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Transition metal phosphides have received considerable interest for electrochemical energy storage/
conversion and catalysis. In this work, we designed a unique hybrid of NiCoP nanoparticles adhered on
quasi-planar structured graphene by assembling 8.5 nm ternary NiCoP nanoparticles on graphene
through a solution-phase self-assembly strategy. The NiCoP catalyst in the form of small-size particles
wrapped in graphene provided more active sites, a buffer for volume alteration and enhanced
conductivity for electrochemical reactions. Typically, the hybrid catalyst demonstrates a high specific
capacity of around 532 mA h g~ excellent cycling stability and superior rate performance when the
hybrid material is evaluated as an anode material for lithium-ion batteries, and it shows excellent
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Introduction

With the increasing depletion of non-renewable resources and
the growing environmental pollution due to the use of fossil
fuels, the global energy crisis is worsening. Developing new
energy sources with high power density at low cost has attracted
tremendous interest.*? Lithium ion batteries (LIBs) and super-
capacitors are promising energy conversion/storage and power
output devices for meeting the demands of digital communi-
cations, portable electronic devices and hybrid vehicles.*”
Recently, much effort has been devoted to high-capacity mate-
rials with superior long-term stability to meet the growing
demands for flexible and practical electric products.>** To the
best of our knowledge, the performance of LIBs and super-
capacitors is largely dependent on the structure and
morphology of the electrode materials.**™* As a consequence, it
is of great significance to seek appropriate nanostructured
materials. In the past three decades, a series of nanomaterials
with different dimensionalities, such as 0D quantum dots,*"”
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initial value after 2000 cycles functioning as a supercapacitor.

1D nanowires,'®'® 2D nanosheets®*?* and 3D network-like
structures,”?® have been found and applied in electrode
materials.

Transition metal phosphides (TMPs), especially binary TMPs
(MP,, where M = Cu, Fe, Co, etc.), have been considered as
alternative anode materials for LIBs because of their excep-
tionally high gravimetric storage capacities (500-1800 mAh g™ )
compared to conventional carbon-based anode materials, their
low lithiation-delithiation potentials and the low cost of the raw
materials.>”~** However, the practical application of LIBs is often
hindered on account of various critical challenges. First of all,
the main challenge is the large volume alteration of TMPs
during charge/discharge: the lithium ion-coupled charge
transfer reactions in TMPs induce large irreversible volume
changes, which can cause pulverization of the initial crystal
structure and the aggregation of the active material. This
process of large volume alteration further leads to poor capacity
retention. The second key problem is related to the insulating
nature of TMPs, including their binary compounds and multi-
elemental derivatives: the intrinsically low electronic conduc-
tivity of such materials tends to limit their practical applications
in most cases. Meanwhile, the same problems are encountered
in the development of supercapacitors, in addition to some
other energy-conversion systems, when TMPs are employed as
active electrode materials. To date, to overcome the above
limitations of electrode materials with low conductivity and
large volume changes, several effective methods have been
developed, such as introducing conductive agents (including
carbon shells, carbon networks, graphene nanosheets, etc.) and
constructing various nanostructures, and it is found that these
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strategies can effectively improve the cycling performance, and
especially the rate capability, of the electrode materials.?***

As previously reported, graphene is a two-dimensional
single-layer sheet of carbon atoms, and is particularly attrac-
tive as a substrate material to host nano-materials based on
metal compounds due to its mechanical strength, large surface
area and high electronic conductivity.**** In the present work,
we demonstrate that monodisperse ternary NiCoP nano-
particles can be self-assembled on graphene (termed NiCoP/G
hybrid) at room temperature by a solution-phase method, and
our electrode materials exhibit a high capacity and excellent
cycling stability for LIBs and supercapacitors. As a proof of
concept, the introduction of carbon materials into the nano-
crystals gives rise to a high electrochemical performance
compared with that of the pure phase crystals. We present
electrochemical data demonstrating the good performance of
the NiCoP/G hybrid electrode, which delivered a discharge
capacity of 532 mA h g~' during the 100th cycle at a charge/
discharge rate of 100 mA g~', and good rate performance.
Meanwhile, the NiCoP/G hybrid showed excellent electro-
chemical properties with a specific capacitance of 646 F g™ " at 4
A g " and maintained 91% of this initial value after 2000 cycles.

Results and discussion

Monodisperse NiCoP nanoparticles (NPs) were grown via
a reflux process with some modification in high quality and
high yield, and they were assembled on a graphene surface
through a solution-phase self-assembly method (see the ESIt for

Fig. 1 (a) TEM image of the NiCoP NPs assembled on an amorphous
carbon surface, (b) low-magnified, (d) high-magnified TEM images of
the NiCoP/G hybrid, (c) HRTEM image of the NiCoP NPs. (e) HAADF-
STEM image of the NiCoP/G hybrid, scale bars represent 20 nm. (f—i)
Elemental maps of Ni (green), Co (red), P (yellow) and C (purple),
respectively.
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details). Both NiCoP NPs and NiCoP/G hybrid were character-
ized by transmission electron microscopy (TEM). Fig. 1a is
a typical TEM image of the NiCoP NPs deposited on an amor-
phous carbon-coated copper grid, and they show a narrow size
distribution with a diameter of 8.5 £ 0.5 nm. An SEM image of
the NiCoP/G hybrid is provided in Fig. S1.f It is clear to observe
the well-dispersed NiCoP NPs deposited uniformly on the
surface of the graphene throughout the whole morphology.
Fig. 1b and d show TEM images of the NiCoP/G hybrid at
different magnifications, confirming that no NPs were detached
from the graphene substrate. In the hybrid material, the NiCoP
NPs selectively and densely grew on the graphene sheets (the
exposed graphene is marked by dashed red circles). During
synthesis, to ensure the particles adhesion on graphene, the
samples of NPs were washed with acetic acid at 70 °C overnight
and annealed at 100 °C under a gas mixture of Ar + 5% H, for 1 h
to remove the surfactant around each NiCoP NP. The NiCoP NPs
in the NiCoP/G hybrid did not show any morphological changes
after the treatment (Fig. S21). As seen in Fig. 1c, high-resolution
TEM (HRTEM) images reveal interplanar spacings of 0.22 nm,
which can be assigned to the (111) plane of the hexagonal NiCoP
crystal structure, consistent with the X-ray diffraction (XRD)
data of NiCoP (JCPDS 77-1716, Fig. S3t). The inset in Fig. 1c is
the magnified lattice fringe of the NiCoP NPs. To further
demonstrate the element distribution, high-angle annular dark-
field scanning TEM energy dispersive X-ray spectroscopic
(HAADF-STEM-EDX) elemental mappings are provided in
Fig. le-i, verifying the co-existence of Ni, Co, P and C in the
NiCoP/G hybrid. In addition, the elemental ratio of Ni : Co : Pin
the product was determined to be about 1 : 1 : 1, corresponding
well with its stoichiometric ratio (Fig S4T).

The chemical compositions and states of the NiCoP/G hybrid
were investigated by X-ray photoelectron spectroscopy (XPS).
The corresponding XPS survey scan shows that the sample
contains the elements Ni, Co, P and C. The high resolution XPS
spectra of the elements Ni, Co, P and C from the NiCoP/G hybrid
are shown in Fig. 2a-d. In the Ni 2p (Fig. 2a) and Co 2p (Fig. 2b)
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Fig. 2 XPS spectra of (a) Ni 2p, (b) Co 2p, (c) P 2p and (d) C regions for
the NiCoP/G hybrid.
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spectra, two pairs of spin-orbit doublets and two shake-up
(satellites, shortened as sat.) excitations were obtained, indi-
cating the existence of Ni**/Ni*" and Co**/Co®" in the samples,
respectively.*>** The peaks at 853.2 and 778.4 eV are close to
those of zero valence Ni (852.8 €V) and Co (778.1 eV).*** It is
therefore suggested that the Ni and Co species in NiCoP have
a very small positive charge. Accordingly, the high-resolution
spectrum of the P 2p region shows two peaks at 130.4 and
129.3 eV, reflecting the binding energy of P 2p;/, and P 2p;),
(Fig. 2¢).*>** The peak at 129.3 eV is at lower energy than that of
elemental P (130.2 eV), so the P species in NiCoP has a very
small negative charge. In addition, the peaks at 133.5 eV show
that the P species (like the Ni and Co) is oxidized due to the
exposure of the sample to acid solution and air. As shown in
Fig. 2d, the peak at 284.8 eV is ascribed to C 1s. Meanwhile, the
Raman spectra of the hybrid (Fig. S5t) show two intense peaks
located at 1358 and 1588 cm ™, assigned to the D- and G-bands
of graphite, respectively, further evidencing the successful
modification of graphene in the samples.

Recently, as a new alternative anode material, TMPs have
attracted much attention due to their high theoretical capacity.
In order to evaluate the NiCoP/G hybrid as a potential anode
material for lithium ion batteries, CR2016 type coin-cells with
lithium foil as a counter electrode were prepared. Fig. S67 shows
the first and 100th galvanostatic charge-discharge curves of the
NiCoP/G hybrid from 0.005 to 3.0 V at a current density of 100
mA g~ '. The initial discharge and charge specific capacities
reached 1034 and 686 mA h g, respectively, indicating irre-
versible losses of about 33.6%, which may be ascribed to the
irreversible formation of a solid electrolyte interlayer (SEI) and
the partial destruction of the internal structure. The cyclic vol-
tammogram (CV) profiles of the NiCoP/G hybrid for the first
three cycles at a scan rate of 0.1 mV s~ are shown in Fig. 3a. The
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Fig. 3 (a) Cyclic voltammograms of the first three cycles of typical
NiCoP/G hybrid obtained between 0.005 and 3.0 V at a scan rate of
0.1mV s~ (b) Cycling performance of NiCoP/G hybrid between 0.005
and 3V (vs. Li*/Li) at 100 mA g% (c) rate capability of the NiCoP/G
hybrid electrode at various current densities (from 0.1Ag *to 5Ag™?).
(d) Electrochemical impedance spectra of the NiCoP/G hybrid elec-
trode before cycling and after 100 cycles at 100 mA g™ 1.
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first discharge for the NiCoP/G hybrid shows a peak at 1.45 V,
corresponding to the Li" insertion process.? Another reduction
peak located at 0.65 V corresponds to the decomposition of
NiCoP into metallic Ni and Co and the formation of amorphous
LizP and an SEI film. During the charging process, the anodic
peaks at 1.01 and 1.42 V are related to the decomposition of the
SEI film and LizP, and the one at 2.42 V is attributed to the
partially reformed crystalline Ni,P phase.*” After the initial
cycle, the cathodic peaks shift to near 1.80 and 0.71 V, indi-
cating the effect of the SEI film on the Li" kinetic process. A
good overlapping of the CV curves from the first and second
cycles indicates the reversible Li-storage behavior and high
coulombic efficiency.

Stable cyclic performance of the electrode is important for
practical application of LIBs. Fig. 3b shows the cyclic perfor-
mances of the NiCoP/G hybrid electrode at a charge-discharge
rate of 100 mA g . It can be seen that the reversible capacity of
the NiCoP/G hybrid slightly decreases in the first cycle and then
keeps a stable value and reaches 532 mA h g™ after 100 cycles,
corresponding to 78.2% capacity retention compared with the
second cycle, and its coulombic efficiency (the blue dots in
Fig. 3b) remains consistently at ~97%. As is known, the major
drawback that limits the practical application of TMPs is the
drastic capacity fading during the cycle process.* Here, the
specific capacity retention has been greatly improved for the
NiCoP NPs by incorporating graphene sheets. The rate perfor-
mance of the electrode is also important for the application of
LIBs. The tested rate performance (Fig. 3c) shows that the
NiCoP/G hybrid electrode exhibits excellent cycling stability. In
detail, the reversible capacity of the NiCoP/G hybrid decreases
from 680 to 512, 354, 170, 120, and 74 mA h g~ when the
current density increases from 0.1 to 0.2, 0.5, 1,2, and 5 A g™/,
respectively. After the current density decreases back to 100 mA
g™, the discharge capacity of the NiCoP/G electrode recovers to
528 mA h g~ '. In order to further understand the reason for this
outstanding performance of the NiCoP/G hybrid electrode, an
AC impedance measurement was conducted. The electro-
chemical impedance spectra (EIS) of the as-prepared hybrid
electrode tested before cycling and after 100 cycles at 0.1 A g *
are presented in Nyquist plots (Fig. 3d). The plots consist of
a semicircle in the high frequency region and a sloped line in
the low frequency region, which can be attributed to charge
transfer processes and the diffusion of lithium ions, respec-
tively. It can be seen that the NiCoP/G hybrid exhibits good
electron-transport during the cycling process due to the intro-
duction of graphene. For comparison, the cycling performance
of the NiCoP NPs was tested by investigating the charge/
discharge process under the same conditions (as seen in
Fig. S7at).

To further evaluate the capacitance performance of the
NiCoP/G hybrid electrode material, CV and galvanostatic
charge-discharge tests of the NiCoP/G hybrid in a 2.0 M KOH
solution were performed. As clearly shown in Fig. 4, a set of rate-
dependent CV curves of a supercapacitor based on the NiCoP/G
hybrid (Fig. 4a) were acquired at various scan rates from 2 to
20 mV s~ ' in the potential region of 0.1-0.58 V (vs. Hg/HgO). All
of the curves exhibit obvious pseudo-capacitance features with

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Electrochemical performances of the NiCoP/G nanostructured
electrode: (a) CV results measured at scan rates of 2, 4, 6, 8, 10, 20 mV
s7L, (b) galvanostatic charge—discharge curves, (c) specific capaci-
tances at various current densities, (d) evaluation of specific capaci-
tance versus the number of cycles at 4 A g~X. The inset is the
galvanostatic charge/discharge curve after the 100th, 300th, 1000th
and 2000th cycles.

a pair of well-defined redox peaks. Moreover, the peak currents
increased with the increase of the scan rate, indicating that the
hybrid architectures are beneficial to fast redox reactions. The
detailed electrochemical process of the NiCoP/G hybrid on
nickel foam substrate at a scanning rate of 2 mV s~ is illus-
trated by the CVs in Fig. S8.f Two pairs of redox peaks can be
clearly seen, the first redox couple A1/C1 is attributed to the
conversion between NiCoP and NiCoPOH and the second redox
couple A2/C2 corresponds to the reversible reaction between
NiCoPOH and NiCoPO,*® represented by the following reaction:

NiCoP + OH™ < NiCoPOH + e~
NiCoPOH + OH™ < NiCoPO + H,O + e~

Fig. 4b shows the charge/discharge curves of the NiCoP/G
hybrid in the potential range of 0.1-0.58 V (vs. Hg/HgO) at
various current densities ranging from 2 to 20 A g~'. The
specific capacitance of the electrode can be calculated from the
discharge curve according to the following equation:

IAt
mAV

where C (F ¢ ') is the specific capacitance, I (A) is the charge/
discharge current, At (s) is the discharge time, m (g) is the mass
of the active material and AV (V) is the voltage interval of the
discharge. The specific capacitances calculated from the
discharge curves were 675, 646, 612, 548, 510, and 315 F g’1 at
current densities of 2, 4, 6, 8, 10 and 20 A g ', respectively
(Fig. 4c). As expected, the NiCoP/G electrode displayed better
performance compared with the pure NiCoP electrode
(Fig. S7b¥). Such superior pseudo-capacitive performance might
be attributed to the advantageous structure of the NiCoP NPs
assembled on graphene. Small-size particles give rise to high
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surface area, providing numerous electro-active sites for the
redox reaction, while graphene ensures the conductivity of the
hybrid material.

The long-term cycling stability of the supercapacitor was
tested through a cyclic charge-discharge process at a current
density of 4 A g~* (Fig. 4d). Before activation, the NiCoP/G
hybrid exhibited pseudo-capacitances of 577 F g~ '. After acti-
vation for 300 cycles, the discharge specific capacitance
increased greatly to 646 F g '. After 2000 charge-discharge
cycles, the specific capacitances for the NiCoP/G electrode
decreased to 525 F g~ '. Hence, the specific capacitance of the
NiCoP/G hybrid progressively rises to 112% with the increase of
the number of cycles up to the 300th cycle. Moreover, the device
still remains at 91% of the initial capacitance after 2000 charge-
discharge cycles, demonstrating an excellent long-term cycling
stability. These data highlight the capability of the NiCoP/G
hybrid electrode to meet the requirements of practical energy
storage devices.

Conclusions

In summary, a planar hybrid nanostructure of monodisperse
NiCoP NPs assembled on graphene has been successfully
synthesized. The well-defined NiCoP/G hybrid exhibits excellent
lithium storage and supercapacitor properties, which can be
attributed to their unique structure. Specifically, the hybrid
structure of carbon and nanoparticles effectively improves the
structural stability by buffering the volume variation during the
cycling process and enhances the conductivity of the electrode
material. All these merits would undoubtedly contribute to the
electrochemical performance of the electrode materials, leading
to high capacity, long cycle life, and superior rate performance
for lithium-ion batteries and supercapacitors. This work
provides a facile strategy for the synthesis of phosphide parti-
cles assembled on graphene for high performance energy
storage and conversion.
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