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ABSTRACT

Li3V2(PO4)3 (LVP) stands out as a promising cathode material due to its higher operating voltage and theoretical
capacity, effectively addressing continuous demands. At elevated operating voltages, the electrochemical per-
formance of pure LVP is significantly constrained. This study involved the synthesis of multiwalled carbon
nanotubes (MWCNTS) -decorated LVP using a hydrothermal-assisted solid-state method. Employing a range of
techniques, the crystalline phase, morphology, microstructure, and composition of the resulting materials were
examined. The findings from transmission electron microscopy reveal that the crystalline LVP surface is envel-
oped by an amorphous carbon layer roughly 3-5 nm thick, with the LVP particles linked by carbon. The eval-
uation of the electrochemical performance of the LVP cathode at a cut-off voltage of 4.2 V was conducted. The
performance of the prepared electrodes was evaluated through electrochemical analysis, which indicated that
LigV2(POy4)s coated with multi-walled carbon nanotubes (MWCNTs) exhibited a capacity of 183 mAh g’1 at 100
A g~!. Additionally, in situ XRD patterns were obtained throughout the charging and discharging cycles, indi-
cating that the MWCNT coating contributed to the formation of extra active sites and improved electrode sta-
bility over extended cycling periods. Nanostructured LisVy(PO4)s hybrid cathodes enhance electrical
conductivity, offer extensive electrode/electrolyte contact surfaces, facilitate the movement of electrons and Li™,
and adeptly manage strain during the insertion and extraction of Li*. The recent advancements in the application
of 0D (nanoparticles), 1D (nanowires and nanobelts), 2D (nanoplates and nanosheets), and 3D (nanospheres)
LigVa(POy4)s for high-performance lithium-ion batteries emphasise their fabrication methods and distinctive
electrochemical characteristics. The results demonstrate that MWCNT-coated Li3V,(PO4)3 could function as a
cost-efficient, highly stable, and high-performance electrode for Lithium-ion energy storage applications.

1. Introduction

batteries. These batteries are particularly high-energy density and high-
capacity. The advent of Li-ion batteries has been a game-changer for the

Probably the most momentous and consequential inventions of the many multipurpose, portable devices that we use every day. Much study
twentieth century were the introduction of lithium rechargeable has focused on lithium rechargeable batteries because of their possible
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applications in energy storage systems and electric cars [1]. In recent
years, phosphate-containing polyanion composite materials such as
LiVPO4F, LiMnPOy, and Li3Vy(PO4)3 (LVP) have attracted significant
scientific interest [1]. The LiVPO4F material demonstrates a high
operating voltage of 4.2 V, making it interesting for high-voltage bat-
teries; nevertheless, it suffers from poor cycle performance. LiMnPO4
exhibits a high, stable voltage [2], although its electrochemical activity
is largely ineffective for lithium-ion extraction [3]. Monoclinic LVP, a
potential substitute for commercial layered cathodes, is characterised by
its low cost and high discharge capacity, achieving 198 mAh g~! when
charged to 4.8 V, rendering it an optimal material for many cathode
applications. Nevertheless, the charging voltage is excessively high,
leading to electrolyte breakdown; thus, the sample is often tested at
voltages ranging from 3.0 to 4.3 V, achieving a corresponding capacity
of 133 mAh g7,

Because of its open three-dimensional (3D) structure, LVP shows a
higher rate of lithium-ion migration than LiFePOQy, but its low electronic
conductivity makes it unsuitable for use in large-scale power devices in
electric vehicles. Fortunately, various techniques exist to enhance the
specific capacity and cycling performance of LVP cathode material at
elevated rates. According to Bhuvaneswari et al. [4], the most effective
method is to apply a thin layer of carbon to the surface of LVP particles.
This is the most helpful method. According to the findings of their
experiment, the thickness of the coating and the amount of carbon
present both play a significant effect in determining the electrochemical
characteristics and the electronic conductivity of the material.
Furthermore, different carbon sources have varying effects on the
physicochemical and electrochemical properties [5], which is why it is
essential to do additional study about the appropriate carbon source.
Recently, carbon nanotubes (CNT) have been considered as a novel
carbon source due to their exceptional electronic and mechanical
properties [6]. These properties can be attributed to the high specific
surface area and good conductivity around (1-4) x 102 S cm ™! along the
CNT axis and 5-25 S cm ™! perpendicular to the axis, respectively [7]. At
the same time, based on CNT’s capillarity and surface tension, the
electrolyte can be absorbed and thus reduce the polarization of the
interface. And the CNT also provides a direct path for lithium-ion
transport to improve its electrochemical properties [8]. As a result of
the ability to produce a more integrated conductive network between
the active materials and the substrate, it has been suggested that
MWCNTs are ideal enhancements to utilise in the electrode. The total
capacity of the batteries that had CNT additives in the electrodes was
larger, and the high-rate discharge performance of these batteries was
improved [9,10]. Recently, MWCNTs have been utilized as a conductive
carbon addition in the process of creating composites consisting of
LiFePO4/MWCNTs [11,12] and LiCoO3/MWCNTs [13]. MWCNTs were
used as the conducting additive in LiFePO4 by Li et al. [11], and they
discovered that the inclusion of MWCNTSs was an efficient technique to
boost rate capability and cycle efficiency. According to Jin et al. [12],
the incorporation of MWCNTs into LiFePO4 not only results in an in-
crease in the electronic conductivity and the lithium-ion diffusion co-
efficient, but it also results in a reduction in crystallite size and
charge-transfer resistance characteristics [14-21]. Moreover, LVP
serves as a material suitable for both cathode and anode applications,
enabling the fabrication of a symmetric cell. The symmetric cell offers
the benefit of eliminating the process of utilising various active mate-
rials, hence decreasing costs. Motivated by these factors, we will propose
a pragmatic approach for carbon coated electrodes via the innovative
design of the LVP.

This study discusses the synthesis of an LVP@MWCNTSs composite
utilising multiwalled carbon nanotubes (MWCNTSs) through the
hydrothermal-assisted solid-state method. The MWCNTSs can efficiently
interconnect the isolated fine LVP particles, significantly improving the
electrochemical performance of the LVP@MWCNTs composite, partic-
ularly at elevated current densities, such as providing a steady capacity
of 183 mAh g ' at 100 A g~ L.
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2. Experimental procedure
2.1. Fabrication of LigVy(PO4)3 @MWCNT composite

2.1.1. The fabrication process of the LigVy(PO4)3s@MWCNT

All the chemicals were used without any further purification. Multi-
wall carbon nanotubes (>90 % MWCNT, basis, with a diameter of
20-30 nm and a length of 0-8 pm) were purchased from Bayar company,
India. In 30 ml of deionised water and 20 ml of ethylene glycol (EG), we
mixed stoichiometric amounts of CoH3LiO,, V205, and NH3.HoPO4. We
agitated the solution for 30 min to ensure a thorough amalgamation. We
moved the finished mixture into a stainless-steel autoclave that was
lined with Teflon and had a volume of 100 ml. The autoclave underwent
a temperature of 180 °C for a duration of 10 h. The hydrothermal re-
action enabled the transformation of the solution into a suspension. To
get rid of any leftover chemicals or contaminants, the product was
cleaned using a solution of deionised water and 100 % ethanol once the
hydrothermal reaction was finished. We annealed the purified product
at a temperature of 650 °C for 6 h, designating the resultant sample as
LVP. The solid-state method was used to make the LizV5(PO4) @MWCNT
composite. It was ground with a mortar and pestle in 1:1 and 1:3 (LVP:
MWCNT) ratios.

The cathode material’s packing quantity was carefully controlled
because it has a big impact on the electrochemical performance. It was
observed that a material mass lower than 2.5 g led to ion disintegration
during cycling in the electrolyte. Precise quantities of LizVa(-
PO4)3s@MWCNT were measured for the composite fabrication. For the
coated samples, LVP@MWCNT was utilized. The prepared samples,
namely LVP and LVP@MWCNT, were obtained and ready for further
characterization. For a better understanding of the fabrication process,
refer to Fig. 1, A simplified representation of the steps used to create LVP
coated with MWCNTs.

2.2. Characterization techniques

This X-ray diffraction (XRD) technique, coupled with CuKa radiation
(A = 1.5406 nm), was used by Bruker to examine the materials’ struc-
tural characteristics. The structure of the particles and chemical content
were examined using a scanning electron microscope (JEOL Model JSM -
6390 LV). XPS tests were conducted at an electron take-off angle of 45°
with an energy of 11.7 eV to acquire the photoelectron spectra.

2.3. Electrode preparation

The elements used to make the combined electrodes were mixed at a
ratio of 8:1:1. The AC or LVP@MWCNT active material, Super P carbon
conductive carbon, and acetylene black-2 adhesive are all part of this.
The composition was meticulously blended to guarantee uniformity. An
aluminium plate served as the current collector after compressing the
electrode combination that had resulted. The aluminium plate possessed
an area of 200 mm? and a thickness of 0.25 mm. The electrode that was
used was allowed to dry in a vacuum at 60 °C overnight. For single-
electrode research, a half-cell configuration was established by utilis-
ing the prepared electrode as both the counter and reference electrode.
The assembly occurred within an Argon-filled glove box to preserve an
inert atmosphere. A 1M LiPF6 solution was used for the electrolyte.
Ethylene carbonate and diethyl carbonate were combined in an elec-
trolyte at a volume ratio of one to one. Cyclic voltammetric studies were
conducted using slow scans of 0.1 mVs™, and the data were recorded
using a Solartron 1470 F instrument. At room temperature, researchers
used a Neware BTS system to conduct discharge-charge galvanostatic
experiments.
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Fig. 1. A simplified representation of the steps used to create LVP coated with MWCNTs.

3. Result and discussion

3.1. XRD analysis

The LVP@MWCNT composite was synthesized by a rapid hydro-

3@

MWCNTs

thermal technique, and it possesses an improved redox potential
[22-24]. The use of a carbon coating improved the material’s ability to
conduct electricity. This method facilitates the creation of pathways for
electron migration to the current collector, thus increasing the overall
conductivity [25,26]. Fig. 2a displays the recorded XRD pattern along
with the results of the refining (Fig. 2b-d). In the P21/n space group, the
LVP@MWCNT composite displayed a refined monoclinic phase. The
values of the refined lattice parameters were found to be (a) 8.52 A, (b)
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8.59 A, (c) 12.11 i\, and p = 90.00°, which agrees with the values
described in the literature. The LVP material exists in monoclinic and
rhombohedral phases, resembling NASICON materials’ structures. An
effective transit of lithium ions into and out of the system is made
possible by the existence of the monoclinic structure [27]. This structure
consists of octahedral units comprising VOg and PO4 groups, slightly
distorted and connected via oxygen atoms. Lithium ions are situated at
three different crystallographic sites inside the three-dimensional
structure: Li (1) is in the tetrahedral spot, while Li (2) and Li (3) are
in similar but different places [23]. The simulated structure of LVP was
shown in Fig. 2e. The high mobility of Li ions within the LVP@MWCNT
composite indicates the material’s ability to accommodate high current
loads, demonstrating its potential for high-performance applications
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Fig. 2. (a) Diffraction pattern of the pure LVP and carbon coated LVP samples; Rietveld refinement of (b) pristine LVP (¢) LVP@MWCNT (1:3); (d)LVP@MWCNT

(1:3); (e) refined structure of LVP.
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[28,29]. The refinement values are shown in Table 1.

3.2. FE - SEM and HRTEM analysis

Fig. 3 showcases the surface morphology and nanoscale micro-
structure of both pristine and MWCNT-coated LVP powders, as observed
through scanning electron microscopy. The modification with MWCNT
does not significantly alter the size and distribution of the LVP material.
Both the pure LVP and MWCNT-coated LVP samples (LVP@MWCNT)
exhibit a uniform particle distribution, with an average particle size of
approximately 200 nm. The pristine LVP particles display a desert
cactus-like structure (Fig. 3a). This unique morphology can facilitate
efficient electron transport and contribute to improved rate capacities.
Fig. 3b and c presents FESEM images of MWCNT-coated LVP at different
ratios (1:1 and 1:3). These images confirm the successful coating of
MWCNT on the surface of LVP, forming a wrapping-like structure.
Notably, a fine cloud-like formation is observed at the tip of the cactus,
which can be attributed to the presence of MWCNT on the LVP surface.
The findings of Ref. [30] indicate that the synthesized LVP@MWCNTs
(1:3) composite material is appropriate for conventional electrode
fabrication methods. According to various papers [31,32], shape and
particle size significantly influence the electrochemical performance of
LVP; hence, LVP@MWCNTs(1:3) exhibits superior performance.

Additional confirmation of the MWCNT coating on the LVP surface is
provided by HRTEM pictures (Fig. 3d). The estimated thickness of the
MWCNT covering is 2.82 nm (as shown in Fig. 3e and f). In addition to
preventing particle aggregation, the presence of rich pores and carbon
covering work together to hinder Li extraction from different places
during electrochemical reactions. These factors contribute to improved
electrochemical performance and stability in LVP@MWCNT electrodes.
The elemental mapping confirms that uniform distribution of LVP (Li, V,
P, O) in the composite and also confirms the present of carbon on the
prepared composites. The elemental mapping and edax spectrum were
shown in Fig. 4.

3.3. XPS and BET analysis

LVP and LVP@MWCNT were subjected to X-ray photoelectron
spectroscopy (XPS) analysis to learn more about their surface chemistry.
In agreement with the findings from X-ray diffraction (XRD) analysis,
the XPS examination demonstrated the existence of Li, P, V, O, and C
elements (Fig. 5a). The whole XPS spectrum of LVP@MWCNT clearly
showed the Li 1s peak at approximately 60 eV, indicating the accurate
detection of lithium peaks by the precise equipment used [33]. Fig. 5a
presents the high-resolution XPS spectra for the elements Li, P, O, and V.
The XPS spectrum for phosphorus (P2p) displayed peaks at 135.33 eV
(P2p3/2) and 145.22 eV (P2p; 2), indicating the presence of the (PO4)s
phosphate group (Fig. 5b). The high-resolution XPS spectra for V2p3,»
and V2p;/, exhibited binding energies at 643 eV and 655 eV, respec-
tively, indicative of Vv3* oxidation state (Fig. 5¢). Notably, there were no
discernible peaks within the energy range of 648-650 eV, suggesting the
absence of V4t or V°* species [34]. The spectrum of Li is shown in
Fig. 5d. The XPS spectrum for carbon (C) revealed characteristic peaks
for C=0 and C-OH at binding energies of 482.6 eV and 486.3 eV,
respectively (Fig. 5e) [35]. The peak at 530.56 confirms the presence of
O1ls as demonstrated in Fig. 5f.

Nitrogen adsorption and release tests were conducted to evaluate the
porosity, which is important for storing lithium. As shown in Fig. 6, the
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taken samples of LVP and LVP@MWCNT performed well at 77 K. Ac-
cording to the data, the synthetic LVP@MWCNT (1:3) material has a
significantly higher surface area and pore volume than both LVP and
LVP@MWCNT (1:1), with the former having a total surface area of
30.4861 m? g-! and the latter having a pore volume of 0.286412 cm®
g~ 1. The elevated overall surface area and pore volume values for the
LVP@MWCNT (1:3) result from the carbon coating on the surface of the
LVP.

3.4. Electrochemical performance

The CV measurements were carried out in order to investigate the
electrochemical characteristics of the LVP and LVP@MWCNTs elec-
trodes in their as-synthesized form. Fig. 6a shows the CV curves of
electrodes at different scan rates of 0.5 mV s~! from 2.0 to 4.2 V. This
was done to look into how the scan rate affected the redox responses of
the electrodes. Three cathodic peaks appeared at 3.5, 3.6, and 4.0 V,
while three anodic peaks appeared at 3.6, 3.7, and 4.1 V, as seen in
Fig. 7a. The good reversibility of the lithium-ion extraction/insertion
processes in the LVP@MWCNT(1:3) composite is indicated by the
modest voltage difference of around 0.1 V between the anodic and
cathodic peaks. The electrochemical reactions are written as [36-38].

LizV5(PO4); — 0.5Li" — 0.5~ LipsV,(PO,), )}
LiysV5(PO4); — 0.5Li" — 0.5e™  LiyV,(PO,), )
LizoV5(PO4); — 1.0Li" — 1.0e™  Lij oV,(PO,), 3

Two plateaus correspond to the reactions that are described in
equations (1) and (2). According to equation (3), the third plateau,
which occurs at 4.10 V, can be attributed to an additional lithium
extraction from LisoV2(PO4)3. During the ensuing discharge phase,
these reactions are extremely reversible once they have occurred.
Fig. 7b-d illustrates the initial GCD curves of LVP@MWCNTSs composite
materials at ratios of 1:1 and 1:3, measured at a rate of 100 A g~!
throughout the voltage range of 2.0-4.2 V. The charge curves exhibit
three plateaus at 3.59, 3.67, and 4.08 V, indicative of a series of phase
changes. Discharge curves exhibit three plateaus at 3.58, 3.67, and 4.05
V, indicating two phases associated with the reduction process. With
MWCNTs doping in the ratios of 1:1 and 1:3, respectively,
LVP@MWCNTSs composites had an initial discharge capacity of 183 and
164 mAh gfl, as shown in Fig. 7b—d. The LVP@MWCNTs (1:3) sample
has the highest initial discharge capacity. It is possible that MWCNTs
involves in the formation of pure monoclinic LVP-coated carbon parti-
cles with smaller particles. These particles have a relative greater spe-
cific surface area, which makes it much easier for lithium to diffuse
through them and results in improved electrochemical performances.
The carbon covering significantly lessens the likelihood of side reactions
and the breakdown of Li ions. The charge/discharge curves of the
carbon-coated samples exhibit a smoother behavior, indicating
improved electrochemical performance. The rate of discharge verifies
that the electrode efficiency was significantly improved by covering
them with carbon. Notably, the voltage profiles for Li extraction exhibit
two distinct smooth voltage plateaus, while the corresponding insertion
process displays a single voltage plateau [39,40].

The rate capability is a key electrochemical feature of a lithium-ion
battery essential for high-power applications. For the LVP samples, the
capacity values are approximately 158,149,139,128,116,102, and 92

Table 1

The Rietveld refinement results.
Sample Crystal System Space Group a(A) cA) Rp WRp Gof
LVP Monoclinic P21/n 8.52 12.11 2.68 4.45 1.86
LVP@MWCNT(1:1) Monoclinic P21/n 8.63 12.21 2.36 4.19 1.33
LVP@MWCNT(1:3) Monoclinic P21/n 8.77 12.38 2.12 4.01 1.09
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o 1.3

Fig. 4. Elemental mapping (a) Li; (b) P; (c) V; (d) O; (e) C; (f) EDAX spectrum of prepared sample.

mAh g1 at 100-2000 Ag™, respectively. LVP@MWCNT (1:1) exhibits
capacities of about 163, 156, 144, 136, 128, 112, 104, and 136 mAh g*1
at the same current densities. LVP@MWCNT (1:3) demonstrates supe-
rior rate performance, delivering capacities of approximately 183, 172,
163, 152, 141, 129, and 116 mAh g1 at 100-2000 Ag™'. This indicates
that LVP@CNT (1:3) exhibits the highest rate of performance among the
studied compositions compared to LVP and LVP@MWCNT (1:1)
(Fig. 7e). The incorporation of multi-walled carbon nanotubes in the
LigVa(POy4)s structure results in reduced capacity loss and smaller po-
larization during cycling. For 5000 cycles, the cathode that was doped
with multi-walled carbon nanotubes retained 95 % of its initial capacity,
while the pure cathode retained 90 % (Fig. 7f) [42-47]. Fig. 8 (a, b)
presents the in situ XRD patterns of the prepared samples during charge
and discharge profiles. The patterns produced by XRD show that the first
LigVo(PO4)s phase has a NASICON structure, but when the samples are
charged, a new phase similar to NASICON forms during lithium
extraction, showing that the volume of the MWCNT-coated LVP samples
has decreased. The Bragg peaks of LVP@MWCNT (1:1) and
LVP@MWCNT (1:3) are closely aligned, indicating similar lattice pa-
rameters. The in-situ analysis confirms the stability and reversibility of
the samples during the charge and discharge processes. The observed

peak shifting in the XRD patterns of LVP indicates the absence of active
sites during lithium extraction, resulting in a loss of electrons at high
current density rates. In contrast, the peak shifting is minimal for the
MWCNT-coated samples, indicating improved stability. These findings
align with the FESEM images of the samples before and after cycling
(Fig. 8c), supporting the notion that MWCNT-coated samples create
more active sites, enabling efficient electron transport and enhanced Li
extraction from various sites.

Fig. 8d and e illustrate the Nyquist plots of LVP and LVP@MWCNT
(1:1, 1:3) recorded at a charge potential of 3.6 V, both prior to and
following cycling. To elucidate the AC impedance spectrum of the
electrodes, an equivalent circuit has been constructed in Fig. 5a. Rs
denotes the solution resistance of the electrolyte; Rl and CPEl signify the
migration resistance of lithium ions and the capacity of the surface layer,
respectively; R2 and CPE2 represent the charge-transfer resistance and
double-layer capacitance, respectively; W indicates the diffusion-
controlled Warburg impedance [41-43]. The R1 values for the two
electrodes are comparable, with LVP@MWCNT(1:3) measuring 4.62 Q
and LVP measuring 4.83 Q, both significantly lower than the R1 and R2
values. The lithium-ion migration resistance Rl of LVP@MWCNT(1:3)
and LVP is 12.68 and 20.38, respectively. The simulated charge-transfer
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resistance R2 for LVP@MWCNT(1:3) and LVP is 26.32 Q and 48.66 Q,
respectively. The LVP@MWCNT(1:3) and LVP electrodes have reduced
charge transfer resistance, indicating that the conductive network
formed by MWCNTSs significantly enhances the conductivity of active
materials and markedly decreases impedance. The diffusion coefficient
of Li + can be derived from the following Eq. (1) [45,46] or Eq. (2) [47].

1) v, 2 dey2

DLI’E(FA0W> (&) @
) R?T?

DL = o i oa e @

Vm represents the molar volume, F denotes the Faraday constant, A
signifies the active surface area, w indicates the Warburg factor, dE/dx

refers to the gradient of the open-circuit voltage relative to mobile Li +
concentration, DLi is the apparent diffusion coefficient, R is the gas
constant, T is the absolute temperature, n corresponds to the number of
electrons per molecule during oxidation, and C is the molar concentra-
tion of Li+. At a charge state of 3.6 V, the electrochemical reaction oc-
curs within the two-phase area. The value of dE/dx is nearly zero [45,
46], rendering Eq. (1) insignificant. Consequently, we utilise Equation
(2) to compute the apparent DLi values.

The 6w was ascertained as the slope of Zre vs ® ~1/2 in the Warburg
region [25,32]. Accordingly, from Equation (2), the apparent diffusion
coefficients of Li-ions for LVP@MWCNT(1:3) and LVP are 5.6 x 10~°
and 2.1 x 10-9, respectively. The diffusion coefficient of LVP@MWCNT
(1:3) is augmented by the incorporation of MWCNTSs, attributable to
their superior electronic conductivity. Fig. 8e shows the Nyquist plot of
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the samples recorded after cycling, confirming that MWCNT-coated
LigVo(PO4)s delivers the highest electrochemical performance with
good stability and high-capacity retention. A comparison table with
previous works [48-53] is presented in Fig. 9, highlighting the improved
performance of MWCNT-coated LizVo(PO4)3 with capacity retention.

4. Conclusion
In summary, this investigation introduces LigV2(PO4)3s@MWCNT as a

prospective electrode material for lithium hybrid batteries, which was
synthesized through a hydrothermal-assisted solid-state method.

According to XRD and SEM studies, the composite electrode that was
produced has a structure similar to NASICON, and it has a distinct brain-
like shape due to the uniform decoration of LVP on the MWCNTs. We
learnt more about the valence states and chemical makeup of the sam-
ples from the XPS results. Testing was conducted on the LizVy(-
PO4)3s@MWCNT electrochemical performance throughout a voltage
range of 2-4.5 V. A specific capacity of about 183 mAh g’1 is produced
by the carbon coating on the surface of the LizsV2(PO4)3 electrode, which
greatly improves its electrochemical performance. Furthermore, the
electrode demonstrates excellent capacity retention, with around 90 %
retention after 5000 cycles. These findings highlight the enhanced
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electrochemical performance and stability achieved through the incor-
poration of carbon nanotubes. The results suggest that MWCNT-coated
LisVa(PO4)s represents a promising electrode material for hybrid en-
ergy storage devices. The advanced electrochemical performance, high-
capacity retention, and stability make it a viable candidate for appli-
cations in energy storage systems. Improved and enhanced LizVy(-
PO4)3s@MWCNT electrodes can add to the arsenal of dependable and
effective hybrid battery storage devices.
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