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a b s t r a c t

A three-dimensional macroporous Cu/SnO2 composite anode sheet for lithium ion batteries was prepared
via a novel method that is based on selective reduction of metal oxides at appropriate temperatures. SnO2

particles were imbedded on the Cu particles within the three-dimensionally interconnected Cu substrate,
and the whole composite sheet was used directly as an electrode without adding extra conductive car-
vailable online 1 June 2010
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omposite
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bons and binders. Compared with the SnO2-based electrode prepared via the conventional tape-casting
method on Cu foil, the porous Cu/SnO2 composite electrode shows significantly improved battery per-
formance. This methodology produces limited wastes and is also adaptable to many other materials. It is
a promising approach to make macroporous electrode for Li-ion batteries.

© 2010 Elsevier B.V. All rights reserved.

orous sheet
i-ion battery

. Introduction

SnO2 has been investigated extensively as an alternative anode
aterial to replace graphite in Li-ion batteries during the last

ecade because it has theoretical specific capacity (782 mAh g−1)
s twice as graphite [1–10]. Different nanostructures of SnO2 have
een reported, such as thin films [1], nanowires [2,3], nanoparticle
omposites (with carbon, polypyrrole, glucose, and others) [4–7],
ore–shell structure [8], and three-dimensional (3D) structures
ncluding porous SnO2 particles [9] and SnO2/graphene structure
10]. However, the practical application of SnO2 has been limited by
ts poor cycle life and fast capacity fade resulted from the electrode
racking and pulverization which is caused by the huge volume
hange associated with Li alloying into and de-alloying from the
ormed Sn.

It has been reported that porous 3D supporting materials are
elpful in accommodating the high volume changes of the high-
apacity anode materials such as silicon, tin and alloys during the
harge/discharge cycles [11,12]. Recently we developed a novel
ethod to prepare macroporous metal substrates as current col-

ectors for Li-ion batteries [13]. Significant improvement in battery

erformance of Si materials has been achieved. Here we extend
his effort to prepare 3D macroporous Cu/SnO2 composite anode
heets for Li-ion batteries with a modified method, which is based
n selective reduction of metal oxides at appropriate temperatures.

∗ Corresponding author. Tel.: +1 509 375 6934; fax: +1 509 375 3864.
E-mail address: wu.xu@pnl.gov (W. Xu).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.05.054
There are no conductive carbon and binder in the composite anode
sheets, and the macroporous structures could accommodate vol-
ume expansions from the generation of Li2O and Li alloying to
formed Sn. This method is simple, and it is suitable for produc-
ing a large quantity of porous composite anode sheets for battery
applications.

2. Experimental

2.1. Preparation of materials

All chemicals used in this work were obtained from commer-
cial sources and used as received. CuO (particle size <5 �m, from
Sigma–Aldrich) and SnO2 (particle size 22–43 nm, from Alfa Aesar)
at a weight ratio of 11.3:1 were well mixed with carbon black
(from Cancard Ltd., Canada) and poly(vinylbutyral) (from Solu-
tia Inc.) in ethanol–methyl ethyl ketone (1:4 by vol., both from
Sigma–Aldrich), where the carbon black acted as a pore-forming
agent. The slurry was tape-cast onto a silicone-coated Mylar car-
rier film, dried in air overnight, and cut into pieces of a desired size.
Two pieces of free-standing tapes were laminated under 40 psi and
135 ◦C, and sintered in air at 1000 ◦C for 3 h to burn out all carbon
black and organic materials to generate a porous structure. Then the
sintered sheet was reduced in pure H2 at 400 ◦C for 4 h to allow all

CuO particles to be reduced to Cu but no SnO2 to be reduced. When
the reduction was completed, the sheet was calcinated in purified
argon at 900 ◦C for 5 h to build up the mechanical strength. After
the temperature was cooled to RT under argon, the free-standing
porous Cu/SnO2 composite anode sheet had a thickness of about

dx.doi.org/10.1016/j.jpowsour.2010.05.054
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wu.xu@pnl.gov
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0 �m and a SnO2 content of 10.0% by weight. The volume load-
ng rate of SnO2 in this electrode was calculated as 0.547 g cm−3.
he mechanical strength was good enough for folding and battery
ssembly.

As a comparison, a SnO2 electrode with Super P (SP, from
imcal), and polyvinylidene fluoride (PVDF, from Arkema) was pre-
ared via the conventional tape-casting method by coating the
ixture slurry on a 25.4-�m thick Cu foil. The weight ratio of

he nano-sized SnO2, SP and PVDF in the laminate was 8:1:1. The
eight percentage of SnO2 in this electrode (including Cu sub-

trate) was about 9.8% and the volume loading rate of SnO2 was
.585 g cm−3 electrode, both of which are comparable with SnO2 in
he porous Cu/SnO2 composite electrode sheet.

.2. Characterization

The open porosity of the porous Cu/SnO2 composite sheet was
easured using Archimedes’ method and calculated using its for-
ula. Average values were obtained by running three samples.

pen porosity(%) = Saturated mass − Dry mass

Saturated mass − Suspended mass
× 100%

X-ray diffraction (XRD) was determined on a Philips Xpert X-ray
iffractometer with Cu K� radiation at �1.54 Å, from 20◦ to 80◦ at
scanning rate of 2◦ min−1. Scanning electron microscopy (SEM)
icrographs were collected using a JEOL 5900 scanning electron
icroscope at a working distance of 12 mm and an accelerating

oltage of 20 keV.
The microstructural and microchemical characterization of the

orous Cu/SnO2 composite was performed on a JEOL 5900 scan-
ing electron microscope (SEM) equipped with an EDAX energy
ispersive x-ray spectroscopy (EDS) system using Genesis v6.1 soft-
are. Imaging and analysis conditions were done at an accelerating

oltage of 15 kV. For EDS analysis, the electron beam current was
djusted to obtain approximately 3 kcps with less than 20% dead
ime using 10-�s amplification time constant. Spectral mapping
e.g. EDS dot maps) was performed to collect EDS spectra on a pixel
y pixel basis and to show the spatial distribution of the different
lements. Drift corrected EDS dot maps (with a 256 × 200 pixel res-
lution) were collected in a fast map mode with 300 �s dwell time
er pixel, integrating the results from 516 frames. The total num-
er of counts in the sum spectrum was 1.7 million. The regions of

nterest selected for display were the K-line for oxygen (0.523 keV),
nd the L-lines for tin (3.443 keV) and copper (0.930 keV), and the
esults were normalized to 100%. The color intensity in the maps
epresents the relative concentration of the various elements based
n the net intensity of the spectra collected at each pixel.

.3. Electrochemical performance

Half cells of 2325 type containing the two kinds of SnO2-
lectrodes were assembled on a pneumatic coin cell crimper (from
anada National Research Council) at a gas pressure of 200 psi

nside an MBraun glovebox filled with purified argon, with Li metal
s the counter electrode. A battery-grade electrolyte of 1.0 M LiPF6
n a solvent mixture of ethylene carbonate (EC) and dimethyl car-
onate (DMC) at a volume ratio of 1:2 (from Novolyte Technologies)
as added, and two pieces of Celgard® 3501 polypropylene micro-
orous membrane was used as the separator. The assembled coin
ells were discharged and charged on an Arbin BT-2000 Battery
ester between 0.02 and 2.0 V vs. Li+/Li at a constant current rate

f C/20 where the capacity C was based on the theoretical specific
apacity of SnO2. The cyclic voltammograms (CV) of the two SnO2-
lectrodes were measured on a CHI 660C Potentiostat/Galvanostat
etween 3.0 and 0.01 V at a scan rate of 0.1 mV s−1 with Li metal as
ounter and reference electrode.
Fig. 1. XRD pattern of the Cu/SnO2 composite sheet.

3. Results and discussion

Fig. 1 shows the XRD pattern of the porous Cu/SnO2 composite
sheet. The diffraction peaks at 2� of 43.06◦, 50.12◦ and 73.55◦ are
ascribed to Cu, while all other diffraction peaks are well indexed to
a tetragonal SnO2 with Primitive lattice and P42/mnm space group
(according to JCPDS #41-1445). No characteristic peaks are found
for CuO and Sn, indicating that all CuO particles have been reduced
but no SnO2 particles are reduced during the preparation process.

The morphology and porous structure of the Cu/SnO2 compos-
ite sheet are illustrated by the SEM images in Fig. 2(a and b) in two
magnitude scales. The nano-sized particles are well distributed on
the micro-sized particles of the porous composite sheet. A macro-
porous structure is also clearly observed, and the average open
porosity of this porous sheet is ca. 46% from the measurement using
Archimedes’ method.

The EDS dot map images showing the location of each element
within the Cu/SnO2 composite sample are shown in Fig. 3. Fig. 3(a)
shows the SEM morphology of the referenced location from which
the dot map data were collected. The image in Fig. 3(b) shows an
overlay of the Cu (L-line) and Sn (L-line) net intensities for the dot
map. It is clearly seen that the Sn (in pink color) resides only in the
areas of the small particles that decorate the surface of the sample,
and the Cu (in green color) is detected only in the large particles
of the sample. Similarly, it is noticed from the image in Fig. 3(c)
showing an overlay of Cu (L-line) and O (K-line) net intensities for
this dot map that the Cu (in green color) is detected only in the large
particles of the sample and the O (in red color) is only detected in
the small particles that decorate the surface of the sample.

When the net intensities of Cu, Sn and O are overlaid in one
image (Fig. 3d), it can be seen that the red is intermixed and well
overlapped with the pink in the small surface particles, yet no red
is detected in any of the green regions where the large particles are
located. It means that both Sn (pink) and O (red) are only detected
in the small particles decorating the surface, while only Cu (green)
is detected in the large particles. It should be noted that the signal
from the O is substantially lower than those from the Cu and Sn,
and therefore in the composite shown in Fig. 3d, the O is somewhat
swamped out by the Sn. However, Fig. 3c clearly shows that there
is O in all of the small surface particles shown in the image, thus
reinforcing the conclusion that the Sn exists as an oxide while the

Cu is in pure metal. With the combination of the XRD data in Fig. 1,
it is therefore proved that the small particles are SnO2 and the large
particles are pure metal Cu without any CuO.
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Fig. 2. SEM surface images of the porous Cu

Fig. 4 compares the CV curves of the macroporous Cu/SnO2 com-
osite sheet (a) with the SnO2/SP/PVDF electrode coated on Cu foil
b). The CV curves during the first scan are different from the subse-
uent scans for both samples. The sharp, irreversible peak at about
.7 V (peak A) on the first cathodic scan is attributed to the reduc-
ion of SnO2 to metallic Sn, and the broad reduction peak from ca.
.6 to 0.01 V (labeled B and C) is related to the alloying of Li into Sn
o form LixSn (0 ≤ x ≤ 4.4). The electrode is activated after the first
athodic scan to 0.01 V vs. Li.

As for the porous Cu/SnO2 composite anode in Fig. 4(a), the Li
e-alloying from LixSn is reversible during the subsequent anodic

can. It is noticed that two broad oxidation peaks A′

2 and A′
1 appear

t about 1.3 and 1.9 V, respectively. These two oxidation peaks (A′
1

nd A′
2) are paired with the reduction peaks marked as A1 (1.3 V)

nd A2 (0.9–1.0 V) which are derived from peak A to form two redox
ouples. The two redox couples (A1/A′

1 and A2/A′
2) are most likely

ig. 3. Microstructural and microchemical images of the porous Cu/SnO2 composite she
DS dot map with overlays of Cu (green) and Sn (pink), (c) EDS dot map with overlays of
nd O (red). (For interpretation of the references to color in Fig. 3, the reader is referred t
composite sheet in two magnitude scales.

ascribed to the partially reversible reactions ((1) and (2) below) to
some extent, respectively, as reported in previous literature [14,15].
The good reversibility of the two redox reactions is mainly due to
the good electrical contact of SnO2 particles on Cu substrate, where
the SnO2 particles are imbedded among the Cu particles during this
unique preparation process.

SnO2 + 2Li+ + 2e− → SnO + Li2O (1)

SnO + 2Li+ + 2e− → Sn + Li2O (2)

The peak B is also split into two separate peaks (B1 and B2) after

the first cathodic scan. The Li alloying and de-alloying process in the
porous Cu/SnO2 composite anode shows three pairs of reversible
redox peaks: B1/B′

1, B2/B′
2 and C/C′.

As for the SnO2/SP/PVDF electrode in Fig. 4(b), it also shows sim-
ilar oxidation peaks (A′

2 and A′
1) and the partially reversible redox

et: (a) surface SEM of the location where the EDS dot map data were collected, (b)
Cu (green) and O (red), and (d) EDS dot map with overlays of Cu (green), Sn (pink)
o the web version of the article.)
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ig. 4. Cyclic voltammographs of porous Cu/SnO2 composite electrode compared
ith SnO2/SP/PVDF electrode, in the voltage range of 0.01–3.0 V at a scan rate of

.1 mV s−1.

eactions related to SnO/Sn (A′
2/A2) and SnO2/SnO (A′

1/A1), like the
orous Cu/SnO2 composite anode does. However, these reactions
iminish quickly thus no corresponding redox peaks are observed

n the fifth scan. The Li alloying/de-alloying process does not show
ell-defined redox peaks except for one major redox peaks at

a. 0.2/0.5 V mainly because of the poor electrical contact among
n/Li2O with conductive carbon (SP) and Cu substrate after several
ycles of huge volume change.

Fig. 5(a) shows the discharge–charge curves of the porous
u/SnO2 composite electrode and the SnO2/SP/PVDF on Cu foil in
alf cells during Li alloying and de-alloying processes. The plateaus
n the charge or discharge curves are related to the redox reac-
ions on the CV curves during cathodic or anodic scans shown
n Fig. 4(a) and 4(b). The Li-insertion/de-insertion capacity for
nO2 during the first discharge/charge cycle is 1358/928 mAh g−1

or the porous Cu/SnO2 composite and 1282/617 mAh g−1 for the
nO2/SP/PVDF on Cu foil. The corresponding capacity loss is 430
nd 665 mAh g−1, and the coulombic efficiency of the first cycle is
8.3 and 48.1%, respectively. The irreversible capacity loss is mainly
rom two parts—decomposition of electrolyte and loss of electri-
al contact. The electrolyte decomposition during the 1st cycle
s to form the solid electrolyte interface (SEI) layer on the elec-
rode surface and is mostly related to the electrode surface area.
igher surface area leads to more electrolyte decomposition thus
igher irreversible capacity loss. The porous Cu/SnO2 composite
as higher surface area than the electrode of SnO2/SP/PVDF on Cu

oil so the porous Cu/SnO2 composite has higher capacity loss from
lectrolyte decomposition than the latter.
The second portion of the irreversible capacity loss is due to
he loss of electrical contact among active material particles with
onductive particles and substrate. After the reduction of SnO2 to
etallic Sn and Li-insertion into Sn to form LixSn, the huge volume

xpansion leads to the deformation of the electrode and large stress
Fig. 5. Charge–discharge profile and cycling performance of porous Cu/SnO2 com-
posite compared with SnO2/SP/PVDF electrode. Symbols in (b): diamonds for
Li-insertion capacity, circles for Li de-insertion capacity, and triangles for coulombic
efficiency.

is built up if the electrode deformation is restricted. Then, during
the Li de-alloying process, the good electrical contact among the
active material particles and conductive particles and/or substrate
may be lost in some areas due to the volume extraction. Thus some
Li in the formed LixSn cannot be de-alloyed, and a capacity loss
appears. In the porous Cu/SnO2 composite electrode, the volume
expansion can be well accommodated and the stress among the
particles can be easily released by the porous structure. The good
electrical contact of the particles is still maintained during Li de-
alloying so the capacity loss due to electrical contact loss is limited
in the porous Cu/SnO2 composite electrode, then the total capacity
loss for this electrode is mainly from electrolyte decomposition.
However, the electrode of SnO2/SP/PVDF on Cu foil cannot avoid
such kind of electrical contact loss, and it shows extra capacity loss
besides from electrolyte decomposition. Therefore, it shows larger
total capacity loss and lower coulombic efficiency than the porous
Cu/SnO2 composite.

It is also seen from Fig. 5(a) that the porous Cu/SnO2 com-
posite electrode shows larger SnO2 reduction region at ca.
0.9 V (0–500 mAh g−1) than the coated SnO2/SP/PVDF electrode
(200–400 mAh g−1) in the first Li-insertion (i.e. discharge of the
Li/SnO2 half cell) process. It is most likely attributed to the higher
conductivity and more particle exposure to electrolyte in the
porous Cu/SnO2 composite electrode. When compared the SEM
images (a) and (c) in Fig. 6, there are more SnO2 exposed to the
electrolyte in batteries for the porous Cu/SnO composite electrode
2
than for the SnO2/SP/PVDF electrode. Thus more SnO2 can be easily
reduced and then alloyed with Li in the porous Cu/SnO2 compos-
ite. On the other hand, SnO2 in the coated SnO2/SP/PVDF electrode
cannot be completely reduced in the first cycle, and it takes several
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Fig. 6. Comparison of SEM surface images of the two SnO2-electrodes before and after battery test. Porous Cu/SnO2 composite electrode before (a) and after (b); SnO2/SP/PVDF
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lectrode before (c) and after (d).

ycles to be totally reduced, which is also in agreement with the
oulombic efficiency increase with cycling shown in Fig. 5(b).

During the first Li-insertion process shown in Fig. 5(a), the
orous Cu/SnO2 composite electrode shows a sharp IR drop when
ompared to the coated SnO2/SP/PVDF electrode because it has
igher conductivity for the transportation of both lithium ions and
lectrons. Then the capacity from the IR contribution is small. After
he first cycle, the porous Cu/SnO2 composite electrode has lower
onductivity than before because the formed Li2O particles would
low down the transportation of ions. Then the capacity from the IR
ontribution increases in the second Li-insertion process. In addi-
ion, in the second Li-insertion process, the sample demonstrates a
i-insertion curve of pure Sn, which typically starts at ∼1.2 V with
slope. In this regarding, both porous Cu/SnO2 composite elec-

rode and coated SnO2/SP/PVDF electrode show similar profile in
he second Li-insertion process.

Fig. 5(b) exhibits the battery charge/discharge cycling perfor-
ance of both SnO2-electrodes. Obviously, the capacity (for both

harge and discharge), coulombic efficiency, and cycle life of the
orous Cu/SnO2 composite electrode are much higher or better
han the coated SnO2/SP/PVDF electrode. As discussed above, this
s because the pores in the porous Cu/SnO2 composite electrode
an accommodate the big volume change of Sn particles after Li
lloying, the stress among the formed LixSn particles can almost be
eleased, and the good electrical contact between the Sn particles
nd the Cu substrate is maintained even if there is a huge volume
hange during Li alloying and de-alloying. It is proved from the

EM images of the porous Cu/SnO2 composite electrode before and
fter cycling test shown in Fig. 6(a) and (b). Therefore, an excellent
attery performance is achieved for the porous Cu/SnO2 composite
lectrode. However, the coated SnO2/SP/PVDF electrode via con-
entional method cannot compensate the big volume change along
the electrode sheet direction and a lot of stress among the particles
is generated after Li alloying. Therefore with cycling continuation,
cracking occurs on the SnO2/SP/PVDF laminate and the electrical
contact among the active material (Sn particles) and conductive
carbon or current collector will be lost in some locations. As seen
from Fig. 6(c) and (d) that show the coated SnO2/SP/PVDF electrode
before and after cycling test, some small cracks already exist in the
electrode before battery test, and more and larger cracks appear
in the coated electrode after cycling. The worst case is the delam-
inating of SnO2/SP/PVDF from the Cu current collector. Then the
capacity fades quickly and the cycle life is poor.

With the optimization of SnO2 content, particle size, pore size,
pore volume, and other preparation conditions, the porous Cu/SnO2
composite anode sheets are expected to have even better capacity
and cycle life. The results will be reported separately.

4. Conclusions

A new approach is described to produce macroporous Cu/SnO2
composite anode sheets for lithium ion batteries. This approach
is based on selective reduction of metal oxides at appropriate
temperatures. SnO2 particles are imbedded on the as-reduced Cu
substrate which works as the current collector and conductive addi-
tive. Therefore neither binder nor additional carbon is necessary for
this porous Cu/SnO2 composite anode. The results indicate that the
macroporous Cu/SnO2 composite anode sheets have significantly
improved capacity, coulombic efficiency and cycle life compared

to the SnO2 with same particle sizes on Cu foil prepared via the
conventional tape-casting method. This methodology is adjustable
and can be used in many different areas to fully utilize the current
collector and provide good electrical contact between the active
material and substrate.
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