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ABSTRACT
naceous matrices have gradually attracted attention in the

Transition metal phosphides (TMPs)/carbo-

field of energy storage. In this study, we presented nickel
phosphide (Ni,P) nanoparticles anchored to nitrogen-doped
carbon porous spheres (Ni,P/NC) by using metal-organic
framework-Ni as the template. The comprehensive en-
capsulation architecture provides closer contact among the
Ni,P nanoparticles and greatly improves the structural in-
tegrity as well as the electronic conductivity, resulting in ex-
cellent lithium storage performance. The reversible specific
capacity of 286.4 mA h g™' has been obtained even at a high
current density of 3.0 Ag ' and 450.4mA h g is obtained
after 800 cycles at 0.5 A g”'. Furthermore, full batteries based
on LiNi,;;Co,;;Mn,;0,||Ni,P/NC exhibit both good rate cap-
ability and cycling life. This study provides a powerful and in-
depth insight on new advanced electrodes in high-perfor-
mance energy storage devices.

Keywords: nickel phosphide, metal-organic frameworks, X-ray
absorption spectroscopy, pseudocapacitance behavior, lithium-
ion batteries

INTRODUCTION

Current commercial lithium-ion batteries (LIBs) have
dominated the marketplace for energy storage devices due
to their high capacities, long span life and good rate
capability [1-5]. However, the limited theoretical capacity
of graphite anode is not sufficient to meet the demands of
next generation of portable devices, electronic vehicles

and electrical grids. Thus, searching for novel electrodes
with higher energy and power density is more significant
and urgent. To date, transition metal oxides, sulfides and
phosphides have been widely reported as anode materials
in high-performance rechargeable batteries [6-13]. Nickel
phosphides, as important members of transition metal
phosphides (TMPs), have been extensively studied in
water splitting, lithium/sodium-ion batteries and elec-
trochemical capacitors (ECs) [14-21]. However, large
volume expansion and poor kinetic problems lead to the
pulverization of electrode materials and inferior rate
performance. Nanostructural Ni,P, such as hollow
spheres, nanowires and nanoparticles, have been reported
to address the issue [22-24], but results are not effective,
because the active material aggregated during the cycling.
Therefore, it is urgent to design a carbon-coating and
nickel phosphides framework to significantly enhance the
electrochemical performances.

Since metal-organic frameworks (MOFs) made by
multifunctional organic ligands and metal ions, have been
extensively employed as soft templates to prepare carbon-
encapsulated electrode materials for electrochemical en-
ergy storage applications [25-30]. Herein, we prepared
the Ni,P nanoparticles within nitrogen-doped carbon
(Ni,P/NC) porous spheres by using MOF-Ni templates
and evaluated them as anodes for LIBs. Benifiting from
the porous micro/nano-structure with a strong carbon
skeleton, the as-prepared Ni,P/NC exhibits both high
structural stability and superior rate capability. Moreover,
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X-ray absorption fine structure (XAFS) spectroscopy has
been applied to investigate the change of local structure
during the charge/discharge process. Full batteries are
also assembled and demonstrate a good rate capability.
This design can effectively improve the electronic con-
ductivity and release the volume expansion during the
electrochemical process.

EXPERIMENTAL SECTION

Synthesis of MOF-Ni spheres

The MOF-Ni spheres were synthesized by a solvothermal
method. Briefly, 1 mmol of Ni(NO;),-6H,0 was dissolved
in 30 mL of N,N-dimethylformamide (DMF) and ethy-
lene glycol (EG) mixed solvent (2:1 in volume). Then,
1 mmol of p-phthalic acid was added to the solution, and
stirred for 1 h. After that, the solution was transferred to a
50-mL teflon-sealed autoclave and maintained at 150°C
for 6 h. The precipitates were centrifuged and washed
with deionized water and methanol for several times, and
then dried under vacuum at 80°C overnight to obtain the
MOFE-Ni spheres.

Synthesis of Ni,P/NC porous spheres

The Ni,P/NC porous spheres were fabricated via a low
temperature phosphidation of MOF-Ni spheres. The as-
prepared MOF-Ni and NaH,PO, were placed at two se-
parate positions in a corundum boat, with NaH,PO, at
the upstream side of the furnace. The molar ratio of the
MOF-Ni to NaH,PO, was 1:5. Then, the samples were
heated up to 350°C for 2h with a heating rate of
2°Cmin ' in N, atmosphere. Finally, the black powder
was obtained after the furnace was cooled down to am-
bient temperature.

Material characterization

The crystalline phase was recorded using the Bruker D8
ADVANCE with the Cu Ka radiation (A = 0.15406 nm) at
a scanning rate of 4° min . Scanning electron microscopy
(SEM) images of the products were obtained using the
ZEISS microscope with an accelerating voltage of 20 kV.
Transmission electron microscopy (TEM) images were
obtained by a JEOL JEM-2000CX instrument. The X-ray
photoelectron spectroscopy (XPS) was carried out with
the PHI-5400 electron spectrometer. The Raman spec-
trum was performed on a Horiba Xplora with 532 nm
laser excitation. The thermogravimetric analysis (TGA)
was conducted from room temperature up to 1000°C with
a heating rate of 5°C min ' under flowing air (TGA,
SDTAS851). Ni K-edge XAFS spectra of all samples were
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recorded at the IW1B beamline of Beijing synchrotron
radiation facility.

Electrochemical measurements

The electrode was prepared by mixing 70 wt% Ni,P/NC,
20 wt% acetylene black, and 10 wt% polyvinylidene di-
fluoride (PVDF) in N-methylpyrrolidinone. The slurry
was pasted onto Cu foil, and then dried at 110°C over-
night under vacuum. The loading density of the active
materials was about 1.8 mg cm ~ and the thickness of the
electrode was 120 um. CR2016-type coin cells were as-
sembled in an argon-filled glovebox. Li-metal foil was
used as the counter electrode and 1.0 mol L™ LiPF, dis-
solved in ethylene carbonate (EC)/dimethl carbonat
(DMC)/diethyl carbonate (DEC) (1:1:1 by volume) was
used as the electrolyte. The charge-discharge tests were
carried out on LAND CT2001A systems. The cyclic vol-
tammetry (CV) curves were tested on a VSP electro-
chemical workstation (Bio-logic, France). To assemble the
coin full cell, the Ni,P/NC and LiNj,,;Co,;3Mn,,;0, elec-
trodes were used as the anode and the cathode, respec-
tively. The LiNi;;Co;;3Mn,,;0, was purchased from
Henan Cologne Group Co. (China), and the capacity
ratio of the two electrodes was 1.2 (cathode/anode). The
Ni,P/NC electrode was pre-lithiated by directly contact-
ing with lithium foil, and soaked into the electrolyte so-
lution for 6h. The full cells based on Ni,P/NC||
LiNi,;;Co,,3Mn,;;0, were charged and discharged over
the voltage ranging from 0.5 to 3.5 V.

RESULTS AND DISCUSSION
Scheme 1 shows the preparation of Ni,P/NC porous
spheres. First, uniform MOF-Ni spheres were prepared by
a facile solvothermal method. And then, the Ni,P/NC
composite was synthesized by using a low-temperature
phosphidation process, converting MOF-Ni into Ni,P/
NC. After phosphating treatment, the Ni’* ions can be
transformed into Ni,P nanoparticles and the MOF or-
ganic ligands are turned into the carbon frameworks.
MOEF-Ni spheres exhibit a regular shape with some
agglomeration as shown in Fig. la (also seen in Fig. S1).
The Ni,P/NC spheres can be clearly observed in Fig. 1b, c,
with the shape well consistent with that of MOF-Ni. The
rough surface results from the pyrolysis of the organic
ligands during the phosphating treatment. The TEM
images of the Ni,P/NC (Fig. 1d, e and Fig. S2) show the
uniform porous spheres, which consist of small Ni,P
particles assembled inside the N-doped carbon frame-
works, with the diameter of 1-2 um. Fig. 1f, g show the
HRTEM images of the Ni,P nanoparticles observed at the

1673



ARTICLES

SCIENCE CHINA Materials

Q &
Solvothermal reaction

o Ethylene glycol

Phosphating

NaH,PO,

Ni,P/NC

Figure 1 The morphology and microstructure of the as-prepared samples: (a) SEM images of the MOF-Ni; (b, ¢) the Ni,P/NC with different
magnifications; (d-f) TEM images of the Ni,P/NC; (g) HRTEM image of the Ni,P/NC; (h) elemental mapping of the Ni,P/NC.

edge and surrounded by a N-doped carbon shell ~4 nm
thick, which tightly confines each Ni,P nanoparticle.
Moreover, Fig. 1h presents the energy dispersive spec-
troscopy (EDS) maps with the uniform distribution of Ni,
P, C and N elements in the Ni,P/NC composite.

As shown in Fig. 2a, all the diffraction peaks match well
with the standard Ni,P (JCPDS No. 65-3544). No other
phases were detected, indicating the purity of Ni,P/NC.
Fig. 2b shows the Raman spectra where the peaks at
around 1342 and 1591 cm ' are the characteristic D and
G bands of carbon. The ratio of I,/I;=0.92 demonstrates
the presence of high graphic carbon and good electronic
conductivity [31-33]. The composition of Ni,P/NC was
determined by TGA in the O, atmosphere (Fig. 2¢), in
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which the main loss occurs in the temperature range of
400 to 600°C attributed to the oxidation of carbon and
Ni,P decomposition. Then the residue begins to oxidize
over 600°C and converts to stable Ni;(PO,),, Ni,P,0, and
NiO (Fig. S3), leading to the increase of weight. Based on
this analysis, the Ni,P content can be calculated to be
66.7%. Fig. 2d provides the N, adsorption-desorption
isotherm, resulting in a Brunauer-Emmett-Teller (BET)
surface area of 345m’g . The pore size distribution
curve exhibits about 10.5 nm mesopores in the Ni,P/NC,
which contributes to the electrode infiltrating in electro-
lyte and fasten the Li" diffusion [34].

As shown in Fig. 54, the Ni, P, C and N elements are
clearly detected, in agreement with the EDS results in
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Figure 2 (a) XRD pattern , (b) the Raman spectra , (c) the TGA curves , and (d) the N, adsorption-desorption isotherms and pore size distribution

(inset) of the Ni,P/NC.

Fig. 2h. The N content in the composite can be de-
termined to be 6.82% by the survey spectrum. The high-
resolution XPS was also performed to investigate the
chemical states (Fig. 3). The Ni 2p spectrum can be fitted
into 6 peaks, and the Ni 2p;,, and Ni 2p,,, are located at
853.1 and 875.0 eV, respectively. In the spectrum of Ni,P/
NC, the area as well as the intensity suggests the Ni ele-
ment mainly presents as Ni-P bonds [19,35]. In P 2p
spectrum, the peak located at 129.9 eV corresponds to the
P-Ni bonds in Ni,P, while the peak at 134.7 eV is at-
tributed to the oxidized P species, due to the exposure in
air [36]. The spectrum of C 1s reveals three peaks, at-
tributed to C-C (284.8 eV), C-N (285.6 ¢V) and C=0/
C=C (286.8 eV), suggesting the carbon was N-doped [37].
Additionally, the high-resolution N 1s spectrum indicates
the presence of pyridinic-N (399.7 eV), pyrrolic-N
(400.3 V), and graphitic-N (402.2 eV) [29,38].

The performance of battery with the Ni,P/NC com-
posite as anode materials is presented in Fig. 4. CV curves
of the initial five cycles were obtained at 0.2mV's '
(Fig. 4a). The peak at 0.6 V is corresponding to the in-
sertion of Li'-ions into the Ni,P, which forms the solid
electrolyte interface (SEI) film in the first cycle [39,40].
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Subsequently, the peak at 1.02 V in the anodic scan is
associated to the decomposition of the SEI film and Li;P
[14,41]. In the following cycles, the main cathodic peak
shifts to 1.6 V, corresponding to the structural change of
Ni,P into Li;P and metal Ni [42,43]. Obviously, the
subsequent CV curves exhibit good overlap, suggesting
the superior reversibility of the Ni,P/NC electrode. Fig. 4b
shows that the charge-discharge profiles at a current
density of 0.1 Ag . The first discharge/charge specific
capacities are 1240.5/649.8 mAhg ', respectively. The
high irreversibility of the capacities between the first
charge and discharge cycles can be attributed to the for-
mation of SEI film on the electrode surface, in good
agreement with the CV behavior. The rate capability was
tested at different current densities from 0.1 to 3.0 A g '
(Fig. 4c, d), delivering the average discharge capacity of
587.8, 503.6, 437.3, 370.8, 342.6 and 286.4 mA h g_1 at0.2,
0.5, 0.8, 1.0, 2.0 and 3.0 A g ', respectively. Notably, the
discharge capacity recovered to 633.8 mA h g ' after the
deep cycling, suggesting a fast capacity response of Ni,P/
NC. Moreover, Fig. 4e presents the durability test. In
particular, after 800 continuous charge-discharge cycles at
the current density of 0.5 A g ', a reversible specific ca-
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Figure 3 High-resolution XPS spectra of Ni,P/NC porous spheres: (a) Ni 2p, (b) P 2p, (c) C 1s and (d) N 1s.

pacity of 450.4 mA h g ' is maintained with the capacity
retention of 95.3% and the colulombic efficiency near
100%. The lithium-storage properties are superior to
other results in the literatures (Table S1).

The superior rate performance was also analyzed with
capacitive behavior. Fig. 5a shows the CV curves at dif-
ferent scan rates. Normally, the scan rate (v) and the
current (i) abide the following relationship [44,45],
i=a (1

= kv + kp', (2)
where a and b are empirical parameters. The b-value (0.5)
represents the electrochemical reaction is controlled by
ionic diffusion, whereas the value of 1 describes a main
capacitive behaviour [46].

Fig. 5b shows the fitted line, and the b-values of the
Ni,P/NC electrode were calculated to 0.89 and 0.95 for
the cathodic and anodic peaks, respectively. It points out
that the rapid kinetics originates from the pseudocapa-
citive contribution. Fig. 5¢c demonstrates that 70% of the
total storage is capacitive contribution for the Ni,P/NC at
1.0mV s . Fig. 5d summarizes the corresponding ratio of
capacitive/diffusive contribution under various scan rates.
The pseudo-capacitive contributions increase with the
scan rates, suggesting that fast kinetics mainly occur on

~.

1676

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

the capacitive storage, determining a superior rate cap-
ability and a longer cycling life. The impedance spectrum
of the Ni,P/NC electrode was investigated at different
cycles. All the curves exhibit a semicircle shape and
sloped line in the high and middle-low frequency regions,
respectively (Fig. 5e). The equivalent circuit model was
used to fit the impedance parameters (Table S2). The
charge transfer resistance (R.,) increases sharply after 20
cycles, implying a high contact and charge transfer re-
sistance. Thereafter, the R, drops after 50 cycles. Notably,
the R decreases from 107.2 to 98.6 Q after 100 cycles
compared with the initial value, indicating the as-pre-
pared Ni,P/NC anode material maintains a good elec-
tronic conductivity during the charging-discharging
process. Fig. 5f shows the relationship of Z' vs. w " cal-
culated by fitting the oblique line. Actually, when com-
pared with the pristine electrode, the electrode slope
shows negligible changes after 100 cycles, suggesting that
rapid lithium diffusion occurs during cycling in the Ni,P/
NC electrode [47].

To further prove the structural stability of the Ni,P/NC,
XAFS was used to analyze the local structure change
during the first cycle. Fig. 6a compares the Ni-K edge X-
ray absorption near-edge spectroscopy (XANES) spectra

September 2020 | Vol.63 No.9
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Figure 4 Electrochemical performance of the Ni,P/NC electrode for lithium-ion batteries: (a) CVs at 0.2 mV s’ (b) initial charge/discharge curves
electrode at 0.1 A g '; (¢, d) rate performance at different current densities; (e) cycling performance at 0.5 A g ' after 800 cycles.

at different discharged and charged states. The Ni ab-
sorption edge shifts to lower energy in the fully dis-
charged state close to the energy of the Ni foil, indicating
a reduction in the Ni,P during the lithiation process. The
position of Ni-K edge turns back to pristine in the fully
charged state and the shape of the Ni-K edge XANES is
similar to the pristine spectrum, which is consistent with
the formation of Ni,P after delithiation. The corre-
sponding Fourier-transformed (FT) of the extended X-
ray absorption fine structure (EXAFS) curves are shown
in Fig. 6b. In these curves, the first peak at ~1.80 A in-
cludes the contributions of the Ni-P and the Ni-Ni
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bonds. According to the fitting results (parameters in the
Table S3), the Ni-P interatomic distance and the co-
ordination numbers slightly decrease when the electrode
is discharged to 0.01 V and returns back when charged to
3.0 V. In addition, the wavelet transforms (WT) of Ni-K
edge EXAFS oscillations are also provided in Fig. 6c.
These contour plots of the Ni,P/NC present one con-
tribution at ~1.8 A corresponding to the Ni-P and the Ni-
Ni coordination. However, after being charged to 3.0V,
the signal recovers, confirming that the local structure of
the Ni,P/NC is highly reversible in the charge/discharge
process. Moreover, the SEM images after 50 and 100
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Figure 5 (a) CV curves at different scan rates of the Ni,P/NC electrode; (b) the relationship between logarithm cathodic and anodic peaks current
and logarithm scan rates; (c) the capacitive contribution and diffusion contribution at 1.0 mV s (d) contribution ratio of the capacitive capacities at
different scan rates; (e) the Nyquist plots of the Ni,P/NC electrode at different cycle; (f) the relationship between the real impedance with low

frequency for the Ni,P/NC electrode.

cycles are provided in Fig. S5, it can be seen that the
morphology of the Ni,P/NC spheres is maintained, in-
dicating good structure stability. In order to further
confirm the superior electrochemical properties of the
Ni,P/NC, the XPS spectra of the Ni 2p at different stages
are compared in Fig. S6. The intensity of the peak (Ni-P)
at 853.1 eV decreases while discharging to 0.01 V and
recovers at 3.0 V, in agreement with the observed high
reversibility of the Ni,P/NC. The results suggest the high
structural stability of the as-prepared Ni,P/NC porous
spheres in the cycling process.

To evaluate a practical application, we assembled full
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cells by using Ni,P/NC as the anode and LiNi,;;Co,;-
Mn, 50, as the cathode. Fig. 7a shows the galvanostatic
charge-discharge curves at a current density of 0.1 A g,
with the charge/discharge capacity in the first cycle of
1020/460 mA h g ', respectively (based on Ni,P/NC). The
loss of capacity in the first cycle may arise from the ir-
reversible reaction of both anode and cathode [48,49].
Notably, the full cell delivers good rate capability with a
reversible specific capacity of 295.6, 2354 and
187.8mAhg' at 02, 0.5 and 1.0Ag ', respectively
(Fig. 7b). The reversible capacity of 203.6 mA h g ' can be
obtained after 100 cycles at a current density of 0.5 A g '

September 2020 | Vol.63 No.9
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with an average coulombic efficiency around 96.8%, in-
dicating the good cyclability of the Ni,P/NC anode
(Fig. 7¢). The assembled full cell was applied to power
commercial red light-emitting diodes (LEDs). As shown
in Fig. 7d, the full cell can easily power the LIB logo with
26 red LEDs. Therefore, we can conclude that the unique
nanostructural Ni,P/NC hybrid composite guarantees its
excellent electrochemical performance.

According to the above results, the as-prepared Ni,P/
NC composite exhibits excellent Li-storage performance.
This behavior can be associated to: i) the confinement of
the small Ni,P nanoparticles inside the porous carbon
matrix. The latter effectively buffers the volume expan-
sion and minimizes aggregation and pulverization of the
Ni,P during the electrochemical process. ii) The unique
porous structure that guarantees an excellent contact with
the electrolyte and fast Li'-ion diffusion. iii) The in situ
MOF-derived carbon enhances the electronic con-
ductivity and provides many active sites.

CONCLUSIONS

In summary, for the first time we employed MOF-Ni
spheres as the template to produce the Ni,P/NC com-
posite containing ultrafine Ni,P nanoparticles, homo-
geneously dispersed inside the N-doped carbon matrix.
The rational design of this Ni,P/NC composite exhibits
an excellent rate capability (286.4mAhg ' at 3.0Ag )
and a remarkable cyclic stability (450.4 mA h g ' after 800
cycles at 0.5 A g ' with the capacity retention of 95.3%).
We assign the superior electrochemical performance to
the topological structure of this system, which provides
the hard structure to the Ni,P active material and en-
hances the electronic conductivity during the redox re-
action process. We believe that such design and facile
strategy will trigger additional attempts to develop the
next-generation of Li-based energy storage devices with
high performance.
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