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There are growing demands for the next generation lithium ion batteries with high energy density as well as high power perfor-
mance for renewable energy storage and electric vehicles application. Recently, nanoscale materials with outstanding energy 
storage capability have received considerable attention due to their unique effect caused by the reduced dimensions. This review 
describes some recent developments of our group in research of transition metal nitride nanocomposites in application of energy 
storage, especially for lithium ion battery and supercapacitor. The strategies of mixed conduction (electron and ion) network with 
a favorable charge transportation interface in the design of the nanocomposites for such devices are highlighted. 
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Our present energy policy still mainly based on burning 
fossil fuels, inevitably poses a serious concern due to CO2- 
related global warming. Accordingly, efforts aimed at en-
suring efficient use of renewable energy sources and re-
placement of internal combustion engines with electric mo-
tors for the development of sustainable vehicles, such as 
hybrid electric vehicles (HEVs), plug in hybrid electric ve-
hicles (PHEVs), and ultimately full electric vehicles (EVs), 
are in progress worldwide [1]. Exploration of alternative, 
green energy sources, such as solar, wind and geothermal, 
regains the side support of energy storage system that can 
compensate their intermittent characteristics. It is now gen-
erally accepted that among the various choices, the most 
suitable are lithium ion batteries (LIB). LIB is portable de-
vices capable of delivering the stored chemical energy as 
electrical energy with high conversion efficiency and with-
out any gaseous emission. Moreover, LIB offers the most 
promising option to power efficiently HEVs and EVs. In 

this scenario, LIB and electrochemical supercapacitor are 
among the most promising energy storage devices that can 
meet the demands of high power, high energy and long cy-
cle life.  

Transition metal nitride nanocomposites are considered 
to be the promising anode material in LIB for their low 
lithium intercalation potential, high reversible reaction and 
high capacity. LixMyN (M=Fe, Co, Ni, Cu, Mn) exhibits 
high ion conductivity and variable metal valence. Among 
them, Li3xCuxN and Li3xCoxN give a reversible capacity of 
650 and 560 mAh g1, respectively. However, their power 
density and cyclic performance suffer from the volume 
change during charge/discharge process, leading to poor 
cycle performance. Fu et al. in Fudan University did a good 
job in a series of transition metal nitrides such as Fe3N [2], 
Ni3N [3], CrN [4], VN [5] and their composites [6] indicat-
ing that transition metal nitrides with higher valence give a 
higher capacity. The capacity of CrN and VN could be 1500 
mAh g1, much higher than that of Fe3N and Co3N (400 
mAh g1). However, the poor ion and electrical conductivi-
ties of CrN give rise to the high degree of polarization, 
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which greatly limits its practical application [7]. To over-
come these disadvantages and further enhance the energy 
density, the obtained electrode material must be of high spe-
cific capacity and low lithium intercalation/deintercalation 
potential [8]. So it is very interesting to investigate the en-
ergy storage capacity of VN given the above the excellent 
performance. Moreover, TiN represents a good conductivity 
and is favorable to enhance the rate performance of LIB, 
such as Li4Ti5Ol2/TiN [9] and Si/TiN [10]. Recently, TiN- 
graphene hybrid has also been studied for its electric cataly-
sis in dye-sensitized solar cell and biosensor [11].  

Herein, the review describes some recent developments 
of our group in research of transition metal nitride nano-
composites in application of energy storage, especially for 
LIB and supercapacitor. The strategy of mixed conduction 
(electron and ion) with a favorable charge transportation 
interface in the design of the nanocomposites for such de-
vices is highlighted. 

1  Transition metal nitrides as anode material in 
LIB 

Generally, there are three dynamic processes for Li+ inter-
calation in LIB: (1) Li+ motion through the electrolyte; (2) 
migration in the electrolyte/electrode interface; and (3) 
chemical diffusion in the bulk of electrode material, as 
shown in Figure 1. Among the three processes, (3) is the 
decisive one for the whole Li+ transportation and is defined 
as the function: =L2/2D, where  is the diffusion time, L is 
the length of diffusion path and D is diffusion coefficient of 
the electrode material. Once the size of the material is 

shortened, the transport length and the chemical diffusion 
resistance are decreased. Consequently, superior electro-
chemical performance is obtained [12–14].  

Nano-sized materials were demonstrated to be of low 
electrochemical polarization, high reversible capacity, and 
negligible volume change effect during the charge/discharge 
process [15–17]. As an excellent electrode material, it re-
quires fast lithium ion transportation and mixed electrical 
conductivity [18,19]. Therefore, a series of nanostructrued 
composite materials are designed, in which ion and electron 
can be transported efficiently. Thus high energy density and 
high power density are obtained simultaneously (Figure 2).  

A series of transition metal nitrides, such as GeN [20], 
Zn3N2 [21] and Cu3N [22], have been studied, the lithium 
storage mechanism of these composites is described as  

 +
3M N 3 Li 3 e M Li N,x y y y x y     (1) 

 M Li e Li M.zz z     (2) 

Some of the transition metal nitrides have a low electrical 
conductivity and volume change effect during charge/dis-     
charge process, which result in their low power density and 
poor cyclic performance. It is known that TiN shows good 
conductivity and high temperature stability [23]. Meanwhile, 
VN is reported to display considerable capacity. Based on 
this, Joachim Maier (Max-Planck-Institute for Solid State 
Research) and our team cooperated to explore in the prepa-
ration of Ti-V-N/C where the carbon is coated on the sur-
face (Figure 3) to inhibit the volume change. The Ti-V-N/C 
composite with a particle size of 8 nm exhibits good rate 
performance: 639 and 95 mAh g1 at the rates of 74.4 mA g1 
and 22.32 A g1, respectively. 

 

Figure 1  Three dynamic processes for Li+ in LIB. Reprinted from [12], Copyright 2007, with permission from Elsevier. 
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Figure 2  Schematic map of the design for hybrid transfer material. 

Graphene (G), a two-dimensional nanostructure of car-
bon, has attracted a great deal of attention since it was ex-
perimentally discovered in 2004. G possesses a high surface 
area to volume ratio, extraordinary electronic transport 
properties, flexibility and chemical stability, and is very 
promising in applications such as solar cells, sensors, bat-
teries and supercapacitors [25]. Our team has done much 
work on exploring structure-performance effect of nitro-
gen-doped G (Figure 4), which indicates that the introduc-
tion of nitrogen atoms highly improves the lithium interca-
lation capability of G [26]. The reason is that the structural 
defects caused by N atom can accommodate much more Li 
ion and the decreased active sites on the G edge lead to re-
duced irreversible capacity. It was reported by Ogumi [27] 
that the interface resistance plays an important role in the 
course of lithium intercalation. In our case, N-doping in G 
greatly reduces the interface, and thus facilitates the elec-
trochemical dynamic process. 

Subsequently, graphene G/TiN hybrid is obtained through 

in situ synthesis. G/TiN hybrid anode delivers a reversible 
capacity as high as 646 mAh g1 at 20 mA g1 and exhibits 
an enhanced initial coulomb efficiency of 75%, much high-
er than that of pure graphene (G, 52%) in the first cycle 
(Figure 5(a)). At a current density of 2000 mA g1, the hy-
brid anode still retains 325 mAh g1 while that of G is only 
98 mAh g1 (Figure 5(b)) [28]. It is demonstrated that the 
G/TiN hybrids display superior electrochemical perfor-
mance owing to the highly efficient mixed (electron and Li+) 
conducting network. The internal defects between G layers 
induced by nitrogen-doping in G/TiN may improve reversi-
ble Li storage, whereas the catalytic sites on the surface of 
G related to the decomposition of electrolyte may be occu-
pied by TiN, leading to decreased irreversible capacity. AC 
impedance also confirmed that both the solid electrolyte 
interface and charge transfer resistance are decreased after 
the anchoring of TiN nanoparticles [29,30]. In addition, the 
conductivity of G/TiN and graphene is obtained by four- 
probe method as 2.36 and 0.25 S cm1, respectively. 

Accordingly, N-dopped G/VN (VN-G) hybrid is also 
studied [31]. It is very interesting that when the current den-
sity returns to 42 mA g1 after the rate test, the reversible 
capacity of all the samples is demonstrated to show a sig-
nificant increase than the original value (Figure 6(a)). In 
order to clarify the reason for the result, XRD is applied 
after cycle measurement as shown in Figure 6(b). The XRD 
analyses reveal a shift of electrochemically reformed “VN” 
peaks towards larger angles (with respect to the initial VN 
phase), corresponding to a lattice contraction after cycling. 
It may be attributed to the formation of a LixV1xN phase as 
the substitution of Li+ ions, of about 0.68 Å in diameter, for 
larger vanadium ions, resulting in a lattice contraction. 

Figure 7(a) is a typical bright-field transmission electron 
micrograph, showing that the nanoparticles range from 15 
to 100 nm in diameter. Electron energy-loss spectroscopy 
(EELS) analyses are conducted in two different regions, 
denoted as zone 1 and zone 2 in Figure 7(a), to detect the  

 

Figure 3  (a) High revolution TEM image; (b) electron diffraction pattern of Ti-V-N/C nanocomposite. Reprinted with permission from [24]. 
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Figure 4  The mechanism of lithium storage in N-doped G. Reprinted 
with permission from [26]. 

chemical changes of nitride and vanadium after cycling, as 
shown in Figure 7(b) with a magnified version of N-K edge 
inset. Normalizing the two spectrum using N-K edges gives 
us a clear clue that the V-L edge is higher in zone 1 than 
that in zone 2, indicating that the content of vanadium is 
higher in zone 1. This leads us to a conclusion that more 

lithium is incorporated into the lattice by forming lithium 
nitrides in smaller and thinner nanoparticles (zone 1).  

The nano-sized electrode material transforms some inac-
tive materials into lithiation active ones, exhibiting higher 
capacity than commercialized graphite. However, the elec-
trochemical dynamics of these materials still need to be 
enhanced. To solve this problem, we designed nanostruc-
tured composites with highly efficient mixed (electron and 
Li+) conducting network, optimized electrode interface and 
homogenous structure, which are of crucial importance for 
high energy density, high power density, long cycle life and 
other special needs.  

2  Transition metal nitrides as active material in 
supercapacitor 

As an excellent electrode material of supercapacitor, it must 
have high specific surface area and good conductivity. In 
the past few decades, many efforts had been made in the 
research of mesoporous materials with proper surface area  

 

Figure 5  (a) First charge/discharge profiles of G/TiN and G at the current density of 20 mA g1; (b) rate performance of G/TiN and G. Reprinted with 
permission from [28]. 

 

Figure 6  (a) Cycling and rate performance of VN-G hybrid materials and pristine VN electrodes cycled in EC/DMC solution containing 1 mol/L LiPF6; (b) 
XRD patterns of the VN electrode obtained at the end of lithiation at 0 V and at the end of delithiation at 3.0 V compared to the initial VN electrode. Re-
printed with permission from [31]. 
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Figure 7  TEM and EELS analyses of the VN samples after cycles, indicating that lithium ions are incorporated into the vanadium nitride by extended 
cycling. Reprinted with permission from [31].  

and accessible pores which will facilitate the mass transfer 
and ion conduction. Meanwhile, when high operation volt-
age is applied in nonaqueous supercapacitor, high energy 
density can be obtained [32]. With these in mind, mesopo-
rous TiN nanoparticles and TiN-VN composites with dif-
ferent structures are prepared. 

2.1  Mesoporous TiN nanoparticles for supercapacitor 

TiN nanoparticles are often prepared from titanium oxide 
under ammonia atmosphere at high temperature. However, 
it is challenging to form a mesoporous structure, because 
the collapse of the nanopores during conversion and recrys-
tallization severely hinders their formation. To address this 
issue, the general synthetic strategies mostly rely on the use 
of multiple templates. However, these approaches substan-
tially require a tedious and time-consuming process of tem-

plate formation and the necessity of template removal. We 
reported a facile route to directly convert TiO2 mesoporous 
spheres into TiN mesoporous spheres under ammonia at-
mosphere using cyanamide to retain the morphology (Fig-
ure 8) [33]. The single-electrode specific capacitance of the 
TiN are 112.3 F g1 at the current densities of 0.1 A g1. The 
energy density can reach 45.0 W h kg1 at a power density 
of 150 W kg1.  

It can be expected that the mesoporous TiN spheres can 
serve as a promising electrode material for high energy su-
percapacitors. Furthermore, the mesoporous structure of 
TiN is potential framework for synthesizing composites 
with 3D mixed (electron and ion) conducting networks by 
introducing electro-active materials (e.g. MnO2, RuO2, Si, 
Sn) on its surface. Therefore, an excellent electrode material 
based on mixed conducting composites with a higher spe-
cific energy and power density can be expected, which is  

 

Figure 8  (a) SEM image and TEM image (inset) of the mesoporous TiN spheres with diameter range from 200 to 300 nm; (b) HRTEM image of mesopo-
rous TiN spheres with diameter range from 200 to 300 nm. Reprinted with permission from [33]. 
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highly desirable for LIB and supercapacitor applications. 

2.2  Mesoporous coaxial TiN-VN fibers of core-shell 
structures for supercapacitors 

As mentioned above, TiN possesses good conductivity while 
VN shows outstanding capacitance capability. Accordingly, 
TiN-VN fibers of core-shell structures were prepared by the 
coaxial electro-spinning, and subsequently annealed in the 
ammonia. TiN-VN fibers incorporated mesoporous structure 
into high electronic conducting transition nitride hybrids. 
The hybrids exhibit high specific capacitance (2 mV s1, 
247.5 F g1) and good rate capability (50 mV s1, 160.8 F g1) 
(Figure  9). 

In addition, TiN/VN core-shell nanospheres are also 
prepared by a two-step strategy involving coating of com-
mercial TiN nanoparticles with V2O5·nH2O sols followed 
by ammonia reduction, as shown in Figure 10(a). The highest 
specific capacitance of 170 F g1 is obtained when scanned 
at 2 mV s1 and a promising rate capacity performance is 
maintained at higher voltage sweep rates (Figure 10(b)). 
The favorable specific capacitance may be attributed to the 

enhancement of electrical conductivity and nanostructured  
materials [35]. 

2.3  One-dimensional MnO2/TiN nanotube coaxial  
arrays for supercapacitor 

Nowadays, innovative electrochemical energy storage elec-
trodes for supercapacitors have been extensively studied. 
Among a variety of options, MnO2 is one of the most popu-
lar candidates, because of its high energy density, low cost, 
non-toxicity, and natural abundance. However, its applica-
tions in supercapacitors are hindered due to its poor rate 
capability arising from its low electronic conductivity. There-
fore, a one-dimensional nanostructured coaxial composite of 
MnO2 and an electronic conductive material TiN is de-
signed, based on the concept of designing an efficient, fast 
charge transportation network, and is expected to signifi-
cantly enhance the rate performance of MnO2 electrodes. SEM 
images of TiN nanotubes (Figure 11(a),(b)) and the MnO2/ 
TiN coaxial nanostructure using a deposition potential of 
0.7 V (Figure 11(c)) shows a uniform structure. The TiN 
nanotubes have outer diameters ranging from 65 to 75 nm,  

 

Figure 9  (a) SEM and (b) TEM images of mesoporous coaxial TiN-VN fibers of core-shell structure. Reprinted with permission from [34]. 

 

Figure 10  (a) Schematic illustration for the preparation of TiN/VN nanocomposite; (b) CV curves of TiN/VN composite in 1 mol/L KOH aqueous solution. 
Reprinted from [35]. Copyright 2011, with permission from Elsevier.  
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Figure 11  (a), (b) TiN nanotubes; (c), (d) coaxial MnO2/TiN. Reprinted with permission from [36]. 

and the arrays are about 20 mm in length. MnO2 is evenly 
deposited into the nanotubes. The combination of mesopo-
rous MnO2 and TiN in coaxial nanowire arrays has shown 
promising capacitance (390.2 F g1 at a current density of 
400 A g1), excellent rate capability (only 45% loss at a scan 
rate of 2000 mV s1 compared with that at a scan rate of   
2 mV s1) [36]. 

3  Conclusions 

High efficient electrode materials with nanostructure play 
an important role in the development of new energy storage 
devices. Building up materials for electrical energy storage 
is a huge challenge that has been taken on by our groups, 
starting from fundamental insight into structure and perfor-
mance based on the concept of mixed conducting network. 
By constructing favorable electrode/electrolyte interface and 
assembling unique nanostructure, transition metal nitride 
nanocomposites exhibit excellent electrochemical perfor-
mance. It is very meaningful and prosperous for the inves-
tigation of these materials in application of both LIB and 
supercapacitor. 
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