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a b s t r a c t

The performance of a supercapattery depends on its energy density, rate capability of charge and
discharge and stability of electrode. Here in, a sonochemical method followed by calcination was applied
to synthesize nickel phosphate-silver phosphate (Ni3(PO4)2eAg3PO4) nanocomposites. Morphological
studies revealed that crystalline Ag3PO4 (~10 nm) was intimately anchored on the surface of amorphous
Ni3(PO4)2, which benefits efficient charge transfer between the two metal phosphates. The optimized
Ni3(PO4)2eAg3PO4 nanocomposite electrode exhibited a significant boost in rate capability from 29%
(Ni3(PO4)2) to 78% capacity retention with the maximum specific capacity of 478C/g at 1 A/g in 1M KOH
electrolyte. The enhancement of rate capability originated from a more rapid electron-transfer rate and
an augmentation of electroactive sites for electrolyte ion diffusion from the interfaces of porous Ni3(PO4)2
and an improvement in the electrical conductivity of crystalline Ag3PO4. The fabricated Ni3(PO4)2e
Ag3PO4//activated carbon-based supercapattery exhibited an energy density of 32.4Wh/kg at 399.5W/kg
and excellent cyclic stability (~82% capacity retention after 5000 cycles).

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The issue of climate change leads to the exploitation of renew-
able energy sources as part of an ongoing effort to minimize reli-
ance on fossil fuels. However, the intermittent nature of solar and
wind power generation has triggered the search for efficient energy
storage devices to maintain the balance between electricity supply
and demand. Electric double layer capacitor (EDLC), which uses two
identical carbon-based electrodes, has been recognized as an ideal
device that can provide rapid bursts of energy and long lifespan due
to its high power density (1e10 kW/kg). Nevertheless, they suffer
from low energy density, which limit their potential to fully meet
r), rameshtsubra@gmail.com
the growing technology demands [1,2]. On the other hand, lithium-
ion battery (LIB) possesses an outstanding energy density but its
poor power density (0.1e1 kW/kg) degrades its service life much
faster than EDLC. In addition, LIB can be exploded when overheated
or overcharged [3,4]. Tremendous attempts have been made to
widen the EDLC operating voltage and energy density without
affecting its power density. In recent years, supercapattery has been
extensively explored, where capacitive-type materials (store en-
ergy via ions adsorption) and battery-type materials (store energy
via faradaic redox reaction) are combined into one device to utilize
different energy storage mechanisms from both electrode mate-
rials. RuO2 which is known as an excellent pseudocapacitor elec-
trode material has shown remarkable performance with
capacitance of 1340 F/g (closed to its maximum theoretical value of
1400 F/g). However, its high cost and environmental toxicity
restrain its commercial application. Other metal oxides, such as NiO
and Co3O4, are promising but they have poor electrical
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conductivity. Therefore, it is crucial to get supercapattery electrode
materials that are economical yet have comparable performance to
the current materials [5,6].

Nickel phosphates (Ni3(PO4)2) have aroused great interest
recently as supercapacitor electrode materials as they are cheap
and have shown excellent performance in batteries [7,8], catalysis
[9], coatings for corrosion protecting [10], etc. From a structural
point of view, it is an inorganic metal compound with phosphate
tetrahedron (PO4

3�) that shares each of its corner with one oxygen
atom and forms NieOeP bonds [11]. Due to the formation of
NieOeP bonds, the redox potential (and thus energy density) can
be intensified through the inductive effect of strong PeO bonds.
The electron density moves away from the Ni center and subse-
quently reduces the covalency of the NieO bonds, which results in
the high potential of Ni3(PO4)2 [12,13]. Ni3(PO4)2 in its amorphous
phase is expected to give higher energy density than its crystalline
phase as supercapacitor electrode. This is mainly attributed from
the high number of structural defects, which can be served as
reversible active sites, and enormous inner pores whose channels
facilitate the diffusion of ions in its disordered structure [14,15]. The
key issue with employing Ni3(PO4)2 in a supercapacitor is its poor
rate capability due to its large band gap (Eg). This causes the ma-
terials not suitable to be used in supercapacitor as the electrode
material can be destructed if it is applied to the high current rate
[16]. Thus, further efforts are needed to increase the electrical
conductivity in order to improve the rate capability of such elec-
trode materials. An efficient approach to address the issue is to
enhance the electrical properties by incorporating another metal
ion that has comparatively narrower Eg to form a metal phosphate
composite. Thereby, the interfacial resistance of the composite
material can be alleviated due to more efficient electron transfer
between the two metal phosphates. Furthermore, a lot of effective
surface area are available for redox reaction, consequently, boosting
the capacity as well as power density of the supercapacitor [17].

In this work, silver phosphate nanoparticles (Ag3PO4 NPs) were
deposited onto amorphous Ni3(PO4)2 by precipitation followed by
calcination. Ag was chosen due to its high electrical conductivity
which should enhance the electrical conductivity of amorphous
Ni3(PO4)2. Moreover, Ag is cheaper and non-toxic compared to
other metals, such as gold, platinum, and palladium [18,19]. An
amorphous Ni3(PO4)2 and diammine silver complex (AgðNH3Þþ2 )
solution were initially prepared using a sonochemical method, to
agitate the precursor mixture and to avoid particle aggregation.
Ni3(PO4)2eAg3PO4 nanocomposites were synthesized with the aim
to amplify energy density, to attenuate internal resistance, increase
the rate of energy delivery as well as prolong the cycle life of
supercapattery. Although Ni3(PO4)2ebased materials as energy
storage electrodes have been reported (see Table S1), works on how
the presence of a crystalline structure comprising a low Eg metal
ion on an amorphous Ni3(PO4)2 substrate of nanomaterial as a
supercapattery electrode are still scarce. Thereby, the effect of
different weight ratios of the amorphous Ni3(PO4)2 to Ag3PO4 on
the overall electrochemical performance was investigated. The
mechanism of ion and charge transfer between amorphous
Ni3(PO4)2 and crystalline Ag3PO4 was clarified in detail.
Table 1
Weight ratios of Ag:Ni3(PO4)2 used for the preparation of Ni3(PO4)2eAg3PO4.

Sample Mass of Ag
(mg)

Mass of Ni3(PO4)2
(mg)

Weight ratio
(Ag:Ni3(PO4)2)

0.05 NAg 0.377 50 1:0.132
0.1 NAg 0.377 100 1:0.265
0.2 NAg 0.377 200 1:0.530
0.3 NAg 0.377 300 1:0.794
2. Materials and method

2.1. Materials

Nickel(II) acetate tetrahydrate (Ni(CH₃CO₂)₂$2H₂O) and anhy-
drous disodium hydrogen phosphate (Na2HPO4), were purchased
from Friendemann Schmidt, Malaysia. Silver nitrate (AgNO3), po-
tassium hydroxide pellets (KOH), ammonia 28% (NH3) solution,
acetylene black, activated carbon (AC), N-methyl-2-2pyrrolidone
(NMP) and polyvinylidene fluoride (PVDF) were received from
Sigma-Aldrich, Malaysia. All chemicals used were of analytical
grade. Deionized water was used throughout the experiment.

2.2. Synthesis of nickel phosphate-silver phosphate
(Ni3(PO4)2eAg3PO4) nanocomposite

Ni3(PO4)2eAg3PO4 nanocomposite with different weight ratios
of Ni3(PO4)2 and Ag3PO4 were synthesized via precipitation. The as-
prepared Ni3(PO4)2 (set A) was synthesized according to the pro-
cedures reported in the literature [20]. The reduction of Agþ was
carried out by drop-wise addition of ammonia solution into 50mM
AgNO3 solution under sonication using a horn sonicator until the
precipitates dissolved and a clear solution of diamminesilver (I)
complex is formed. The sonication process was continued for
another 30min (set B). The diamminesilver (I) complex solution
was then mixed with 0.05 g of as-prepared Ni3(PO4)2 and stirred
vigorously for 3 h. The precipitate was washed several times with
deionizedwater and dried at 60 �C for 4 h. Finally, the dried product
was calcined at 300 �C for 3 h and labeled as 0.05 NAg. For opti-
mization purposes, another three Ni3(PO4)2eAg3PO4 nano-
composites were prepared by varying the mass of as-prepared
Ni3(PO4)2 added; 0.1, 0.2 and 0.3 g and labeled as 0.1 NAg. 0.2
NAg and 0.3 Nag, respectively. The weight ratios were tabulated in
Table 1.

2.3. Characterization of the samples

2.3.1. Structural and morphological analysis
The crystalline phases of the samples were determined via X-ray

diffraction (XRD; D5000, Siemens), using copper Ka radiation
(l¼ 1.5418 �A) at a scan rate of 0.02 s�1. Fourier-transform infrared
spectroscopy (FTIR, Thermo Scientific Nicolet ISIO Smart ITR) was
used to study the presence of functional groups and purity of the
samples, which was scanned in the region from 500 to
4000 cm�1 at a resolution of 1 cm�1. X-ray photoelectron spec-
troscopy (XPS) spectra were recorded in the range of 0e1000 eV at
a pass energy of 200 eV with a resolution of 1 eV (for survey
spectra); high-resolution spectra were recorded with a pass energy
of 50 eV within a resolution of 0.1 eV. The spectra were fitted with
multiple Gaussian curves using Origin Pro 8.1. Morphological
studies of the Ni3(PO4)2eAg3PO4 nanocomposites were carried out
using field-emission scanning electron microscopy (FESEM, JEOL
JSM-7600 F) and high-resolution transmission electron microscopy
(HRTEM, JEOL JEM-2100 F). The optical absorption properties in a
spectral region from 200 to 800 nm were measured using a Jen-
way's Model 6800 spectrophotometer.

2.3.2. Electrochemical studies
The electrode was fabricated by mixing 75wt% of the active

material (refers to 0.X NAg),15wt% of acetylene black and 10wt% of
PVDF in NMP until a homogeneous slurry was achieved. Then, 1� 1
cm2 of nickel foams was coated with the prepared slurry and dried
in an oven at 90 �C for overnight. The mass loading of the active
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material on the electrode was approximately 3.8mg. A standard
three-electrode cell configuration was used for electrochemical
measurements where the coated nickel foam, Ag/AgCl electrode
and platinum wire were used as working, reference and counter
electrodes, respectively. The measurements were conducted in 1M
KOH at room temperature. Moreover, a two-electrode configuration
was assembled for assessing the performance of supercapattery.
The supercapattery was fabricated by combining the optimized
Ni3(PO4)2eAg3PO4 nanocomposite and activated carbon (AC) as the
positive electrode and negative electrode active materials, respec-
tively, and then sandwiched with a filter paper in 1M KOH. Cyclic
voltammetry (CV), galvanostatic chargeedischarge (GCD) and
electrochemical impedance spectroscopy (EIS) with a frequency
range from 0.01 Hz to 100 kHz were conducted using a Gamry In-
strument Interface 1000. The Mott-Schottky (MS) measurement
was carried out using potentiostat (multi-channel Autolab,
PGSTAT30).

3. Results and discussion

3.1. Characterization of the samples

3.1.1. Mechanism of Ni3(PO4)2eAg3PO4 nanocomposite formation
The possible preparation mechanism of Ni3(PO4)2eAg3PO4

nanocomposite can be elucidated through the equations (1)e(6). In
the process, the homogenous Ni3(PO4)2 suspension with the

attached negatively charge hydrogen phosphate (HPO2�
4 ) ions was

formed firstly by sonication. Then, the positively charge AgðNH3Þþ2
were attracted towards the phosphate groups through electrostatic
interaction and were ordered in surrounding of Ni3(PO4)2 [21]. Due
Fig. 1. (a) XRD diffractogram of Ni3(PO4)2, 0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3 NA
to the presence of excess of HPO2�
4 in the as-prepared Ni3(PO4)2,

homogenous Ni3(PO4)2eAg3PO4 nanocomposite was subsequently
obtained during stirring. Upon calcination, ammonium cations
(NHþ

4 ) and other residual solvents were removed except
Ni3(PO4)2eAg3PO4 nanocomposite [22].

(Ni3(PO4)2 formation)

CH3COO
� þ H2O #CH3COOHþ OH� (1)

Ni2þþ2OH�#NiðOHÞ2 (2)

3NiðOHÞ2 þ 2HPO2�
4 #Ni3ðPO4Þ2 þ 2H2Oþ 4OH� (3)

(Ni3(PO4)2eAg3PO4 nanocomposite formation);

AgNO3 þ NH3 þ H2O#AgOHþ NH4NO3 (4)

AgOHþ 2NH4NO3 #AgðNH3Þþ2 þHNO3 þ H2Oþ NO�
3 (5)

3AgðNH3Þþ2 þ Ni3 ðPO4Þ2 þ HPO2�
4 /Ni3ðPO4Þ2$Ag3PO4

þNHþ
4 þ 5NH3

(6)

3.1.2. Structural characterizations of Ni3(PO4)2eAg3PO4

nanocomposites
The crystallinity of Ni3(PO4)2, 0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3

NAg were analyzed by XRD. As shown in Fig. 1, Ni3(PO4)2 showed
g; N2 adsorption-desorption measurement of (b) Ni3(PO4)2 and (c) 0.1 NAg.
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one broad bump between 20� of 30� and 40�, attributable to its
amorphous nature [23]. Several reflections can be seen in the XRD
traces for 0.05 NAg, 0.1 NAg and 0.2 NAg nanocomposites, index-
able to the crystalline structure of Ag3PO4. The reflections at 2q of
29.1�, 33.3�, 36.6�, 47.5�, 52.1�, 55.0� and 57.5� can be assigned to
the (200), (210), (211), (310), (222), (320) and (321) reflections of
the body-centered cubic-phase of Ag3PO4 (JCPDS, 06-0505) with a
space group of P4-3n [24]. The intensity of Ag3PO4 reflections
increased with the decrease amount of Ni3(PO4)2. The crystalline
reflections of Ag3PO4 at 0.3 NAg is difficult to be identified given the
low crystallinity of this nanocomposite. No positional change of
Ag3PO4 peaks was observed suggests that Ag3PO4 are not incor-
porated into the lattice of Ni3(PO4)2, but rather form on its surface
[25].

The surface area of amorphous Ni3(PO4)2 and 0.1 NAg (0.1 NAg
has been selected due to it demonstrated the best performance as
discussed in the next section) was tested with Bru-
nauereEmmetteTeller (BET) measurements. Fig. 1b and c displays
the N2 adsorption-desorption isotherms of Ni3(PO4)2 and 0.1 NAg.
Both samples show a hysteresis loop (categorized as Type IV) be-
tween P/Po¼0.9 and 1, indicating its mesoporous nature. The
mesoporous structure reduces the diffusion distance of electrolyte
ions. The BET surface areas of 0.1 NAg and Ni3(PO4)2 are 12.46m2/g
and 16.96m2/g, respectively, whereas the total pores volumes of 0.1
NAg and Ni3(PO4)2 are 0.03928 cm3/g and 0.042596 cm3/g,
Fig. 2. FTIR spectra of Ni3(PO4)2, 0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3 NAg at (a) 400e1500 cm
of Ni3(PO4)2, 0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3 NAg.
respectively. The reduction in the BET surface area and total pores
volume of 0.1 NAg as compared to Ni3(PO4)2 is attributed to the fact
that there is less Ni3(PO4)2 in the Ni3(PO4)2eAg3PO4 nano-
composite. Additionally, it might be due to the distribution of
Ag3PO4 NPs that could cover some of the pores of Ni3(PO4)2 [26].

FTIR spectra of amorphous Ni3(PO4)2, 0.05 NAg, 0.1 NAg, 0.2 NAg
and 0.3 NAg are shown in Fig. 2a and b. For all spectra, the bands at
563 and 1036 cm�1 correspond to triply degenerate bending mode
of the OePeO bond (n4 PO4

3�) and triply degenerate asymmetric
stretching mode of the P e O bond (n3 PO4

3�), respectively; they
signify the presence of phosphate (PO4

3�) group. For the
Ni3(PO4)2eAg3PO4 nanocomposites, these bands are shifted to
lower wavenumber, suggesting interactions between Ni3(PO4)2 and
Ag3PO4 [27]. The bands around 1642 cm�1 and 3000-3700 cm�1 are
attributable to n1(A1)H2O and n2(A1)H2O, respectively. The band
intensities increased significantly after the incorporation of Ag3PO4
(0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3 NAg), manifesting increasing
fraction of phosphate groups and water crystals that were chem-
isorbed on the surface of the Ni3(PO4)2eAg3PO4 nanocomposites
[28]. It is worth mentioning that, the presence of adsorbed water
may help to improve the electrochemical performance by
expanding interparticle distance, which should correspondingly
tune the ionic transport pathways [29,30].
�1 (b) 1200e4000 cm�1; (c) UVevis spectra and (d) the determination of the band gap
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3.1.3. Optical properties of Ni3(PO4)2eAg3PO4 nanocomposites
The effect of Ag3PO4 on the optical properties of Ni3(PO4)2 was

investigated by UVeVis absorption spectroscopy; the spectra are
displayed in Fig. 2c. Ni3(PO4)2 exhibits one absorption edge at
around 216 nm and a shoulder at 439 nm, which is assignable to
Ni2þ in a distorted octahedral coordinated environment [31]. The
absorptivity of Ni3(PO4)2 decreases gradually from 0.3 NAg to 0.05
NAg due to decreasing fractions of Ni3(PO4)2 present in
Ni3(PO4)2eAg3PO4 nanocomposites. In addition, the absorption
edge as well as the shoulder red-shifted toward the visible region
with decreasing fractions of Ni3(PO4)2. The red-shift of the peaks
originates from the higher amount of Ag3PO4 NPs than Ni3(PO4)2,
which absorb in the visible region. This red-shift could also be
correlated with a reduction of the band gap; this assertion is sup-
ported by the transformed Kubelka-Munk function of light energy
(ahn)2 versus energy of photon (hn), as plotted in Fig. 2d [32,33].
The band gap (Eg) values of the samples were calculated using the
Tauc relationship; (ahn)2¼ K(hn - Eg) where a is an absorption
coefficient and K is a proportionality constant. a was calculated
from a ¼ (2.303� 103) (A)/L where A is the measured absorbance
and L is the optical path length (1 cm). The extrapolation of the
straight line of the plot estimates the Eg value. Eg were determined
to be 3.2, 3.2, 3.5, 4.0 and 4.6 eV for 0.05 NAg, 0.1 NAg, 0.2 NAg, 0.3
NAg and amorphous Ni3(PO4)2, respectively. Large Eg value of
amorphous N into i3(PO4)2 corresponds to its electrically insulating
properties. For the case of Ni3(PO4)2eAg3PO4 nanocomposites, the
progressive decrease in Eg is because of the composite effect be-
tween the two materials. According to the energy band theory,
composite effect causes the decrease in band gap due to the over-
lapping of the splitting energy levels of the interacting atoms.

This suggests that Ni3(PO4)2 and Ag3PO4 NPs are well mixed
such that they exhibit aggregate, as opposed to constituent, elec-
tronic properties [34,35].

3.1.4. X-ray photoelectron spectroscopy of Ni3(PO4)2eAg3PO4

nanocomposites
On account of the distribution of Ag3PO4 NPs on the Ni3(PO4)2

surface, the surface compositional analysis of Ni3(PO4)2 and
Ni3(PO4)2eAg3PO4 (0.1 NAg) were analyzed by XPS. The survey XPS
spectrum of 0.1 NAg compared with that of Ni3(PO4)2 displayed
several sharp peaks confirmed the existence of Ni, Ag, O1s and P
(Fig. 3a). 0.1 NAg shows the existence of the symmetry spin-orbit
components that are separated by 6 eV; Ag 3d5/2 (368.3 eV) and
Ag 3d3/2 (374.3 eV), corresponding to Agþ of Ag3PO4 in 0.1 NAg
(Fig. 3b) [36]. Fig. 3c shows the core level deconvoluted spectrum of
Ni 2p involves two peaks contributed from the spin-orbital splitting
(with the gap is 17.9 eV) of Ni 2p3/2 and Ni 2p1/2, respectively. The
two shakeup stellite peaks of nickel (marked as Sat. 1 and Sat. 2)
implies that Ni2þ and Ni3þ are present in both Ni3(PO4)2 and 0.1
NAg [37]. The peak centered at ~857.1 eV for Ni 2p3/2 corresponds to
Ni2þ interacting possibly with phosphate ion. Furthermore, as
compared to Ni3(PO4)2, the intensity of the Ni 2p for 0.1 NAg is
weakened and the ratio fitting area of Ni2þ/Ni3þ decreased from
1.72 to 1.56. This corroborates that the contents of Ni3(PO4)2 is
relatively lower than pure Ni3(PO4)2 after the presence of Ag3PO4
NPs.

While for the P 2p profiles presented in Fig. 3d can be fitted into
P 2p1/2 (132.7 eV) and P 2p3/2 (133.4 eV). The main deconvoluted
peak at 133.2 eV constitutes 80e85% of total area P 2p signal for
both Ni3(PO4)2 and 0.1 NAg. This can be assigned to surface metal
phosphate species in PO4

3� attributed to the oxidation of the
Ni3(PO4)2 [38]. The second peak (about 15e20% of total area)
observed should be attributed to remaining metaphosphate [39].
Apparently, after Ag incorporation, the Ni 2p and P 2p peaks were
shifted slightly to higher EB (~1.3 eV), suggesting that the electronic
structure of Ni3(PO4)2 was affected by the electron transfer from
Ni3(PO4)2 to Ag3PO4 [40].

3.1.5. Morphological studies of Ni3(PO4)2eAg3PO4 nanocomposites
Themorphology of Ni3(PO4)2, 0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3

NAg were investigated by FESEM analysis. In Fig. 4a, the irregular
shape of amorphous Ni3(PO4)2 with an average particle size of
110 nm is shown. Fig. 4b and Fig. S1a-S1c revealed that with gradual
decrease in amorphous Ni3(PO4)2 in the nanocomposite, more
Ag3PO4 NPs were observed on the surface of amorphous Ni3(PO4)2.
However, for 0.05 NAg, a high degree of agglomeration was formed
which could limit ions diffusion. The formation of particle ag-
glomerations might be due to excess formation of Ag3PO4 NPs
which hindered the random movement of Ni3(PO4)2 particles
[41,42]. Fig. 4c displays a higher magnification of 0.05 NAg where
Ag3PO4 NPs with an approximate size of 10 nm were uniformly
anchored on amorphous Ni3(PO4)2. In order to view the
morphology of 0.05 NAg in detail, HRTEMwas done and the results
are shown in Fig. 4d. It displays that Ag3PO4 NPs are decorated on
the surface of highly porous amorphous Ni3(PO4)2. The lattice
resolved HRTEM image of 0.05 NAg revealed a lattice spacing of
0.19 nm, which corresponds to the characteristic distance between
(310) planes of Ag3PO4 (Fig. 4e), confirming the black dots seen in
the HRTEM image were Ag3PO4 NPs. No lattice structure was
observed for Ni3(PO4)2 particles, indicating its amorphous. The EDX
spectrum shown in Fig. 4f confirmed that 0.05 NAg comprised of
the detectable elements; oxygen, nickel, phosphorus and silver. The
presence of Si signal comes from the substrate element during
FESEM measurement.

3.2. Electrochemical characterization

Fig. 5a shows the CV curves of amorphous Ni3(PO4)2, 0.05 NAg,
0.1 NAg, 0.2 NAg and 0.3 NAg measured at the scan rate of 5mV/s
between 0 and 0.6 V. A pair of redox peaks were observed for all
samples indicating the faradaic behavior of this battery-type ma-
terial (often misled as pseudocapacitive materials due to the same
charge storage mechanism). This is linked to the diffusion of elec-
trolyte ions through the materials, which leads to the redox reac-
tion of the functional groups that are present on the surface of
materials [43,44]. At this scan rate, Ni3(PO4)2 exhibited the highest
redox current intensity compared to Ni3(PO4)eAg3PO4 nano-
composites. This observation indicates the extensive interaction of
electrolyte ions with the abundant electroactive sites of the mate-
rial. The redox peak potentials (Ea: anodic potential and Ec: cathodic
potential) of Ni3(PO4) were affected by the presence of Ag3PO4.
With increasing loadings of Ni3(PO4) in Ag3PO4, the nano-
composites have dissimilar electronic transmission path and elec-
trolyte ions diffusion rate. This suggests that the electron and ion
mobility is influenced by the amount of phosphate functional
groups as well as the number of metal ions present in the nano-
composite [45]. Moreover, the differences between Ea anc Ec can be
correlated with the reversibility of the redox reaction. Among all
samples, 0.01 NAg showed the smallest Ea and Ec separation value,
followed by 0.05 NAg, Ni3(PO4)2, 0.2 NAg and 0.3 NAg, indicating
that the appropriate mass ratio of Ni3(PO4) and Ag3PO4 improves
the reversibility of redox reaction and charge transfer rate [46].
When the scan ratewas increased to 100mVs (Fig. 5b), the CV curve
of Ni3(PO4)2 was distorted due to the inability of electrolyte ions to
enter the inner sites of Ni3(PO4)2 at high scan rate [47]. On the other
hand, 0.1 NAg which exhibited smaller CV area (thus smaller spe-
cific capacity) than Ni3(PO4)2 at low scan rate retained its shape at
higher scan rates, which affirms its good electrochemical revers-
ibility [48,49]. Fig. 5c and Fig. S2 display the redox peak currents of
0.1 NAg and other samples (Ni3(PO4)2, 0.05 NAg, 0.2 NAg and 0.3
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NAg), respectively, were augmented progressively with increasing
scan rates (5e100mV/s). For battery-type materials, specific ca-
pacity (C/g) is the most appropriate to use (many of the reported
works use specific capacitance (F/g) which is wrong term for
battery-type materials) and the values at all scan rates for all
samples were tabulated in Table S2. Therefore, the specific capacity
can be calculated using equation (7) [50].



Fig. 4. FESEM images of (a) Ni3(PO4)2, (b) 0.05 NAg, (c) high magnification FESEM image of 0.05 NAg (d) HRTEM image of 0.05 NAg (e) high magnification image of 0.05 NAg (f) EDX
pattern of 0.05 NAg.
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QS ¼ 1
nmD

ZVf

Vi

I� VdV (7)

where QS is the specific capacity of the samples (C/g), n is the scan
rate (V/s), m is the mass of the active material (g) and the integral
term is equal to the area under the CV curve. Fig. 5d shows the
anodic and cathodic peak currents obtained from the CV curves of
0.1 NAg increased linearly with the square root of the scan rates and
the ratio of Ipa/Ipc ~1, implying that the reaction is reversible [51].
The redox peaks observed for all samples can be expressed by the
following chemical equations [52];

Ni3ðPO4Þ2 þ OH�#Ni3ðOHÞðPO4Þ2 þ H2Oþ e� (8)

Ag3PO4 þ OH�#Ag3ðOHÞPO4 þ H2Oþ e� (9)

Fig. 6a shows the discharge curves of Ni3(PO4)2 and Ni3(PO4)
eAg3PO4 nanocomposites obtained from the GCD technique. The
non-linear shape of discharge curves with a slow potential decay
shown by all electrodes is due to deep ion intercalation, indicating
the capacitance is stored through faradaic reaction of battery-type
electrode. At an applied current density of 1 A/g, Ni3(PO4)2
exhibited the longest discharge curve as compared to other
Ni3(PO4)eAg3PO4 nanocomposite-based electrodes. However,
amorphous Ni3(PO4)2 only pronounce at low current density
because the discharge curve of amorphous Ni3(PO4)2 was shorter
than that of 0.1 NAg at a higher current density of 8 A/g, as shown in
Fig. 6b. Fig. 6d plots the specific capacity versus current density for
all electrodes calculated from discharge curves shown in Fig. 6c and
Fig. S3. The specific capacity, Qs, of the electrodes were calculated
from the galvanostatic discharge curves using the equation (10);

QS ¼ I � Dt
m

(10)

where I is the current (A), Dt is the discharge time (s) and m is the
mass of active material (g). At all current densities, it can be seen
that the specific capacity was dramatically decreased from 539 (1
A/g) to 159C/g (8 A/g) with 29% capacity retention for Ni3(PO4). In
comparison, Ni3(PO4)eAg3PO4 nanocomposites exhibited signifi-
cant improvement in rate capability, where 0.05 NAg, 0.1 NAg, 0.2
NAg and 0.3 NAg retained their specific capacity by 51, 78, 48 and
47% respectively, at 8 A/g. This improvement in rate capability is
because the presence of Ag3PO4 NPs reduced the internal resistance
of Ni3(PO4)2 and thus boosted charge transfer kinematics [53].
Among the Ni3(PO4)2eAg3PO4 nanocomposites, 0.1 NAg exhibited
superior specific capacity at all applied currents followed by 0.2
NAg and 0.3 NAg. This non-monotonic dependence is a manifes-
tation of two competing effects: that the conductivity of
Ni3(PO4)2eAg3PO4 nanocomposites was enhanced with the
increasing amount of Ag3PO4. However, excessive Ag3PO4 NPs de-
teriorates the performance of the 0.05 NAg electrode because of
agglomerations formed, which in turn decreased the interfacial
contact area between electrode material and electrolyte, and
consequently limit the number of redox reaction. Another reason is
due to the insufficient amount of amorphous Ni3(PO4)2 that present



Fig. 5. CV of Ni3(PO4)2, 0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3 NAg at (a) 5mV/s and (b) 100mV/s (c) CV of 0.1 NAg at different scan rates (d) The calibration plots of peak currents vs. the
scan rates.
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in the nanocomposite, as amorphous Ni3(PO4)2 is responsible for
electroactive sites for redox reaction [54]. However, the rate capa-
bility of 0.05 NAg still higher than Ni3(PO4)2 due to the structural
stability of crystalline Ag3PO4 NPs.

The electrochemical impedance spectra (EIS) were recorded to
further understand charge and ion transport of the electrode ma-
terials. Fig. 7a contains the Nyquist plots of amorphous Ni3(PO4)2,
0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3 NAg. In this work, the shape of
the Nyquist plots is deviated from the standard semicircle due to
the electrode surface roughness, different electrochemical activity
and uneven electric field, and it can be expressed as constant phase
angle element (ZCPE) [55]. The intersection point of the EIS curve
with the axis of real impedance is designated as equivalent series
resistance (Rs). Rs was originated from the bulk resistance of liquid
electrolyte, series resistance of connections and internal resistance
of electrode. The diameter of the semicircle at high frequency can
be ascribed to the charge transfer resistance (Rct) between elec-
trode and electrolyte. The mobile charge carriers must overcome
this resistance in order to adsorb on the surface of the electrode
material [56]. The obtained Nyquist plot is fitted according to the
equivalent circuit diagram as depicted in Fig. 7a (inset). The semi-
circle is represented by the parallel combination of ZCPE and Rct as
shown in the equivalent circuit. The slope of the straight line in the
low frequency region is a result of the frequency dependence of ion
diffusion and is represented as Zw, while CL is the limit capacitance.
Based on the Nyquist plot, the Rs value of 0.76, 0.71, 0.89, 0.99 and
1.17U have been determined for 0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3
NAg and Ni3(PO4)2, respectively, as illustrated in the Fig. 7b. The
smaller Rs values of the all Ni3(PO4)2eAg3PO4 nanocomposites
compared to that of amorphous Ni3(PO4)2 indicates their higher
electrical conductivity which supports their improved rate capa-
bility evaluated from the CV and GCD analysis. Furthermore, the
diameter of semicircle (Rct) of amorphous Ni3(PO4)2 is significantly
larger as compared to those in the Nyquist plots of the
Ni3(PO4)2eAg3PO4 nanocomposites, which can be attributed to its
higher charge transfer resistance. Among Ni3(PO4)2eAg3PO4
nanocomposites, 0.1 NAg displayed the smallest diameter, implying
the lowest internal resistance among the nanocomposites exam-
ined. Moreover, the straight line of 0.1 NAg is the steepest which
indicates its lowest ion diffusion resistance.

To further investigate the Ag3PO4 modification on the electrical
properties of Ni3(PO4)2, the potential-dependent capacity mea-
surement was performed. MS plots are drawn based on the ca-
pacitances that are derived from the imaginary part of the
impedance obtained at each potential. The MS plots of all elec-
trodes are shown in Fig. 7c. The positive slope of the linear lines
indicated that all electrodes are n-type semiconductors, which re-
flected that electrons served as the majority charge carriers in all
materials. The density of the charge carrier among the electrode
materials can be compared from the slope of linear portion of the 1/



Fig. 6. Discharge curves of Ni3(PO4)2, 0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3 NAg at (a) 1 A/g and (b) 8 A/g (c) discharge curves of 0.1 NAg at different current densities (d) Specific
capacity of Ni3(PO4)2, 0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3 NAg at different current densities.

F.S. Omar et al. / Electrochimica Acta 273 (2018) 216e228224
C2 vs. V curve (charge carrier is inversely proportional to the MS
slope) [57]. The slopes of the 0.05NAg, 0.1 NAg, 0.2 NAg and 0.3 NAg
curves are smaller than that of Ni3(PO4)2 which suggested that the
nanocomposites have higher charge carrier density. The smallest
slope exhibited by 0.1 NAg curve proved that it has the highest
electron density which is believed contributing to the largest
charge storage ability and highest rate capability. These results
were consistent with EIS measurement which confirm that besides
surface modification (as shown in FESEM and HRTEM images), the
incorporation of Ag3PO4 into Ni3(PO4)2 can lead to an increase in
charge carrier density and facilitates the charge transfer within the
electrodes [58].

The calculated Eg, CV, GCD, EIS and MS results could be inter-
preted by the scheme provided in Fig. 7d; (i) Crystalline structure of
Ag3PO4 NPs exhibits different electron transfer rate than amor-
phous Ni3(PO4)2. The high number of pores offered by Ni3(PO4)2
enhanced the number of electrolyte ions penetration to catalyti-
cally active interior surfaces. In this case, most the surfaces of
amorphous Ni3(PO4)2 could be involved in the redox reactions.
However, some interior surfaces could not be accessed by the
electrolyte at a high scan rate/current density and renders low
specific capacity [59]. In contrast, for crystalline structure of Ag3PO4
NPs, the electrolyte ions only react with the outermost surface
layer, not involving interior surfaces of thematerial. Thus, the nano-
sized crystalline Ag3PO4 provides additional effective surface area
to the unutilized surfaces of amorphous Ni3(PO4)2 andmaintain the
high number of redox reaction at high current density [60]. (ii) Even
though amorphous Ni3(PO4)2 provides a porous network for the
electrolyte ions, it has low electrical conductivity, which impede
electrons from transferring from one Ni3(PO4)2 particle to another
particle easily [61]. Herein, high electrical conductivity of Ag3PO4
NPs that are anchored on the poor conductivity of amorphous
Ni3(PO4)2 accelerates electron transfer kinetics and reduces the
internal resistance of the nanocomposite. Moreover, the Ag3PO4
NPs minimize the transport pathways distance for electrons
movement towards the current collector, leading to high specific
capacity even at high current density [62].

3.3. Supercapattery assembly and electrochemical characterization

Considering high specific capacity (Q) and wide potential win-
dow (V) are two factors that contribute to high energy density of
supercapacitors (E¼QV/2), 0.1 NAg and activated carbon were
chosen as active materials for positive and negative electrodes,
respectively. AC was selected for the negative electrode due to its
conductive and high porousity, which can absorb more electrolyte
ions [63]. For estimating the total voltage of the fabricated device,
separate CV curves for 0.1 NAg and AC were initially recorded in a
three-electrode cell configuration (Fig. 8a). It can be inferred from
the operating potential window of AC (0 to �1 V) and 0.1 NAg



Fig. 7. (a) Nyquist plots and (b) its high magnification of Ni3(PO4)2, 0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3 NAg, (c) MS plot of Ni3(PO4)2, 0.05 NAg, 0.1 NAg, 0.2 NAg and 0.3 NAg, (d)
Schematic illustration of surface reaction at Ni3(PO4)2eAg3PO4 nanocomposite electrode.
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(0e0.6 V) that the device is stable over 1.6 V. Fig. S4 shows the CVs
of the devicemeasured at different potential windows varying from
0.4 to 1.6 V at a scan rate of 30mV/s. No peakwas observed from 0.0
to 0.4 V signifying the capacity was contributed from capacitive-
behavior of AC. When the potential is extended to 0.8 V, redox
peaks appeared which is a manifestation of the faradaic reaction of
0.1 NAg. Fig. 8b exhibits the CV shape is well retained even at high
scan rate of 100mV/s, suggesting a good rate capability of the de-
vice. Fig. 8c shows the GCD curves within the current density from
0.5 to 8 A/g in a potential window of 0e1.6 V. The curves of the
device were almost symmetric at all current densities, insinuating
the fast energy storage capability of the device [64]. Moreover, the
curves are non-linear due to the influence of faradaic reaction of the
0.1 NAg.

The specific capacity from the charge-discharge curve was
calculated according to the following equation;

Qs ¼ I� Dt
m

(11)

where I is the applied current (A), m is the mass of active material
for positive and negative electrodes (g) and Dt is the discharge time
after IR drop (s). The specific capacity of 0.1 NAg//ACwas 146C/g at a
current density of 0.5 A/g (Fig. 8d). The specific capacity of the
device was retained to 60% when the current density was increased
from0.5 A/g to 8 A/g. Fig. 8e shows the Ragone plot of the calculated
energy density (E) and power density (P) of the device by the
following equations;

EðWh=kgÞ ¼ QDV
2� 3:6

(12)

PðW=kgÞ ¼ E � 3600
Dtd

(13)

where Q is the specific capacity, DV is the potential window and td
is the discharge time. Ni3(PO4)2eAg3PO4//AC delivered high energy
density (32.4Wh/kg at 399.5W/kg) and excellent power density
(6382W/kg at 19.5Wh/kg). These values were superior to that of
related reports using AC as the negative electrode, such as NiO//AC
[65], Ni2S3/MWCNT-NC//AC [66], NiCo2O4/rGO//AC [67], NieCo
oxide//AC [68], C/CoNi3O4//AC [69] and AC//PANI-Mn3(PO4)2 [70]
(Table 2). Fig. 8f depicts the capacity retention of the device as a
function of cycle numbers. The capacity percentage was slightly
increased to 110% for the first 500 cycles, attributable to the
improvement of the electrode surface wettability and progressive



Fig. 8. (a) Comparative CV of 0.1 NAg and AC performed at a scan rate of 5mV/s in a three-electrode cell (b) CV of 0.1 NAg//AC at 5e100mV/s (c) GCD curves of 0.1 NAg//AC at
different current densities (d) Specific capacity of 0.1 NAg//AC NAg at different current densities (e) Ragone plot of 0.1 NAg//AC (f) Cycling stability of 0.1 NAg//AC. Inset: Nyquist plots
of 0th, 500th and 5000th cycle.

F.S. Omar et al. / Electrochimica Acta 273 (2018) 216e228226
activation of the electrode material [71]. The capacity decayed
slowly to 82% after 5000 cycles, indicating good stability of the
device as compared to our previous work [20]. This decay might be
attributed to repeated structural expansion and contraction of the
electrode materials during charge and discharge cycles, which lead
to aggregation of nanocomposite as well as the detachment of the
electrode material into the electrolyte [72,73]. This assertion was
supported by the EIS results (Fig. 8f (inset)) which were taken at 0th,
500th and 5000th cycle. Before cyclic stability test, no obvious
semicircle and almost straight line can be seen, indicating the
capacitive-like behavior. After 5000 cycles, larger diameter of
semicircle and less steep of the straight line was observed as



Table 2
Comparison of various fabricated supercapattery using AC as negative electrode.

Supercapattery KOH Conc. Voltage window E (Wh/kg) P (W/kg) Life cycle Ref.

NiO//AC 6M 1 V 28.9 330.0 50% after 500 cycles [65]
Ni3S2/MWCNT-NC//AC 2M 1.6 V 798.0 19.8 10% decrease after 5000 cycles at 4 A/g [66]
NiCo2O4-rGO//AC 2M 1.3 V 23.3 324.9 83% after 2500 at 2 A/g [67]
NieCo oxide//AC 1M 1.2 V 7.4 1902.9 15% after 2000 cycles at 8mA [68]
C/CoNi3O4//AC 3M 1.8 V 29.0 130 <1% capacitance decay after 5000 cycles at 40mA/cm2 [69]
PANI-Mn3(PO4)2//AC 1M 1.5 V 8.3 2988.0 80% after 3000 cycles at 0.8 A/g [70]
Ni3(PO4)2eAg3PO4//AC 1M 1.6 V 34.0 381.0 82% after 5000 cycles at 1 A/g This work
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compared to the 500th cycle. This is a result of the decay of elec-
trochemical performance which is in agreement with the capacity
retention after 5000 cycles.
4. Conclusions

Ni3(PO4)2 and Ni3(PO4)2eAg3PO4 nanocomposite with different
ratios of Ni3(PO4)2: Ag3PO4 contents are successfully synthesized
via sonochemical method followed by calcination treatment. The
phase structure analyzed from XRD confirmed that the peaks of
crystalline structure of Ag3PO4 NPs increasing with the decrease of
amorphous Ni3(PO4)2 content. FTIR spectra showed more phos-
phate groups and surface hydroxyl were chemisorbed on the sur-
face of Ni3(PO4)2eAg3PO4 nanocomposites as compared to
amorphous Ni3(PO4)2. Eg values calculated from the UVevis spec-
troscopy analysis concluded that Ni3(PO4)2eAg3PO4 nano-
composites were more conductive than amorphous Ni3(PO4)2.
FESEM and HRTEM images revealed that Ag3PO4 NPs were uni-
formly anchored on amorphous Ni3(PO4)2. The optimized
Ni3(PO4)2eAg3PO4 nanocomposite based electrode exhibited an
enhanced rate capability from 29% (Ni3(PO4)2) to 78% capacity
retention with the maximum specific capacity of 478C/g at 1 A/g.
The enhancement of rate capability was due to the rapid electrons
transfer rate and the augmentation of electroactive sites contrib-
uted from both amorphous Ni3(PO4)2 and Ag3PO4 NPs. Because of
the electrical conductivity of amorphous Ni3(PO4)2 is sluggish,
modification of amorphous Ni3(PO4)2 with crystalline Ag3PO4 NPs
represents a promising way to enhance the conductivity and
further improve the rate capability. The assembled 0.1 NAg//AC
based supercapattery achieved high energy density (32.4Wh/kg at
power density of 399.5W/kg) as well as excellent cyclic stability
(~82% retention after 5000 cycles).
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