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Abstract

Porous Li;V,(PO,4); frameworks have been synthesized via a simple hydrothermal route along with subsequent calcination.
Polyethylene glycol (PEG-400) is employed as a soft template to control the morphology of the products. The porous frameworks
consist of abundant Li;V,(PO,4); nanowires which cross with each other to form a 3D network structure. Benefiting from the
intriguing hierarchical structure, the unique Li;V,(PO,); electrodes exhibit excellent rate capability and good cyclability (96% of
the initial discharge capacity retained after 500 cycles) in a voltage range of 3.0-4.3 V.
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1 Introduction

Rechargeable lithium-ion batteries (LIBs) have played a sig-
nificant role for applications in small electronic devices and
electric vehicles owing to their ultra-long cycle life, low self-
discharge, high power capability, and energy efficiency [1].
Cathode materials, such as LiCoO; [2, 3], LiMn,Oy4 [4, 5], and
LiNi; 5Co0;5Mn;;30, [6, 7], have been successfully brought
into the market. Besides, the lithium transition-metal phos-
phates such as LIMPO4 (M =Fe, Mn, Co, Ni) [8-17] and
Li3V,(POy4); [18-22] have also attracted tremendous attention
for their stable frameworks, relatively high potential plateaus,
and large theoretical capacities. The monoclinic LizV,(POy4);
(LVP) exhibits high operating potential (3.0-4.8 V) and the-
oretical capacity (197 mAh g~ with three lithium ions extract-
ed completely). Due to the open three-dimensional (3D) Na
superionic conductor (NASICON) framework, the LVP can
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offer a more thermodynamically stable structure and rapid
lithium-ion diffusion channels in comparison with LiFePO,
[23]. However, like other lithium transition-metal phosphates,
the commercialization of LVP is hindered by two main obsta-
cles: the inherent low electronic conductivity (2.4 x
1077 S em ™! at room temperature) and low Li* diffusion co-
efficient because of the large particle size [22]. These two
defects adversely decrease the electric capacity and rate
capability.

Functional nanostructured materials usually have a short
Li* insertion/extraction distance, large contact area, and facile
strain relaxation when they serve as electrode materials, so
tailoring the dimension of materials into nanoscale can effec-
tively improve the rate capability [24]. However, the high
surface energy of nanomaterials always causes serious self-
aggregation, reducing the effective contact areas between ac-
tive materials and electrolytes. Porous frameworks can offer a
large surface area, cut down the Li* transport distance and
overcome the agglomeration phenomenon, which can thus
enhance the rate performance and cycling stability [25-31].

In this work, we present a simple hydrothermal method to
fabricate porous LVP frameworks by using polyethylene gly-
col (PEG-400) as a soft template. The porous frameworks
consist of abundant LVP nanowires which cross with each
other to form a 3D network structure. As cathode materials,
the porous LVP frameworks with specifically hierarchical
morphology exhibit satisfactory rate capability
(127 mAh g ' at 0.1 C and 70 mAh g~ when up to 5 C)
and cycling stability (96% of the initial discharge capacity
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retained after 500 cycles), suggesting their promising applica-
tions in LIBs.

2 Experimental
2.1 Synthesis of porous LVP frameworks

All the chemicals are of analytical grade and used without
further purification. The porous LVP frameworks (LVP-PF)
are prepared by a convenient hydrothermal process along with
subsequent calcination. In a typical procedure, 3 mmol LiAc,
2 mmol NH4VO;, 3 mmol NH4H,PO,4, and 4 mmol oxalic
acid are dissolved in a mixture of 50 mL deionized water and
5 mL PEG-400 under magnetic stirring to form a clear lawn
green solution after 8 h at room temperature. Then, the pre-
cursor solution is transferred into a Teflon-lined autoclave and
heated to 180 °C for 48 h. After cooling to the room temper-
ature, a cylindrical blue transparent hydrogel is obtained. This
hydrogel is heated at 120 °C in a vacuum drying oven for 12 h
to form green powders. These powders are first sintered at
350 °C for 2 h then calcined at 750 °C for 2 h under N, with
a heating rate of 5 °C min ™' to obtain the porous LVP frame-
works. In addition, LVP-comparison (LVP-C) samples are
also prepared without PEG-400 under the same conditions.

2.2 Material characterization

The morphology and microstructure of the products were in-
vestigated using field-emission scanning electron microscopy
(FESEM, LEO 1430VP, Germany) and high-resolution trans-
mission electron microscopy (HRTEM, JEOL JEM-2010).
The crystal structures of the samples were collected by X-
ray diffraction (XRD) (Bruker D8 advance) with Cu K radi-
ation. The angular resolution in 26 scans was 0.4° over a 20
range of 10-60°.

2.3 Electrochemical measurements

The electrochemical characterization was carried out in two-
electrode electrochemical cells. The tap density of the LVP
nanowire frameworks is about 0.68 g cm . The electrodes
were prepared by milling a mixture of 80 wt% active mate-
rials, 10 wt% acetylene black, and 10 wt% poly (vinyl
difluoride) (PVDF) in N-methylpyrrolidinone (NMP) to form
a homogeneous slurry. The slurry of the mixture was pasted
uniformly on an aluminum foil current collector, and the elec-
trode was then dried under vacuum at 110 °C for 12 h. Test
cells were assembled in an argon-filled glovebox using Li foil
as both the counter and reference electrodes, and polypropyl-
ene (PP) film as the separator. The electrolyte was 1 M LiPFq
in a mixture of ethylene carbonate (EC) and dimethyl carbon-
ate (DMC) (1:1 v/v). Galvanostatic charge/discharge tests of
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the assembled cells were performed in the potential range of
3.0-4.3 V under various current densities. The C-rates used
were based on the theoretical capacity 133 mAh g '. Cyclic
voltammetry (CV) studies were carried out on an electrochem-
ical workstation (CHI660 C) between 3.0 and 4.3 V at a scan
rate of 0.1 mV s,

3 Results and discussion

The preparation of LVP-PF is based on a hydrothermal meth-
od, which is schematically illustrated in Fig. S1. A blue trans-
parent hydrogel precursor is obtained after the hydrothermal
process (Fig. S2). After drying the blue hydrogel at 120 °C,
green powders are obtained and speculated to be Li, VOPO,
yH,0 according to the X-ray diffraction (XRD) results (Fig.
S3) [32]. The LVP samples are well crystallized after further
calcination at 750 °C. The XRD patterns present sharp diffrac-
tion peaks (Fig. 1a), which can be indexed to the monoclinic
LVP phase with a space group of P2;/n [33]. No other sec-
ondary phase is detected, indicating the high phase purity of
the samples. The refined XRD pattern of the LVP-PF sample
and the corresponding crystallographic data are shown in Fig.
S4 and Table S1. XPS analysis of the V 2p in LVP-PF is
shown in Fig. S5.

The monoclinic LVP has a NASICON three-dimensional
framework structure and Li-ion can easily diffuse through the
well-defined ion channels. As illustrated in Fig. 1b, the VOg¢
octahedrons share all their corners with PO, tetrahedrons and
vice versa, forming monoclinic P2;/n space groups. The basic
[V2(PO4);] unit consists of two VOy octahedrons and three
PO, tetrahedrons and each [V,(POy4);]> unit is connected to
six other units, so the interstitial space is large enough to hold
three Li ions per structure formula [34—39]. The three distinct
lithium sites consist of Lil site, one tetrahedral site, and two
pseudo-tetrahedral sites (Li2 and Li3) [34]. During the elec-
trochemical cycling, Li3 is removed first to form the
Li,V,(POy,); structure. However, there are two possible struc-
tures for Li; V,(POy)5: during the electrochemical extraction
process, the Li ions are occupied only at the Li2 sites, which
means the Lil is removed ahead of Li2; during the reinsertion
process, both Lil and Li2 sites are partially occupied by Li
ions in Li; V,(POy); structure [35, 39].

The PEG-400 soft template plays an important role in the
formation of the LVP hierarchical structure. When PEG-400
is introduced into the hydrothermal reaction system, the mor-
phology of LVP-PF powdered precursor contains numerous
nanowires before calcination (Fig. S4a). After calcination at
750 °C for 2 h under N, the LVP-PF forms a porous frame-
work structure which consists of abundant nanowires (Fig.
2a—c). These nanowires cross with each other to form a 3D
network structure with plenty of pores inside, which can pro-
vide continuous electron transport pathways. The pore
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Fig. 1 a XRD patterns of the LVP-PF and LVP-C. b Schematic illustration of the monoclinic LVP framework

diameters are in the range of 50-250 nm and the diameters of
nanowires are in the range of 40—70 nm, which can not only
enhance the effective contact areas between active materials

Fig. 2 SEM images of the LVP-
PF (a, b, ¢) and LVP-C (d, ¢, f)

and electrolytes, but also facilitate the ion diffusion kinetics.
However, in contrast to LVP-PF hierarchical structure, with-
out PEG-400 assistance, the LVP-C shows irregular
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morphology since the LVP particles are severely agglomerat-
ed after the calcination process (Fig. 2d—f). These bulky struc-
tures have fewer effective contact areas because the electro-
lytes contact merely the outer surfaces of LVP particles.

The porous framework and intercrossed nanowire
structure of the LVP-PF sample can also be clearly ob-
served in TEM images (Fig. 3a—c). The diameters of
nanowires are in the range of 40—70 nm, which coincides
with that from the SEM images. The formation of large
contact areas and continuous electron transport pathways
can enhance the electrochemical performance.
Furthermore, Fig. 3d presents a lattice fringe with d-spac-
ing of 0.33 nm (inset), corresponding to the 1 22 plane of
monoclinic LVP. Besides, an amorphous carbon layer
with about 2 nm thickness is observed on the surface of
the LVP nanowire, which may come from the decompo-
sition of PEG-400 during high-temperature calcination
under N, atmosphere. The conductive carbon layer can
increase the inherent low electronic conductivity of LVP.

In order to identify that the porous framework is in favor of
the electrochemical performance, the coin-type cell is
employed to evaluate the electrochemical behaviors of LVP-
PF and LVP-C. Two Li* per formula unit are extracted/
inserted in the potential range of 3.0-4.3 V. Figure 4a shows
the cyclic voltammetry (CV) at a scanning rate of 0.1 mV s .
Both of the two samples present three couples of oxidation/
reduction peaks between 3.0 and 4.3 V, corresponding to the
relative extraction/insertion of Li*. The CV of LVP-PF

Fig. 3 TEM images of LVP-PF
which show the porous frame-
work and intercrossed nanowire
structure (a—c). HRTEM image of
LVP-PF (d): the inset shows a
lattice fringe with d-spacing of
0.33 nm
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exhibits more highly symmetrical and obvious splitting redox
peaks than that of LVP-C. The higher peak intensities and
lower potential differences of LVP-PF indicate a better elec-
trochemical reversibility and faster kinetics of the electro-
chemical reaction due to the specific porous framework
structure.

Both of the LVP-PF and LVP-C electrodes present three
couples of charge/discharge plateaus in Fig. 4b, demonstrating
a two-phase transition during the electrochemical reactions.
The two charge plateaus around 3.6 and 3.7 V correspond to
the extraction of the first Li* in two steps due to the presence
of an ordered Li, sV,(PO,); phase while the second Li* is
extracted through a single step around 4.1 V to form
LiV,(POy); phase [35, 39]. These three corresponding dis-
charge plateaus are attributed to reversible reinsertion of two
Li" ions into the host lattices, which are associated with the
V3*/V* redox couple.

Rate and cycling performances are tested and the results are
presented in Fig. 4c, d. The LVP-PF electrode has a capacity
of 127 mAh g ' at 0.1 C and remains 70 mAh g ' when up to
5 C, implying the better rate capability than that of LVP-C
electrode (about 50 mAh g ' at 5 C). When the current density
is turned back to 0.1 C, about 98% of the initial capacity is
recovered for LVP-PF cathode, better than that of LVP-C
cathode (about 93%). Then, both of the two electrodes are
charged/discharged at 1 C to test the cycling ability. As shown
in Fig. 4d, the capacity of LVP-PF has no obvious fading after
500 cycles (nearly 96% of the initial discharge capacity
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retained) while the LVP-C electrode shows an obvious decay
after 300 cycles and only keeps about 85% of its initial dis-
charge capacity. This excellent rate capacity and cycling abil-
ity of the LVP-PF could be attributed to the specific porous
framework structure which provides a short distance for the

Table 1.

Li-ion diffusion, a continuous electron transport pathway, and
a large electrode—electrolyte contact area for high Li* ions flux
across the interface. In addition, we compare our results with
some recent related published works, which is listed in

Table 1 Comparison of the electrochemical performance with recent published works
Material Synthesis method Mass loading  Current Capacity Cycles Capacity  Ref.
(mg cmfz) density (C) (mAh gﬁl) retain
LVP-PF Hydrothermal method 3.0-3.5 1 127 500 96% This work
LVP/C Carbon-thermal reduction 3.1 1 125 50 99% [40]
LVP/C One-step pyro-synthesis 35 0.08 133 50 100% [41]
Li,NaV,(PO,);/C Pyro-synthesis 4.5 04 92 300 100% [42]
Lis 99Kg.01 V2(PO4);/C + N Sol—gel process 22-2.5 1 159 100 78% [43]
LVP/C Carbon-thermal reduction Non 0.1 119 50 98% [44]
LVP/C Wet-chemical coordination approach  Non 0.5 112 50 95.6% [45]
LizV,(PO4); @MWCNTs@C  Sol-gel method Non 5 123.5 300 96.3% [46]
Liy 4Nag ¢V,(PO4); @C Sol-gel method Non 1 121.6 200 95.6% [47]
LVP/C Carbon-thermal reduction 1.0-2.0 6 110 2000 94% [48]
LVP@M-101 Carbon-thermal reduction 1.5-2.5 1 160 1000 70% [49]
Li3V5(PO4)3-Cug o5/C Self-catalyzed sol-gel approach 2.0-2.5 10 120 100 97% [50]
LVP/C/N Bio-template fabrication Non 15 115 500 98% [21]
Li;V,(PO,4); @C/AB Spray drying method 2.5-3.0 1 119 200 98.5% [51]
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Fig. 5 Schematic diagram of the
formation mechanism of LVP-PF
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PEG nonionic surfactants usually act as structure-directing
agents or soft templates to fabricate nanostructured materials
with various morphology [52—54]. In this work, the existence
of PEG-400 is essential in controlling the morphology of
LVP. Based on the XRD, SEM, and TEM information, we
conclude a mechanism as presented in Fig. 5. Firstly, PEG-
400 is dissolved in deionized water to form long chains and
each chain contains abundant active oxygen atoms. These
active atoms produce strong interactions between metal ions
and chains so that the nucleation and crystal growth of LVP
are directed along these PEG chains. During the hydrothermal
process, Li,VOPO,4yH,0 is crystallized with a nanowire
shape. Due to these flexible PEG chains, the nanowires can
easily cross with each other to form a 3D network structure.
After the calcination treatment, this 3D network structure is
retained with the crystallization of LVP and abundant pores
are formed inside the frameworks. These porous frameworks
can shorten the Li-ion diffusion distance and provide contin-
uous electron transport pathways, so the electrochemical per-
formance could be improved effectively.

4 Conclusions

In summary, we have successfully synthesized porous
Li3V,(PO,4); frameworks via a convenient hydrothermal pro-
cess along with subsequent calcination by employing PEG-
400 as a soft template. Such porous framework structure can
provide not only the continuous electron transport pathways,
but also a large electrode—electrolyte contact area and a short
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LVP Precursor

PEG-400 Soft Template

Hydrothermal

Crystallization

Calcining

Porous LVP Framework

distance for the Li-ion diffusion. These advantages are in fa-
vor of the enhancement for the rate capability and cycling
stability. It is therefore envisioned that this effective strategy
can be generalized to fabricate other porous cathode materials
for high performance energy storage applications.
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