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The specific capacities of SNO, anodes in sodium ion batteries (SIBs) are far below the values expected from
theory. Herein, we propose that the kinetically-controlled, reversible ‘conversion reaction” between Na ions
and SnO; is responsible for Na ion storage in SnO, anodes where the ion diffusion rate is the limiting factor.
This revelation is contrary to the current understanding of the ‘alloying reaction’ as the major reaction
process. Aiming to fully utilize the theoretical capacity from the conversion reaction, a composite electrode
consisting of carbon nanotubes coated with a mainly amorphous SnO, phase together with crystalline
nanoparticles is synthesized. The SnO,/CNT anodes deliver a superior specific capacity of 630.4 mA h g~*
at 0.1 A g7 and 3241 mA h g~* at a high rate of 1.6 A g~* due to the enhanced kinetics. The volume
expansion of the composite is accommodated by the CNT substrate, giving rise to an excellent 69%
capacity retention after 300 cycles. The aforementioned findings give new insight into the fundamental
understanding of the electrochemical kinetics of SnO, electrodes and offer a potential solution to the low
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1. Introduction

Since their first commercialization two decades ago, lithium ion
batteries (LIBs) currently dominate the rechargeable batteries
market, especially for portable electronic devices and electric
vehicles (EVs)."” With the rapid expansion of these markets,
however, there has been increasing demand to develop batteries
with much reduced manufacturing costs and better materials.
As a potential alternative to LIBs, sodium ion batteries (SIBs)
have drawn much attention due to the low cost of sodium
sources and their similar working principles to LIBs.*® Apart
from the successful development of stable cathode materials,
the synthesis of anode materials possessing high capacities and
long cyclic life has become the biggest challenge for SIBs.”*
Although graphite has been widely employed as an anode in
LIBs, it has limited capacity in SIBs because it has unfavorable
energetics and the large radius of Na ions makes them difficult
to intercalate into graphite layers.®** SnO, has been considered
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capacity and poor cyclic stability of other metal oxide anodes based on conversion reactions.

one of the most promising anode materials both for LIBs and
SIBs with a much higher theoretical capacity than graphite
anodes, and hence has attracted much research interest.">™¢ In
particular, SnO,-based nanocomposites hybridized with nano-
carbon materials like graphene, carbon nanofibers and porous
carbon, have shown many advantages."”** However, the
measured specific capacities of SnO, in most of the above
studies remained below 400 mA h g ' with a low initial
coulombic efficiency of about 30%, although its theoretical
capacity is as high as 1378 mA h g~ '.>* If both the conversion
and alloying reactions given by eqn (1) and (2), respectively,
were made reversible, a capacity closer to the theoretical value
should be achieved, as in resent studies on LIBs.**"** Thus, more
effort is needed to gain an in-depth understanding of these
limited electrochemical reactions.

SnO, + 4Na™ + 4e~ 2 2Na,O + Sn (1)
Sn + xNa* + xe~ 2 Na,Sn (x = 3.75) 2)

The excellent energy storage behavior of SnO, anodes in LIBs
has inspired us to explore how existing issues can be resolved.
There are three main issues that need to be addressed to
enhance the performance of SnO, in SIBs. (i) Slow electro-
chemical reaction kinetics of SnO, with Na ions, resulting in
irreversible conversion reactions. This irreversible capacity loss
is also responsible for the low initial coulombic efficiency.** (ii)
Intrinsic difficulties for the Na-Sn alloying reaction to take
place with a limited capacity arising from alloying reactions
alone.>®*”?¢ (iii) The introduction of large volume expansion

This journal is © The Royal Society of Chemistry 2016
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during sodiation, causing rapid decay of capacity and eventual
failure of the electrode.*”® To resolve the above issues, the SnO,
electrodes should be designed in such a way as to enhance the
reaction kinetics and minimize the volume expansion. An
effective option is to incorporate carbon nanotubes (CNTs) both
as the conductive substrate of SnO, and as a buffer to accom-
modate the volume expansion.”®?**’ The incorporation of CNTs
enhanced the specific capacities and capacity retention because
of the improved electronic conduction and reduced electron/ion
transfer resistance. However, the electrical contact between the
large SnO, particles and the CNT surface needed further
improvement to overcome the poor kinetics which limited the
widespread application of SnO,/CNT electrodes in SIBs.

In this study, a thin layer of well-dispersed SnO, particles is
uniformly coated on CNTs. A low temperature route allows the
synthesis of a mainly amorphous SnO, phase with a much
shortened solid-state diffusion path for facile Na ion transport.
The p-n heterojunctions induced by the interactions between
the SnO, particles and CNT substrate also reduce the energy
barrier and facilitate charge transfer, leading to a better Na
storage capability.***> Such interactions have been shown to not
only immobilize SnO, nanoparticles on CNTs but also to
improve the conductivity of SnO,,* favouring enhanced elec-
tron transfer.** The underlying electrochemical reaction mech-
anisms and kinetics are probed to offer an insightful view to
designing better SnO,-based electrodes for SIBs.

2. Experimental section
2.1 Synthesis of SnO,/CNT composites

CNTs coated with mainly amorphous SnO, particles were
synthesized through a facile SnCl, solution-based precipita-
tion method as illustrated in Fig. 1. Typically, multi-walled

(a) Refluxing Sncl,
|] 110°C )'
CNT+HINO, stirring
SnO, coating
V/
oy L
on SnO2 nuclei
0]
Drying
60 °C
(9] (b)
SnO: shell
Annealing -7 core
500 °C /
{ammm———
C-Sn0,/CNT A-SnO,/CNT

Fig. 1 Schematic representation of the synthesis of SnO,/CNT
nanocomposites: (a) pre-treatment of CNTSs; (b) nucleated ultrafine,
mainly amorphous SnO,/CNT (A-SnO,/CNT); and (c) crystalline SO,/
CNT (C-SnO,/CNT) obtained after annealing.
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CNTs (with an average diameter of 50 nm and 10 pm in length,
supplied by Shenzhen Nanotech) were refluxed in 40% nitric
acid at 110 °C for 2 h to remove any impurities and to func-
tionalize the CNT surface.*® 10 mg of functionalized CNTs
were dispersed in 40 mL of deionized (DI) water using soni-
cation for 30 min to form a homogeneous mixture. 0.5 g of
SnCl,-2H,0 was added to the above mixture with vigorous
stirring for 2 h at room temperature to allow the hydrolysis
reaction. The solid products were collected using vacuum
filtration and washed with DI water to remove unreacted
SnCl,, followed by drying at 60 °C for 8 h. The final product
was designated as A (amorphous)-SnO,/CNT. A-SnO,/CNT was
calcined at 500 °C for 4 h in a tube furnace with a nitrogen flow
to fully crystalize SnO,, which was designated as C (crystal-
line)-SnO,/CNT.

2.2 Material characterization

The structures of the SnO,/CNT composites were characterized
using powder X-ray diffraction analysis (XRD, PW1830, Philips)
with Cu Ka radiation from 20° to 80°. The morphologies of the
composites were examined using scanning electron microscopy
(SEM, JOEL 6700F) and transmission electron microscopy
(TEM, JOEL 2010). The chemical groups on the samples were
characterized using Fourier transform infra-red spectroscopy
(FTIR, Vertex 70 Hyperion 1000). To identify their chemical
status, X-ray photoelectron spectroscopy (XPS, Surface analysis
PHI5600, Physical Electronics) with an Al Ko excitation source
was employed. Thermogravimetric analysis (TGA, Q5000) was
used to evaluate the compositions at a heating rate of 10 °C
min~" from 25 to 800 °C in air. The heat flow was characterized
on a differential scanning calorimetry system (DSC, 92
Setaram).

2.3 Electrochemical tests

To prepare the electrode, the active material was mixed with
Super P and carboxymethyl cellulose (CMC) binder in a weight
ratio of 60 : 20 : 20 with DI water as solvent to form a uniform
slurry. The slurry was coated onto copper foil, from which disks
of 12 mm in diameter were cut. CR2032 half cells were assem-
bled in an argon filled glove box. Sodium foil was used as the
counter electrode, and the electrolyte was prepared using 1 M
NaClO, dissolved in propylene carbonate (PC) and ethyl
carbonate (EC) (1 :1 by volume) along with 5 wt% of fluoro-
ethylene carbonate (FEC) additive, while glass fibers (Whatman,
GF/D) were used as the separator.

Galvanostatic charge/discharge (GCD) tests were conduct-
ed on a battery testing system (Land 2001CT) in the potential
range of 0.005-3.0 V and at different current densities. The
specific capacity was calculated based on the total weight of
the SnO,/CNT composite. Cyclic voltammetry (CV) tests were
performed at scan rates varying from 0.1 to 5 mV s~ ' between
0.005 and 3.0 V on an electrochemical workstation (CHI
660C). Electrochemical impedance spectra (EIS) were ob-
tained in the frequency range 0.1-10° Hz on the same
workstation.
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2.4 In situ TEM examination

To obtain an insight into the sodiation/desodiation mecha-
nisms and the evolution of the structures, in situ TEM was
carried out using an STM holder (Nanofactory), similar to our
previous work.**

The active material was attached to the tip of a Cu wire as the
working electrode, while Na metal was loaded onto the tip of
another Cu wire as the counter electrode. The Na metal was
naturally oxidized in air to form a layer of Na,O and NaOH
mixture when the holder was transferred to the TEM chamber,
which later served as the solid electrolyte. A potentiostat was
used to apply the overpotential to the electrode to drive the
diffusion of Na ions.

3. Results and discussion
3.1 Structure and morphology

According to previous studies,*>*® Sn** ions in water at a high
concentration become easily oxidized to form SnO, nano-
particles with diameters less than 10 nm. If nanocarbons, such
as functionalized CNTs or graphene oxide containing
oxygenated functional groups, are added into the solution,
they serve as the nucleation sites on which SnO, coating is
uniformly grown.*”** Typical SEM and TEM images of pristine
CNTs, A-SnO,/CNT and C-SnO,/CNT are shown in Fig. 2. The
morphologies of A-SnO,/CNT and C-SnO,/CNT (Fig. 2b and c)
were similar to the pristine CNTs (Fig. 2a), except the increase
in diameter from 50 to 60-70 nm due to the deposition of SnO,
coating. The TEM images (Fig. 2d-f) indicate that the SnO,
coating in A-SnO,/CNT obtained before calcination consisted
of a mainly amorphous phase, presumably in the form of
subnano-sized particles* as well as ordered/disordered crys-
tallites of 2-5 nm in diameter. The SAED pattern (inset of
Fig. 2f) offered another solid piece of evidence: the broad
space between the (110) and (101) diffraction rings suggests
the existence of long-range disordered SnO,.*>*° In contrast,
the SnO, particles in the C-SnO,/CNT composites (Fig. 2g and
h) were highly crystalline with enlarged diameters ranging
from 5-10 nm due to particle growth during calcination, as
indicated by the white circles in Fig. 2i. The sharp diffraction
points in the inset of Fig. 2i further prove that the thermal
treatment was responsible for the formation and growth of
SnO, crystals.

The TGA and DSC curves shown in Fig. S1t provide infor-
mation on the composition of A-SnO,/CNT. The gradual weight
reduction from room temperature to 400 °C in the TGA curve
corresponds to the removal of both moisture and the oxygen
functional groups on the CNTs. The weight suddenly dropped
between 470 and 630 °C due to the decomposition of CNTs in
air, giving a net CNT weight of ~16 wt%, while the remaining 72
wt% is attributed to SnO,. The DSC curve measured from
ambient temperature to 350 °C showed an endothermic peak
located at ~100 °C, corresponding to evaporation of moisture
from the composites, and an exothermic peak at ~300 °C is
likely due to the heat released during crystallization of the long-
range disordered SnO, coating.

10966 | J. Mater. Chem. A, 2016, 4, 10964-10973

View Article Online

Paper

The structure and chemical status of the SnO,/CNT
composites were evaluated using XRD and XPS, as shown in
Fig. 3. There were no prominent peaks in the XRD spectrum of
A-SnO,/CNT except for two broad, high intensity areas at 20 =
22-36° and 48-56° (Fig. 3a), evidence of low crystallinity.”* The
corresponding fitted XRD profiles of the (110), (101) and (211)
planes are shown in Fig. S2.7 The Gaussian function was used to
fit and calculate the areas of the crystalline and amorphous
sectors of the peaks using commercial Jade software, finding
14.7% crystallinity according to the calculated result given by
the software.” Notably, the highest intensity peak located at 26
= ~26.5° representing the (110) face of SnO, marginally down-
shifted from the standard PDF card as a result of an enlarged
lattice d-spacing from the standard value of 3.3470 to 3.3504 A,
which is favorable for enhancing ion diffusion rates. In
contrast, four prominent peaks were observed for C-SnO,/CNT,
all of which refer to rutile SnO, (PDF #70-4177). This finding
confirmed the growth of SnO, particles to full crystals during
the annealing process of A-SnO,/CNT, in agreement with the
TEM results (Fig. 2).

It is well known that SnO, and SnO respond differently
during electrochemical reactions in SIBs,”® making it important
to determine the exact chemical status of Sn in A-SnO,/CNT.
However, the information obtained from the XRD analysis was
rather inconclusive due to the relatively low crystallinity. It is
interesting to note that the general XPS spectra given in Fig. 3b
showed almost identical profiles for both the A- and C-SnO,/
CNT composites. Indeed, the deconvoluted Sn3d spectra
(Fig. 3c) presented identical, prominent Sn3ds, and Sn3ds,
peaks centered at 487.5 and 496 eV, respectively, for both
composites. These binding energies are attributed to Sn**, with
virtually no Sn** or Sn, confirming SnO, was in both
composites. Various functional groups were identified from the
deconvoluted C1s spectra, as shown in Fig. 3d. Five peaks were
detected, including C, sp® hybridization at 284.5 eV, Cy sp’
hybridization at 285.1 eV, C-O at 286.2 eV, C=0 at 287.5 eV and
O-C=0 at 288.9 eV. The existence of these functional groups
was also confirmed using FTIR spectrum (Fig. S31). The C, sp®
and Cq sp® peaks are attributed to the chemical bonds among
the carbon atoms and defects in CNTs, respectively, while the
C-0, C=0 and O-C=0 peaks are attributed to the oxygenated
functional groups attached to the CNTs.***> They helped not
only the uniform dispersion of the CNTs in the precursor
solution, but also the formation of the SnO, layer on the CNTs.

3.2 Electrochemical performance

Although a few proposals have been put forward to explain the
electrochemical reaction mechanisms between SnO, and Na
ions, similar to Li ion storage in LIBs (see Introduction), there is
a lack of solid evidence to account for what really happens
during these reactions.””*® Therefore, the results from the cyclic
voltammetry (CV), ex situ XRD analysis and in situ TEM exami-
nation (to be discussed in Section 3.4) are combined here to
reveal the phase changes of SnO, during the electrochemical
reaction with Na ions. The CV curve of the first cathodic cycle,
shown in Fig. 4a, exhibited a prominent peak located at 0.25 V

This journal is © The Royal Society of Chemistry 2016
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Fig.2 (a—c) SEMimages of pristine CNTs, A-SnO,/CNT and C-SnO,/CNT composites; (d—f) TEM images of A-SnO,/CNT composites with SAED
pattern in the inset of f; (g—i) TEM images of C-SnO,/CNT composites with SAED pattern in the inset of (i).

and two low peaks centered at 0.79 and 1.05 V, a reflection of the
continuous formation of SEI layers in the wide voltage range.
The two small peaks disappeared in the following cycles, indi-
cating the completion of the SEI layer formation in the first
cycle. Therefore, in the following 2™ and 3™ cycles, only the
prominent cathodic peak remained while the corresponding
potential shifted to 0.3 V due to activation of the electrode. The
strong anodic peak centered at 1.35 V persisted throughout all
the cycles, which warrants a special mention because this has
never been reported previously for SnO, electrodes in SIBs.
Because the neat CNTs contributed only a negligible capacity of
less than 10 mA h g~* to the composite electrode due to the
intrinsic difficulties for Na intercalation (Fig. S4t) and showed
no distinct peak in the anodic scan (Fig. S5T), we propose here
that the peak corresponds to the conversion reaction of SnO,
during desodiation, which may contribute to the majority of the

This journal is © The Royal Society of Chemistry 2016

battery capacity in view of its large area covering over 80% of the
whole anodic curve, as explained below.

The corresponding GCD curves of the A-SnO,/CNT electrode
for the 1%, 2" 50™ and 100™ cycles are given in Fig. 4b.
Following the high initial discharge capacity of 1106.6 mAhg %,
the electrode exhibited a reversible specific capacity of 630.4 mA
h g™, Considering the capacity contribution of ~30 mA h g™*
from 20 wt% Super P according to Fig. S4,f the remaining
capacity was still higher than the majority of previous reports on
SnO, anodes (Fig. S6 and Table S1t). The GCD curves here
showed slopes instead of constant voltage plateaus due to the
nanosize effect.”® However, gradient changes of the slopes were
observed at ~0.3 and ~1.35 V in the discharge and charge
curves, respectively, which are ascribed to reversible reactions
between SnO, and the Na ions, in agreement with the CV results
(Fig. 4a). Of note is that the coulombic efficiency of the first

J. Mater. Chem. A, 2016, 4, 10964-10973 | 10967
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Fig. 3 (a) XRD patterns, (b) general XPS spectra, and deconvoluted XPS spectra of (c) Sn3d and (d) Cls of A-SnO,/CNT and C-SnO,/CNT

composites.

cycle reached 57%, much higher than ~40% for other SnO,
anodes.*® The coulombic efficiency here is an important
parameter determining the battery performance by reflecting
the reversibility of the conversion reactions given by eqn (1).
Recent studies®** demonstrated that the simultaneous
conversion and alloying reactions in SnO, electrodes enhanced
the Li ion storage performance with a remarkable capacity over
1400 mA h g™, beyond the known theoretical capacity of SnO,
anodes for LIBs. Furthermore, it is found that the reversible
conversion reaction took place only when the SnO, particles
with a diameter less than 10 nm were uniformly dispersed on
a conductive supporting matrix, like CNTs, carbon nanofibers
(CNFs) or graphene sheets.*” Similar to LIBs, the A-SnO,/CNT
composites consisting of a uniform and thin SnO, layer on the
CNTs satisfied the above requirement, giving rise to a high
coulombic efficiency in SIBs. The synergy arising from the
uniform SnO, layer, the enlarged lattice distance of SnO, due to
its mainly amorphous nature, and the highly conductive CNTs
contributed positively to the reaction kinetics which played an
important role in enhancing the electrochemical performance.

Unlike in LIBs, the alloying reaction between the Sn crystals
embedded in the Na,O matrix and the Na ions from the elec-
trolyte (eqn (2)) is unlikely to take place due to the high energy
barrier of the reaction process. This hypothesis was partly
confirmed from the ex situ XRD analysis (Fig. 4c) conducted at
different potential stages of the CV tests, which are labeled as A,
B and C (Fig. 4a). When the battery was fully discharged to 0 V,
apart from the Cu and CuO peaks stemming from the copper

10968 | J. Mater. Chem. A, 2016, 4, 10964-10973

foil used as the current collector, four prominent peaks corre-
sponding to o-Sn and B-Sn appeared (Fig. 4c-A). However, no
obvious peaks indicative of a Sn-Na alloy were found, verifying
the above hypothesis. When the battery was recharged to 0.8 V,
the Sn peaks remained with only marginal changes in peak
intensity (Fig. 4c-B), indicating that Sn and Na,O hardly reacted
at a charging voltage below 0.8 V. When the electrode was
further charged to 2 V, the Sn peaks all disappeared, and
instead a broad peak corresponding to SnO, emerged at 26 =
~26° (Fig. 4c-C). This observation proves that the conversion
reaction given by eqn (1) occurred in the voltage range 0.8-2 V.
In summary, the conversion reaction of eqn (1) was responsible
for the anodic peak in the CV curve, which would in turn
contribute to the vast majority of the capacity of amorphous
SnO, electrodes.

The rate performances of the two electrodes are shown in
Fig. 4d. It is worth noting that the A-SnO,/CNT electrode pre-
sented consistently - by at least 250-300 mA h g~ - higher
specific capacities than the C-SnO,/CNT electrode for all current
densities studied, ranging from 0.1-1.6 A g '. The former
electrode delivered reversible specific capacities of 630.4 and
3241 mAhg 'at0.1and 1.6 A g™ ', respectively, confirming it
as a promising anode for SIBs. The corresponding reversible
capacities for the latter electrode were 325 and 50 mA h g~ . The
relatively poor Na ion storage behavior of the C-SnO,/CNT
electrode appears to be associated with three major reasons. (i)
The size growth of SnO, inevitably extended the Na ion diffu-
sion length, deteriorating the electrochemical performance. (ii)

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) CV curves of the A-SnO,/CNT electrode at a scan rate of 0.1 mV s~ *; (b) galvanostatic charge/discharge profiles of the A-SnO,/CNT
electrode between 0.005 V and 3 V at 0.1 A g% (c) ex situ XRD spectra of the A-SnO,/CNT electrode obtained at different stages; (d) rate
capacities, and (e) cyclic performance of the A- and C-SnO,/CNT electrodes at 0.1 A g~*; and (f) long cycle test of the A- and C-SnO,/CNT

electrodes at 1.6 A g%,

The ordered crystal surfaces formed upon full crystallization
hindered the diffusion and intercalation of Na ions.* (iii) The
size growth associated with full crystallization of the SnO,
particles weakened the interaction between SnO, and the CNTs
due to fewer surface atoms of Sn0,.*° Details of Na ion diffusion
and the charge transfer kinetics are discussed in the following
sections.

Cyclic tests were conducted at 0.1 Ag~ " and 1.6 A g~ ' in the
voltage range from 5 mV to 3 V, as shown in Fig. 4e and f. The A-
SnO,/CNT composite electrode delivers a much higher capacity
than both the neat SnO, and neat CNT electrodes (Fig. S47)
when measured at the same current density of 0.1 A g~ ' con-
firming the aforementioned synergistic effect. Furthermore,

This journal is © The Royal Society of Chemistry 2016

after the initial 20 cycles of activation, the coulombic efficien-
cies of both electrodes tested at 1.6 A g~ ' reached 98%, indi-
cating excellent reversibility. When the cell finished 300 cycles,
the A-SnO,/CNT electrode maintained 223.2 mA h g™, equiva-
lent to 69% of the initial capacity of 324 mA h g~ with
a capacity reduction of 0.1% per cycle. However, the C-SnO,/
CNT electrode presented a specific capacity of less than 50 mA h
g~ " after 300 cycles due to the poor reaction kinetics.

3.3 Sodium ion storage kinetics

It is well known that both electrons and Na ions are difficult to

transport in SnO, in a phenomenon called ‘slow

J. Mater. Chem. A, 2016, 4, 10964-10973 | 10969
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electrochemical reaction kinetics’. A few new features were
introduced to enhance the reaction kinetics in the design of the
current A-SnO,/CNT composite electrode: e.g. (i) shortening the
diffusion path by making the particle size smaller, (ii) acceler-
ating the diffusion rate by enlarging the lattice distance of SnO,
and (iii) utilizing highly conductive CNTs as a high speed
pathway for electron and ion transportation. It is then necessary
to prove that the enhanced capacity due to the reversible
conversion reaction really arose from the better electrochemical
reaction Kkinetics associated with the above features. In addi-
tion, the relationship between the reaction kinetics and Na
storage mechanisms needs to be fully understood to better
design SnO, nanostructures.

The aforementioned obvious anodic peak in the CV curves
(Fig. 4a) representing the reversible conversion reaction
signifies the enhanced Na ion storage capacity of the A-SnO,/
CNT electrode. The anodic peak corresponds to strong reaction
kinetics, such as fast Na ion diffusion rates, as in LIBs.?”

To elucidate the electrochemical kinetics of the conversion
reactions, CVs in the broad scan rate range 0.5-5 mV s~ were
measured for both the A- and C-SnO,/CNT cells.

The maximum anodic peak currents marked by the arrows in
Fig. 5a and S77 are plotted as a function of the square root of the
scan rate, as shown in Fig. 5b. Their linear relationships indi-
cate an obvious diffusion-controlled reaction, where the Ran-
dles-Sevcik equation is applicable:**>

Ip = (2.69 x 10°)n*24D"?Cv'"? (3)
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where Ip is the peak current, n is the number of electrons
transferred in the reaction, A is the surface area of the electrode,
D is the diffusion coefficient, C is the concentration of Na ions
in the electrode material, and » is the scan rate. Note that the
same number of transfer electrons (n) was involved in both
electrodes, thus the much higher slope (s = 2.42) for the A-SnO,/
CNT electrode than that (s = 1.79) for the C-SnO,/CNT means
a higher D value of Na ions in the former than the latter
electrode.”

To obtain a better understanding of the electron/ion transfer
resistance of the two electrodes, the EIS spectra were measured
in the frequency range 0.1-10° Hz, as shown in Fig. 5c. The data
were fitted to the equivalent circuit model consisting of the
resistance of the electrolyte (R;), the charge transfer resistance
(Re) and the Warburg resistance (W), and these impedance
parameters are summarized in Table 1. Benefiting from the
uniform SnO, layer on the CNT surface, R.. was significantly
lower for the A-SnO,/CNT electrode than the C-SnO,/CNT
counterpart. This observation is in agreement with the electrical
conductivities of the anode materials measured using the four
probe method.

Furthermore, the EIS data in the low frequency range were
used to calculate the Na ion diffusion coefficient, Dy,, according
to eqn (4):

RT?

Dne = 3 s @

where R is the gas constant, T is the temperature, F is the
Faraday constant, and ¢ is the Warburg factor which can be

(b) s
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Fig.5 (a) CV curves of the A-SnO,/CNT electrode at different scan rates of 0.5, 1, 2 and 5 mV s~ %; (b) anodic peak current versus square root of
the scan rate; (c) electrochemical impedance spectra (EIS) of the A- and C-SnO,/CNT anodes; (d) resistance of Z’ versus minus square root of the

scanning frequency, w, in the low frequency range of the EIS spectra.
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Table 1 Comparison of resistance, electrical conductivity and ion
diffusion coefficient between the A-SnO,/CNT and C-SnO,/CNT
composites

A-SnO,/CNT  C-SnO,/CNT

Solution resistance R; () 9.9 9.7

Charge transfer resistance R (Q) 121.5 456.9
Electrical conductivity (S cm™?) 46 x 107" 2.7 x 1072
Na ion diffusion coefficient Dy, (cm”*s™") 5.94 x 1077 1.23 x 10 '®

taken directly from the slope of the linear plot of the real
impedance (Z') against the minus square root of the frequency
(Fig. 5d).°*** It is worth noting that the diffusion coefficient,
Dya, Was about 50 times higher in the amorphous electrode
than in the crystalline counterpart, i.e. 5.94 x 10~ vs. 1.23 x
107'® cm® 57, respectively (Table 1). It follows then that the
much lower R, of the mainly amorphous SnO,/CNT composite
was a reflection of both the higher electronic conductivity and
the higher Dy, than the crystalline counterpart, which in turn
gave rise to a superior Na ion conversion reaction. This also
means that Na ion diffusion is a limiting factor for the

k|

Y\ $n0a/CNT
. Sodiation \
direction
(Na20+NaOH)/Na

%

%

|3
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conversion reaction, and that a superior electrochemical
performance of SnO,-based anodes can be achieved by facili-
tating the full conversion reaction through enhanced Na ion
diffusion kinetics.

3.4 In situ TEM analysis of structure evolution

The practical specific capacities of the SnO, anodes were far
lower than their theoretical capacity in SIBs due to the afore-
mentioned lack of alloying reaction and generally slow Na ion
diffusion rate. To clarify the reasons behind the above obser-
vation, an in-depth understanding of the sodiation/desodiation
phase change and a direct observation of the Na ion diffusion in
the electrode is necessary. Several previous studies have
partially revealed the phase changes of nanosized SnO, in SIBs
through various ex situ characterizations.>®*”**** However,
inaccurate or incomplete information was often obtained due to
unwanted changes occurring during sample preparation for ex
situ experiments using active sodiated electrodes.® Indeed, it is
challenging to identify real-time morphological changes using
ex situ methods. Inspired by the pioneering in situ investigation
of neat SnO, nanowires,**** herein, the reaction mechanisms of

B-Sn (101)
a-Sn (220)

a-Sn (002)
B-Sn (301)
a-Sn (422)

21/nm
—

2100

1800

1500

1200
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600

Sodiation length (nm)

300
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Fig. 6 Sequential TEM images of the A-SnO,/CNT electrode taken from video frames: (a) change in the morphology during the initial sodiation
process with the SAED pattern after sodiation, inset; (b) enlarged images of the yellow rectangles in (a); (c) progressive increase in sodiation

length vs. sodiation time during the 15 sodiation process.
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the SnO,/CNT composite electrode and the roles that the CNT
substrate played in enhancing the diffusion rate were in situ
probed using TEM as follows. Fig. S8+ schematically illustrates
the in situ TEM setup within a TEM chamber. The TEM images
taken during the initial sodiation process are shown in Fig. 6,
while the full video is presented in ESI Movie 1.1 When —2 V was
applied to the electrode tip, the Na ions started to diffuse
through the electrode axial direction, as marked by the red
arrow (Fig. 6a). SnO, started to react with Na ions by the
conversion reaction (eqn (1)), resulting in the formation of Sn
crystals embedded in the Na,O matrix with the associated
expansion of the electrode diameter. The diffraction rings of Sn
in the SAED taken after full sodiation (inset of Fig. 6a) further
proved the Na ion storage in SnO, by conversion reaction,
consistent with the conclusion drawn from the above CV and ex
situ XRD results.>**®

The volume expansion taking place when Sn reacted with Na
ions to form Na;sSn, based on the alloying reaction was
measured to be 420% according to a previous study.’” However,
the volume expansion of the A-SnO,/CNT electrode should be
lower than the above value. There are several reasons for this
observation: namely, (i) the alloying reaction seldom occurs; (ii)
the final product of the reaction is Sn, instead of Na;sSn,; and
(iii) the CNTs can serve as a buffer to accommodate the volume
expansion of SnO,. The images in Fig. 6b present the enlarged
diameter of the A-SnO,/CNT electrode from 45.7 to 78.5 nm
after full sodiation, equivalent to a volume expansion of
~195%, assuming a negligible change in electrode length. This
value is much lower than 420%,* further confirming that only
the conversion reaction took place. The reduced volume
expansion supplies direct evidence for the better cyclic stability
of the A-SnO,/CNT electrode in SIBs.

To illustrate the Na ion diffusion through the A-SnO,/CNT
electrode, the positions of the reaction front were continu-
ously monitored as a function of time, and the results are
plotted in Fig. 6c. The sodiation length rapidly increased
before it became rather saturated after 100 s, approximately
following the rule of parabolic kinetics and indicating a diffu-
sion-controlled reaction process.**** This conclusion agrees
well with the above reaction kinetics study based on the CV
curves (Fig. 5b). Furthermore, it is interesting to note that the
average sodiation speed of the SnO,/CNT composite electrode
was 3.2 nm s~ ', almost 6 times that of the neat SnO, electrode
reported previously.*® It appears that the presence of CNTs
with a fine core/shell structure accelerated the reaction
kinetics by overcoming the limitation of the relatively low Na
ion diffusion coefficient.

4. Conclusions

SnO,/CNT composites consisting of a mainly amorphous SnO,
phase deposited on a CNT substrate were synthesized as anodes
for SIBs. Their Na ion storage behaviors and corresponding
reaction mechanisms are specifically studied using real-time in
situ TEM and ex situ XRD analysis. The following can be high-
lighted from the study.
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(i) The major Na ion storage capacity of the SnO, anodes
arose from the reversible conversion reaction between SnO, and
the Na ions to form metallic Sn upon full discharge.

(ii) A prominent anodic CV peak at 1.35 V was observed for
the first time in SIBs, which corresponds to the reversible
conversion reaction in (i).

(iii) The Na ion storage kinetics study revealed that slow Na
ion diffusion limited the conversion reactions of SnO,.

(iv) The small particle size and enlarged d-spacing arising
from the mainly amorphous state of SnO, together with the
conductive CNT substrate significantly enhanced the diffusion
rate of Na ions to overcome the aforementioned kinetic limi-
tations. As a result, the A-SnO,/CNT electrode exhibited a supe-
rior specific capacity of 630.4 mA h g~' at 0.1 A g~ " and 324.1
mA h ¢”" at a high rate of 1.6 A g™
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