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n recent decades, supercapacitors have

attracted significant attention due to

their high power density, longer cycle
life than batteries, and higher energy den-
sity than conventional dielectric
capacitors.! > Such outstanding advan-
tages make them good candidates for hy-
brid electric vehicles, large industrial equip-
ment, and other renewable energy storage
applications.%” Depending on the charge
storage mechanism, supercapacitors are
generally classified into electrical double-
layer capacitors (EDLCs) and pseudo-
capacitors (or redox supercapacitors).>”
EDLCs, using carbon-based active materials
with high surface area, build up electrical
charge at the electrode/electrolyte inter-
face. EDLCs usually have high power den-
sity but suffer from low capacitance and low
rate capability. The pseudo-capacitors uti-
lize fast and reversible surface or near-
surface reactions for charge storage. Com-
pared with EDLC-based capacitors, pseudo-
capacitors based on transition metal oxides,
nitrides, and conducting polymers could
provide higher specific capacitance of the
active materials but suffer from disadvan-
tages such as higher cost, poor rate capabil-
ity, and low conductivity.®~'* Therefore,
there is currently an impending need to im-
prove their performance to meet the in-
creasing urgent demand for energy stor-
age and stringent requirements in a variety
of potential applications.

Understanding the charge storage
mechanism in pseudo-capacitive materials
gives us clues and directive strategies in the
realization of high-performance superca-
pacitors. To achieve high power and energy
densities, high specific surface area, high
electronic conductivity, and a fast cation
intercalation/de-intercalation process are
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ABSTRACT |In this paper, a very simple solution-based method is employed to coat amorphous Mn0, onto

crystalline Sn0, nanowires grown on stainless steel substrate, which utilizes the better electronic conductivity of

Sn0, nanowires as the supporting backbone to deposit Mn0, for supercapacitor electrodes. Cyclic voltammetry (CV)

and galvanostatic charge/discharge methods have been carried out to study the capacitive properties of the Sn0,/

Mn0, composites. A specific capacitance (based on Mn0,) as high as 637 F g~ is obtained at a scan rate of 2 mV

s1(800 F g~ at a current density of 1 A g~") in 1 M Na,S0, aqueous solution. The energy density and power

density measured at 50 A g~ are 35.4 W h kg~ and 25 kW kg™, respectively, demonstrating the good rate

capability. In addition, the Sn0,/Mn0, composite electrode shows excellent long-term cyclic stability (less than

1.2% decrease of the specific capacitance is observed after 2000 CV cycles). The temperature-dependent capacitive

behavior is also discussed. Such high-performance capacitive behavior indicates that the Sn0,/Mn0, composite is

a very promising electrode material for fabricating supercapacitors.
KEYWORDS: MnO, - SnO, - nanocomposite - supercapacitor

very important. Among the transition metal
oxides, ruthenium oxides and hydroxides
have shown the best performance.® How-
ever, their expensive nature limits their ac-
tual use on a large scale, which led to the
study of low-cost metal oxides as alterna-
tives, such as MnO,, MoOs, VO,, and
WO,."4~"7 Recent reports show that super-
capacitors based on thin films (thickness
about several tens of nanometers) exhibit
high specific capacitance due to their high
specific surface area. For instance, a MnO,
thin film provides capacitance as high as
698 F g~ '.° However, the area-normalized
capacitance is unacceptable due to the low
active mass. In general, transition metal ox-
ides suffer from poor conductivity. Many
groups have tried using carbon- or nitride-
based metal oxide composites to improve
the poor electronic conductivity. For ex-
ample, Lu et al. synthesized V,0s/carbon
nanotube hierarchical nanowire compos-
ites with a capacitance of 440 F g~ " at a cur-
rent density of 0.25 A g~'.° Liu et al. re-
ported that the capacitance can reach

432 F g ' fora 10 wt % loading
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Stainless steel substrate

Scheme 1. Schematic image of the amorphous MnO, loaded
on the SnO, nanowires grown on the stainless steel sub-
strate. The SnO, nanowire provides a direct path for the elec-
trons.

Ni(OH),/carbon nanotube composite at 10 mV s™' scan
rate.? Very recently, Fan et al. synthesized a carbon nan-
otube/MnO, composite using a microwave-assisted
method, and capacitance as high as 944 F g~ (85% of
the theoretical value) was achieved at 1 mV s scan
rate for the low-loaded sample (carbon nanotube—15%
MnO,)."® Such investigations intend to balance the
cost and the performance of supercapacitors. How-
ever, the use of carbon nanotubes reduces the cost-
effectiveness and deters potential deployment. Despite
intensive research efforts, making supercapacitors with
high energy density and power density still remains a
challenge.

Due to its low cost and excellent capacitive perfor-
mance in aqueous electrolyte, environmentally friendly
MnO; has been considered a very promising material
for supercapacitors.® In previous studies, SnO, nano-
wires synthesized by chemical vapor deposition had
conductivity ranging from about 5 to 74 S cm™1,19721
The conductivity of MnO, nanowires fabricated using a
hydrothermal technique is about 8.6 X 107*S cm™~ .22
MnO; nanorods synthesized by a solution-based
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Figure 1. Typical XRD patterns of the as-synthesized SnO,/MnO,
sample The peaks marked with “A” belong to SS substrate.
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method have a conductivity of 42 X 1072S cm™', and

the conductivity of bulk MnO, semiconductors is about
8 X 10725 cm™".324 This clearly shows that the conduc-
tivity of SnO, nanowires is about 2 orders of magni-
tude larger than that of MnO,. Therefore, in this study
we employ a facile method to coat amorphous MnO, on
SnO, nanowires which have been grown onto a stain-
less steel (SS) substrate, as illustrated in Scheme 1,
showing a SnO,/MnO, core/shell nanostructure. This
strategy has several advantages: (1) a thin layer of MnO,
would enable a fast, reversible faradic reaction and pro-
vide a short ion diffusion path; (2) SnO, nanowires,
with high conductivity, would provide a direct path for
the electrons transport; and (3) SnO, nanowires would
create channels for the effective transport of electrolyte.
The SnO,/MnO, composite shows a good capacitive
performance. The specific capacitance reaches 637 F
g~ " at a scan rate of 2 mV s7, and even higher, at

800 F g~ ', when tested by a constant current charge/
discharge method. The temperature-dependent capaci-
tive behavior is discussed. Excellent long-term cycle sta-
bility at room temperature and low temperature (3 °C)
is obtained. These results suggest that the SnO,/MnO,
composite is a very promising electrode material for
fabricating supercapacitors.

RESULTS AND DISCUSSION

Microstructure Characterizations. Figure 1 shows typical
X-ray diffraction (XRD) patterns of the as-prepared com-
posite products. All the XRD peaks can be indexed to
the tetragonal SnO, (JCPDS Card 88-0287), except the
two peaks marked with “A” belonging to the stainless
steel substrate. There is no peak pertaining to manga-
nese oxide. This indicates that the manganese oxide is
amorphous in nature.

Scanning electron microscopy (SEM) images of as-
synthesized products are shown in Figure 2a,b. It can
be seen that the nanowires are several micrometers
long. The FE-SEM image with high magnification shows
that the diameter of the nanowires is around 50 nm. El-
emental analysis by energy-dispersive X-ray (EDX) spec-
troscopy reveals that the molar ratio of Sn and Mn is
close to 1:0.33 (Figure S1, Supporting Information). To-
gether with the mass measurement (tin oxide nano-
wires, 472 .g; manganese oxide, 80 w.g), the composi-
tion of the manganese oxide can be identified as MnO,.
The low-magnification transmission electron micros-
copy (TEM) image in Figure 2c clearly shows that the
Sn0O, nanowires with diameters about 40 nm were
coated with a thin and brighter contrast layer, suggest-
ing a core/shell structure. The shell is determined to
be MnO,, which will be discussed in the following. The
thickness of the MnO, shell is several nanometers. The
inset of Figure 2c is the corresponding selected area
electron diffraction (SAED) pattern. There is only one
set of diffraction patterns, which belongs to the tetrago-
nal SnO,. This result is further confirmed by HRTEM
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Figure 2. (a,b) Low- and high-maganification FE-SEM images of the SnO,/MnO, composites showing that the length of the
nanowires is several micrometers and their diameter is about 50 nm. (c) Low-magnification TEM image of the as-synthesized
products, depicting that the SnO, nanowires are covered with a thin layer of MnO,. The inset shows the SAED pattern. (d)
Typical high-magnification TEM image of a single SnO,/MnO, composite nanowire recorded from the area marked with a
white rectangle in panel c. (e,f) TEM image and line-scanning (indicated by a line in panel e) elemental mapping showing O,
Sn, and Mn elemental profiles across the SnO,/MnO, core/shell nanowires.

examination. As shown in Figure 2d, recorded from the
area marked by the white rectangle in Figure 2c, the
marked interplanar d spacings (of 0.48 and 0.27 nm) cor-
respond to the (010) and (101) lattice planes of the tetrag-
onal SnO,, respectively. The amorphous MnO, shell is in-
dicated by black lines in Figure 2d. This result agrees well
with the XRD characterization. The spatial distributions
of the atomic contents across the SnO,/MnQO, nanowire
are obtained by EDS line-scanning (indicated by a line in
Figure 2e) elemental mappings of O, Sn, and Mn (see Fig-
ure 2f). The profile of Sn shows a peak which is located
at the center of the Mn profile. This result directly shows
the core/shell configuration.>?¢ Analysis of the data
shows that the diameter of the SnO, core and the total
outer diameter of the composite nanowire are about 40

www.acsnano.org

and 80 nm, respectively, consistent with the TEM image
(Figure 2e). This core/shell configuration is expected to
achieve high performance: the thin MnO, shell is benefi-
cial to the fast faradic reaction, which would enable high
specific capacitance, and the SnO, core nanowire serves
as a fast path for electron transport, which would enable
high power density. This will be discussed in detail in the
following.

In this work, the amorphous MnO, layer was ob-
tained by the reduction of Mn(VIl) species from KMnO,
solution according to the following reaction:

MnO,” + 4H" + 3¢” — MnO, + 2H,0 (1)

As there is no reducing agent introduced during
the coating process, the electrons are expected to be
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Figure 3. (a) Cyclic voltammetry (CV) curves of the SnO,/MnO, composites at different scan rates in 1 M Na,SO, aqueous
solution. (b) CV curve of SnO, nanowires (705 pg) grown on the SS substrate at a scan rate of 2 mV s~". (c) Plotted curve of
the variation in the specific capacitance of the Sn0,/MnO, composites as a function of the scan rate. (d) Specific capacitance

obtained at different scan rates at 3, 27, and 55 °C.

supplied by the stainless steel substrate. This state-
ment is based on the following experiment results: (1)
When the stainless steel substrate was immersed into
KMnOj, solution, a black layer of MnO, was formed on its
surface. (2) If the substrate was replaced with Si, it was
difficult to coat MnO, on the SnO, nanowires grown on
the Si substrate. Even when the temperature was kept
at 95 °C for more than 24 h, the loading amount of
MnO, was around 5 wt % or less and the thickness of
the MnO, shell was not uniform. (3) If the substrate was
replaced with Ni foam, MnO, could be coated on the
SnO, nanowires with similar loading amount using the
same condition. These results suggest that metallic sub-
strate might be responsible for the facile coating pro-
cess. One possible reason is that the metallic substrate
contains free electrons which might transport to the
SnO, nanowires for the reduction of Mn(VIl) during the
coating process.

During the coating process, the growth tempera-
ture determines the growth rate of the MnO, shell.
The growth rate could be accelerated at higher temper-
ature (90—95 °C) or decelerated at lower temperature
(80 °C or lower). For better control of the coating pro-
cess, moderate temperature (85 °C) was selected for the
growth of the MnO; shell. The annealed sample shows
better stability (see the following cycling stability mea-
surement). However, when the sample was annealed at
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higher temperature (470 °C for 1 h), the MnO, shell
transformed to cubic Mn,0; (JCPDS Card 894836; XRD
pattern is shown in Figure S2 in the Supporting Infor-
mation).

Electrochemical Analysis. Figure 3a shows the cyclic vol-
tammetry (CV) curves of the SnO,/MnO, composites at
different scan rates in 1 M Na,SO,4 aqueous solution. The
specific capacitance of the electrode was calculated
from the CVs according to the following equation,

Q

CzAVm

()
where C (F g7") is the specific capacitance, m (g) is the
mass of the MnO; in the electrodes, Q (C) is the average
charge during the charging and discharging process,
and AV (V) is the potential window. It is noteworthy that
the capacitance contribution from SnO, nanowires is
negligible due to the following two attributes. First, the
SnO, nanowires were coated with a MnO; shell and
could rarely take part in the charge-storing process, in
which the charge is stored at the surface or near the sur-
face of the electrode materials through the faradic reac-
tion. The second direct evidence is the measured spe-
cific capacitance of SnO, nanowires grown on the
stainless steel substrate, which is as low as 0.5 F g~ ' at
2 mV s~ " scan rate, as shown by the CV curve of SnO,
nanowires in Figure 3b. The variation in the specific
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capacitance of the SnO,/MnO, composites as a func-
tion of the scan rate is plotted in Figure 3c. The CV
curves at high scan rates are not perfectly rectangular.
This is improved at low scan rates as shown in Figures
33, S3, and S4, suggesting that polarization is one of the
reasons.'*?728 At a high scan rate, the ions on the elec-
trode decrease rapidly with increasing current, while
the ions in the electrolyte diffuse too slowly to (and, be-
cause of the ions on the interface, cannot) satisfy the
need of ions near the interface during the charge and
discharge process.?2?° This leads to the non-ideal rect-
angular shape of the CV curves. A more detailed inves-
tigation is underway to understand the origin of this
characteristic. The value of specific capacitance reaches
as high as 637 F g~ ' at 2 mV s~ scan rate. At a high
scan rate of 100 mV s, the specific capacitance still re-
mains at 329 F g . In a previous study, it was reported
that the specific capacitance of a 45 ug cm™2 manga-
nese oxide film prepared by cathodic electrodeposition
on stainless steel substrate was 353 F g~ ' at a scan
rate of 2 mV s~ 1. However, at a high scan rate of 100
mV s, the specific capacitance was only 135 F g~ 1.3
In our case, the MnO; loaded on SnO, nanowires retains
a high specific capacitance at a high scan rate. Such
high specific capacitance and good rate capability are
attributed to the unique core/shell nanostructure. As re-
ported in previous studies, the charge storage mecha-
nism of amorphous MnO, is mainly a surface process,
which involves the intercalation/de-intercalation of al-
kali cations.'#3!

(MNO)tace + MT + &7 =

(MnOOM) (M = Li", Na*, K*, orH,0")

3)

surface

A thin MnO; layer loaded on SnO, nanowires with
small diameters has high surface area, which provides
more sites for the adsorption of Na*. This endows a
high specific capacitance. As indicated by the above
equation, cations and electrons both take part in the
charge/discharge process. Obviously, the diffusion of
the cations in the MnO; layer and the transport of elec-
trons would affect the rate of the charge/discharge pro-
cess. In our case, the thin MnO, layer, with a short diffu-
sion path, can indeed provide an ideal pathway for ion
transport.32 In addition, the core SnO, nanowire, with
much higher conductivity than that of MnO,, serves as
a fast path for the transport of electrons. These unique
characteristics give competitive advantages to the
Sn0O,/MnO, core/shell nanostructure-based superca-
pacitor. These analyses are in accord with the above ex-
perimental results. SnO,/MnO, composites with differ-
ent MnO, loading amounts were obtained by
controlling the immersion time. The CV curves and spe-
cific capacitance (Figure S3—S5, Supporting Informa-
tion) indicate that the lower-loading sample has a
higher electrochemical utilization of MnO, in the SnO,/
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Figure 4. (a) Cyclic voltammetry curves of the 2nd to 2000th
cycles of the SnO,/MnO, composites, measured in 1 M
Na,SO, aqueous solution at a scan rate of 100 mV s~". (b)
Plotted curve of the variation in the specific capacitance of
the Sn0O,/MnO, composites as a function of the cycle num-
ber. (c) Curve showing long-term stability as a function of
the cycle number tested by constant current charge/dis-
charge method (current density of 20 A g~'), which was car-
ried out continuously at 3 £ 1 °C (ice water bath), then 27 °C
(room-temperature), and finally 55 = 2 °C (water bath). The
inset shows the first cycle of charge/discharge curves at dif-
ferent temperatures at a high current density of 20 A g™".

Specific Capacitance Retention
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MnO, composites, in agreement with a previous re-
port.'®

Temperature has an important influence on superca-
pacitor cells. It is valuable to evaluate the capacitive be-
havior of SnO,/MnO, composites at various tempera-
tures. Figure 3d shows the specific capacitance
obtained at different temperatures and scan rates. It
clearly shows that the specific capacitance and rate
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Figure 5. Constant current charge/discharge curves of the as-
prepared SnO,/MnO, composites at different current density.

capability increase with increasing temperature. This is
attributed to the decrease of effective internal resis-
tance with increasing temperature, as reported
previously.33~3” Note that at low temperature (3 °C),
the specific capacitance still remains 83% compared to
the one obtained at room temperature (27 °C). The spe-
cific capacitance does not increase much at high tem-
perature (55 °C) at a low scan rate (5 mV s~ '), which
might be due to nonuniform thickness of the MnO,
shell. Some of the thick MnO, shell might not take part
into the charge storage process. However, at a high
scan rate (100 mV s~ '), the specific capacitance in-
creases noticeably, indicating that the rate capability
at high temperature (55 °C) is further improved.

The long-term cycle stability of the as-synthesized
composites was evaluated by repeating the CV test at
a scan rate of 100 mV s~ for 2000 cycles. The CV curves
and the specific capacitance as a function of cycle num-
ber are presented in Figure 4. It can be seen that all
the CV curves (except the second cycle) are almost over-
lapping with each other, indicating a good cycling sta-
bility. The specific capacitance increases slightly at the
beginning (from the initial 329 F g~' to a maximum of
335 F g~ at the 200th cycle) and subsequently de-
creases slightly (from the maximum of 335 F g™ to
330 F g~ " at the 1600th cycle). It is interesting that spe-
cific capacitance increases a little after the 1600th cycle.
After 2000 cycles, the decrease of specific capacitance
is less than 1.2% of the maximum specific capacitance.
The electrolyte remains transparent, indicating minimal
dissolution of MnO, into the solution after the cycling
test, which is the main cause of capacitance loss of
MnO,-based capacitors.”*® These results demonstrate
that the as-prepared sample, as an active electrode ma-
terial, is very stable during the cycling test. After the cy-
cling test, no obvious morphology change can be ob-
served through SEM and TEM characterization (Figure
S6, Supporting Information).

Constant current charge/discharge method, which
is important for the evaluation of supercapacitor, has
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also been employed to test the long-term stability at
various temperatures. The measurement was continu-
ously carried out at 3 = 1 °C (ice water bath), then 27 °C
(room-temperature), and finally 55 = 2 °C (water bath).
The results are shown in Figure 4c. The inset shows the
first cycle of charge/discharge curves at different tem-
peratures at a high current density of 20 A g~'. Clearly,
the iR drop decreases with increasing temperature indi-
cating the decrease of effective internal resistance,
which is consistent with the above analysis. The spe-
cific capacitances obtained at 3, 27, and 55 °C are 210,
372,and 510 F g7, respectively. Although the specific
capacitance fluctuated during the long-term cycling
test at low and high temperature due to the tempera-
ture variation, the result still shows that there is no ob-
vious attenuation of capacitance at low temperature. At
room temperature, the attenuation of capacitance is
only 1.6% after 1000 cycles, indicating excellent stabil-
ity, which agrees with the CV measurements. But at
high temperature the stability is not as good as that at
lower temperature. The attenuation of capacitance is
about 20% after 500 cycles. The electrolyte becomes a
little light yellow after the cycling test at 55 °C, indicat-
ing that the dissolution is responsible for the capaci-
tance loss. These results suggest that the as-synthesized
Sn0O,/MnO, composites are suitable for operation at
lower temperature, which is important for many appli-
cations of supercapacitors, as reported previously.>*

Current density is one of the important factors influ-
encing the capacitive behavior of the supercapacitor.
The constant current charge/discharge curves of the as-
prepared SnO,/MnO, composites at different current
densities are shown in Figure 5. The charging curves are
very symmetric with their corresponding discharge
counterparts. Notably, the voltage loss is low even at a
high current density of 5 A g™, indicating that the inter-
nal resistance is low. The discharge specific capaci-
tance is calculated from the discharge curves using the
following formula:

| At

C:mAV

4
where [ (A), At (s), m (g), and AV (V) are the discharge
current, discharge time consumed in the potential
range of AV, mass of the active materials (or mass of
the total electrode materials), and the potential win-
dows, respectively. The results are listed in Table 1. As
can be seen, the specific capacitance obtained at the
current density of 1 A g~ 'is as high as 800 F g ". It is

TABLE 1. Specific capacitance, power density, and energy
density of the Sn0,/MnO, composites at different current
densities (based on the mass of MnO,)

curr ent density (Ag™") = 50 20 10 5 1
specific capacitance (Fg~") = 255 400 496 586 800
power density (KW kg™") 25 10 5 25 0.5
energy density (W h kg™") 354 555 688 814 1M
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higher than that obtained by the CV test. This is in
agreement with a previous work, which reported that
the specific capacitance obtained by the constant cur-
rent charge method is higher than that obtained by the
CV method.’ This might be because, at low current den-
sity, it allows more time for the cations to intercalate
into the MnO,. At a very high current density of 50 A
g~ ', the specific capacitance reaches 255 F g~', demon-
strating the good rate capability once again.

Power density and energy density are important pa-
rameters for the investigation of the electrochemical
performance of the electrochemical cells. They have
been used to evaluate the performance of the as-
prepared composite electrode. The power density and
energy density calculated from the following equations
are shown in Table 1:

E= -C(AV)? (5)

(6)

where P (kW kg™"), C(Fg™"), AV (V), t (s),and E (W h
kg™") are the power density, specific capacitance, po-
tential window of discharge, discharge time, and en-
ergy density, respectively. It can be seen that the en-
ergy density and power density, calculated on the basis
of the mass of the active materials (MnO,), reach 35.4
W h kg~'and 25 kW kg, respectively. Importantly, the
power density could reach the power target of the Part-
nership for a New Generation of Vehicles (PNGV), 15
kW kg =138 At lower power density, the energy den-
sity reaches as high as 111 W h kg~ ". Such energy and

METHODS

Synthesis of Sn0, Nanowires. The synthesis of SnO, nanowires
was carried out in a high-temperature horizontal quartz tube fur-
nace system. Mixed SnO, powder and carbon powders (molar ra-
tio 1:1) were loaded at the center of the furnace. Before heat-
ing, the system was pumped to 1.3 X 1072 mbar. The central
temperature was then increased to 910 °C at a rate of 15 °C min~
and kept for 40 min under a constant Ar flow of 40 sccm. Stain-
less steel substrate (SS substrate; other substrate, such as, Si or Ni
foam might be also used) coated with 3 nm thick Au film was
placed at the lower temperature region (around 600 °C) to col-
lect the products. It should be noted that the source materials
and SS substrate were placed in a small tube (inner diameter
about 1.7 cm) with one end open. The pressure inside the tube
was around 0.5 mbar during the growth process. Subsequently,
the furnace was cooled to room temperature. The mass of the
SnO, nanowires (472 .g) is the weight difference of the sample
before and after the growth process, measured using a microbal-
ance with an accuracy of 1 pg. The area of the substrate is about
1cm?

Coating MnO0, on Sn0, Nanowires. The precursor solution for the
coating process was prepared by mixing 5 mmol of KMnOj (re-
agent grade) and 5 mmol of H,SO, into 50 mL of deionized wa-
ter. The SS substrate grown with SnO, nanowires was immersed
into the solution, which was kept at 85 °C using a hotplate. The
duration of immersion was 60 min. The loading amount of MnO,
can be easily controlled by adjusting the immersion time. Next,
the sample was rinsed with deionized water and subsequently

1
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power performance is highly competitive with that of
Ni-MH batteries and significantly better than that of cur-
rent electrochemical capacitors, based on data from re-
cent literature.>” These results suggest that the SnO,/
MnO, composite is a very promising electrode material
for fabricating supercapacitors.

CONCLUSIONS

In this paper, a simple, quick immersion approach
to coat amorphous MnO, on SnO, nanowires was devel-
oped. The specific capacitance based on the MnO, is
637 and 329 F g~ at scan rates of 2 and 100 mV s~ ', re-
spectively. The specific capacitance obtained by the
constant current charge/discharge method is even
higher (800 F g~' obtained at a current density of 1 A
g~ ). The energy density and power density, measured
at50 Ag~ ', are 354 W h kg™" and 25 kW kg™, respec-
tively, demonstrating the good rate capability. The
temperature-dependent capacitive behavior is dis-
cussed. Excellent long-term cycle stability at room tem-
perature and low temperature (3 °C) is obtained. Such
good performance is primarily attributed to the core/
shell structure. The thin amorphous MnO, shell is ben-
eficial for the fast faradic reaction, which enables high
specific capacitance, and the SnO, core nanowire serves
as a fast path for electron transport and increases the
electrochemical utilization of amorphous MnO,. The
work highlights the realization of high electrochemical
activity of MnO, coated on SnO, nanowires, which serve
as a good current collector. The as-prepared amor-
phous MnO, loaded on the SnO, nanowires is very suit-
able and promising for fabricating supercapacitors.

annealed at 400 °C for 5 min using a hotplate in air. The load-
ing amount of the MnO, (80 p.g) is the weight difference of the
sample before and after the coating process, measured using a
microbalance. The as-synthesized sample was flushed with wa-
ter or dropped from a height of 2 m onto the floor; no damage
was observed, indicating a relatively good adhesion of the SnO,/
MnO, core/shell nanowires and the substrate. However, the
nanowire-based film could be scraped from the substrate by a
blade or other sharp tool.

Characterization. The phase of the product was identified by
X-ray powder diffraction (Shimadzu) using Cu Ka (A = 0.15406
nm) radiation at 50 kV and 50 mA in a 26 range from 10° to 70°
at room temperature. The morphology and structure of the
products were characterized by field emission scanning elec-
tron microscopy (JEOL 6340F), transmission electron microscopy
(JEOL 2010&2100F), and high-resolution transmission electron
microscopy with an X-ray energy-dispersive spectrometer. The
chemical compositions were analyzed using energy-dispersive
spectroscopy attached to the SEM (JEOL 6360) system.

Electrochemical Measurement. Electrochemical measurements
were carried out using an electrochemical analyzer (Autolab Po-
tentiostat, PGSTAT302N). The three-electrode cell consisted of
Ag/AgCl as the reference electrode, Pt as the counter electrode,
and the as-synthesized sample as the working electrode. A 1 M
Na,SO, solution served as electrolyte at room temperature. Cy-
clic voltammetry was done at different scan rates of 2, 5, 10, 20,
50, and 100 mV s~'. The temperature-dependent specific capaci-
tance was measured at 3 = 1 (ice—water bath), 27 (room tem-
perature), and 55 = 2 °C (water bath) using CV. The constant
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current charge/discharge method was employed to test the
long-term stability at various temperatures. The measurement
was continuously carried out at 3 = 1 (ice—water bath), 27 (room
temperature), and finally 55 = 2 °C (water bath). Note that an-
other sample (SnO,/Mn0O,, 374/55 L.g) was used to test the
temperature-dependent long-term stability. Galvanostatic
charge/discharge curves were measured at different current
densities of 1, 5, 10, 20, and 50 A g~ to evaluate the power den-
sity and energy density. A potential window in the range from
—0.05 to 0.95 V was used in all the measurements.

Supporting Information Available: EDS spectra of the SnO,/
MnO, composites; XED pattern of the sample annealed at 470
°C for 1 h; CV curves of the low and high loading samples; plot-
ted curves of the variation in the specific capacitance of the
Sn0O,/Mn0O, composites as a function of the scan rate; and SEM
and high-magnification TEM images of SnO,/MnO, core/shell
nanowire after cycling stability measurement. This material is
available free of charge via the Internet at http://pubs.acs.org.
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