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ABSTRACT: With high theoretical capacity, good ionic
conductivity, and suitable working plateaus, Li;VO, has
emerged as an eye-catching intercalation anode material for
lithium storage. However, Li;VO, suffers from poor electrical
conductivity and 20% volume variation under deep discharg-
ing/charging conditions. Herein, we present a “double-carbon
decoration” strategy to tackle both issues. Deflated balloon-
like Li;VO,/C/reduced graphene oxide (LVO/C/rGO)
microspheres with continuous electron transport pathways
and sufficient free space for volume change accommodation
are fabricated through a facile spray-drying method. Under
deep discharging/charging conditions (0.02—3.0 V), LVO/C/
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rGO achieves a high intercalation capacity of S91 mA h g~'. With high capacity and outstanding stability, LVO/C/rGO
outperforms other intercalation anode materials (such as graphite, Li,TisO},, and TiO,). In situ X-ray diffraction measurement
reveals that the lithium storage is realized through both solid-solution reaction and two-phase reaction mechanisms. A LVO/C/
rGO//LiNijgCoy 5Aly 05O, lithium-ion full cell is also assembled. In such full cell, LVO/C/rGO also demonstrates high specific
capacity and excellent cycling stability. The above results manifest that the LVO/C/rGO anode has the potential to be applied

in the next-generation high-performance lithium-ion batteries.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) with higher energy density, better
safety, and lower cost are urgently required because of the fast-
growing market demand of grid-scale energy storage, portable
electronics, and electric vehicles.'™ Nowadays, most of the
commercial LIBs employ intercalation anode materials, such as
graphite and Li, Ti;O,,. However, both graphite and Li,Ti;O,
share the common feature of limited theoretical capacity,
making them difficult to meet the ever-increasing require-
ments. In addition, graphite has a low Li" insertion potential
(~0.1 V vs Li*/Li) close to Li plating, which may cause serious
safety issues. Li,TisO;, has safer Li* insertion potential (1.5 V
vs Li*/Li) and zero volume change, but the theoretical value of
gravimetric capacity for Li,TisO,, is merely 175 mA h g~.%”
Therefore, it is essential to develop alternative anode materials
with higher theoretical capacity and more suitable Li* insertion
potential.

Li;VO, has long been known as an ionic conductor.® In
2013, Li et al. first proposed the application of Li;VO, as an
anode material for LIBs.” When compared to commercial
graphite and Li, Ti;O1,, the Li;VO, possesses more suitable Li*
insertion potential (0.5—-1.0 V) and higher theoretical
capacity.'” Under shallow discharging/charging conditions,
two Li ions can be accommodated by per formula of Li;VO,,
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leading to a limited theoretical capacity of 394 mA h g™".
Under deep discharging/charging conditions, three Li ions can
be accommodated, resulting in an increased theoretical
capacity of 592 mA h g7"."' ™" Such a remarkable intercalation
capacity would lead to significant improvement in energy
density when coupled with appropriate cathode materials."*
However, the high specific capacity realized through deep
discharging is accompanied by a relatively large volume
expansion (~20%)."

Despite the multiple merits (high capacity, good ionic
conductivity,'” and suitable Li* insertion potential), the
commercial application of Li;VO, in LIBs has been restricted
by its poor electronic conductivity (<1071° § m™!)."*"** To
improve the electronic conductivity, significant efforts have
been dedicated to compositing Li;VO, with various carbon
materials, such as amorphous carbon/partially graphitized
19728 graphene/graphene oxide (GO),'®*”~* natural
graphite,” and carbon nanotubes.”**® Coupling with Ni
foam,* introducing oxygen vacancies,”” and M-doping (M =
Ni, Mo, Ca, Cu, and Ti)**~** have also been demonstrated to
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Figure 1. Schematic illustration of the synthesis process of the deflated balloon-like LVO/C/rGO microspheres.

Ml \ l LVO/CrGO

?i M | LVO/rGO

G

&

z MH \ A LVO/C

‘%

=

2 MN pA LVO

=

=

JCPDS No.38-1247
10 20 30 40 50 60 70 80
2 Theta (degree)

C 100

95+

LVO/C/rGO: 8.6%

~ 90
X LVO/rGO: 9.1%
= 85
) LVO/C: 13.8%
§ 80+

751

70

0 100 200 300 400 500 600 700 800
Temperature (C)

—LVO/C/rGO
Viap;

5+
Vip, O, X-ray

Satellite

Photoelectron intensity (a.u.)

528 526 524 522 520 518 516 514
Binding energy (eV)

D G

LVO/C/rGO L

200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift cm™)

Intensity (a.u.)

Figure 2. (a) XRD patterns of LVO, LVO/C, LVO/rGO, and LVO/C/rGO; (b) V 2p XPS spectrum of LVO/C/rGO; (c) TGA curves and (d)

Raman spectra of LVO/C, LVO/rGO, and LVO/C/rGO.

be effective in enhancing the electronic conductivity. In
addition, fabricating delicate nanostructures can also be
employed to reduce the electron/ion transport path and thus
boost the electrochemical performances.””** However, most
previous studies evaluated the lithium storage performances
and mechanisms of Li;VO, under shallow discharging/
charging conditions (0.2—3.0 V), which restricted the energy
density of full cells.

Herein, we present a “double-carbon decoration” strategy to
tackle the electrical conductivity and volume change issues of
Li;VO,. Deflated balloon-like LVO/C/rGO microspheres are
produced by a scalable and continuous spray-drying process.
The major active component, Li;VO,, provides efficient
lithium-ion diffusion channels and high intercalation capacity.
Meanwhile, the double-carbon matrix (rGO and amorphous
carbon) greatly enhances the electrical conductivity and
accommodates the volume variation of Li;VO, nanoparticles.
Therefore, the obtained LVO/C/rGO demonstrated high
specific capacity (591 mA h g™' at 100 mA g™') and
outstanding cyclability (350 mA h g™ after 1000 cycles at
2000 mA g_l) in lithium storage under deep discharging/
charging condition, namely, 0.02—3.0 V. The excellent
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electrochemical performances suggest that the LVO/C/rGO
nanocomposite would be a potential anode material for high-
energy-density LIBs.

2. EXPERIMENTAL SECTION

GO was synthesized through the well-known Hummers method.*
The LVO/C/rGO microspheres were prepared through a scalable
spray-drying method. First, 10 mL of H,0, (30 wt %), 0.91 g of V,Os,
1.275 g of LIOH-H,0, 0.25 g of poly(vinylpyrrolidone) (PVP, K-30),
and 7.5 mL of GO (8.7 mg mL™") were added into 100 mL of H,0
with ultrasonic dispersion and stirring at room temperature until
getting a homogeneous suspension. The obtained suspension was
spray-dried using a BUCHI Mini Spray Dryer B-290. The detailed
parameters about spray-drying process were listed as follows: aspirator
rate: 90%, pump rate: 5%, inlet temperature: 220 °C, and rotameter
setting: 40 mm. Finally, the LVO/C/rGO composite was obtained by
annealing the obtained dry powder at 500 °C for S h in N,. For
comparison, LVO/rGO, LVO/C, and LVO were also synthesized via
similar procedures except that no PVP was used for the fabrication of
LVO/rGO, no GO was used for the fabrication of LVO/C, neither
PVP nor GO was used for the fabrication of LVO.
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Figure 3. (a,b) SEM images of LVO/C/rGO; (c,d) TEM images of LVO/C/rGO; (e) HRTEM image of LVO/C/rGO; (f) HAADF image of an
individual LVO/C/rGO microsphere; and (g—i) EDS mappings of V, O, and C elements in the single LVO/C/rGO microsphere.

3. RESULTS AND DISCUSSION

The LVO/C/rGO microspheres were produced through a
scalable spray-drying process with subsequent annealing
(Figure 1). First, the dispersion containing peroxovanadate,
LiOH, PVP, and GO was quickly sprayed into microdroplets
with a two-fluid nozzle atomizer under airflow. The water in
the microdroplets was then quickly evaporated in the drying
chamber at high temperatures (150—220 °C). The deflated
balloon-like LVO/C/rGO microspheres were obtained after
annealing in N,. In the constructed architecture, the rGO
forms a three-dimensional, continuous, and flexible electronic
conductive network. The PVP-derived amorphous carbon
matrix hosts the crystallized LVO nanoparticles and firmly
anchors the LVO nanoparticles on rGO.

X-ray diffraction (XRD) is applied to analyze the crystalline
phase of the obtained products (Figure 2a). All diffractions of
the samples are assigned to $-Li;VO, (JCPDS no. 38-1247).
No impurity peak is detected, demonstrating the high purity of
the samples. From the XRD pattern, the average crystallite size
of Li;VO, in the LVO/C/rGO composite is calculated to be
26.9 nm using Scherrer equation. X-ray photoelectron
spectroscopy (XPS) is measured to detect the valence states
of V for LVO/C/rGO (Figure 2b). Two dominant peaks are
observed at 517.52 and 525.12 eV, matching with the 2p;,, and
2p, , spin-orbit levels of V°*, respectively. The carbon contents
of the samples are determined by thermogravimetric analysis
(TGA). From the TGA curves, the carbon contents of LVO/
C, LVO/rGO, and LVO/C/rGO composites are determined
to be approximately 13.8, 9.1, and 8.6 wt %, respectively
(Figure 2c). The Raman spectra (Figure 2d) of LVO/C, LVO/
rGO, and LVO/C/rGO show two evident broadened peaks at
1350 cm™ (namely, D-band of carbon) and 1594 cm™!
(namely, G-band of carbon). The graphitization degree of
carbonaceous materials can be generally reflected from the I,/
I ratio. LVO/C, LVO/rGO, and LVO/C/rGO exhibit similar
Ip/Ig ratio, indicating that the difference in graphitization
degree is negligible in these products. The textural properties
of the prepared products are studied by N, sorption. All of the
samples show a nanoporous feature (Figure S1). The
Brunauer—Emmett—Teller (BET) surface area of LVO/C/

rGO is measured to be 37.35 m® g/, and the pore diameter is
mainly distributed at ~40 nm (Figure S1d).

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images recorded the micro-
structure information of the products (Figure 3a—e). The
obtained LVO/C/rGO composite is composed of deflated
balloon-like microspheres with diameters of 1—10 pm (Figure
3a,b). From a typical broken microsphere, a large hollow cavity
can be observed at the center; the thickness of the microsphere
is approximately 0.15 pm. According to previous studies, the
hollow cavity is induced by fast solvent evaporation during
spray drying, whereas the deflated balloon-like morphology is
probably formed through the collapse of the hollow micro-
spheres.’ TEM images of the LVO/C/rGO composite show
that numerous irregular LVO nanoparticles are uniformly
anchored on the folded rGO framework (Figure 3c,d). The
size of Li;VO, nanoparticles is measured to be approximately
30 nm, agreeing well with the XRD result. The high-resolution
TEM (HRTEM) image (Figure 3e) reveals that the LVO
nanoparticles are coated with a thin layer (~10 nm) of
amorphous carbon, which can inhibit the aggregation of LVO
nanoparticles. The lattice fringes of LVO can be evidently
observed, and the interplanar spacings are 0.41, 0.37, and 0.39
nm, assigning to the (110), (101), and (011) planes of the
orthorhombic S-LVO, respectively. The diffraction rings in
selected-area electron diffraction (SAED) pattern of LVO/C/
rGO (Figure S2) indicate the polycrystalline feature of Li;VO,.
The high-angle annular dark field (HAADF) image (Figure 3f)
and energy-dispersive X-ray spectroscopy (EDS) mapping
images (Figure 3g—i) of LVO/C/rGO show that V, O, and C
are homogeneously distributed in the LVO/C/rGO compo-
site. After etching LVO/C/rGO with hydrochloric acid, a
continuous C/rGO skeleton is obtained (Figure S3),
suggesting that the LVO/C/rGO composite possesses a
continuous carbon matrix for electron conduction. From the
above characterizations, we can know that the deflated balloon-
like LVO/C/rGO microspheres possess a continuous carbon
matrix for electron transport and rich free spaces (hollow
cavities and nanopores) for volume change accommodation.
Such a unique structure is expected to be appealing for tackling
the electrical conductivity and volume change issues of Li;VO,.
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Figure 4. Electrochemical performances in the potential window of 0.2—3.0 V vs Li*/Li. (a) CV curves of LVO/C/rGO at a scan rate of 0.1 mV
s7'; (b) galvanostatic discharge/charge profiles of LVO/C/rGO at 100 mA g™'; (c) cycling performances of the samples at a current density of 100
mA ¢ ; and (d) rate performances of LVO, LVO/C, LVO/rGO, and LVO/C/rGO.
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Figure . Electrochemical performances of LVO/C/rGO in the potential window of 0.02—3.0 V vs Li*/Li. (a) CV curves of LVO/C/rGO at a scan
rate of 0.1 mV s7'; (b) galvanostatic discharge/charge profiles of LVO/C/rGO at 100 mA g™'; (c) cycling performances of the samples at 100 mA
g™ (d) long-term cycling performance of LVO/C/rGO at 2000 mA g™'; and (e) rate performances of LVO, LVO/C, LVO/rGO, and LVO/C/

rGO.

The morphologies of LVO, LVO/rGO, and LVO/C are
shown in Figures S4—S6, respectively. LVO is composed of
hollow microspheres with rough nanoparticulate surface
(Figure S4). Besides the hollow spheres, nanosheets can also
be observed in LVO, which may be caused by the breaking
down of hollow microspheres. When GO is employed as the
carbon precursor, LVO/rGO microspheres with rough surface
are obtained (Figure SS). When PVP is employed as the
carbon precursor, LVO/C microspheres with a highly porous
foam-like shell and a large hollow cavity at the center (Figure
S6) can be obtained. Because of the existence of the hollow
cavity, some microspheres collapse, forming a deflated balloon-
like morphology similar to that of LVO/C/rGO.

The lithium storage performances of the products are
evaluated in half cells. A potential window of 0.2—3.0 V (vs
Li*/Li) for shallow discharging/charging is first employed.
Cyclic voltammetry (CV) profiles of LVO/C/rGO are shown
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in Figure 4a. Two main reduction peaks at ~0.69 and 0.52 V
are detected in the cathodic process, which are associated with
the reduction of V** to V** and V*' to V** during Li* insertion.
The peaks shift to 0.83 and 0.50 V in the subsequent cycles.
Two evident oxidation peaks at ~0.86 and 1.36 V are observed
in the anodic processes, corresponding to the oxidation of V**
to V** and V* to V°* during Li" extraction.

Representative galvanostatic discharge/charge profiles of
LVO/C/rGO are shown in Figure 4b. The initial discharge
and charge capacities are 578.6 and 402.6 mA h g™', and the
calculated initial Coulombic efficiency (ICE) is 69.6%. The
initial irreversible capacity loss is caused by the formation of
solid electrolyte interphase film.'”*” Although the ICE of
LVO/C/rGO is relatively low compared to that of graphite
and Li,Ti;O,,, it can be improved by performing prelithia-
tion.*® LVO/C/rGO manifests a quite stable capacity of ~400
mA h g7 at 100 mA g~' (Figure 4c), corresponding to the

DOI: 10.1021/acsami.8b08483
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Figure 6. (a) In situ XRD patterns and the corresponding discharge/charge curves of LVO/C/rGO during the first three cycles in the potential
window of 0.02—3.0 V at a current density of 200 mA g~' and (b) in situ XRD patterns of LVO/C/rGO in the selected potential window of 0.2—

0.02 V during the initial discharge process.

reversible intercalation/de-intercalation of 2 Li* per formula of
Liz,,VO,. A stable capacity of 378 mA h g™' can be obtained
after 100 cycles, which is superior to that of LVO (103 mA h
g™'), LVO/C (248 mA h g!), and LVO/rGO (345 mA h
g'). The rate performances of the samples are also
investigated (Figure 4d). The LVO/C/rGO composite
demonstrated the highest discharge capacities at various
testing current densities. LVO/C/rGO delivers discharge
capacities of 413, 401, 383, 359, and 313 mA h g_1 at current
densities of 100, 200, 500, 1000, and 2000 mA g_l,
respectively. When the testing current density is returned to
100 mA g, a reversible capacity of 389 mA h g™’ can be
resumed.

Given the nanoporous feature of LVO/C/rGO is advanta-
geous for volume change accommodation, the lithium storage
performances during deep discharging/charging (0.02—3.0 V
vs Li*/Li) are also investigated. Even under such conditions,
LVO/C/rGO shows high lithium intercalation/de-intercala-
tion reversibility, as can be demonstrated from the overlap of
the second and third CV profiles (Figure Sa). Galvanostatic
discharge/charge profiles of LVO/C/rGO at 100 mA g~ are
exhibited in Figure Sb. Extending the potential window from
0.2—3.0 to 0.02—3.0 V enhances the specific capacity of the
sample obviously (Figure S7). With an extended potential
window, the initial discharge and charge capacities of LVO/C/
rGO in the potential window of 0.02—3.0 V reach 830 and 591
mA h g7, respectively (Figure Sc). Such a high charge capacity
corresponds to the extraction of 3 Li* from per formula of
Li;,, VO,. Interestingly, extending the potential window does
not sacrifice the cycling performance. After 100 deep
discharge/charge cycles at 100 mA g™', a capacity of 560
mA h g7' is retained. Remarkably, the deflated balloon-like
morphology remains stable after 100 deep discharge/charge
cycles (Figure S8), demonstrating the excellent structural
stability of LVO/C/rGO. Compared to LVO/C/rGO, LVO,
LVO/C, and LVO/rGO display lower specific capacity. The
long-term cyclic property of LVO/C/rGO is evaluated at 2000
mA g~ (Figure 5d). LVO/C/rGO maintains a stable capacity
of 350 mA h g ! after 1000 cycles, with an outstanding
capacity retention of 92.1% (against the sixth cycle). The rate
performances of the samples are evaluated by setting the
current densities in 100—2000 mA g~ (Figures Se and S9).
LVO/C/rGO delivers discharge capacities of 572, 507, 465,
418, and 372 mA h g™! at current densities of 100, 200, 500,
1000, and 2000 mA g~ ', respectively. The discharge capacity
can be recovered to 554 mA h g~' when the testing current
density resets to 100 mA g '. Notably, with the gradual
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increase of current density from 100 to 2000 mA g~', no
distinct change in discharge/charge profiles can be observed
(Figure S9). From the above half-cell measurements, it can be
concluded that the “double-carbon”-decorated LVO (LVO/C/
rGO) demonstrates better lithium storage performances than
bare LVO and “single-carbon”-decorated LVO (LVO/C and
LVO/rGO).

To understand the superior electrochemical performances of
LVO/C/rGO under deep discharging/charging conditions
(0.02—3.0 V), in situ XRD characterization is performed
(Figure 6). In general, the main diffraction peaks experience a
series of highly reversible changes during cycling, including
appearance/disappearance of diffractions, intensity changes,
and/or peak shifts. Several obvious changes can be observed
during discharging: (I) The (110) diffraction (at ~21.5°)
decreases in intensity. (II) The (200) diffraction (at ~32.8°)
shifts toward low angles, weakens gradually, and disappears
finally. The peak shift suggests a solid-solution reaction
mechanism. (III) A new diffraction peak appears at ~37.0°
at the late stages of discharge, suggesting a two-phase reaction
mechanism. Such changes can be fully reversed during
charging. The above results clearly indicate that the lithium
storage in Li;VO, is realized through the combination of both
solid-solution reaction and two-phase reaction mechanisms.
After zooming in at the potential window of 0.02—0.2 V, no
distinct change in peak intensity and location can be observed
(Figure 6b), suggesting that the intercalation of the third Li*
does not induce significant change in the crystal structure of
Li;,,VO,. Considering the in situ XRD results, it is not
surprising that LVO/C/rGO manifests outstanding cyclability
under both shallow and deep discharging/charging conditions.

Electrochemical impedance spectroscopy (EIS) measure-
ments are used to analyze the charge-transfer process of the
samples (Figure S10). Each Nyquist plot is composed of a
compressed semicircle and a sloping line. Generally, the
depressed semicircle in the high-frequency range describes the
charge-transfer resistance (R) in the interface of electrolyte/
electrode. According to the equivalent circuit (Figure S$10), the
R, value of the LVO/C/rGO electrode is 92.5 €, which is
smaller than that of LVO/rGO (99.5 Q), LVO/C (104.5 Q),
and LVO (111.0 Q), indicating that LVO/C/rGO possesses
the highest electrical conductivity among the four samples.

To further verify the potential application of LVO/C/rGO,
lithium-ion full cells are assembled using commercial
LiNiy 3Coq 15415050, as the cathode and LVO/C/rGO as the
anode. The full cell is operated at 100 mA g~' with a voltage
range of 1.5—4.0 V, and the capacity is calculated on the basis
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Figure 7. (a) Charge/discharge profiles and (b) cycling performance and the corresponding Coulombic efficiency of the LVO/C/rGO//

LiNig §C0y15Aly,050, full cell at 100 mA g™".

of the loading mass of the LVO/C/rGO electrode. The LVO/
C/rGO//LiNiy4Coq5AlyosO, full cell shows an operating
voltage of ~2.8 V (Figure 7a). An impressive capacity of ~500
mA h g7' is obtained initially and then maintaining 346 mA h
g~! after 100 cycles at 100 mA g~* (Figure 7b).

4. CONCLUSIONS

In summary, deflated balloon-like LVO/C/rGO microspheres
with continuous electron transport pathways and sufficient free
space for volume change accommodation were prepared
through a scalable spray-drying method. The resultant LVO/
C/rGO composite demonstrated a high intercalation capacity
of 591 mA h ¢! with outstanding cycling stability. A capacity
of 560 mA h g™ can be obtained after 100 cycles at 100 mA
g~', and a stable capacity of 350 mA h g~' can be achieved
after 1000 cycles at 2000 mA g~ under deep discharging/
charging conditions (0.02—3.0 V). The in situ XRD patterns
show that lithium is stored through both solid-solution
reaction and two-phase reaction mechanisms. The high
intercalation capacity and outstanding cyclability make LVO/
C/rGO microspheres an appealing anode material for next-
generation LIBs.
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