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ABSTRACT: SnO,-based electrodes for lithium ion batteries
(LIBs) typically exhibit high initial specific capacity but poor
cycling performance. A possible strategy to improve the
cycling performance is to prepare nanocomposites containing
SnO,. Here we demonstrate a straightforward method to
prepare composites containing SnO, and Cu,O by a simple
chemical treatment of the LIB electrode on copper foil. The in
situ formation of a multiphase composite results in a dramatic
improvement in the cycling performance, so that specific
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capacities exceeding 580 and 800 mA-h/g can be obtained after 70 charge/discharge cycles for Cu,O/SnO,@CNT and Cu,O/
SnO,@Sn0,/CNT electrodes, respectively (compared to <100 mA-h/g for pure SnO,). The capacity retention achieved at the
70th cycle compared to the 2nd cycle was 96% for the Cu,O/SnO,@CNT electrode. The mechanisms responsible for the
formation of a composite material and the improvement in the performance are discussed.
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1. INTRODUCTION

Lithium ion batteries (LIBs) are among the most promising
currently available technologies for energy storage, and they are
commonly used in portable electronic devices. Efficient and
reliable energy storage is essential for the development of
renewable energy generation technologies. To fully realize the
potential of LIBs for large-scale applications, such as electric
vehicles, it is necessary to improve their storage capacity." Thus,
there have been intensive research efforts in the development of
novel oxide materials for LIBs and other energy-storage
applications." ¢ Tin oxide is a material of significant interest
for LIB applications because of its high theoretical specific
capacity of ~790 mA-h/g.! This is much higher than the
specific capacity of the currently used graphite anodes, which is
~370 mA-h/ g.1 Electrochemical reactions occurring at SnO,
electrodes include irreversible reduction of SnO, to metallic Sn
and reversible alloying of Sn and Li' The latter process,
however, results in a very large volume change (>200%), which
causes si§niﬁcant internal stress and rapid loss of capacity upon
cycling. ">’

The cycling performance can be improved by optimizing the
morphology of pure SnO, or by preparing Sn- or SnO,-
containing nanocomposites, commonly with some form of a C-
based material or other metal oxides." ™ The cycling perform-
ance is typically greatly enhanced in C-containing composites
compared to those of pure SnO,.'"**® The C-based materials
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in the composite, such as carbon nanotubes (CNTs) or
graphene, serve to improve the conductivity and mechanical
strength, as well as to buffer volume changes.m Nevertheless,
the improvements achieved with C-containing composites are
frequently insufficient to realize the full potential of SnO, as a
LIB anode material. For example, the specific capacities of
different Sn—C and SnO,—C composites are commonly below
600 mA-h/g after less than S0 cycles.*>'%"'>'* Nevertheless,
high-capacity SnO,-based anodes with excellent cycling proper-
ties can be achieved. However, successful reports frequently use
complex or exotic materials, such as graphene nanoribbons,® C-
coated SnO,/graphene sheet composites,”**” $SnO,@C core—
shell nanochains,*® and cross-linked polymer—graphene oxide—
SnO, nanocomposites,"> or complex fabrication processes and/
or specialized equipment.””'3

Here we propose a simple chemical treatment with Sn
precursor for an anode consisting of common, commercially
available materials (SnO, nanoparticles and/or CNT). The
treatment of the anode with a SnCl, solution results in the
formation of a composite material consisting of copper and tin
oxides. It has been shown that multicomponent oxide
composites containing tin and copper oxides exhibit promising
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LIB anode performance.'” Also, they exhibit a significantly
higher specific capacity'” compared to that reported for TiO,/
$n0,/C nanocomposites.”> Unlike TiO,, which has a relatively
low theoretical capacity compared to other metal oxides, CuO
has a high theoretical capacity (~670 mA-h/g).>' However,
similar to SnO,, Cu,O-based materials exhibit inferior cycling
performance,”" which can be improved in composites with
carbon'®'??! or other oxides.”® After comprehensive character-
ization of the morphology, composition, and performance of
treated and untreated anodes, the significant improvement in
the cycling performance after SnCl, can be attributed to the
formation of Cu,0/SnO,-containing nanocomposites (with
CNT or SnO,/CNT).

2. EXPERIMENTAL SECTION

Material Synthesis. For the synthesis of Cu,0/SnO,@CNT and
Cu,0/SnO,@Sn0O,/CNT nanocomposites, carbon nanotubes
(CNTs; Timesnano, ~30 ym length, 20—30 nm diameter, 95 wt
%), SnO, nanoparticles (Nanostructured & Amorphous Materials,
Inc., SS nm average particle size, purity 99.5%), SnCl, (Sigma-Aldrich,
anhydrous, 99.99%), and N-methyl-2-pyrrolidone (NMP; Sigma-
Aldrich, 99%) were used without further purification. A total of
170.6 mg of SnCl, was dissolved in 3 mL of a NMP solution and
stirred for 2 h before use. The raw material (CNT, SnO,, or SnO,/
CNT composite) was mixed with the conductive carbon additives
(carbon black, Super-P@Li, Timcal) and the binder [poly(vinylidene
fluoride) (PVDF), MTI] in a weight ratio of 80:10:10, and then the
mixture was dried under vacuum at 90 °C for 12 h. The viscosity of the
slurry was adjusted with a pure NMP solvent (for pure SnO,, pure
CNT, SnO,/CNT composite electrodes) or an as-prepared SnCl,
solution (0.3 M) in NMP for SnCl,-treated anodes (typically 0.3 mL
per 80 mg of electrode material including additives). The slurries were
then coated onto copper foil substrates by doctor blading. After
coating, the substrates were dried at 70 °C for 4 h and 120 °C for 12 h
under vacuum to fully dry the electrodes and form Cu,O/SnO,
nanostructures on a CNT, SnO,, or the SnO,/CNT matrix.

Characterization. A Bruker D8 advance diffractometer using Cu
Ka radiation (4 = 0.154184 nm) was employed for collecting the X-ray
diffraction (XRD) patterns of the samples (20 = 20—80°). The
morphologies of different electrodes were examined by scanning
electron microscopy (SEM) using a JEOL JMS-7001F microscope and
a Hitachi S4800 FEG scanning electron microscope and by
transmission electron microscopy (TEM), high-resolution TEM,
selected-area electron diffraction (SAED), and energy-dispersive X-
ray (EDX) mapping using a FEI Tecnai G2 20 S-TWIN Scanning
Transmission Electron Microscope System and a JEOL 2010F
transmission electron microscope. The chemical binding state and
electronic structure were examined by X-ray photoelectron spectros-
copy (XPS; Physical Electronics 5600 multitechnique system).

Electrochemical Measurement. Electrochemical measurements
were conducted using a coin cell (CR2032) with lithium metal (15.6
mm diameter and 0.25 mm thickness) as the counterelectrode. After
coating and drying, electrodes were cut into 14-mm-diameter disks.
Cells were assembled in an Ar-filled glovebox. The electrolyte, which
consisted of 1 M LiPF¢ in a 1:1:1 (in volume) mixture of ethylene
carbonate/dimethyl carbonate/diethyl carbonate, was purchased from
MTI Corp. Cyclic voltammetry (CV) measurements were conducted
at the rate of 0.1 mV/s in the range between 0.05 and 2.5 V on a
CHI660C electrochemical workstation. The galvanostatic charge/
discharge cycles were tested with a Neware BTS3000 battery test
system at different current densities in the range of 50 mA/gto 1 A/g
and bias voltages between 2.70 and 0.005 V. The specific capacities
were calculated on the basis of the total weight of the nanocomposites.
Electrochemical impedance spectroscopy measurements were per-
formed using a BioLogic VMP3 electrochemical workstation by
employing an alternating-current voltage of 5 mV amplitude in the
frequency range of 0.01-100 kHz.

3. RESULTS AND DISCUSSION

SEM images of different anodes are shown in Figure 1 [for
SEM images of pure CNT and SnO, electrodes, see the

Figure 1. SEM images of (a) Cu,0/SnO,@Sn0,, (b) SnO,/CNT, (c)
Cu,0/SnO,@CNT anodes, and (d) Cu,0/SnO,@Sn0,/CNT.

Supporting Information (SI), Figure S1]. In all SnO,-based
electrodes containing commercial nanoparticles, large SnO,
particles, on the order of several tens of nanometers, can be
observed. On the other hand, it can be observed that the
addition of SnCl, results in the formation of smaller particles in
all treated electrodes. To more closely examine the morphology
and composition of the composite electrodes treated with
SnCl,, TEM imaging and EDX mapping have been performed,
and the obtained results are shown in Figure 2. It can be
observed that both Sn and Cu are present in smaller particles
that were formed as a result of SnCl, treatment. Thus, the
treatment results in a similar distribution of both metals in the
nanoparticles. To obtain more information on the nanoparticle
formation upon SnCl, treatment, the effect of the SnCl,
solution in NMP on bare Cu foils, which serve as a substrate
for coating the anode, was examined (see the SI, Figure S2). It
was found that a SnCl, solution in NMP results in the
formation of nanoparticles on the surface of bare Cu foil. On
the other hand, no significant nanoparticle formation was
observed for a different metal chloride (ZnCl,) or for a
different Sn precursor, tin acetate (see the SI, Figure S2). Thus,
we can conclude that the presence of Cl ions is necessary for
formation of the nanoparticles. However, because both Zn and
Sn can form alloys and/or intermetallic compounds with Cu,
the reasons why no nanoparticles are formed with ZnCl, are
not fully clear. One possibility is that the two possible valence
states of Sn, Sn" and Sn%, play some role in the reaction
intermediates, but this requires further study.

The crystal-phase compositions of different anodes have
been examined by XRD, and the obtained XRD patterns are
shown in Figure 3. All of the peaks correspond to SnO,, CNT,
and Cu (due to a Cu foil substrate). The only exception is the
SnCl,-treated CNT anode, which surprisingly exhibits a peak
due to Cu,O instead of SnO,, as might be expected from SnCl,
treatment, but which is in agreement with the observation of a
significant presence of Cu in the nanoparticles observed in
EDX mapping.

dx.doi.org/10.1021/am5024308 | ACS Appl. Mater. Interfaces 2014, 6, 13478—13486
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Figure 2. TEM image and corresponding EDX mapping images of (a) Cu,0/SnO,@CNT and (b) Cu,0/SnO,@Sn0,/CNT before cycling.
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Figure 3. XRD patterns of CNT, SnO,/CNT, Cu,0/SnO,@CNT,
and Cu,O/SnO,@Sn0,/CNT electrodes.
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The cycling performance of different anodes is shown in
Figure 4. We have examined the performance, morphology, and
composition of different material combinations, with the
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Figure 4. Cycling performance of SnO,, CNT, and the SnO,/CNT
composite anode without and with SnCl, treatment. The discharge/
charge current density was 100 mA/g.

emphasis on SnCl,-treated samples. It should be noted that
all of the samples treated with SnCl, inevitably contain Cu,O
because of the reaction between SnCl, and the Cu foil on which
the anode material is coated. The performance of the anodes is
affected by both the concentration of SnCl, and the CNT
content (see the SI, Figure S3). Conditions yielding the best
performance have been chosen for the comparison of different
electrodes. It is possible that a further more detailed
optimization of concentrations may yield further performance
improvements, but this would likely not affect the reasons for
the observed behavior of different anodes. The initial specific
capacity of the SnO, nanoparticle anode is ~1458 mA-h/g.
However, it sharply drops to ~490 mA h/g in the 2nd cycle
and continues to reduce to ~102 mA-h/g at the 50th cycle and
~80 mA-h/g at the 70th cycle. Similar behavior with high initial
capacity (above the theoretical capacity of SnO,) with a rapid
capacity decrease after the first cycle has been previously
observed in SnO,-based anodes>®%1416:222627,32,3436 o
large irreversible capacity in the first cycle has been attributed
to solid electrolyte interface (SEI) layer formation®'®**¢ and
decomposition of the electrolyte,”**® as well as the reduction of
Sn0O, to Sn.'®**** Increased capacity compared to the
theoretical capacity of SnO, was also attributed to the enhanced
surface electrochemistry of nanostructured SnO, and the
existence of additional lithium insertion/extraction sites (in
composites or porous materials).é’z’4

In contrast, the CNT anode starts at a significantly lower
capacity of ~335 mA-h/g, but it retains a capacity of ~130 mA-
h/g at the 70th cycle. The addition of CNT to SnO,
nanoparticles improves both the initial capacity (~1706 mA-
h/g) and the capacity at the 70th cycle (~106 mA'h/g)
compared to that of pure SnO,, but the improvement obtained
is not very significant, except for the lower number of cycles,
similar to previously published work.*>'°7'*!* On the other
hand, SnCl, treatment on a pure SnO, electrode (labeled
Cu,0/Sn0,@Sn0,) and a SnO,/CNT electrode (labeled
Cu,0/Sn0,@Sn0,/CNT) results in a more significant
improvement in the cycling performance. In the former case,
the specific capacity drops from ~1426 to ~679 mA-h/g in the
2nd cycle and to ~233 mA-h/g in the 70th cycle. In the latter
case, we can observe a more significant improvement, with the
specific capacity drop from ~1504 to ~1129 mA-h/g from the
Ist to 2nd cycles. The capacity retention by the 25th cycle
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compared to the 2nd cycle is ~83%. However, by the 70th
cycle, the capacity drops to ~588 mA-h/g, or ~52% of the 2nd
cycle capacity.

On the other hand, the CNT anode treated with SnCl,
(labeled Cu,O/SnO,@CNT) exhibits excellent cycling per-
formance. The initial capacity in the 1st cycle of ~1710 mA-h/g
drops to ~836 mA-h/g in the 2nd cycle. It slowly decreases to
~691 mA-h/g at the 25th cycle, but with further cycling, it
starts to recover and reaches the values of ~765 mA-h/g by the
50th cycle and ~806 mA-h/g at the 70th cycle. Thus, the
capacity retention at the 70th cycle is 96% compared to that of
the 2nd cycle. An increase in the specific capacity with cycling
has been previously reported for different electrode materi-
als >72023313537 Eor example, similar behavior (a decrease
followed by an increase in the specific capacity) has been
previously observed in amorphous SnO,—graphene nanosheet
anodes but not in crystalline SnO,—graphene nanosheet
anodes.” The difference in the performance was attributed to
a better ability of the amorphous phase to absorb volume
changes.” An increase in the capacity with cycling was also
observed for a porous Li,O—CuO—SnO, anode, which was
attributed to its ternary composition and its special
morphology.'” Because the main difference between Cu,O/
SnO,@CNT and Cu,O/SnO,@SnO,/CNT is the absence of
larger crystalline SnO, nanoparticles for the Cu,0/SnO,@
CNT electrode, which exhibits an increase in the capacity with
cycling, it is more likely that the amorphous phase’ rather than
a ternary composition'’ plays a role in the capacity increase.
Other reported reasons for increased specific capacity with
cyclin% include enhanced charge storage in the surface polymer
layer.”>** However, no evidence of the formation of such a
layer has been observed in our work. Another possible reason
for an increased capacity could be an improvement in the
lithium ion accessibility during the cycling process.*>*"*” For
example, increased permeability of C*' or increased porosity of
the electrode material®” with cycling can result in an increase in
the specific capacity.

In addition to the improved capacity retention after a large
number of cycles, the Cu,O/SnO,@CNT anode also exhibits
excellent rate cycling performance, as shown in Figure S (see
the SI, Figures S4 and SS). Excellent rate cycling performance
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Figure S. Rate cycling performance of the CNT, Cu,O/SnO,@CNT,
and Cu,0/SnO,@Sn0O,/CNT electrodes at charge/discharge rates
from 50 to 500 mA/g for 55 cycles.
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for this electrode is observed for over 120 cycles, as shown in
Figure SS (see the SI), even after a charge/discharge rate of 1
A/g. A specific capacity as high as 794 mA-h/g was observed
after 120 cycles (for a charge/discharge rate of 0.1 A/g). To
examine in more detail the reasons for remarkable capacity
retention and a capacity increase with cycling in Cu,O/SnO,@
CNT anodes, the morphology and structure of different anodes
after cycling have been examined. From XRD and SEM images
after cycling (see the SI, Figures S6 and S7), we can observe
that in all cases the morphology changes after cycling.

From the XRD spectra, the samples containing the
commercial SnO, nanoparticles exhibit peaks corresponding
to Sn metal after cycling, in addition to some presence of Li,O
formed during the reduction of SnO,. All of the samples
subjected to SnCl, treatment show a considerably lower
presence of crystalline Sn after cycling compared to the
electrodes without treatment. To further clarify the exceptional
performance of Cu,0/SnO,@CNT anodes, TEM and SAED
have been performed before and after cycling, and the obtained
results are shown in Figure 6. It can be observed that before
cycling there is a clear presence of Cu,O, in agreement with
XRD data (see Figure 3). Some of the larger particles show
clear lattice fringes and SAED patterns corresponding to Cu,O,
while there are smaller particles that exhibit no clear lattice
fringes. After cycling, there is a significant change in the
morphology and only small particles are observed. In this case
as well, we see similar distribution patterns of Sn and Cu (see
the SI, Figure S8, for EDX mapping after 70 cycles). In addition
to changes in the size of observed particles, in many cases it is
difficult to observe clear lattice fringes, and the SAED pattern
has changed significantly. Rings with some brighter spots can
be observed, and from the determined d spacings, the most
likely composition is the Li—Sn alloy Li,Sng (JCPDS 74-0561),
with a possible small contribution from Li,O (JCPDS 73-
0593). Thus, the exceptionally good performance and an
increase in the specific capacity with cycling for Cu,O/SnO,@
CNT anodes can likely be attributed to the presence of the
amorphous phase,” as well as the reduction in the particle size,
resulting in an increase in the available surface area.””

To examine in more detail the structure and composition of
the electrodes subjected to SnCl, treatment, XPS measure-
ments>®~*" were performed, and the obtained results are shown
in Figures 7 and 8 (see the SI, Figure S9, for Auger Cu LMM
spectra to distinguish between Cu’ and Cu"). We can observe
that the peak position for the Sn 3ds;, peak occurs at higher
energy for SnO, nanoparticles compared to those of both
SnCl,-treated samples. This indicates a higher concentration of
Sn** compared to Sn** in pure SnO, samples.>® Because the
peak positions are the same as those for the Cu,0/SnO,@
SnO,/CNT and Cu,O/SnO,@CNT samples, we can conclude
that SnCl, treatment results in the formation of SnO,
nanoparticles from incomplete oxidation of a Sn precursor.
Because XRD patterns contained no other crystalline phases of
SnO, different from those of SnO, for Cu,O/SnO,@Sn0O,/
CNT and no peaks corresponding to tin oxide for Cu,O/
SnO,@CNT, we can conclude that the SnO, nanoparticles
formed are likely amorphous. This is in agreement with the
observed cycling performance of Cu,O/SnO,@CNT anodes,
which contain only amorphous SnO, and exhibit first a
decrease then an increase of the specific capacity similar to
amorphous SnO,—graphene nanosheet anodes.” SnCl,-treated
anodes also show the presence of Cu, which was not detected
in the pure SnO, anode. In Cu,O/SnO,@CNT samples, we

dx.doi.org/10.1021/am5024308 | ACS Appl. Mater. Interfaces 2014, 6, 13478—13486
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Figure 6. TEM images of the Cu,0/SnO,@CNT anode with different magnification, including HRTEM: (a—c) as-prepared Cu,0/SnO,@CNT
anode; (e—g) Cu,0/SnO,@CNT anode after 70 cycles. Corresponding SEAD patterns of Cu,O/SnO,@CNT (d) as-prepared and (h) after 70

cycles.
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Figure 7. High-resolution XPS peaks of Sn 3d of the (a) SnO,, (b)
Cu,0/Sn0O,@CNT, and (c) Cu,0/SnO,@ SnO,/CNT electrodes.

can observe a higher intensity of the peak at ~932.5 eV*’
corresponding to Cu* compared to the Cu,O/SnO,@Sn0,/
CNT samples, which is in agreement with the observation of
the presence of Cu,O in XRD patterns of Cu,O/SnO,@CNT
but not in Cu,O0/SnO,@Sn0O,/CNT samples.

To investigate the electrochemical behavior of the pure SnO,
and SnO,-based nanocomposite electrodes, the 1st, Sth, 10th,
and S0th cycle charge/discharge voltage profiles of the Cu,O/
SnO,@CNT and Cu,0/SnO,@SnO,/CNT electrodes were
measured. Obtained results are shown in Figure 9a,b (see the
S, Figure S10, for other electrodes). The measurements were
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Figure 8. High-resolution XPS peaks of Cu 3p;, of the (a) SnO,, (b)
Cu,0/Sn0O,@CNT, and (c) Cu,0/SnO,@Sn0,/CNT electrodes.

performed at a current density of 100 mA/g between S mV and
2.7 V. The initial discharge and charge capacities of Cu,O/
SnO,@CNT are 1710 and 768 mA-h/g, and after 50 cycles, the
discharge/charge capacities are 756/731 mA-h/g. For the
Cu,0/Sn0,@Sn0,/CNT electrode, the discharge/charge
capacities at the 1st and S0th cycles are 1506/1080 and 714/
686 mA-h/g. It is clear that both the capacity and cycling
performance are improved after the SnCl, treatment process,
which may be attributed to the formation of multicomponent
oxide composite and the enhanced conductivity and structural
stability of CNT and the SnO,/CNT matrix (see the SI, Figure

dx.doi.org/10.1021/am5024308 | ACS Appl. Mater. Interfaces 2014, 6, 13478—13486
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S10, for untreated anodes and a treated SnO, anode without
CNT).

To further study the detailed electrochemical process
concerning lithiation/delithiation of the SnO,-based nano-
composite electrodes, CV profiles of Cu,0/SnO,@CNT and
Cu,O0/Sn0,@Sn0,/CNT for the first three cycles were
obtained, as shown in Figure 9¢,d (see the SI, Figure S11, for
other anodes). The scan rate was 0.1 mV/s in the potential
window of S mV to 2.5 V. The redox behaviors of both
nanocomposite electrodes are generally consistent with those of
the previously reported SnO,-based anodes, as described by the
following equations:”'"'3373¢

$nO, + 4Li" + 4e” — Sn + 2Li,0 (1)

Sn + xLi" + xe” © Li,Sn (0 < x < 44) (2)

Several peaks can be observed in the CV spectra. All samples
exhibit a peak at ~0.05 V, which can be assigned to formation
of the Li,Sn alloy according to eq 27¥'*'®3*3% and possibly Li
intercalation into C.”** In general, peaks in the ranges of 0—0.6
V for the cathodic scan and of 0.4—0.9 V for the anodic scan
can be assigned to Li—Sn alloying/dealloying processes.”>’
Among the three reduction peaks observed in the first cathodic
scan for Cu,O/SnO,@Sn0O,/CNT electrodes, the sharp peaks
around 1.4 and 0.6 V might be related to the formation of Li,O,
electrolyte decomposition, and formation of the SEI film,”*>3*
respectively. No significant peaks above 1 V are observed in the
first cathodic scan of the Cu,O/SnO,@CNT electrode, which

are usually assigned to the reduction of SnO, to Sn and

Li,0.”**33 However, it was previously reported that the peaks
corresponding to SnO, reduction and formation of the SEI
layer are located at 1.05 V for crystalline SnO, and 0.75 V for
amorphous SnO,.” Furthermore, peaks at ~0.7 V may be
related to the decomposition of Cu,O into Cu and Li,0.*°
Thus, multiple assignments are possible for the peak at ~0.6 V
for Cu,O/SnO,@CNT electrodes. However, in all SnCl,-
treated electrodes compared to untreated ones, no peaks at
higher voltage in anodic (at ~1.88, 2.35, and 2.5 V)'®%* and
cathodic (1.77 V)'® scans are observed, which indicates that
Cu,O does not play a major role in the electrochemical
processes in the cell. The CV curves of the 2nd and 3rd cycles
almost overlap, which implies excellent cyclability of the
nanocomposite Cu,O/SnO,@CNT and Cu,O/SnO,@Sn0,/
CNT electrodes, unlike pure SnO, or CNT electrodes (see the
S1, Figure S11).

Electron impact spectroscopy (EIS) measurements were
performed on fully charged electrodes after three cycles at an
open-circuit voltage, and the obtained Nyquist plots and the
equivalent circuit used for fitting'"'® are shown in Figure 10
(for fitting parameters, see the SI, Table S1). The Nyquist plot
of the SnO, electrode is composed of two semicircles and an
inclined line. Generally, the semicircle at high frequency is
related to the SEI film resistance and/or contact resistance
(resistance Ry in the equivalent circuit),"" and the semicircle in
the medium-frequency region is attributed to the charge-
transfer resistance R and its corresponding capaci-
tance.*®'"'®*1% The inclined line (Warburg impedance) is
related to the diffusion of Li ions into the electrode.""'®*” The
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Figure 10. Nyquist plots after three cycles at open-circuit voltage over the frequency range from 100 kHz to 0.01 Hz of different delithiated
electrodes with and without SnCl, treatment: (a) equivalent circuit used for fitting; (b) SnO,; (c) CNT; (d) SnO,/CNT.

Nyquist plots for the SnO, and Cu,O/SnO,@Sn0O, electrodes
are presented in Figure 10a. As can be seen from Figure 10a, in
the presence of Cu,0/SnO,, the semicircle in the high-
frequency region is almost unobservable. In addition, the
charge-transfer resistance is dramatically decreased, from 198 Q
for SnO, to 23 Q for Cu,O/SnO,@Sn0O,. Figure 10b shows
the Nyquist plots of the CNT and Cu,O/SnO,@CNT
electrodes. It can be seen that the diameter of the semicircle
for the Cu,0/SnO,@CNT electrode is slightly smaller
compared to that of the CNT electrode, indicating lower
charge-transfer resistance (19 Q for the Cu,0/SnO,@CNT
electrode compared to ~38 Q for the CNT electrode).

However, for the Cu,OSnO,@Sn0O,/CNT electrodes, larger
resistances are observed compared to those of the SnO,/CNT
anodes. In this case, R, of ~44 Q is obtained, compared to R
= 37 Q for the SnO,/CNT anodes. The obtained difference is
small, and it could be attributed to the higher presence of
metallic Sn (from XRD data) in samples without SnCl,
treatment. Compared to pure SnO,, SnO,/CNT electrodes
do not show as rapid a degradation of the cycling performance
and morphology, which is in agreement with the lower charge-
transfer resistance observed in EIS after three cycles. Similar
behavior in a comparison of pure SnO, and SnO,—C (in the
form of graphene) was previously observed.*” Differences in the
slope of the inclined line (Warburg impedance) of different
electrodes likely originate from the differences in the electrode
morphologies, which affect Li ion diffusion.

4. CONCLUSIONS

We have demonstrated that the simple addition of Sn precursor
SnCl, in NMP to the slurry for the anode coating in LIBs
results in significant improvements in the performance, which
can be attributed to the formation of composites of Cu,O,
SnO, (formed because of the addition of SnCl,), and the anode
material (SnO,, CNT, or SnO,/CNT composite). The
improvements in the performance can mainly be attributed to
the presence of an amorphous SnO, phase, as well as the
reduction in the particle size after cycling, resulting in an
increased surface area. Because similar distributions of Cu and
Sn are observed both before and after cycling, the possible role
of the presence of Cu in the performance improvement cannot
be excluded. However, from the CV spectra, we can conclude
that the electrochemical processes in the anodes are dominated
by the processes related to the presence of Sn rather than Cu.
For the anode exhibiting the best performance, a capacity
retention of 96% was achieved at the 70th cycle (compared to
the 2nd cycle). In addition, excellent rate cycling performance
is observed for charge/discharge rates ranging from 50 to 1000
mA/g, with a specific capacity of 794 mA h/g at 120 cycles at a
charge/discharge rate of 0.1 A/g.
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