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Abstract

This work reports the fabrication of monodisperse nickel-cobalt phosphate particles with varying structures
via the solvothermal reaction of nickel-cobalt glycerate spheres with triethyl phosphate (TEP) in different
solvents followed by subsequent calcination in air at 600 °C. The choice of solvent affects the morphology of
the resulting nickel-cobalt phosphate precursor obtained from the solvothermal reaction. It is found that
alcohol-based solvents (pure ethanol and ethanol/butanol mixture) favour the formation of monodisperse
plate-like particles, while the use of a water/ethanol mixture promotes the generation of rod-like particles. The
optimized amorphous nickel-cobalt phosphate sample prepared using pure ethanol followed by calcination in
air at 600 °C (E-NiCo-TEP-600) exhibits a battery-like behaviour with a high specific capacity of 620 C g!
(specific capacitance of 1550 F g™!) in 6.0 M KOH at a current density of 2 A g™!. Furthermore, the asymmetric
supercapacitor (ASC) fabricated using E-NiCo-TEP-600 as the cathode and commercial activated carbon
(AC) as the anode (E-NiCo-TEP-600//AC ASC) displays a maximum energy density of 45 Wh kg! at a power
density of 750 W kg!. The stability test reveals the good long-term stability of this ASC with a high
capacitance retention of ~100% after 5000 cycles at a high current density of 10 A g!. The porous nature
along with the high structural disorder and rich mesopores in the amorphous nickel-cobalt phosphate plate-
like particles (E-NiCo-TEP-600) can promote faster diffusion of electrolyte ions and better electrolyte ion
penetration, leading to a higher electrochemical performance. These results indicate the promising potential

of porous amorphous bimetallic phosphate particles for supercapacitors.

Keywords: Transition metal phosphates; Two-dimensional; Supercapacitors; Asymmetric supercapacitors;

Energy storage
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1. Introduction

Currently, fossil fuels account for approximately 80% of the global energy production. The increasing
industrialization and the growth in global population have led to an increase of energy demand which cannot
be met by fossil fuels alone. This is largely due to the current shortage and unrenewable nature of fossil fuels.
Furthermore, the burning of fossil fuels releases significant emissions of carbon dioxide (CO,) into the air
which causes air pollution and climate change. Hence, significant efforts have been made renewable energy
resources, including biomass, wind, solar, hydropower, and geothermal to address the energy scarcity and
reduce the carbon footprint.!-* However, these energy sources currently account only for ~ 20% of the world’s
total energy due to their intermittent nature.* Therefore, it is necessary to invest in energy storage devices to
meet the increasing global energy demand.

The storing of energy can be realized using energy storage devices, such as fuel cells, flywheel, thermal
energy storages, batteries, and supercapacitors.” Among them, electrochemical capacitors or supercapacitors
have attracted significant interest as a promising alternative to lithium-ion batteries (LIBs) especially in
applications requiring high power density and fast charge-discharge are required.> ® There are three types of
supercapacitors, electrostatic double layer capacitance (EDLC), pseudocapacitors, and battery-like
supercapacitors (often termed as ‘supercapattery’). Battery-like supercapacitors combines the high energy
density of batteries and the high power density of supercapacitors.® 7 In addition, they offer the additional
advantages, such as better safety, environmentally friendly, long lifetime, and ease of fabrication. In battery-
like supercapacitors, the redox reactions in the bulk material greatly contributes to the charge storage
mechanism.

Metal phosphates are an important class of materials that have been used in chemical conversion'?,
hydrogenation of nitro compound!!, electrochemical water splitting'? '3, and chemical oxidation.'* !5 In recent
years, they have emerged as potential electrode materials for energy storage devices, such as LIBs'® 7 and
supercapacitors.'® 19 This is because they possess unique layered structures with many channels and cavities,
rich redox behaviour arising from the multivalent nature of phosphorus, and good chemical stability arising
from the P—O covalent bonding.!® Controlling the crystal phase, size, and shape of metal phosphates is

paramount for optimizing their electrochemical performance for energy storage applications, such as
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supercapacitors. Recently, amorphous metal phosphates have attracted increasing interest for supercapacitors
because of their short-range structural ordering, high density of active sites (arising from rich defect sites),
and good ionic conductivity.?> 2! Previously, Xi et al?! reported the synthesis of amorphous Co3(POy),
nanosheets from the solvothermal reaction of oleylamine-coated Co(NOj), solution with sodium
hypophosphate (NaH,PO,). These nanosheets exhibited a high specific capacitance of 1174 F g~! at a current
density of 2 A g”'. Amorphous cobalt hydrogen phosphate (ACHP) flower-like nanosheets were achieved via
the hydrothermal reaction of hydrated cobalt chloride solution with polyvinylpyrrolidone (PVP) and sodium
hexametaphosphate as the phosphate source.?> The ACHP nanosheets possessed a specific capacitance of
4112 F g at 1 A g!. In another report, amorphous vanadyl phosphate (VOPO42H,0) nanosheets were
obtained from the exfoliation of bulk VOPO42H,0 and hybridized with graphene nanosheets.?? The resulting
VOPO,4-2H,0/graphene hybrid showed a specific capacitance of 483 F g'! at a current density of 1 A g
Despite the progress in this field, the fabrication of amorphous bimetallic phosphates from metal-containing
organic precursors is challenging and the size tuning of such materials (i.e., achieving good size
monodispersity) is more difficult than the shape control.

In this work, we demonstrate the fabrication of amorphous nickel-cobalt phosphate plate-like particles
via the solvothermal reaction between nickel-cobalt glycerate spheres in ethanol at 180 °C followed by
calcination in air at 600 °C. By changing the solvent from ethanol to ethanol/butanol and ethanol/water
mixtures during the solvothermal reaction, the size and morphology of the nickel-cobalt phosphate precursor
(labelled as NiCo-TEP) can be controlled. Specifically, the precursor obtained from the solvothermal reaction
in ethanol (labelled as E-NiCo-TEP) exhibit plate-like particles with rough edges due to the adsorption of
ethyl glycerate (i.e., structure-directing agent) generated from the reaction between the ethyl group from
ethanol and glycerate ions.'> In comparison, the precursors obtained from the solvothermal reaction in
ethanol/butanol (named B-NiCo-TEP) and ethanol/water (named W-NiCo-TEP) mixtures exhibit plate-like
and rod-like morphology, respectively. When evaluated as potential electrode materials for supercapacitors,
the calcined E-NiCo-TEP sample (E-NiCo-TEP-600) shows a higher specific capacity of 620 C g~ ! (specific
capacitance of 1550 F g ')at 2 A ¢! comparedto 219 C g ' (548 F g ') and 85 C g ! (169 F g!) for B-NiCo-

TEP-600 and W-NiCo-TEP-600, respectively. To further demonstrate the practicality, an ASC was fabricated
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using commercial AC as the anode and E-NiCo-TEP-600 as the cathode. The E-NiCo-TEP-600//AC ASC
exhibits a maximum energy density of 45 Wh kg™! at a power density of 750 W kg™!. Furthermore, this ASC
is highly stable with ~100% capacitance retention after 5000 cycles at 10 A g™!'. These results highlight the

promising potential of these amorphous nickel-cobalt phosphate particles for battery-like supercapacitors.

2. Experimental Procedures

2.1. Chemicals

Nickel nitrate hexahydrate (Ni(NOs3),-6H,0, 99.9%), cobalt nitrate hexahydrate (Co(NOs3),-6H,0, 99.9%),
triethyl phosphate (TEP; C¢H;504P, >99.8%) and Nafion solution (~5 wt.% in lower aliphatic alcohols and
water, contained 15-20% water) were purchased from Sigma Aldrich (Singapore). Ethanol (C,H¢O, 99.5%),
2-propanol (C5Hg0, 99.5%), 1-butanol (99.8%), and glycerol (C;HgO3, >99.5%) were purchased from Merck
(Singapore). All reagents were used as received without any further purification.

2.2. Preparation of nickel-cobalt glycerate spheres

The spherical nickel-cobalt glycerate spheres were synthesized according to our previous works.!> 2425 In a
typical process, the mixed metal precursor solution was initially prepared by dissolving 0.5 mmol of
Ni(NO3),:6H,0 and 0.5 mmol of Co(NO3),'6H,0 in 40 mL of 2-propanol. Following dissolution, 8 mL of
glycerol was added into the mixed metal precursor solution and stirred until a clear pink solution was achieved.
This mixture solution was placed into a 100 mL Teflon-lined stainless-steel autoclave and heated at 180 °C
for 16 h. After cooling down, the precipitate was collected and washed several times with ethanol to remove
unwanted residues. Finally, the nickel-cobalt glycerate spheres were obtained after drying at 60 °C overnight.
2.3 Conversion of nickel-cobalt glycerate spheres to nickel-cobalt phosphate

The conversion of the nickel-cobalt glycerate spheres to nickel-cobalt phosphate precursor (NiCo-TEP) was
achieved using a simple solvothermal method. In a typical process, 30 mg of the nickel-cobalt glycerate
spheres was dispersed in 20 mL of ethanol by ultrasonication. Next, 0.8 mL of TEP was added to the
suspension and slowly stirred for 2 h. The suspension was then transferred to a 100 mL stainless-steel
autoclave and heated at 180 °C for 8 h. After naturally cooled to room temperature, the product was collected

and rinsed with ethanol several times. The washed product was then dried at 60 °C overnight and labelled as
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E-NiCo-TEP (E = ethanol). To study the effects of solvent on the size and morphology, two additional nickel-
cobalt phosphate precursors were prepared by replacing 5 mL of ethanol with 5 mL of butanol and 5 mL of
water, and these precursors were labelled as B-NiCo-TEP and W-NiCo-TEP (B = butanol and W= water),
respectively. To obtain nickel-cobalt phosphate, the three precursors (E-NiCo-TEP, B-NiCo-TEP, and W-
NiCo-TEP) were calcined in air at 600 °C for 2 h with a slow heating rate of 1 °C min™'. The calcined products
were named E-NiCo-TEP-600, B-NiCo-TEP-600, and W-NiCo-TEP-600.
2.4 Characterization
The phase compositions of the samples were analyzed using the Bruker D8 Advanced X-ray diffractometer
(XRD) with Cu-Ka radiation (4 = 1.54 A). The morphology of the samples was observed using both field
emission scanning electron microscope (FESEM, Hitachi SU8000) and transmission electron microscope
(TEM, Hitachi7700). Fourier transform infrared (FTIR) spectra of the samples were collected using IR
Prestige 21 (Shimadzu, Japan). Nitrogen (N,) sorption measurements were conducted using a BELSORP-mini
II sorption system (BEL, Japan). The measurements were performed at 77 K and all samples were degassed
at 120 °C for 12 h prior to the measurements. The specific surface area and pore size distribution of the samples
were estimated using Brunauer- Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) techniques,
respectively. The surface elemental analyses of the samples were carried out using Kratos Axis
Ultra photoelectron spectrometer with Al Ka X-rays (1486.6 eV). The high-resolution XPS spectra were
calibrated with reference to the C 1s peak at 285 eV.
2.5 Electrochemical performance
The electrochemical measurements of the bimetallic phosphate samples were carried out using a standard
three-electrode system using a CHI 660E electrochemical workstation. Silver/silver chloride (Ag/AgCl) (in
sat. KCl) and platinum wire were used as the reference and counter electrodes, respectively, while carbon
cloth and 6.0 M KOH were used as the current collector and electrolyte, respectively. To fabricate the working
electrode, 4 mg of the bimetallic metal phosphate sample was dispersed in 950 pL of water/2-propanol mixture
solution (3:1 v/v). Next, 50 uL of Nafion was added to the suspension and sonicated until a uniform suspension
of 4.0 mg mL-! was achieved. Following this, 250 puL of the metal phosphate suspension was dropped onto a

carbon paper (1 cm x 1 cm) and dried naturally. The electrochemical properties, including the specific
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capacitance and its related mechanism, were evaluated by the cyclic voltammetry (CV) technique at a potential

window of 0-0.5 V. The specific capacity (Q) in C g'! was calculated from the CV curve using Eq. (1)%:

f1av

Q= 2mv (1)

where I, m, and v are current (A), mass of the active material (g), scan rate (mV s!), and potential window,
respectively. The specific capacity of the electrode material was also calculated from the galvanostatic charge-

discharge (GCD) curve using Eq. (2)?7-23:

IAt

Q=-, (2

In the above equation, At¢ represents the discharge time (s). In addition, electrochemical impedance
spectroscopy (EIS) was also carried out to evaluate the charge transfer resistance (R) of all samples. The EIS
measurements were carried out in the frequency range of 1 kHz-0.01 Hz, amplitude of 0.005 V, and applied
voltage of 0.3 V.

An asymmetric supercapacitor (ASC) was also assembled by employing commercial activated carbon
(AC) as the negative electrode and E-NiCo-TEP-600 as the positive electrode with the weight ratio AC:E-
NiCo-TEP-600=4:1 and 6 M KOH as the electrolyte. The mass loading of the positive and negative electrodes

was calculated using Eq. (3):

my  Q2AV;
my . QiAV, 3)

The energy density (£) and power density (P) of the ASC were calculated using Egs. (4) and (5):

0.5CAV?

E="%— (4
E x 3600
P=""1— (5

where C is the specific capacitance of the ASC (F g!), E is the energy density (Wh kg!), and P is the power

density (W kg™).
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3. Results and discussion
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Scheme 1. Schematic illustration showing the fabrication steps of the three nickel-cobalt phosphate samples

(E-NiCo-TEP-600, B-NiCo-TEP-600, and W-NiCo-TEP-600) from nickel-cobalt glycerate spheres.

The fabrication process of the three nickel-cobalt phosphate samples (E-NiCo-TEP-600, B-NiCo-TEP-600,
and W-NiCo-TEP-600) from nickel-cobalt glycerate spheres is illustrated in Scheme 1. In this work,
monodisperse nickel-cobalt phosphate precursors (NiCo-TEP) with various morphology are synthesized via
the solvothermal reactions of nickel-cobalt glycerate spheres with TEP (as the phosphate precursor) in
different solvents at 180 °C for 8 h. As seen in Fig. S1, the nickel-cobalt glycerate sample displays a uniform
spherical morphology with diameters in the narrow range of 400-500 nm. The nickel-cobalt glycerate sample
exhibits a broad peak at around 12° which is the typical characteristic of metal glycerates (Fig. S2a).!% 24 The
nickel-cobalt phosphate precursor (E-NiCo-TEP) obtained from the solvothermal reaction of nickel-cobalt
glycerate spheres with TEP in pure ethanol is mostly amorphous with only a single sharp peak observed at

7.3° (Fig. 1a (i)). In comparison, the B-NiCo-TEP sample achieved using the ethanol/butanol mixture is
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weakly crystalline. The XRD patterns of E-NiCo-TEP and B-NiCo-TEP (Fig. 1a (i, ii)) show sharp peaks at
7.3°and 6.5°, respectively. Due to the lack of peaks, the exact crystal structure is difficult to determine for
these samples. However, the strong peak at 7.3° in E-NiCo-TEP and the major peaks at 6.5° and 12.5° in B-
NiCo-TEP resemble the XRD peaks of metal phosphate materials reported in previous studies which displayed
an orthorhombic crystal structure (JCPDS No. 00-049-2391).2% 30 Based on the assumed crystal structure, the
interlayer spacings of E-NiCo-TEP and B-NiCo-TEP are measured at ~12.0 nm and 13.4 nm, respectively.!3
Among them, W-NiCo-TEP has the lowest crystallinity, indicating that water can disturb the layered structure

of the crystal.
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Fig. 1. (a) XRD patterns and (b) FTIR spectra of (i) E-NiCo-TEP, (ii) B-NiCo-TEP, and (iii) W-NiCo-TEP.

Furthermore, we have employed other characterization techniques, such as FTIR spectroscopy to
identify the chemical bonding present in these samples. For nickel-cobalt glycerate spheres, the broad IR band
at around 3400 cm™! corresponds to the O—H stretching vibration (Fig. S2b). The IR bands in the range of

2850-2950 cm™! are attributed to the stretching vibration of C—H group.?! The C=0O and C=C stretching
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vibrations are marked by the presence of IR bands at 1644 cm™' and 1590 cm™!, respectively. Moreover, the
IR bands at 1403 cm™! and 1044 cm ™ are indexed to C—H bending and C—O stretching vibrations, respectively.
Meanwhile, the IR bands at 1115 cm™ and 937 cm™! correspond to —CH, bending and C—C stretching
vibrations, respectively, while the IR bands in the range 436-583 cm™! can be assigned to Ni/Co—O stretching
vibration.

As depicted in Fig. 1b, the FTIR spectra of E-NiCo-TEP, B-NiCo-TEP, and W-NiCo-TEP have some
similarities as well as differences which may be due to the use of different solvents. The three samples share
a similar broad IR band at ~3400 cm™! associated with the O—H stretching vibration from adsorbed water
molecules. The additional band at ~3500 cm™! in W-NiCo-TEP, is attributed to the O—H vibration from the
coordination between Ni and Co metals and water during the solvothermal reaction.’>3* The symmetric
stretching vibration of C—H from the ethyl group is clearly observed at 2974 cm™!, especially in B-NiCo-
TEP.3® This band is very weak in E-NiCo-TEP and not observed in W-NiCo-TEP. The IR band at 1135 cm™!
in E-NiCo-TEP is associated with the P—O stretching vibration. This band is slightly shifted to 1119 cm™!in
the W-NiCo-TEP sample. Moreover, the C—O—P stretching vibrations are observed at 1045 cm™' and 1022
cm! for E-NiCo-TEP, 1066 cm™! and 1019 cm™! for B-NiCo-TEP, and 1016 cm™! and 1071 ¢cm™! for W-
NiCo-TEP.?% 37 The strong IR band at around 781 cm™! in E-NiCo-TEP is attributed to the P—C stretching
vibration. This band is weaker in B-NiCo-TEP and W-NiCo-TEP.?® The interaction between Ni and Co metals
and TEP is indicated by the IR bands located in the range of 400-500 cm™!. The metal binds to TEP through
the oxygen group as the P=0 stretching vibration in pure TEP at 1297 cm™! is not detected in all samples,
indicating that the P=0 bond may be changed to P—O, as seen from the FTIR spectra comparison of E-NiCo-
TEP and pure TEP (Fig. S3).

Fig. 2 shows the SEM images of the resulting NiCo-TEP samples obtained from the solvothermal
reaction of nickel-cobalt glycerate spheres with TEP in different solvents. The E-NiCo-TEP sample (Fig. 2a-c)
shows a highly uniform plate-like morphology with rough edges. These nanoplates are highly monodisperse
in size with a narrow diameter distribution in the range of 300-380 nm, as seen in Fig. 2d. Similarly, the B-
NiCo-TEP sample (Fig. 2e-g) also consists of nanoplates, however they are not as well-separated as E-NiCo-

TEP and are stacked vertically. These nanoplates possess smoother edges and smaller diameters (~140-190
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nm) compared to E-NiCo-TEP (Fig. 2h). These observations suggest that the addition of butanol helps to slow
down the lateral growth of these nanoplates. In contrast, W-NiCo-TEP has a rod-like morphology, as shown
in Fig. 2i-k. These results indicate that the addition of water promotes the morphological transformation from

a plate-like structure to a rod-like structure, as seen in Fig. 21.

dayg = 345 nm

50 300 30 400
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6

320

Sii:f(nm)
Fig. 2. Low- and high-magnification SEM images and size distribution histograms for (a-d) E-NiCo-TEP, (e-

h) B-NiCo-TEP, and (i-1) W-NiCo-TEP, respectively.

The possible formation mechanism of the 2D NiCo-TEP nanoplates can be explained as follows. During
the solvothermal reaction with TEP, the nickel-cobalt glycerate spheres initially dissociate into Ni*" and Co?*
ions and glycerate ions. In the presence of ethanol, glycerate ions are likely to react with the ethyl group from
ethanol to form ethyl glycerate by releasing OH ions.!3 This hydroxyl group induces the formation of diethyl
phosphate (DEP) by releasing one of their ethoxy intermediate groups and attaching OH™.3° At the final stage,
the DEP can interact with Ni*" and Co?* ions to form NiCo-DEP and releases water as a product.*’ In this
case, the ethoxy intermediate is considered to be stable in ethanol.#! In the case of E-NiCo-TEP and B-NiCo-
TEP nanoplates, ethyl glycerate may adsorb on the surface and limit the growth in the vertical direction,
leading to the formation of monodisperse plate-like particles. In comparison, for W-NiCo-TEP, ethyl glycerate

is not formed and a similar mechanism is also proposed here when ethanol is partially replaced by butanol.
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However, since butanol is less reactive and has a higher boiling point than ethanol, more energy is required to
induce the formation of butyl glycerate and the energy from the solvothermal reaction at 180 °C may not be
sufficient to promote its formation.*>» ¥* As a result, the availability of OH™ ions is reduced leading to the

reduction in the yield and average diameter of the nanoplates in B-NiCo-TEP-600. Different results are

obtained when water is used to partially replace ethanol in the reaction.
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Fig. 3. (a) XRD patterns, (b) FTIR spectra, and (c) Raman spectra of (i) E-NiCo-TEP-600, (ii) B-NiCo-TEP-

600, and (iii) W-NiCo-TEP-600.

Unlike E-NiCo-TEP and B-NiCo-TEP, the IR band at 3570 cm™! only appears in W-NiCo-TEP (Fig.
1b). This band can be assigned to the stretching vibration of O—H group from metal hydroxide. The presence
of this band suggests that a mixture of nickel-cobalt hydroxide and NiCo-DEP is present in this sample.
Moreover, a water-TEP complex may also have been formed as the band at 887 cm™! appears in W-NiCo-
TEP, which may be indexed to the P—O—C stretching vibration originating from the water-TEP complex.** In
the case of W-NiCo-TEP, apart from ethyl glycerate, glyceric acid may also be formed as a byproduct.?* Since
the formation of DEP is induced by the presence of OH™ ions from the reaction between the ethyl group and
glycerate ions, replacing ethanol fully with water cannot produce any product as all the glycerate ions may be
converted to glyceric acid and OH™ ions are more likely to coordinate with the positively charged metal (Ni**
and Co?") ions. Therefore, NiCo-DEP is not obtained, and the nickel-cobalt hydroxide precipitate may be
dissolved due to the highly acidic environment (the pH of the supernatant obtained from the solvothermal
reaction in water/ethanol mixture is 2.04). To prove this hypothesis, we dissolved a nickel-cobalt hydroxide

powder in this acidic supernatant and found that it dissolves rapidly (Fig. S4), thus confirming our hypothesis.
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Fig. 4. SEM images of (a-c) E-NiCo-TEP-600 and (d-f) B-NiCo-TEP-600, and (g-i) W-NiCo-TEP-600

obtained from the calcination of E-NiCo-TEP, B-NiCo-TEP, and W-NiCo-TEP in air at 600 °C, respectively.

The NiCo-TEP precursors can be transformed into nickel-cobalt phosphate by calcining them in air at
600 °C. Fig. 3a displays the XRD patterns of the samples obtained after calcination. The E-NiCo-TEP-600
and B-NiCo-TEP-600 samples are largely amorphous (Fig. 3a (i, ii)). The TG-DTA measurements of E-NiCo-
TEP and B-NiCo-TEP reveal the presence of an endothermic peak with a significant weight loss at ~400 °C
due to the removal of organic constituents from these samples and the conversion to nickel-cobalt phosphate
(Fig. S5a, b). The conversion of the nickel-cobalt phosphate phase to nickel-cobalt pyrophosphate is indicated
by an exothermic peak at 700 °C. For W-NiCo-TEP-600, several peaks belong to NiCo(PO,); (ICSD No.
37136) are observed, indicating that crystalline NiCo(PO,); can be obtained by involving water in the
synthesis process (Fig. 3a (iii)).*> Interestingly, the TG-DTA curve of W-NiCo-TEP (Fig. S5¢) shows a
different thermal decomposition behavior with no strong endothermic peak and weight loss occurring

gradually.
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Fig. 5. (a) N, adsorption-desorption isotherms of E-NiCo-TEP-600, B-NiCo-TEP-600, and W-NiCo-TEP-600
and (b) the corresponding pore size distribution plots. High resolution XPS spectra for (c) Ni 2p, (d) Co 2p,

(e) P 2p, and (f) O 1s of E-NiCo-TEP-600.

To confirm the presence of nickel-cobalt phosphate in the calcined samples, FTIR measurements were
carried out and the results are shown in Fig. 3b. All three samples (E-NiCo-TEP-600, B-NiCo-TEP-600, and
W-NiCo-TEP-600) show the broad band belonging to O—H stretching vibration at ~3200-3600 cm™1.1%-46 The
IR band at 1625 cm™! in the FTIR spectrum of E-NiCo-TEP-600 is attributed to the O—H bending vibration.’
The intensity of this band is decreased in B-NiCo-TEP-600 and W-NiCo-TEP-600. Further, in all three
calcined samples, the IR bands in the ranges of ~1060-1095 cm™! and ~930-960 cm™! correspond to anti-
symmetric and symmetric stretching vibrations of PO43~, respectively. In addition, the IR bands at ~748 cm™!,
564 cm™!, and 553 cm™! can be assigned to P—O—P stretching, O—P—O bending, and PO,*" out-of-plane
bending vibration, respectively.!'? 3% In addition, the Raman spectra in Fig. 3¢ also confirm the formation of
metal phosphates in all three samples. The relatively weak Raman bands at around 748 cm™! and 1059 cm™!
in E-NiCo-TEP-600 and B-NiCo-TEP-600 (Fig. 3¢ (i, ii)) can be assigned to the symmetric vibration of
P—O-P and the v; stretching mode of (PO4)*", respectively.*’- 48 In W-NiCo-TEP-600, only a single Raman

band is observed at 968 cm™! which is attributed to the v; stretching mode (PO,)*~ (Fig. 3c¢ (iii)). This may be
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linked to the disturbance of the layered crystal structure by water (Fig. 1a (iii)) The presence of IR bands
corresponding to the phosphate group in both FTIR and Raman spectra of these three samples imply that they
are composed of nickel-cobalt phosphate.

Fig. 4 displays the morphology of the NiCo-TEP samples after calcination in air at 600 °C. Both E-
NiCo-TEP-600 (Fig. 4a-c) and B-NiCo-TEP-600 (Fig. 4d-f) show porous plate-like morphology with a
relatively comparable particle size. In comparison, the rod-like particles (W-NiCo-TEP-600) aggregate with
each other following the calcination process (Fig. 4g-i). In agreement with the SEM observations, the TEM
and STEM images of E-NiCo-TEP-600 also show the porous plate-like morphology which originated from
the removal of ethyl group during calcination (Fig. S6a, b). The EDS mapping of E-NiCo-TEP-600 reveals
the uniform distribution of Ni, Co, O, and P elements in this sample, as seen in Fig. Sé6c-f. The porous nature
of all three calcined samples is supported by the N, adsorption-desorption isotherms shown in Fig. 5. The
specific surface area and pore volume of E-NiCo-TEP-600 are 35 m? g ! and 0.13 cm? g™!, respectively, which
are higher than those of B-NiCo-TEP-600 (19 m? g "' and 0.11 cm3 g™ ') and W-NiCo-TEP-600 (3.5 m? g~! and
0.04 cm? g!) (Fig. 5a). Moreover, the pore size distribution data of these three samples indicate that they
contain mostly mesopores (Fig. 5b).

The surface chemical compositions and electronic states of the optimum sample, E-NiCo-TEP-600, were
analyzed by XPS. The XPS survey spectrum of E-NiCo-TEP-600 confirms the presence of Ni, Co, P, and O
elements, as seen in Fig. S7. The carbon element in this spectrum originates from substrate contamination
during the XPS measurement as no carbon is detected from the EDS mapping of E-NiCo-TEP-600 (Fig. S6).
The deconvoluted Ni 2p spectrum of E-NiCo-TEP-600 shows the Ni?* peaks at 857.0 eV and 874.8 ¢V and
the Ni*" peaks at 858.6 ¢V and 876.7 eV with the corresponding satellite peaks at 862.5 ¢V and 880.9 eV,
respectively, as seen in Fig. 5¢. The peaks at 853.33 eV and 871.16 eV signal the presence of Ni*".4> 4 The
deconvolution of the Co 2p spectrum of E-NiCo-TEP-600 in Fig. 5d shows the existence of Co?" peaks at
782.0 eV and 798.1 eV as well as Co*" peaks at 783.6 ¢V and 799.9 eV with satellite peaks at 786.3 and 804.4
eV.%0 31 Moreover, the deconvoluted P 2p spectrum of E-NiCo-TEP-600 features two peaks at 134.15 eV and
135.04 eV corresponding to P 2ps,, and P 2p,,, respectively, which are indicative of P(V) (Fig. Se). For O 1s

spectrum, the deconvolution reveals two peaks at 532.0 eV and 533.4 eV attributed to structural water (O—H)
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and core level of oxygen in phosphate species (P—0), respectively (Fig. 5f).>> These XPS results further

solidify that E-NiCo-TEP-600 is essentially nickel-cobalt phosphate.

3.2. Electrochemical Performance
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Fig. 6. (a) CV profiles of E-NiCo-TEP-600, B-NiCo-TEP-600, and W-NiCo-TEP-600. The effect of scan rate

on the CV profile of (b) E-NiCo-TEP-600, (c) B-NiCo-TEP-600, and (d) W-NiCo-TEP-600. The CV

measurements were carried out in 6.0 M KOH in the potential range of 0-0.5 V vs. Ag/AgClI.

The electrochemical performance of the calcined bimetallic phosphate samples (E-NiCo-TEP-600, B-NiCo-

TEP-600, and W-NiCo-TEP-600) was evaluated firstly by the CV technique using a three-electrode system in

a 6.0 M KOH electrolyte. The CV curves were recorded in the potential range of 0-0.5 V vs. Ag/AgCl, and

the scan rate was varied from 5 to 100 mV s™!. Fig. 6 shows the CV profiles of E-NiCo-TEP-600, B-NiCo-

TEP-600, and W-NiCo-TEP-600 at a scan rate of 5 mV s™!. The CV curves of these samples show a couple

of peaks originating from oxidation and reduction reactions on their surfaces. The presence of the Faradaic

region suggest that all the samples exhibit battery-like behaviour. The morphology of the bimetallic nickel-
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cobalt phosphate samples affects the electrochemical performance. The current of E-NiCo-TEP-600 is higher
than that of other samples, especially W-NiCo-TEP-600. Based on the CV measurements, the specific
capacities are calculated to be 582 C g!, 298 C ¢!, and 188 C g! for E-NiCo-TEP-600, B-NiCo-TEP-600,
and W-NiCo-TEP-600, respectively, with their corresponding specific capacitances being 1163 F g1, 595 F
g!,and 377 F g'! at a scan rate of 5 mV s\

The electrochemical performance of these three phosphate samples was also evaluated by GCD
measurements at various current densities from 2 to 10 A g™! in the potential range of 0-0.4 V vs. Ag/AgCl.
Based on the GCD measurements, the specific capacities of E-NiCo-TEP-600, B-NiCo-TEP-600, and W-
NiCo-TEP-600 at a current density of 2 A g ! are 620, 219, and 84.5 C g, respectively, equivalent to specific
capacitances of 1550, 548, and 169 F g"! (Fig. 7a), indicating the superior electrochemical performance of E-
NiCo-TEP-600. From Fig. 7b-d, it can be observed the discharge time, that is proportional to the discharge
capacity, of these electrodes decreases with the increase of current density, reflecting the decrease in specific
capacity as the current density increases from 2 to 10 A g™!. This is because of a concentration overpotential,
that is at high current densities, active sites in the deeper part of the electrode material cannot react effectively
due to shortage of OH™ ions. As seen in Fig. 7e, E-NiCo-TEP-600 displays specific capacities of 620, 570,
534,504, and 480 C g ! at current densities of 2, 4, 6, 8, and 10 A g™!, respectively. In comparison, the specific
capacities of B-NiCo-TEP-600 are 219, 168, 139, 117, and 101 C g! at current densities of 2, 4, 6, 8, and 10
A g7, respectively. Moreover, the specific capacities of W-NiCo-TEP-600 are 85, 57, 43, 34, and 26 C g! at
current densities of 2, 4, 6, 8, and 10 A g'!, respectively. These results reveal the superior electrochemical
performance of E-NiCo-TEP-600 compared to the other two samples. This is further supported by the EIS
measurements shown in Fig. S8. The diameter of the semi-circle observed in the high frequency region
represents the charge transfer resistance while the tail at a higher frequency represents the Warburg impedance.
Based on the EIS analysis, the smallest charge transfer resistance is achieved by E-NiCo-TEP-600, indicating
the faster charge transfer kinetics in this sample. In addition, the Warburg resistance is also a key parameter
in determining supercapacitor performance since it is strongly related to the mass transfer or ion diffusion
resistance.> >* The Warburg resistance values for E-NiCo-TEP-600, B-NiCo-TEP-600, and W-NiCo-TEP-

600, are 219.6 Q, 228.1 Q, and 427.6 Q, respectively, revealing the smaller diffusion resistance in E-NiCo-
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TEP-600. Additionally, the E-NiCo-TEP-600 electrode displays good long-term stability with a high
capacitance retention of 98.5% after 5000 cycles at a high current density of 10 A g™! (Fig. 7f). From Table
1, it can be seen that the as-prepared E-NiCo-TEP-600 electrode exhibits better electrochemical performance

than many previously reported metal phosphate materials, as seen in Table 1.1%-4935-61
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Fig. 7. (a) GCD curves of (a) E-NiCo-TEP-600, B-NiCo-TEP-600, and W-NiCo-TEP-600 at a current density
of 2 A g7!. GCD curves of (b) E-NiCo-TEP-600, (¢) B-NiCo-TEP-600, and (d) W-NiCo-TEP-600 at current
densities of 2, 4, 6, 8, and 10 A g!. (e) The specific capacity versus current density plots for E-NiCo-TEP-
600, B-NiCo-TEP-600, and W-NiCo-TEP-600. (f) Stability test of E-NiCo-TEP-600 for 5000 cycles at a high

current density of 10 A g”! by the GCD method.

The good electrochemical performance of E-NiCo-TEP-600 is attributed to several reasons. Firstly, the
small size (100-200 nm) of E-NiCo-TEP-600 can reduce the ion diffusion distance and its larger surface area
and pore volume compared to B-NiCo-TEP-600 and W-NiCo-TEP-600 may provide better or easier diffusion
for OH™ ions (Fig. S8). Furthermore, the high structural disorder in this amorphous phosphate material may
provide active diffusion channels and allows for easier penetration of electrolyte (OH") ions, resulting in a
deeper diffusion through the material.> Moreover, the long-range disorder of amorphous metal phosphates

can provide additional redox sites via defects and promote enhanced interactions with OH™ ions.®

18



Page 19 of 28 Journal of Materials Chemistry A
Additionally, the rich mesopores in E-NiCo-TEP-600 can further improve the diffusion of these ions and
promote faster kinetic reactions at the electrolyte/electrode interface, as supported by the EIS data (Fig. S8).

In general, the storage mechanism occurred in E-NiCo-TEP-600 is described in Eq. (6):

(N1, Co)3(PO4), + OH™ — (N1, Co0)3(PO4),OH + e (6)

According to the XPS analysis, the surface of E-NiCo-TEP-600 contains a significant amount of hydroxyl
groups, which may enhance the interaction between its surface and the aqueous electrolyte. During the storage
process, OH™ ions can react with nickel-cobalt phosphate (E-NiCo-TEP-600) on the surface, resulting in the
formation of (Ni, Co)3(PO,),OH and the release of electron for a redox reaction.*- % The existence of (Ni,
Co0);5(P0O,4),0H is confirmed by the FTIR analysis of E-NiCo-TEP-600 after 5000 cycles, as shown in Fig.
S9a. The intensities of IR bands belonging to phosphate and O—H groups from water decrease. In addition, a
new small weak band appears at around 1370 cm™! which may originate from nickel-cobalt phosphate
hydroxide.% % This is further consolidated by the SEM images in Fig. S9b, ¢, in which the plate-like particles
of E-NiCo-TEP-600 are covered by nanosheets, which is believed to be (N1, Co)3;(PO,4),OH species originating
from the reaction between nickel-cobalt phosphate ((Ni, Co);(PO,),) with OH™ ions on the surface of this
material.

In addition, XPS analysis was also performed to investigate the surface composition of the E-NiCo-
TEP-600 electrode after cycling (Fig. S12). Based on the XPS spectra, after 5000 cycles, there is no P 2p peak
detected on the surface of electrode. This is further supported by the increase in O—H peak intensity and the
much lower the P—O peak intensity in O 1s spectrum of E-NiCo-TEP-600 after cycling, indicating that the
electrode’s surface is covered by the hydroxyl group (further supported by the formation of the typical sheet-
like structure of hydroxides in Fig. S9b, ¢).67 After cycling, the Ni?* peaks are found at lower binding energies
of 856.2 ¢V and 873.5 eV, while the Ni3" peaks are located at 858.0 eV and 875.02 eV. Furthermore, Ni°
peaks are also observed at binding energies of 852.6 ¢V and 871.0 eV. In the case of Co, only the Co?* peaks
are observed at 780.2 eV and 795.3 eV with two satellites at 782.4 eV and 797.4 eV. The binding energies of
the Ni 2p and Co 2p peaks are lowered compared to those before cycling. These results confirm the formation

of metal hydroxide species on the surface of this electrode after cycling.%®

19



Journal of Materials Chemistry A Page 20 of 28

The study on kinetic analysis was conducted by varying the scan rate and calculating the b value using

Eq. (7)%:
ip= av? (7)

where i, and v are peak oxidation current (A) and scan rate (mV s1), respectively, while a and b, are adjustable
parameters. The b value can be obtained from the slope of log (i;,) versus log (v) plot. The b value determines
the kinetic mechanism, where » = 1 indicates fast kinetic or redox reactions that occur near the surface. Under
this condition, the active material exhibits a surface-controlled reaction or capacitive behaviour. In contrast,
if b = 0.5, the active material shows a diffusion-controlled reaction or battery-like behaviour. Moreover, a
transition behaviour occurs when both reactions contribute to the charge storage mechanism, and the b value
is between 0.5 to 1. The calculated b values of E-NiCo-TEP-600, B-NiCo-TEP-600, and W-NiCo-TEP-600
are 0.58, 0.55, and 0.71, respectively. As the b values of E-NiCo-TEP-600 and B-NiCo-TEP-600 are closer to
0.5, they exhibit a battery-like behaviour with a diffusion-controlled reaction mainly contributing to the
electrochemical reaction, while in W-NiCo-TEP-600, both diffusion-controlled reaction and capacitive
behaviour contribute to the charge storage mechanism. To confirm this, the Dunn method (Egs. (8) and (9))
was used to calculate the contribution of diffusion and capacitive control mechanism from CV measurements
at slow scan rates.’ In this case, the CV measurements were carried out for each sample at varying scan rates

from 0.5 to 5 mV s7!, as depicted in Fig. S10a-c.

I= Icapacitive + Idiffusion (®)

1

1 (V) = klv + k2v5 (9)

1 1

I(V)/v* =kiv* + ky (10)
By plotting //v!/?vs. v'2 at different potentials, we can calculate the values of k; (slope) and k; (intercept) from
the linear plot. This in turn, enables us to quantify the fraction of the current at specific potentials to the
capacitive effect and diffusion-controlled reaction.”!> 7> As shown in Fig. S10d-f, the diffusion-controlled
reaction is the dominant charge storage mechanism in E-NiCo-TEP-600 and B-NiCo-TEP-600 at scan rates

of 0.5 to 5 mV s!, while a more balanced contribution is observed for W-NiCo-TEP-600.
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Fig. 8. (a) Illustration of the as-prepared E-NiCo-TEP-600//AC ASC. (b) CV profiles of AC and E-NiCo-
TEP-600 at a scan rate of 10 mV s™!. (¢) CV profile of the E-NiCo-TEP-600//AC ASC at a scan rate of 10 mV
s ! in the potential range of 0-1.5 V. (d) GCD profile of the E-NiCo-TEP-600//AC ASC at various current
densities. (e) Ragone plot of the E-NiCo-TEP-600//AC ASC. (f) Stability test of the E-NiCo-TEP-600//AC

ASC for 5000 cycles at a high current density of 10 A g1

To further demonstrate the practicality, an asymmetric supercapacitor (ASC) was fabricated using
commercial AC as the anode and E-NiCo-TEP-600 as the cathode, as illustrated in Fig. 8a. Fig. 8b shows a
comparison of the CV profile of commercial AC with that of E-NiCo-TEP-600 in the same three-electrode
system. The CV profile of commercial AC exhibits a rectangular shape, indicating the EDLC behaviour. A
potential window of 0-1.5 V vs. Ag/AgCl is chosen to check the electrochemical performance of the fabricated
ASC. The CV profile of the E-NiCo-TEP-600//AC ASC is shown in Fig. 8¢, revealing a combination of
battery-like and EDLC behaviours. The specific capacitance values of this ASC were measured by GCD
measurements at various current densities from 1 to 10 A g”'. The E-NiCo-TEP-600//AC ASC exhibits
specific capacitances of 143, 93.0, 56.0, 37.0, 38.0, and 41 F g! at current densities of 0.5, 1, 2, 4, 6, 8, and
10 A g'!, respectively (Fig. 8d). The Ragone plot in Fig. 8e reveals that the E-NiCo-TEP-600//AC ASC
possesses energy densities of 45, 29, and 18 Wh kg™! at power densities of 750, 1504, and 2988 W kg!,
respectively. The performance of this ASC is comparable to other reported metal phosphate-based ASCs, such
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as Co3(PO4),'8H,O//AC (24.9 Wh kg™! at 2.63 kW kg 1)”3, CNPO-40//BPO (36.8 Wh kg! at 254.52 W
kg 1)74, nickel phosphate//reduced graphene oxide (40.4 Wh kg™! at 1689 W kg!)>, Ni-CPH//AC (23.4 Wh
kg 'at 2103 W kg 1)7, and SDBS-Ni,Co,PO,//graphene (36.5 Wh kg™ ! at 150 W kg 1)?°, as depicted in Fig.
S11. Furthermore, the stability of this ASC was tested by conducting GCD measurements for 5000 cycles at
a high current density of 10 A g~!'. The capacitance remains highly stable after 5000 cycles, indicating the

excellent stability of this ASC (Fig. 8f).
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Table 1. Comparison of the electrochemical performance of the optimum amorphous nickel-cobalt phosphate

electrode (E-NiCo-TEP-600) against previously reported metal phosphate-based electrodes.

Electrode material Electrolyte Potential Current Specific Cycling Ref.
range (V) density capacitance performance
Agh Fgh
CoPO@Fe(POs3); 3.0 M KOH 0.50 1.0 540 87.5 % after 5000 >
cyclesat2 A g!
NiPO@Fe(POs); 3.0 M KOH 0.50 1.0 596 90.1% after 5000
cyclesat2 A g!
3D flower-like cobalt 3.0 M KOH 0.50 1.0 680 89.3% after 3¢
phosphate 10000 cycles at 6
Agl!
NaNig33C067PO4H,O 1.0 M KOH 0.50 1.0 828 81.3% after 3000  #°
cyclesat 5 A g!
Cobalt 2.0 M KOH 0.50 2.5 437 100% after 300 %7
cyclotetraphosphate cyclesat 5 A g!
(CoyP4012)
Cobalt manganese 1.0 M KOH 0.55 2.2 571 88% after 8000 %
phosphate cyclesat3 A g!
Flower-like 3.0 M KOH 0.50 1.0 604 83.2% after 2000  *°
superstructure of nickel cyclesat 5 A g!
metal-organic
phosphate
Nickel-copper 1.0 M KOH 0.50 1.5 711 88.5% after 5000  ©0
phosphate thin film cycles at 11.5 A
gl
Nanotube-assembled 1.0 M KOH 0.50 0.5 502 94.8% after 5000 1°
amorphous 2D nickel cyclesat 10 A g!
phosphate
Co3(PO,), nanoflakes 3.0 M KOH 0.59 3.0 188 95% after 800  °©!
cyclesat5 A g!
Amorphous nickel- 6.0 M KOH 0.40 2.0 1550 99% after 5000 This
cobalt phosphate cyclesat 10 A g! work
nanoplates  (E-NiCo-
TEP-600)
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4. Conclusions

In summary, we have demonstrated the fabrication of size- and shape-controlled nickel-cobalt phosphate
materials from nickel-cobalt glycerate spheres. The solvent selection plays a significant role in determining
the morphology of the nickel-cobalt phosphate precursor obtained from the solvothermal reaction of nickel-
cobalt glycerate spheres and TEP. The use of alcohol-based solvents is found to promote the formation of
plate-like particles, while the utilization of a water/ethanol mixture generates rod-like particles. Among the
prepared nickel-cobalt phosphate samples, E-NiCo-TEP-600 displays the best electrochemical performance
for battery-like supercapacitors with a high specific capacity of 620 C g'! at 2 A g! (equivalent specific
capacitance of 1550 F g!). The charge storage mechanism analysis of this electrode reveals that its charge
storage mechanism is dominated by a diffusion-controlled reaction. The good electrochemical performance
of E-NiCo-TEP-600 is attributed to the structural disorder and abundant defects in an amorphous material and
the rich mesopores which can provide more redox sites and better pathways for ion diffusion. Furthermore,
the small particle size of E-NiCo-TEP-600 can reduce the diffusion distance for electrolyte ions. The
assembled E-NiCo-TEP-600//AC ASC displays a maximum energy density of 45 Wh kg™! at a power density
of 750 W kg!. This ASC also maintains 100% capacitance retention after 5000 cycles at 10 A g!, indicating
its excellent long-term stability. The presented strategy is expected to be useful for future preparation of

monodisperse amorphous metal phosphate materials for a variety of applications.
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