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Graphical Abstract

Co,P compounds: Electrochemical conversion/partial recombination reaction and

partially disproportionated nanocomposite for Li-ion battery anodes

Hyuk-Tae Kwon, Jae-Hun Kim, Ki-Joon Jeon and Cheol-Min Park*

In this report, Co,P binary compounds and their nanocomposites were synthesized using simple solid-

state synthetic routes, and their potential as anode materials for Li-ion batteries was investigated.
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Co,P binary compounds, CoP and Co,P, were synthesized using simple solid-state synthetic

routes, and their potential as anode materials for Li-ion batteries was investigated.
Electrochemical Li reactivity was possible on the CoP electrode, whereas the Co,P electrode
did not react with Li. The electrochemically driven partial recombination reaction of the CoP
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electrode was thoroughly demonstrated using ex situ X-ray diffraction and extended X-ray
absorption fine structure analyses. To enhance the electrochemical performances of CoP, its
carbon-modified nanocomposite was prepared. The nanocomposite consisted of well-dispersed
CoP (active with Li) and Co,P (inactive with Li) nanocrystallites, as well as amorphous P
within the amorphous carbon matrix. The partially disproportionated CoP/C nanocomposite
electrode exhibited good electrochemical performance with a high initial charge capacity of
531 mA h g (or 855 mA h cm™), a cycling durability of 407 mA h g™ (or 655 mA h cm™)
over 200 cycles, a good initial coulombic efficiency of ca. 75%, and a fast rate capability (2C:
435mAhg',3C: 410 mAhgh.

Introduction Ni, Cu, or Zn; x =1 or 2; y = 1, 2, 3, or 4), are a very attractive
negative electrode material for Li secondary batteries because

As fossil fuels are being exhausted, the development of long- they have high specific capacities that depend on the

lasting energy storage systems is needed to satisfy the need for
electronic mobile devices and hybrid electric vehicles (HEVs).
Among the various energy storage systems, the Li-ion battery is
considered a promising choice because of its large energy
density, fast rate capability, and high power. Graphite is widely
used at present as an anode material in rechargeable Li-ion
battery systems because Li intercalates into the gaps in the
graphene layer. However, the demand is constantly increasing
for advanced battery materials with higher gravimetric and
volumetric energy densities than the graphite anode because the
graphite anode has a limited theoretical capacity corresponding
to the formation of LiCq (372 mA h g™ or ca. 840 mA h cm™)."
' Among the many possible alternatives, Li alloy-based
systems, such as Sn-based oxidcf:s,“’15 Si-based composites,lﬁ'zo
transition metal oxidcf:s,ﬂ’24 metal phosphidcf:s,zs’39 and metal
antimonide systems,**** have been focused on owing to their
ability to react reversibly with large amounts of Li per formula
unit. Although Li alloy-based systems have a higher energy
density, they suffer from poor capacity retention because of
large volume changes that occur during charge/discharge.

Transition metal phosphides, M,P, M = Ti, V, Mn, Fe, Co,

This journal is © The Royal Society of Chemistry 2013

phosphorus content (LisP: 2596 mA h g') and an interesting
reaction mechanism.’*>® Li can form two different types of
complexes with the transition metal phosphides: (i) Li ternary
phase through an insertion (or addition) reaction and (ii) LizP
phase with a nanocrystalline metal by a conversion reaction.
The insertion and conversion reactions can be summarized as
follows:

Insertion (addition) reaction: M,P, + zLi — LiM,P, (1)
Conversion reaction: M,Py + 3Li — yLi3P + xM )

The formation of Li_M,P, by insertion reaction (1) results in
good electrochemical behavior attributable to stable crystalline
structures, which is advantageous for high-performance anode
materials. Souza et al. demonstrated a quasi-topotactic-
intercalation mechanism, where lithium is inserted into the
binary MnP, phase to form a cubic ternary Li,MnP, phase.?
Furthermore, a quasi-intercalation reaction between black
phosphorus and a LiP phase,? as well as a topotactic reaction
between VP and a LiVP phase,”’ were reported by Park et al.
On the other hand, conversion reaction (2) produces a

J. Name., 2014, 00, 1-3 | 1
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nanocrystalline metal and Li;P, which affords advantageous
features in terms of less severe structural stress. Most P-based
compounds show the conversion reaction when the electrodes
were fully Li inserted phase.?*%°

The interesting insertion/extraction behaviors of P-based
materials have motivated numerous studies into the use of these
materials as possible Li-ion battery anodes. Among the various
P-based materials, Co-P binary compounds (CoP;, CoP, and
Co,P) have been actively investigated by many researchers. Co-
P compounds can be synthesized easily using solid-state
synthetic routes, such as heat-treatment and the ball-milling
technique, and have high reversible capacities of >1000 mA h
¢!, Owing to these favorable properties, various materials using
Co-P compounds have been reported, including pulsed laser
deposited CoP  thin lithiated CoP,,
electrodeposited Co-P alloys, and thermally decomposed Co,P

films, partially

nanostructures. However, the cycle performances of these
materials are still poor.***

Based on the Co-P binary phase diagram, CoP and Co,P
compounds were synthesized using simple high energy
mechanical milling (HEMM) and their suitability as anode
materials for rechargeable Li-ion batteries was tested. The
electrochemical reaction mechanism of the as-prepared CoP
electrode is discussed in this paper on the basis of the ex situ X-
ray diffraction (XRD) and extended X-ray absorption fine
structure (EXAFS) analyses, along with the differential
(DCP). Additionally, to the

electrochemical performances of CoP, its carbon-modified

capacity  plot enhance

nanocomposite was suggested as a high-performance anode
material for rechargeable Li-ion batteries.

Experimental

CoP
synthesized using the following solid-state synthetic route.

Preparation of Nanocomposite: and Co,P were
Stoichiometric amounts of Co (Aldrich, 99.9%, average size:
ca. 150 um) and P (Kojundo, average size: ca. 75 pm) powders
were placed in a hardened steel vial with a capacity of 80 cm’
along with stainless steel balls (diameters: 3/8 in. and 3/16 in.)
at a ball-to-powder weight ratio of 20:1. The vial was
assembled in an argon-filled glove box and an HEMM process
(Spex-8000) was conducted under an Ar atmosphere for 6 h. To
obtain the CoP/C composite, the same HEMM process was
carried out using the synthesized CoP powder and carbon
(Super P, Timcal) for 6 h. The preliminary electrochemical tests
showed that the optimal amounts of CoP and C were 60% and
40% by weight, respectively.

Materials Characterization: CoP and its composite samples
were characterized using XRD (DMAX2500-PC, Rigaku),
high-resolution transmission electron microscopy (HRTEM,

FEI F20, operating at 200 kV), and energy-dispersive
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spectroscopy (EDS) coupled with HRTEM. Ex situ XRD and
EXAFS analyses were used to observe the structural changes
occurring in the active material of the CoP electrode during Li
insertion/extraction. The Co K-edge EXAFS spectra for the
CoP electrode were recorded at the 8C (Nano XAFS) beamline
in a storage ring of 3.0 GeV at the Pohang Light Source (PLS),
South Korea.

Electrochemical

the electrochemical

evaluation of Co,P, CoP, and its composite, the electrodes were

Measurements: For
prepared by coating a copper foil substrate with a slurry
consisting of the active powder material (70 wt%), carbon black
(Denka, 15 wt%) as a conducting agent, and polyvinylidene
fluoride (PVdF, 15 wt%) dissolved in N-methyl-2-pyrrolidone
(NMP) as a binder. Samples of each mixture were vacuum-
dried at 120 °C for 3 h and pressed. The electrodes were
composed of ca. 0.05 mm thickness and 0.79 cm?® area with ca.
2.3 mg weight of CoP/C composite (with ca. 1.9 mg weight of
graphite). Coin-type electrochemical cells were assembled in an
Ar-filled glove box using Celgard 2400 as the separator, Li foil
as the counter and reference electrodes, and 1 M LiPFg in
ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by volume,
Panax STARLYTE) as the electrolyte. All the cells were tested
galvanostatically between 0.0 and 2.0 V (vs. Li/Li") at a current
density of 100 mA g™ using a Maccor automated tester, with
the exception of the rate-capability tests. The gravimetric
capacity was calculated on the basis of the weight of the active
materials, and the volumetric capacity was calculated by
multiplying the gravimetric capacity by the tap density (CoP/C:
1.61 g cm™, graphite: 1.27 g cm™), which was measured using a
powder tap density tester (BT-301, Bettersize). Li was inserted
into the electrode during the discharge reaction and was
extracted from the working electrode during the charge
reaction.

Results and discussion

Figure la shows the binary Co-P phase diagram, which
composed of two compounds, CoP and Co,P.* Figures 1b and
¢ show the XRD patterns of CoP and Co,P, respectively, which
were synthesized using a simple HEMM technique. The XRD
patterns in Figures 1b and c corresponded to the CoP and Co,P
phases, respectively, and no other crystalline phases were
detected. The crystalline structures of orthorhombic CoP (S.G.
Pnma, a = 5.077 A, b = 3.281 A, ¢ = 5.587 A) and Co,P (S.G
Pnma, a = 5.646 A, b = 6.609 A, c = 3.513 A) are shown in the
insets of Figures 1b and c, respectively. The crystalline
structure of CoP had more voids and channels for facile Li
diffusion and storage than that of Co,P, which indicated that
CoP has significant potential for use as an anode material in
rechargeable Li-ion batteries.

This journal is © The Royal Society of Chemistry 2012
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Figure 1 (a) Co-P binary phase diagram, and XRD patterns with ball-and-stick models (P: purple, Co: green) of the crystalline

structures of (b) CoP and (c) Co,P.

The voltage profiles of the CoP and Co,P electrodes are
shown in Figures 2a and b, respectively. The first discharge and
charge capacities of the CoP electrode were 915 and 778 mA h
¢!, respectively, with a high initial coulombic efficiency of
85%. Considering the theoretical capacity of CoP (894 mA h g’
") and a solid electrolyte interphase (SEI) layer formation
reaction near 0.7 V, it can be concluded that the synthesized
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Figure 2 Voltage profiles of the (a) CoP and (b) Co,P

electrodes for the 1st, 2nd, 5th, and 10th cycles.
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CoP electrode was fully reacted with Li. Although the CoP
electrode exhibited a high initial coulombic efficiency, it
showed poor cyclability. The drastic decrease in the capacity of
the CoP electrode was caused by the large volume change due
to the formation of LisP, which was associated with the
pulverization of the active material as well as its electrical
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Figure 3 Electrochemical reaction mechanism between CoP
and Li: (a) DCP of 1st and 2nd cycles and (b) ex situ XRD
results for the 1st cycle.
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Figure 4 EXAFS spectra of the CoP electrode: (a) pristine CoP
electrode, (b) Li insertion at 0 V (Ist cycle), (c) Li extraction at
2 V (1st cycle), and (d) Li insertion at 0.3 V (2nd cycle).

isolation from the current collector. Considering the theoretical
capacity (894 mA h g') of the CoP electrode and the solid
electrolyte interphase reaction of ca. 0.7 V, it can be concluded
that the synthesized CoP electrode was fully reacted with Li.
On the other hand, small discharge and charge capacities were
observed for the Co,P electrode owing to the reaction of the
carbon conducting agent, which indicated that Co,P was
inactive with Li. The inactivity of Co,P toward Li may be
related to the high overpotential that caused the break up the
Co-P bonds as above mentioned in comparison with the
crystalline structure.

The DCP for the first cycle of the CoP electrode (Figure 3a)
showed a large peak at 0.05 V during the discharge reaction and
two broad peaks at 0.8 and 1.0 V during the charge reaction. In
the second cycle, two DCP peaks at 0.64 and 0.05 V were
observed during the charge reaction, whereas the DCP peaks
during the discharge reaction were the same as those of the first
cycle, indicating the involvement of interesting electrochemical
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reactions. Ex-situ XRD analyses (Figure 3b) were performed at
the fully discharged state (O V) and the fully charged state (2.0
V). However, no structural changes due to the amorphization of
the active materials were observed for the CoP electrode during
the discharge and charge reactions.

To confirm the electrochemical reaction mechanism of the
CoP electrode with more detail, Co K-edge EXAFS analyses of
the CoP electrode were performed at selected potentials as
referenced in the DCP (Figure 3a), and the results are shown in
Figure 4. Figure 4a shows that the main EXAFS peaks in the
spectrum for the crystalline CoP and metallic Co were
associated with the Co—P interatomic bond length (1.78 A) and
Co—Co interatomic bond length (2.14 A), respectively. When
the electrode was fully discharged to O V for the first cycle
(Figure 4b), the main EXAFS peak of the CoP phase was that
of the Co metal showing the spectrum associated with the Co—
Co interatomic bond length (2.14 A). In the fully charged state
of 2.0 V (Figure 4c), the two main EXAFS peaks,
corresponding to the Co (2.14 A) and CoP (1.78 A) phases,
appeared together, which demonstrated that the CoP phase was
partially recombined during the charge reaction of the first
cycle. To confirm the DCP peak at 0.65 V during the second
discharge, which was not observed in the first cycle (Figure 3a),
EXAFS analysis at the potential of 0.3 V during the second
discharge was analyzed as shown in Figure 4d, which showed
no variation. This result indicated that the remaining P resulted
from the partial recombination reaction was reacted with Li.
The potential at ca. 0.65 V coincided with the reaction potential
for the reaction between P and Li (P > LisP),” which also
indicated the partial recombination reaction of the CoP
electrode during the charge reaction. On the basis of the above
DCP and EXAFS results, the reaction mechanisms of the first
and subsequent cycles are suggested as follows:

During the first cycle of the CoP electrode:

- Discharge: CoP = LisP + Co

- Charge: LisP + Co > CoP + Co + P

Subsequent cycles of the CoP electrode:

- Subsequent discharge/charge: CoP + Co + P 2 LizP + Co

Carbon . CoPuap
§iig . % 3 o
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Figure 5 Schematic diagram of the electrochemical reaction mechanism of the CoP electrode during cycling.
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Figure 5 shows a schematic diagram for the electrochemical
conversion and partial recombination reaction of the CoP
during EXAFS
demonstrated the partial recombination of the CoP electrode

electrode cycling. The spectra clearly
during charge, which is a distinctive behavior for this electrode

when compared with the reaction mechanisms of previously
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Figure 7 (a) TEM bright-field, HRTEM image combined with
selected area diffraction pattern and FT patterns, STEM and its
EDS mapping images, and (b) Schematic view of the
disproportionated CoP/C nanocomposite.

Carbon

This journal is © The Royal Society of Chemistry 2014

studied electrodes consisting of Co-P compounds.**

Generally, the recombination reaction during charge is
advantageous in terms of the electrochemical performance of Li
alloy-based anodes. This is because the compound phase is
gradually decreased to nanocrystallites of 2—3 nm after a few
cycles, which retain the same size throughout subsequent
discharge/charge repeated and
recombination to form the compound phases within the
composite, #4648

Nanostructured composite materials are considered to be
promising alternative solutions for high performance anode
materials because they offer the following advantages: high
capacity owing to their ability to provide a higher interfacial
area, high rate capability because of their increased lithium ion

diffusion rate, and stable cycling behavior owing to their ability
6,42,46,49

cycles by conversion

to accommodate the strain generated during cycling.
Among the synthetic methods available for
nanostructured composite materials, HEMM was most suitable
for fabricating high-performance electrode materials. The
HEMM technique plastically deforms the particles, which leads
to work hardening and fracture of materials upon impact at
temperature >200 °C and pressures on the order of 6 GPa.”®
Upon consideration of the HEMM mechanism, the CoP/C
nanocomposite was prepared using HEMM. In the XRD pattern
of the CoP/C nanocomposites (Figure 6), two phases composed
of Co,P and CoP were confirmed, which indicated that the CoP
phase  within the CoP/C composite partially
disproportionated to Co,P and P (amorphous) as a result of the
HEMM process. A similar disproportionation reaction has also
been observed for SiO and CoSb, samples.’’”? SiO was
disproportionated to nanocrystalline Si and SiO, at high
temperatures.’’ CoSb; and CoSb, were disproportionated to
nanocrystalline CoSb, + Sb (amorphous) and CoSb + Sb
(amorphous), respectively, by HEMM.>*> The composition ratio
of CoP, Co,P, amorphous P, and carbon in the partially
disproportionated CoP/C composite was calculated using the
Jade 9 software to compare the XRD peak intensities and was
approximately 30:25:5:40 by weight, respectively.

various
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Figure 8 Voltage profile of the CoP/C nanocomposite electrode
for the 1st, 2nd, 5th, 10th, and 100th cycles.
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Figure 9 Comparison of the cycle performance of the graphite
(MCMB), CoP, and disproportionated CoP/C nanocomposite
electrodes at a cycling rate of 100 mA g': (a) gravimetric
capacity vs. cycle numbers and (b) volumetric capacity vs.
cycle numbers.

The TEM bright-field and HRTEM images combined with
selected-area diffraction (SAD) patterns and lattice spacing of
the CoP/C nanocomposite are shown in Figure 7a. The SAD
patterns showed both CoP and Co,P phases, which indicated
that some CoP within the CoP/C composite was partially
disproportionated to ca. 10 nm-sized nanocrystalline Co,P and
amorphous P, which is in agreement with the XRD results. The
EDS mapping image confirmed that the nanocrystalline CoP
and Co,P, amorphous P, and amorphous carbon were well
dispersed within the composite, as shown in Figure 7a.
Therefore, it can be concluded that the CoP/C nanocomposite
was composed of CoP (ca. 10 nm), partially disproportionated
Co,P (ca. 10 nm), amorphous P, and amorphous carbon as
illustrated schematically in Figure 7b.

The voltage profile of the CoP/C nanocomposite electrode
is shown in Figure 8. The discharge and charge capacities of the

6 | J. Name., 2012, 00, 1-3

Cycle Number

Figure 10 Comparison of the rate capability: (a) voltage profile
at various C rates for the CoP/C nanocomposite electrode and
(b) plot of the discharge and charge capacity vs. cycle number
for the CoP/C nanocomposite and graphite (MCMB) electrodes
at various C rates. (CoP/C: 1C — 530 mA g”', graphite: 1C — 320
mA g

first cycle for the CoP/C nanocomposite electrode within the
voltage range of 0-2.0 V were 712 and 531 mA h g™’ (or 1146
and 855 mA h cm™), respectively, with a relatively high initial
coulombic efficiency of 75%. The initial irreversible capacity
owing to the ball-milled amorphous carbon content (40 wt%) of
the CoP/C nanocomposite was approximately 180 mA h g™,
which demonstrates that the active materials, such as CoP and
partially disproportionated amorphous P, in the composite
fully with Li. The
electrochemical Li reactivity with the CoP/C composite is
attributed to the well-dispersed CoP (active with Li),
nanocrystalline Co,P (inactive with Li), and amorphous P

electrode were reversible good

(active with Li) within the amorphous carbon matrix formed by
the partial disproportionation reaction.

This journal is © The Royal Society of Chemistry 2012
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Comparisons of the cycling performances were made for
CoP, CoP/C, and the commercially available mesocarbon
microbeads (MCMB)-graphite electrode cycled at 100 mA g
(voltage range: 0.0-2.0 V). The gravimetric and volumetric
capacities of the CoP electrode, as shown in Figures 9a and b,
respectively, decreased gradually after a few cycles. The
capacity decrease was caused by mechanical cracking and
crumbling, which was attributed to the large volume change
during the formation of the Li;P phase. The reversible capacity
and capacity retention of the CoP/C nanocomposite electrodes
were significantly enhanced compared with those of the CoP
electrode. The CoP/C nanocomposite electrode showed a very
stable capacity of 407 mA h g (or 655 mA h cm™) for over
200 cycles, corresponding to ca. 77% of the initial charge
capacity. The volumetric capacity of the CoP/C nanocomposite
electrode was much higher than the MCMB-graphite electrode,
as shown in Figure 9b. The good cycling behavior of the CoP/C
attributed to
distribution of active CoP nanocrystallites, the presence of a
that
prevents the agglomeration of active materials during cycling,

nanocomposite electrode was the uniform

well-dispersed nanocrystalline Co,P inactive matrix
and the amorphous carbon buffering matrix that alleviates the
effect of the volume expansion on the active materials, as
illustrated in Figure 7c.

The rate capability test of the CoP/C nanocomposite
electrode was also conducted in the potential range between 0.0
and 2.0 V. Figures 10a and b show the cyclability of the CoP/C
nanocomposite electrode as a function of the C rate, where C is
defined as the full use of the restricted charge capacity of 530
mA h g' in 1 h. At rates of 2C and 3C, the CoP/C
nanocomposite electrode showed very high charge capacities of
435 and 410 mA h g”', respectively, corresponding to ca. 79%
and 75% of the charge capacity for the rate at 0.1C with stable
The the CoP/C
nanocomposite electrode was excellent compared with that of

cycling behavior. rate capability of
the commercially available MCMB-graphite electrode. The fast
rate capability of the CoP/C nanocomposite electrode was
ascribed to the presence of the ca. 10 nm-sized nanocrystalline
CoP and partially disproportionated amorphous P, which
contributed short Li diffusion paths. Additionally, the well-
dispersed, partially disproportionated Co,P phase within the
amorphous carbon matrix acted as an inactive conductor and
contributed to the fast rate capability.

Conclusions

The electrochemical reaction mechanism of conversion/partial
recombination during discharge/charge for the CoP electrode
was demonstrated utilizing ex situ XRD and EXAFS analyses
on the basis of the DCP. Further modification of this system
with carbon to form the CoP/C nanocomposite resulted in
partial disproportionation of CoP in the nanocomposite. The
nanocomposite consisted of well-dispersed CoP (active with Li)
and Co,P (inactive with Li) nanocrystallites, as well as
amorphous P (active with Li) within the amorphous carbon
matrix. When tested as an anode material for rechargeable Li-

This journal is © The Royal Society of Chemistry 2014

CoP/C
exhibited good electrochemical

the
electrode

ion Dbatteries, partially  disproportionated
nanocomposite
performance, including a high initial charge capacity of 531
mA h g™ (or 855 mA h cm™), a cycling durability of 407 mA h
g! (or 655 mA h cm™) over 200 cycles, a good initial
coulombic efficiency of ca. 75%, and a fast rate capability (2C:
435 mA h g' and 3C: 410 mA h g'). These good
electrochemical properties were attributed to the alleviation of
the volume change by the uniform distribution of active CoP
the

agglomeration during cycling by the presence of well-dispersed

nanocrystallites, prevention of active material
inactive Co,P nanocrystallites, the presence of the amorphous
carbon matrix to buffer the volume expansion of the active
the

reaction during

materials, and electrochemically  driven  partial

recombination repeated discharge/charge
reactions. The superior electrochemical performance of the
CoP/C nanocomposite electrode makes it a promising potential

anode material for Li-ion batteries.
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