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Abstract

Ni,P nanospheres were prepared by an ultrafast (120 s), easy, and energy-efficient one-step microwave method. By controlling
the reaction conditions and feed ratio, Ni,P nanospheres with novel nanostructures and ultra-high electrochemical properties
were prepared. These nanospheres demonstrated a high specific capacitance 0f404.2 F g ' at 1 A g and high cycling durability.
They maintain 81% of their initial capacity after 2000 cycles at 6 A g~'. The optimum device based on Ni,P//AC showed an
outstanding energy density of 27.2 Wh kg ' and power density of 375 W kg'. A method that is much faster and much more
energy-efficient than other approaches was developed to produce transition metal phosphates without atmosphere protection.

Keywords Microwave-assisted - Solvothermal - Ni,P - Supercapacitors

Introduction

With the ever-growing energy demand and upgrading of elec-
tronic products, the development of highly efficient energy
storage systems that are low cost and environmentally friendly
has become urgent. Supercapacitors (SCs) and lithium ion
batteries (LIBs) are two widely used energy storage devices
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that possess some advantages, including high safety, high de-
sign flexibility, and excellent performance [1-4]. Generally
speaking, SCs can address the gap between high-power elec-
trostatic capacitors and high-energy batteries. The electro-
chemical performance of SCs is markedly dependent on their
electrode materials. Typically, carbon materials (activated car-
bon, carbon fiber, and graphite) are often used as electrodes
with long cycle life and high structure stability. However, the
disadvantage of carbon materials, such as low capacitance and
low energy density, cannot satisfy the harsh demands of new-
generation electronic devices [5]. This issue inspired the pur-
suit of new and safe electrode materials with higher capaci-
tance and energy densities, such as metal oxides [6], metal
sulfides [7] and metal phosphides [8]. Among of them, tran-
sition metal phosphides (TMPs) that compounded transition
metal (Fe [9—-11], Ni [12, 13], Co [14, 15], Mo [16], and Sn
[17]) with elemental P have attracted much attention owing to
their excellent electrochemical performance and high chemi-
cal stability [9].

Ni-P compounds (NiP,) are among the promising TMP
electrode materials for SCs [18], LIBs [3, 19], and for other
applications, such as sodium-ion batteries, electrical catalysis
[20], hydrogen evolution reactions, and oxygen evolution re-
actions [21]. NiP, can be classified as P-rich phase (y > 1) and
Ni-rich phase (0 <y < 1) according to Ni/P stoichiometric ratio
[12]. P-rich phases commonly suffer from complex synthesis
conditions, such as high temperature, high pressure, low ther-
modynamic stability, and short cycle life. By contrast, Ni-rich
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phases represented by Ni,P presented metallicity and had the
advantages of high thermodynamic stability, good electrical
conductivity, and good electrochemical performance.

Currently, the main synthesis methods of NiP,, especially
Ni,P, included hydrothermal/solvothermal methods, low-
temperature phosphating, high-energy ball milling method,
and chemical vapor deposition method [22-26]. Zhao et al.
[27] demonstrated one-step colloid method synthesis Ni,P
nanoplates that process excellent electrochemical perfor-
mance and high energy density. During the preparation, the
reaction mixture, including nickel foam, tri-phenylphosphine,
and various organic solvents, was quickly heated to 120 °C
and kept for 30 min and then heated to 320 °C (maintained for
2 hin an Ar environment). Afterwards, Xie et al. [28] reported
a solid-state reaction method to synthesize Ni,P/Ni;,P5 com-
posite that exhibited an excellent gravimetric capacity of
1473 mAh g 'at 1 A g ' and impressive capacitance reten-
tion. However, the preparation time was up to 4 h including
2 h annealing at 300 °C in N, atmosphere and passivation in a
1.0% O,/N, mixture for 2 h. Wang’s group [29] synthesized
Ni-P precursor by using high-energy mechanical ball milling
under an Ar atmosphere. Then, the as-prepared Ni-P precursor
was treated by annealing at 300-500 °C for 2 h at different
temperatures for the phase transformation, including Ni,P and
NisP4. Despite numerous research efforts in the synthesis
methods of Ni,P nanosphere and nanosheets, the existing re-
search methods have many drawbacks, such as high heating
temperature, prolonged heating, inert gas protection, and te-
dious preparation procedure [30].

We report a one-step microwave-assisted solvothermal
nano-manufacturing method to synthesis phase-pure Ni,P
nanosphere, with rP as the P source and Ni(NO3),°6H,0 as
the Ni source. Remarkably, the synthesized method local
heating property in the reaction site expedites heat dissipa-
tion rate and avoids unwanted phase transition between Ni
and P compounds. The method also has the advantages of
low energy consumption, fast heating and cooling, and
shorter reaction time. The reaction time is only 120 s,
which is shorter compared with the 2- to 6-h reaction time
in traditional methods; this is due to the properties of fast
heating and response facilitation of microwave [31, 32].
Furthermore, the method needs no protective atmosphere
and has low requirements in terms of equipment, which is
only a household microwave oven. We also studied the
influences of microwave power, microwave radiation time,
and ratio of Ni/P on the structure and phases of products.
The optimum asymmetric supercapacitors showed an out-
standing energy density of 27.2 Wh kg™ ' and power den-
sity of 375 W kg~ '. This work provided a strategy for the
synthesis of phase-pure Ni,P that is facile and highly effi-
cient with low energy consumption and requires no atmo-
sphere protection; it has significant and wide applications
in sodium-ion batteries, electrical catalysis [20], hydrogen
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evolution reactions, and oxygen evolution reactions, espe-
cially in the synthesis of electrode material of high-
performance asymmetric supercapacitor.

Experiment
Materials

Ni(NO3),*6H,0, rP, ethylenediamine, ethylene glycol,
polytetrafluoretyhylene, carbon black, and active carbon. All
chemical reagents in our experiments were purchased from
Sinopharm and used without further treatment. Deionized
(DI) water was used to prepare all aqueous solutions.

Preparation of Ni,P

Ni,P nanosphere was synthesized by a simple one-step micro-
wave method and can be explained as Eq. 1. First, 40 mg of
Ni(NOj3),*6H,O and 20 mg of rP were mixed evenly in a
mortar. Then, the mixture was dispersed over 400 uL of
ethylenediamine and 200 pL of ethylene glycol. Finally, the
evenly mixed mixture was transferred to the microwave oven
(Panasonic NN-GF362M). Under the condition of 1000 W
microwave radiation, black powder was obtained after irradi-
ation for 120 s without any treatment. A series of Ni,P nano-
sphere prepared under different conditions are listed in
Table 1.

Material characterization

The morphologies of the as-prepared Ni,P nanosphere were
observed by field emission scanning electron microscopy
(FESEM, HITACHI-SU8010) and energy dispersive X-ray
spectroscopy (EDS). The crystalline structure and elemental
valence states of Ni,P nanosphere were characterized by X-
ray powder diffraction (XRD, PANalytical, X’Pert-PRO
MPD, Netherlands) and X-ray photoelectron spectroscopy
(XPS, ESCALAB 250 XPS System, Thermo Fisher
Scientific, UK).

Electrochemical characterization

For the electrochemical tests of the Ni,P nanosphere, the as-
prepared polytetrafluoretyhylene (10 wt%), carbon black
(10 wt%) and active materials (80 wt%) were coated on a
nickel foam (1 x 1 ¢cm?) and dried in 80 °C of oven for 12 h.
In the three-clectrode system, platinum (Pt) foil was used as
counterelectrode, and Hg/HgO (RO501) electrode was used
as reference electrode. The asymmetric supercapacitors cell
was manufactured by using the active carbon as a negative
electrode and Ni,P nanosphere as positive electrode. In this
work, the specific capacitance (C, F g '), energy density (£,
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Table 1 Operation conditions for

synthesizing Ni,P nanosphere Material Ni:P  Ni Ni P P Microwave power Heating time

(mg) (mol/L) (mg) (molVL) (W) (s)

R1 30:15 30 0.172 15 0.807 1000 120

R2 40:20 40 0.229 20 1.076 1000 120

R3 50:25 50 0.287 25 1.345 1000 120

P1 40:20 40 0.229 20 1.076 800 120

Tl 40:20 40 0.229 20 1.076 1000 60

T2 40:20 40 0.229 20 1.076 1000 180

Ni Ni(NO;),*6H,0, P red phosphorus

Wh kg ™), and power density (P, kW kg™ ') are calculated
according to the following formulas [33, 34]:

C=(I xAt)/(AV x m) (1)
E = CAV*/(2 x 3.6) (2)
P =3600 x E/At (3)

In these formulas, 2¢ is discharge time (s), 2v is the poten-
tial range (V), [ is the current (A), and m is the mass of active
material (mg). The electrochemical performances which
galvanostatic-charge-discharge (GCD), electrochemical im-
pedance spectroscopy (EIS), and cyclic voltammetry (CV)
were tested by electrochemical workstation (Chenhua, CHI
760E).

The asymmetric supercapacitors are 6 M KOH as electro-
lyte, the cathode materials and anode materials are Ni,P nano-
spheres and activated carbon (AC), respectively. Among
them, the optimal mass ratio of cathode and anode electrodes
materials is calculated by the following equation, where m (g),
C(F gfl), and AV (V) represent the mass of active materials,
specific capacitance, and discharge voltage, respectively. The
mass ratio of positive and negative materials is maintained at
1.1.

m*/m = C AV JCTAVY (4)

Results and discussion
Synthesis mechanism and characterization

In this work, we report our discovery of a facile and energy-
efficient method with multi-scale aggregation dynamics for
the microwave-assisted synthesis of Ni,P nanospheres. Our
technique represents a clean and ultrafast (120 s) nano-
manufacturing approach that uses microwave heating without
any inert gas protection and intense facilities. Scheme 1 sup-
plies the schematic of our hypothesized mechanism of the
process. Microwave heating-initiated reaction between

Ni(NO;),°6H,0 and red phosphorus. This reaction results in
the synthesis of Ni,P nanospheres, with Ni(NO3),*6H,0 pro-
viding the precursor. These nanospheres undergo fierce
heating, which promotes molecular collisions and the forma-
tion of aggregates. In the first stage of aggregation, the nano-
sphere sizes generated by the reaction were too small (approx-
imately few nanometers). The van der Waals (vdW) interac-
tions then governed the aggregation of particles, resulting in
the spherical growth of the aggregate (~80 nm). The second
stage of aggregation involves particles with much larger di-
ameters (~ 50 um), and the difference in each surface energies
(nanosphere-solution and nanosphere-nanosphere) became
dominant, resulting in the directional growth of the aggregate.
This phenomenon led to a block-like growth of Ni,P aggre-
gates (Fig. 3b).

Figure 1 displays the X-ray diffraction (XRD) patterns of
samples using different synthesis parameters of feed ratio (ra-
tio of solute and solvent), microwave power, and heating time
based on the one-step microwave-assisted solvothermal nano-
manufacturing method. As shown in the illustration, the syn-
thesis parameters play important roles in the quantity and
crystallinity of Ni,P, as well as residues of reactants. In the
case of sample R1, R2, P1, and T2, the well-defined Bragg
diffraction peaks at 26 =17.5°,30.5°, 31.8°, 35.3°, 40.7°,
44.6°, 47.3°, 54.2°, 54.9°, 66.2°, 72.7°, and 74.8° were con-
sistent with characteristic diffraction patterns of Ni,P (JCPDS-
074-1385), respectively, and no characteristic peaks of other
Ni/P phases existed. By contrast, the sample R2 correspond-
ing to 0.229 mol/L of Ni(NOj),*6H,0 and 1.076 mol/L of rP
shown in Table 1 possessed relatively higher and narrower
diffraction peaks and fewer peaks of other substances than
other samples. Ni,P nanoparticles with good crystallinity were
obtained under R2 reaction conditions. At the same time, ob-
vious residual admixtures of the orthorhombic system rP
(JCPDS-076-1957) and triclinic system Ni(NO;),*4H,O
(JCPDS-74-0666) were observed in diffraction patterns of
sample R3 and T1, as well as weak peaks of Ni,P. The possi-
ble reason for this is that the quantity of heat transmitted by
quantitative solvent is fixed in unit time, both excessive
sources of Ni (Ni(NOj3),*6H,0 and P (rP) in sample R3 and
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Scheme 1 The synthesis process of one-step microwave-assisted solvothermal for the phase-pure Ni,P.

less reaction time 60 s in sample T1 had significant effects on
the energy absorption of reaction systems and resulted in in-
sufficient driving force for the reaction.

To further explore the composition of prepared materials
from sample R2, an attempt was carried out to access the
binding energy and chemical states of the bonded elements
through X-ray photoelectron spectroscopy (XPS) analyses.
The high-resolution spectrum of Ni 2p exhibited in Fig. 2a
contained two sets of peaks ascribed to different Ni species
and multi-electron excitation. Each set of peaks included two
dominating peaks corresponding to Ni (2p3/2) and Ni (2p1/2)
and a satellite peak. Two main peaks centered at 853.1 and
869.2 eV were associated with the Ni (2p3/2) and Ni (2p1/2),
respectively, which are attributed to the Ni-P of Ni,P. Two
main peaks centered at 856.0 and 873.7 eV were assigned to
the Ni (2p3/2) and Ni (2p1/2), respectively, which were attrib-
uted to the Ni-O. The bands noted at 861.7 and 880.1 eV

related to satellite peaks. The high-resolution spectrum of P
2p, as shown in Fig. 2b, possessed two peaks centered at 129.1
and 129.8 eV, which were assigned to the binding energy of P
(2p3/2) and P (2p1/2) of P-Ni, respectively. One remarkable
peak centered at 133.4 eV demonstrated the oxidation state of
P, which can be ascribed to oxidized P species generated on
the surface of Ni,P nanoparticles resulting from exposure to
air during XPS measurement. The XPS results clearly demon-
strated that the composite was that of Ni-P, which is consistent
with the XRD result.

The influences of different reaction conditions, including
qualities of Ni(NO;),*6H,0 and 1P, microwave power, and re-
action time, on the characteristic and morphology of resultants
have been investigated by SEM analyses, whereas the mass of
solvents including ethylenediamine and ethylene glycol, as well
as molar ratio of Ni(NOs),*6H,O and rP, remained constant
under all synthesis conditions. The reactant system absorbed

Fig. 1 The XRD pattern of Ni,P
synthesized by different operation 'MW»,WWJ‘-— it o
conditions NMMW‘A Sample T2
OO VO O .
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~ M PR
z o Sample R3
— N »
Pl e
) Sample R2
5 s “AD*AMW‘A
N Lmanat e s o " "
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Fig. 2 The XPS spectra of sample R2: a Ni2p and b P 2p

equal heat in unit time when the microwave power was fixed due  particles with an average diameter of 80 nm were formed under
to the mass of solvents kept constant. As illustrated in Fig. 3band  the condition R2. This phenomenon occurs because the organic
the high magnification in Fig. 3¢ and f, uniform spherical  solvent transfers a large amount of heat to drive the reaction, and

500nm

- -y

Fig.3 a—h High magnification of SEM images (a sample R1; b, ¢ and f sample R2; d sample R3; e sample P1; g sample T1; h sample T2) of Ni,P, and
i—k corresponding Ni and P elemental mapping of Ni,P
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then because of the van der Waals interaction, the particles tend
to gather together to crystallize and form nanoparticles. Figure 3a
shows the SEM image of sample R1, which it can be seen that
excessive microwave energy absorbed by the solvent is not con-
ducive to the formation of Ni,P nanospheres. Conversely, when
the precursor was present in excess (Fig. 3d), the microwave
energy absorbed by the reactants was not sufficient for the com-
plete reaction (sample R3), and there were still some unreacted
precursors in the products. Therefore, fewer Ni,P nanoparticles
were generated, which was also confirmed in the XRD pattern.
Similarly, as shown in Fig. 3e (sample P1, the microwave power
is too low), and the heat absorbed by the solvent is not enough to
decompose the precursor, so the complete Ni,P nanospheres
cannot be formed. This is due to the fact that the lower micro-
wave power meant that less energy could be delivered to reac-
tants, which meant that insufficient energy was present to drive
the crystallization and formation of spherical nanoparticles.
Figure 3g (sample T1) presents a bulk organization instead of
spherical nanoparticles, because the microwave duration time
was too short for reaction and crystallization. As shown in Fig.
3h (Sample T2), the nanoparticles agglomerated, because the
excess microwave energy forced the particles to collide and gath-
er [35]. To further illustrate the composition of nanoparticles, the
corresponding EDS spectra of the Ni,P nanoparticles are shown
in Fig. 3i-k, where C, P, and Ni elements are displayed.
Considering the abovementioned analysis, the preparation con-
dition according to sample R2 was optimal and recommended.

As shown in the low-magnification TEM (Fig. S1a), it can
be obviously observed that Ni,P nanospheres is basically con-
sistent with the SEM results. According to HRTEM figure, the
planar spacing of well-defined lattice stripes is 0.22 nm, which
is consistent with the spacing of (111) crystals, and is a hex-
agonal Ni,P plane. The electron diffraction (SAED) pattern in
the selected region is shown in the inset of Fig. S1b.
Diffraction rings correspond to nanoparticles.

Electrochemical performance
Electrochemical properties in a three-electrode system

To obtain the optimal ratio of raw materials (Ni(NOs),*6H,0:
P and reaction conditions (microwave power and time), we
conducted an investigation under the abovementioned

500

Qo
U

conditions, as shown in Table 1. The electrochemical proper-
ties of Ni,P nanosphere were conducted to evaluate in 6.0 M
KOH aqueous electrolyte.

Figure 4 a shows that when the input amount of raw mate-
rials was appropriately increased, the specific capacitance of
the material was relatively higher, because the solvent
absorbed microwave energy and generated a large amount of
heat to accelerate the decomposition of raw materials. When
the precursor content is too low, the target product will be
generated, but part of the excess energy will lead to large-
scale agglomeration of electrode materials, which is not con-
ducive to the electron transfer and therefore the energy stor-
age. However, the introduction of too many raw materials led
to insufficient heat absorption and incomplete reaction, there-
by leading to the reduction of the specific capacitance. The
optimal raw material content was 0.229 mol/L of
Ni(NO;),°6H,0 and 1.076 mol/L phosphorus (sample R2).
Figure 4b and c shows the effect of microwave power and
reaction time on the capacitance. Low power (800 W) and
short time (60 s) can lead to a lack of microwave energy,
which may produce non-ideal forms and incomplete reactions.
For example, as shown from the XRD pattern, due to the short
reaction time, some unreacted phosphor powder existed.
However, as time went on (180 s), microwave energy caused
the nanosphere to aggregate. In summary, the best reaction
conditions of the nanosphere are mass ratio
(Ni(NOs),°6H,0: P) of 20:40, a microwave time of 120 s,
and a power of 1,000 W.

In order to further clarify the electrochemical properties of
the Ni,P nanosphere (material R2), we performed a series of
electrochemical experiments. The GCD curves of Ni,P nano-
sphere electrodes (Fig. 5a) show nonlinear charge/discharge
curves with a clear platform, which explain the electrodes
materials excellent faradaic capacitance behavior [36]. At the
same current density, the discharge time of material R2 elec-
trode is longer than that of other materials, which may be due
to the good morphology a providing reaction sites for electron
transfer, which is conducive to the energy storage reaction.
Afterwards, the electrochemical properties of the sample
(R2) under the best preparation conditions were tested as show
in Fig. Sb—f. Figure 5b shows the CV curves of the Ni,P
nanosphere at potential scan rates ranging from 2.5—
100 mV s . The clear redox peak on the CV curve indicates
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Fig.5 a GCD curves of Ni,P nanosphere electrode materials with
different preparation condition current density of 2 A g '; b CV curves
of Ni,P nanosphere electrode material (R2) at different scan rates; ¢ GCD
curves of Ni,P nanosphere material (R2) at different current density; d

the typical battery-type electrochemical behavior of the elec-
trode material. The charge/discharge curves of Ni,P nano-
sphere electrodes exhibit outstanding special capacitance of
404.2, 362.6, 332.7, 304.3, and 287 F g_1 at the rates of 1,
2,4,6,and 10 A g !, respectively. Moreover, the redox pro-
cess of Ni,P in KOH electrolyte as follow [37]:

Ni,P + 20H ©Ni,P(OH), + 2¢ (5)

In Fig. 5d, e, the Nyquist plots curves (R2) of low frequen-
cy were nearly vertical, representing their nearly ideal capac-
itance behaviors. Compared with other electrode materials, R2
had a faster kinetic conduction rate, which was due to its
special spherical structure, making the diffusion path of the
ions shorter and making diffusion inside and outside the elec-
trode easier. The interface resistance, electronic resistance of
the electrode materials, and ionic resistance of the electrolytes
can be represented by the equivalent series resistance (Rs),
which reflected the intercept on the real axis of the figure.
The Rs of the Ni,P nanosphere material was around 0.62 €2,
which showed lower resistance than other materials, indicat-
ing that the electrode material had low internal resistance. The
diameter of the semicircle was used to define the charge trans-
fer resistance (Rct) of the redox reactions at the electrode/
electrolyte surface, and the Rct for Ni, P nanosphere was lower
than the other materials. It is noteworthy that the Ni,P nano-
sphere shows 81% retention of initial specific capacitance
after 2000 cycles. According to the GCD cures of Ni,P nano-
sphere (Fig. 5f inset) after the cyclic test, the two shoulder-
shaped platforms of the charge-discharge curve only slightly
shifted due to the oxidation reaction, indicating that the mate-
rial had excellent cycling stability.

T T T
0 400 800 1200 1600 2000
Cycle number

Nyquist plots of Ni,P nanosphere electrode materials with different prep-
aration condition at low frequency; e Nyquist plots at high frequency; f
cycling stability of Ni,P nanosphere electrode materials at 6 A g ' and
GCD curves at initial cycle and after 2000 cycles (inset)

The processes of Faraday reaction of redox species and ion
diffusion in the electrode material/electrolyte are the pathways
of capacitance generation in an electrode material. The total
capacitance of the electrode material is composed of the fol-
lowing two parts: (1) the capacitance behavior is generated by
ion adsorption/desorption and REDOX reactions, indepen-
dent of current density and scanning rate. (2) The diffusion
process, which was caused by ion insertion into both the elec-
trode material and electrolyte. The contribution to the capac-
itance of different processes can be calculated by the follow-
ing formula [38, 39]:
i = kv + k03 (6)
where i is the current, and k and &' are constants. Figure 6 a
shows the capacitive contribution (shaded region) of Ni,P
nanosphere at the scan rate of 50 mV s™'. Figure 6 b shows
the capacitive contribution increasing with decreasing scan
rate. This result proved that good rate capability is inseparable
from material capacitive contribution. In Fig. 3c, the relation-

ship between peak current (i) and sweep rate (v) is as follows [
[40, 41]1:

i=a (7)

where a and b are adjustable values. The value of b
depends on the slope of the line in Fig. 6¢c. When b=
0.5, the capacitance is contributed by diffusion.
Similarly, when b=1, the capacitance is contribution
by capacitive processes. Figure 6 ¢ shows that the slope
of the anode peak is 0.6773, and the slope of the cath-
ode peak is 0.6943 for the Ni,P nanosphere, demon-
strating a common capacitive behavior.
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Electrochemical characterization for the assembled ASCs

To estimate the electrochemical property of Ni,P//AC cell, the
CV curves were conducted with a two-electrode device at differ-
ent scan rates (Fig. 7a). Combined with the galvanostatic charge-
discharge curve in Fig. 7b, we found that the position of the
redox peak in the CV curve corresponded to that of the charge-
discharge platform. As shown in Fig. 7c, the GCD curves of
Ni,P//AC cell at different voltages were also between 1.2 and
1.6 v. The galvanostatic charging and discharging processes take
the same time, which indicated that the device had strong elec-
trochemical reversibility [42]. Figure 7 d exhibits the Nyquist
plots of Ni,P//AC cell, and the inset demonstrates the high-
frequency region. Figure 7 e shows that electrolyte ions can be
diffused and transported promptly in the cell. The curve deviates
from the X-axis in the low-frequency region, indicating that the
material has high conductivity. According to the GCD curves,
the specific capacitance values were calculated as 87.1, 71.4,
61.8, 45.8, and 36.5 F g ' (27.2, 22.3, 19.9, 14.3, and
11.4 kW kg_l) at current densities of 0.5, 1, 2, 3, and 5 A g_l,
respectively. In Fig. 7g, the Ni,P//AC shows exceptional cycling
stability, with 86.6% of its initial capacitance retained after 5000
cycles at a current density of 3 A g ' To test the asymmetric

supercapacitor, commercial LEDs were powered using the as-
sembled device. The device can light up five LEDs for over
8 min, indicating excellent energy storage ability and large output
power. The self-discharge (SD) characteristics are key factors for
the evaluation of possible commercial and overall property via-
bility in the device. Here, Ni,P/AC cell was charged to the
maximum voltage of 1.4 V and held at the potential self-
discharge for 10 h. According to the diagram analysis (Fig.
7h), the voltage decreased significantly in the first stage and then
gradually stabilized at around 1.05 V. This phenomenon, as ex-
plained by Chen et al., is due to the decomposition of water as a
solvent in the initial stage of self-discharge of the device; thus, the
battery voltage drops rapidly [43].

Conclusion

Ni,P nanospheres were successfully fabricated by microwave-
assisted solvothermal method. This method had the advan-
tages of short reaction time and requiring no post-treatment
and gas protection. Ni,P nanosphere exhibited a superior spe-
cific capacitance of 404.2 F g ' at 1 A g ' and excellent
cycling stability (retaining 81% after 2000 cycles at 6 A
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Fig.7 a CV curves of Ni,P//AC at different scan rates; b GCD curves of
Ni,P//AC with different current densities; ¢ the GCD curves at different
potentials; d Nyquist plots of Ni,P//AC at low frequency and high
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frequency (inset); e Nyquist plots of Ni,P//AC; f Ragone plots of the
Ni,P//AC cell; g cycling stability of Ni,P//AC; (e) self-discharge curves
of the device
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g ). When applied as a Ni,P nanosphere anode material, the
optimum device showed an outstanding energy density of
27.2 Wh kg™' and power density of 375 W kg ', and this
energy storage device can light three small LED light bulbs
for 6 min. In addition, the discovery of this new technique for
synthesis transition metal phosphide will accelerate substan-
tial progress toward more widespread use of synthesis transi-
tion metal phosphide through more energy-efficient and easily
available methods.
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