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Nano-composites SnO(VOx) as anodes for lithium
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Abstract Nano-composites of SnO(V2O3)x (x=0, 0.25, and
0.5) and SnO(VO)0.5 are prepared from SnO and V2O3/VO
by high-energy ball milling (HEB) and are characterized by
X-ray diffraction (XRD), scanning electron microscopy,
and high-resolution transmission electron microscopy tech-
niques. Interestingly, SnO and SnO(VO)0.5 are unstable to
HEB and disproportionate to Sn and SnO2, whereas HEB
of SnO(V2O3)x gives rise to SnO2.VOx. Galvanostatic
cycling of the phases is carried out at 60 mAg−1 (0.12 C)
in the voltage range 0.005–0.8 V vs. Li. The nano-SnO
(V2O3)0.5 showed a first-charge capacity of 435(±5)mAh
g−1 which stabilized to 380(±5)mAhg−1 with no noticeable
fading in the range of 10–60 cycles. Under similar cycling
conditions, nano-SnO (x=0), nano-SnO(V2O3)0.25, and
nano-SnO(VO)0.5 showed initial reversible capacities be-
tween 630 and 390(±5)mAhg−1. Between 10 and 50 cycles,
nano-SnO showed a capacity fade as high as 59%, whereas
the above two VOx-containing composites showed capacity
fade ranging from 10% to 28%. In all the nano-composites,
the average discharge potential is 0.2–0.3 V and average
charge potential is 0.5–0.6 V vs. Li, and the coulombic
efficiency is 96–98% after 10 cycles. The observed
galvanostatic cycling, cyclic voltammetry, and ex situ XRD
data are interpreted in terms of the alloying–de-alloying
reaction of Sn in the nano-composite “Sn-VOx-Li2O” with
VOx acting as an electronically conducting matrix.

Keywords SnO . SnO(VOx) . Nano-composite . Li-ion
batteries . Anode

Introduction

Lithium ion rechargeable batteries (LIBs) are the
promising DC energy source for portable electronic
devices. To satisfy the ever-increasing demand for high-
energy density LIBs for applications in electric and
hybrid electric vehicles and off-peak energy storage, lot
of research effort is expended to find electrode materials,
especially the anodes (negative electrodes) which possess
high capacity and excellent cyclability [1–4]. Li alloy-
forming elements M (M = Sn, Si, Sb) [1–8] have received
much attention due to their ability of reversibly reacting
with large amount of Li per formula unit. Among these, Si
and Sn are considered as most promising elements, as they
form alloys, Li4.4M. Sn-based intermetallics, oxides, and
composites are well studied as possible alternatives to
graphite anode presently employed in the LIBs. However,
almost all of them suffer from poor cycling performance
due to the large unit cell volume variation (∼300%),
which causes disintegration of the electrode material
during long-term charge/discharge process. The capacity
fading can be suppressed to some extent by (a)
incorporating suitable “matrix” elements, (b) reducing
the particle size to nano-meter scale, and (c) choosing a
suitable voltage range of cycling. Accordingly, nano-
structured materials are explored as potential candidate
anodes for LIBs because they can show large reversible
capacities due to high surface area, high current rate
capability due to short Li-ion diffusion path length, and
minimization of the strain caused due to large volume
variations during charge/discharge process [5].
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Sn-based binary and ternary oxides in nano-form such
as SnO [9], SnO2 [10, 11], CaO.SnO2 [12], and CoSnO3

[13] have been studied as anode materials. The advantage
of using oxides is that they can be synthesized with
varying morphology, and particle and crystallite size can
be manipulated in comparison to Sn metal. However, an
obvious disadvantage is that the binary/ternary oxide is
first reduced to Sn metal by Li, and only then the Li–Sn
alloy formation can take place. Hence, a large irreversible
capacity loss (ICL) occurs during the first-discharge–
charge process. Among all Sn-based oxides, SnO is
attractive because it has a theoretical capacity as high as
875 mAhg−1 and will have a lower ICL compared to other
Sn oxides. There are a few reports on the Li cyclability of
bulk (micron size) and nano-SnO in the literature.
Courtney and Dahn [14] found that bulk SnO can give
an initial reversible capacity of 825 mAhg−1, but the
capacity fades drastically on long-term cycling in the
voltage range 0.0–1.3 V vs. Li. But when the voltage
range is restricted to 0.4–1.3 V, somewhat stable capacity
is obtained up to 10 cycles. Li et al. [15] reported that the
Li-cycling properties of SnO were influenced by the
particle size, as was clear from studies on ball-milled
SnO. Un-milled SnO gave a first-charge capacity as high
as 760 mAhg−1, but capacity fading occurred giving only
420 mAhg−1 at the end of 11th cycle. Similar was the case
with ball-milled SnO. Uchiyama et al. [16] reported a
comparative Li cyclability study of SnO of different
morphologies with that of commercial SnO. They found
that both meshed and flat plate SnO showed initial
capacities of 760 and 880 mAhg−1, respectively, as
compared to 525 mAhg−1 for commercial SnO in the
voltage range 0.1–1.0 V at 100 mAg−1. However, drastic
capacity fading was noticed in all cases after 20 cycles.
Wang et al. [17] studied Li cycling of SnO and Sn.Li2O
composite prepared by ball milling of SnO and Li metal.
They noticed lesser ICL in the case of composite and
better capacity retention when cycled in the voltage range
0.02–1.5 V at 0.1 mAcm−2. The composite electrode
showed 170 mAhg−1 at the 100th cycle whereas ball-
milled SnO showed only 20 mAhg−1. Yang et al. [18]
studied the Li cycling of SnO particles of different sizes in
the voltage window 0.1–1.3 V and found an initial
capacity of 530 mAhg−1 at 0.4 mAcm−2. Fairly high
ICL was noted for fine particle SnO and a comparatively
better capacity retention till 50 cycles (∼350 mAhg−1).
Ning et al. [19] studied the Li cycling of nano-flower SnO
in the voltage range of 0.01–2.0 V at 0.1 C rate. A fourth
cycle charge capacity of ∼750 mAhg−1 was noticed, but
the capacity faded to 450 mAhg−1 within 20 cycles. Chen
et al. [20] reported the cycling behavior of SnO carbon
nano-tube nano-composite and observed a first-charge
capacity of ∼780 mAhg−1 in the voltage range 0–2.0 V at

40 mAg−1. However, capacity fading was noticed within
10 cycles, giving ∼450 mAhg−1. From the above dis-
cussion, it is clear that pure SnO in micron/nano-size and
with various morphologies is prone to significant capacity
fading on cycling. Composites with SnO appear to show
some promise, even though not many studies are reported.

Recently, Reddy et al. [21] and Reddy et al. (submitted
for publication) studied the Li-cycling properties of VSbO4

and (V1/2Sb1/2Sn)O4 and found that the presence of
vanadium oxide (VOx) in the composite can act as a good
matrix and helps in suppressing the capacity fading of Sb
and Sn oxide upon long-term cycling. It appears that the
strain due to large volume variations caused by alloying–
de-alloying reactions of Li3Sb and Li4.4Sn is highly
buffered due to the presence of VOx. Recently, Park et al.
[22] prepared the composite SnO.Ti.C by ball milling to
yield nano-Sn.TiO2.C and examined its Li cyclability.
When cycled in the voltage range 0–2.5 V vs. Li at
100 mAg−1, an initial reversible capacity of ∼750 mAhg−1

was observed which slowly degraded to ∼610 mAhg−1 over
100 cycles (∼18% capacity fading).

In the present study, we examined the Li-cycling behavior
of the nano-composites SnO, SnO(V2O3)x (x=0.25, 0.5), and
SnO(VO)0.5 prepared by high-energy ball milling (HEB). It
is known that V2O3 and VO exhibit metallic-type electronic
conductivity at ambient temperature [23–25]. Studies by
Reddy et al. [21] and Reddy et al. (submitted for publication)
and our unpublished results have shown that pure V2O3 and
VOx (x≤1) do not show any significant Li-cycling behavior
in the voltage range 0.005–1.0 V vs. Li. Thus, it can be
concluded that the nano-composites SnO(VOx) are com-
prised of only one electrochemically active element (Sn)
toward Li. Accordingly, the present results show that the
nano-composite SnO(V2O3)0.5 exhibits a reversible capacity
of 380(±5)mAhg−1 with no noticeable capacity fading in the
range 10–60 cycles when cycled at 0.12 C in the voltage
range 0.005–0.8 V vs. Li.

Experimental

Commercial SnO (Acros Organics, 98%), V2O3 (Acros
Organics, 99%), and VO (Alfa Aesar, 99%) were employed
to prepare the nano-composites. Appropriate amounts
(∼2.5 g in each case) were weighed and transferred to
stainless steel vial inside in an Ar-filled glove box
(MBraun, Germany), sealed and taken out for HEB at
1,400 rpm using the equipment Spex, 8000D, USA.
Stainless steel balls were used for milling with a ball-to-
active mass ratio of 4:1. Ball milling was carried out for
18 h, in three steps of 6 h each, to avoid significant rise in
temperature of the vial. After milling, the vials containing
the nano-composites were opened in the glove box,
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collected, and kept in a desiccator. For the sake of
convenience, the nano-composites prepared by HEB are
referred as nano-SnO, nano-SnO(V2O3)x (x=0.25, 0.50),
and nano-SnO(VO)0.5.

Structural and morphological characterizations were
carried out by X-ray diffractometer (Philips, Expert)
equipped with CuKα radiation, field emission scanning
electron microscope (SEM; JEOL JSM-6700F), and high-
resolution transmission electron microscope (HR-TEM;
JEOL JEM 3010 operating at 300 kV). Chemical analysis
for Fe and Cr of selected nano-composites was performed
by inductively coupled plasma optical emission spectro-
meter (ICP-OES) system (Perkin Elmer Dual-View Optima
5300 DV). The composites were dissolved in an acid
mixture using Milestone Microwave Laboratory System for
the analysis. The electrodes for electrochemical studies
were fabricated by mixing the active material, super P
carbon powder (electronically conducting additive), and
polymer binder (Kynar 2801) in the weight ratio, 70:15:15.
N-Methyl-pyrrolidinone was used as the solvent for the
binder. The homogeneous and viscous slurry obtained after
thorough mixing by a magnetic stirrer was coated onto an
etched Cu foil (15 μm thick, Alpha Industries Co. Ltd.,
Japan) to form a thick layer (∼15 μm) by doctor-blade
technique. The coated Cu substrate was then dried at 70 °C
to evaporate the solvent, pressed between stainless steel
rollers, and was then cut into disks. The active mass in the
electrode is typically 3 to 4 mg, and the geometrical area of
the electrode is 2.0 cm2. The electrode disks were vacuum-
dried at 70 °C for 12 h and cooled before being transferred
into an Ar-filled glove box for cell assembly. The
atmosphere in the glove box was maintained at <1 ppm of
H2O and O2. For the coin-cell (size 2016) assembly, a glass
microfiber filter (GF/F) (Whatman Int. Ltd, Maidstone,
England) was used as the separator, and the electrolyte used
was 1 M LiPF6 dissolved in ethylene carbonate + dimethyl
carbonate (DMC) in the ratio of 1:1 volume (Merck). The
Li metal foil (Kyokuto Metal Co., Japan) was cut into
circular disk (16 mm diameter) and used as the counter/
reference electrode. More details on the cell fabrication can
be found in our previous work [26, 27].

Cyclic voltammetry and galvanostatic cycling tests
were conducted at room temperature (24 °C) using a
potentiostat system (Mac-pile II, Bio-logic, France) and
Bitrode multiple battery tester (Model SCN, Bitrode,
USA), respectively. The cells were aged for 12 h before
testing to ensure percolation of the electrolyte into the
composite electrode. For ex situ X-ray diffraction (XRD),
three identical cells were fabricated: one was discharged
to 0.5 V, another one to 0.05 V, and the third cell was
charged to 0.8 V after complete discharge at 0.12 C,
during the first cycle and equilibrated for 3 to 4 h. The
cells were transferred to Ar-filled glove box and

dismantled. The recovered electrodes were washed with
DMC, dried, and covered by Para-film “M” (American
National Can™, USA) to avoid contact with air and
taken out of the glove box for mounting on the XRD
equipment.

Results and discussion

Structure and morphology

The powder XRD pattern of SnO-C (commercial) is shown
in Fig. 1a. It is indexed as per the tetragonal structure (space
group, P4/nmm). The lattice parameters, calculated by the
Rietveld refinement (Topas R 2.1 software), are a=3.801
(2)Å and c=4.835 (2)Å. These agree with those reported in
the JCPDS card no 85-0712. Figure 1b shows the XRD
pattern of nano-SnO. Surprisingly, the XRD pattern shows
the characteristic lines of SnO2 (JCPDS card no. 77-0452)
and Sn metal (JCPDS card no. 04-0673), and the lines due
to SnO are completely absent. This can be ascribed to the
disproportionation of SnO by self-oxidation–reduction
during the HEB in Ar atmosphere as per Eq. 1.

2 SnO ! SnO2 þ Sn ð1Þ
The forward reaction of Eq. 1 is energetically favorable
due to negative Gibbs free energy change (ΔG0

298 ¼
�5:9 kJmol�1) and is aided by moderately mild temper-
atures [28]. It is well known that HEB gives rise to local
heating of the material particles, to temperatures as high as
500–600 °C, and this can enhance the rate of reaction of
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Fig. 1 Powder X-ray diffraction patterns. a SnO (commercial) and b
nano-SnO (after high-energy ball milling). Miller indices (h k l) are
shown
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Eq. 1. Thus, it is concluded that SnO is unstable to HEB in
an inert atmosphere.

Figure 2a shows the XRD pattern of nano-SnO
(V2O3)0.25. It shows only lines due to tetragonal SnO2

(JCPDS card no. 77-0452) except for a very small amount
of SnO (peak at 2 θ=30.2°). The nano-SnO(V2O3)0.5 also
showed a similar XRD pattern (figure not shown). As SnO
is a good reducing agent, it forms SnO2 by reducing V2O3

to its lower valency state (VOx, x∼1.0). No lines due to Sn
metal are seen. Thus, the composite consists of SnO2.VOx.
Figure 2b shows the XRD pattern of nano-SnO(VO)0.5,
and as can be seen, lines due to both SnO2 and Sn metal
are present, as can be expected because VO cannot be
reduced to V metal by SnO. Thus, the composite consists
of SnO2.Sn.VOx (x∼1), and Figs. 1b and 2b bear good
resemblance. In the XRD patterns of nano-SnO(V2O3)0.25
and nano-SnO(VO)0.5, lines due to VOx are not seen,
possibly due to their amorphous nature, as a result of
HEB. It may be pointed out that Park et al. [22] did not
notice lines due to TiO2 in their composite Sn.TiO2.C
prepared by the ball milling of SnO.Ti.C. It is known that
HEB of reactants employing stainless balls and vials gives
rise to Fe and Cr metal impurities as a result of non-
negligible deterioration of the components. Lee et al. [29]
during their studies on the synthesis of Ti–Si and Ti–Si–Al
alloys by HEB noticed ∼5 and ∼1 at.% of Fe and Cr,
respectively, as impurities after 20 h of HEB. In the
present study, chemical analysis of nano-SnO(V2O3)x (x=
0.25 and 0.5) and SnO(VO)0.5 by ICP-OES yielded ∼0.9–

3.3 and ∼0.1–0.2 wt.% of Fe and Cr, respectively,
depending on the value of x. The XRD patterns did not
reveal any lines due to the Fe and Cr metals in the above
composites, due to their small content and amorphous
nature.

Figure 3a shows the SEM photograph of nano-SnO
(VO)0.5 with a flake-type morphology containing
agglomerated particles. The TEM photograph of nano-
SnO(V2O3)0.25, shown in Fig. 3b, also indicates the
agglomeration of nano-particles of size 20–30 nm. The
crystallite sizes of nano-SnO and nano-SnO(V2O3)0.25
were calculated by using the Scherrer’s formula,
P ¼ Kl=ðb1=2cosqÞ, where P is crystallite size, K is
Scherrer constant (0.9), λ is the wavelength of CuKα
radiation (1.54059Å), β1/2 is the full width at half
maximum (FWHM) in radians of the XRD peak, and θ
is the scattering (Bragg) angle [12]. The XRD instrumen-
tal broadening was calculated by using the nano-TiO2

(anatase; Evonik Degussa; 99.5%) of ∼25 nm particle size
as the standard and was found to be 0.08°. For TiO2, we
assume the crystallite size is of the same order as particle
size. The crystallite sizes of the composites were calcu-
lated by using β1/2 (FWHM) values of two or three high-
intensity peaks and the corresponding θ values in the XRD
patterns (Figs. 1b and 2a). The average crystallite sizes (P)
obtained are nano-SnO 12 (±3 nm) and nano-SnO
(V2O3)0.25 13 (±3 nm), thereby confirming the nano-
nature of the composites prepared by HEB.

Electrochemical studies

Galvanostatic cycling of nano-SnO

The capacity–voltage profiles of discharge and charge cycles
of nano-SnO at a current density 60 mAg−1 (0.12 C) in the
voltage range of 0.005–0.8 V vs. Li up to 50 cycles are
shown in Fig. 4a, b. Only selected cycles are shown for
clarity. The first-discharge profile (Fig. 4a) commenced from
the open circuit voltage (OCV ∼2.0 V) to the lower cutoff
voltage 0.005 V. The voltage drops continuously and a broad
plateau at ∼0.9 V followed by a continuous sloping region is
noticed up to the voltage of 0.005 V. This is expected since
the nano-SnO consists of the composite Sn.SnO2. Amorph-
ization/crystal structure destruction of SnO2 will occur
according to Eq. 2. At the same time, alloying reaction of
Sn will also occur as per Eq. 3, thus giving rise to a small
voltage plateau at ∼0.4 V and a continuously sloping profile
is noticed till the end of discharge. The total first-discharge
capacity is 1,500(±5)mAhg−1 (7.5 mol of Li per mole of
nano-SnO). The expected first-discharge capacity according
to Eqs. 2 and 3 is only 6.4 mol of Li. The extra
consumption of 1.1 mol of Li can be ascribed to the
solid-electrolyte interphase formation [9, 12, 14, 15, 30].
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Fig. 2 Powder X-ray diffraction patterns. a Nano-SnO(V2O3)0.25 and
b nano-SnO(VO)0.5. Miller indices (h k l) are shown
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1

2
SnO2 þ 2Liþ þ 2e� ! 1

2
Snþ Li2Oðe� ¼ electronÞ ð2Þ

Snþ 4:4Li Ð Li4:4Sn ð3Þ

During the first charge, a broad voltage plateau is
noticed at ∼0.6 V corresponding to the de-alloying reaction
(Eq. 3; Fig. 4a). The total first-charge capacity is 575(±5)
mAhg

−1
(2.9 mol of Li), with a net ICL value 925(±5)mAh

g
−1

(4.6 mol of Li). The discharge–charge profiles between
two and 50 cycles are analogous to that of the first-charge
profile. It is clear from Figs. 4b and 5a (capacity vs. cycle
number plot) and the data presented in Table 1 that large
capacity fading occurs in nano-SnO and between 10 and
50 cycles and the total loss is 59%. These results are in
agreement with those reported on micro-SnO and nano-
SnO in the literature [9, 15, 17].

Galvanostatic cycling of composites nano-SnO(VOx)

The capacity–voltage profiles of nano-SnO(V2O3)0.25 at
60 mAg−1 (0.12 C) in the voltage range 0.005–0.8 V are
shown in Fig. 6a, b. As discussed earlier, the nano-

composite consists of SnO2.VOx. The first discharge starts
from the OCV (∼2.5 V), and broad voltage plateaus at ∼1.0
and ∼0.7 V are noticed until a capacity of 900(±5)mAhg−1

(consumption of 5.8 mol of Li per mole of composite) is
reached. This is followed by a minor plateau at ∼0.2 V, at
the end of which a total capacity of 1,915(±5)mAhg−1

(12.3 mol of Li) is obtained (Fig. 6a; Table 1). The voltage
plateaus at ∼1.0 and ∼0.7 V may correspond to the structure
destruction of SnO2 and formation of Sn metal, and the
plateau at ∼0.2 V corresponds to the alloy formation
Li4.4Sn (Eq. 3). The theoretical first-discharge capacity, as
per Eqs. 3 and 4, is 1,075 mAhg−1 (6.9 mol of Li; Fig. 6a;
Table 1).

SnO V2O3ð Þ0:25 þ 2:5Liþ þ 2:5e� ! Snþ 0:5VOþ 1:25Li2O

ð4Þ

During the first-charge cycle, a broad voltage plateau,
which is due to the de-alloying reaction of Li4.4Sn,
onsets at ∼0.6 V (Fig. 6a). The total first-charge capacity
is 500(±5)mAhg−1 (3.2 mol of Li per mole of composite),
whereas 685 mAhg−1 (4.4 mol of Li) is expected
theoretically. The second-discharge profile is different
from the first-discharge profile, where only a sloping
region is noticed from ∼0.7 to ∼0.2 V and another sloping

Fig. 3 a SEM photograph of
nano-SnO(VO)0.5. b HR-TEM
photograph of nano-SnO
(V2O3)0.25. Scale bars are
shown
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region till 0.005 V (Fig. 6b). The total second-discharge
capacity is 545(±5)mAhg−1 (3.5 mol of Li). The charge
profiles in the range two to 60 cycles are analogous to the
first-charge profile establishing the same reaction mecha-
nism, i.e., de-alloying of Li4.4Sn formed during the
discharge reaction. The capacity vs. cycle number plot,
shown in Fig. 5b, indicates small capacity fading between
10 and 50 cycles corresponding to the loss of 11%, and the
coulombic efficiency reaches 96–98% (Table 1). The
capacity contribution due to the VOx present in the nano-
composite can be neglected because our unpublished
results show that ball-milled V2O3 shows only 75(±5)
mAhg−1 at 60 mAg−1 when cycled in the voltage range
0.005–0.8 V and this includes the conducting carbon
contribution.

Galvanostatic cycling was also carried out with an upper
cutoff voltage of 1.0 V at 60 mAg−1. The voltage–capacity
profiles (figure not shown) are analogous to the profiles in
the range of 0.005–0.8 V. The observed first-discharge
capacity is 1,810(±5)mAhg−1 (11.6 mol of Li), whereas
the first-charge capacity is 565(±5)mAhg−1 (3.6 mol of Li)
with the observed ICL being 1,245(±5)mAhg−1 (8 mol of
Li). The reversible capacity at the end of 40th cycle is 450
(±5)mAhg−1 (2.9 mol of Li; Table 1). Capacity fading
occurs similar to the cycling behavior with the upper cutoff
voltage of 0.8 V, and the capacity fade is 14% between five
and 40 cycles (Table 1). The rate capability of nano-SnO
(V2O3)0.25 was tested on a duplicate cell at a current rate of
0.5 C (250 mAg−1) in the voltage range of 0.005–0.8 V up to
70 cycles (Fig. 5b). The initial capacities during first-
discharge and first-charge cycle are 1,760(±5)mAhg−1

(11.3 mol of Li) and 390(±5)mAhg−1 (2.5 mol of Li),
respectively. A capacity of 330–300(±5)mAhg−1 (1.9 mol of
Li) is observed in the range 10–70 cycles with a capacity
fade of only 10% (Table 1; Fig. 5b).

The capacity–voltage profiles of nano-SnO(V2O3)0.5 at
60 mAg−1 (0.12 C) in the voltage range 0.005–0.8 V are
similar to those observed for nano-SnO(V2O3)0.25 (figure
not shown). The first-discharge capacity is 1,850(±5)mAh
g−1 (14.5 mol of Li), and the first-charge capacity is 435
(±5)mAhg−1 (3.4 mol of Li). The observed ICL
(1,415 mAhg−1; 11.2 mol of Li) is larger in comparison
to that found in nano-SnO(V2O3)0.25, as can be expected
due to the increased content of V-oxide. The reversible
capacity showed a slight decrease up to 10 cycles and
stabilized to 380(±5)mAhg−1 (3 mol of Li) up to
60 cycles, with no noticeable capacity fading (Fig. 5c;
Table 1).

Figure 6c, d shows the capacity–voltage profiles of
nano-SnO(VO)0.5 at 60 mAg−1 (0.12 C) in the voltage
range 0.005–0.8 V up to 50 cycles. The profiles are
analogous to those measured on nano-SnO and contain Sn,
SnO2, and VOx as a result of ball milling. The total first-
discharge capacity is 1,375(±5)mAhg−1 (8.6 mol of Li)
which is larger than the expected value 1,020 mAhg−1

(6.4 mol of Li). During the first charge, a broad voltage
plateau at ∼0.45 V followed by two more small plateau
regions at ∼0.6 and ∼0.7 V is seen. These plateaus are
due to the de-alloying reaction to form Sn metal
particles. These plateau regions persist in subsequent
cycles (up to 20) as is clear in Fig. 6d and are almost
similar to the profiles shown by nano-SnO (Fig. 4b). The
total first-charge capacity is 500(±5)mAhg−1 (3.1 mol of
Li). Thus, the ICL during the first cycle is 875(±5)mAh
g−1 (5.5 mol of Li). The second-discharge and second-
charge profiles are analogous to the first-discharge and
first-charge profiles and show total capacities of 540(±5)
mAhg−1 (3.4 mol of Li) and 505(±5)mAhg−1 (3.2 mol of
Li), respectively. The reversible capacity remains stable up
to 10 cycles but decreases thereafter. At the end of 50th
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cycle, the capacity is 380(±5)mAhg−1 (2.4 mol of Li)
which corresponds to a capacity fade of 25% between five
and 50 cycles (Fig. 5d; Table 1). The capacity–voltage
profiles of nano-SnO(VO)0.5 in the voltage range 0.005–
1.0 V at 60 mAg−1 (figure not shown) are similar to the
profiles in the voltage range 0.005–0.8 V. The total first-
discharge capacity is 1,600(±5)mAhg−1 (10 mol of Li),
whereas the first-charge capacity is 630(±5)mAhg−1

(4 mol of Li). The reversible capacity at the end of 40th
cycle is 460(±5)mAhg−1 (2.9 mol of Li), showing a
capacity fade of 28% between five and 40 cycles (Table 1).
Thus, cycling of nano-SnO(VO)0.5 to an upper cutoff
voltage of 1.0 V gave only a small increase in capacity,
but the capacity-fading behavior is similar to that
encountered when cycled to 0.8 V cutoff.

From Fig. 5 and Table 1, the following conclusions can
be drawn: (1) Nano-SnO shows capacity fading on cycling
up to 50 cycles at 0.12 C rate in the voltage range 0.005–
0.8 V vs. Li. It shows a large capacity fading (59%
between 10 and 50 cycles), possibly due to the presence of
nano-Sn metal and nano-SnO2 as a result of HEB of SnO.
Hence, nano-SnO or (Sn.SnO2), without any matrix
element, shows capacity fading, and this result is in
agreement with several reports on the Li cycling of micro-
and nano-SnO in the literature [9, 14–17, 19]. (2) Nano-
SnO(V2O3)0.25 shows smaller reversible capacity in
comparison to nano-SnO, as can be expected due to the
presence of matrix of VOx. This nano-composite consist-
ing of SnO2.VOx shows capacity fading under the above
cycling conditions, with a loss of only 11% between 10
and 50 cycles. The nano-composite with a higher content
of V2O3, namely nano-SnO(V2O3)0.5, shows no noticeable
capacity fading up to at least 60 cycles. Thus, increasing
the VOx content with respect to Sn content has a profound
effect on the Li cyclability of the nano-composite. (3) The
nano-composite with VO as the matrix, namely nano-SnO
(VO)0.5, shows capacity fading of 25%, in comparison to
the value of 11% encountered in nano-SnO(V2O3)0.25,
even though the nominal VOx content in both the
composites is the same. This is understandable because
the latter phase is composed of (SnO2.VOx) whereas the
former phase is composed of (Sn.SnO2.VOx). Here, we
may mention that the effect of Fe/Cr impurities, noticed as
a result of HEB, on the electrochemical behavior of the
nano-composites is negligible since they do not form
alloys with Li metal. Further, because the upper cutoff
voltage for cycling is 0.8 V, no oxidation of Fe/Cr can
occur at this voltage by the “conversion reaction” (Fe +
Li2O ⇌ FeO + 2 Li). Thus, it is concluded that both nano-
size SnO2 and inactive matrix (VOx) mutually help each
other to buffer the large unit cell volume variations and
help in better Li cycling via Eq. 3, and the Sn–V ratio of
1:1, as in nano-SnO(V2O3)0.5, is found to be the optimum.T
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Cyclic voltammetry

Cyclic voltammetry, a complementary tool to galvanostatic
cycling performance, is commonly employed to establish
the reversibility of electrode materials vs. Li and to evaluate
the potentials at which the discharge–charge reactions take
place. Cyclic voltammograms (CV) of nano-SnO(V2O3)0.5
and nano-SnO(VO)0.5 at the slow scan rate of 58 μVs−1 in
the potential range of 0.005–0.8 V were recorded up to
40 cycles and up to 6 cycles, respectively, and are shown in
Fig. 7. The Li metal acts as the counter and reference
electrode.

The first cathodic scan of nano-SnO(V2O3)0.5 started
from an OCV (∼3.0 V), with a broad peak at ∼0.8 V, which
corresponds to the crystal structure destruction and forma-
tion of Sn nano-particles embedded in VO and Li2O
amorphous matrix (Eq. 4; Fig. 7a). This is followed by a
shoulder peak at 0.4 V and a broad peak centered at 0.14 V.
These two peaks correspond to the alloying of Sn in stages
to reach the composition Li4.4Sn (forward reaction of
Eq. 3). During the first anodic scan, a broad peak at
0.56 V is seen, which corresponds to de-alloying reaction to
form Sn metal nano-particles. The second cathodic scan is
similar to the first cathodic scan except for the absence of
the shoulder peak at ∼0.4 V. Between two and 40 cycles,
the anodic peak shifted to a slightly lower potential value
(∼0.5 V), which indicates that the de-alloying reaction
occurs at lower potential due to nano-size effect and
“conditioning” of the electrode. The average charge and
discharge potentials noticed from CV are ∼0.5 and ∼0.2 V,

Fig. 6 Galvanostatic
discharge–charge profiles.
Nano-SnO(V2O3)0.25: a first
cycle and b two to 50 cycles.
Nano-SnO(VO)0.5: c first cycle
and d two to 50 cycles. The
numbers indicate cycle number.
Voltage range 0.005–0.8 V vs.
Li at a current density of 60 mA
g−1 (0.12 C)

Fig. 7 Cyclic voltammograms of a nano-SnO(V2O3)0.5, one to
40 cycles, and b nano-SnO(VO)0.5, one to six cycles. Scan rate
58 μVs−1. Li metal anode was the counter and reference electrode.
Numbers represent the potentials in volts. Integer numbers represent
cycle numbers
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respectively, which match well with the voltage plateaus
seen in the galvanostatic charge–discharge profiles. The
areas under the peaks in the CVs decrease slowly from two
to 10 cycles showing slow capacity fading. On the other
hand, the areas under the peaks from 11 to 40 cycles are
almost the same which indicate almost nil capacity fading
and this is corroborated by the galvanostatic data (Fig. 5c).

The CVs of nano-SnO(VO)0.5 are shown in Fig. 7b. The
first cathodic scan started from the OCV (∼2.3 V) and
showed several low-intensity peaks in the potential range
0.4–1.2 V. The crystal structure destruction (amorphization
of lattice) to form Sn nano-particles embedded in VO and
Li2O occurs in this potential region and, as mentioned
earlier, XRD shows that the nano-composite consists of Sn.
SnO2.VO. The first cathodic scan also shows a broad split
peak centered at 0.24 V, which corresponds to the alloy
(Li4.4Sn) formation. The first anodic scan shows medium-
intensity peaks at 0.47 and 0.62 V and a low-intensity peak
at 0.73 V. These peaks correspond to the de-alloying
reaction to form Sn metal nano-particles and seem to occur
in stages. The second cathodic scan differs from the first
cathodic scan in that the low-intensity peaks are seen at
0.68 and ∼0.5 V and the split peak is now centered at
0.31 V. This shows that alloying reaction is occurring in
stages. The CVs of two to six cycles not only overlap well
showing good reversibility but also indicate capacity fading
due to the decrease in the areas under the peaks from two to
six cycles. The CV peaks are reflected as voltage plateaus
in the galvanostatic profiles in Fig. 6c, d. The CVs of nano-
SnO (figure not shown) are analogous to those observed in
nano-SnO(VO)0.5, thereby indicating that VOx is not
participating in the Li-cycling behavior in the composites
and acts only as an electrochemically inactive but electron-
ically conducting matrix.

A comparison of CVs of Fig. 7a, b clearly reveals the
difference in cycling behavior of electrochemically formed
nano-particles of Sn (via Eq. 2) and that of nano-Sn
obtained by the HEB process. Figure 7a shows only one
well-defined cathodic and anodic peak indicating that the
alloying–de-alloying reaction (Eq. 3) takes place in a
continuous fashion. The fine structure, by way of
additional cathodic and anodic peaks noticed in Fig. 7b
for the nano-SnO(VO)0.5, is due to the alloying–de-
alloying reaction of nano-Sn (along with SnO2) formed
during the ball-milling process. Studies by Courtney et al.
[31] on the Li–Sn system and by Park and Sohn [32] and
Hassoun et al. [33] on the nano-composite Sn-C have
shown that, whenever Sn metal is used as the active
material, the alloying–de-alloying reaction always goes
through several stages, depending on the value of y from 0
to 4.4 in LiySn at various fixed potentials ranging from 0.2
to 0.8 V vs. Li. Indeed, the observed anodic peaks at 0.62
and 0.73 V in Fig. 7b correspond to y=1.75–2.5 and 1.0,

respectively [31]. The matrix (VOx, x∼1) is not able to
buffer the volume changes occurring, in stages, during
the reactions of Eq. 3 in nano-SnO(VO)0.5 and hence the
observed capacity fading on cycling (Fig. 5d). On the
other hand, VOx is able to buffer the volume changes
occurring during cycling of nano-SnO(V2O3)0.5 since no
stages were observed in the alloying–de-alloying reactions
of Eq. 3 (Fig. 5c). To summarize, the CV studies
corroborate the galvanostatic cycling data and clearly
distinguish between the cycling behavior of electrochem-
ically generated Sn and that produced in the nano-
composite as a result of HEB.

Ex situ XRD of nano-SnO(V2O3)0.25

To establish the reaction mechanism and to supplement the
galvanostatic and CV data, ex situ XRD studies were
performed on the multiple cells of nano-SnO(V2O3)0.25 at
selected discharge/charge voltages during the first cycle.
The ex situ XRD patterns are shown in Fig. 8. The y-axis
values have been normalized for better comparison. The
pattern of bare electrode (Fig. 8 a) shows the characteristic
lines of SnO2, similar to that of Fig. 2a, along with the Cu
metal lines due to the substrate. The pattern at 0.5 V during
the first discharge shows the characteristic lines of Sn metal
due to the reaction of SnO2/SnO with Li metal as per Eq. 4
(Fig. 8 b). This is in accord with galvanostatic and CV data.
The pattern at 0.05 V (Fig. 8 c) shows the characteristic
lines of both Li–Sn alloy (2θ=20–250) and Sn metal (2θ=
30–350) as per the forward reaction of Eq. 3, which is
expected to be completed upon deep discharge to 0.005 V.
The XRD pattern at 0.8 V at the end of first charge, shown
in Fig. 8 d, does not show the lines of Sn metal (reverse
reaction of Eq. 3), possibly due to the nano-size nature of

Fig. 8 Ex situ XRD patterns of nano-SnO(V2O3)0.25. a Bare
electrode, b during first discharge at 0.5 V, c during first discharge
at 0.05 V, and d during first charge at 0.8 V vs. Li
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the particles. Thus, the ex situ XRD measurements
corroborate the galvanostatic and CV data and lend support
to the Li-cycling mechanism.

Conclusions

The nano-composites SnO(V2O3)x (x=0, 0.25, and 0.5) and
SnO(VO)0.5 are prepared from SnO and V2O3/VO by HEB
and are characterized by XRD, SEM, and HR-TEM
techniques. Interestingly, SnO and SnO(VO)0.5 are not stable
to HEB and undergo self-oxidation–reduction to give Sn and
SnO2. Ball milling of SnO(V2O3)x gives rise to a nano-
composite of SnO2 and VOx. The Li-cycling properties are
evaluated by galvanostatic discharge–charge cycling and
cyclic voltammetry with Li as the counter electrode at room
temperature. The nano-SnO(V2O3)0.5 showed a first-charge
capacity of 435(±5)mAhg−1 which stabilized to 380(±5)
mAhg−1 with no noticeable fading in the range of 10–
60 cycles when cycled at 60 mAg−1 (0.12 C) in the voltage
range 0.005–0.8 V. Under similar cycling conditions, nano-
SnO, nano-SnO(V2O3)0.25, and nano-SnO(VO)0.5 showed
initial reversible capacities between 630 and 390(±5)mAh
g−1. Between 10 and 50 cycles, nano-SnO showed a capacity
fade as high as 59% in good agreement with literature
reports, whereas the above two VOx-containing composites
showed capacity fade ranging from 10% to 28%. Cycling to
an upper cutoff voltage 1.0 V gives rise to a slight increase
in the reversible capacity in the case of nano-SnO(V2O3)0.25
and nano-SnO(VO)0.5. However, capacity fading also in-
creased in them in comparison to the performance with
0.8 V cutoff (Table 1). The coulombic efficiency increased in
all the nano-composites to 96–98% after 10 cycles. The
presence of matrix (VOx) enhances the Li-cycling behavior
by buffering the unit cell volume variations and providing an
electronically conducting network to Li diffusion in the
nano-composites. The observed galvanostatic cycling, CV,
and ex situ XRD data have been interpreted in terms of the
alloying–de-alloying reaction of Sn in the nano-composite
“Sn-VOx-Li2O”. In all the nano-composites presently stud-
ied, the average discharge (alloying) potential is 0.2–0.3 V
and average charge (de-alloying) potential is 0.5–0.6 V vs.
Li, in good agreement with literature. It is concluded that,
upon further optimization, the nano-SnO(VOx) can be a
prospective anode material for future generation LIBs.
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