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ABSTRACT: Recently, we have shown that the graphene—
VO,(B) nanotube hybrid is a promising lithium ion battery
cathode material (Nethravathi et al. Carbon, 2012, 50, 4839—
4846). Though the observed capacity of this material was quite
satisfactory, the rate capability was not. To improve the rate
capability we wanted to prepare a graphene—VO,(B) hybrid in
which the VO,(B) would be built on 2D nanosheets that
would enable better electrode—electrolyte contact. Such a
material, a N-doped graphene—VO,(B) nanosheet-built 3D
flower hybrid, is fabricated by a single-step hydrothermal
reaction within a mixture of ammonium vanadate and colloidal
dispersion of graphite oxide. The 3D VO,(B) flowers which are uniformly distributed on N-doped graphene are composed of
ultrathin 2D nanosheets. When used in lithium ion batteries, this material exhibits a large capacity, high rate capability, and
excellent cycling stability. The enhanced performance results from its unique features: excellent electronic conductivity associated
with the N-doped graphene, short transportation length for lithium ions related to ultrathin nanosheets, and improved charge
transfer due to the anchoring of the VO,(B) flowers to N-doped graphene.
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1. INTRODUCTION nanostructures composed of 2D nanosheets of VO,(B). The
0D and 1D structures generally exhibit low capacity (<320
mAhg™") and poor cycling stability. The poor performance of
the material in these cases has been attributed to the formation
of aggregates and collapse of structures due to the high surface

VO,(B), a metastable monoclinic phase of vanadium oxide, has
been studied as a potential electrode material for aqueous and
nonaqueous rechargeable lithium ion batteries (LIBs).' ’As a
cathode material, VO,(B) delivers a maximum reversible ] ’ i
capacity of 320 mAhg ! in the range of 4—1 V in nonaqueous energy associated with the nans)stmc%tures. Studies have shown
lithium cells,">>* thus higher than that of the most commonly that, in general, 3D nanomaterials, 11ke1§1_a{150ﬂ0wers or hollow
used cathode material, LiCoO,. VO,(B) is made of distorted sphergs composed ‘o.f 2D nanosheets, exhigb}t6 enhanced
VOg octahedra which share both corners and edges and has capacity and stability compared to the 1D~ .and 0D
perovskite-like cavities with four capped faces. Diffusion of nanostructures. These 3D structures are constituted of

lithium in VO,(B) is parallel to the [010] crystal orientation, nan(.)s'ubunits which contribute to .th.e high surface area a-nd
and lithium insertion leads to predominant uniaxial expansion stability toward huge volume variations that occur during
of the perovskite-like cavities.”> As the edge sharing of lithiation/delithiation. Though the 3D nanostructures are
octahedra is along the direction of lattice expansion, there is better than OD/ID structures in terms of electrochemical
an increased resistance to V—O bond cleavage during lithium performance, their observed capacity is still lower than the
intercalation. Hence, unlike the other oxides of vanadium, theoretical capacity, possibly due to a poor charge transfer.
VO,(B) is quite stable during lithium intercalation—dein- On one hand, it is still a challenge to fabricate VO,(B) 3D
tercalation cycles, making it a good electrode material for structures composed of 2D nanosheets, and on the other, the
lithium ion batteries. electrode materials for lithium ion battery application usually
Various nanostructures such as 1D nanobelts,” nanorods,™

nanowires,'' nanotubes,”'> and 0D nanoparticles”® of VO,(B) Received: January 16, 2013

have been studied as cathode materials for LIBs. However there Accepted: March 13, 2013

has been no such studies on 2D nanostructures or 3D Published: March 13, 2013
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suffer from their low electron/ion conductivity.'” In general,
hybridization of the electroactive nanomaterial with graphene
has been shown to improve the performance of the electrodes
in terms of stability and capacity delivered. The lightweight
graphene assists in charge transfer due to its high conductivity.
The synergy of the electrical/mechanical properties and high
surface area of graphene with the nanoparticle properties is
expected to enhance the overall performance of the hydrids."”

Recently we reported the enhanced electrochemical perform-
ance of a graphene—VO,(B) nanotube hybrid.18 Though the
observed capacity of this material was quite satisfactory the rate
capability was not. Even at a moderately high charging rate the
capacity dropped down substantially. Poor charge transfer at
the electrode material—electrolyte interface could be the reason
for the low rate capability. Keeping this in mind, we wanted to
prepare a graphene—VO,(B) hybrid in which the VO,(B)
nanostructure is built on 2D nanosheets which would enable
better electrode—electrolyte contact. We could achieve this goal
through a simple modification to our earlier synthesis
procedure. Here we present a one-step preparation of N-
doped graphene—VO,(B) 5—10 nm thick petal-like nanosheet-
built 3D flower hybrids. Hydrothermal reduction of ammonium
vanadate in the presence of colloidal dispersion of graphite
oxide (GO) results in simultaneous reduction of GO to
graphene and formation of VO,(B)."® The ammonium ions
present in the reaction mixture act as a source of nitrogen, thus
resulting in the formation of N-doped graphene. Formic acid
has been used in the reaction to create the necessary acidity and
reductive atmosphere for the formation of VO,(B)."”” The
VO,(B) flowers are constructed from ultrathin nanosheets.
Therefore, the interfacial kinetics and intercalation properties of
the Li ion are significantly improved due to their synergetic
superiorities with adequate electrode—electrolyte contact.
When used in LIBs, this material exhibits a large capacity,
high rate capability, and excellent cycling stability owing to its
unique features.

2. EXPERIMENTAL SECTION

2.1. Synthesis of GO. The method of Hummers and Offeman*’
was adopted to prepare GO from graphite powder. About 1 g of
graphite powder was added to 23 mL of cooled (to 0 °C) concentrated
H,SO,. About 3 g of KMnO, was added gradually under stirring and
cooling, so that the temperature of the mixture was maintained below
20 °C. The mixture was then stirred at 35 °C for 30 min. About 46 mL
of distilled water was slowly added to increase the temperature to 98
°C, and the mixture was maintained at that temperature for 15 min.
The reaction was terminated by adding 140 mL of distilled water
followed by the addition of 10 mL of 30% H,O, solution. The solid
product was separated by centrifugation, washed repeatedly with 5%
HCI solution until sulfate could not be detected with BaCl,, then
washed 3—4 times with acetone, and dried in an air oven at 65 °C
overnight.

2.2. Synthesis of N-Doped Graphene—VO,(B) Nanosheet-
Built 3D Flower Hybrid. The N-doped graphene—VO,(B) nano-
sheet-built 3D flower hybrid was synthesized by a slight modification
of the procedure employed for the synthesis of the graphene—VO,(B)
nanotube hybrid."® To facilitate the 2D nanostructure formation, we
doubled the GO content. A mixture containing 120 mg of ammonium
vanadate and 300 mg of GO was dissolved in 20 mL of water by
sonication for 30 min. To the GO—vanadate solution, 20 mL of 0.1 M
formic acid was added drop by drop under constant stirring. At the
end of the addition, the pH was 2.5. The mixture was transferred into a
Teflon-lined stainless steel autoclave and sealed. The autoclave was
heated at 180 °C for 72 h. At the end of 72 h the autoclave was cooled
to room temperature, and the dark green solid obtained was separated
by centrifugation, washed with copious amounts of water followed by
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acetone, and dried at 65 °C for 30 min. For comparison, N-doped
graphene and pure VO,(B) were synthesized by similar procedures. N-
doped graphene was synthesized as explained above except that an
equivalent amount of ammonia was used instead of ammonium
vanadate. Pure VO,(B) was synthesized as explained above without
adding GO and using 240 mg of ammonium vanadate.

2.3. Electrochemical Studies. The electrochemical properties of
N-doped graphene—VO,(B) nanosheet-built 3D flower hybrids and a
control VO,(B) nanostructure were measured using a three-electrode
cell. The working electrode was prepared by pressing the slurry of 80%
N-doped graphene—VO,(B) nanosheet-built 3D flower hybrid/
control VO,(B), 10% acetylene black, and 10% polyvinylidenedi-
fluoride (PVDF) binder (by weight) onto the copper current collector.
Li metal foils were used as the reference and counter electrodes. The
electrolyte was 1 M LiClO, in an ethyl carbonate (EC)—diethyl
carbonate (DEC) mixture (EC/DEC = 1:1 v/v). The cells were
assembled in a glovebox filled with pure argon gas. Galvanostatic
discharge/charge measurements were performed over a potential
range of 4—1.5 V vs Li*/Li. The observed capacities were normalized
to VO,(B) content. Reproducibility of the electrochemical data was
confirmed by repeating the experiments with at least another electrode
of the same sample.

2.4. Characterization. All the samples were characterized by
powder X-ray diffraction (XRD) using a Philips X’pert Pro
diffractometer (Cu Ka radiation, secondary graphite monochromator,
2° 20 per min), infrared (IR) spectroscopy using a Nicolet IR200
FTIR spectrometer (KBr pellets, 4 cm™ resolution), and thermog-
ravimetry (ThermoPlus TG 8120; 1 °C per min until 550 °C and
isothermal at 550 °C for 1 h in air). Transmission electron microscopy
(TEM) images were recorded with a JEOL F3000 microscope
operated at 300 kV. Scanning electron microscopy (SEM) images were
recorded on a Hitachi $4800 electron microscope operating at 15 kV.
X-ray photoelectron spectroscopy (XPS) measurements were carried
out with an ESCALab220i-XL spectrometer using a twin-anode Al Ko
(1486.6 €V) X-ray source. All spectra were calibrated to the binding
energy of the C 1s peak at 284.51 eV. The base pressure was around 3
X 1077 Pa. Raman spectra were recorded on a Horiba Jobin-Yvon
T6400 Raman spectrometer.

3. RESULTS AND DISCUSSION

The hydrothermal reaction of a mixture of colloidal dispersion
of excess graphite oxide and ammonium vanadate in the
presence of formic acid results in the formation of the desired
hybrid. Our attempts to prepare a graphene—VO,(B) nano-
sheet-built 3D structure keeping the GO:ammonium vanadate
ratio the same as in our earlier work'® and altering the reaction
conditions such as temperature, duration, and pH failed. Only
when the GO content was doubled could we obtain the desired
composite. Vanadate jon and GO undergo simultaneous
reduction to VO,(B) and graphene, respectively, leading to
the hybrid. Thermogravimetric analysis (Supporting Informa-
tion, Figure S1) of the hybrid carried out in air suggests that
31% of the mass of the hybrid is due to VO,(B).

In the XRD pattern of the N-doped graphene—VO,(B)
nanosheet-built 3D flower hybrid (Figure 1a), the reflections
due to both VO,(B) and graphene could be observed. All the
Bragg reflections, other than the broad 002 and 100 reflections
due to graphite, could be indexed to monoclinic VO,(B)
[JCPDS 81-2392]. No peaks related to impurities were
observed. The very broad reflections due to 002 and 100
planes of graphite suggest the presence of largely exfoliated
graphene layers. The reflections of VO,(B) are also quite broad
owing to small crystallite sizes. The reflections in the XRD
pattern of the control VO,(B) (Figure 1b) match well with the
reflections, other than the ones due to graphene, found in the
pattern of the hybrid. The broad 002 and 100 reflections of
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Figure 1. XRD patterns of (a) N-doped graphene—VO,(B)
nanosheet-built 3D flower hybrid, (b) control VO,(B) prepared
under similar conditions, and (c) graphene obtained by hydrothermal
treatment of GO in the presence of ammonia.

graphite in the XRD pattern of the solid obtained when GO
was subjected to the hydrothermal reaction in the absence of
ammonium vanadate confirm that GO gets reduced to
graphene during the formation of the hybrid.

In the IR spectrum of GO (Supporting Information, Figure
S2a), the O—H stretching vibration at 3400 cm™', C=0
stretching of COOH at 1726 cm™', O—H bending vibrations,
and the skeletal ring vibrations at ~1622 cm™' and an
absorption due to tertiary C—OH groups at 1393 cm™" confirm
the presence of various oxygen-containing functional groups in
GO.”' In contrast, in the IR spectrum of the hybrid
(Supporting Information, Figure S2b) the peaks due to GO
have disappeared, indicating GO reduction. There is a weak
peak corresponding to C=0O stretching vibration of COOH at
1726 cm™ suggesting that the reduction is incomplete. The
bands at 1007 and 539 cm™ due to (V=0) and (V—0-V)
vibrations, respectively, are due to the VO, component of the
hybrid.®

In the low-magnification SEM image of the hybrid (Figure
2a) we observe uniform distribution of 3D flowers of VO,(B)
on graphene. The uniform distribution is also confirmed from
the energy-dispersive spectroscopy (EDS) recorded from
various regions of the sample. The high-magnification SEM
image (Figure 2b) shows that each 3D flower anchored on
graphene is a cluster of thin platelets. The flower consists of
petal-like layers with a thickness of S—10 nm (Figure 2b).

The bright-field TEM images (Figure 2c and d) reveal the
formation of the flowers on thin corrugated graphene sheets.
The selected area electron diffraction pattern (SAED) (Figure
2d inset) recorded from a region of transparent layers of
graphene shows diffuse rings that could be indexed to 002 and
100 reflections of graphite. The flowers are 500 nm—1 um in
diameter. The morphology of VO,(B) is controlled by the pH
of the reaction medium. In this study the synthesis of the
hybrid was carried out in excess of GO compared to the
previous report where VO,(B) nanotubes were formed in the
presence of GO."® The difference in morphology of VO,(B),
when the GO content is changed, could possibly be due to the
fact that the pH of the reaction medium is lowered as the
amount of acidic GO increases. While the lower pH does not
affect the formatlon of the VO,(B) phase, it changes its
morphology.'® The oxygen-bearing functional groups on GO
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Figure 2. (a) Low- and (b) high-magnification SEM images and
bright-field TEM images (c) and (d) of N-doped graphene—VO,(B)
nanosheet-built 3D flower hybrid. The selected area electron
diffraction pattern from a region of transparent layers of graphene is
given in the inset in (d).

could possibly act as nucleating centers for the formation of the
flowers.”>**

The G band (~1581 cm™") associated with the scattering of
sp” carbon domains and disorder-related D band (~1345 cm™)
in the Raman spectrum of the N-doped graphene—VO,(B)
nanosheet-built 3D flower hybrid (Figure 3a) are characteristic

D
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Figure 3. Raman spectrum of graphene in N-doped graphene—
VO,(B) nanosheet-built 3D flower hybrid.

of graphene.”*** The inset shows the splitting of the G band
due to nitrogen doping, as reported in the literature.”® It is
indeed surprising since this splitting was not observed in the
graphene—VO,(B) nanotube hybrid that was prepared by a
similar method."® Ammonium ions present in the reaction
mixture have acted as the source for the dopant in the present
reaction.”” The electron energy loss spectrum of the hybrid
(Supporting Information Figure S3) exhibits a peak at 285 eV
due to the 1s—z* transition and another between 290 and 315
eV that correspond to the ls—o* transitions confirming the
presence of graphene in the hybrid.”**’

dx.doi.org/10.1021/am400202v | ACS Appl. Mater. Interfaces 2013, 5, 27082714
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A detailed chemical analysis of the hybrid was carried out
using high-angle annular dark-field (HAADF) scanning trans-
mission electron microscopy (STEM) and EDS elemental
mapping. Figure 4a presents a HAADF STEM image of the

c——————1.0 ym VKc—————— 1.0 ym OK

Figure 4. HAADF STEM image (a) and the spatially resolved C (b),
V (c), and O (d) elemental maps of a N-doped graphene—VO,(B)
nanosheet-built 3D flower hybrid.

hybrid. The elemental maps of the constituting elements C, V,
and O (Figure 4b—d) clearly demonstrate a well-defined
compositional profile of the VO,(B) flowers on graphene.

In the core level XPS spectrum of GO (Figure Sa), in
addition to the main peak due to sp® carbon atoms, there are
three other peaks that are associated with the functional groups
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Figure S. Core-level C 1s XPS spectrum of GO (a), C 1s (b), N 1s
(c), and V 2p (d) XPS spectra of the N-doped graphene—VO,(B)
nanosheet-built 3D flower hybrid.

on GO. The intensities of these additional peaks are
considerably reduced in the case of the hybrid (Figure Sb),
suggesting reduction of GO to graphene in the hybrid. The N-
doping of graphene indicated by the Raman spectrum (Figure
3) was further confirmed by XPS. The N 1s XPS spectrum of
the hybrid (Figure Sc) indicates the presence of pyrrolic
(401.49 eV) and pyridinic (399.10 eV) nitrogen species, as
commonly observed for N-doped carbon materials.”® The
binding energy in the case of V 2p peaks (Figure Sd) is slightly
shifted to higher values compared to those reported for
VO,(B). While the expected binding energies are $16.3 and
524.1 eV, the observed values are 516.87 and 524.47 eV.
Similarly, a shift to lower binding energy (from 532.42 and
534.18 eV to 531.88 and 533.36 eV) has been observed in the
case of the functional groups on graphene in the hybrid. These
observations suggest that VO,(B) flowers are anchored to N-
doped graphene through weak chemical interactions.

To understand the mechanism of formation of VO,(B)
flowers on graphene, we recovered the reaction mixture at
different stages of the reaction. The bright-field TEM images of
the intermediates obtained at various time intervals are shown
in Figure 6. Nucleation of VO,(B) on graphene starts within 12

Figure 6. Bright-field TEM images of the intermediates obtained at 12
(a), 24 (b), and 48 (c) h compared with that of the hybrid obtained
after 72 h (d).

h. Initially the VO, species nucleate as irregular sheets on
graphene, which eventually branch out into flowers after 48 h
and grow into full-fledged flowers in 72 h.

The motivation to synthesize this hybrid was our belief that
the unique hybrid structure may endow the material with
superior electrochemical performance better than what was
observed for the graphene—VO,(B) nanotube hybrid."® To
verify this hypothesis, the electrochemical performance of the
hybrid was evaluated for Li insertion/extraction in comparison
to that of the control VO,(B) nanoparticles using lithium half-
cells.

Figure 7a shows the cycling performances of the hybrid and
pure VO,(B) nanoparticles at a current density of SO mAhg .

dx.doi.org/10.1021/am400202v | ACS Appl. Mater. Interfaces 2013, 5, 27082714
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Figure 7. Cycling performance of N-doped graphene—VO,(B) nanosheet-built 3D flower hybrid and a control VO,(B) at a current density of SO
mAhg™" (a). The capacities are based on the mass of VO,(B) in the hybrid (mass of VO,(B) was estimated to be 31%). The charge—discharge
curves of N-doped graphene—VO,(B) nanosheet-built 3D flower hybrid, as the cell is repeatedly charged—discharged at a current density of SO
mAhg™"' (b). Charge/discharge curves of N-doped graphene—VO,(B) nanosheet-built 3D flower hybrid (c) and control VO,(B) (d) at different

current densities.

It is clear that our sample exhibits much better cycling
performance than the control specimen. After S0 cycles, the
hybrid exhibits about 60% retention (251 mAhg™, see Table 1)
of the initial capacity, leading to a low 0.79% capacity loss per
cycle, while the control nanoparticle sample shows a fast
capacity fading and only 21% retention (61.8 mAhg™') after
only 20 cycles, leading to a 3.9% capacity loss per cycle. The
enhanced electrochemical performance observed here is quite
similar to what had been observed for the related graphene—

Table 1. Summary of the Electrochemical Behavior of N-
Doped Graphene—VO,(B) Nanosheet-Built 3D Flower
Hybrid and Control VO,(B) as a Cathode Material for
Nonaqueous LIB

discharge capacity (mAhg™)

N-doped graphene—VO,(B) 3D flowers control
cycle number hybrid VO,(B)
1 418 294
20 300 61.8
S0 251 -
fading rate (%) 0.79 39

rate capacity

current density (Ag™") specific capacity (mAhg™)

0.05 418 298
0.2 297 92
1 199 81
2 151 47
S 102 24

2712

V,0; hybrids which show
compared to pure V,05.%°

In addition, the Coulombic efficiency of the hybrid reaches
~100% (Figure 7a) after the first cycle, demonstrating very
good reversibility. Figure 7b shows the charge—discharge curves
of the hybrid at the 1st, 5th, 20th, and 50th cycle, respectively.
There is no large decrease in capacity, further indicating its
structural advantage in improvement of LIB performance. It
should be noted that the hybrid exhibited ultrahigh capacity of
418 mAhg ™!, larger than the theoretical capacity (320 mAhg™")
of VO,(B) similar to the graphene—VO,(B) nanotube hybrid."®
This may be due to its unique features, such as high surface area
(71.59 m® g¢7'; see Supporting Information, Figure SS)
associated with thin nanosheets constituting the flowers® and
also the enhanced conductivity and charge transfer due to the
presence of N-doped graphene.**™*® More importantly, our
hybrid showed much improved rate capabilities, as shown in
Figure 7c, Table 1, and Supporting Information, Figure S6. The
sample maintained high capacity of 191 and 151 mAhg™" when
the current density was increased to 1 and 2 Ag™', respectively.
Even at a larger current density of S Ag™', our hybrids still
showed a high capacity of 102 mAhg™". In contrast, the control
VO,(B) (Figure 7d, Table 1) rapidly decayed from 295
mAhg™" at a current density of 0.05 Ag™' to 92 mAhg™" at 1
Ag_l, to 47 rnAhg_1 at 2 Ag_l, and to 24 mAhg_1 at 2 Ag_l,
respectively.

This feature of the N-doped graphene—VO,(B) nanosheet-
built 3D flower hybrid is an improvement over the performance
of the graphene—VO,(B) nanotube composite18 which showed
poorer rate capability (Table 2). Even at a charging rate of 100

hi§her capacity and better cycle life
-3
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Table 2. Comparison of Discharge Capacity of N-Doped
Graphene—VO,(B) Nanosheet-Built 3D Flower Hybrid with
the Capacities Reported for Other VO,(B) Materials

discharge
current density  potential capacity

cathode material (Ag™) range (V) (mAhg™') reference
N-doped graphene— 0.05 4.0-1.5 418 present

VO,(B) 3D flowers 02 297 work

1 199

graphene—VO,(B) 0.04 450 16

tubes 0.1 180

mAhg™ the capacity of the graphene—VO,(B) nanotube
composite decreased to ~200 mAhg™’, while the N-doped
graphene—VO,(B) nanosheet-built 3D flower hybrid exhibited
a capacity of ~300 mAhg™" at a charging rate of 200 mAg™".
Only at the charging rate of 1 Ag™" the capacity reached ~200
mAhg™". Thus, the N-doped graphene—VO,(B) nanosheet-
built 3D flower hybrid is indeed an improved and promising
LIB cathode material. The 3D nanoflower hybrid shows higher
capacity at high discharge rates due to improved charge transfer
owing to a better contact between the active materials and
graphene sheets. The observation of high capacity even when
the charge—discharge current densities are very high points
clearly to the effective charge transfer in the material.

The enhanced electrochemical performance is attributed to
the unique architectures of the new material. First, the ultrathin
VO,(B) nanosheets (5—10 nm) not only render a very short
transport length for lithium ions during insertion/extraction but
also bring high surface area, giving rise to a large contact area
between the active material and the electrolyte, favoring a high
rate charge/discharge performance. Second, the N-doped
graphene matrix induces much higher conductivity for the
hybrids.***® N-doping in graphene is known to significantly
alter its physiochemical properties and in particular is expected
to introduce additional n-type carriers in graphene which is
crucial for various applications like enhanced catalysis for
energy conversion/ storage.3’4_36 Third, the anchoring of the 3D
VO,(B) flowers to N-doped graphene not only improves the
charge transfer but also prevents aggregation and loss of surface
area. The TEM image (Supporting Information, Figure S7) of
the spent electrode (after S0 cycles) shows that the 3D flower
morphology of VO,(B) remains largely intact. The above
synergetic effects originated from N-doped graphene—VO,(B)
3D flowers are responsible for the excellent electrochemical
performance of the electrode.

4. CONCLUSIONS

A graphene—VO,(B) hybrid in which ultrathin nanosheet-built
VO,(B) flowers are anchored on graphene sheets has been
prepared. The 3D flower morphology constructed with
ultrathin nanosheets has led to a high surface area and a better
contact with the graphene matrix. These result in enhanced
charge transfer and superior electrochemical performance. In
addition, the graphene matrix prevents agglomeration of
VO,(B) flowers leading to improved cycle life.
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images of the spent electrode material. This material is available
free of charge via the Internet at http://pubs.acs.org.
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