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The Co, P crystals are successfully synthesized by a facile solid state reaction. Energy dispersive X-ray spec-
trum (EDS) results indicate a mol ratio of 0.6686-0.3314 for Co to P, confirming the stoichiometric ratio
of Co, P. Galvanostatic charge/discharge tests show that Co, P exhibits a high maximum discharge capac-
ity (Cmax) of 223.5mAh g and excellent cyclic properties with capacity retention of 97.9% (Czg0/Cimax)
in the 300th cycle as an anode material in alkaline rechargeable batteries. Cyclic voltammetry (CV) and
XRD tests during full charge/discharge processes confirm a quasi-reversible redox mechanism between
Co(OH); and Co resulting from the conversion of Co,P. The simultaneously produced P plays an impor-
tant role in the whole process - with the reaction and dissolution in the electrolyte, it brings many new
interspaces in Co,P body to enlarge the contact area between the active material and the electrolyte, and
make the electrochemical process easier and faster.
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1. Introduction

During a long time, transition metal phosphides [1-4] and sup-
ported transition metal phosphides [5-7] have been paid great
attention and recognized as candidates of catalyst, because of their
high activity and stability in hydrogenation, hydrodesulfurization
(HDS) and hydrodenitrification (HDN) [8-10] reactions. Also, they
are widely used in other fields such as electronics, optoelectronics
and magnetic due to their unique physical and chemical properties
[11-16]. Since Mitov et al. [17] report that Co-B amorphous alloy
has electrochemical hydrogen absorption-desorption properties in
alkaline rechargeable batteries, more and more efforts have been
paid to investigate the electrochemical properties of various transi-
tion metal-metalloid compounds. Wanget al.[18] report Co-S alloy
by ball milling of Co and S powders and obtain the highest discharge
capacity of 350 mAh g~! and excellent cycle stability as a negative
material for Ni/MH batteries. He et al. [19] investigate the hydro-
gen storage performances of Co-Si compound and propose the
hydrogen storage mechanism as CoSi+H;0 +e « [CoSi-H]+OH".
Liu et al. [20] prepare Co,B alloys by both high temperature solid
phase process and arc melting method, and the Co,B alloys exhibit
excellent electrochemical hydrogen storage behaviors. But there
are seldom reports on the electrochemical performances of Co-P
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compounds. To the best of our knowledge, Cao et al. [21] obtain a
reversible discharge capacity of 310 mAh g~! for Co-P alloy by ball
milling Co and P powers, and the reversible charge-discharge pro-
cesses are attributed to the electrochemical storage and oxidation
of hydrogen. But there is few detailed study on the electrochemical
performances of crystallined Co-P compounds, so further investi-
gations are worth to be made.

It is known that traditional solid state reaction has the advan-
tages of high yield and easy operation, which is also introduced in
the synthesis of Co-P compounds. The solid state methods to syn-
thesize Co-P compounds could be divided into two types: one is
to calcine Co metal and red phosphorous under inner atmospheres
[22]; the other one is to reduce Co-based and phosphorus-based
compounds under reducing atmospheres [23]. But the first one is
difficult to obtain stoichiometric materials due to the volatiliza-
tion and sublimation of red phosphorous, and the second one has
potential safety hazard because of the adoption of H,. Thus, sim-
ple and safe processes should be explored. Recently, Guan et al.
[24] report a novel solid state reaction to synthesize a series of
metal phosphide crystals using NaH,PO, as reductant. But there
are few similar reports on Co,P, because many other Co-P com-
pounds could be accreted with it, such as Co-P [25]. In this paper,
we report a facile solid state synthesis of Co,P crystal. We point
out the appropriate conditions to synthesize pure Co,P. The elec-
trochemical performances of Co,P explored as an anode material
in alkaline rechargeable batteries are studied. Finally, the possible
electrochemical mechanism is under detailed discussion.
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2. Experimental
2.1. Preparation of Co;P

Co,P crystal was prepared successfully by a simple solid state reaction in accor-
dance to the synthesis of NiyP [24]. In a typical reaction, 0.9 g NaH,PO,-H,0 and
1.5 g CoCl,-6H,0 were dissolved in 20 ml distilled water under continuous stir until
a transparent solution was formed. The solution was placed in an oven and kept
at 90°C for 24 h to evaporate the water. The obtained pink material was ground,
pressed into a pellet and calcined at 873K for 6 h at a heating rate of 10Kmin~! in
inert Ar atmosphere. Then the produced grayish-black material was washed with
distilled water and ethanol to remove the residual ions. Finally, the wet products
were dried in vacuum at 353K for 12 h.

2.2. Structural and morphological characterization

The structure of the samples was characterized X-ray diffraction (XRD, Rigaku
D/Max-2500, Cu Ko radiation, A =1.5418A) and energy dispersive X-ray spectra
(EDS, ISIS300, Oxford, Instrument). The morphology was observed by scanning elec-
tron microscopy (SEM, Hitachi X-650).

2.3. Cell assembly

Electrochemical performances were evaluated in three-electrode test cell. The
as-prepared material was made as working electrode, NiOOH/Ni(OH), as counter
electrode, Hg/HgO as reference electrode and 6 mol L-! KOH solution as electrolyte.
The working electrode was processed as follows: the as-prepared powers and nickel
powders (mass ratio 1:3) were mixed homogeneously and pressed into a pellet
(10 mm in diameter) under 30 MPa. Then the pellet was sandwiched between two
foam nickel disks (20 mm in diameter) and pressed under 10 MPa. Finally, a nickel
strip was soldered on the edge of the disk.

2.4. Electrochemical measurements

Galvanostatic charge/discharge measurements were operated on a Land
CT2001A automatic battery tester. The electrodes were charged at 100mA g~ for6 h
and discharged at 50mA g~" to —0.5 V (vs. Hg/HgO). Cyclic voltammogram (CV) was
recorded with a Zahner-Elektrik IM6e electrochemical workstation in the potential
range of —1.2V to —0.4V at a scan rate of 0.2 mVs~! at room temperature.

3. Results and discussion
3.1. Material characterization

Co,P is successfully synthesized with a simple solid state reac-
tion. The XRD patterns of the materials are shown in Fig. 1.
Obviously, the mol ratio of NaH,PO, to CoCl, is very important
in synthesizing Co,P crystal. When the mol ratio is 1:1, the major
phase is Na;CoP,05. As it increases to 1.75:1, the diffraction peaks
of Na,;CoP,05 disappear and the major phase is Co,P. Thus, pure
Co,P is obtained when the mol ratio is above 1.75:1, and the XRD
pattern (Fig. 1d) is in good accordance with the standard Co,P
(JCPDS 65-2380) - orthorhombic system with a Pnma space group.
The EDS pattern (shown in Fig. 2) indicates that the molar ratio of
Co and P in the as-synthesized material is 0.3314:0.6686, confirm-
ing the stoichiometric ratio of Co,P. SEM images of Co,P (Fig. 3)
exhibit that the particles are several hundred nanometers, and the
particles aggregate to some extent.
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Fig. 1. XRD patterns of Co,P synthesized with different mol ratios of CoCl, to
NaH,PO; (a) 1:1 (b) 1:1.25 (¢) 1:1.5(d) 1:1.75.

PK 2067 3314
CoK 7933 6656
Total 100 100

T T T T T T
050 075 100 125 150 1.75 200 225 250

Energy (KeV)

Fig. 2. EDS patterns of as-synthesized Co,P crystal.

3.2. Galvanostatic discharge measurements

The discharge capacity curves for Co,P electrode at a discharge
current density of 50mA g~ at different cycles are shown in Fig. 4.
It displays that all the discharge plateau potentials appear at about
—0.8V (vs. Hg/HgO0), which is similar to the redox equilibrium
potential of Co/Co(OH); couple (—0.83 to —0.85V) in alkaline solu-
tion [26]. Although the initial discharge capacity (107mAhg-1) is

Fig. 3. SEM image of as-synthesized Co,P crystal.
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Fig. 4. Discharge capacity curves of Co,P at the 1st, 10th, 50th, 100th 120th, 150th
and 200th cycle.

low, it increases gradually to a maximum of 223.5mAhg! in the
120th cycle then slightly decreases. The discharge capacity is 120.4,
169.7, 209.7, 223.5, 219.3 and 218.6 mAhg-! at the 10th, 50th,
100th, 120th, 150th and 200th cycles, respectively.

The cyclic performance of as-synthesized Co, P is shown in Fig. 5.
Although there is a relative long activation cycle, the discharge
capacity keeps increasing and reaches to the maximum (Cpax) of
223.5mAh g1 at the 120th cycle. Besides, it displays high capacity
retention, about 97.9% (C309/Cmax ) at the 300th cycle. The long acti-
vation cycle may be attributed to that a relative strong interaction
between P and Co in Co,P crystal needs to overcome during cycling.

3.3. CV measurements

The CV curves of Co, P electrode during different cycles are pre-
sented in Fig. 6. The pair of remarkable reduction-oxidation peaks
appears at about —1.00V and —-0.70V, respectively, similar to the
potential plateaus of S-Co(OH), and Co-BN materials reported by
Wang [27] and Gao [28] group. As shown in Fig. 6, there are three
important changes with the increase of cycle: (1) the pair of redox
peak becomes more distinct, which indicates better redox reac-
tion, (2) the peak currents become bigger, which indicates faster
diffusivity, (3) the integral areas become larger, which indicates
larger discharge capacities. These values keep increasing until to a
maximum at the 120th cycle then with a slight decrease, which is
consistent with the galvanostatic discharge curve results.
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Fig. 5. Cyclic curve of Co,P at the discharge current density of 50mAg-1.
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Fig. 6. CV curves of Co,P materials at the 1st, 10th, 50th, 100th, 120th, 150th and
200th cycle. (For interpretation of the references to color in the artwork, the reader
is referred to the web version of this article.)

3.4. Electrochemical mechanism

The possible electrochemical mechanism is investigated by
CV (Fig. 6) and synchro XRD tests (Fig. 7) during different
charge/discharge cycles.

In CV curves, a remarkable pair of redox peak is detected in
every cycle, which testifies a redox mechanism. The curve shapes
and peak potential locations are similar to those of Co [29] and
Co(OH); [30] electrodes, confirming a similar reversible reaction of
Co,P electrode as Co and Co(OH), electrodes.

In order to further investigate the electrochemical mechanism,
synchro XRD patterns during charge/discharge processes in differ-
ent cycles are compared. As shown in Fig. 7, the diffraction peaks
are all assigned to Co, P crystal in the initial charging process. In the
initial discharging process, the main phase is Co,P but some weak
diffraction peaks of Co(OH), appear. In the 10th cycle, the main
phase is also Co,P, but some diffraction peaks of Co are detected
in the charging process and Co(OH), in the discharging process.
In the 30th cycle, although the diffraction peaks of Co,P are still
high and strong, the diffraction peaks of Co and Co(OH), become
much stronger than in the 10th cycle in the corresponding charg-
ing/discharging process. Great changes occur in the 100th cycle,
the diffraction peaks of Co,P almost disappear, instead, all typ-
ical diffraction peaks are Co and Co(OH),. There are no typical
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Fig. 7. XRD patterns of Co2P electrode at full charge and discharge state in different
cycles (a, c, e, g - 1st, 10th, 30th and 100th charge cycle; b, d, f, h - 1st, 10th, 30th
and 100th discharge cycle).
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diffraction peaks of P-based materials detected in all the processes,
because P may react with and dissolve in the dense 6 mol L1 KOH
solution during charge-discharge process.

Through the above analysis, we sum up a Faradaic redox mech-
anism expressed as follows:

discharge

CoyP +20H™ "— " Co(OH), + Co + P + 2e (1)
charge
Co(OH), +2e = Co+20H" 2)
discharge

In the beginning, Co,P converts to Co(OH),, Co and P through
an irreversible reaction (1) during the discharging process. Mean-
while, the produced Co further converts to Co(OH), through the
reversible reaction (2) at the same discharge condition. But the
reaction rate of (1) is slow due to a relatively strong interaction
between Co and P in Co,P. Also, inner Co,P particles could not
contact with the electrolyte, which results in an incomplete con-
version of Co,P in discharging process. As a result, Co,P has a
low initial discharge capacity and a long activation cycle. With
the charge/discharge process going on, more and more Co,P parti-
cles participate in reactions (1) and (2), which exhibits higher and
higher discharge capacity. When the conversion occurs completely,
the charge/discharge process becomes reversible which is due to
a quasi-reversible redox reaction between Co(OH), and Co [31],
exhibiting a excellent discharge capacity. The generated P plays an
important role in the electrochemical performances of Co,P. With
the reaction and dissolution of P, many new interspaces are brought
into Co,P body to enlarge the contact area between the active
material and the electrolyte, which makes the conversion reac-
tion of Co,P easier and the redox reaction between Co and Co(OH),
faster.

4. Conclusions

Co,P crystal is synthesized successfully with a facile solid-state
reaction, in accordance to the synthesis of Ni,P. The investiga-
tion on the reaction mechanism confirms that the molar ratio of
NaH, PO, to CoCl, and post-treatment with acid are necessary to
synthesize pure materials. The maximum discharge capacity of
CoyP electrode is 223.5 mAhg~! and capacity retention is 97.9% in
the 300th cycle. The electrochemical mechanism is investigated by
CV and synchro XRD tests during full charge/discharge processes. It
confirms a quasi-reversible redox reaction between Co and Co(OH),
after the gradual conversion reaction of Co,P in dense KOH elec-
trolyte. The produced P could bring many interfaces after reacting
with and dissolving in the electrolyte, which is important in enlarg-
ing the contact area between the active material and the electrolyte

and making the electrochemical process easy. Co,P would be a
potential candidate as an anode material in alkaline rechargeable
batteries, and it would be with great application prospect in such
as catalyst and optoelectronics.
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