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Abstract The communication reports an exploratory

experimental study on the effects of nitrogen annealing on

lithium ion intercalation in nickel-doped lithium trivana-

date cathodic electrodes for lithium ion batteries. It shows

good rate performance with discharge capacities of 348.6,

252.6, 191.9 and 96.7 mAh g-1 at 0.2, 0.5, 1 and 5 C,

respectively. Nitrogen annealing resulted in the formation

of parasitic secondary-phase LiV2O5 and appreciably

increased tetravalent vanadium ions compensated with

oxygen vacancies, which would enhance the electronic

conductivity and lithium ion diffusivity and promote the

interface interaction and deintercalation process, and thus

lead to the enhanced lithium ion intercalation properties.

The possible impacts of the parasitic secondary-phase

LiV2O5 on the lithium ion intercalation performance have

also been discussed.
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1 Introduction

Although lithium ion batteries are one of the most suc-

cessful energy storage technologies and have enjoyed

widespread applications in the past 2.5 decades, search for

better electrode materials for energy storage technologies

with increased energy and power density with improved

cyclic stability at a reduced cost and with earth abundant

materials has only got increasingly intensified [1–3].

Lithium trivanadate (LiV3O8, denoted as LVO) has been

studied in the past years since the first research of its

lithium ion intercalation capability by Wadsley [4]. It is

considered as a viable cathode for moderate-voltage

lithium ion batteries due primarily to its relatively large

reversible lithium ion insertion/extraction capacity [5, 6].

However, its low electronic conductivity (*10-6 S cm-1)

and lithium ion diffusion coefficient (*10-10 cm2 s-1)

have hindered its practical applications [7–9]. Materials

with appropriately designed and fabricated nanostructures

with a large specific surface area have demonstrated to

offer more active reaction sites for lithium ions and obvi-

ously possess shortened diffusion length in the insertion/

extraction process and thus presented much improved

cycling performance and rate capability [10]. Similar to

other layer-structured cathode materials, the capacity fade

of LVO is often attributed to structural changes, phase

transition and surface changes [11]. Surface coating and

passivation of nanostructured electrodes have demonstrated

to be an effective approach for improving cyclic stability of

LVO during the insertion/extraction of lithium ions [12–

14]. Doping in cathode materials has also demonstrated to

effectively improve electrochemical properties. For exam-

ple, Mo-doped LVO cathode has better reversibility than

pure LVO [15]. Similarly, Ni doping in LVO resulted in

much improved lithium ion intercalation properties

because low-valence-state Ni can introduce oxygen

vacancies that provide the nucleating sites and ion diffu-

sion path in the phase transition of electrode materials

during the charge/discharge process [16].

SPECIAL TOPIC: Materials for Energy Conversion

Y. Liu � C. Zhang � C. Liu � H. Song � X. Nan � G. Cao
Beijing Institute of Nanoenergy and Nanosystems, Chinese

Academy of Sciences, Beijing 100083, China

G. Cao (&)

Department of Materials and Engineering, University of

Washington, Seattle, WA 98195-2120, USA

e-mail: gzcao@u.washington.edu

123

Sci. Bull. (2016) 61(8):587–593 www.scibull.com

DOI 10.1007/s11434-015-0970-1 www.springer.com/scp

http://crossmark.crossref.org/dialog/?doi=10.1007/s11434-015-0970-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11434-015-0970-1&amp;domain=pdf
www.springer.com/scp


In addition to design and synthesis of nanostructures,

carbon nanocoating and doping, the introduction of surface

defects through controlled annealing in reducing gas is yet

another approach to improve the lithium ion intercalation

properties [17–20]. Liu et al. [19, 20] found that the pres-

ence of defects, such as V4?, and associated oxygen

vacancies could also improve the cycle life of LVO. The

defects at the interface of LVO and electrolyte could pos-

sibly facilitate the phase transition during the insertion/

extraction process due to modified surface thermodynamics

[21, 22]. In addition, the presence of surface defects at

LVO/electrolyte interface could preserve the integrity of

cathode surface morphology, improving the cyclic stability

of cathode materials [23]. Such surface defects in vana-

dium oxides can be readily introduced by annealing in an

inert gas at elevated temperatures, such as in nitrogen gas

at 300 �C [24, 25].

The present paper focuses on the effect of nitrogen

annealing on the lithium ion intercalation properties of

nickel-doped lithium trivanadate, a part of the efforts as to

explore combined or even synergistic effects of doping and

surface defects through annealing on the electrochemical

properties, taking lithium trivanadate as a model system, as

the impacts of nickel doping has been reported recently in a

separate publication [16]. We first synthesized nickel-

doped LVO (Ni-LVO) followed with annealing in air or

nitrogen. The crystallinity, microstructures and lithium ion

intercalation properties of the resulting Ni-LVO have been

investigated, and the influence of the annealing atmosphere

has been discussed. The experimental results revealed that

Ni-LVO electrode annealed in nitrogen atmosphere

exhibited improved electrochemical properties compared

to that annealed in air, and the possible cause for such an

improvement has been discussed.

2 Experimental

2.1 Material synthesis

All chemicals used in our work were analytical grade and

were used without further purification. Previously reported

procedure was modified to synthesize Ni-LVO [26]. V2O5,

CH3COOLi�2H2O, (CH3COO)2Ni�4H2O and oxalic acid

(H2C2O4�2H2O) were used as raw materials to prepare the

precursor solution, oxalic acid acting as a both chelating

and reducing agent. First, V2O5 and oxalic acid in a stoi-

chiometric ratio of 1:3 were dissolved in deionized water

under vigorous stirring at 400 r min-1 at room temperature

until the color of solution turned from yellow to blue,

which indicates that the valance state of V transformed

from ?5 to ?4 and that vandyl oxalate hydrate

(VOC2O4�nH2O) formed [27]. The reaction can be

expressed as shown [28]:

V2O5 þ 3H2C2O4 ! 2VOC2O4 þ 3H2Oþ 2CO2

Then, a certain amount of (CH3COO)2Ni�4H2O in which

nickel accounts for 5 % of vanadium was added into the

solution. The color of solution turned dark green. A stoi-

chiometric amount of CH3COOLi�2H2O was added, and

then the mixture was vigorously stirred (600 r min-1) for 1

h. Finally, the mixture was dried overnight in an oven at

80 �C to get the powder. The as-obtained powders were

then annealed at 300 �C in nitrogen for 2 h at a temperature

ramping rate of 2 �C min-1 to get N-Ni-LVO. In contrast,

we synthesized the powder and annealed at 300 �C in air in

the same way to get A-Ni-LVO.

2.2 Material characterization

X-ray diffraction (XRD) analyses of the samples were con-

ducted on a Marcogroup diffractometer (MXP21 VAHF)

with a Cu-Ka radiation source (k = 1.54056 Å). X-ray

photoelectron spectroscopy (XPS) was performed on the

Thermo Scientific ESCA Lab 250Xi using 200 W

monochromated Al-Ka radiation. The 500-lm X-ray spot

was used for XPS analysis. The base pressure in the analysis

chamber was about 3 9 10-10 mbar (1 mbar = 100 Pa).

Typically the hydrocarbon C 1s line at 284.8 eV from

adventitious carbon was used for energy referencing. The

morphologies of samples were investigated by HITACHI

SU8200 cold field emission scanning electron microscope

(FESEM). The total surface area was determined using

nitrogen sorption analyses via surface area and porosity

analyzer (Micromeritics ASAP 2020 HD88, USA). For the

mesopore surface area, pore volume and pore diameter, the

Barrett–Joyner–Halenda (BJH) method was adopted,

whereas the specific surface area and the pore volume of

micropores were calculated using t-method.

2.3 Electrochemical characterization

Electrochemical tests were carried out using 2032 coin

cells assembled in an argon-filled glove box in which both

the content of oxygen and water were below 0.5 ppm (parts

per million). To prepare working electrodes, a mixture of

active material, carbon black and poly-(vinyl difluoride)

(PVDF) at a weight ratio of 80:10:10 was pasted on an Al

foil. The electrolyte was composed of 1 mol L-1 LiPF6
dissolved in a mixture of ethylene carbonate/dimethyl

carbonate/diethyl carbonate (EC/DMC/DEC, 1:1:1 vol%,

CAPCHEM). A Celgard polypropylene was used as the

separator. To investigate the electrochemical properties of

electrode materials, the half cells were adopted and lithium

foil was used as the counter electrode.
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Galvanostatic charge–discharge tests of assembled cells

were performed on a Land CT2001A system (Wuhan,

China) under various current densities. The discharge/

charge voltage window is 2.0–4.0 V versus Li?/Li. Cyclic

voltammograms (CVs) were conducted on a Solartron SI

1287 at the scanning rate of 0.1 mV s-1. Electrochemical

impedance spectroscopy (EIS) was conducted on a Solar-

tron SI 1260 over the frequency range from 100 kHz to

0.1 Hz with an amplitude of 10 mV. Before the EIS test,

the cells were charged to 2.8 V and then kept at that

voltage for 10 min to reach a stable state. All electro-

chemical measurements were carried out at room temper-

ature. The current densities for the half cells were all

determined based on the mass of active materials on

electrodes.

3 Results and discussion

3.1 Structural characterization

Figure 1a shows the XRD patterns of the samples N-Ni-

LVO and A-Ni-LVO. The XRD peak positions of A-Ni-

LVO are in agreement with the layered-type LiV3O8

(JCPDS 72-1193) [29]. However, sample N-Ni-LVO

demonstrated appreciable difference in its XRD, though

LiV3O8 remains the predominant phase. A parasitic sec-

ondary-phase LiV2O5 is evidently present (JCPDS

18-0756) [30] in the sample of N-Ni-LVO. Both XRD

patterns revealed that the samples contain neither nickel

metal nor NiO, for nickel is most likely to be incorporated

to the LVO compound through substituting and taking

vanadium ion positions, considering the relatively small

amount of nickel doping (5 %) and reasonable difference

in ionic radii of Ni2? (70 pm with CN = 6, and higher

valence nickel ions would have smaller radius) and V5?

(57 pm with CN = 6, and lower valence vanadium ion

would have larger radius). Doping of nickel in LVO has

been elaborated in our earlier work [16], and Ni doping in

vanadium pentoxide has also been reported [31]. There are

obvious differences in the XRD patterns of A-Ni-LVO and

N-Ni-LVO samples: the presence of LiV2O5 parasitic

secondary phase and the shift of diffraction peaks to low

angles in N-Ni-LVO sample. In LiV2O5, vanadium ions

possess a valence state of 4.5?, instead of 5? in LiV3O8.

Although the exact mechanism leading to the formation of

LiV2O5 is not known, the nitrogen annealing has obviously

contributed to the valence reduction in vanadium ions. The

appreciable shift of diffraction peaks in N-Ni-LVO, par-

ticularly at high angles, is an indication of expanded lattice

constants, also suggesting the presence and/or increased

amount of tetravalent vanadium ions.

XPS survey spectrum of N-Ni-LVO (Fig. 1b) shows the

peaks of Li 1s, V 2p and O 1s clearly, but the peak of Ni 2p

is not obvious due to its small quantity. Figure 1c is the

high-resolution XPS of V 2p with fitting. The two main

peaks at 524.7 and 517.5 eV could be ascribed to the spin

orbitals splitting in the components, V5? 2p1/2 and V5?

2P3/2 [32], while the peaks associated with V4? at 522.0 eV

(V4? 2p1/2) and 516.6 eV (V4? 2p3/2) are clearly present

[33]. The relative atomic ratio of V5? and V4? is approx-

imately of 1.8:1, estimated based on the fitting peak areas.

Although the exact amount of tetravalent vanadium ions

requires more refined study, the existence of large con-

centration of V4? corroborates the shifted peak positions in

the XRD patterns and also explains the formation of par-

asitic secondary-phase LiV2O5. The presence of tetravalent

vanadium ions is known to be beneficial to lithium ion

intercalation [19] as it enhances the electronic conductiv-

ity, as electrons may hop between pentavalent and

tetravalent vanadium ions, and increases the void space

favoring the lithium ion diffusion, through generating

oxygen vacancies to maintain the electroneutrality.

Tetravalent vanadium ions and oxygen vacancies on the

Fig. 1 (Color online) a XRD patterns of samples A-Ni-LVO and N-Ni-LVO, with the (100) peak positions aligned at the same angle for the sake

of clear comparison. XPS spectra of N-Ni-LVO sample: b survey spectrum and c high-resolution V 2p spectrum, the measured curve was

presented by the line with circles, and the fitting curves related to V4? and V5? were marked by dashed and solid lines, respectively
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surface would affect the surface chemistry and the surface

energy and thus may promote the intercalation and dein-

tercalation reactions and the accompanied first-order phase

transition.

Figure 2a, b shows the morphologies of A-Ni-LVO and

N-Ni-LVO. The SEM image of A-Ni-LVO (Fig. 2a) shows

that the nanosheets are 200–300 nm long, 100–200 nm

wide and *20 nm thick, with aggregation. In Fig. 2b, the

particles have a smaller size where the sheets have

100–200 nm length, 50–100 nm width and *20 nm

thickness. Figure 2c, d shows the nitrogen sorption iso-

therms of samples A-Ni-LVO and N-Ni-LVO, from which

the specific surface areas of two samples are calculated to

be 30.0 and 35.4 m2 g-1, respectively. The pore volumes

are also determined to be 0.188 and 0.208 cm3 g-1. The

larger specific surface area and pore volume found in

sample N-Ni-LVO are in good agreement with the SEM

observation that N-Ni-LVO sample possessed smaller-

sized particles. In general, larger specific surface area

means more reaction sites, and smaller particle size means

shorter diffusion distance, both of which are beneficial to

lithium ion intercalation during the charge/discharge pro-

cesses as well as the cyclic stability.

3.2 Electrochemical performance

Figure 3a compares the cyclic voltammograms or CV

curves of A-Ni-LVO and N-Ni-LVO electrodes at a scan

rate of 0.1 mV s-1 between 2.0 and 4.0 V versus Li?/Li.

During the cathodic scan of N-Ni-LVO electrode, there are

five main peaks located at 2.34, 2.41, 2.51, 3.46 and

3.59 V, respectively. The peak at 3.59 V is related to the

initial lithium ion inserted into the octahedral site of the

LVO host structure [34]. The peaks at 2.41 and 2.51 V

correspond to Li-ion insertion in the empty tetrahedral site

with a single-phase reaction, and the peak around 2.34 V

may relate to the two-phase transformation of Li3V3O8/

Li4V3O8 [35–39]. While the peak at 3.46 V may stem from

the insertion reaction of LiV2O5 [30]. Also, there are five

main peaks (2.48, 2.49, 2.66, 3.51 and 3.67 V) during the

anodic scan of N-Ni-LVO. All the corresponding cathodic

and anodic peaks are found in A-Ni-LVO sample; how-

ever, all the peaks in A-Ni-LVO are lower in peak intensity

and broader in peak width than that in N-Ni-LVO samples.

In addition, there is a clear relative shift of peak positions

during both cathodic and anodic scans. In comparison with

the peak positions in A-Ni-LVO sample, all the anodic

Fig. 2 (Color online) SEM images of a A-Ni-LVO and b N-Ni-LVO samples. The nitrogen sorption isotherms and corresponding BJH pore-size

distribution curves (inset) of samples c A-Ni-LVO and d N-Ni-LVO
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peaks in N-Ni-LVO have a left shift toward lower voltage

and all the cathodic peaks have a right shift toward higher

voltage. Consequently, the voltage intervals between the

corresponding cathodic and anodic reactions reduce, a

strong indication of much improved reversibility of lithium

ion intercalation process in N-Ni-LVO sample as compared

to A-Ni-LVO sample, possibly attributable to the change of

surface energy and surface chemistry, i.e., the introduction

or increased tetravalent vanadium ions and oxygen

vacancies. Sharp peaks are indicative of better kinetics or

transport properties, suggesting enhanced electronic con-

ductivity and possible improved lithium ion diffusivity.

The reduced voltage intervals between the corresponding

redox peaks are also indicative of possible better kinetics,

in addition to reduced energy barriers for intercalation and

deintercalation reactions.

Figure 3b shows the cycling performance of A-Ni-LVO

and N-Ni-LVO electrodes at a very high current density of

1,500 mA g-1 or 5 C between 2.0 and 4.0 V. A-Ni-LVO

electrode delivered an initial discharge capacity of

223.1 mAh g-1; however, it sharply decreases to

58.3 mAh g-1 after 100 cycles. By contrast, the N-Ni-LVO

electrode shows much better cyclic stability. The initial

discharge capacity of N-Ni-LVO is 182.8 mAh g-1 and

remains 98.4 mAh g-1 after 100 cycles. It shows lower

capacity fading than A-Ni-LVO electrode. Although the

exact explanation for such a reduced capacity fading is not

certain to us at this moment, there are several possible

explanations. First, the existence of increased concentration

of tetravalent vanadium ions, V4?, would result in an

enhanced electronic conductivity, and the corresponding

oxygen vacancies would create more void space for lithium

ion diffusion, so the voltage and composition polarization

would be reduced. Second, the presence of tetravalent

vanadium ions and oxygen vacancies at the surface would

affect the surface dynamics and thus promote the insertion/

extraction reaction and the accompanying phase transition.

Third, the sample annealed in nitrogen atmosphere shows

higher BET surface area with smaller particles, and it

shortens the diffusion pathway for lithium ions so that the

composition and the stress gradient are reduced. Lastly, the

presence of parasitic secondary phase, LiV2O5, may serve as

a buffer to circumvent the volume change associatedwith the

lithium ion intercalation and deintercalation [39, 40].

Although the presence of the secondary phase in LVO

cathode material is believed to improve its cyclic life, it is

required to have more research to get a better fundamental

understanding of the real mechanism.

Table 1 compares the rate performance of A-Ni-LVO

and N-Ni-LVO electrodes. The current density increased

from 0.2 to 5 C in a stepwise manner with 10 cycles at each

current density. A-Ni-LVO electrode delivers capacities of

285, 225, 170 and 50 mAh g-1 at 0.2, 0.5, 1 and 5 C,

respectively. In comparison, N-Ni-LVO electrode shows

better rate performance with discharge capacity of 320,

240, 180 and 80 mAh g-1 at 0.2, 0.5, 1 and 5 C, respec-

tively. The nitrogen annealing did improve the rate per-

formance, though not so significantly. For example, at 5C,

sample N-Ni-LVO retained a discharge capacity of

80 mAh g-1, 25 % of the discharge capacity of

320 mAh g-1 at a rate of 0.2 C, that is noticeable higher

than 17.5 % retention of the discharge capacity found in

Fig. 3 (Color online) Electrochemical performance. a CV curves of

the second cycle of A-Ni-LVO and N-Ni-LVO electrodes at a scan

rate of 0.1 mV s-1 between 2.0 and 4.0 V versus Li?/Li; b cycling

performance of A-Ni-LVO and N-Ni-LVO electrodes at a current

density of 1,500 mA g-1 (5 C) between 2.0 and 4.0 V

Table 1 Comparison of rate performance of A-Ni-LVO and N-Ni-

LVO samples: discharge capacity (mAh g-1) of samples A-Ni-LVO

and N-Ni-LVO at different rates ranging from 0.2 to 5 C with stan-

dard deviation

Rate A-Ni-LVO (mAh g-1) N-Ni-LVO (mAh g-1)

0.2 C 285 ± 15 320 ± 30

0.5 C 225 ± 5 240 ± 12

1 C 170 ± 9 180 ± 3

5 C 50 ± 4 80 ± 10
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sample A-Ni-LVO, which decreased from 285 mAh g-1 at

0.2 C to 50 mAh g-1 at 5 C. In contrast, the cyclic stability

and cycling stability of N-Ni-LVO are obviously improved

by nitrogen annealing, and the contributions from vacan-

cies play an essential role in these electrochemical

enhancements as discussed above.

The EIS results of A-Ni-LVO and N-Ni-LVO electrodes

in the form of Nyquist plots with a proposed equivalent

circuit as an inset are presented in Fig. 4, which shows one

depressed semicircle in the medium frequency range. The

semicircle is attributed to the charge-transfer resistance

(Rct) [41, 42]. The ascending slope line represents the

Warburg impedance (Zw) at low frequency, indicating the

diffusion rate of lithium ions in the solid matrix [41]. The

fitted results of Rs and Rct of A-Ni-LVO and N-Ni-LVO

electrodes using the equivalent circuit in the inset are

shown in Table 2. Obviously, the Rct of the N-Ni-LVO

electrode (72 X) is smaller than that of the A-Ni-LVO

electrode (88 X). Such suppressed semicircle is considered

as an important factor for the improvement of the active

materials [43, 44]. Apparently, the sample annealed in

nitrogen suppresses the charge-transfer resistance, thus

resulting in improved electrochemical properties. The

reduction in Rct or the reduced charge-transfer resistance is

a direct evidence of improved electronic conduction in

sample N-Ni-LVO and enhanced surface chemistry,

attributable to the presence of tetravalent vanadium ions

and the accompanying oxygen vacancies, as well as large

surface area and small crystal particle size.

4 Conclusions

Nitrogen annealing of Ni-doped lithium trivanadate

N-LVO displayed high storage capacity, significantly

improved cyclic stability, as N-Ni-LVO showed *70 %

more remaining discharge capacity than A-Ni-LVO, and

improved rate performance. Annealing in nitrogen resulted

in the formation of parasitic secondary-phase LiV2O5 and

created oxygen vacancies accompanied with V4?, which

resulted in an improved electronic conductivity and pos-

sibly enhanced lithium ion diffusivity. The combined effect

of nitrogen annealing and Ni doping and the impacts of the

presence of secondary-phase LiV2O5 require further study.
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