Materials Today Chemistry 40 (2024) 102194

Contents lists available at ScienceDirect s
materialstoday

CHEMISTRY

Materials Today Chemistry

journal homepage: www.journals.elsevier.com/materials-today-chemistry/ i——

ELSEVIER

L))

Check for

High-capacitance BiPO4 material with monoclinic/hexagonal crystalline | e
phase heterostructure for aqueous asymmetric supercapacitors

Min Li*", Mingshu Zhao® ", Bing Wu ", Shuangying Wei ", Stefanos Mourdikoudis ",
Vlastimil Mazanek °, Lukas Dekanovsky b Filipa M. Oliveira”, Jalal Azadmanjiri b

Zdenék Sofer "

@ School of Physics, Key Laboratory of Shaanxi for Advanced Functional Materials and Mesoscopic Physics, MOE Key Laboratory for Nonequilibrium Synthesis and

Modulation of Condensed Matter, Xi'an Jiaotong University, Xi’an, 710049, Shaanxi, China
Y Department of Inorganic Chemistry, University of Chemistry and Technology Prague, Technicka 5, 16628, Prague, Czech Republic

ARTICLE INFO ABSTRACT

Keywords: Aqueous asymmetric supercapacitor devices generally have a fairly high power density, but their practical
Bismuth phosphate application is still limited by low energy density due to lack of high-capacity electrode materials, particularly
Heterostructure

anode materials. Herein, a novel anode material, BiPO4 material with monoclinic/hexagonal crystalline phase
heterostructure was synthesized by a simple solvothermal approach. This unique heterostructure, composed of
hexagonal and monoclinic nanoparticles, exhibits a large specific surface area, numerous active sites and high
ion diffusion rate, all of which contribute to an enhanced specific capacitance in the energy storage process.
Besides, the heterogeneous interface formed between two different crystalline phase nanoparticles is regarded as
an excellent ion channel, accelerating diffusion and reaction of electrolyte ions. The acquired BiPO4 material
serves as anode for aqueous supercapacitors, displaying a superior specific capacitance of 954 F g~ (265 mAh
g D at1 A g! current density, maintaining up to 600 F g~ (166.7 mAh g~1) at 10 A g~'. In order to match the
BiPO,4 anode, high-capacity (3662 F g~ (508.61 mAh g~!) at 1 A g™1) cobalt-nickel phosphate micron-sheets
(NiCo2(PO4)2) synthesized via hydrothermal method followed by calcination under argon were selected as
cathode material. The assembled aqueous asymmetric supercapacitor employing NiCo2(PO4)2 as cathode and
BiPO, as anode yields a high energy density of 98.17 Wh kg™! at a power density of 846.49 W kg™..

Cobalt-nickel phosphate
Aqueous asymmetric supercapacitor

1. Introduction : rechargeable lithium/sodium/zinc ion batteries, has increased due to

their higher safety, environmentally benign nature and lower cost of

The depletion of energy resources and the resulting environmental
pollution have become major concerns worldwide, as modern societies
rely heavily on non-renewable energy sources like oil and natural gas.
To address these issues, rechargeable batteries and supercapacitors,
comprising recyclable green energy storage systems, are becoming
increasingly popular as energy storage solutions in daily life [1-3].
Lithium-ion batteries (LIBs) are well-known for their excellent perfor-
mance characteristics, including high voltage, high capacity and high
energy density. Still, the relative scarcity of lithium element and safety
issues related to the organic electrolyte are puzzling drawbacks. As a
result, research on aqueous energy storage devices with aqueous elec-
trolyte, such as supercapacitors with higher power density and
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aqueous electrolyte [4-6]. In fact, electrical double-layer capacitors
(EDLCs) possess high power density and long cycle life, but their lower
discharge specific capacitance and energy density limit their market
competitiveness. The use of asymmetric supercapacitors (ASCs) can
tackle this issue usually by combining battery-type materials with
faradaic reaction as cathode and capacitive materials as anode, which
widens the voltage window and increases the energy density of the ASCs
[7,8].

The ASCs are usually constructed by cathode materials such as
transition-metal oxides (NiO/MnOy/Fe203/NiCo0204) [9-12], hydrox-
ides (Co(OH)y/Ni(OH)5) [13,14], sulfides (NiSy/Ni3S,/CogSg/Mo0S5)
[15-18], phosphides (CoP/NiyP/FeP) [19-21] as well as phosphate
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[22-24], and anode materials (see Fig. S1) including carbon-based
materials (activated carbon (AC), carbon nanotubes (CNTs) and gra-
phene oxide (GO), among others) [25,26] as well as metal-based ma-
terials. Based on previous literatures, a diverse range of high-capacity
cathode materials have been applied in asymmetric supercapacitor de-
vices, while the research of their anode counterparts mainly focuses on
carbon-based materials. Although carbon-based materials as anode
electrode materials can improve the cycle stability of supercapacitors,
the enhancement of energy density for devices is largely restricted due to
its inherently low theoretical capacity. Surprisingly, there have been
plenty of promising anode electrode materials for ASCs in recent years,
and their historical development timeline is presented in Fig. S2. Among
them, the emerging bismuth phosphate material has inherent
redox-active ions, high theoretical capacity, and a quite low potential,
thus appearing as a competitive candidate in the field of anode materials
for aqueous ASCs [27,28]. However, despite its potential, bismuth
phosphate is also a typical semiconductor material with a wide band
gap, which results in poor electronic conductivity. This limits the
oxidation and reduction reaction rate and negatively impacts its elec-
trochemical performance. To tackle this issue, S. Vadivel et al. utilized a
solvothermal approach to synthesize BiPO4/MWCNT, incorporating
multi-walled carbon nanotubes (MWCNT) as a carbon source [29]. The
resulting BiPO4/MWCNT composite showed a specific capacitance of
504 F g~! at 5 mV s}, due to the improvement of electrical conduc-
tivity. BiPO4 produced by V.D. Nithya et al. exhibits a significantly
improved specific capacitance (202 F g~ ! at 5 mA cm~2) under hexa-
methylenetetramine (HMT) assistance, attributed to the smaller particle
size caused by adding different concentration of HMT [30]. Prakash
Chand et al. fabricated a nanostructured BiPO4 material employing a fast
microwave irradiation method [31]: their results demonstrated that
nanostructured BiPO4 possesses excellent electrochemical properties
(610 C g% at 2 A g™1). In addition, other improved approaches,
including the adjustment of the pH value of the solution, using different
synthesis methods, and generating diverse morphologies, have been
attempted to boost the electrochemical performance of bismuth phos-
phate materials [32-34]. Even though the electrochemical properties of
BiPO4 have been significantly enhanced as a result of various amelio-
rated synthetic routes, they have not yet reached an adequate level
which would enable their real-world practical use. Therefore, the
development of bismuth phosphate materials with higher performance
is of paramount significance.

In accordance with what has been learned from earlier studies [35],
we have rationally designed and synthesized bismuth phosphate mate-
rials with hexagonal and monoclinic heterostructures, inspired by its
inherent characteristics with various crystalline phases. The capacitance
of the bismuth phosphate material is significantly improved, as this
heterostructure effectively increases the diffusion rate of OH™ inside the
electrode material. The diffusion coefficient of OH™ (~10~* cm? s™1)
within BP150 is larger compared to that of the single crystalline phase
phosphate materials (~10° and ~10°%) [36,37]. To the best of our
knowledge, there have been few reports about the preparation of hex-
agonal/monoclinic phase BiPO4 for aqueous supercapacitors. In addi-
tion, we have thoroughly characterized and analyzed the internal
relationship between the temperature and solvent changes of bismuth
phosphate material and the crystal phase transition during the synthesis
of bismuth phosphate material, aas well as their effect on the electro-
chemical performance.

The high-capacitance cobalt-nickel phosphate (NiCo(PO4)2) pro-
duced through a hydrothermal route followed by annealing under argon
(Ar) atmosphere was employed as a cathode paired with BiPO4 anode.
The assembled NiCoy(PO4)2//BiP0O4-150 asymmetric supercapacitor
(ASC) displayed a high energy density of 98.17 Wh kg™ at a power
density of 846.49 W kg™!, while even at a high power density of
6735.43 W kg™!, the energy density was still at 39.29 Wh kg™l
Compared to other materials reported so far in the literature, the energy
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density of the present material is particularly competitive and promising
for a wide range of further studies and exploitation.

2. Experimental
2.1. Materials and chemicals

Bismuth(III) nitrate pentahydrate (Bi(NOs)3-5H20, Fluka); di-
sodium hydrogen phosphate dehydrate (NagHPO4-2H50, Lachner); co-
balt(Il) nitrate hexahydrate (Co(NOg3)2-6H20, Lachema); nickel(I) ni-
trate hexahydrate (Ni(NOs)2-6H20, Penta); poly-(vinylidene fluoride)
(PVDF, Alfa Aesar); N-methylpyrrolidone (NMP, 99.7 %, Sigma-
Aldrich); ethanol (CoHsOH, 99.8 %, Penta). The nickel foam substrate
(99.9 %, 350 + 20 g/m?) was bought from TMAX company. All reagents
used are of analytical grade and without further purification.

2.2. Synthesis of BiPOy4 heterostructure

2 mmol Bi(NO3)3-5H,0 was added to a mixed solution of 20 mL
ethylene glycol and 10 mL ethanol under magnetic stirring to obtain
transparent solution A. Simultaneously, 2 mmol NapHPO4-2H20 was
dissolved in 10 mL of deionized water with magnetic stirring for 10 min
to obtain a clear solution, named as solution B. Solution B was then
slowly dropped to solution A with continuous stirring for 1 h, leading to
the formation of a white emulsion. The resulting mixture was then
transferred to a 100 mL sealed Teflon-lined autoclave and kept at 150 °C
for 12 h in an electric oven. The obtained precipitates were rinsed
alternately with deionized water and ethanol for three times, and dried
for 6 h at 60 °C in a vacuum oven. The final product was named as
BiPO4-150 °C (BP150). For comparison, the same solvothermal reaction
process was performed with different reaction temperatures (80, 120,
165 and 180 °C), and the acquired BiPO4 was listed as BP80, BP120,
BP165 and BP180, respectively. Furthermore, the samples BP80 and
BP180 were physically mixed at a mass ratio of 1:1 and named as Mixed.

2.3. Synthesis of cobalt-nickel phosphate on nickel foam

The high-capacitance cobalt-nickel phosphate binary metal material
grown directly on nickel foam (NF) was synthesized by hydrothermal
method combined with calcination under argon atmosphere. The syn-
thesized cobalt nickel phosphate materials were named NiCoy(PO4)s-
300 (NCP-300), NiC0s(PO4)2-350 (NCP-350), NiCos(PO4)2-400 (NCP-
400), respectively, according to their distinct calcination temperature.

2.4. Fabrication of the aqueous asymmetric supercapacitor

The asymmetric supercapacitors were assembled by using cobalt-
nickel phosphate material (NCP-350) as cathode electrode, bismuth
phosphate (BP150) as anode electrode, and 3 M KOH aqueous solution
as electrolyte.

2.5. Materials characterizations

X-ray powder diffraction (XRD) measurements (Bruker D8 Discov-
erer powder diffractometer, Cu Ka radiation (U = 40 kV, I = 40 mA))
were recorded at a range of 20 from 10° to 70°. The morphology of
samples was characterized using a scanning electron microscope (SEM)
(SEM, Tescan Lyra 3, Czech Republic) equipped with an energy-
dispersive X-ray spectroscopy (EDX) (Oxford instruments 80). The
SEM and EDX measurements were carried out using 5 and 10 kV
accelerating voltages, respectively. The microstructure of the samples
was studied by transmission electron microscopy (TEM) using an EFTEM
JEOL 2200 FS microscope at an accelerating voltage of 200 keV (JEOL,
Japan). The specific surface areas of the samples were calculated via the
Brunauer—Emmett—Teller (BET) method, and the Bar-
rett—Joyner—Halenda (BJH) algorithm was employed to determine pore
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size distributions from isotherms. The functional groups and vibration
modes of materials were analyzed by Fourier Transform Infrared (FTIR)
spectroscopy (FTIR-ATR, NICOLET iS50R, Czech Republic).

2.6. Electrochemical measurement

Electrochemical characterization was carried out using a three-
electrode system in a 3 M KOH electrolyte. The active material, Pt foil
and Hg/HgO electrode served as working electrode (WE), counter
electrode and reference electrodes, respectively. The WE was prepared
by coating a nickel foam (1 x 1 cm?) with a ratio of 80 wt% active
material, 10 wt% acetylene black and 10 wt% poly(vinylidene fluoride)
(PVDF) in N-methyl pyrrolidone (NMP) solvent, and dried in a vacuum
at 100 °C for 12 h. The mass loading of the WE was approximately 2.4-3
mg cm 2. Galvanostatic charging-discharging (GCD), cyclic voltamme-
try (CV) tests, and electrochemical impedance spectroscopy (EIS) mea-
surements were performed on Autolab PGSTAT 204 (Metrohm,
Switzerland) at room temperature. The cycle performance test was
recorded by a Neware battery test system (BTX 7.6, Shenzhen, China).
GCD and CV tests of active material were performed in the voltage
window from —1 to 0 V vs. Hg/HgO. The following formula was
employed to determine the specific capacitance:

C(Fg')=IAt/mAV M
C (mAhg')=IAt/3.6m (2)

where I, At, m and AV represent discharge current (A), discharge time
(s), mass loading (mg) and voltage (V), respectively.

The ASC was assembled by using NiCoy(PO4)2 (NCP-350) as the
cathode, BP150 as the anode, and 3 M KOH as the electrolyte in the
voltage range of 0~1.6 V, while the optimal operating temperature
range for the NCP-350//BP150 ASC device is between 20 °C and 45 °C.
According to the charge balance principle (q™ = q7), the mass loading of
the cathode and anode was confirmed by the formula:

m"/m =CV /C'V' 3

Based on the following formula, the energy density (E) and power

Transfer

@ Bi(NO,),"SH,0
=) Na,HPO,2H,0

Q“\%‘ ‘ € Ethylene glycol

S A Ethyl alcohol

(b) ()

150 °C

solvothermal
reaction
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density (P) of the ASC can be acquired:
E (Whkg) :I/vdt/3.6m Q)

P (Wkg')=E/At )

where I, t and v stand for current density (A g~1), discharge time (s) and
working voltage (V) of the ASC device.

3. Results and discussion

The flowchart for the preparation of BP150 is shown in Fig. la,
demonstrating that BP150 nanomaterial synthesized at a temperature of
150 °C exhibited well-dispersed and uniform nanostructures with a
regular anisotropic growth pattern. Notably, it is of importance to select
the optimal reaction temperature, solvent and time for BiPO4 materials,
as this can affect the formation of different crystal phases, the overall
morphology and internal microstructure of the produced material.

The crystal structure and phase of the synthesized samples were
investigated by XRD measurements, as displayed in Fig. 1b, indicating
that all samples exhibit sharp diffraction peaks and no impurities are
present. Typically, bismuth phosphate materials have three distinct
crystalline forms, involving hexagonal, low-temperature monoclinic and
high-temperature monoclinic phases [38]. The diffraction peak of BP80
matches well with that of hexagonal phase (JCPDS Card NO. 15-0766),
and the formation of the hydrated hexagonal phase is ascribed to the low
reaction temperature employed during synthesis. Interestingly, the dif-
fractograms of BP120 , BP150 and BP165 imply the presence of both
hexagonal and low-temperature monoclinic phases (JCPDS Card No.
15-0766 and 16-4363). The reasoning behind such observation is
probably associated with the increased reaction temperature; this would
have led to partial dehydration of hexagonal phase and its conversion
into monoclinic crystal structure in those samples. The hexagonal phase
of bismuth phosphate is composed of PO4 tetrahedra units and BiOg
polyhedra units, and the edges of BiOg polyhedra units are shared with
hexagonal channels occupied by water. As the synthesis temperature
increases, POy tetrahedra in the crystal structure of bismuth phosphate is
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Fig. 1. (a) Schematic diagram for the fabrication of BP150, (b) XRD measurements for five samples, (c) Rietveld refined XRD pattern of BP150 and (d) FTIR spectra

of four samples.
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distorted due to dehydration. The average P-O bonds length is slightly
shorter than the value obtained for hexagonal structure, resulting in the
formation of monoclinic crystal phase. Thus, the XRD peaks of BP180
synthesized under the higher reaction temperature match perfectly with
the standard pattern of low-temperature monoclinic phase (JCPDS Card
No. 16-4363): this is due to the complete transformation of the residual
hexagonal phase to low-temperature monoclinic phase during a period
of increasing reaction temperature. Full profile Rietveld refinement is
performed using WinCSD program package, in order to further confirm
the crystal structure and crystal phase composition of BP material, as
demonstrated in Fig. 1c and Fig. S3. Refined unit cell parameters of
bismuth phosphate samples were listed in Table 1. Apparently, the
refined data are in good agreement with the experimental data, which
confirms the coexistence of hexagonal and monoclinic phases in the
crystal structure of BP120, BP150 and BP165. Rietveld refinement re-
sults show that the mass ratio of hexagonal/monoclinic phases in the
crystal phase of BP120, BP150 and BP165 is 73 %/27%, 30.8 %/69.2 %
and 1 %/99 %, respectively. In order to explore the effect of solvent on
the formation of the crystal structure during the synthesis process,
BP150-ethanol is synthesized using ethanol as solvent without changing
other experimental conditions. However, BP150-ethanol reveals a single
monoclinic phase in the XRD pattern (Fig. S4), which indicates that the
composition of the solvent plays an important role in the formation of
heterogeneous structures.

FTIR spectra of four samples were recorded in the wavenumber re-
gion of 500-4000 cm™! to confirm the presence of diverse functional
groups and bonding vibrations (see Fig. 1d). Obviously, the character-
istic peaks in the range of 500-1300 cm ' of BP120 and BP150 with
hexagonal/monoclinic phases are similar to BP180 (monoclinic phase)
while in the range of 1600-3600 cm ™}, typical peaks of hexagonal phase
emerge, similar with BP80. The peaks at 522 and 546 em ™! correspond
to Bi-O stretching vibration, while the peak at 593 cm ™! for BP150 is
assigned to asymmetric bending of §(0O-P-0) and vs-bending vibrations
of POy [30,38,39]. Besides, the symmetric stretching vibration of the
P-0 bond due to PO4 deformation is documented by the peaks in regions
of 911, 954 and 982 cm ™! [40-42]. The peak observed at 1631 emtis
attributed to bending vibration §(H-O-H) of water adsorbed on the
surface of samples, whereas hydroxyl (O-H) stretching vibration that
coordinated with the bismuth atoms in the hexagonal phase is evidenced
at 3493 cm™L. FTIR result further confirms the successful synthesis of
BiPO4 with monoclinic/hexagonal crystalline phase heterostructure [38,
43,44].

SEM imaging helped to observe the microscopic morphology and
structure of the different samples (BP80, BP120, BP150 and BP180), as
presented in Fig. 2a—d. BP80 and BP120 synthesized at relatively low
temperature appear to have a uniform distribution of nanorod shapes
with a length ranging from 200 to 400 nm, as depicted in Fig. 2a-b.
Different from BP80 and BP120, BP150 was produced at a moderate
temperature, giving rise to a combination of two shapes: nanorods and
nanocuboids, with lengths ranging approximately from 100 to 700 nm
(Fig. 2¢). As depicted in Fig. 2d, BP180 acquired at high temperature is
composed of nanostrips and irregular nanocube structures with a
significantly increased length (450-750 nm). Moreover, the SEM-EDS

Table 1
Refined structural parameters of bismuth phosphate samples.

Sample Cell parameters
ad b (&) c@d a() BC) 7
BP80 7.158 7.158 6.636 90 90 120
6.765 6.951 6.489 90 103.7 90
BP120 6.981 6.981 6.473 90 90 120
BP150 6.997 6.997 6.490 90 90 120
6.775 6.965 6.498 90 103.7 90
BP165 6.736 6.922 6.462 90 103.7 90
7.002 7.002 6.491 90 90 120
BP180 6.770 6.960 6.493 90 103.7 90
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elemental mappings of Bi, P and O illustrate a homogeneous distribu-
tion of the three elements throughout the sample volume as shown in
Fig. 2e and Fig. S5.

Ny adsorption—desorption analysis of BP80, BP150 and BP180 is
presented in Fig. 3a—c, aiming to determine their specific surface area
and pore size distributions. The results show that all three samples
possess similar type IV isotherms with an H3 hysteresis loop, demon-
strating the presence of mesoporous structures [45]. The BET surface
area of BP150 was calculated to be 17.0 m? g™}, which is higher in
comparison with BP80 (11.12 m? g~ !) and BP180 (8.72 m? g™ }).
Moreover, as seen from the pore size distribution diagram (Fig. 3d-f),
BP150 has the smallest average pore diameter mainly concentrated at
3.65 and 20.6 nm, further verifying its mesoporous structure. Actually,
the average pore sizes of BP80 (concentrated at 3.95 and 27.1 nm) and
BP180 (5.3 and 27.1 nm) are larger due to their microstructure differ-
ences (see also the TEM discussion below). For BP150, its high specific
surface area, small pore diameter, and abundant mesopores, can offer
more active sites, shorten the ion diffusion path and accelerate reaction
rate during the redox reaction process, being beneficial toward the
improvement of the electrochemical performance.

TEM images were acquired to evaluate more precisely the micro-
structure and the morphological characteristics of the different samples.
As illustrated in Fig. 4a, TEM image of BP80 demonstrates a nanorod
morphology in accordance with SEM results. Remarkably, the nanorod
outer layer has an amorphous structure, probably ascribed to the low
reaction temperature used for this sample. The HRTEM image in Fig. 4d
(inset for corresponding selected area electron diffraction (SAED)
pattern) further confirms the presence of a crystalline structure that
tends to become amorphous in the outer layers of the particle. As seen in
Fig. 4d, the apparent lattice fringes with an interplanar distance of 0.44
nm correspond well to (101) crystal planes of the BiPO4 hexagonal
phase, while the yellow dashed region exhibits a distinct amorphous
structure: this is consistent with SAED result showing a combination of
broad and diffused halo rings and partially bright diffraction spots.
Being somewhat different from the microstructure of BP80, the nanorod
morphology of BP150 consists of a bunch of nanoparticles (see Fig. 4b).
The causes of the difference in microstructure between BP80 and BP150
may be related to the distinct reaction temperatures used: by applying a
gradually increased reaction temperature, the amorphous structure can
be fully transformed into monoclinic crystal phase, which is not the
same with the hexagonal phase of the host. This conjecture is corrobo-
rated by the HRTEM imaging of BP150 (Fig. 4e), where there are several
evident lattice fringes in various directions. In that image, the crystal
plane spacings of 0.60 and 0.51 nm are assigned to the (100) planes of
the hexagonal and (—101) planes of the monoclinic phase, respectively.

This unique heterostructure made up of distinct crystalline phase
nanoparticles contributes to the penetration and diffusion of electrolyte
ions, generating more active sites as well as rich pores, which greatly
promote the electrochemical activity of the BP150 electrode [46]. Given
that the reaction temperature gradually increased to 180 °C, the hex-
agonal phase of BP150 is dehydrated and completely transformed into a
monoclinic phase, which can integrate into the original monoclinic
phase nanoparticles forming larger structures: this is demonstrated in
the TEM image of BP180 in Fig. 4c. The corresponding HRTEM image
shows clear lattice fringes with an interplanar distance of 0.41 nm
(Fig. 4f), perfectly matching with (—111) planes of the monoclinic
phase.

The electrochemical properties of the prepared samples BP80,
BP120, BP150, BP165, BP180 and Mixed as anode material for ASCs
were investigated in a traditional three-electrode system using 3 M KOH
as electrolyte, Pt plate as the counter electrode, and Hg/HgO electrode
as the reference electrode. Fig. 5a displays the CV profiles of the BP80,
BP120, BP150, BP165, BP180 and Mixed materials at a scan rate of 2
mV s~! in the voltage range of —1~0 V vs. Hg/HgO. Clearly, all six
materials have similarly distinct oxidation and reduction peaks, indi-
cating the characteristics of battery-type materials. In addition, the
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Fig. 2. (a—d) SEM images of BP80, BP120, BP150 and BP180, and (e) elemental mapping of BP150.
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Fig. 4. (a—c) TEM and (d-f) HRTEM images of BP80, BP150 and BP180.
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Fig. 5. Electrochemical performance comparison of BP80, BP120, BP150, BP165, BP180 and Mixed, (a) CV curves, (b) GCD curves, (c) the specific capacitance at
different current densities, (d—e) CV curves at various scan rates and GCD curves at different current densities of BP150, (f) Nyquist plots of EIS.

integrated area of CV curves can reflect the specific capacitance of the
material. Apparently, BP150 has the highest specific capacitance due to
its maximum CV integrated area in comparison with the other five
materials. The sharp redox peak of BP80, BP120, BP150, BP165, BP180
and Mixed materials in the CV profiles is attributed to the interconver-
sion of Bi** and active atoms (Bi%) [38], and the complete reaction
mechanism can be analyzed as follows:

Reduction reaction: BiO3 + e~ — BiO3 ™~ (ads), 2H0 + 3BiO3 < 2BiO3
+ 40H + Bi®, Bi® >Bimetal

Oxidation reaction: Bimetal — Bi™ + €7, 3Bite Bi®* + 2Bimetar, Bi®t+
30H « Bi(OH)s3, Bi(OH)3 — BiOOH + H30 [30,47]

Fig. 5billustrates the galvanostatic charge-discharge (GCD) curves of
all samples at a current density of 1 A g™, once again verifying the
characteristics of battery-type materials, as seen in the voltage drop and
charge-discharge platform of GCD curves. Furthermore, the discharge
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time can be used to predict the specific capacitance of materials based on
Equation (1) (see Experimental section for details), wherein BP150 de-
livers the highest specific capacitance among all samples. The compar-
ison of CV and GCD curves for all samples manifests the better
electrochemical performance of BP150. Furthermore, the discharge-
specific capacitance of six samples at different current densities is dis-
played in Fig. 5¢c. Apparently, the electrochemical performance of BP150
is much better than that of the other five materials; it displays a superior
specific capacitance of 954 (265), 748 (207.8), 709.5 (197.1), 672
(186.7), 645 (179.2) and 600 F g~ * (166.7 mAh g~ 1) at current densities
of1,2,3,4,5and 10 A g’l, correspondingly. It can also be observed that
there are obvious oxidation peaks and reduction peaks in BP150 CV
curves (Fig. 5d), which are similar to the CV curves of BP80, BP120,
BP165, BP180 and Mixed (see Figs. S6a—e). As the scan rate is gradually
increased, the oxidation peak and the reduction peak shift towards more
positive potential and more negative potential, respectively, ascribing to
the electrode polarization effects. Even so, the initial CV curve shape is
still well-maintained at a large scan rate, indicating good rate perfor-
mance of BP150, which is in agreement with its following GCD result. As
described below (see Fig. 5e), the specific capacitance calculated by
GCD curves for BP150 is 954 F g > at 1 A g~! and the capacitance
retention rate is 62.9 % even at the high current density of 10 A g~ 1.
However, the GCD curves of BP80, BP180, BP120, BP165 and Mixed
exhibit a relatively short discharge time (see Figs. S7a—e), which cor-
responds to the specific capacitance of 341.5/236.5/540.4/805.3/265 F
g1 (94.9/65.7/150.1/223.7/73.6 mAh g~1), 234/206,/483.6,/706,/202
F g ! (65/57.2/134.3/196.1/56.1 mAh g™ 1), 207/195/460.2/668.4/
183 F g1 (57.5/54.2/127.8/185.7/50.8 mAh g~ 1), 190/120,/444,/610/
170 F g~ (52.8/33.3/123.3/169.4/47.2 mAh g~ 1) and 140,100,/430/
570/140 F g~ ! (38.9/27.8/119.4/158.3/38.9 mAh g 1) at current
densities of 1, 2, 3, 5and 10 A g_l, respectively. Obviously, the specific
capacitances of BP120, BP165 and BP150 materials with heterogeneous
structures are significantly higher than those of other single crystalline
phase materials. Therefore, it can be inferred that the hexagonal/
monoclinic phase heterostructure favors the improvement of the elec-
trochemical activity. As seen from the above results, the electrochemical
properties of Mixed sample with a mixed crystal structure are far from
remarkable, being rather ordinary.

Compared with the reported literatures in Table 2, the capacitance of
BP150 with hexagonal/monoclinic phase heterostructure is quite high
and it can be deemed as particularly competitive; this can be attributed
to the nanostructure composed of different crystalline phase nano-
particles, which is conducive to promoting the diffusion and reaction of
electrolyte ions as well as effectively improve the reaction kinetics.

Electrochemical impedance spectroscopy (EIS) measurements were
carried out at a frequency ranging from 0.01 Hz-100 kHz with an
amplitude of 10 mV, to assess the ion diffusion kinetics inside the
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material. As presented in Fig. 5f, the Nyquist plots of all samples are
similar in shape, consisting of semi-circles in the high-frequency region
and straight oblique lines in the low-frequency region. In general, the
internal resistance (R;) is determined by the intercept between the X-axis
and the semicircle of the high-frequency region. The diameter of the
semicircle represents the charge transfer impedance (R), which is an
important parameter used to describe the faradaic charge transfer ki-
netics occurring at the electrode-electrolyte interface. Moreover, the
slope of the line in the low-frequency region can reflect the Warburg
impedance that is closely related to the diffusion rate of electrolyte ions
within the electrode material. BP150 with hexagonal/monoclinic phase
heterostructure has low R and a large positive slope (see enlarged
image), further indicating its fast faradaic charge-transfer process and
good reaction kinetics.

The CV curves of BP150 at small sweep rates of 0.2-1 mV s~ are
shown in Fig. 6a, aiming to study more accurately the relationship be-
tween peak current (i,) and sweep rate (v). The fitting results between
the peak current and the sweep rate indicate a linear relationship
(Fig. 6b), which implies the battery-type material characteristics of
BP150. According to their linear relationship, the diffusion coefficient of
OH™ (Dog-) within bismuth phosphate electrode can be computed using
the following Randles-Sevcik equation (6) [36,37]:

i,=(2.69x10°) xn**x AxD'? x Cxv'/? (6)

in which n, A, D, C and v signify transported electrons, working
electrode area (cmz), the diffusion coefficient of OH~ (cm? s’l), the
concentration of OH™ (mol em~3) and the sweep rate (mV s‘l),
respectively. The calculated Doy of BP80, BP120, BP150, BP165 and
BP180 is 8.97 x 1079/8.24 x 107>, 2.45 x 107°/3.95 x 10~%, 6.61 x
107%/6.94 x 1074, 2.84 x 107°/4.22 x 10™* and 6.64 x 1075/8.33 x
107° em? 571, correspondingly. It is clear that BP120, BP150 and BP165
possess large ion diffusion coefficients, indicating the enhancement of
the diffusion rate of electrolyte ions in the electrode material thanks to
the presence of heterogeneous crystal structure. Besides, the relation-
ship between peak current and sweep rate can be expressed by the
following power law so that the energy storage mechanism of BP150 is
investigated in detail.

i, =a’ @

log(|i,|) =blog(v) + log(a) (8)

In the above equations, a is a constant, and i, is the peak current of
anodic and cathodic peaks. The b value is used to estimate the diffusion-
controlled and surface-controlled processes in the electrochemical re-
action process. If b = 0.5, it indicates a diffusion-controlled process,
which explains the battery-like feature of the prepared material; if b =1,
a surface-controlled process is illustrated; if b is between 0.5 and 1, it

Table 2
Comparison of electrochemical performances of BP150 with reported literature works.
Material Synthesis method Crystalline phase Current density Capacitance Electrolyte Reference
BiPO, sol-gel method hexagonal phase 2Ag! 286.28 F g~ ! 2 M KOH [38]
5Ag! 261.91 F g !
BiPO4 hydrothermal monoclinic phase 1Ag! 446 Fg! 4 M KOH [32]
BiP0O,4-300 microwave hexagonal phase 1Ag! 767.14 F g~} 2 M KOH [48]
BiP04-600 technique monoclinic phase 322.14Fg !
BiPO4-15 microwave-assisted hexagonal phase 2Ag! 43571 F g~} 2 M KOH [31]
5Ag! 36191 Fg!
BiPO,4 (H4) hydrothermal synthesis monoclinic phase 1Ag! 480F g! 1 M KOH [30]
5Ag? 202F g !
BiPO,4 (BPP) hydrothermal monoclinic phase 1Ag! 764.29 F g~* 2 M KOH [34]
BiPO4 sonochemical synthesis monoclinic phase 2Ag! 302Fg! 1 M KOH [33]
BiPO4 microwave method hexagonal phase 2Ag? 355Fg! 1 M KOH [47]
BP150 solvothermal hexagonal/monoclinic phase 1Ag-1 954 F g—1 3 M KOH This work
2Ag-1 748 F g—1
5Ag—1 645 F g—1
10Ag-1 600 F g—1
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shows that both diffusion control and surface control processes take
place. The b value of BP150 can be derived by the slope of the curve
between log(|ip|) and log(v) in Fig. 6¢. The results show that the b value
of anodic and cathodic peak for BP150 is 0.8 and 0.62, respectively,
which are close to 1, implying that its electrochemical reaction kinetics
process is dominated by the surface-controlled process [49].

In order to assemble the aqueous asymmetric supercapacitor equip-
ment which can take into account both high energy density and power
density, a high-capacitance cobalt-nickel phosphate material grown
directly on NF was synthesized and selected as cathode. The XRD pattern
of NCP-350 in Fig. S8 demonstrates the absence of sharp diffraction
peaks, which may be due to the formation of small nano-grains from the
low calcination temperature. HRTEM imaging for NCP-350 was also
performed and the corresponding images are displayed in Figs. S9a-c. It
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can be observed that numerous small nanocrystals are present in
Fig. S9b, where the lattice fringes with an interplanar distance of 0.182
nm and 0.171 nm are in line with the (310) crystal planes of nickel
phosphate and (121) crystal planes of cobalt phosphate (Fig. S9b),
respectively. The corresponding elemental mapping in Fig. S9¢ shows
that Co, Ni, P and O are evenly dispersed throughout the studied sample.
The aforementioned results validate the successful synthesis of cobalt-
nickel phosphate micron-sheets. In addition, the Ny adsorption/
desorption isotherm and pore size distribution of NCP-350 are displayed
in Figs. S10a-b, in order to study its specific surface area and pore pa-
rameters. Clearly, the isothermal curves in the range of 0.45-1.0 p/po
reveal a IV-type isotherm with a typical H3 hysteresis loop in Fig. S10a,
implying the presence of mesoporous structure of NCP-350 material.
The BET surface area of NCP-350 on NF was calculated to be 8.4 m? g™},
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and its pore size mainly centered at 3.8 nm, further confirming the
mesoporous structure of the obtained material, as shown in the BJH pore
size distribution curve (see Fig. S10b). The considerable BET surface
area and abundant mesopore structures of NCP-350 can shorten the ion
diffusion distance and offer more active sites for redox reaction,
contributing to the improvement of electrochemical performance.

The electrochemical performance of NCP-300, NCP-350 and NCP-
400 was evaluated under the same conditions as described above for
the bismuth phosphate. As shown in Fig. S11, the CV and GCD curves of
the three samples demonstrate similar shapes, in which NCP-350 has
maximum CV curve integration area and discharge time (see Fig. 7a-b),
exhibiting the best electrochemical activity among the three samples.
The gravimetric specific capacitance of NCP-350 is up to 3662 F g~!
(508.61 mAh g1) at a current density of 1 A g1 In addition, the areal-
specific capacitances of NCP-300, NCP-350 and NCP-400 at different
current densities are presented in Fig. 7c, where the areal specific
capacitance of NCP-350 is significantly higher compared to that of the
other two materials. As shown in Fig. 7c-d, for NCP-350, when the
current densities are 10 (4 A g_l), 20 (8), 30 (12), 40 (16), 50 (20) and
60 (24) mA cm 2, the corresponding specific capacitances are as high as
6.18 (2539.2 F g71), 5.08 (2100.8), 4.48 (1898.4), 3.96 (1648), 3.6
(1512) and 3.22 (1324.8) F cm’z, respectively, which is associated to
the formation of small nanocrystals; these conditions favor the full
penetration, diffusion and reaction of the electrolyte ions, leading to an
exceptional improvement of the reaction kinetics.

To evaluate its practical application, the aqueous asymmetric
supercapacitor was assembled utilizing NCP-350 as the cathode and
BP150 as the anode in a 3 M KOH electrolyte. The mass loading of
cathode/anode can be calculated by Equation (3) (see Experimental
section for details) to balance the charge stored in the electrode, which is
~2.5 mg for NCP-350 and ~5.3 mg for BP150 (7.8 mg for actual total
loading). The CV curves involving NCP-350 and BP150 both show sharp
redox peaks, as depicted in Fig. 8a, which indicates the battery-type
material characteristics. It is crucial to possess a suitable voltage win-
dow for an aqueous asymmetric supercapacitor, considering its close
relation to practicality and safety issues; therefore its CV curve was
recorded in different working voltage windows (see Fig. 8b). Taking into
account the appearance of a suddenly increased potential caused by the
oxygen evolution reaction in an enlarged voltage window (0~1.7 V and
1.8 V) [47], the appropriate working voltage range for the aqueous
asymmetric supercapacitor device is identified in a voltage window from
0 V to 1.6 V. As observed in Fig. 8c, the CV curves of the aqueous
asymmetric supercapacitor at different sweep rates express clear, almost
symmetrical oxidation and reduction peaks as well as a retained good
shape even at a larger sweep rate; this indicates its good reversibility and
rate performance during charging and discharge process. The corre-
sponding GCD curves are shown in Fig. 8d, in which the specific
capacitance can be calculated at different current densities based on the
total loading of the cathode and anode. It delivers a specific capacitance
of 260.95 F g~! (115.98 mAh g~!) at a current density of 1 A g~! and
even 196.88 F g ! (87.5 mAh g~ 1) at 15 A g 1. Notably, a good capacity
retention rate of 75.45 % relative to the initial capacity at a high current
density of 15 A g~ confirms its excellent rate performance, which is in
line with CV results. The electrochemical activity of NCP-350//BP150
device is superior or comparable to the performance of asymmetric
supercapacitor devices already published in literature reports, as
demonstrated in Table S1. The cyclic performance of the aqueous
asymmetric supercapacitor with a capacity retention rate of 62.7 % for
300 cycles at a current density of 2 A g~ is shown in Fig. 8e.

The Ragone plot of the NCP-350//BP150 ASC device exhibits a fairly
high energy density of 98.17 Wh kg ™! at a power density of 846.49 W
kg*1 when the current density is 1 A g’1 (see Fig. 8f). Even at the
maximum power density of 6735.43 W kg™!, the ASC device still
maintains a high energy density of 39.29 Wh kg™ ! at 20 A g~1, which is
comparable or even far superior to those of most recently reported de-
vices in the literature such as Ni3(PO4)2-8H20//AC (42.1 Wh kg’1 at

10
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160 W kg™! and 28.81 Wh kg~! at 4000 W kg™!) [24], Co/N-
iP04-40//BiPO, (36.84 Wh kg™ at 254.52 W kg™!) [50], CoN-
iy(PO4)2//AC (322 Wh kg! at 3776 W kg1 [51],
Ni; 35C01.62(PO4)2-8H20//rGO (42.3 Wh kg ! at 1000 W kg * and 36.7
Wh kg ! at 1700 W kg™1) [52], Ni-CoPO,//AC (33.6 Wh kg~ at 730 W
kg~ ! and 19.5 Wh kg~! at 3250 W kg™) [53], NiCo(PO4)s/Graphene
Foam//AC (34.8 Wh kg! at 377 W kg™1) [54].

4. Conclusion

In summary, BP150 material with hexagonal/monoclinic crystalline
phase heterostructure as anode for ASCs has been synthesized by a
feasible, straightforward, eco-friendly solvothermal method. We con-
ducted a comprehensive characterization and analysis to investigate the
correlation among temperature, solvent variations and the crystal phase
transition of bismuth phosphate material during its synthesis. Addi-
tionally, the impact of these factors on the electrochemical performance
for BP150 is explored. It can be found that a unique heterogeneous
interface consists of two different crystalline phase nanoparticles; this
gives rise to more active sites for electrochemical energy storage but also
promotes the penetration of electrolyte and shortens the diffusion path
of electrolyte ions accompanied by the effective enhancement of reac-
tion kinetics for the BP150 electrode. As a result, the BP150 electrode
displays a high specific capacitance of 954 F g~ (265 mAh g™ 1) at 1 A
g~! and the specific capacitance retention is 62.9 % at 10 A g~*
compared with the initial capacitance. Furthermore, the aqueous
asymmetric supercapacitor assembled with BP150 as anode and NCP-
350 as cathode demonstrates a predominant energy density of 98.17
Wh kg ™! at 846.49 W kg~ and even at the maximum power density of
6735.43 W kg%, it maintains a high energy density of 39.29 Wh kg .
These results indicate that BP150 is a promising anode material for high-
performance aqueous energy storage equipment.
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