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Cobalt phosphide (CoP) is a promising anode candidate for lithium-ion batteries (LIBs) due to its high
specific capacity and low working potential. However, the poor cycling stability and rate performance,
caused by lowelectrical conductivity and huge volume variation, impede the further practical application
of CoP anode materials. Herein, we report an integrated binder-free electrode featuring needle-like CoP
arrays grown on carbon fiber cloth (CC) for efficient lithium storage. The as-prepared CoP/CC electrode
integrates the advantages of 1D needle-like CoP arrays for efficient electrolytewettability and fast charge
transportation, and 3D CC substrate for superiormechanical stability, flexibility and high conductivity. As
a result, the CoP/CC electrode delivers an initial specific capacity of 1283mAh/g and initial Coulombic
effeciencies of 85.4%, which aremuch higher than that of conventional CoP electrode. Notably, the CoP/CC
electrode shows outstanding cycling performance up to 400 cycles at 0.5 A/cm2 and excellent rate
performance with a discharge capacity of 549mAh/g even at 5 A/cm2. This work demonstrates the great
potential of integrated CoP/CC hybrid as efficient bind-free and freestanding electrode for LIBs and future
flexible electronic devices.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Rechargeable lithium-ion batteries (LIBs) have attracted much
attention due to their advantages of high energy and power
density, low energy consumption, and environmental friendliness
[1–3]. As a crucial part of LIBs, anode material plays an important
role in regulating the battery performance. At present, graphite is
themost widely commercial anode due to its high reversibility and
low lithiation potential. However, it offers a limited capacity of
372mAh/g according to the Li+-ion intercalation mechanism [4,5],
which makes it cannotmeet the great demands of the high-energy
devices. Thus, it is an urgent priority to explore the “beyond Li-ion
intercalation” mechanism of advanced anode materials to boost
specific capacity and energy.

Currently, various types of transition-metal compound based
anode materials are investigated for LIBs, including oxides [6–8],
sulfides [9,10] and phosphides [11,12]. Among them, transition-
metal phosphides (TMPs) have been widely researched as
promising anodes due to their high capacity, relatively low
working potential [13]. For example, cobalt phosphide (CoP)
anode material can afford high theoretical specific capacity of
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�826mAh/g [14], which is more than two times that of graphite
anode. Despite the lower capacity comparedwith anodes such as Si
or Sn-based materials, and Li metal, CoP anode, however, shows
much lower volume variation than Si or Sn-based anodes, and
better safety issue than Li metal anode. On the hand, the poor
electronic conductivity and volume variation during charge/
discharge processes still restrict the electrochemical performance
of CoP anode materials [15]. To solve these issues, rational
construction of CoP-based hybrid nanostructures is urgently
needed for high-performance LIBs. In particular, a three-dimen-
sional (3D) architectural structure with large surface area and
abundant active sites is preferred to promote lithium reaction,
enable sufficient electrolyte access, and show promising mechani-
cal stability to buffer the volume expansion for advanced electro-
des [16,17]. More importantly, such 3D structures can be employed
as integrated and bind-free electrode of flexible LIBs for next-
generation flexible and portable electronic devices [18,19].
Specifically, various substrates including carbon nanotubes and
graphene have been researched for constructing flexible electrodes
[20,21]. Despite of their excellent electrochemical properties, the
poormechanical stability limits their wide applications in practical
devices. In this connection, carbon fiber cloth has beenwidely used
as a flexible substrate with desirable characteristics including low
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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cost, mechanical flexibility, high conductivity and robustness for
bind-free electrode for electrochemical energy storage [22,23].

Herein, we report needle-like CoP arrays grown on a carbon
fiber cloth (denoted as CoP/CC) as an integrated bind-free anode
with enhanced lithium storage performance. In the hybrid, the
interconnected conductive network of CC provides fast electron
transportation pathways and migrates the volume change to
maintain the structural integrity of the electrode due to its
mechanical stability and strength. Meanwhile, the one-dimen-
sional (1D) needle-like CoP arrays enable sufficient contact with
electrolyte and numerous active sites, and also effectively reduce
the transport path of lithium ions. As a result, the flexible binder-
free CoP/CC electrode shows high specific capacity, improved cycle
stability, and high rate performance.

As illustrated in Fig. 1a, the integrated binder-free CoP/CC
electrode was obtained via a hydrothermal method following with
the phosphorization process. The detailed preparation can be seen
in the Supporting information. Specifically, needle-like
Co-precursor arrays grow on the flexible CC substrate after a
hydrothermal route. After a subsequent phosphorization process,
the Co-precursor transforms to CoP, and maintains the needle-like
structure. Notably, the as-obtained CoP/CC electrode exhibits good
flexibility. Figs. 1b and c show the scanning electron microscopy
(SEM) images with different magnifications of Co-precursor/CC,
demonstrating that the precursor exhibits a needle-like array
structure. The precursor arrays fully and uniformly root on the CC
surface and grow along the radial direction of carbon fibers. After
phosphating, the needle-like morphology is well retained only
with a little twist (Figs. 1d and e) for the CoP/CC sample. The
needle-like structure can also be obtained without the addition of
CC substrate, as seen in the SEM image of powder Co-precursor
sample (Fig. S1a in Supporting information). However, it suffers
severe pulverization and agglomeration after the phosphorization
(Fig. S1b in Supporting information). The results demonstrate the
positive role of CC substrate in maintaining the morphology of CoP
[(Fig._1)TD$FIG]

Fig. 1. (a) Schematic illustration of preparation of CoP/CC. SEM images of (b,c) Co-precur
and P. (g) TEM and (h) high-resolution TEM image of CoP/CC. Inset shows the fast Fou
arrays during the phosphorization. In addition, energy-dispersive
X-ray spectroscopy (EDXS) mapping in Fig. 1f reveals that Co and P
elements are homogenously distributed along with the carbon
fibers. Figs.1g and h show transmission electronmicroscope (TEM)
images of needle-like CoP, and the clear lattice fringes with an
interplane spacing of 0.37 nm are related to the (101) plane of CoP
[15], which can also be indexed from the inset fast Fourier
transformation (FFT) based on orthorhombic CoP.

The phase purities of Co-precursor/CC and CoP/CC samples are
determined by X-ray diffraction (XRD) in Figs. 2a and b. All peaks of
Co-precursor (Fig. 2a) are assigned to the orthorhombic
Co(CO3)0.5(OH)�0.11H2O (JCPDS No. 48-83), except the broad peaks
of CC substrate. In the case of CoP/CC, all the diffraction peaks can
be indexed as an orthorhombic CoP structure (JCPDS No. 65-2593)
with no significant impurity peaks, as well as the control CoP
powder sample (Fig. S2 in Supporting information). The results
suggest the successful preparation of pure CoP. Furthermore,
Raman spectrum of CoP/CC (Fig. 2c) shows typical bands located at
around 1341 and 1586 cm�1, which are attributed to the pyrrole
ring and C¼C backbone stretching, respectively [24,25]. The peak
at 677 cm�1 belongs to the chemical bonding between Co and P in
CoP [26]. The results indicate the coexistence of CoP and carbon
component in CoP/CC. Thermogravimetric analysis (TG) curve of
CoP/CC under air atmosphere is shown in Fig. 2d. According to the
content of about 33.2wt% for the residue Co2P2O7 [15], the content
of CoP in CoP/CC can be calculated as 20.5wt% in CoP/CC.

The surface chemical compositions of CoP/CC sample are
identified by X-ray photoelectron spectroscopy (XPS). The Co 2p
spectrum in Fig. 2e presents two spin-orbit doublets of Co 2p3/2

and Co 2p1/2 with two corresponding representative satellite
peaks. The doublet peaks at binding energies of 779.6 eV and
797.7 eV are attributed to Co-P bond in CoP, while the peaks at
782.4 eV and 799.0 eV are related to Co-O bond due to the surface
oxidation of CoP [27]. The P 2p spectrum in Fig. 2f exhibits two
peaks at 129.9 and 130.6 eV, which were ascribed to P 2p1/2 and P
sor/CC and (d,e) CoP/CC. (f) SEM image of CoP/CC and EDXS elemental mapping of Co
rier transformation (FFT) pattern.
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Fig. 2. XRD patterns of (a) Co-precursor/CC and (b) CoP/CC. (c) Raman spectrum, (d)
TG curve, (e) Co 2p and (f) P 2p XPS spectra of CoP/CC.

[(Fig._3)TD$FIG]

Fig. 3. (a) Galvanostatic charge/discharge profiles and (b) CV curves of CoP/CC
electrode. (c) Cycle performance at 0.1 A/cm2, (b) rate capability and (c) long-term
cycling performance at 0.5 A/cm2 of conventional CoP electrode and binder-free
CoP/CC electrode.
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2p3/2 in CoP [28], respectively. Moreover, the broad peak observed
at 134.0 eV is attributed to the oxidized P caused by the surface
oxidation.

Fig. 3a shows the galvanostatic charge/discharge profiles of the
binder-free CoP/CC electrode at 0.1 A/cm2 from 0.02 V to 3.0 V. The
first discharge curve shows three platforms around 1.2 V, 0.6 V and
0.01 V. The first plateau at 1.2 V is associated with the formation of
solid electrolyte interface (SEI) layer originated from the electro-
lyte decomposition. The subsequence plateau at 0.6 V is related to
the insertion of Li+ ions into CoP, leading to the formation of a
transition phase LixCoP [29]. The third plateau around 0.01 V is
attributed to the further reduction of LixCoP to Co and Li3P [30]. The
conversion from CoP to Co substances induces high specific
capacity. It can be observed that the initial discharge and charge
capacities reach about 1283mAh/g and 1096mAh/g, leading to a
high initial Coulombic efficiency of 85.4%. The above conversion
reaction process can be expressed as following:

CoP + xLi+ + e� → LixCoP (1)

LixCoP + (3-x)Li+ + e� → Li3P + Co (2)

In the case of conventional CoP electrode (Fig. S3 in Supporting
information), the initial discharge capacity and Coulombic
efficiency are much lower than the binder-free CoP/CC electrode,
demonstrating the positive role in enhancing the active utilization
of CC substrate due to its highly conductive structure. The
conductive CC substrate benefits for rapid charge transfer within
CoP/CC electrode due to lower resistances, as shown in the
electrochemical impedance spectroscopy (EIS) profiles (Fig. S4 in
Supporting information). In the subsequent cycles, CoP/CC
electrode exhibits higher reversible specific capacity of
1016mAh/g and 1000mAh/g (in 2nd and 3rd cycle) than that of
the conventional CoP electrode (669mAh/g and 623mAh/g),
indicating efficient active material utilization of the binder-free
CoP/CC electrode. Cyclic voltammogram (CV) curves are further
measured to probe the electrochemical process. As shown in
Fig. 3b, the CoP/CC electrode exhibits two anodic peaks located at
around 1.2 V in thefirst charge scan, assigned to the transformation
of Li3P to CoP. While the high peak located at 0.3 V should be
related to the deintercalation of Li+ ions from the CC substrate
according to the CV curves of pristine CC (Fig. S5 in Supporting
information). After the first discharge/charge reaction, the over-
lapped curves adumbrate the good electrochemical reversibility
and stability of CoP/CC electrode. In the subsequent cycles, the
main reduction peaks were shifted to 0.67 V, which might result
from the activation and redistribution of CoP materials during the
initial cathodic scan. Notably, the CV curves of conventional CoP
electrode (Fig. S6 in Supporting information) are similar to that of
CoP/CC except that the redox peaks of pristine CC substrate are not
observed, and the redox peaks positions of the 2nd and 3rd cycle
shift slightly [31]. More importantly, CV curves of CoP/CC electrode
are more stable after the initial cycle than conventional electrode,
indicating that the conductive CC substrate induces better
electrochemical reaction kinetics.

Fig. 3c shows the cycle stability of the two electrodes at a
current density of 0.1 A/cm2 over 200 cycles. CoP/CC electrode
shows a high capacity retention of 82.0% with the capacities
decreasing from 1097mAh/g at the 2nd cycle to 900mAh/g at 200th

cycle, while the capacity retention of conventional CoP electrode is
much lower as �51.8% with the capacities decreasing from
657mAh/g (2nd cycle) to 340mAh/g after 200 cycles. In addition,
the binder-free CoP/CC electrode exhibits higher average Coulom-
bic efficiency of �99.8% than that of conventional CoP electrode
(�98.2%) over 200 cycles. The rate capability in Fig. 3d
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demonstrates that CoP/CC electrode shows excellent rate capabili-
ty with a high discharge capacity of 549mAh/g even at 5 A/cm2,
which is much higher than that of 75mAh/g for conventional CoP
electrode. When the current density reaches back to 0.1 A/cm2, the
specific discharge capacity of CoP/CC electrode recovers to
940mAh/g. Significantly, the CoP/CC electrode demonstrates
excellent cycle durability and high initial coulombic efficiency of
84.1% (Fig. 3e) at 0.5 A/cm2. Notably, the phenomenon that the
capacity increases in the initial cycles is a result of an activation
process [32]. The discharge capacity maintains as 629mAh/g after
400 cycles with the low decay rate of�0.98% per cycle. In contrast,
the conventional CoP electrode exhibits lower reversible capacity
of 526mAh/g and the capacity rapidly decreases to 235mAh/g.
Given that the reversible capacity contribution of pristine CC
substrate (only 150mAh/g at 0.1 A/cm2, and 100mAh/g at 0.5
A/cm2), as seen in Fig. S7 (Supporting information), the capacity of
binder-free CoP/CC electrode still exceeds to that of conventional
CoP electrode. The results clearly demonstrate the excellent rate
capability and remarkable cycle stability of the binder-free CoP/CC
electrode. It should be noted that the high capacity retention
(82.0% after 200 cycles) and high initial Coulombic efficiency
(84.1%) are achieved for the binder-free needle-like CoP arrays/CC
electrode with an extremely high specific loading (3.5mg/cm2) of
active CoP material, which outperforms most reported CoP-based
anode materials [14,15,29,30,33–43], as concluded in Table S1
(Supporting information).

The enhanced lithium storage performance of CoP/CC electrode
is related to the 3D conductive and stable structure of CC substrate.
As shown in Fig. 4, the SEM images (Figs. 4a and b) of the cycled
CoP/CC electrode demonstrate that needle-like CoP arrays still
maintain well on the CC surface without obvious peeling off,
indicating the outstanding structure integrity during cycling.
Furthermore, the EDXS mappings in Figs. 4c and d demonstrate
that the elements of Co and P homogenously distribute along with
the carbon fibers. Even after cycling at a higher current density (0.5
A/cm2) for 400 cycles, the active CoP materials still adhere tightly
onto the carbon fibers with a homogenous element distribution
(Fig. S8 in Supporting information), indicating the excellent
structural stability. Thus, the superior electrochemical perfor-
mance of binder-free CoP/CC electrode can be ascribed to the
particular structure of 1D needle-like arrays on flexible CC
substrate, which can suppress the aggregation of CoP nanoneedles
over the continuous cycling, improve the electrical conductivity,
and retain the structure integrity of the CoP/CC electrode.
Therefore, the flexible binder-free CoP/CC electrode can realize
high active material utilization and high-rate performance.

In summary, a novel integrated binder-free CoP/CC electrode
featuring with needle-like CoP arrays grown on CC substrate is
reported for LIBs. Compared with conventional CoP electrode, the
binder-free CoP/CC electrodedemonstrates high reversible capacity,
excellent rate performance, and outstanding cycling performance
with a reversible capacity of 629mAh/g after 400 cycles. The
[(Fig._4)TD$FIG]

Fig. 4. (a,b) SEM image and (c,d) EDXS mapping of the CoP/CC electrode after 200
cycles at 0.1 A/cm2.
excellent electrochemical properties are ascribed to the following
advantages of CoP/CC electrode. Firstly, 3D conductive CC substrate
provides fast electron transport pathways, and exhibits excellent
mechanical stability to maintain the structure integrity of electrode
during cycling. Secondly, needle-like CoP arrays grown on carbon
fibers enable sufficient electrolyte access and numerous active sites.
Thirdly, the flexible CoP/CC electrode avoids the utilization of
nonconductive and inactive binder to increase the conductivity of
electrode.Therefore, theflexiblebind-freeCoP/CChybridoffersgreat
potential as anodematerial with superior performance for LIBs and
future flexible electronic devices.
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