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Orthorhombic single crystal V,05 sheets with lateral dimensions of 4-6 wm were synthesized by a facile
one-pot organics-assisted pyrolysis method. TG-MS measurements revealed the intrinsic reaction
mechanism of the as-prepared V,0s5 sheets. As cathode materials for the lithium ion batteries (LIBs), V5,05
sheets delivered high initial discharge capacity of 310mAhg~"! and the coulombic efficiency remained
close to 100% during the 50 charge-discharge cycles. Good electrochemical performance is attributed to
the unique sheet structure, which increases the contact area between the active material and the
electrolyte. Moreover, the structure greatly facilitates intercalation and deintercalation of Li* ions and
electron transport. Developed approach is simple, low cost and has excellent scalability for preparing
V,05 sheets as high-performance LIBs cathodes.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Vanadium oxides are useful transition metal oxides for plenty of
scientific and industrial applications, since vanadium, an abundant
element in the Earth crust, has variable oxidation states from +2 to
+5 (VO, V,03, VO,, and V,05) [1]. Vanadium pentoxides (V,0s)
possess crystal structure formed by stacking V,0s5 layers perpen-
dicular to the c-axis via van der Waals interactions [2,3], and have
been widely studied in the past decades. As a typical intercalation
compound, a large variety of atomic and molecular species can be
reversibly intercalated and de-intercalated between V,0s5 layers.
Since the mid-1970s, V5,05 has been extensively studied as
electrode materials in energy storage devices, such as lithium-
ion batteries (LIBs) [4-9] and supercapacitors [10-13]. However,
the practical application of V5,05 has been substantially hindered
by the poor kinetics due to intrinsically low diffusion coefficient of
lithium ions (10~ to 10~ '?>cm?s™!) [14,15] and low electric
conductivity (1072 to 10 3Scm™') [16,17].

Many investigations demonstrated that the structure of V,0s5
has a significant impact on the electrode-electrolyte contacts,
influencing the lithium ion diffusion distance and reversibility of
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the V,0s-based electrodes [5,18,19]. Up to date, V,0s materials
with various structures, such as zero-dimensional(OD) particles
[20], one-dimensional(1D) tubes/wires/rods [14,21] and two-
dimensional(2D) sheets [2,17,22], have been reported, which
considerably improved V,0s5 chances as electrode material. In
particular, 2D sheets are the most ideal structures because their
unique planar configurations offer shortened diffusion path for
lithium ions [23] and more electrochemically active sites, leading
to meaningful improvements in these electrochemical electrodes
[24].

Previously, several efforts have been made to synthesise V,05
sheets, which include hydrothermal techniques, liquid exfoliation
technique, soft template methods, and supercritical solvothermal
reactions [2,17,25-27]. In typical examples, Rui et al. [17] have
reported synthesis of few-layer V,0s sheets through direct
exfoliation of bulk V,0s5 crystals in formamide solvent. An [25]
and coworkers have synthesized V,0s sheets via supercritical
solvothermal reaction followed by annealing treatment. These
V,0s5 sheets both displayed larger reversible capacity, higher
coulombic efficiency, and more stable cyclability than bulk V5,05
powders. However, these processes usually consist of complicated
procedures, including a long-term aging reaction, ethanol im-
mersing process, repeated washing and heating at different stages
to obtain the final product. Apparently, development of a simple
synthesis route with excellent scalability and low cost should be
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addressed for meeting practical applications. In this paper, we
present a unique approach for synthesizing V,0s sheets by
developing a chemical reaction using an organics-assisted
pyrolysis process. In contrast to conventional synthetic processes,
this one-step method possesses various advantages of simple
process, low cost and easy scalability. Electrochemical character-
izations suggest the as-prepared V,05 sheets hold great potential
as the promising low-cost cathode materials in the LIB.

2. Experimental

In the synthesis process, ammonium metavanadate (NH,VOs)
(0.05M) acted as vanadium source and ammonium nitrate
(NH4NOs3) and urea (CO(NH,);) (molar ratio of NH4NO3 to CO
(NH5), of about 8) were the organic agents. A precursor solution
was prepared by dissolving all reactants in a sufficient amount of
water. During the experiments, the ratio between urea and
ammonium metavanadate, ¢, was in the range from 0.5 to 7.
Upon heating, clear yellow solution was gradually changed to the
yellowish powders with the solution evaporation. For comparison,
the reactions (¢ =7) that without adding NH4NO3 or CO(NH,),
were named VU1 and VU2, respectively.

Thermogravimetric differential scanning calorimeter (TGA-
DSC) device (NETZSCH-Gerdtebau GmbH, Germany) coupled with
a mass spectrometer (QMS403C) is used to perform in situ
thermogravimetric and gas-phase analysis of reactive gels during
the reaction process. Phases of the powders were investigated by
X-ray diffraction (XRD, MXP21VAHF) at room temperature.
Morphology of the powders was characterized by scanning
electron microscopy (SEM, JSM-6510) and transmission electron
microscopy (TEM, Tecnai G2 F30 S-TWIN). X-ray photoelectron
spectra (XPS) were recorded with an ESCALAB 250 spectrometer
(PerkinElmer) to characterize the surface composition.

Electrochemical measurements were performed in the CR2023-
type coin cells. The electrode (working electrode) was fabricated by
mixing the active materials with acetylene black and a binder, poly
(vinylidene fluoride), at weight ratio of 80:10:10. The mixture was
dispersed in the N-methylpyrrolidone solvent to form slurry and
uniformly pasted on the Al foil with a blade. These prepared
electrode sheets were dried at 120 °C in a vacuum oven for 12 h and
pressed under the 200 kg m~2 pressure. The CR2032-type coin cells
were assembled in a glove box for electrochemical characteriza-
tion. A non-aqueous solution of 1M LiPFg in a 1:1 ethylene
carbonate (EC) and dimethyl carbonate (DMC) was used as
electrolyte. Li metal disk was used as the counter electrode for
electrochemical testing. The cells were galvanostatically charged
and discharged in a current density range of 29.4mAg~' (0.1C)
within the 2-4V voltage range. For the high rate testing, the
charge/discharge current gradually increased from 0.1C to 0.2, 0.5,
1, and 2C, and then decreased to 0.2C, step by step. Cyclic
voltammetry (CV) curves were collected using an electrochemistry
workstation (CHI618D) at 0.2mV s~ ! in the 2.0-4.0V range.

3. Results and Discussion

XRD patterns of the three powders are shown in Fig. 1 (a). At
& =0.5, the reaction leads to the formation of (NH4);VeOqs and
NH4NOs, indicating that the pyrolysis procedure was inadequate.
With the increase of the ratio ¢ to 7, all the peaks could be indexed
to the crystalline orthorhombic V,05 phase (JCPDS 85-0601) and
no other purity peaks were observed.

The SEM images (Fig. 2(a)) of the sample (¢ =0.5) Exhibits 2D
sheet structure. With an increasing amount of urea, both the
thickness and lateral dimensions decrease. The pure V,05 (b =7)
consists of sheets with 4-6 um lateral dimensions. The TEM image
(Fig. 2(d)) clearly reveals that the sheet morphology of the V,0s5
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Fig. 1. XRD pattern of the three powders.

(b =7).The HRTEM image (Fig. 2(e)) shows clear lattice fringes with
a spacing of 0.34nm, corresponding with the distance of (110)
planes quite well. The selected area electron diffraction (SAED)
patterns from an individual V,0s5 sheet (insert in Fig. 2(d)) show
the single crystalline nature of the individual V,05 sheet.

For understanding the formation of V,0s5 sheets during the
synthesis process, this reaction was characterized by TG-DSC
coupled with a mass spectrometer (MS). In contrast, calcination of
ammonium metavanadate was characterized in air by the same
methods. These experiments were carried out from room
temperature to 400°C at a heating rate of 10°C-min~! in air.
Fig. 3(a) shows calcination of the NH4VO3; powders with ~180°C
initial temperature, and three endothermic peaks can be observed
in the 50-400°C temperature range. The average weight losses
were about 15.45%, 1.84% and 4.51% for the first, second and third
step, respectively, consistent with the observation in another study
[29].In the work by Tang et al. [29], the observed NH,VO3 mass loss
is due to the vaporization of physically absorbed water and
decomposition of NH4VOs, coupled with a large amount of gases
(NH3, H,0, NO, and etc.) generated simultaneously. As shown in
Fig. 3(b), the calcined product is comprised of bulk V,0s. The
related reactions are presented as follows

2NH,4VO;5 — V,05 + 2NH; + H,0 (1)
4NH; + 70, — 4NO, + 6H,0 2)
4NH; + 50, — 4NO + 6H,0 3)

Fig. 3(c) and (d) show the TG-DSC-MS data of the reaction
(b=7). Only endothermic peaks are observed during the proce-
dure, confirming the presence of pyrolytic reaction. At the initial
stage (below 150°C), the presence of a small endothermic peak,
accompanied with ~17% weight loss, is attributed to vaporization
of chemically absorbed water and decomposition of NH4NOs,
resulting in the formation of H,O and NHs gases (as shown in
Fig. 3(d)). In the second stage, the sharp weight loss with two huge
endothermic peaks occurring around 230°C and 285°C were
caused by the pyrolytic reaction of the gel. The gases released
during the fast process contained NHs, H,O, NO, NO, and CO,,
which also can be confirmed by Fig. 3(d). For comparison, the
reactions (VU1 and VU2) have been prepared. As shown in the TG-
DSC data (Fig.S1), the synthesis process of VU1 actually is an
exothermic reaction. Although the synthesis process of VU2 is also
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Fig. 2. (a), (b)and (c) SEM images of three products (¢ =0.5,4 and 7), (d) HRTEM image (SAED patterns in inset) and (e) HRTEM image of orthorhombic V,0s5 sheets (¢ =7); (f)

SEM image of bulk V,05 synthesised by calcination of NH4VOs.

a pyrolytic reaction, the reaction leads to the formation of
(NH4)2Ve016, NH4NO3 and V,0s irregular blocks (Fig. S2 and S3).
Fig.S4 shows the FTIR spectra of all the raw materials and
gelatinous mass. In the gelatinous mass(¢ =7), some characteristic
peaks of raw materials have disappeared and new peaks occur
compared with other samples. The above phenomena indicate that
the three raw materials coordinate with each other and form new
complex gelatinous mass during the second stage(¢ =7). Although

the exact mechanism of synthesizing single crystal V,05 sheets
needs further investigations, the coordination effects of the three
raw materials should be an important part[30-32]. The overall
evolutionary illustrations of the V505 sheets are shown in Fig. 4.
The related reactions are presented as follows.

14NH4NO; + 2NH,4VO; + CO(NH,),
— 16NO, + CO, + V,05 + 16NH; + 10H,0 (4)
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Fig. 3. Results of TG—DSC and MS analysis for the synthesis process of bulk V,0s ((a) and (b)) and V,0s sheets ((c) and (d)).

10NH4NO; + 2NH4VO3 + 3CO(NH3),

— 16NO + 3CO; + V505 + 12NH; + 12H,0 (5)

The as-prepared 2D V,0s5 sheets were utilized as cathode
materials for LIBs. Fig. 5a shows the typical cyclic voltammograms
(CVs) of the V,05 sheets in the voltage window of 2-4V vs. Li/Li* at
a scan rate of 0.2 mV s~ . The following equation indicates typical

41

solution

gel

intercalation mechanism in V,05 matrix.

V,05 + XLi" 4+ xe~ —LixV,0s (6)

As a result, the two cathodic peaks at 3.3V and 3.1V (vs. Li/Li+)
correspond to phase changes from «-V,0s5 to &-Li,V,0s with
subsequent change into 8-Li,V,05 [20,27]. The third cathodic peak
at 2.2V is attributed to the intercalation of the other Li" ions,
leading to the formation of y-Li;V,05 [20,27]. Three anodic peaks
observed at 2.5, 3.4 and 3.5V are ascribed to the Li* ion de-

pyrolysis

—

V,0; sheets

Fig. 4. lllustrations of the preparing V,0s sheets.
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Fig. 5. Electrochemical characterizations of V,05 sheets: (a) Typical CV curve at a scanning rate of 0.2 mV s~ '; (b) Galvanostatic charge/discharge curves at 0.1C (29.4mA g™ ');
(c) Cycling performance and coulombic efficiency at the current density of 0.1C(29.4mAg~!); (d) Rate performance.

intercalation process and the corresponding reverse phase trans-
formations from <v-Li,V,0s to 8-Li,V20s, €-LiyV,0s, and a-V,0s,
respectively [20,27]. The above results demonstrate good revers-
ibility of the crystal structures. Fig. 5b shows the charge-discharge
curves of the 1st, 2nd and 3rd cycles at a current density of
29.4mAg~' (0.1C), which exhibit the specific discharge capacities
of310mAhg~!,308 mAhg~!and 307 mA hg!, respectively. Three
plateaus are well observed at 3.3, 3.1 and 2.2V on the discharge
curves, indicating the multi-step Li* ion intercalation processes
[33]. Three corresponding plateaus related to the Li* ion de-
intercalation were observed on the charge curves. The plateaus in
the discharge and charge curves were all observed upon cycling,
demonstrating the good structural reversibility. Fig. 5¢ presents
the cycling performance and coulombic efficiency of the V5,05
sheets electrode from the 1st to the 50th cycles at a current density
of 29.4mAg~! (0.1C). The sample delivers high initial discharge
capacity of 310mAh g, which is higher than the initial discharge
capacity of 248 mAhg~! that can be achieved for the bulk V.05
synthesized by NH4VO5 calcination in air at 300°C. It is mainly
suggested that the single crystal sheet facilitates the transport of Li
ions, resulting in much shorter diffusion distance for Li ions and
electron transport [17]. After 50 cycles, the sheets still retained a
reversible capacity of about 234mAh g™, corresponding to 75% of
the initial capacity. For the voltage windows of 2-4V, the
coulombic efficiency remained close to 100% during the cycling
tests, suggesting good reversibility for the lithiation/delithiation
process. Fig. 5d shows the rate capability of the V,05 sheets
electrode at various current densities. The specific discharge
capacities were 309mAhg~!, 252mAhg!, 210mAhg~!, 172mA

hg~!, and 113 mAhg! at current densities of 0.1C, 0.2C, 0.5C, 1C,
and 2C, respectively. The electrode delivered stable capacities at
current densities of 1C and 2C. Furthermore, when the current
density decreased from 2C to 0.2C, the capacity was maintained
around 230mAhg~'. Compared with electrochemical perfor-
mance of other V,05 powders reported in literature [28,34-36],
the as-prepared V,0s5 sheets has better initial discharge capacity,
along with improved cyclic retention properties. The well
electrochemical performance of the V,0s5 sheets demonstrates
the beneficial effects of the unique sheet structure. The sheet
structure not only increases the contact area between the active
material and electrolyte, but also greatly facilitates intercalation
and deintercalation of Li* ions due to the short diffusion length.

4. Conclusions

In summary, a high-performance orthorhombic single crystal
V,05 sheets for LIBs was synthesized by a facile one-pot organics-
assisted pyrolysis method. The TG-MS measurements revealed the
intrinsic pyrolytic reaction mechanism of the as-prepared V,0s5
sheets. As a cathode materials for LIBs, the V,05 sheets delivered
high initial discharge capacity of 310mAhg~' and the coulombic
efficiency remains close to 100% during the 50 charge-discharge
cycles. Good electrochemical performance is attributed to the
unique single crystal sheets, which facilitate electrolyte penetra-
tion, Li* ions diffusion and electron transport. Due to the
advantages of simple process, low cost and excellent scalability,
the facile approach described in this paper is promising for
preparing V,0s5 sheets as high-performance LIBs cathodes.
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