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Vanadium pentoxide (V2O5) brings vast interest in the promising host materials for the intercalation of
multivalent ions, owing to its abundance in the earth crust, synthesizing facile methodologies, and offers
maximum discharge capacity of >300 mAh g�1. However, V2O5 undergoes different phase transforma-
tions upon the intake of beyond 1 mol Li. Here, we report a comparative study of two versatile cathode
materials, such as V2O5 (limiting 1 mol. Li) and LiFePO4. A solvothermal method is adopted to synthesize
both two, and three-dimensional crystalline phases of V2O5 and LiFePO4, respectively. The spherical-
shaped V2O5 exhibits the initial discharge capacity of 136 mAh g�1 in the half-cell assembly and renders
stable cycle life. Subsequently, V2O5 is paired with the electrochemically lithiated graphite (LiC6) anode in
full-cell assembly (V2O5/LiC6) and offers a maximum energy density of �266.7 Wh kg�1 (based on total
mass loading). On the other hand, LiFePO4 also exhibits �136 mAh g�1 in the half-cell performance with
stable cycle life. The full-cell LiFePO4/C delivers an energy density of�234.8Wh kg�1. This clearly encour-
ages that V2O5 is a strong contender for the 3.4 V class Li-ion cells and paves the new avenue for further
exploration of advanced battery technologies.
� 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
Introduction

Lithium-ion batteries (LIBs) hold prodigious potential for use in
widespread application in portable electronic devices, hybrid elec-
tric vehicles (HEVs), and electric vehicles (EVs) due to their high
voltage, high energy density, and high power density upon electro-
chemical lithium intercalation/deintercalation [1]. Growing
demands of incipient technologies urgently require high energy
density and lightweight with excellent rate performance, better
safety at lower cost LIBs [2]. Though the well-established commer-
cially existing cathodes like layered LiCoO2 have limited Li-
reversibility, Li1-xCoO2 (x = 0.5, �137 mAh g�1) against the theo-
retical limitation of �274 mAh g�1 and increasing in price, avail-
ability, toxicity will not remain as a preferable cathode in the
battery market [3,4].

Recently, LiNi1-xMxO2 (M = Co, Mn) layered structured Li-rich
and Ni-rich oxide can deliver a practical capacity of >250 mAh g�1.
Conversely, the starting precursors such as Co and Ni are valuable
resources that created a major challenge and remained to impede
the EVs batteries [5]. Spinel structured LiMn2O4 is one of the
promising cathodes for ample size energy storage for EVs because
of higher thermal stability and high rate capability than the cath-
ode mentioned earlier [6]. However, the main problem of spinel
cathode is capacity fading upon elevated temperature, which is
due to Mn2+/4+ dissolution by the disproportion reaction of 2Mn3+

? Mn2+ + Mn4+. The Ni2+ substitution certainly mitigates the Mn
dissolution issue, LiNi1.5Mn0.5O4, with the rise in the working
potential of 4 to �4.7 V vs. Li owing to the existence of a Ni2+/4+

redox couple, but unfortunately falls beyond the thermodynamic
stability window of the conventional electrolyte. As a result, the
electrolyte is easily getting oxidized at high operating voltage; fur-
ther investigation needs to be accomplished before its use in EVs
[7].

Compared to Co and Mn-oxides containing layered and spinel
cathodes, LiFePO4 is considered one of the potential cathodes for
high-power large-size next-generation lithium battery applica-
tions. Economical, non-toxicity and increased cell safety are the
notable salient features. The LiFePO4 has an olivine-type structure
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with a theoretical capacity of 170 mAh g�1 and a flat voltage profile
of 3.45 V vs. Li, which makes it a safe cathode with good cycle life
upon Li-intercalation/deintercalation [8,9]. However, the LiFePO4

structure has 1D Li-ion transport, and the 3D structural aspect con-
sists of distorted FeO6, LiO6, and PO4 units (Fig. S1). There is no
continuous network of edge-sharing FeO6 octahedra to increase
the electronic conductivity (10�9 to 10�10 S cm�1), which is pola-
ronic in the mixed-valence state, and low lithium ionic diffusivity
leads to poor rate capability upon Li-intercalation/deintercalation.
This eventually hampers the practical applications to overcome
insulator properties and has excellent thermal stability because
of strong covalent P-O bonds in the (PO4)3� anion, but the conduc-
tive coating is desperately required for the extraction of Li [10,11].
Stabilizing the Fe2+ in the olivine phase requires inert atmospheric
sintering, which also increases the processing cost, though the raw
material is considered cheap.

Considering issues and challenges in the aforementioned cath-
ode materials, we have endeavored the possibility of using layered
V2O5 as an insertion host. The layered structure consisting of VO5
octahedral units undergoes distortion during the accommodation
of Li-ions, along with subsequent multiple reductions of the transi-
tion metal from V5+ to a mixture of V4+ to a mixture of V4+ and V3+.
Generally, Li-intercalation into layered V2O5 is described as V2O5 +-
xLi+ + xe� M LixV2O5. However, uptake of more than one Li leads to
severe structural damage and also results in the absence of a flat
�3.35 V vs. Li region as well. Therefore, limiting one mol. Li in
the V2O5 makes this cathode a strong contender for the 3.4 V class
category. In contrast to LiFePO4, V2O5 belongs to the 2D class mate-
rial by structure and possesses an ionic conductivity in the order of
10�3 S cm�1 at 25 �C [12–15]. Yet, both the materials can be turned
into 2D in morphological aspects. Except, the LiFePO4 could not
attain the electrochemical performance of V2O5 without carbon
composite. Therefore, in this particular case, V2O5 exhibits better
performance characteristics than LiFePO4 and indicates the attain-
ment of 2D ionic transport pathways of V2O5 paralleled to the 1D
channels in LiFePO4. There are still difficulties in enhancing the
cycle life, capacity and stability exist. Simultaneously, there has
been research activity going on constructing the V2O5 electrode
structure to reduce the Li+ diffusion distance to improve the overall
performance of the cell by adopting other different strategies such
as synthesizing 1D nanotubes, rods, and nanowires [16–20]. V2O5

nanostructures are structurally stable and might improve ionic
and electronic transportation through their porous network. On
the other hand, hybridizing the carbons with V2O5 gains electrical
conductivity and prevents aggregation [21]. Furthermore, the dop-
ing of elements like Ni, Mn, Fe, and Sn into V2O5 leads to improved
electronic conductivity, high structural stability, reduces the
charge-transfer resistance, and fastens the kinetics of Faradic reac-
tions [22–25]. Unlike most studies, the intake of more than one-
mole Li into a V2O5 delivers a capacity beyond 300 mAh g�1, in par-
ticular, beyond two mol. Li forms the irreversible x-LixV2O5 phase
[26]. Recently, our group [28] demonstrated the successful fabrica-
tion of V2O5 with the electrochemically pre-lithiated graphite
(LiC6) recovered from spent LIBs by limiting one mol. Li with con-
sistent performance of around 143 mAh g�1 at 3.35 V vs. Li. More-
over, we have also demonstrated the fabrication of ‘‘rocking-chair”
type LIBs using V2O5 as a cathode and spinel Li4Ti5O12 as an anode,
in which both chemical [27] and electrochemical routes [28] were
employed for pre-lithiation of the cathode (LixV2O5). Further, we
have recently covered the potential use of this fascinating V2O5

cathode (full-cell assembly) exclusively in the ‘‘rocking-chair”
and other configurations [29]. The electrochemical charge–dis-
charge profiles of the olivine type LiFePO4 are more appealing. To
achieve high-power capability, 2D Li-ion migration into LixV2O5

delivers a flat charge–discharge profile. Finding a suitable anode
for fabricating a V2O5 full-cell assembly is another important issue
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for practical applications. It is also familiar that the Li-metal anode
has severe problems like metal dendrite formation, and decompos-
ing of organic electrolytes during cycling performance leads to
safety issues for LIBs. Indeed, graphite anode could accomplish
the criteria, but the real challenge is to construct a full-cell assem-
bly with a Li-free cathode like V2O5. There are few works that
reported restricted lithiation into V2O5; exploring the cathode into
the full-cell fabrication is very very rare, particularly with graphite.
Theoretically, suppose we pair the graphite with V2O5; it leads to
the working potential of 3.3 V with flat charge–discharge profiles,
which is quite remarkable and comparable to the commercially
available LiFePO4/C configuration. Importantly, the widely used
popular transition metals like Ni, Mn, and Co are not engaged in
this LIB. Moreover, there will be 2D Li-ion migration happening
between graphite and V2O5, which leads to a potential outlook to
explore high power Li-ion configuration. To date, there is no real
comparison available for the fascinating 1D-LiFePO4 and 2D-V2O5

(limited to 1 mol. Li) cathodes for the fabrication of high-
performance LIB power packs with the absence of aforesaid transi-
tional metals.

In this work, we have prepared hierarchical micro/nanostruc-
tured spherical shaped crystalline V2O5 and LiFePO4 rods that have
been synthesized by a two-step process that includes a solvother-
mal method and a post-calcinating treatment. The Li-intercalation/
deintercalation of both cathodes was investigated by cyclic
voltammograms (CV) and galvanostatic charge–discharge tech-
niques. Full-cells have been constructed with graphite as an anode
with two versatile cathodes, V2O5 and LiFePO4. Prior to the fabrica-
tion of the ‘‘rocking-chair” type LIBs, detailed Physico-chemical
studies were performed along with the half-cell performance and
described in detail.
Experimental section

Synthesis of hierarchical V2O5 microspheres

V2O5 microspheres were synthesized via a solvothermal route
followed by annealing [38]. In brief, 0.14 mM (0.4 g) of
polyvinylpyrrolidone was dissolved in 48 mL of ethylene glycol
(EG). Then, vanadium acetylacetonate (V(acac)3 – 18 mM (0.3 g)
was mixed with 48 mL EG at 140 �C for 12 h under solvothermal
conditions. After the reaction was over, the resultant product was
washed with acetone and a water mixture. The obtained V2O5

powder was calcinated at 500 �C for 2 h in the air atmosphere.

Synthesis of LiFePO4 rods

The LiFePO4 powder was simply synthesized by solvothermal
reaction followed by a calcination process [42]. Fe(O2CCH3)2 of
0.868 g was dissolved in 20 mL of EG. Then, 0.21 g of LiOH.H2O
and 0.5 g of H3PO4 were dropwise added to the above solution
and kept under stirring for a few minutes. The solution was trans-
ferred into a Teflon-lined stainless steel autoclave and heated at
180 �C for 24 h. The intermediate was harvested and washed with
acetone and subsequently dried in a vacuum oven. The obtained
sample was heated at 700 �C under Ar/ H2 atmosphere to yield
the olivine phase carbon-coated LiFePO4.

Physical characterization

The crystal structure was studied by X-ray diffraction (XRD)
using Rigaku diffractometer using Cu Ka radiation (k = 1.5414 A).
Morphological features of the synthesized materials were studied
using a field emission scanning electron microscope (FE-SEM, S-
4700, Hitachi, Japan) and a High-resolution transmission electron
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microscope (HR-TEM, HR-TEM, TECNAI, Philips, the Netherlands,
200 keV). STEM nanoprobe mode with High angle annular dark-
field imaging (HAADF) detector was employed for the elemental
distribution. Raman spectrum of the sample was obtained by
Raman spectroscopy (LabRam HR800 UV Raman microscope, Hor-
iba Jobin- Yvon, France).

Electrode preparation

Both V2O5 and LiFePO4 as a cathode in half/full-cell were fabri-
cated along with commercial graphite as anode material. The com-
posite electrode was made by mixing the 70% active material, 20%
conductive carbon, and 10% teflonized acetylene black (TAB-2) as a
binder. Then, the composite material was made into thin sheets
and pressed on a 14 mm diameter stainless steel mesh current col-
lector and was dried for 6 h at 70 �C in a vacuum oven. For the fab-
rication of the graphite electrode, 80% of active material, 10%
conductive carbon, and 10% binder (polyvinylidene fluoride) were
mixed with N-methyl pyrrolidone. The slurry was coated onto Cu
foil and was dried for over 6 h, and pressed under a hot roll press
(Tester Sangyo). An electrode cutter was used to cut the coated Cu
foil into a circular disc of 14 mm diameter. Each electrode typically
has active material content of �2 mg and was dried for 6 h at 75 �C
in a vacuum oven. The cells (both half-cells and full-cell) were fab-
ricated in the form of coin cells (CR 2016) in Ar filled glove box. 1 M
LiPF6 in EC: DMC (1:1, v/v) electrolyte (Tomiyama, Japan) and
Whatman paper (1825–047, GF/F) separator were used for all the
cell assemblies. The half-cells were fabricated with V2O5, LiFePO4,
and graphite electrodes with the Li metal counter electrode. The
full-cell assembly was done with the V2O5 or LiFePO4 electrode
as the cathode and graphite as an anode. For the case of V2O5, elec-
trochemically lithiated graphite is used as an anode (LiC6).

Electrochemical measurements

A battery tester, BCS 805 (Biologic France), was used to study
the electrochemical performance of the assembled coin cells. The
diffusion coefficient of Li-ions in both V2O5 and LiFePO4 half-cell
assembly was calculated from the CV profile at different scan rates
(0.1–1.0 mV s�1). Galvanostatic charge–discharge studies were
performed at various current rates in ambient and various environ-
mental conditions. For the case of full-cell assembly with V2O5, the
graphite electrode was electrochemically pre-lithiated (LiC6), in
which the graphite electrode was dismantled in the discharged
state after two successive cycles. The mass of active material load-
ing in both V2O5 and LiFePO4 electrodes was adjusted to balance
the charge.
Results & discussion

The polyol process has been commonly adopted for the reduc-
tion of metal salts to metal nanoparticles, and particle morphology
can be controlled via the addition of surfactant to the mixture. The
key parameter in obtaining highly crystalline nanomaterials is the
use of a functionalized surfactant as one of the reactants and for
controlling the shape of metal oxide nanoparticles [30–34]. The
formation of the sphere and rod-shaped morphologies of the active
materials are discussed in the forthcoming sections. Fig. 1b shows
the X-ray diffraction (XRD) pattern of V2O5 obtained after calcined
at 500 �C in the air from vanadyl glycolate, VO(CH2O)2. The phase
was indexed to the orthorhombic structure with space group
Pmmn without any impurity peaks. The diffraction peaks of the
sample are identified and lattice parameter values are calculated
to be a = 11.48, b = 3.56, and c = 4.39 A which is consistent with
the standard sample (PDF card no. 01–85-0601). The sharp and
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high intense peaks at 2h = 26.19� and 20.31� correspond to the
(110) and (001) with an interplanar spacing of 4.36 A and 3.39 A
with a layered structure. The average crystallite size of the sample
(based on the high-intensity peak) was calculated as �76.3 nm
using Debye-Scherer’s equation. Fig. 1c illustrates the XRD pattern
of LiFePO4 calcinated at 700 �C in Ar/H2 atmosphere, and attributed
to the olivine phase, showing well-defined sharp reflections, spec-
ifying high crystallinity of the sample, which is in good accordance
with the standard orthorhombic structure (PDF Card no. 65-0257,
space group Pmna). The lattice parameters of the olivine phase
LiFePO4 are calculated to be a = 10.34, b = 5.29, and c = 4.58 A with
a crystallite size of �78 nm. Apparently, the crystallite sizes are
more or less the same for both orthorhombic phases, and it is
worth comparing. The local structure of V2O5 is determined using
Raman spectroscopy, as shown in Fig. 1d. The vanadium atom
located within the oxygen coordination (V–O bonds) belong to
the D2h point group, exhibits polyhedron of four types, and occu-
pies four sites in the [VO5] slab. The band at 405 cm�1 corresponds
to the V–O1 bond with a shorter and stronger apical band of the
rocking mode along the x-z plane, and the band at 301 cm�1

resembles the oscillation of O1 and O2 atoms combined along y-
and z-directions. The band at 994 cm�1 high-frequency mode m
(d1) emerges from the stretching vibration of the apical bond. Also,
the antiphase stretching of the V–O2 bond appears at 697 cm�1 and
forms an interchain within the [VO5] slab. The Ag mode located at
526 cm�1 shows stretching vibration and displacement of the O2
atom along the x-direction. The bending bridge forms between
two V atoms as V–O3—V is observed from the band found at
478 cm�1. The band appears at 405 and 282 cm�1 due
to the � and y displacement of the O1 atom, and the band at
301 cm�1 is due to the z displacement of the O2 atom. The low-
frequency band at 195 cm�1 belongs to Ag and B2g modes, whereas
the intense band at 142 cm�1 belongs to B1g and B3g modes. The
shear motion of the ladder and rotation of the ladder is character-
ized by the B1g and B2g modes. The peak positions are well consis-
tent with previous studies on orthorhombic V2O5 [35]. As shown in
Fig. 1e, LiFePO4 belongs to the point group D12

2h(Pnma space group).
The unit cell consists of two cations (Li+ and Fe2+) and an anion
PO3�

4 [36]. The vibration modes above 900 cm�1 correspond to
the stretching of P–O bonds, and the modes in the 575 and
628 cm�1 are ascribed to O–P–O bending internal to the PO3�

4

anion. The bands at 1039, 991, and 953 cm�1 are attributed to
the anti-symmetric stretch (m3) and symmetric stretch (m1) of the
P–O bonds. The bands at 628 cm�1 (Ag) and modes at 575 and
628 cm�1 are attributed to symmetric bend (m2) and anti-
symmetric (m4) of the O–P–O angles, respectively. The mode at
437 cm�1 corresponds to the lithium cage modes with translating
Li+ and breathing cage surrounding by O2� ions. The bands below
400 cm�1 correspond to the translational motion of Fe and coupled
translation and vibrational motion of Fe and PO3�

4 of LiFePO4. The
presence of carbonaceous material is clearly evident from the
appearance of characteristic vibration modes at 1335 and
1595 cm�1, which are associated with D, and G bands, respectively.
Generally, the D band is ascribed to the disordered or defective
nature of the carbon originating from hybridized vibrational mode
linked with graphene edges and indicates structural defects,
whereas the G band originated from the stretching of C–C bonds
in graphitic carbon [37]. The high intense D band than the G band
is a signature of the amorphous carbon, which is paralleled by cal-
culating the intensity ratio between the D and G bands (ID/IG). The
obtained value of 1.07 clearly represents the poor degree of graphi-
tization. In other words, the carbon layer formed during the syn-
thesis of the olivine phase, LiFePO4, is found to be in amorphous
carbon with a concentration of 5.6 wt.%. On the other hand, there
are no such carbonaceous traces observed from the Raman spectra
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Fig. 1. (a) Schematic illustration for the evolution of V2O5 microsphere and LiFePO4 micro rods; XRD diffraction patterns of solvothermal synthesized, (b) crystalline V2O5

obtained after calcinated at 500 �C in ambient temperature, (c) LiFePO4 after 700 �C in Ar/H2 atmosphere; Raman spectra for (d) V2O5, and (e) LiFePO4.
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of the V2O5, though the hydrothermal process is employed for the
synthesis.

Field emission scanning electron microscopic (FE-SEM) images
showed a disperse of non-agglomerated V2O5 could be achieved
by employing the described solvothermal self-assembly of layered
structures (Fig. 2a–c). The layers are formed when V(acac)3 is
heated with ethylene glycol at 80 �C form vanadium glycolate fol-
lowed by an oligomerization reaction [38]. The vanadyl glycolate
structure is comprised of 1-D chains that contain edge-sharing
VO5 square pyramids (Fig. 1a). The oxygen atoms within the chain
derive from a vanadyl group, a chelating (–OCH2CH2O-) ligand, and
one end of two other (–OCH2CH2O-) ligands present. The addition
of polyvinyl pyrrolidone (PVP) into the solution, ascribed to
hydrophobic vinyl groups and hydrophilic carbonyl groups, led to
the formation of micelles. Thus, the spherical morphology is gov-
erned through the oriented aggregation by particle assembly into
the microstructure. The carbonyl groups of the PVP chains face out-
ward, and the bidentate [C5H8O2] ligand of [V(acac)3] is gradually
replaced by EG to form vanadyl glycolate which can be easily
adsorbed onto the micelle surface through the abundant hydroxy
groups. Specifically, at the initial stage of reaction, the precursors
are grown to the layered structure of V(OH)2H2 through precipita-
tion. With the elapse of time, the number of layers increases and
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assembled together where the edges are etched by the solvent
simultaneously. As time passes, these layer-by-layer structures
transform into spherical morphology with a diameter of approxi-
mately 5.0 lm, which consists of aggregated primary particles
with the indefinite shape of nanoplatelets. Finally, calcination at
500 �C leads to complete oxidation of V(OH)2NH2 to V2O5. The for-
mation of rod-like morphology of LiFePO4 is shown in Fig. 2d-f.
Here, EG served as both the solvent and reducing agent for the syn-
thesis of LiFePO4 particles. When H3PO4 was added dropwise into
the EG solution of Fe(O2CCH3)2, no precipitate was formed in the
acidic environment (Fig. 1a). However, a green-black slurry was
formed when the Fe(O2CCH3)2 with H3PO4 (Fe acid) mixture was
dropwise added into the EG solution of LiOH. This is mainly
because Fe-acid solution was added to the high-pH of lithium solu-
tion dropwise to form the Fe2+–HxPO4

x–3 complexes, and HxPO4
x–3

were converted to amorphous precipitates of Fe3(PO4)2(s) and Li3-
PO4(s) immediately and appeared as a green-black slurry [39]. Here,
The morphology change markedly progresses when the tempera-
ture increases to 180 �C, the LiFePO4 phase is formed by dissolution
of Fe3(PO4)2�H2O and Li3PO4. Fig. 2g-l shows the high-resolution
transmission electron microscopy (HR-TEM) and elemental map-
ping of V2O5 and LiFePO4. The detailed structure of a was analyzed
by TEM and their elemental mapping EDX. Fig. 2g-h exhibits a



Fig. 2. FE-SEM micrographs of (a–c) V2O5 microspheres and (d–f) LiFePO4 rods like morphology at different magnifications; HR-TEM & EDX images of (g–i) V2O5, and (j–l)
LiFePO4.
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highly crystalline hierarchical structure of the V2O5 microsphere,
representing a very dense structure that seems to be composed
of staked platelets, consistent with the above SEM results. On the
other hand, Fig. 2j-k shows the crystalline LiFePO4 rods uniformly
coated with amorphous carbon derived from the residue of EG. In
both cases, uniform distribution of the respective elements is
noted during the mapping.

A series of comparative electrochemical properties of V2O5

microspheres and LiFePO4 rods were performed to investigate
the Li-insertion properties in half-cell configuration. Fig. S2 shows
the CV traces of V2O5 and LiFePO4 at a scan rate of 0.1 mV s�1 from
the voltage range of 4.0–2.5 V vs. Li. The CV curve shows three
cathodic/anodic peaks indicative of phase evolution from V2O5 to
e-Li0.5V2O5, d-LiV2O5, and c-LiV2O5, respectively. The redox peak
that appeared at 3.04/3.29 V vs. Li disappears in the subsequent
cycles, which is evident that the V2O5 microspheres undergo struc-
tural re-arrangement during the first few-cycle, as reported [40]. In
the subsequent scans, the peaks at 3.32 and 3.13 V vs. Li are only
retained and stable, with the small potential separations between
the anodic and cathodic peaks indicating good reversibility. With
the recent study published by our group [28], limiting the voltage
improved the cyclability. In contrast, a very sharp redox profile is
observed for the case of olivine phase LiFePO4 with the symmetry
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of oxidation peak at 3.56 V vs. Li and reduction peak at 3.31 V vs. Li,
which has a less potential difference of 0.25 V, confirming the less
polarization than V2O5. The sharp redox peaks are indicative of a
characteristic two-phase reaction. Fig. 3a-b shows the CV curves
of V2O5 microspheres and LiFePO4 rods at scan rates from 0.1 to
1.0 mV s�1 within the potential window of 2.5–4 V vs. Li. Normally,
in the CV traces increase in scan rate is proportional to increased
peak current and peak separation. The peak currents Ip (Amperes),
during anodic scans at different sweep rates, are used to extract the
Li-ion diffusion coefficient DLi

+ (cm2 s�1), applying the Randles-
Sevcik equation (Fig. 3c):

Ip ¼ 2:69� 105ACD1=2n3=2v1=2

where A is the electrode area (cm2), C is the shuttle concentration
(mol. cm�3), n is the number of electrons involved in the redox pro-
cess (n = 1), and v is the potential scan rate (V s�1). According to the
slopes of the lines, the Li-diffusion coefficient for V2O5 is calculated
to be 8.57 � 10–13 (anodic current) and 5.83 � 10–13 cm2 s�1 (ca-
thodic current), and for LiFePO4, significant linear relationship
between the cathodic peak current and the square root of scan rates
around to be 4.2 � 10–9 (anodic current) and 2.3 � 10–9 cm2 s�1 (ca-
thodic current). The stability of the CV signal at such a rate reveals
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Fig. 3. (a,b) Cyclic voltammograms of Li/V2O5 and Li/LiFePO4 half-cells between 2.5–4 V at various scan rates, (c) Li-ion diffusion calculation for V2O5 and LiFePO4, (d,e) typical
charge -discharge curves of (d) V2O5, (e) LiFePO4 in half-cell configuration at different current densities ranging from 0.05 to 2 A g�1 between 2.5–4 V vs. Li, (f) plot of
dichsrage capacity vs. cycle number V2O5 and LiFePO4 at current density of 0.5 A g�1 upto 200 cycles.
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the high power capability of both V2O5 and LiFePO4 and enables
kinetic analysis on a broad sweep rate range.

The galvanostatic charge–discharge profile of both cathodes
V2O5 and LiFePO4 were studied in the potential window of 2.5–
4 V vs. Li at the current density of 0.05 A g�1 in ambient tempera-
ture conditions. The test cell delivered a very high initial discharge
capacity of �136 mAh g�1 (0.93 mol. of Li), and it is close to the
theoretical value of �147 mAh g�1 (1 mol. of Li) for V2O5 micro-
spheres. The position of plateaus in the discharge curve is in good
alignment with the redox peaks observed during the CV analysis
(Fig. S2). The large capacity can be attributed in favour of oriented
aggregation of particles directed to form microstructure spherical
morphology. Fig. 3d & S3 show the galvanostatic charge–discharge
profile for the Li/V2O5 cell at different current densities (0.05, 0.1,
0.5, 1, 1.5, and 2 A g�1). As observed in the CV profile, the V2O5

exhibits a smaller plateau region during both charge and discharge
processes which is due to the structural evolution upon the intake
of Li. Irrespective of the applied current rate, the V2O5 exhibits
prominent characteristic plateaus, which confirms the structural
robustness and integrity. The specific capacity values are calcu-
lated based on the mass of active material (�7 mg). At a higher cur-
rent rate of 2 A g�1, the cell could show a capacity value of
�60 mAh g�1. There will be low-level ionic penetration that hap-
pens at higher current rates. At different current rates, the cell
shows stable performance, which indicates the robust nature of
the structure with high reversibility. Overall the Li-intercalation
process in V2O5 can be explained with the following equations,

V2O5 + 0.5Liþ + 0.5e $ Li0:5V2O5 (i)
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Li0:5V2O5 + 0.5Liþ + 0.5e $ LiV2O5 (ii)

Similar to V2O5, the half-cell performance of the LiFePO4 rods
were conducted under the same testing conditions and given in
Fig. 3e & S3. A very prominent and long-plateau is observed at
�3.4 V vs. Li, which is consistent with the high intense redox peaks
observed during CV studies because of the two-phase reaction
(Fig. S2). The Li/LiFePO4 cell delivers the maximum discharge
capacity of �133 mAh g�1 (0.78 mol. Li), which is highly compara-
ble to �136 mAh g�1 obtained for V2O5 under restricted lithiation.
Overall, Li-insertion/extraction in LiFePO4 can be represented as
follows,
LiFePO4 $ FePO4 + Liþ + e� (iii)

Apparently, there is no obvious difference evident for LiFePO4

and V2O5 in terms of reversible capacity in both high and low cur-
rent testing conditions. It is worth mentioning that the crystallite
size is more or less the same for both cases, though the morphol-
ogy is different. Another aspect of validating the electrochemical
activity is the durability studies, in which both materials are tested
for 200 cycles at the current density of 0.5 A g�1 and illustrated in
Fig. 3f. The half-cell configuration could render the capacities of
�97 and �110 mAh g�1 after 200 cycles for V2O5 and LiFePO4,
which corresponds to the retention of �71 and �80% of initial
capacity, respectively. Slightly inferior cycling profiles are noted
for the case of V2O5 compared to olivine LiFePO4. This is mainly
because of the usage of linear carbonate (DMC)-containing elec-
trolytes since V-based electrodes have poor compatibility with
such solutions. However, this issue can be easily eliminated with-



(a) (b)

(c) (d)

(e)

V2O5 + LiC6↔ LiV2O5 + 6C LiFePO4 + 6C↔ FePO4 + LiC6

Fig. 4. (a, b) Representative CV traces of V2O5, LiFePO4, and Graphite in half-cell assemblies, V2O5/LiC6, and LiFePO4/C full-cells at a scan rate of 0.1 mV s�1; Typical charge–
discharge curves of, (c) V2O5/LiC6, (d) LiFePO4/C at different current densities ranging from 0.05 to 2 A g�1 between 2.4–3.9 V, (e) Plot of discharge capacity vs. cycle number
for V2O5/LiC6 and LiFePO4/C full-cells at a current density of 0.1 A g�1 in ambient temperature conditions (25 �C).
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out altering the conventional electrolyte by means of adopting car-
bon coating over V2O5. This modification certainly hinders the
direct exposure to the electrolyte solution and minimizes the
inevitable reaction with the electrolyte. An ex-situ XRD study was
also performed to ensure the structural stability of both cathodes
before and after 200 cycles, in which no obvious change in the
crystalline nature of the insertion host was noted (Fig. S4). These
results clearly suggest that both the cathodes are strong con-
tenders for the fabrication of the 3.4 V class Li-ion cells, in which
LiFePO4 is already in the commercial market. It is also worth men-
tioning that half-cell studies are merely preliminary studies for any
kind of electrode material. Therefore, we would like to explore the
feasibility of using them in practical application by demonstrating
them in full-cell assembly with the graphitic anode.

Pairing the graphite anode with olivine type LiFePO4 for the fab-
rication of a ‘‘rocking-chair” type full-cell assembly is a very
straightforward procedure that requires optimizing the mass load-
ing between the electrodes and adjusting the potential window. On
the other hand, fabrication requires an additional step of pre-
lithiation since there is no free Li available for shuttling between
graphite and V2O5 hosts, besides balancing mass loading and fixa-
tion of the potential window. Another interesting fact is that both
the graphite and V2O5 can be efficiently pre-lithiated (LiC6 or LiV2-
O5) prior to the fabrication of the full-cell assembly. As mentioned
in the introduction, we have already successfully demonstrated the
pre-lithiation of both graphite and V2O5 before pairing in the full-
cell assembly. The commercial graphite is subjected to galvanos-
tatic cycling at the current density of 50 mA g�1 to adjust the mass
loading with either V2O5 or LiFePO4 cathode in full-cell assembly
(Fig. S5). In the present work, the graphite anode has been electro-
chemically pre-lithiated (LiC6) before coupling it with V2O5 in full-
cell assembly under balanced loading conditions. Accordingly, the
graphite electrode undergoes two complete discharge-charge
cycles, and the cell has been opened inside the glove box under
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the discharged state (LiC6). The full-cell assembly (either V2O5/
LiC6 or LiFePO4/C) comprises more or less the same total active
mass loading of �9 mg. The applied current rate is based on the
least mass loading in the full-cell configuration, i.e., graphite,
whereas the specific capacity, energy, and power densities were
calculated based on the total mass loading of the active materials.
Fig. 4a & b depict the CV curves of graphite, V2O5, and LiFePO4 in
half-cell and full-cell assemblies at the scan rate of 0.1 mV s�1 in
which the current is normalized in the y-axis for better compari-
son. The appearance of a peak at 3.2 and 3.39 V belongs to oxida-
tion, and peaks at 2.99 and 3.23 V represent a reduction of the
reversible Li-extraction/insertion within the interplanar space of
both LiC6 and V2O5 electrodes, which is consistent with half-cell
studies. The three peaks in the V2O5/LiC6 assembly are normally
observed (LiC6 and its polarization) in the carbon-based anode con-
figurations. This is quite normal for the case of graphitic carbon-
based systems. A similar kind of profile is noted for the case of
LiFePO4/C with oxidation (at 3.44 V) and reduction peaks (at
3.35 V) for reversible Li-extraction and insertion. In both full-cell
assemblies, the working potential is �0.1 V lower than the redox
potential of the respective cathodes because of the Li-
intercalation caused in the graphite anode. Fig. 4c & d illustrate
the different current densities (0.05, 0.1, 0.5, 1, 1.5, and 2 A g�1)
of the galvanostatic charge-discharge cycle of the full-cells
between 2.4–3.9 V. The V2O5/LiC6 full-cell shows a maximum
specific capacity of �85 mAh g�1 at a low current density of
0.1 A g�1. At 2.0 A g�1 (high current rate), it exhibits a specific
capacity of �41 mAh g�1, which is quite remarkable (Fig. S6). Par-
allelly, the LiFePO4/C cell renders a maximum specific capacity of
�71 and �29 mAh g�1 at a low (0.05 A g�1) and high current rates
(2 A g�1), respectively. Apparently, the V2O5/LiC6 cell exhibits mar-
ginally better electrochemical activity than the LiFePO4/C assem-
bly. We strongly believe that the presence of two-dimensional
pathways for migration of Li-ions and good compatibility with



(a) (b)

(c) (d)

Fig. 5. The temperature-dependent rate performance of the assembled full-cell of (a) V2O5/LiC6 and (b) LiFePO4/C cells between 2.4 to 3.9 V; and the Ragone plot of (c) V2O5/
LiC6 and (d) LiFePO4/C cells. The capacity is calculated based on the total mass loading (anode + cathode) of the active materials.
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the lithiated graphite aids in achieving the better electrochemical
activity of the V2O5/LiC6 cell. Cyclability is another aspect of
cross-checking the performance of the full-cell, in which both cells
are studied at a lower current density of 0.1 A g�1 and illustrated in
Fig. 4e. The full-cell delivered the discharge capacity of �79 and
�73 mAh g�1 for V2O5 and LiFePO4-based assemblies, respectively.
Also, it retained �50 and �47% of initial capacity after 100 cycles.
When compared to the respective half-cell performance, both the
full-cells experiencing the meager capacity fade upon cycling, but
the V2O5 cathode-based system delivers marginally better perfor-
mance without any conductive additive, i.e., carbon in LiFePO4.
The pre-lithiation process is an additional step required for the fab-
rication of V2O5/LiC6 assembly to realize the commercial reality
compared to the LiFePO4/C configuration. However, the pre-
lithiation process should not hamper the commercial reality since
the commercial Li-ion capacitor comprises lithiated graphitic
phase as a battery type electrode, and activated carbon serves as
a capacitor type component in the same aprotic organic solutions.
The pre-lithiation is an exciting topic that not only provides the
free Li-ions for the electrochemical reaction but also eliminates
the irreversibility observed in the first cycle besides ensuring the
half-cell results, which have been detailed in our review [41].
Fig. S7 illustrates the electrochemical impedance spectra (EIS) for
both the half-cells and full-cells and gives an idea about the inter-
facial properties of V2O5 and LiFePO4. A drastic reduction in the
charge-transfer resistance (Rct) at the electrode-electrolyte inter-
face is noted for both V2O5 and LiFePO4; in particular, full-cell
assemblies exhibit better compatibility than respective half-cell
assemblies.

The full-cell performance at various temperature conditions
(50, 25, 10, and �5 �C) has been studied to explore the feasibility
of using them in different conditions (Fig. 5). Though the applied
current rates are based on the anode mass, the specific capacity,
energy, and power density values were calculated by including
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both the active materials (anode + cathode). Accordingly, the
V2O5/LiC6 cell could deliver a maximum energy density of 266.7,
249.9, 174.3, and 143.8 Wh kg�1 at 50, 25, 10, and �5 �C, respec-
tively. However, the LiFePO4/C-based cell displayed an energy den-
sity of 210.4, 234.8, 147.1, and 87.6 Wh kg�1 for 50, 25, 10, and
�5 �C, respectively. Obviously, much better electrochemical per-
formance is noted for the case of V2O5-based assembly over 1D-
LiFePO4 at various temperature conditions. Overall, based on the
electrochemical studies, the V2O5/LiC6 cell is found to be a better
candidate than the LiFePO4/C-based system. However, electro-
chemical properties are not the only factor in determining the
scope of the system; other important properties like cell safety,
thermal stability, compatibility, etc., have to be studied in more
detail. At present, we are focusing the improving the electrochem-
ical performance of the V2O5 without altering the conventional
electrolyte solution, preferably with surface modification.
Conclusion

Two-dimensional V2O5 and one-dimensional LiFePO4 were pre-
pared in a facile solvothermal method. Both the cathode materials
exhibited similar structural and electrochemical properties. How-
ever, multiple electron reactions are possible for the V2O5 but are
limited to one mol. Li-insertion/extraction in this work to ensure
stable electrochemical activity. The V2O5 and LiFePO4 proclaimed
their outstanding electrochemical performances in the half-cell
system, which logically think us to demonstrate the practical fea-
sibility of fabricating ‘‘rocking-chair” type full-cell assembly with
a graphite anode. Fabrication of Li-ion cell with V2O5 cathode
and graphite anode requires a pre-lithiation, in which electro-
chemical pre-lithiation was adopted. Notably, the V2O5/LiC6 cell
could able to attain a maximum energy density of �266.7 Wh kg�1,
and the temperature dependence performance studies further
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explored the possibility of using them in different atmospheric
conditions. As a result, this configuration, V2O5/LiC6, is strongly
approaching to substitute/emerge the commercially available
LiFePO4/C in the market for various applications and paving a route
to construct low-cost energy storage devices.
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