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ty and Ins
A B S T R A C T

Two-dimensional (2D) heterostructural Ni2P/rGO is successfully fabricated by in-situ phosphating self-
assembled NiO/rGO composites and shows the enhanced electrochemical performances. In this design,
the rGO sheets effectively reduce the lattice strain created during the phase transformation from NiO to
Ni2P, thereby maintaining ultrathin nanostructures of Ni2P. The resulting Ni2P/rGO layered hetero-
structure gives the composite plenty of pores or channels, good electrical conductivity and well-exposed
active sites. Density functional theory (DFT) calculation further demonstrates that the Fermi energy level
and electron localize of near Ni atoms inNi2P is higher than that of NiO,which endowNi2Pwith faster and
more reversible redox reactivity in dynamic. Benefiting from their structural and compositional merits,
the as-synthesized Ni2P/rGO exhibits high specific discharge capacity and excellent rate performance.
Furthermore, a hybrid supercapacitor built with Ni2P/rGO and activated carbon shows a high specific
energy of 38.6Wh/kg at specific power of 375W/kg.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
The discovery of graphene in 2004 motivated great interests in
research on two-dimensional (2D) layered materials, such as
hexagonal boron nitride, black phosphorus and layered double
hydroxides (LDH) [1]. Due to their compelling electronic proper-
ties, excellent mechanical strength and ultrahigh specific surface
area, 2D layered materials have attracted extensive attentions in
the fields of catalysis [2,3], energy storage [4] and sensing
platforms. However, the easy-restacking drawback of 2Dmaterials
severely restricts its practical application [5,6]. To solve the
problem, the construction of heterostructures is regarded as an
efficient strategy to suppress agglomeration and combine the
advantages of different components [2,7,8].

This paper mainly focuses on the application of 2D hetero-
structure in supercapacitors, especially the transition metal-based
battery-typematerials in hybrid supercapacitors [9–11]. Common-
ly, battery-type materials such as RuO2, Ni(OH)2, Co(OH)2, NiO,
Co3O4, hold the appearance of evident redox peaks in CV curves,
significant plateaus in GCD profiles, and variable ratio of DQ toDV
titute of Materia Medica, Chinese
[9,12,13]. The design of 2D heterostructure, highly dispersed and
orderly self-assembly of two components at the nanometer scale,
is favorable for controlling abundant porosity and taking advan-
tages of different components [14–16]. For example, 2D/2D
heterostructural NiMoO4/MXene has been synthesized via hydro-
thermalmethod and post-calcination. The ultrafast charge transfer
and more accessible active centers have been provided in the
heterostructure, indicating its potential application in super-
capacitors [15]. In our previous work, we reported the more
efficient electrochemical active in the designed 2D layered
heterostructural NiO/rGO [16]. The developed pore structure
caused by the alternated self-assembling of NiO and rGO nano-
sheet would promote the sufficient contact between electrolyte
and electrode, leading to sufficient redox reactions, which
therefore enhance the electrochemical characteristic of 2D layered
NiO/rGO electrode in supercapacitor [14,17,18]. However, transi-
tion metal hydroxide/oxides show the slow electron transmission
in dynamics and thus lead to poor power performances [19,20]. In
terms of above problems, phosphating strategy is a resultful
solution [21–24]. Density functional theory (DFT) computations of
various transition metal phosphides have revealed the corporation
of phosphorus atoms into the metal lattice endowing transition
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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metal phosphides with metalloid characteristics [25,26] and
superior electrical conductivity [27–29], which is highly desired
for superior electrochemical performances. Generally, the gas-
solid phase reaction based on the pyrolysis of hypophosphite has
been widely used for the shape-controlled synthesis of transition
metal phosphides [25,30]. However, ultrathin precursor nano-
sheets usually tend to aggregate or sinter owing to the lattice
strains induced by phosphorus substitution during the phase
transformation process [31]. Thus far, the design of stable and
active Ni2P/rGO heterostructure is still lacking.

Considering the above viewpoints, we demonstrate an elec-
trode design strategy in attempt to make Ni2P uniformly disperse
on rGO nanosheets to obtain 2D heterostructure Ni2P/rGO
composites. The obtained 2D heterostructural Ni2P/rGO possesses
several advantages: (1) the large electrochemical active sites of
Ni2P can be maintained in the heterostructure as the restacking of
Ni2P nanosheets is effectively inhibited; (2) the insertion of rGO
can provide rapid electron transport between the graphene layers
and Ni2P nanosheets; (3) two types of nanosheets as building
blocks could lead to plenty of pores or channels during the
preparation of 2D heterostructural Ni2P/rGO, which can effectively
shorten the ion/mass transport distance. Furthermore, according
to DFT calculations, the electronic structure and reactivity of Ni2P/
rGO can be greatly improved by phosphorus substitution. With
large electrochemical active sites, abundant porosity and high
electrical conductivity, 2D heterostructural Ni2P/rGO can be a
promising candidate towards advanced supercapacitor.

The synthesizing process of the Ni2P/rGO is illustrated in Fig. 1.
First, Ni(OH)2/GO was prepared by our previous methods [16].
Through the anneal process, Ni(OH)2/GO transformed into NiO/
rGO [3]. SEM images of NiO/rGO in Figs. 2a and b show the layer-
by-layer 2D structure, and the hexagonal NiO uniformly disperse
on rGO nanosheets (Fig. 2c). After phosphating, the 2D layered
structure is well inherited in Ni2P/rGO (Figs. 2e and f), indicating
the stability of 2D heterostructure, which is very important for the
electrode in supercapacitor. The alternated stacking of the two
assembled units effectively prevents the respective agglomeration
and exposes active sites. Meanwhile, the 2D heterostructure
renders the Ni2P/rGO composite with large specific surface area
(about 86m2/g shown in Table S1 in Supporting information) and
appropriate pore-size distribution (Fig. S5 in Supporting informa-
tion), which facilitate electrolyte ions penetration and accommo-
date volume expansion during electrochemical processes [32,33].
More importantly, Ni2P well distributed on rGO sheets show
smaller lateral size compared to that of NiO precursor, which is
beneficial to the exposure of active sites and the promotion of
[(Fig._1)TD$FIG]

Fig. 1. Schematic illustration for the fabrication process of Ni2P/rGO composite.
redox activity [29]. As shown in Figs. S6d-f (Supporting informa-
tion), compared with Ni2P/rGO, pure Ni2P shows agglomerated
structure which is not favorable for effective contact between the
active material and electrolyte, leading to worse electrochemical
performance.

The purity and crystalline phase of Ni(OH)2/GO, NiO/GO and
Ni2P/rGO were characterized by XRD in Fig. 3a. All XRD peaks of Ni
(OH)2/GO precursor was indexed to α-phase Ni(OH)2�0.75H2O
(JCPDS No. 38-0715) [19]. After low temperature treatment, three
newpeaks appear and are indexed to NiO (JCPDS No. 44-1159) [18],
revealing that pure and single-phase NiO was prepared. And the
(012) crystal planes with inter-planar spacing of 0.208 nm can be
observed in Fig. 2d. After further phosphorization, three peaks of
NiO disappear, while some new peaks emerge, which matched
well with the diffractions of (111), (201), (210), (300), (400) and
(321) crystalline planes of Ni2P (JCPDS No. 03-0953) [25,27,34,35],
indicating a complete conversion of NiO to Ni2P. The XRD data of
pure NiO and Ni2P are provide in Fig. S4 (Supporting information),
demonstrating the full conversion form NiO/rGO to Ni2P/rGO. It is
interesting that the (201) and (111) crystalline planes of single
crystal Ni2P can be observed, corresponding to the inter-planar
spacings of 0.202 and 0.224 nm in Fig. 2h, which further supports
the XRD results [19,28,34,36]. Furthermore, there is no diffraction
peaks observed for rGO nanosheets in three samples, which can be
ascribed to the effective inhibition of rGO aggregation in 2D Ni2P/
rGO heterostructure [37].

The surface electronic states and chemical compositions of NiO
to Ni2P were further studied by X-ray photoelectron spectroscopy
(XPS). Comparedwith the spectrum of NiO/rGO in Fig. 3b, two new
peaks around 135 eV and 190 eV can be found in the spectrum of
Ni2P/rGO, indicating successful incorporation of P elemental after
phosphating process. As shown in Fig. 3c, 855.7, 853.8 (Ni 2p3/2)
and 872.5 (Ni 2p1/2) eV are the characteristic peaks of Ni2+ in NiO/
rGO [11], while the peaks centered at 853.5, 870.5 eV in Fig. 3c and
129.9 eV in Fig. 3d are assigned to Nid+ and Pd� in Ni2P [30,36],
meaning the conversion of NiO toNi2P,which support the results of
XRD. What is more, the peak value of Nid+ (853.5 eV) is slightly
higher than that of metal Ni (852.6 eV), corroborating the presence
of slightly positive charge Nid+ (d is likely close to 0) [38,39].
Similarly, the P 2p binding energy value (129.9 eV) is slightly less
than that of elemental P (130.0 eV), indicating the P species has a
small negative charge value (Pd�) [40]. The weaker electron
restraint endow Ni2P with a metalloid characteristic and show
higher conductivity [41], which is further proved by Bader charge
method [42]. Initially, crystallographic planes were optimized
according to the crystal structure of Ni2P and NiO in Fig. S5. The
corresponding top view and side view are shown in Fig. 4a,
including (111), (201) for Ni2P and (012), (101) for NiO. As shown in
Table S2 (Supporting information), the Bader charge results show
that Ni atoms in Ni2P surfaces possessed approximately 1|e| charge
less than those in NiO surfaces. This indicates that Ni atoms on the
Ni2P surface have fewer electrons bound by anions, meaning Ni2P
with metalloid characteristics, which is consistent with the XPS
results. Moreover, more free electrons around Ni atom can further
improve the electrochemical performance, and that would be
proved in the next part. In addition, the peaks at 856.6 (Ni 2p3/2)
and 874.6 eV (Ni 2p1/2) corresponding to Ni2+ in Fig. 3c and the
typical peak at 134.9 eV of phosphate species [23] in Fig. 3d are
most likely in the form of phosphate salts as a consequence of
superficial passivation [31]. Besides, phosphate ions are also
generated through excess PH3 further reacting with H2O and then
adhere to the surface of Ni2P/rGO during the phosphating reaction.

The electrochemical properties of Ni2P, NiO/rGO and Ni2P/rGO
are studied through cyclic voltammetry (CV) and galvanostatic
charging/discharging (GCD) tests in three-electrode cell. Fig. 5a
shows the CV curves of Ni2P, NiO/rGO and Ni2P/rGO from 0 to 0.6 V
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Fig. 2. SEM image (a,b) and TEM image (c,d) of NiO/rGO. SEM image (e,f) and TEM image (g,h) of Ni2P /rGO. The inset of (d) and (h) show the corresponding SAED pattern of
NiO/rGO and Ni2P/rGO, respectively.

[(Fig._3)TD$FIG]

Fig. 3. (a) XRD patterns of Ni(OH)2/GO, NiO/rGO and Ni2P/rGO. (b) XPS full spectra
and (c) Ni 2p spectra of Ni2 2P/rGO.

[(Fig._4)TD$FIG]

Fig. 4. (a) Top and side views for optimized structure of Ni2P (201), Ni2P (111), NiO
(012), NiO (101) planes. Three-dimensional model was displayed by VESTA [43].
PDOS of (b) Ni2P (201), (c) Ni2P (111), (d) NiO (012), (e) NiO (101) surfaces.
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P/rGO and NiO/rGO. (d) P 2p spectra of Ni
at 10mV/s. Obviously, three curves all display one pair of distinct
redox peaks, indicating rapid reversible redox reactions on the
surface of the battery-type materials [44,45]. The reaction
mechanism of Ni2P is similar with NiO described in the following
[30]:

NiO + OH�  $  NiOOH + e� (1)

Ni2P + 2OH�  $  Ni2P(OH)2 + 2e� (2)

Generally, the integrated area of the CV curve can give a more
intuitive indication of the capacity [6]. Compared with NiO/rGO
and pure Ni2P, a larger integral area of the CV curve (Fig. 5a) and
longer discharge time (Fig. 5b) can be seen for Ni2P/rGO electrode,
illustrating the improved specific discharge capacity. The CV curves
of Ni2P/rGO at various scan rates show little change and
polarization as shown in Fig. 5c, indicating the good rate capability
of Ni2P/rGO. According to GCD curves of Ni2P/rGO (Fig. 5d), NiO/
rGO (Fig. S8 in Supporting information) and pure Ni2P (Fig. S9 in
Supporting information), the specific discharge capacities at
diverse specific current were shown in Fig. 5e. Furthermore, the
electrochemical properties of both the pure rGO and Ni(OH)2 were
tested in Figs. S10 and S11 (Supporting information). By contrast,
pure Ni2P show less specific capacity than Ni2P/rGO, due to
inadequate exposure of the active site resulting from the severe
agglomeration, which is consistent with our analysis in SEM. To
further illustrate the enhanced electrochemical performance of
Ni2P/rGO compared to NiO/rGO, we made an in-depth analysis of
Ni2P and NiO. The reactivity of materials is determined by the
chemical bonds on the metal sites and the corresponding
electronic environment [29]. The chemical bonds were discussed
in depth firstly. The length of the Ni-P bond (2.199 Å) is longer than
Ni-O (2.054 Å), according to the crystal structures of Ni2P and NiO
in Fig. S7 (Supporting information). And the Pauling electronega-
tivity of P is 2.19, which is weaker than element O of 3.44. Based on
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Fig. 5. (a) CV curves of Ni2P/rGO, NiO/rGO andNi2P at a scanning rate of 10mV/s in 6mol/L KOH solution. (b) The galvanostatic charge /discharge curves of Ni2P/rGO, NiO/rGO
and Ni2P at the specific current of 1 A/g. (c) CV curves of Ni2P/rGO at different scan rates. (d) The GCD curves of Ni2P/rGO at different specific currents. (e) Specific discharge
capacities of Ni2P/rGO, NiO/rGO andNi2P electrodes at different specific currents. (f) Nyquist plots of Ni2P/rGO, NiO/rGO andNi2P electrodes in the frequency range of 100 kHz
to 0.01Hz. The inset shows the enlarged EIS of the electrodes.
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the electronegativity value, the characteristics of the chemical
bond can be evaluated by the following equation [46]:

Covalent character (%) = 100�exp [–0.25 (Xa–Xb)2] (3)

where Xa and Xb represent the electronegativity values of anions
and cations, respectively. The high degree of covalence suggests a
high degree of sharing electrons in the chemical bonds [29]. The
covalent characteristics of Ni-P and Ni-O were calculated to be
98.06% and 55.70%, respectively. This is to say, the longer bond (Ni-
P) and the smaller electronegativity (P) reduce electron transfer
fromNi to anion and increase the ratio of sharing electrons, leading
to more electrons in Ni of Ni-P. Thus less energy is required to
extract or obtain electrons in the redox reaction, resulting in
enhanced electrode dynamics of Ni2P. Furthermore, the electronic
environment around metal sites was discussed by calculating
projected density of states (PDOS). Fermi energy level was set to
zero in all diagrams. Generally, it is the electrons in 3d orbitals that
participate in chemical reactions for transition metals. Density of
states of Ni in Ni2P is enhanced near the Fermi energy level and
higher electron localize near Ni atoms in Ni2P surfaces, which
decreases the migration energy of electrons in electrochemical
reaction. Therefore, the introduction of P can improve the kinetics
during the electrochemical processes, which is in favor of the
specific capacities. Based on the above discussion, theoretical
calculations was used to prove that Ni2P has higher electrical
conductivity and chemical reactivity than NiO, meanwhile, the
decreased size of Ni2P nanosheets enables the effective use of
reactive sites. Therefore, the electrochemical performance of Ni2P/
rGO is significantly better than NiO/rGO. What’s more, the
introduction of rGO hinders the agglomeration of Ni2P and
improves the conductivity effectively, verifying the superior
storage properties of Ni2P/rGO compared to pure Ni2P. A
comparison of the electrochemical properties of the Ni2P/rGO
with recently reported materials is shown in Table S2. It can be
revealed that the specific capacitance of the Ni2P/rGO with 2D
heterostructural in this work is superior to that of the recent
reports.
Furthermore, electrochemical impedance spectroscopy (EIS)
measurements were carried out to study the ion and electron
transport kinetics in the Ni2P/rGO, NiO/rGO and pure Ni2P
electrodes. As shown in Fig. 5f, three Nyquist plots contain one
semicircle and a linear segment in the high and low frequency
region, respectively. The intercept of semicircle on the real axis
represent equivalent series resistance (RS), which consists of the
resistance of the electrode material and the ionic resistance of the
electrolyte [26]. The diameter of the semicircle represents the
charge transfer resistor (Rct) of the electrode/electrolyte interface
in a Faraday reaction. Ni2P contribute with better electrical
conductivity compared to NiO and rGO can constitute a conductive
network to improve conductivity effectively. Thus Ni2P/rGO has the
ability of faster charge transfer within the electrode and at the
electrode/electrolyte interface [28]. Table S3 (Supporting informa-
tion) shows the results forEIScircuit simulationbyequivalent circuit
fitting (inset of Fig. 5f). The straight line portionof the low frequency
region indicates the electrolyte diffusion impedance. In Fig. 5f, Ni2P/
rGO has a more vertical line than those of other electrodes,
suggesting thatNi2P/rGOwith 2D layered structure greatly shortens
the ion diffusion path, which helps ions quickly transport to the
surface of Ni2P nanosheet for electrochemical reaction.

In order to further evaluate the practical application of Ni2P/
rGO electrode, a hybrid supercapacitor encapsulated in button cell
was fabricated using Ni2P/rGO as the cathode and active carbon
(AC) as the anode in 6mol/L KOH. Fig. 6a shows the CV curves of
Ni2P/rGO and AC electrodes at a scan rate of 10mV/s. A series of CV
curves of hybrid supercapacitor at different voltage windows are
shown in Fig. 6b. The operating voltage can be steadily extended to
1.6 V while severe polarization reaction occurs near 1.7 V. Further-
more, as the scan rate increases from 5 mV/s to 100mV/s, the CV
curve exhibits a non-rectangular shape with redox peaks at 0–1.6 V
(Fig. 6c), indicating that the capacity is mainly from the redox
reaction. At the same time, the similar shape of all CV curvesmeans
good rate performance for Ni2P/rGO//AC hybrid supercapacitor. The
specific discharge capacity calculated from theGCD curves in Fig. 6d
was based on the total mass of the active materials in two
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Fig. 6. Electrochemical performances of the Ni2P/rGO // AC ASC device: (a) CV curves of Ni2P/rGO and AC electrodes at a scan rate of 10mV/s in 6mol/L KOH electrolyte. (b)
CV curves of the ASC devices at 5mV/s with different cell voltage. (c) CV curves of the HSC devices collected at different scan rates. (d) GCD curves of HSC devices obtained
at different specific currents. (e) Ragone plots of as-assembled Ni2P/rGO//AC HSC against previous reports. (f) Cycling performance of the HSC device at a specific current of
5 A/g.
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electrodes. Similarly, the GCD curve is not a straight line, which is
consistent with the results of the CV curve analysis. According to
Eqs. S6 and S7 in Supporting information, the hybrid supercapacitor
specific energy reaches 38.6Wh/kg at a power density of 375W/kg.
Even at a specific power of 7500W/kg, it still delivers 19.5 Wh/kg,
which is higher than NiO/rGO//AC in our previous work [16]. What
is more, the specific power and energy of Ni2P/rGO//AC hybrid
supercapacitor are superior to, or at least similar to, that of other
reported hybrid supercapacitor as shown in Fig. 6e, such as NiCoP//
AC (16.65 Wh/kg at 7500W/kg) [21], Fe2O3//Ni2P (35.5 Wh/kg at
400W/kg) [31], Ni2P/NF//AC (10 Wh/kg at 5332W/kg) [19] and
Ni2P//AC (36.5 Wh/kg at 275W/kg) [25]. In Fig. 6f, the hybrid
supercapacitor device also shows the good electrochemical
stability, with 82% of the device capacitance retained even after
3000 charging and discharging.

In summary, we successfully designed and fabricated battery-
type Ni2P/rGO nanocomposite with 2D layered heterostructure by
pre-thermaltreatmentofself-assemblingNi(OH)2/GOprecursorand
post-low temperature phosphating. The 2D layered structure with
opened porosity provides the facile channel for both ion diffusion
and electron transfer. In this composite, rGO act as the 2D interlayer
spacer to prevent the aggregation and as the conductive network for
efficient electron transport, while smaller size of Ni2P nanosheets
have been identified through TEM observation to facilitates full
use of active sites. Furthermore, the DFT-based calculation reveals
that Ni2P improve charge transfer and accelerate the kinetics of
Faraday reaction, thus significantly enhance electrochemical
performance. By virtues of the unique structure and composition,
the Ni2P/rGO nanocomposite exhibits high specific discharge
capacity (158.9mAh/g at 1 A/g, 113.2mAh/g at 5 A/g). More
importantly, the hybrid supercapacitor Ni2P/rGO//AC displays a
specificenergyof38.6Wh/kg�1 at a specificpowerof375W/kg. This
work provides new insights into the design of advanced electrode
materials with 2D heterostructure for hybrid supercapacitors.
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