabricated in a similar way
as described in ref 39 by filling the Co—B alloy particles into
a microcavity at the tip of a Pt microdisk electrode. A Hg/HgO
electrode in 30% KOH was used as reference electrode, and a
sintered nickel hydroxide electrode was used as counter
electrode. The potential scan rate was set to 2 mV/s.

The Co—B electrode used for charge—discharge experiments
was a porous membrane electrode, prepared first by mixing
85% Co—B alloy powders, 7% poly(tetrafluoroethylene) (in
emulsion) and 8% acetylene black into paste, then by roll-
pressing the paste to 0.15 mm thick films, and finally by
pressing the film onto a nickel mesh. The experimental cell
was constructed with a 4 cm? Co—B electrode as anode, a
sintered nickel electrode as cathode, and 30% KOH solution
as electrolyte.

2.3. Compositional and Structural Characterization.
The size and morphology of the Co—B alloy particles were
examined by transmission electron microscopy (TEM) on a
JEM-2010 microscope. The crystalline structures of Co—B alloy
particles were characterized by powder X-ray diffractometry
(XRD) on a Shimadzu Lab diffractometer with Cu Ko source.
The electrode samples for characterization of the changes in
the crystalline phases at different charge and discharge states
were taken from the cells, rinsed with distilled water, and then
dried for direct ex-situ XRD analysis. The chemical composi-
tion of the Co—B alloy particles was determined by inductively
coupled plasma (ICP) analysis using a JY38S spectrometer.
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Figure 1. TEM micrograph of the Co—B UAAP powder.
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Figure 2. XRD patterns of the Co—B UAAP powder
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Figure 3. Typical CV curves of the Co—B UAAP electrode in
a 30% KOH solution. Potential sweep rate was set at 2 mV/s.

Results and Discussion

3.1. Material Characterization. The Co—B alloy
particles prepared in this work have a Co/B atomic ratio
of 1.9, approximately. Figures 1 and 2 show the HRTEM
image and XRD pattern of the Co—B powers prepared
in this work, respectively. As it is shown in Figure 1,
the Co—B powers consist of very fine particles with
almost uniform size of several tens of nanometers,
resembling very much what was reported previously in
ref 38. In the previous work,38 it is clearly demonstrated
by the TEM micrograph together with an electron-
diffraction image that the Co—B particles so prepared
had an ultrafine amorphous structure. In addition, the
very weak and featureless XRD pattern in our work
(Figure 2) further confirms the amorphous crystalline
structure of the Co—B particles synthesized by this
method.

3.2. Electrochemical Characterization. Figure 3
shows the cyclic voltammograms of the Co—B powders
in 30% KOH aqueous solution. During first cathodic
scan, a remarkable reduction peak appears at —1.01V,
and correspondingly, a strong oxidation peak arises at
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Figure 4. Charge and discharge curves of the Co—B UAAP
electrode at a constant current of 100 mA/g.

the more positive potential of —0.8 V on the anodic
branch of the CV curve. This pair of the reduction—
oxidation peaks suggests a reversible electrochemical
reaction occurring on the Co—B UAAP electrode. From
the thermodynamic point of view, the equilibrium
potentials of elemental cobalt and boron are at —0.733
and —1.811 V, respectively, in the alkaline solution,*°
which are far from the potential locations for the
observed current peaks in Figure 3, and therefore, the
pair of current peaks cannot be accounted for by a
simple electrochemical reduction and oxidation of the
elemental cobalt or boron in the Co—B UAAP electrode.
Considering that the potential positions and shapes of
these current peaks very well resemble those frequently
observed for the electrochemical hydrogen storage reac-
tions on MH electrodes,*! we can attribute the current
peaks to the electrochemical reduction of H,O and the
oxidation of absorbed hydrogen on the Co—B electrode.
A conflicting phenomenon in Figure 3 is that the anodic
peak is somewhat larger than the anodic current peak,
implying that the oxidation capacity given by the
absorbed hydrogen exceeds the reduction capacity used
for the generation of hydrogen in the first cycle of
potential scan. This problem is probably due to the
residual hydrogen, which is formed in the chemical
precipitation of Co—B by borohydride reduction and
strongly absorbed in the crystalline lattice of Co—B
particles. This phenomenon also suggests the possibility
that the Co—B UAAP could react with hydrogen atoms
to form a hydride alloy since the residual hydrogen
should be completely removed during vacuum-drying of
the material at 80 °C, if hydrogen exists in a physically
adsorbed state.

To ensure the practical feasibility of the Co—B UAAP
as a hydrogen storage electrode material, we con-
structed the experimental Ni—MH cells using the Co—B
negative electrodes and Ni(OH); positive electrodes, and
cycled the cells at conventional charge—discharge condi-
tions. Figure 4 shows the charge—discharge curves of
the cells at a constant current of 100 mA/g. As it is
shown, the charging and discharging curves of the cells
are almost the same as usually observed for the Ni—
MH cells based on conventional hydrogen storage al-
loys;%! i.e., the charging and discharging voltage pla-
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Figure 5. Comparison of the charge—discharge curves of the
Co—B UAAP electrode at different current rates and at the
fifth cycle.
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Figure 6. Cycling performance of the Co—B UAAP electrode
at a rate of 300 mA/g.

teaus appear just at the potentials of ~1.2 and ~1.35
V, respectively, which are characteristic of the reversible
electrochemical storage and oxidation of hydrogen.
Calculated from the discharge curves in Figure 4, the
discharge capacity of the Co—B electrode is ca. 340
mAh/g at the fifth cycle and 310 mAh/g at the 25th cycle,
slightly higher than the electrochemical capacities of the
rare-earth metal alloys currently used in commercial
Ni—MH batteries.*!

The rate capability of the Co—B electrode can be seen
from the charge—discharge curves at different current
rate as shown in Figure 5. It can be seen that there is
no obvious decrease in the discharge capacities and
voltage plateaus at increased discharge rates. The
discharge capacity of the Co—B electrode at the high
rate of 300 mA/g is also almost the same as at the rate
of 100 mA/g current, suggesting that the Co—B UAAP
electrode can not only serve as “high capacity anode”,
but also serve as “high power capability anode”.

Figure 6 shows the cycling performances of the Co—B
electrode at a high rate of 300 mA/g. At the initial cycle,
the Co—B electrode shows an exceptionally high ir-
reversible discharge capacity of ca. 600 mA/g, possibly
due to the electrochemical oxidation of boron and active
surface cobalt atoms. From the third cycle, the revers-
ible capacity was stabilized at ca. 300 mA/g. Even after
100 cycles, the reversible capacity was still kept up at
more than 260 mAh/g, showing quite good capacity
retention.

Usually, most of the conventional hydrogen storage
alloys need an electrochemical activation process to
achieve their intrinsic hydrogen storage capabilities.!!
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Figure 7. XRD patterns of the Co—B UAAP electrode: (a)
fully charged and (b) completely discharged at the 20th cycle.

In comparison, the Co—B UAAP material shows an
exceptional electrochemical activity and can work very
well without the need of any chemical or electrochemical
preactivation treatments. This is particularly beneficial
for practical hydrogen storage or battery applications.

3.3. Electrode Reaction Mechanism. To confirm
the charge—discharge mechanism of the Co—B electrode
as suggested above, we used XRD and XPS spectroscopy
to characterize the changes in the chemical composition
and electronic structure of the Co—B electrode during
charge—discharge cycling. Figure 7 compares the XRD
patterns of the Co—B electrode from fully charged and
discharged cells. In the figure, a number of very weak
XRD lines, which can all be indexed to 5-Co(OH)s, are
observed from both the charged and discharged surfaces
of the electrode. Because these XRD peaks are too weak
and do not change very much in the charged or
discharged electrode, it is difficult to assign these peaks
to the phase transformation of the electrode from
amorphous Co—B particles to crystalline $-Co(OH)s.
Most likely, these XRD features are given rise by the
surface oxide of cobalt, produced during the sample
preparation or by chemical corrosion of the electrode in
alkaline solution. Nevertheless, the failure to observe
the phase change of the electrode during charge—
discharge cycling seems to support the electrochemical
hydrogen storage mechanism. In addition, we also failed
to detect any significant changes in the electronic
valence state of cobalt in the electrode during charge
and discharge.

It has been well recognized that cobalt can form a
solid solution with hydrogen with the atomic ratio of
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hydrogen to cobalt up to 1.#2 If the Co—B alloy is
hydrogenated to form CoysBH,, the theoretical special
capacity of the Co—B particles should be 414 mAh/g.
However, there were always some borate residues or
surface oxides (totally, ca. 10% by ICP measurements)
existing in the Co—B product, which cannot form
hydride and would certainly lead to a reduction of the
observed capacity from its theoretical value; thus, the
observation of 300 mAh/g reversible capacity for the
Co—B alloy particles is reasonable.

The excellent cycle life of the Co—B alloy is most likely
due to the stable amorphous structure of this compound.
As shown above, no significant phase transformation
or bulk oxidation occurs in the Co—B alloy particles
during charge and discharge cycles. This exceptional
oxidation-resistant property of the Co—B particles may
arise from the alloying effect of Co with B atoms, which
leads to the electrode potential <1.0 V of the alloy being
much more negative than that of the pure Co element
(—0.73). As a consequence, the oxidative passivation of
the Co in the Co—B alloy particles is greatly alleviated.

Conclusion

In summary, we synthesized the ultra-fine amorphous
alloy Co—B particles through borohydride reduction of
divalent cobalt and investigated the structural and
electrochemical properties of this material used as a
rechargeable anode electrode in aqueous KOH solution.
The reversible discharge capacity of the Co—B UAAP
electrode is obtained as more than 300 mAh/g at a rate
of 100 mA/g current, comparable to those of conventional
hydrogen storage alloys. In addition, the cycling ability
and high rate capability of the Co—B electrode are fairly
good with only 10% capacity decay after 100 cycles at a
high rate of 300 mAh/g. The exceptional electrochemical
activities of the Co—B UAAP material were explained
by an electrochemical hydrogen storage reaction, which
is brought about by the high chemical reactivity and
special amorphous structure of the nanosized particles.
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