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Well-dispersed SnO2 nanorods with diameter of 4–15 nm and length of 100–200 nm are synthesised through a

hydrothermal route and their potential as anode materials in lithium-ion batteries is investigated. The observed initial

discharge capacity is as high as 1778 mA·h/g, much higher than the theoretical value of the bulk SnO2 (1494 mA·h/g).

During the following 15 cycles, the reversible capacity decreases from 929 to 576 mA·h/g with a fading rate of 3.5%

per cycle. The fading mechanism is discussed. Serious capacity fading can be avoided by reducing the cycling voltages

from 0.05–3.0 to 0.4–1.2 V. At the end, SnO2 nanorods with much smaller size are synthesized and their performance

as anode materials is studied. The size effect on the electrochemical properties is briefly discussed.
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1. Introduction

Lithium-ion batteries are widely used in portable
electronic devices, hybrid electric vehicles, clean en-
ergy storage and aerospace, etc.[1,2] Graphite is the
presently popular anode material with a maximum
theoretical specific capacity of 372 mA·h/g.[3] Fur-
ther improvements are required to meet the demand
of higher energy capacity in the above-mentioned ar-
eas nowadays.[4] A possible route is finding alterna-
tive anode materials with higher capacities. Recently,
transition-metal oxide nanostructures as anode ma-
terials in lithium-ion battery have attracted much
attention. In comparison to conventional graphite,
these novel anode materials have larger surface-to-
volume ratio, shorter diffusion length, enhanced sur-
face electrochemical reactivity and higher capacity
for Li ions.[5−10] Among the transition-metal oxides,
SnO2 has a theoretical charge-storage capacity of
781 mA·h/g when forming alloy Li4.4Sn,[11] twice of
that in graphite. Because of their high capacities
and relatively low potential for Li ion intercalation,
various SnO2 nanostructures, such as nanoparticles,
nanowires and hollow spheres have been investigated
as anode materials in lithium-ion battery.[12−15] Here
we report well-dispersed SnO2 nanorods with very

high surface-to-volume ratio as anode materials, which
show an initial discharge capacity of 1778 mA·h/g,
much higher than the theoretical value of the bulk
SnO2. Serious capacity fading is observed and the
mechanism is analysed. Furthermore, the size effect
of SnO2 nanorods on the electrochemical properties is
briefly discussed at the end of the paper.

2. Experimental methods

Massive SnO2 nanorods were synthesized by a
hydrothermal method with precursors of SnCl4·5H2O
and NaOH.[16] In a typical process, 2 mL SnCl4·5H2O
(0.5 mol/L) and 5 mL NaOH (5 mol/L) were thor-
oughly mixed in 33 mL water/ethanol solution. After
stirring for ∼10 min, the mixture was transferred into
a 50-mL Teflon-lined autoclave and kept at 200 ◦C
for 24 h. The products were harvested by repeatedly
rinsing in deionized water and certificating for three
times. Mass production and nontoxic reagents make
this synthesis method very attractive.

The general morphology and crystal structure of
the products were characterised by scanning electron
microscope (SEM; JEOL-JSM-6700F), transmission
electron microscope (TEM; TECNAI F20) and x-ray
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powder diffraction (XRD; D/max 2550 V, Cu Kα radi-
ation). The surface area of the products was measured
by the physical absorption of N2 molecules using the
BET method.

The lithium-ion batteries for the following test
were assembled in an argon filled glove box.[17] A sus-
pension was prepared by mixing SnO2 nanorods, car-
bon black and polyvinylidene fluoride (PVDF) with
the mass ratio of 85:10:5. The slurry was then coated
onto a copper foil substrate. The electrode sheet was
dried at 120 ◦C for 12 h in vacuum condition. Li foil
was used as counter electrode. The electrolyte was
made of 1 M LiPF6 dissolved in a mixture composed
of ethylene carbonate (EC) and dimethyl carbonate
(DMC) with the volume ratio of 1:1. The galvanos-
tatic charge–discharge measurements were carried out
on a Land R© multichannel galvanostat/potentiostat
instrument at room temperature (∼20 ◦C) with a cur-
rent density of 0.2 mA/cm2. The cycling voltages were
0.05–3.0 V and 0.4–1.2 V, respectively.

3. Results and discussion

Figures 1(a) and 1(b) are typical SEM images of
the SnO2 nanorods synthesised at 200 ◦C for 24 h.
The diameter and length of the nanorods are 4–15 nm
and 100–200 nm, respectively. Each of the nanorods
has one end outside with another end bound to other
nanorods, exhibiting peculiar flower-like structures.
When they form into a film, the surface area of the
nanorods can be effectively used. Furthermore, due
to the small diameter character of the nanorods, the
diffusion length for Li ions is very short. These ad-
vantages facilitate the as-synthesised SnO2 nanorods
as anode materials in lithium-ion battery.

The TEM image of a typical SnO2 nanorod is
shown in Fig.1(c). The single nanorod is a single
crystalline and has very clean surfaces. The spacing
between two adjacent lattice planes is 0.332 nm, cor-
responding to (110) planes of tetragonal rutile SnO2.
The XRD pattern of the as-synthesised nanorods is
shown in Fig.1(d). All the diffraction peaks agree with
the reported values (a = 0.474 nm and c = 0.318 nm)

Fig.1. (a) and (b) typical SEM images of the SnO2 nanorods synthesized at 200◦C. The diameter and length of the

nanorods are 4–15 nm and 100–200 nm, respectively. (c) TEM image of a typical SnO2 nanorod. (d) XRD pattern

indicating that the SnO2 nanorods have crystal structure of rutile with calculated lattice parameters a = 0.474 nm

and c = 0.318 nm.
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from JCPDS card (41–1445) or the results in the
literature,[16] confirming that the products are SnO2

nanorods with rutile crystal structure. No peaks of
impurities are seen in the XRD pattern, suggesting
the high purity of the nanorods. Additionally, the
peaks are relatively broadened compared to those of
the bulk SnO2, further indicating the small size of the
nanorods.

The first discharge (Li insertion) and charge (Li
extraction) voltage profiles of the cell are shown in

Fig.2(a). In the first discharging process, the poten-
tial drops rapidly to a plateau of ∼1.0 V and then
decreases gradually to ∼0.05 V. The plateau around
1.0 V corresponds to the formation of Li2O and Sn,[11]

which only exists during the first discharge process
and almost disappears in the following cycles as shown
in Fig.2(b). This process, as expressed by SnO2 +
4Li+ + 4e− → Sn + 2Li2O, is unavoidable and irre-
versible. The stored Li cannot be released which are
corresponding to the capacity loss of the first cycle.

Fig.2. For the SnO2 nanorods synthesised at 200 ◦C: (a) The curves in the first discharge–charge process. The initial

discharge capacity is as high as 1778 mA·h/g. (b) Cycling of electrochemical Li insertion and extraction in SnO2

nanorods. (c) Cycling electrochemical performance at the cell voltage of 0.05–3.0 V. (d) Cycling electrochemical

performance at the cell voltage of 0.4–1.2 V.

As the insertion of lithium ions goes on, the cell
voltage falls below 0.9 V. LixSn alloys will form from
Sn + xLi+ + xe− ↔ Lix Sn (0 ≤ x ≤ 4.4), which are
Li2Sn5, LiSn, Li7Sn3, Li13Sn5, Li7Sn2 and Li22Sn5 in
order. This reaction is reversible and Li can be re-
leased from the LixSn alloy when it decomposes in
the charge process. During the first discharging pro-
cess, the single-crystalline SnO2 nanorods change to
polycrystalline by intercalation of Li ions. Lithia ma-

trix forms during the initial stage of Li insertion and
holds the LixSn alloy regions together through the
large volume changes in the alloying and dealloying
processes.[18] The cycling performance of electrochem-
ical Li insertion and extraction in SnO2 nanorods is
shown in Fig.2(b). We can see that the SnO2 nanorods
working in the low-potential range (0.05–1.6 V vs.
Li/Li+) is of use as active negative electrode mate-
rials in lithium-ion battery.
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The lithium ions stored by the carbon black are
neglectable as its mass and capability are much less
than those of SnO2 nanorods. The observed first
(1778 mA·h/g) and second specific discharge capac-
ities (929 mA·h/g) of SnO2 nanorods are also much
larger than the theoretical capacities of the bulk SnO2

(1494 mA·h/g for the first discharge and 781 mA·h/g
for the second).[11] The improved capacity is mainly
due to the abundant surface defects, as well as the
characters of high surface-to-volume ratio and good
dispersity of the SnO2 nanorods, which would effec-
tively enhance the surface electrochemical reactivity
and improve Li ion storage capacity. The extra Li-
storage capacity in nanometer-sized transition-metal
oxides has recently been explained by an interfacial
Li storage mechanism.[19,20] According to this model,
Li ions are stored on the ionic conducting side of the
interface Li2O. The Li2O surface layers or the inter-
facial core serve as hosts for Li ions. Electrons are
localised on the metallic side as it serves as an elec-
tron sink, resulting in a charge separation. It is con-
sistent with the initial discharge profile. As shown in
Fig.2(a), the LixSn alloys form during the cell voltage
0.9 V to 0.23 V. The Li22Sn5 alloys exhibit no further
change as the voltage falls below 0.23 V.[11] However,
the Li storage goes on and about 310 mA·h/g of the
total 1778 mA·h/g occurs in the range of 0.23–0.05 V.
Carbon black can store some Li ions as the voltage
is lower than 0.23 V. However, it cannot be the key
reason, for the mass ratio of SnO2 nanorods and car-
bon black is 8.5:1 and the capacity of carbon is much
smaller. The occurrence of an extra Li storage at low
voltage is most probably caused by interfacial charge

storage. Electrons are localized on Li22Sn5 side and Li
ions on the Li2O surface layers or the interfacial core.

The galvanostatic cycling profiles of the SnO2

nanorods are shown in Fig.2(c). The reversible capac-
ity decreases from 929 to 576 mA·h/g with a capacity
fading of 3.5% per cycle during the successive 15 cy-
cles. The increasing irreversible capacity is mainly
due to the induced volume expansion. Serious vol-
ume expansion of the nanorods accompanies the Li
insertion process and the schematic process is shown
in Fig.3. Compared to pure Sn, the calculated vol-
ume increase factors for LiSn, Li7Sn3, Li5Sn2, Li13Sn5,
Li7Sn2 and Li22Sn5 are 1.53, 2.28, 2.76, 2.81, 2.99 and
3.59, respectively.[11] When the anodes work at the
voltage ranging from 0.05 V to 3.0 V, serious volume
expansion happens in realising the Li22Sn5 phase and
may cause two results. One is the cracking and crum-
bling of the anode materials. The anodes endure the
strain of expansion of Li22Sn5. Therefore, the anode
materials may crack, reducing the capacity. The other
result is the aggregation of Sn crystallites into large
regions. As the volume expanses seriously, the neigh-
bouring LixSn alloys will join together. This process
goes on with the cycling and the Li22Sn5 grows bigger.
As a result, the Li atoms inside cannot be extracted
out, causing the capacity fading. Additionally, the
anodes operating at voltages 0.05–3.0 V are outside
the electrochemical stability window (1.2 V) of the
electrolyte components, the electrolyte will decompose
and form SEI films. It has been found that the thick
SEI films may disappear completely when catalyzed
by transition metal upon Li extraction, which may
lead to capacity fading.

Fig.3. Schematic process of Li insertion accompanied with serious volume expansion.
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If higher potential regions are avoided, the SnO2

nanorods should show better cyclic ability according
to the fading mechanism mentioned above. The per-
formance of the cells cycled between 0.4 V and 1.2 V is
shown in Fig.2(d). Although the second discharge ca-
pacity decreases to 190 mA·h/g, the capacity retention
is improved. Even after 15 cycles, 92% of the capac-
ity remains. The reduction of the cycling voltage im-
proves the capacity fading through the following two
ways and the results are consistent with the fading
mechanism. (i) Reduce the volume expansion. The
SnO2 nanorods cycled between 0.4–1.2 V may only
form LiSn phase and can avoid the presence of lower
Li–Sn alloy phases (Li7Sn3, Li5Sn2, Li13Sn5, Li7Sn2

and Li22Sn5). So by adjusting the voltage limits to
0.4–1.2 V, serious volume expansion can be avoided.
(ii) Reduce the SEI films decomposition. By limiting
the cycling voltage from 0.05–3.0 V to 0.4–1.2 V, thin-
ner SEI films will form and they become more stable,
thus reducing the capacity fading. Besides the reduc-
tion of the cycling voltage, it has been reported that
carbon coating and glass-forming elements adding can
also be used to reduce the capacity fading. The carbon
coating layers can significantly enhance the electronic
conductivity of electrode materials and lead to stabi-
lized SEI films, resulting in improved rate and cycling
performance.[21] Glass-forming elements, such as B,
P, and Al, can form stable framework and delocalises
the Sn active center, avoiding the aggregation of Sn
crystallites.[22]

SnO2 nanorods with smaller size were synthesised
by reducing the reaction temperature to 160 ◦C and
their performance as anode materials was also investi-
gated. A typical SEM image of the products is shown
in Fig.4(a) with a TEM image shown in the top-right
inset. The diameter and length of the nanorods are
3–9 nm and 20–40 nm, respectively; both are smaller
than the nanorods synthesised at 200 ◦C. Figure 4(b)
indicates that the initial discharge and charge capaci-
ties are 1519 and 647 mA·h/g, respectively. As shown
in Fig.4(c), the reversible capacity decreases from 753
to 430 mA·h/g with a capacity fading of 4.5% per
cycle. In comparison to the nanorods synthesised at
200 ◦C, the total and reversible capacities are much
lower, and the capacity fading is faster.

The nanorods with smaller diameter should have
better performance, because they have much higher
surface-to-volume ratio and the surface electrochemi-
cal reactivity of a material is directly related to it. Dif-
ferent researchers have pointed out that the reversible

Fig.4. (a) A typical SEM image of SnO2 nanorods syn-

thesised at 160 ◦C. The inset is a TEM image of the

as-synthesised nanorods. The diameter and length are 3–

9 nm and 20–40 nm, respectively. (b) The first discharge-

charge curves of SnO2 nanorods synthesised at 160 ◦C.

The initial discharge and charge capacities are 1519 and

647 mA·h/g. (c) Cycling electrochemical performance at

the cell voltage of 0.05–3.0 V of SnO2 nanorods synthe-

sised at 160 ◦C.

capacity increases drastically with decreasing parti-
cle size,[11,23−26] while the SnO2 nanorods show op-
posite behaviors in our results. To compare the elec-
trochemical performances, cyclic voltammograms of
SnO2 nanorods synthesised at 160 ◦C and 200 ◦C dur-
ing the second cycle are presented in Fig.5. The peak
positions have no obvious difference. The peak sepa-
ration is a little larger for SnO2 nanorods synthesised
at 200 ◦C. The weak reduction peak around 0.89 V
derives from Li2O formation as expressed by SnO2 +
4Li+ + 4e− → Sn + 2Li2O, which mainly occurs in



No. 10 Electrochemical properties of SnO2 nanorods as anode materials in . . . 4569

the initial cycle. However, the irreversible reaction
still takes place in the second cycle, suggesting the Li
ions insertion into the interior of the materials. The
pair of reduction and oxidation peaks at 0.15 V and
0.55 V is related to the decomposition and formation
of LixSn.

Fig.5. Cyclic voltammograms of SnO2 nanorods synthe-

sized at 160 ◦C and 200 ◦C during the second cycle at a

scan rate of 0.1 mV/s.

As shown in Fig.5, the peak current Ip and
the reversible capacities are much smaller for SnO2

nanorods synthesised at 160 ◦C. It is mainly ascribed
to the decrease of the effective surface area in the film
composed of SnO2 nanorods with smaller diameter.
As shown in Figs.1(a) and 1(b), the nanorods syn-
thesised at 200 ◦C exhibit flower-like structures which
facilitate forming a loose film with large effective sur-
face area and thus facilitate the insertion of Li ions.
However, for the film composed of the nanorods syn-
thesised at 160 ◦C, the specific surface area will get
smaller due to serious aggregation. The aggregation
makes the contact between SnO2 nanorods and car-
bon black worse and reduces the utilisation of anode
materials. As known, the peak current Ip is related to
the reactant concentration n and can be expressed as
Ip ∝ n3/2. The larger surface area of SnO2 nanorods
means a larger portion of the anode materials that
contribute to Li ions storage, corresponding to a big-
ger reactant concentration. Thus the SnO2 nanorods
synthesised at 200 ◦C show higher peak current and
Li ions storage capacity.

The specific surface areas of the nanorods
were measured using the Brunauer Emmett Teller
(BET) method and the results are shown in Fig.6.
The BET analysis developed in 1938 is the stan-
dard method for determining surface areas from N2

molecules adsorption on the surface.[27] The BET

theory can be described as 1/{v[(P0/P ) − 1]} =
{c− 1}/{vmc}(P/P0)+1/{vmc}, where P and P0 are
the equilibrium and the saturation pressure of adsor-
bates, v is the adsorbed gas quantity, and vm is the
monolayer adsorbed gas quantity, c is the BET con-
stant. As shown in Fig.6, 1/{v[(P0/P )− 1]} versus
(P/P0) plots exhibit a linear behavior for both the
nanorods synthesised at 200 ◦C and 160 ◦C. The slope
is corresponding to (c− 1)/{vmc} and the intercept is
1/{vmc}. It can be deduced that the specific surface
areas are 76.95 m2/g and 44.52 m2/g for the nanorods
synthesised at 200 ◦C and 160 ◦C, respectively, which
support our analysis above.

Fig.6. The plots of 1/{v[(P0/P )− 1]} versus (P/P0) show

good linearity. The specific surface areas are calculated to

be 76.95 m2/g and 44.52 m2/g for the nanorods synthe-

sised at 200 ◦C and 160 ◦C respectively.

4. Conclusions

In summary, the electrochemical properties of
SnO2 nanorods as anode materials for lithium-ion bat-
tery were investigated. The observed initial discharge
capacities were much higher than the theoretical val-
ues of the bulk SnO2. The extra Li-storage capacity is
mainly corresponding to the interfacial charge storage.
During the following 15 cycles, the reversible capacity
decreases from 929 to 576 mA·h/g with a fading rate
of 3.5% per cycle. The obvious cyclic fading is linked
with the volume expansion and SEI films decompo-
sition during cycling. At the end, the size effect of
the SnO2 nanorods on the electrochemical properties
is briefly discussed. The nanorods with smaller size
were synthesised at 160 ◦C. They showed much lower
reversible capacities than those synthesised at 200 ◦C,
which is mainly due to the smaller specific surface area
caused by serious aggregation.
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