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a b s t r a c t

It has remained a challenge to develop a facile and scalable approach to synthesize high-energy
lithium-ion battery (LIB) electrode materials with excellent rate capabilities and prominent cycling
stabilities for their applications in new generation energy storage devices. In this study, for the first
time, we report a crumpled reduced graphene oxide (cG) encapsulated three-dimensional (3D) hollow
vanadium pentoxide (V2O5) nano/microspheres fabricated by one-step solvothermal treatment fol-
lowed by subsequent annealing. This rapid and effective synthesis method is environmental friendly
and economically beneficial without involving costly organic vanadium sources, tedious operation, or
sophisticated equipment. Remarkably, the desired cG-encapsulated V2O5 composite contains 5 wt%
reduced graphene oxide (rGO), yet exhibits outstanding rate capacities and cycling stabilities. This
product can deliver reversible capacities of 289 mA h g�1 at 100 mA g�1 and 163 mA h g�1 at
5000 mA g�1 (492 W h kg�1 and 9840 W kg�1), as well as a capacity retention of about 94% after 200
cycles at 2000 mA g�1 in the potential range between 2.0 V and 4.0 V (vs. Li/Liþ). Furthermore, the
unique structural feature and typical formation mechanism of the designed materials are clarified
based on multiple experimental results. More commendably, a chain of solid powders had been suc-
cessfully encapsulated using this scalable reaction system. It is expected that this versatile approach
will facilitate the applications of cG, and provide a novel avenue to create more fascinating rGO-based
functional materials.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium ion batteries (LIBs) have been regarded as one of the
most promising candidates for applications in the coming era of
electric and hybrid vehicles with the potential to lower fossil fuels
consumption and reduce greenhouse gas emissions [1–4]. None-
theless, to meet the constantly increasing demands of new gen-
eration energy storage devices such as portable electronic devices,
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electric vehicle propulsion, and grid-scale energy storage, high
energy density rechargeable battery electrode materials with ex-
cellent rate capabilities and prominent cycling stabilities have at-
tracted considerable research interests worldwide [5,6].

Being a well-known transition-metal oxide with multiple va-
lence states, vanadium pentoxide (V2O5) has been extensively
studied as one of the most promising LIB cathode materials due to
its unique advantages such as its rich abundance, ease of synthesis,
being relatively safer, and high specific capacity [7–11]. V2O5

consists of a layer structure stacked along the c-axis of the or-
thorhombic structure, as shown in the Supplementary Fig. S1a.
Each layer is in turn made up of VO5 square pyramids sharing
edges and corners, and the layers are bonded together only by the
interaction of weak van der Waals forces. Therefore, this structure
easily undergoes multiple phase transitions, such as α, ε, δ, γ, and
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ω phases, relying on the depth of Li intercalation (x) [12]. The α-
phase LixV2O5 (xo0.01) and ε-phase LixV2O5 (0.35oxo0.7) have
similar structure with the un-intercalated V2O5, but result in weak
wrinkling of V2O5 layers [13]. With further Li intercalation, the δ-
phase LixV2O5 (0.7oxo1) has more corrugated V2O5 layers.
Meanwhile, the c parameter is doubled due to the shift of the V2O5

layers (see Supplementary Fig. S1b). When lithiated further, the
irreversible structural variation to γ-phase LixV2O5 (1oxo2) ap-
pears. Fig. S1 clearly reveals the difference in crystal structures of
δ-and γ-V2O5 phases. The layer wrinkling of γ-V2O5 becomes more
evident than that in δ-phase [13]. A further deep discharge to x42
results in the irreversible formation of ω-LixV2O5 with a rock salt
type structure, where the Liþ migration will be very tardy [12]. As
a result, the theoretical capacity and structural stability of V2O5

highly depends on the depth of the Li intercalation, viz., the po-
tential window of charge/discharge measurement. Normally, when
V2O5 is employed as a cathode material in the potential range of
2.0–4.0 V (vs. Li/Liþ), its theoretical capacity reaches about
294 mA h g�1 corresponding to the two Li intercalation/deinter-
calation mechanisms, much higher than those of conventional
LiMn2O4 (148 mA h g�1) [14], LiCoO2 (140 mA h g�1) [15], or
LiFePO4 (170 mA h g�1) [16]. Nevertheless, the high specific ca-
pacity/energy has not been realized in practical LIB applications
because of four drawbacks, as follows: (1) poor electrical con-
duction, (2) irreversible phase transitions upon deep discharge,
(3) vanadium dissolution, and (4) fast increased charge transfer
resistance upon cycling [12,17–21].

To mitigate the aforementioned intrinsic problems, decreasing
their particle size to the nanoscale level is generally believed to be
one of the most effective approaches due to the shorter transport
lengths for both electrons and Li ions, larger electrode/electrolyte
contact area, and higher electrochemical reaction activity and re-
versibility of the nanostructures for Li intercalation/deintercala-
tion [22–25]. Along this direction, the nanostructured V2O5 with
diverse morphologies including nanorods [20,21], nanofibers [22],
nanobelts [23], nanosheets [24], and porous micro-spheres [11,25]
has already been investigated to realize Li battery application.
Furthermore, it is noteworthy that the introduction of electrically
conductive materials, such as CNTs [26], conductive polymers [27],
and reduced graphene oxide (rGO) [17,28,29], into these nanos-
tructured V2O5 materials can further improve the battery proper-
ties. Among numerous conductive matrixes, rGO is preferable to
replace other matrixes owing to its extraordinary properties in-
cluding high electrical conductivity, unusual mechanical strength,
and large specific surface area [30,31]. As a consequence, a number
of rGO/V2O5 nanocomposites have been designed to idealize the
electrochemical performance of the active materials, and have
yielded a variety of notable results [17,28,29,32–36]. For example,
Liu et al. have recently constructed V2O5 nanoribbons incorporated
rGO sheets hybrid cathode materials that combined the effects of
improving electronic conduction, Li-ion diffusion, and structural
reversibility [29]. Despite the achieved high charge/discharge
rates, these previous studies utilized costly organic vanadium
source [32–34], tedious operation [28,29,35], or sophisticated
equipment [17,36], in the synthesis process, which may be difficult
to achieve large-scale applications. More importantly, the resulting
V2O5 was only in a rough manner to combine with rGO, such as
anchoring onto the rGO surface [17,29,32–34], sandwiching be-
tween rGO [28], and uneven hybrid or mixture with rGO [35].
There is still considerable room for improving the structure and
properties of these composites for LIBs. Coincidentally, Zhao's
group recently reported a cG-encapsulated 3D Ni3S2/Ni electrode
with self-adaptive strain-relaxation via a multi-step process. The
nanocomposites exhibited extraordinary electrochemical perfor-
mance originating from the conformal wrapping of active mate-
rials by elastic rGO [37]. However, due to the lack of the
appropriate synthetic methods, the cG-encapsulated electroactive
materials were seldom previously reported to the best of our
knowledge [37–39]. Therefore, there is still a great desire as well as
challenge to develop an easy, effective, and extensible approach
for the design and synthesis of this kind of material, allowing the
facilitation of the applications of cG.

Herein, we present a facile and rapid approach to realize cG-
encapsulated 3D porous V2O5 nano/microsphere for the first time.
This high-efficiency synthetic method involves a one-step sol-
vothermal synthesis subsequently followed by low-temperature
annealing. The whole process is environmentally friendly and
economically beneficial. Noticeably, when the obtained materials
serve as a cathode material for LIBs, the resulting electrodes ex-
hibit superior cycling stability and rate capacities, due to the si-
multaneous improvement of the above-mentioned four major
drawbacks. Even more remarkable, a series of solid powder ma-
terials had been successfully encapsulated using this scalable re-
action system, further highlighting the practicality of this versatile
method. It is expected that such finding will open up the possi-
bility of producing more novel rGO-based functional materials.
2. Experimental section

2.1. Materials preparation

Graphite oxide (GO) was fabricated by the modified Hummers
method, as previously reported by our group [40]. The obtained
GO was ground into fine powder. This purified powder was dis-
persed in ethylene glycol by ultrasonic cell disruption for 20 min
to form a 2.0 mg mL�1 brown solution. Secondly, the commercial
V2O5 (0.3 g) and H2C2O4 �2H2O in a molar ratio of 1:3 was dis-
solved in 30 mL of deionized H2O under vigorous stirring at 70 °C
for 1 h until a clear dark blue VOC2O4 solution (0.11 M) was formed
[41]. Then 3 mL of the prepared VOC2O4 solution and 5 mL of the
prepared GO dispersion were added into a 50 mL Teflon container
pre-filled with 30 mL of butanol [11]. After stirring for 30 min, the
container was sealed in a steel autoclave and kept in an electrical
oven at 200 °C for 8 h. After cooling down naturally, the pre-
cipitate was collected by vacuum filtration and washed with pure
ethanol several times. Finally, the cG-encapsulated V2O5 was ob-
tained by sintering the dried precipitate in air at 350 °C for 2 h
with a heating rate of 5 °C min�1. For comparison, the changed
amounts (0 mL, 2 mL) of the prepared GO dispersion were used in
the above-mentioned experimental system without adjusting
other conditions to study their effect on the morphology, struc-
ture, and performance of the final V2O5.

2.2. Materials characterization

Field-emission scanning electron microscopy (FE-SEM) coupled
with energy dispersive spectroscopy (EDS) images were taken using
a Hitachi SU8010 field-emission scanning electron microscope. The
microstructure and micro-area chemical composition of the samples
were verified using a transmission electron microscopy (TEM, JEOL
JEM-3000F) with an accelerating voltage of 200 kV. X-ray powder
diffraction (XRD) was performed on a Bruker AXS D8 advance X-ray
diffractometer at the 2θ range of 10–70° using Cu Kα radiation
(λ¼1.5405 Å). Traces software in combination with the Joint Com-
mittee on Powder Diffraction Standards (JCPDS) powder diffraction
files was employed to identify the material phases. The amount of
graphene in the final product was estimated using a thermogravi-
metric analysis (TGA, Pyris Diamond6000 TG/DTA, PerkinElmer)
from 25–500 °C at 5 °C min�1 under air atmosphere. Fourier trans-
form infrared (FTIR) spectra were collected on a IRAffinity-1 FTIR
spectrometer (SHIMADZU) by using pressed KBr pellets. Raman
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analysis was conducted on a confocal Micro Raman Spectrometer
with LabRAM HR800 system (HORIBA) in the range of
200–1800 cm�1. X-ray photoelectron spectroscopy (XPS, VG ESCA-
LAB MK II) was carried out with Al Kα radiation as the X-ray source
for excitation to determine the elemental information of the obtained
materials.

2.3. Battery assembly and performance measurements

The working electrode slurry was fabricated by dispersing 70%
active materials, 20% acetylene black, and 10% polyvinylidene
fluoride binder in N-methyl pyrrolidinone solvent. The resultant
slurry was spread uniformly on an aluminum foil, and dried
overnight in a vacuum at 80 °C. The 2032 typed coin cells were
assembled in an Ar-filled dry glovebox using lithium foil as ne-
gative electrode, porous polypropylene as the separator, and 1 M
LiPF6 in ethylene carbonate, dimethyl carbonate, and ethylene
methyl carbonate (1:1:1 by volume) as the electrolyte. Galvano-
static charge/discharge tests with various current densities were
performed using a Land battery testing system (LANHE CT2001A)
in the voltage range of 2.0–4.0 V (vs. Li/Liþ). Cyclic voltammo-
grams (CV) was collected using a VersaSTAT 4 electrochemical
workstation at a scan rate of 0.1 mV s�1. An AC amplitude of 5 mV
was employed to measure electrochemical impedance spectro-
scopy (EIS) within the frequency range from 0.01 Hz to 100 kHz.
Fig. 1. Low- and high-magnification FESEM images of the obtained precursors: (a andb)
structures of VO2-P, VO2-G, and VO2-cG, respectively.
3. Results and discussion

3.1. Morphology and structure characterization

All the powder samples were prepared by designing a sol-
vothermal-precursor method with a subsequent heat treatment.
Specifically, using VOC2O4 and GO-ethylene glycol suspension as
the raw materials, and butanol as the reaction solvent, VO2 pre-
cursor was generated by hydrolyzing VOC2O4 [11,41]. Meanwhile,
the graphene oxide was effectively reduced in this process. The
obtained VO2 materials with the addition of 0 mL, 2 mL, and 5 mL
of the prepared GO-ethylene glycol dispersion were denoted as
VO2-P, VO2-G, and VO2-cG, respectively. Subsequent annealing of
VO2 intermediate phase in air led to the formation of V2O5 and the
mild oxidation of rGO. The final sintering products with the ad-
dition of 0 mL, 2 mL, and 5 mL of the prepared GO-ethylene glycol
dispersion were denoted as V2O5-P, V2O5-G, and V2O5-cG, re-
spectively. Fig. 1 shows the low- and high-magnification FESEM
images of the obtained precursors for VO2-P, VO2-G, and VO2-cG,
respectively. One can clearly observe in Fig. 1 that all of the VO2

precursors presented regular spherical structure. Importantly, the
particle sizes and micro-surface morphologies of the resultant VO2

nano-microspheres were obviously influenced by the dosage of
GO-ethylene glycol dispersion. To be specific, as shown in Fig. 1a,
the VO2-P possessed a relatively wide size distribution and rough
VO2-P, (d and e) VO2-G, and (g and h) VO2-cG. (c), (f), and (i) present the simulative
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surface, and the monodispersed nano-microspheres had an aver-
age diameter of �1 mm. The close observation in Fig. 1b revealed
that the short and uniform nanoplates with random orientation
were formed on the surface of the VO2-P leading to the obvious
roughness. This is a typical coarsening phenomenon caused by
Ostwald-ripening (discussed later). With the introduction of GO-
ethylene glycol dispersion, the surface of VO2-G became relatively
smooth, and the size of microspheres decreased down to about
0.6-0.8 um (Fig. 1d). Interestingly, the VO2-G secondary micro-
spheres were constituted by primary nanoparticles rather than
nanoplates, and markedly, the resulting microspheres were evenly
wrapped by transparent gauze-like rGO (Fig. 1e), which sig-
nificantly differs from the morphology and structure of the VO2-P.
When the amount of GO-ethylene glycol further increased, a
smoother surface of VO2-G can be created, and the size of VO2-G
drops to �0.4 mm (Fig. 1g and h). More importantly, the VO2 mi-
crospheres were uniformly encapsulated by highly crumpled rGO,
which is quite consistent with the structural feature reported by
Zhao et al. [37]. Note that to realize cG in previous studies is often
synthesized by spray-pyrolysis [36], capillary compression [42],
and pre-stain relaxation [43], therefore, it is commendable that
the facile and rapid wet chemistry synthesis method in this work
can easily achieve the above-discussed results, which is superior to
the multi-step wet chemistry approach. Additionally, the struc-
tural evolution with the function of the dosage of GO-ethylene
glycol dispersion was presented in Fig. 1c, f, and i, respectively, to
deepen the understanding of their morphologies and structures
characterization.

Fig. 2 shows the typical FESEM and EDS mappings of the final
sintered powder materials. As shown in Fig. 2a–c, the morpholo-
gies and structures of V2O5 were virtually identical with those of
VO2 precursors. No obvious changes can be detected after heat
treating, indicating that rGO and cG on the surface of V2O5 have
high mechanical strength. As expected, the gauze-like rGO uni-
formly wrapped V2O5 can be easily found in Fig. 2b. More im-
portantly, highly crumpled reduced graphene oxide encapsulated
V2O5 constituted a three-dimensional continuous porous network
frame structure (Fig. 2c), which may be conducive to improve the
mass transfer and promote the structural stability of the desired
Fig. 2. FESEM images of the sintered products: (a) V2O5-P, (b) V2O5-G, and (c) V2O5-cG.
(a–c): the digital photographs of the corresponding products.
electrode material. One can expect that the structure is beneficial
of enhancing the power density and/or energy density of the
electroactive material [37]. The rGO and V2O5 composite structure
can be further confirmed in the EDS mappings of all three of the
sintered samples in Fig. 2d–f. It can be clearly observed that each
of the elemental mappings of V and O manifest the morphologies
of their respective bulk materials. No obvious response signal of
carbon can be detected in V2O5-P (Fig. 2d), while both V2O5-G and
V2O5-cG displayed the highlighted elemental mappings of C, sug-
gesting the sophisticated combination of the synthesized rGO and
V2O5. Furthermore, as shown in the inset of Fig. 2a–c, the digital
photographs of the sintering materials indicated the increasing
content of rGO and its relative content due to the color of the as-
fabricated material darkening.

To further clarify the structures of the final products, high-re-
solution TEM was performed on all three of the sintered samples
and the results are manifested in Fig. 3. To identify the shell
thickness of the obtained microspheres, it is important here to
mention that the shell is largely depending on the Ostwald-ri-
pening time in the nanocomposites. More importantly, the Ost-
wald-ripening is a rapid and thorough process under high tem-
perature pressure (discussed later). Namely, the shell thickness is
uniform in comparison to the size distribution of microsphere. As
seen in Fig. 3a, V2O5-P exhibited a hollow structure including
partial yolk-shelled structure, and remarkably, the shell of micro-
spheres was highly uniform with a thickness of about 180 nm
(Fig. 3b). In contrast, almost all of the V2O5-G microspheres were
the single hollow structure, with similar shell thickness of about
100 nm (Fig. 3d and e). Meanwhile, the visible rGO can be easily
found on the surface of V2O5-G microspheres. More importantly,
the relatively thin shell of V2O5-G could be the tangible evidence
that the gauzy rGO uniformly wrapped on the surface of V2O5-G
since the rGO as a diffusion barrier for growth substance effec-
tively restrained the coarsening of solvothermal precursor induced
by Ostwald-ripening. As for V2O5-cG, one can discover that the
V2O5 microspheres were extreme evenly encapsulated by highly
crumpled reduced graphene oxide (Fig. 3g), and the mutual
crosslinking rGO constituted the continuous and porous network
texture (Fig. 3h), which is consistent with the SEM results.
(d–f) show the EDS mappings of V2O5-P, V2O5-G, and V2O5-cG, respectively. Inset of



Fig. 3. TEM and high resolution TEM images of the sintered products: (a–c) V2O5-P, (d–f) V2O5-G, and (g–i) V2O5-cG. Inset of (c), (f), and (i): the corresponding fast Fourier-
transfer transformation patterns.
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Although it was hard to verify the actual structure of the V2O5 in
V2O5-cG owing to the presence of cG, the hollow porous texture of
V2O5 can be powerfully confirmed by the Supplementary Fig. S2
that shows the TEM images of V2O5-cG after oxidizing the rGO by
sintering in air at 500 °C for 6 h. Furthermore, as indicated by
high-resolution TEM images shown in Fig. 3c, f, and i, the clear
lattice spacing of 0.59, 0.44 and 0.42 nm were observed by V2O5-P,
V2O5-G, and V2O5-cG, respectively, which were in good agreement
with the d-spacing of (200), (001) and (101) facets of the orthor-
hombic phase V2O5 (JCPDS Card no. 41-1426), implying the ex-
cellent crystallinity of the obtained sintering samples. Meanwhile,
this conclusion can be also proved by the corresponding fast
Fourier transformation (FFT) patterns shown in the inset of Fig. 3c,
f, and i. The crystalline phase of all three of the final materials was
further characterized by XRD. As can be seen from Fig. 4a, all the
discernible diffraction peaks can be indexed to the orthorhombic
V2O5 (lattice parameters a¼11.516 Å, b¼3.566 Å, c¼4.373 Å,
Pmmn space group, JCPDS 41-1426), and no obvious impurity
peaks can be observed, indicating the obtained V2O5 phase with
high purity and the complete conversion from VO2 to V2O5 during
heat-treatment. Interestingly, the diffraction peak of rGO cannot
be detected in Fig. 4a, while FTIR and Raman spectra indeed prove
the existence of composite rGO and V2O5. The FTIR spectra
(Fig. 4b) displayed that the characteristic peaks of vanadium oxide
for V2O5-P, V2O5-G, and V2O5-cG appeared at 1020, 839, 638 and
517 cm�1 were corresponding to the stretching vibration of
terminal oxygen bonds, the vibration of doubly coordinated oxy-
gen bonds and the asymmetric and symmetric stretching vibra-
tions of triply coordinated oxygen bonds, respectively, which were
characteristic modes for V2O5 [44,45]. Importantly, the additional
bonds located at 1589, 2329, 2359 and 3728 cm�1 can be clearly
observed for both V2O5-G and V2O5-cG, which belonged to the
skeletal vibration for rGO, suggesting the complete composite of
rGO and V2O5. This result can also be confirmed from Fig. 4c that
shows the Raman spectra of V2O5-P, V2O5-G, and V2O5-cG. Speci-
fically, the discernible peaks centered at 282.4, 304.2, 406.2, 477.9,
527.8, 699.3 and 994.6 were unique bands for V2O5, which is quite
consistent with previously reported results [36,45]. On the other
hand, there were two broad peaks at 1359 and 1604 cm�1 in both
V2O5-G and V2O5-cG, corresponding to the D and G bands of rGO
[45]. For quantifying the amount of carbon/rGO in the obtained
materials, thermogravimetric analysis was carried out in air. The
carbon content in the V2O5-P, V2O5-G, and V2O5-cG was evaluated
to be about 0.06, 1.31, and 5.01 wt%, respectively (Fig. 4d) [36]. It is



Fig. 4. XRD patterns (a), FTIR spectra (b), Raman spectra (c), and TGA curves (d) of V2O5-P, V2O5-G, and V2O5-cG. XPS of (e) V 2p and (f) O 1s spectra of V2O5-G and V2O5-cG.
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worth mentioning here that the existence of rGO could improve
the interfacial and structural stability of the final composite due to
the detachable V 2p1/2, V 2p3/2, and O 1 s core peaks suggesting the
partial carbothermal reduction of V5þ into V4þ (Fig. 4e and f) [45].
However, the difference between interaction of rGO and V2O5 in
V2O5-G and V2O5-cG may not exist not only because of the almost
overlapping V 2p and O 1 s spectra of V2O5-G and V2O5-cG (see
Supplementary Fig. S3), but also because of the almost identical
relative molar ratio of V5þ to V4þ (8.29:1 for V2O5-G and 8.69:1
for V2O5-cG based on the peak areas).
3.2. Lithium storage performance of the prepared electrodes

To highlight the advantages of the proposed structure, the
electrochemical performance of V2O5-cG as LIB cathode was sys-
tematically evaluated to verify the significant effects of cG, in
comparison to the V2O5-P and V2O5-G electrodes. Fig. 5a–c shows
the charge/discharge curves of V2O5-P, V2O5-G, and V2O5-cG at
various charge/discharge current densities in the voltage window
of 2.0–4.0 V (vs. Li/Liþ). Clearly, the discharge/charge curves of all
three of the electrodes showed visible three plateaus at initial low
current density, corresponding to a series of phase transformation
during lithium ion intercalation/reintercalation into the V2O5

crystal. These results were in accordance with the redox peaks



Fig. 5. Charge/discharge curves of (a) V2O5-P, (b) V2O5-G, and (c) V2O5-cG electrodes at various current densities. The black lines correspond to the first discharge curves of
the test electrodes at 0.1 A g�1, while the red lines are the second charge/discharge curves of the test electrodes at 0.1 A g�1. (d) Rate performance at various current
densities from 0.1 to 5 A g�1 for V2O5-P, V2O5-G, and V2O5-cG electrodes. (e) Long-term cycling performance of V2O5-P, V2O5-G, and V2O5-cG electrodes at a current density
of 2 A g�1. (f) Comparison of the C-rate results of V2O5-cG to other reported V2O5 based electrodes.
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shown in the CV profiles (see Supplementary Fig. S4), indicating
that the existence of rGO negligibly affects the electrochemical
reaction of V2O5 with lithium. The discharge capacities for V2O5-P
were 282, 235, 178, and 110 mA h g�1 at the current densities of
100, 500, 1000, and 2000 mA g�1, respectively (Fig. 5a). Mean-
while, a very limited capacity of 51 mA h g�1 (corresponding to
153 W h kg11 and 3060 W kg�1; Supplementary Fig. S5) was re-
leased at a current density of 5000 mA g�1, suggesting a poor rate
performance. Conversely, as shown in Fig. 5b and c, the V2O5-G
and V2O5-cG electrodes exhibited significantly improved rate ca-
pacities. To be specific, the V2O5-G delivered discharge capacities
of 293, 273, 234, 175, and 118 mA h g�1 at the current densities of
100, 500, 1000, 2000, and 5000 mA g�1, respectively, while the
capacities of V2O5-cG were more commendable, as correspond-
ingly represented by the values of 291, 274, 243, 208, and
164 mA h g�1. From these observations, therefore, it can be con-
cluded that the introduction of rGO to encapsulate V2O5 results in
a tremendous influence on the rate capacity of the obtained ma-
terials, of which the rate capability of V2O5-cG was particularly
striking. Note that the power density of V2O5-cG increased from
264 W kg�1 to 9840 W kg�1 (see Supplementary Fig. S5) with the
charge/discharge current density increasing from 100 to
5000 mA g�1, which was evidently higher than these of the values
for V2O5-G and V2O5-P. The superior electrochemical performance
of V2O5-cG can be further confirmed by Fig. 5d that reveals the
comparison of rate capability of the obtained V2O5-cG as well as
the V2O5-G and V2O5-P electrodes. As shown in Fig. 5d, the
V2O5-cG displayed the highest rate capacities. More importantly,
the reversible capacity of V2O5-cG electrode was almost fully re-
covered after the electrochemical cell worked at various current
densities, demonstrating the excellent cycling stability of V2O5-cG.
In contrast, both V2O5-G and V2O5-P electrodes showed obvious
capacity fade. For example, when the current density returned to
100 mA g�1 after 40 cycles, the discharge capacities of V2O5-G and
V2O5-P were 275 and 246 mA h g�1, respectively, while the
corresponding value of V2O5-cG can reach as high as
287 mA h g�1. Fig. 5e systematically compares the long-term
charge/discharge cycling for all three of the electrodes at the
current density of 2000 mA g�1. In Fig. 5e, it can be seen that the
V2O5-P electrode exhibited a capacity of 61 mA h g�1 with the
relatively low capacity retention of 56% after 200 cycles, which
was far below the corresponding value of 147 mA h g�1 for V2O5-G
with a high capacity retention of 84%. More remarkably, the
V2O5-cG electrode displayed a different cycling behavior when
compared with both V2O5-G and V2O5-P electrodes. Specifically,
the discharge capacity of V2O5-cG increased after the first eight
cycles, and reached a maximum of 216 mA h g�1 in the 51th cycle,
suggesting that the electroactive material of V2O5-cG electrode is
gradually activated stemming from the penetration of organic
electrolyte restricted by thicker rGO as well as the relatively low
crystallinity of V2O5 [46–48]. Furthermore, after 200 cycles, a
discharge capacity of 196 mA h g�1 was retained, corresponding to
the capacity retention of 94% and to the capacity fading of 0.03%
per cycle. From the above results it can be concluded that V2O5

encapsulated by cG results in excellent rate capability and pro-
minent cycling stability for Liþ storage. Meanwhile, these perfor-
mance improvements can be mainly attributed to several factors,
as follows: (i) the improved electronic conductivity due to the
formation of superior conductive network by cross-linked cG
[29,32,37]; (ii) the enhanced electrochemical activity, structural
stability and strain tolerability because of the nanoporous struc-
ture of V2O5-cG [24,25,32,33]; (iii) the preventing vanadium dis-
solution owing to the organic electrolyte physically separated by
cG [17]; (iv) the decreasing charge transfer resistance originating
from the enhanced electrolyte wettability of the working electrode
by cG [24,29,37]. The lithiation process of the as-synthesized
V2O5-based electrodes was diagrammatized in the Fig. 6 [37,49],
which can be fully supported by the SEM images of cycled elec-
trodes (see Supplementary Fig. S6). Specifically, one can clearly
observe the macroporous and fractured electroactive material of



Fig. 6. Schematic illustration of the lithiation processes of V2O5-P, V2O5-G, and V2O5-cG electrodes.
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V2O5-P due to the potential dissolution and stress effect in Fig. S6a,
while the morphological structure of V2O5-cG almost remains re-
latively unchanged as shown in Fig. S6b. Importantly, these ob-
servations confirm that the V2O5-cG material possesses a sig-
nificantly structural advantage over other two samples. Here, to
further confirm the advantages of the resultant V2O5-cG electrode,
Fig. 5f provides the comparison of the rate capability of the de-
signed V2O5-cG and other reported V2O5 based electrodes. It is
clear that the rate performance of our desired V2O5-cG may be
better than those of nanostructured V2O5 electrodes reported
Fig. 7. Nyquist plots of (a) V2O5-P, (b) V2O5-G, and (c) V2O5-cG electrodes at full-dischar
study. (e) EIS parameters of V2O5-P, V2O5-G, and V2O5-cG electrodes derived from the e
previously, including leaf-like V2O5 nanosheets [24], hollow-por-
ous V2O5 microspheres [25], and other V2O5-graphene based na-
nocomposites [32,33,35,36].

In order to further illustrate the electrochemical performance
of all three of the obtained materials, we carried out electro-
chemical impedance spectroscopy (EIS) to study the electro-
chemical reaction kinetics and analyze the variation of electrode/
electrolyte interface involving during charge/discharge cycles.
Fig. 7a–c shows the EIS spectra of the V2O5-P, V2O5-G, and V2O5-cG
electrodes at full-discharged state after different cycles,
ged state after various cycles. (d) Equivalent circuit used to simulate the EIS in this
quivalent circuit.
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respectively. Note that no obvious surface film semicircles can be
found in all the Nyquist plots, which is consistent with the stable
potential window of the organic liquid electrolyte. Namely, all the
spectra displayed two well-defined regions of a depressed semi-
circle in the high-frequency region and a sloped line in the low-
frequency region. Therefore, the equivalent circuit employed to
simulate the kinetics parameters can be expressed as shown in
Fig. 7d. In the equivalent circuit, Rs represents the ohmic resistance
of whole reaction system; Rct stands for charge transfer resistance
between the electrode and the electrolyte; CPE is the double layer
capacitance on the electrode surface; and W is the Warburg im-
pedance associated with solid state diffusion. It is noticeable that
the constant phase element (CPE) was employed in the equivalent
circuits instead of pure capacitance owing to the inhomogeneous
surface of the working electrode [50,51]. Based on the equivalent
circuits, the obtained kinetics parameters are summarized in
Fig. 7e. Overall, the average Rs value for V2O5-P, V2O5-G, and
V2O5-cG electrodes was gradually reduced in sequence. This is
expected to happen if we consider the carbon relative content in
V2O5-P, V2O5-G, and V2O5-cG. Furthermore, the continuous change
in Rs implied the variation of electrode structure and/or electrode/
electrolyte interface, which may be closely related to the contact
between the electroactive particles [51]. The steady increase of Rct
of V2O5-P from 113Ω to 980Ω upon the charge/discharge cycles
revealed that the electrochemical reaction became much more
difficult with the increase of the cycling number. This result co-
ordinates with the capacity fade of V2O5-P at the current density of
2000 mA g�1 (Fig. 6e). When there was a small amount of rGO to
combine with V2O5, the increasing trend of Rct decreased. For ex-
ample, the V2O5-G displayed the relatively low values of Rct, the Rct
value only increased from 122Ω (the 1st cycle) to 217Ω (the
150th cycle), indicating the improved electrochemical perfor-
mance (Fig. 6d and e). Interestingly, the Rct value of V2O5-cG in-
itially decreased from 141.6Ω (the 1st cycle) to 108Ω (the 20th
cycle), and then slightly increased to 158Ω (the 150th cycle). Such
an abnormal variation of Rct further confirmed the V2O5-cG elec-
trode experienced a slow activation process. To be specific, V2O5-P
with rough surface reveals a large and sufficient contact area with
organic electrolyte, and thus the charge transfer across V2O5-P
electrode/electrolyte interface may be much easier viz. the lowest
Rct value in the first cycle. As for V2O5-cG, the contact area of
electrode/electrolyte is restricted by the existence of thick rGO
layer, and therefore, the initial decrease of Rct may be associated
with the penetration effect of organic electrolyte. In other words,
the electroactive material of V2O5-cG electrode is gradually acti-
vated with the sufficient penetration of organic electrolyte. On the
Fig. 8. Time-dependent intrinsic structural evolution
other hand, as previously reported [46–48], the difference in
crystallinity of these materials may be another possible reason
causing this activation process. It is worth mentioning here that
the Rct value of V2O5-cG in the whole cycle process was obviously
lower than those values of V2O5-P and V2O5-G, implying that the
V2O5-cG electrode possessed the smallest electrochemical reaction
polarization, viz., the optimal rate capability. In short, all these
results clearly illuminate the electrochemical performance evolu-
tion of the obtained electrodes, which in turn provide the valuable
information to search the effective strategies further optimizing
the performance of the target products.

3.3. Structural evolution and formation mechanism

On the basis of the aforementioned discussions, it should be
noted that the essential structures of all three of the final materials
had already formed during the solvothermal treatment. It is more
reasonable to focus on the structural evolution of precursors for
illuminating the formation mechanism. Fig. 8a schematically il-
lustrates the time-dependent intrinsic structural evolution of
VO2-P. Briefly, the fresh stable VO2 nucleus are first generated in
the supersaturated butanol solution due to the continuous hy-
drolysis of VOC2O4 (2VOC2O4-2VO2þ3CO2þC) [11,41]. Then, the
growing VO2 monomers undergo the aggregation process, and
transform to nano-microspheres to reduce overall surface free
energy in stage Ι [11,52]. With extended solvothermal process, as
shown in stage ΙΙ, the exterior of the clustered microspheres
continue to grow up at the expense of the dissolution of the in-
terior nucleus and gradually engender the yolk-shelled structure,
which is also known as the Ostwald-ripening process [11,53,54].
Finally, completely hollow microspheres are obtained as a result of
the thorough dissolution and re-crystallization of the less stable
interior architectures (stage Ш). This is consistent with the SEM
and TEM images of V2O5-P (Figs. 2a and 3a). In addition, this
growth mechanism can be fully supported by the SEM images of
VO2-P precursors obtained at different solovthermal time (see
Supplementary Fig. S7). The VO2 nano-microspheres collected
after solovthermal reaction of 1 h display a relatively smooth
surface due to the relatively short period of ripening time.
Meanwhile, the existence of the cracked solid hemisphere of VO2

suggests the subsistent aggregation process of the growing VO2

monomers. Undoubtedly, all these observations match well with
the proposed structural evolution. With further prolonging the
reaction time from 4 h to 16 h, the morphologies of VO2 nano-
microspheres hardly changed. This implies that the Ostwald-ri-
pening is a rapid and thorough process under high temperature
of (a) pure VO2 and (b) rGO encapsulated VO2.
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pressure. Interestingly, the structural evolution of VO2 precursors
was significantly affected due to the presence of the GO-ethylene
glycol dispersion in the solvothermal system. As shown in stage ΙΙ
of Fig. 8b, the graphene oxide (GO) in the reaction system can be
effectively reduced and uniformly deposited on the surface of VO2

microspheres, which can be attributed to the following two rea-
sons: (i) the rGO and decomposition product of VOC2O4 are ade-
quately mixed under high pressure condition of solvothermal
Fig. 9. Crumpled reduced graphene oxide encapsulated (a) CuO microcubes, (c)SnO2 n
mappings of crumpled reduced graphene oxide encapsulated (b) CuO microcubes, (d) S
reactions; (ii) the combining effects of both electrostatic attraction
and overall surface energies facilitate the conformal deposition of
rGO on the surface of VO2 microspheres [37,52]. In fact, the even
dispersion of graphene sheets onto the VO2 microspheres can be
clearly observed in Figs. 1 and 2. With the limited amount of GO
dispersion, the conglobate VO2 was only wrapped by the thin layer
of the gauze-like rGO (i.e. VO2-G). When the additive GO disper-
sion further increased, however, the stack and crimp processes
anotubes, and (e) Zn2SnO4 boxes. Energy dispersive spectroscopy (EDS) elemental
nO2 nanotubes, and (f) Zn2SnO4 boxes.
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inevitably occurred in the subsequent accretion of rGO to maintain
the thermodynamic stability for the final product (stage III in
Fig. 8b). Interestingly, the rGO as a diffusion barrier for growth can
effectively restrain the surface coarsening of VO2 precursor in-
duced by Ostwald-ripening, which greatly reduced the surface
roughness of both VO2-G and VO2-cG. Meanwhile, the nuclear
dissolution of VO2 microspheres caused by inside-out Ostwald-
ripening can easily induce the secondary recrystallization. One can
readily detect this phenomenon from the SEM images of VO2-G
and V2O5-G (Figs. 1d and 2b). Furthermore, to further clarify the
formation mechanism, GO deionized water/butanol suspension
(2 mg mL�1) was employed to replace the GO ethylene glycol
suspension to fabricate the rGO/VO2 nanocomposite. It can be
observed that the morphologies and sizes of the obtained VO2

microspheres have been significantly changed (see Supplementary
Fig. S8). More notably, the reduced graphene oxide had failed to
encapsulate or conformally wrap around the VO2 microspheres.
Conversely, if the butanol solvent was substituted with deionized
water or ethylene glycol, the morphologies of the final product
change completely (see Supplementary Fig. S9). From these ob-
servations, therefore, it can be concluded that both the butanol
solvent and GO-ethylene glycol suspension were the key in-
gredients to guarantee the cG uniform coating or conformal cov-
ering of the VO2 microspheres, and essentially, this may be asso-
ciated with the polarity and viscosity of the proposed unique
solvent system. If this conclusion was an established fact, in other
words, the proposed reaction system not only can realize the in-
situ encapsulation of the newborn nanoparticles via this solvent
system like the aforementioned VO2 nano-microspheres, but also
effectively encapsulate the extrinsic solid powders. Inspired by
this idea, we attempted to encapsulate multi-element compounds
typically including solid CuO microcubes (Fig. S10a), porous SnO2

nanotubes (Fig. S10b), and hollow Zn2SnO4 boxes (Fig. S10c). As
expected, a series of cG-encapsulated M (M¼CuO, SnO2, Zn2SnO4)
had been successfully synthesized using the proposed reaction
system of butanol solvent and GO-ethylene glycol dispersion
(Fig. 9a, c, and e). Meanwhile, the corresponding EDS mappings
shown in Fig. 9b, d, and f indeed confirm the employed materials
conformally encapsulated by transparent gauze-like cG. Interest-
ingly, the nickel sulfide nanobundle arrays on nickel foam can be
also coated by cG via this extensible reaction system (see Sup-
plementary Fig. S11), further highlighting the versatility of this
method. All these observations demonstrated the success of the
designed approach as well as its promising application with high
scalability. Undoubtedly, such finding provides an effective short-
cut to construct crumpled graphene based functional materials for
the multitudinous application domains.
4. Conclusions

In this paper, we have successfully synthesized the crumpled
reduced graphene oxide encapsulated porous V2O5 nano/micro-
spheres via a facile and scalable approach. The conformally
wrapped cG has a profound influence on the lithium storage
performance of V2O5, deriving from the simultaneous improve-
ments in electronic conductivity, structural stability, and charge
transfer resistance. This V2O5-cG electrode with only 5 wt. % rGO
can deliver a reversible capacities as high as 163 mA h g�1 at
5 A g�1 corresponding to 492 W h kg�1 and 9840 W kg�1, and the
capacity retention of about 94% after 200 cycles at 2000 mA g�1 in
the potential range between 2.0 V and 4.0 V (vs. Li/Liþ). These
values are significantly better than those of the reported nanos-
tructured V2O5 electrodes. Undoubtedly, this is a quite valuable
example that the performance of the electrode materials is
strongly rooted in the structural configuration of electroactive
material. Furthermore, a series of multi-element compound ma-
terials had been successfully encapsulated using this versatile
method, further highlighting the fascination of the proposed re-
action system. It is expected that such finding will provide an ef-
fective method to construct crumpled graphene based functional
materials, and open up the application spree of this kind of
functional materials.
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