Nano Research 2014, 7(11): 1604-1612
DOI 10.1007/s12274-014-0520-1

Research Article

CN 11-5974/04

Metastable amorphous chromium-vanadium oxide
nanoparticles with superior performance as a new

lithium battery cathode

Jinzhi Sheng®, Qidong Li®, Qiulong Wei, Pengfei Zhang, Qingin Wang, Fan Lv, Qinyou An, Wei Chen (<),

and Ligiang Mai (<)

State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, WUT-Harvard Joint Nano Key Laboratory,

Wuhan University of Technology, Wuhan 430070, China
$ These authors contributed equally to this work.

Received: 22 April 2014 ABSTRACT
Revised: 20 June 2014

Accepted: 21 June 2014

The main drawbacks of vanadium oxide as a cathode material are its low
conductivity, low practical capacity and poor cycling stability. Adding Cr can

improve its conductivity and a metastable amorphous state may provide higher
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capacity and stability. In this work, metastable amorphous Cr-V-O nano-
particles have been successfully prepared through a facile co-precipitation
reaction followed by annealing treatment. As a cathode material for lithium

batteries, the metastable amorphous Cr-V-O nanoparticles exhibit high capacity
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(260 mAh/g at 100 mA/g between 1.5-4 V), low capacity loss (more than 80%
was retained after 200 cycles at 100 mA/g) and high rate capability (up to 3 A/g).

1 Introduction

The storage of electrical energy plays an important
role in today’s society. The continuous evolution of
mobile and power electronics, such as cellular phones,
laptops and electric vehicles, requires types of high
power and high energy-density storage devices [1-7].
To meet these requirements, lithium batteries (LBs)
are the preferred choice for energy storage due to

their high energy density, long cycle life and environ-
mentally benign features [8-11]. For LBs, the energy
density mainly depends on their cathodes [12-14].
However, existing commercial cathode materials only
provide a relatively low specific capacity (less than
200 mAh/g) [8, 15-18]. Thus, the development of higher
capacity and high rate capability LBs is urgently
desired.

In recent years, vanadium oxide materials have
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attracted extensive attention for energy storage due
to their low cost, being relatively environmentally
friendly and their high theoretical capacity [19-21].
However, the decreased electron conductivity and
unstable phase structure during long-term cycling
limit their further development [22-27]. As an element
close to vanadium, chromium (Cr) may be added to
increase the electronic conductivity by adjusting the
vanadium-oxide tetrahedron/octahedron, which results
in enhanced lithium storage performance [28-30].
Nevertheless, the improvement of cycling stability is
limited, especially for deep or more lithium insertion/
extraction, since the main structure is not significantly
changed by doping with small quantities of Cr [31].
Also the rate capability is still not satisfactory, due
to the relatively inferior diffusion channels [31].
Disordered structures are also regarded as potential
candidates for a cathode material. Recently, Lee et al.
demonstrated that Li* diffusion can be facile in
disordered materials [32]. Therefore, the utilization of
amorphous materials may be an effective way to
avoid the collapse of the crystalline structure [33].
Since amorphous substances have rarely been
studied in the electrochemical field, studies of such
materials are of great scientific value.

Herein, we report the use of metastable amorphous
Cr-V-O nanoparticles as a cathode for LBs. They
exhibit high specific capacity (260 mAh/g at 100 mA/g),
good cycling performance (80.4% capacity remains
after 200 cycles at 100 mA/g) for deep discharge
(1.5-4 V) and high rate capability (up to 3 A/g), which
is better than the performance of crystalline Cr,V,Oys.

2 Experimental

2.1 Preparation of the amorphous Cr-V-O nano-
particles

Chromium(III) nitrate (Cr(NOs);9H,0) and ammonium
metavanadate (NH,VO;) were used as starting materials.
Firstly, NH,VO; powder (2 mmol) was dissolved in
50 mL of de-ionized water under magnetic stirring
for 30 min at 90 °C. Secondly, Cr(NO5);9H,0 (1 mmol)
was dissolved in 10 mL of de-ionized water under
stirring. Thirdly, the Cr(NOs); solution was slowly
added into the NH,VO; solution with continuous
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stirring for another 30 min to form the precipitate.
Then the precipitate was washed three times with
de-ionized water and three times with pure ethanol,
and dried at 80°C for 24 h. The obtained powder
was annealed in air at 450 °C at a rate of 2 °C/min for
2 h. A series of experiments were also carried out at
different annealing temperatures to further explore
the electrochemical mechanism.

2.2 Material characterization

X-ray diffraction (XRD) measurements
performed to obtain crystallographic information
using a D8 ADVANCE X-ray diffractometer with

a non-monochromated Cu Ka X-ray

were

source.
Thermogravimetry/differential scanning calorimetry
(TG/DSC) was performed using a Netzsch STA 449C
simultaneous thermal analyzer at a heating rate of
10°C/min in air. Field emission scanning electron
microscopy (FESEM) images and energy dispersive
X-ray spectra (EDS) were collected with a JEOL-7100F
microscope. X-ray photoelectron spectroscopy (XPS)
analysis was done on a VG Multilab 2000 instrument.
Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM)
images were recorded by using a JEM-2100F STEM/
EDS microscope. Fourier transform infrared (FTIR)
absorption spectra were recorded using a 60-SXB IR
spectrometer. Brunauer-Emmett-Teller (BET) surface
areas were measured using a Tristar II 3020 instrument
for the adsorption of nitrogen.

2.3 Measurement of electrochemical performance

The electrochemical properties were evaluated by
assembly of 2016 coin cells in a glove box filled with
pure argon gas. Lithium pellets were used as the
anode, a 1 M solution of LiPF, in ethylene carbonate
(EC)/dimethyl carbonate (DMC) was used as ele-
ctrolyte, and the cathode electrodes were obtained
with 70% metastable amorphous Cr-V-O nanopar-
ticles active material, 20% acetylene black and 10%
poly(tetrafluoroethylene) (PTFE). Galvanostatic charge/
discharge cycling was studied in a potential range
of 1.5-4.0V vs. Li*/Li with a multichannel battery
testing system (LAND CT2001A). Cyclic voltammetry
(CV) and AC-impedance spectra were tested with an
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electrochemical workstation (Autolab PGSTAT 302N
and CHI 760D).

3 Results and discussion

In order to confirm the phase transition, DSC
analysis of the as-synthesized material was carried
out in air (Fig. 1(a)). It is apparent that a sharp
exothermic peak occurs at 534 °C, indicating a crystal
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Figure 1 (a) TG analysis of Cr—V-O nanoparticles in air; XRD
patterns (b) and FTIR spectra (c) of the products annealed at
different temperatures.
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structure transformation. To control the phase
structure, temperature-dependent experiments were
carried out. The precipitate precursors were annealed
at 350 (denoted as S-350), 450 (denoted as S-450) and
550 °C (denoted as S-550) for 2 h in air with a rate
of 2°C/min. XRD was used to identify the crys-
tallographic structure and crystallinity of the as-
synthesized products, as shown in Fig. 1(b). There
are no evident peaks in the XRD patterns of the
samples annealed at 450°C, which indicates the
amorphous state of the products. After annealing at
550 °C, the sample becomes crystalline. Most of the
diffraction peaks can be assigned to the monoclinic
Cr,V,0y; phase (JCPDS card No. 00-049-1645, a =
8.287 A, b = 9.300 A, ¢ = 7.530 A, g = 109.17°). Some
peaks ranging from 27.2° to 28.5° belong to CrVO,
(JCPDS card No. 00-051-0031), indicating the presence
of a mixed phase.

The TG curve (Fig. 1(a)) shows a large weight loss
of the precursor which is related to the evaporation
of the combined water, which can be confirmed by
the endothermic peak (~100 °C) in the DSC curve. The
weight loss is ~21.82%, which may correspond to the
weight loss of the evaporation of the combined water
in the Cr—V-0O nanoparticles.

FTIR spectra (Fig. 1(c)) were obtained to confirm
the covalent attachment of the entities in Cr-V-O
samples prepared at different annealing temperatures.
The bands at 3,440 and 1,629 cm™ correspond to O-H
and H-O-H bending modes [26],
indicating the presence of bound water in the sample

stretching

before annealing. With the increase of temperature,
bands of bound water become weaker and other
bands have become sharper, which represents the
evaporation of the bound water and the crystallization
process. The bands at 3,440 and 1,629 cm™ are still
present after heat treatment, because some water was
adsorbed during the testing process. It is interesting
to note that there are no well-shaped absorption
bands present in the spectrum of S-350, but sharp
bands appear on increasing the annealing temperature
(5-450 and S-550). These indicate that new chemical
bonds have been formed in 5-450, even though no
peaks are evident in the XRD pattern. These results
indicate that S-450 is in a state between amorphous
and crystalline, and can be described as a metastable
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amorphous state. The absorption bands with their
maxima at 966 and 882 cm™ correspond to the V-O
stretching bond [34, 35]. Bands at 800 and 715 cm™
correspond to the V-O-V stretching bond, and bands
at 650, 533 and 419 cm™ correspond to the Cr—O bond
[35, 36]. These strong bands below 1,000 cm™ further
confirm the composition of the chromium-vanadium
oxides.

The morphology and microstructure of the as-
synthesized products before annealing were examined
by FESEM (Fig. 2(a)). The nanoparticles are relatively
monodisperse with a diameter of ~100 nm. After
annealing at 450 °C (Fig. 2(b)), the nanoparticles do
not change significantly. Energy dispersive X-ray
spectroscopic element mapping analysis (Fig. 2(c))
indicates that Cr, V and O uniformly distributed in
the nanoparticles. In addition, the EDS (Fig. S1 in the
Electronic Supplementary Material (ESM)) of the
nanoparticles exhibits strong Cr and V peaks. The
atomic ratio of Cr and V is close to the expected 1:2
stoichiometry. SEM images of S-350 and S-550 are
displayed in Fig.S2 (in the ESM). It is interesting
to note that the nanoparticles become agglomerate
due to the stress produced during the crystallization
process, which indicates that further crystal structure
transformation took place when the temperature
reached 550 °C. The representative TEM images
(Figs. 2(d) and 2(e)) show that the nanoparticles in
S-450 are solid and ~100 nm in size. In the HRTEM

1607

image (Fig. 2(f)) taken from an edge of a nanosized
subunits, the absence of any clear lattice fringes further
confirms its amorphous state, which is consistent
with the XRD data.

However, TEM image of S5-550 (Fig. S3(a), in the
ESM) shows the agglomerate nanoparticles, which
is consistent with the SEM image. Compared with
the HRTEM image of S-450 (Fig. 2(e)), a clear lattice
spacing of 3.32 A is observed in the HRTEM image
(Fig. S3(b)) of S-550, which matches well with the
(012) plane of Cr,V,Os;.

XPS was used to elucidate the valence states of the
ions present in 5-450. The peaks corresponding to
vanadium, oxygen, and chromium are seen in the
survey-scan XPS for 5-450 (Fig. 3(a)). The core binding
energy for the Cr 2p,, peak (Fig. 3(b)) observed at
~576.9 eV agrees well with that of Cr* in chromium
oxide [37]. The core binding energy for V 2p;, peak
(Fig. 3(c)) observed at ~516.9 eV is in good agreement
with that of V* in vanadium oxide [38]. The XPS data
for other samples are displayed in Fig.S54 (in the
ESM). The binding energies of Cr and V in S-350
and S5-550 show little difference from those for S-450.
The X-ray photoelectron spectra are consistent with
the valence states of Cr and V in CrVO, and Cr,V,O3,
which further verifies the results above.

Coin cells with metallic lithium as the anode were
assembled to investigate the electrochemical perfor-
mance of the Cr-V-O nanoparticle cathodes. The cycling

Figure 2 SEM images of the synthesized nanoparticles before annealing (a) and S-450 (b); EDS elemental mapping (c); TEM images

(d) and (e) and HRTEM image (f) of S-450.
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Figure 3 X-ray photoelectron spectra for the S-450 surface; (a)
survey spectrum showing V (2p), O (1s) and Cr (2p) emanating
from the sample; curve fitting for Cr 2ps/, (b) and V 2p;); ().

performance of the sample before annealing only
exhibited a poor capacity of less than 25mAh/g.
(Fig. S5, in the ESM).

CVs of 5-450 were measured at a scan rate of
0.1 mV/s in the potential range from 1.5 to 4.0V
(Fig. 4(a)). Only some smooth cathodic and anodic
peaks can be observed in the CV curves, which
indicates that the electrode host material forms a
solid solution with Li [39]. In the subsequent scans,
the shapes of the curves are almost identical, which
indicates good reversibility of the lithium insertion/
extraction process. Self-charge tests (Fig. S8(a), in the
ESM) were carried out to further study the ele-
ctrochemical mechanism. After being discharged to

| Nano Res. 2014, 7(11): 1604-1612

1.5V, the cell was rested for a long time, while the
voltage was returned back to lower than 2 V. The
result indicates that most of the Li ions were not
separated from the cathode, demonstrating that the
insertion/extraction reaction accounts for a major
proportion, while the process is also accompanied by
some absorbing/desorbing reactions. The SEM images
(Fig. S6, in the ESM) of the cathode electrode prepared
using S-450 are shown in Fig.S6 (in the ESM).
Figures S6(a), S6(b) and S6(c) show the morphologies
of the initial electrode, the electrode discharged to
1.5V and the electrode charged to 4V, respectively.
There is no obvious difference in morphology between
the three samples, which indicates that the structures
of the material are well preserved. In addition, XPS
measurements were recorded to characterize the
electrode discharged to 1.5V (Fig. 57, in the ESM).
The result shows that all of chromium maintains the
Cr* state, whilst much of the vanadium exhibits the
V* state, indicating the occurrence of charge transfer
in vanadium during the Li* insertion process. The
change of the vanadium valence state further demon-
strates the insertion/extraction mechanism. Figure 4(b)
displays the discharge/charge curves of all three
Cr-V-0O nanoparticle cathodes. These smooth sloping
curves exhibit no obvious voltage plateau, which is
consistent with the CV curves. To evaluate the rate
capability, the samples were cycled at various rates,
ranging from 100 to 3,000 mA/g (Fig. 4(c)). As the rate
increases from 100 to 3,000 mA/g, the discharge
capacity of S-450 decreases gradually from 260 to
85 mAh/g. After the high rate measurement, when
the rate is reduced back to 100 mA/g, a discharge
capacity of 250 mAh/g can be recovered, corresponding
to 96.2% of the initial capacity. It is obvious that the
capacity of S5-450 is larger than that of 5-350 and
S-550 at both low and high current density. The
cycling performance of 5-450 was further evaluated
by long-term galvanostatic discharge/charge testing.
As shown in Fig. 4(d), an initial discharge capacity
of 260 mAh/g at 100 mA/g is obtained. A capacity of
209 mAh/g is still retained after 200 cycles, corres-
ponding to 80.4% of the initial capacity. Nitrogen
adsorption—-desorption isotherms (Fig. S8(b), in the
ESM) were further measured to characterize the
surface structure of S-450. The hysteresis loop shows
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Figure 4 (a) Cyclic voltammograms at a scan rate of 0.1 mV/s of S-450; (b) discharge/charge curves of the second cycle at 100 mA/g
of different samples; (c) the rate performance of samples annealed at different temperatures; (d) cycling performance of S-450 at the
current density of 100 mA/g; (e) cycling performance of S-450 at a high rate of 1 A/g; (f) AC-impedance plots of products annealed at

different temperatures.

that few mesopores exist in the material, and it is
found that S-450 has a BET surface area of about
15 m?*/g, which cannot account for a capacity as high
as 260 mAh/g. Thus involvement of the insertion/
extraction mechanism is further confirmed. Although
the capacity of Cr-V-O nanoparticles is lower than
that of V4O, the cycling stability of the metastable
amorphous Cr-V-O nanoparticles is higher than that
of lithiated V40,3 nanosheets (94.8% vs. 69.2% capacity
retained after 50 cycles) [40], and is also higher than
Cr-modified V4Oi; (97.4% vs. 85.1% capacity retained
after 35 cycles) [41]. The superior cycling stability
of Cr-V-O nanoparticles is due to its particular

amorphous structure, which effectively prevents
structure collapse during the insertion/extraction
process of Li ions. Figure 4(e) shows the cycling
performance at a high current density of 1 A/g. The
initial discharge capacity of S-450 is 202 mAh/g, and
the discharge capacity remains as high as 144 mAh/g
after 500 cycles, corresponding to 71.3% of the initial
capacity. During the cycling process, the coulomb
efficiency remains around 100%. When tested in wider
voltage ranges such as 14, 0.54 and 04V, 5450
exhibits higher capacities (Fig.S9(a), in the ESM).
From the cycling performance (Fig. S9(b)), we found
that irrespective of the voltage range, the capacity
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eventually stabilized at about 270 mAh/g, which
may be the practical reversible capacity of S-450. The
electrochemical impedance spectra (EIS) were also used
to provide further insights (Fig. 4(f)). The frequency of
the alternating current ranges from 0.01Hz to
100 kHz, and the voltage is equal to the open circuit
voltage of the cell at around 2.8 V. The Nyquist plots
show the charge transfer resistance (R.) of S-350 and
S-450 are much lower than that of the crystalline S-550,
indicating that the amorphous state contributes much
to the charge transfer.

The metastable amorphous S-450 exhibits better
electrochemical performance than the other two
samples. This can be attributed to several advantages
of this metastable amorphous structure. Firstly, the
disordered structure provides more active sites for
Li* storage and wider channels than a crystalline
material, and also avoids the collapse of a crystalline
structure [33, 42], so S-450 possesses higher capacity
than S-550. Secondly, the presence of a certain
number of chemical bonds (Fig. 1(c)) in the metastable
amorphous 5-450 may improve the structure stability.
Also the interspace in 5-350 may be too large for Li*
to be anchored, leading to the free movement of Li*
in the material [43]. Thus the capacity and rate
capability of 5-450 are higher than those of S-350. The
three structures are shown schematically in Fig. S10
(in the ESM). Thirdly, the presence of chromium
ensures that the material maintains a low electro-
chemical impedance [28-30], which contributes
significantly to the charge transfer. However, the
voltage plateaus disappeared after addition of
chromium, and we will conduct further studies of the
reason for this. Furthermore, the nanostructures also
afford drastically shortened diffusion distances for Li".

4 Conclusions

A facile approach has been developed to prepare
metastable amorphous Cr-V-O nanoparticles, by
controlling the crystallization degree of the material.
When evaluated as a cathode material for lithium
batteries, it exhibits the highest electrochemical per-
formance: Reversible capacity (260 mAh/g at 100 mA/g),
low capacity loss (71.3% retained after 500 cycles at
1 A/g) and high rate capability (3 A/g). The enhanced

Nano Res. 2014, 7(11): 1604-1612

electrochemical performances result from the good
diffusion channels for Li*, resulting from the particular
metastable amorphous state with a certain amount of
chemical bonds. Our results suggest that metastable
amorphous Cr-V-O is a promising material for
lithium storage.
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