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Vanadium nitride and nitrogen-doped graphene nanosheet (G) hybrid materials were prepared by

a facile sol–gel method combined with a thermal treatment at 800 �C under ammonia atmosphere. It

was found that VN nanoparticles adhered to the surface of nitrogen-doped graphene nanosheets and/or

were embedded in the graphene layers of the hybrid material (VN-G). This nanostructured material

promises an efficient electronic and ionic conducting network, which exhibits dramatically increased

specific capacities after rate capability test in comparison to the original value under the same current

density. The most probable explanations for these distinct characteristics are deduced from

observations by advanced transmission electron microscopy together with X-ray diffraction and

electron energy-loss spectroscopy, which illustrate a gradual activation of nitride during lithiation/

delithiation processes, owing to slow kinetics of VN reaction with lithium. The electrochemical results

demonstrate that the weight ratio of VN to G has a significant effect on the performance and related

kinetics of the materials.
1. Introduction

Rechargeable lithium-ion batteries have long been considered an

attractive power source for a wide variety of applications over

traditional rechargeable battery systems.1–4 Carbonaceous

materials are most commonly used as anode materials in today’s

lithium ion batteries. With the growing demand for high energy

density secondary batteries, the low capacity of graphite (theo-

retical capacity: 372 mAh g�1) has become limited for a wider

applications. At present, novel anode materials and the related

mechanism are extensively explored to improve capacity

performance and rate capability.5–10

Vanadium nitride (VN) material possesses the advantages of

corrosion resistance, high temperature and chemical stability.11 It

was reported that VN thin film exhibited a higher discharge

capacity of 1500 mAh g�1 despite a tedious and expensive

magnetron sputtering method.12 Therefore, VN is anticipated to
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show a potential application in high energy anode material.

However, VN nanoparticles were reported to exhibit a poor

electronic conductivity at room temperature, which might result

in limited rate capability.13

Graphene, a twodimensional formof carbon,14promises awide

range of technological applications, such as supercapacitors,15

hydrogen storage16 and lithium ion batteries17 owing to advan-

tages in terms of its electronic, thermal, mechanical strength,

physicochemical properties.18–23 Some attempts have also been

made to use graphene as support and electronic materials to

improve their lithium storage behavior.24–26 Recently, nitrogen-

doped graphene nanosheets (G) were obtained by thermal

annealing of graphite oxide (GO) in NH3 atmosphere, which

shows better electrochemical performance than pristine gra-

phene.27 Inspired by the above successful examples, we designed

vanadium nitride and nitrogen-doped graphene nanosheets (VN-

G), which could be expected to deliver the ingredients for more

efficient charge transportation and storage.

Herein, we presented a simple sol–gel process followed by

ammonia annealing for preparation of a series of VN-G hybrid

materials. The electrochemical properties of these series samples

have been investigated in detail. Interestingly, it was also found

that all the hybrid showed dramatically increasing specific

capacities after rate tests or extended cycling when compared

with the original value under the same current density. The

related mechanism was explored based on monitoring structural

changes after cycling using EELS, TEM and XRD.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1jm11710f
http://dx.doi.org/10.1039/c1jm11710f
http://dx.doi.org/10.1039/c1jm11710f
http://dx.doi.org/10.1039/c1jm11710f
http://dx.doi.org/10.1039/c1jm11710f
http://dx.doi.org/10.1039/c1jm11710f
http://pubs.rsc.org/en/journals/journal/JM
http://pubs.rsc.org/en/journals/journal/JM?issueid=JM021032


D
ow

nl
oa

de
d 

by
 L

an
zh

ou
 I

ns
tit

ut
e 

of
 C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 0
1 

N
ov

em
be

r 
20

11
Pu

bl
is

he
d 

on
 1

1 
Ju

ly
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1J

M
11

71
0F

View Online
2. Experimental

2.1 Preparation of samples

Vanadium pentaoxide (V2O5) and hydrogen peroxide (H2O2)

were purchased from Shanghai Chemical Reagent Co. Ltd.

(China). GO was prepared according to the previous literature

by Hummers28 from graphite powder (Aldrich, powder, < 20

micron, synthetic).

VN-G hybrid materials were performed by a sol–gel method

(as shown in Fig. 1). 1.36 g V2O5 and 6 mL H2O2 (30%) were

poured into water and a red brown solution was formed. Initial

product was obtained by stirring the solution at room tempera-

ture for 1 h. Different amount of graphite oxide was added to the

above V2O5$nH2O solution under stirring. Finally the solution

was sonicated overnight to get a dark gel. The resultant

V2O5$nH2O-GO composites were dried at 80 �C for 24 h, and

then calcinated at 800 �C for 5 h under an ammonia atmosphere

to get VN-G hybrid. Following the same procedure, four samples

denoted hereafter as VN-G-10%, VN-G-20%, VN-G-30% and

VN-G-50% were prepared, which correspond to the mass ratios

of VN and G are 90 : 10, 80 : 20, 70 : 30, 50 : 50, respectively.

For a fair comparison, pristine VN was also prepared by the

same procedure without GO.
Fig. 2 XRD patterns of (a) pristine VN, (b) VN-G-10%, (c) VN-G-20%,

(d) VN-G-30%, and (e) VN-G-50%.
2.2 Characterization

X-ray diffraction (XRD) of VN-G hybrid materials was recorded

in a Bruker-AXS Micro-diffractometer (D8 ADVANCE) with

Cu-Ka radiation (l ¼ 1.5406 �A) from 10 to 85�. The VN-G

hybrid material, stopped at various lithiation and delithiation

states, were removed from the swagelock cells in Ar-filled dry box

and rinsed in anhydrous DMC (99%, Johnson Matthey) to

remove residual salts. The electrodes were put in a hermetically

sealed cell utilized a kapton film window for XRD measure-

ments. A seal of silicon grease limited material contamination

with air during analysis. The morphologies of VN-G samples

were studied using a Hitachi S-4800 scanning electron micro-

scope (SEM), a JEOL 2010F transmission electron microscope

(TEM) and Aglient 5400 atomic force microscope (AFM),

respectively. Electron energy-loss spectroscopy (EELS) was

acquired using a Gatan-Imaging-Filter system attached to

a Tecnai F20 microscope, which provides precise quantification

of the local chemical distribution at quasi atomic scale.
Fig. 1 A schematic illustration for prep

This journal is ª The Royal Society of Chemistry 2011
2.3 Electrochemical measurements

Electrochemical performances were performed using two-elec-

trode Swagelok type cell assembled in an argon-filled glovebox.

The hybrid materials were mixed with super P and a binder poly-

(vinylidene fluoride) (PVDF) at a weight ratio of 85 : 10 : 5 to

form slurries. Then, the resultant slurries were uniformly pasted

on Cu foil. These prepared electrode sheets were dried at 120 �C
in a vacuum oven for 12 h. The electrolyte was 1.0 mol L�1 LiPF6

in a mixture of ethylene carbonate (EC) and dimethylcarbonate

(DMC) (1 : 1, v/v). Cyclic voltammetry (CV) was carried out

between 3.0 and 0.01 V by employing a scan rate of 1 mV s�1 with

IM6 electrochemical interface (Germany). The cells were charged

and discharged over a voltage range of 0.01–3.0 V (vs Li+/Li) at

different rates and carried out with a Land battery testing system.

Alternating current (AC) impedance spectra were obtained by

applying a sine wave with amplitude of 5.0 mV over the

frequency range from 100 kHz to 100 mHz at charge state.

Fitting of the impedance spectra to the proposed equivalent

circuit was performed by the code Zview.
aration of VN-G hybrid materials.

J. Mater. Chem., 2011, 21, 11916–11922 | 11917
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3. Results and discussion

XRD patterns of the VN-G hybrid materials and pristine VN are

shown in Fig. 2. The positions of diffraction peaks in the pattern

are ascribed to those of cubic VN (JCPDS 73-0528).29 The G only

show a weak (002) diffraction peak at 26� (2q) in the sample

denoted as VN-G-30% and VN-G-50%, which can be indexed

into the disorderedly stacked G. Moreover, with the decreasing

content of VN, the broad peak becomes stronger, suggestive of

more agglomeration and more stacking for G in hybrid

materials.30

SEM images of the VN-G hybrid materials are shown in Fig. 3.

It was found that the G appear corrugated into a wavy shape and

the VN particles are homogenously adhered to the surface of G

and/or were embedded in the G layers. Fig. 3b-e reveal that the

loading amount of VN on G was effectively controlled by tuning

the mass ratios of VN and G. In particular, it can be seen from

Fig. 3b that G were covered by VN nanoparticles, which imply

that VN nanoparticles are well electronically wired by G.

Additionally, it is worth noting that the pristine VN only plates

like particle were obtained if prepared without GO addition

(Fig. 3a). In our method, without using surfactants and

templates, VN nanoparticles adhering on G were obtained. This

would ascribe to GO playing a surfactant-like role in limiting VN

crystals to grow larger.31 AFM images of VN-G-30% are shown

in the supporting information Fig. S1† the thickness of G is

around 3.2 nm and G is mainly multi-layer structure. A high-

resolution transmission electron microscopy (HRTEM) image is

shown in Fig. 3f, which illustrates two-dimensional lattice fringes

of VN nanoparticles of 0.206 and 0.237 nm corresponding to the

{200} and {111} lattice planes, respectively. This is consistent

with the XRD measurements shown in Fig. 2.
Fig. 3 SEM images of (a) pristine VN, (b) VN-G-10%, (c) VN-G-20%,

(d) VN-G-30%, (e) VN-G-50% and HRTEM images of (f) VN-G-30%

(inset is a high resolution image of VN particles).

11918 | J. Mater. Chem., 2011, 21, 11916–11922
Kinetics of lithium insertion/extraction in the hybrid materials

can be studied using CV. The CV curves of VN-G hybrid

materials and pristine VN for the initial four cycles at a scan rate

of 1 mV s�1 are depicted in Fig. 4. In the first cycle, a small

cathodic peak at 0.5 V was observed and disappeared from the

second cycle in the all samples, which can be attributed to the

decomposition of the electrolyte and the formation of a solid

electrolyte interface (SEI).32 A pair of redox peak at 0.01 and

0.15 V, respectively, was observed in common for the hybrid

materials, which correspond to Li intercalation/de-intercalation

into carbon layers.33 After the first cycle, a couple of peaks at

around 1.0 V were observed for all hybrid materials. These peaks

may correspond to Li extraction/insertion reaction with the

nitrides, which is common for transition metal-nitride electrodes

as previously reported.34,35

AC impedance analysis were conducted to investigate the

different resistances of the hybrid materials. As displayed in

Fig. 5, a semicircle at the high to medium frequencies and

a straight sloping line at low frequency can be observed. The

semicircle represents charge-transfer resistance, whereas the

straight sloping line is associated with diffusion resistance

through the bulk of the active material. An equivalent circuit

(inset of Fig. 5) was used to analyse the measured impedance

data,36whereRe is the electrolyte resistance, andCPE1 andRf are

the capacitance and resistance of the solid electrolyte interface

(SEI) formed on the electrodes, respectively. CPE2 and Rct are

the double-layer capacitance and charge-transfer resistance,

respectively, Zw is the Warburg impedance related to the diffu-

sion of lithium ions into the bulk electrodes. The fitting values

from this equivalent circuit are presented in Table 1. As can be

seen, the Rf and Rct of the VN electrode were 143.6 and 123.7 U

respectively, which were significantly higher than those of the

VN-G hybrid materials electrode {VN-G-10% (109.2 and 24.1

U), VN-G-20% (71.7 and 22.1 U), VN-G-30% (67.8 and 14.4 U),

VN-G-50% (60.9 and 12.9 U)}. It means that both SEI resistance

and charge-transfer resistance are significantly reduced in the

presence of G. Moreover, it is most likely that a more favorable

SEI was formed for the VN-G hybrid materials electrode than

the VN, which facilitates the lithium ion transfer at the interface

between the electrolyte and the electrode. This result confirmed

that the graphene nanosheets not only could preserve the high

conductivity of the overall electrode, but also significantly

improve the electrochemical activity of metal nitride during the

cycle processes.

Lithium storage properties of VN, VN-G-10%, VN-G-20%,

VN-G-30% and VN-G-50% electrodes were investigated by

galvanostatic discharge/charge experiments between the voltage

windows of 0.01 to 3.0 V (vs Li+/Li) in EC/DMC solution con-

taining 1 M LiPF6. As shown in Fig. 6, the current densities were

increased stepwise from 21 mA g�1 to 2.8 A g�1. The initial

columbic efficiency of the VN-G-30% hybrid is 74.6%, which is

much higher than those of pristine VN (55.8%), VN-G-10%

(45.3%), VN-G-20% (51.3%), VN-G-50% (51.5%) and graphene

reported previously.27 It was demonstrated that proper mass

ratio of VN and G is beneficial to reducing the irreversible

capacity. After a few cycles at 21 mAg�1, the reversible capacities

of VN, VN-G-10%, VN-G-20%, VN-G-30% and VN-G-50%

electrodes are around 140, 130, 240, 280 and 340 mAh g�1,

respectively. It also can be found in Fig. 6 that the capacity of
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 CV curves of (a) pristine VN, (b) VN-G-10%, (c) VN-G-20%, (d) VN-G-30%, and (e) VN-G-50% electrodes at a scan rate of 1 mV s�1 in

a potential window from 0.01 to 3.0 V (vs Li+/Li) in EC/DMC solution containing 1 M LiPF6.
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VN-G-10% hybrid material is similar to that of pristine VN in

cycling performance. This could be ascribed to an un-effective

electronic and lithium ion transportation in this hybrid according

to the literature reported.37 When the current densities increased

to 42 mA g�1, the reversible capacity of VN-G-50% electrode

rapidly drops to 245 mAh g�1 and delivers lower capacity than

that of VN-G-30% (260 mAh g�1). It is very interesting that when

the current density returns to 42 mA g�1 after the rate test, the

reversible capacity of all the samples was demonstrated to show

a significant increase than the original value. For a fair

comparison, the bulk VN material had been prepared and tested

to possess minor capacity despite a huge capacity of 1500 mAh

g�1 of thin film VN reported by Fu Z. et al.12 (Fig. S2†). These
This journal is ª The Royal Society of Chemistry 2011
discrepancies may result from different kinetic and thermody-

namic behaviors owing to the so-called size effect, which is

analogous to the report by Poizot et al. on lithium reacting with

transition metal oxides.38 It was also reported that comparison

results between bulk moduli and atomic volumes for the various

phases of vanadium nitrides showed that higher bulk moduli are

dominated by increased V–N bonds combined with low atomic

volumes, which might influence the reaction kinetics of vana-

dium nitride with lithium.39 Of course, there is a strong syner-

gistic effect between VN and G after considerable cycles, which

was similar to the previous literature.30 Among them, the specific

capacity of VN-G-30% increased to 410 mAh g�1 gradually after

the rate performance test (Fig. S3†), which is much higher than
J. Mater. Chem., 2011, 21, 11916–11922 | 11919
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Fig. 5 Nyquist plots of VN-G hybrid and pristine VN electrodes and the

corresponding simulation results (inset is the equivalent circuit used to fit

an experimental curve).

Table 1 Kinetic parameters of VN-G hybrid materials and pristine VN
electrodes

Sample Rf (U) Rct (U) CPE1 (F) CPE2 (F)

VN 143.6 123.7 1.3 � 10�5 1.5 � 10�4

VN-G-10% 109.2 24.1 3.3 � 10�5 6.7 � 10�4

VN-G-20% 71.7 22.1 4.7 � 10�5 1.5 � 10�4

VN-G-30% 67.8 14.4 5.1 � 10�5 1.8 � 10�4

VN-G-50% 60.9 12.9 2.1 � 10�4 1.4 � 10�5

Fig. 6 Cycling and rate performance of VN-G hybrid materials and

pristine VN electrodes cycled in EC/DMC solution containing 1 M

LiPF6.

Fig. 7 XRD patterns of the VN electrode obtained at the end of lith-

iation at 0 V and at the end of delithiation at 3.0 V compared to the initial

VN electrode.
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other samples. Also its capacity gradually increased to 983 mAh

g�1 after 175 cycles (Fig. S4†). It might be that VN-G-30% forms

a beneficial structure for favourable Li storage as reported by

J. Maier et al.40–42 For a fair comparison, a simple mixture of VN

and G (7 : 3) was tested under the same experimental conditions.

The results showed that the electrochemical performance of the
11920 | J. Mater. Chem., 2011, 21, 11916–11922
mixture of VN and G (7 : 3) was much worse than VN-G-30%

hybrid material (Fig. S5†). The higher capacity of the VN-G

hybrid materials is due to the good nanowiring by G.

Investigation using advanced HRTEM, XRD and EELS

methods was carried out to elucidate the capacity enhancement

mechanism after considerable cycles. It was previously reported

by Chen C. et al. that the capacity enhancement was originated

from one reactive SEI mechanism with a lower columbic effi-

ciency in metal oxides.43 In our case, the columbic efficiency is

almost 100% except for the first few cycles, which is obviously

different from the reactive SEI mechanism. XRD patterns after

cycle measurement were depicted in Fig. 7. The XRD analyses

revealed a shift of electrochemically reformed ‘‘VN’’ peaks

towards larger angles (with respect to the initial VN phase)

corresponding to a lattice contraction after cycling.44–46 A

possible explanation may be attributed to the formation of

a LixV1-xN phase as the substitution of Li+ ions, of about 0.68 �A

in diameter, for larger vanadium ions, resulting in a lattice

contraction. Note that the absence of Li3N in the XRD patterns

obtained at the end of lithiation is mainly owing to a low atomic

scattering factors of its constituents (Li and N), leading to

a major difficulty in detection of Li3N by XRD. In our case, the

average diameter of VN particles is larger than 10 nm, as revealed

by TEM measurement. Therefore it is highly possible that VN

nanoparticles could suffer from a relatively slow kinetics; and

more lithium could reversibly reacted with activated nitrides

after being activated gradually, which could result in the

increasing capacity during cycling. Fig. 8a is a typical bright-field

transmission electron micrograph, showing the nanoparticles

range from�15 nm to�100 nm in diameter. EELS analyses were

conducted in two different regions, indicated by ‘‘1’’ and ‘‘2’’ in

Fig. 8a, to detect the chemical changes of nitride and vanadium

after cycling. Fig. 8b shows the result, with a magnified version of

N-K edge shown inset. Normalising the two spectrum using N-K

edges gives us a clear clue that the V-L edge is higher in region 1

than that of 2, which implies the content of vanadium is higher in

region 1. This leads us to a conclusion that more lithium are
This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 TEM and EELS analyses of the VN samples after cycles, indicating that lithium ions were incorporated into the vanadium nitride by extended

cycling.
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incorporated into the lattice by forming Li nitrides in smaller and

thinner nanoparticles (region 1). In addition, as indicated by

arrows, the extended near-edge fine structure of N-K edge shown

inset also displays considerable difference which is closely related

to the diffraction conditions of the local structural and chemical

environment surrounding nitride atoms, implying the incorpo-

ration of lithium ions into the lattice. These results shed light on

the fact that for lithium reaction with activated metal nitrides,

there may exist a reversible conversion reaction that metal

nitrides mainly transform into nanocomposites of metallic M (or

MN1-x) + Li3N, which is analogous to the report by N. Pereira

et al. on electrochemistry of Cu3N with lithium.47 In addition, the

increased spacing between the layers of G could provide more

active sites for the storage of more lithium, which is similar with

carbon nanotube samples reported previously.48 These results

indicate that proper amount of G in the hybrid materials plays

a significant role in improving the electrode rate performance

and specific capacity owing to the provision of a highly

conductive medium for electron transfer during the lithiation and

de-lithiation processes.

Conclusions

Preparation of VN-G hybrid with different mass ratios by a sol–

gel method followed by heat treatment under ammonia atmo-

sphere is presented. The hybrid material forms an effective

conducting network, with VN nanoparticles adhered to and/or

embedded in the graphene layers. The electrochemical results

clearly demonstrate that there is a strong synergistic effect

between VN and G. The hybrid materials exhibited increasing

capacity and better rate performance after cycling due to

a gradual activation mechanism, which is favorable to the

improvement of electrochemical kinetics.
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