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Controlled SnO, Crystallinity Effectively Dominating

Sodium Storage Performance

Linlin Fan, Xifei Li,* Bo Yan, Jianmin Feng, Dongbin Xiong, Dejun Li, Lin Gu,*

Yuren Wen, Stephen Lawes, and Xueliang Sun*

The exploration of sodium ion batteries (SIBs) is a profound challenge due
to the rich sodium abundance and limited supply of lithium on earth. Here,
amorphous SnO,/graphene aerogel (a-SnO,/GA) nanocomposites have been
successfully synthesized via a hydrothermal method for use as anode mate-
rials in SIBs. The designed annealing process produces crystalline SnO,/gra-
phene aerogel (c-SnO,/GA) nanocomposites. For the first time, the significant
effects of SnO, crystallinity on sodium storage performance are studied in
detail. Notably, a-SnO,/GA is more effective than c-SnO,/GA in overcoming
electrode degradation from large volume changes associated with charge—
discharge processes. Surprisingly, the amorphous SnO, delivers a high spe-
cific capacity of 380.2 mAh g™' after 100 cycles at a current density of

50 mA g~', which is almost three times as much as for crystalline SnO,
(138.6 mAh g'). The impressive electrochemical performance of amorphous
SnO, can be attributed to the intrinsic isotropic nature, the enhanced Na*
diffusion coefficient, and the strong interaction between amorphous SnO,
and GA. In addition, amorphous SnO, particles with the smaller size better
function to relieve the volume expansion/shrinkage. This study provides a
significant research direction aiming to increase the electrochemical perfor-

storage systems due to their long lifespan,
high energy density, and environmental
benignity.?l However, as more demand
emerges for electrical vehicles and hybrid
electric vehicles, and as emphasis shifts to
the power grid and other large-scale appli-
cations, LIBs have been heavily restricted
by their high cost and the limited supply
of lithium on earth.¥l To circumvent these
problems, it is necessary to explore alter-
native battery systems to replace LIBs.
Sodium ion batteries (SIBs) have tremen-
dous potential because of the abundance
and easy accessibility of sodium reserves,
resulting in low material costs.! Practi-
cally, SIBs have attracted increasing atten-
tion for energy storage applications in
renewable energy.’!

The development of SIBs dates back to
the late 1980s, in approximately the same
time period as LIBs.IYl Normally, Li and
Na have similar physical and chemical

mance of the anode materials used in SIBs.

1. Introduction

Nowadays, lithium ion batteries (LIBs) are widely used in port-
able devices and even in electrical vehicles.!'! For these applica-
tions, undoubtedly, LIBs are one of the most efficient energy
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properties, including ionicity, electronega-

tivity, and electrochemical activity. Thus,

to some degree, the development of SIBs

benefits from the well-established under-
standing of lithium-based electrochemical systems. Neverthe-
less, Na ions are about 55% larger in radius than Li ions, which
results in some difficulties in finding a suitable host material to
accommodate Na ions and allow reversible and rapid ion inser-
tion and extraction.”! Expanded graphite has been reported as a
superior anode material in SIBs compared to regular graphite.!’!
It has an increased interlayer lattice distance, yet retains a long-
range-ordered layered structure analogous to graphite, allowing
the Na ions to be reversibly inserted into and extracted from
expanded graphite. This work provides a good strategy for SIB
development. However, for new applications such as electric
vehicles and large scale energy storage units, its low revers-
ible capacity limits its use. Many researchers have made great
efforts to explore electrode materials with higher energy den-
sity, such as Li,TisO;,,>® TiO,,*! Fe,0,,1% Sn0,," MoS,,1?!
and Na,FePO,F,”13l which have been the focus of many experi-
mental and theoretical studies. In this study, SnO, was tar-
geted due to its appealing features of relatively high theoretical
reversible capacity, low cost, abundance, ease of synthesis,
and improved safety.!*) Therefore, SnO, is a promising high-
capacity electrode material for SIBs. The sodiation and desodia-
tion reactions can be described as follows
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SnO, +4Na — Sn + 2Na,0 (1)

Sn + 3.75Na <> Na;,sSn(NaysSny ) )

Importantly, the extremely large volume expansion of
~520% occurs during alloying from Sn to Na;5Sn,,[*! along
with the aggregation of Sn clusters upon cycling, which result
in rapid capacity fading.'®l All of these factors severely restrict
the practical application of SnO, in SIBs. Therefore, devel-
oping a facile, scalable approach to synthesize SnO, mate-
rial with enhanced cycling stability and rate capabilities still
remains a challenge.

Many research efforts have been devoted to solving the
aforementioned challenges of SnO, anodes through the use of
unique morphological design!'”! and incorporation of carbon-
based materials.'! Graphene and its composites have been
extensively investigated for SIBs due to its extraordinary elec-
trical behavior, chemical stability, and high specific surface area
(2630 m? g™1).5>19 A large number of studies have focused
on developing SnO,/graphene nanocomposites using various
methods, including hydrothermal methods?% and wet-mechan-
ochemical processes.?!! As previously reported by our group,??
the existence of 2D graphene in the composites can largely
relieve the volume expansion/contraction of SnO, nanoparti-
cles. For instance, the designed ultrafine SnO, nanoparticles on
reduced graphene oxide as SIB anode materials were reported
to show a high reversible capacity of 330 mAh g as well as a
capacity retention of 81.3% after 150 cycles.l?*l The recent study
revealed that the introduction of nitrogen into graphene was
beneficial to increasing the cycling performance and rate capa-
bility of SnO,/graphene nanocomposites for SIBs.?*l Therefore,
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SnO, incorporated with graphene has been demonstrated to be
one of the most promising anode materials for SIBs.

During the sodium storage process, SnO, anodes undergo
large volume expansion/contraction, similar to lithium storage.
In comparison to crystalline SnO,, amorphous SnO, with intrin-
sically isotropic behavior may help reduce the degradation of the
electrode associated with volume changes upon cycling. Our
group has demonstrated that the crystallinity of the SnO, anode
has an important influence on lithium storage performance.?’!
Similarly, SnO, anodes with amorphous and crystalline phases
may display totally different sodium storage behavior. However,
the degree of crystallinity of the SnO, material is not easily con-
trolled, and it is thus difficult to study the effects of SnO, crys-
tallinity on sodium storage performance. So far, no study has
been reported focusing on this important strategy.

Inspired by this, amorphous and crystalline SnO,/graphene
aerogel (marked as a-SnO,/GA and ¢-SnO,/GA) nanocompos-
ites were successfully synthesized by a facile approach. Both
materials were investigated as anode materials for SIBs. The
a-Sn0,/GA significantly differs from c-SnO,/GA in struc-
ture although both have similar composition. To the best of
our knowledge, it is the first time the significant impact of
SnO, crystallinity on SIB performance has been studied. This
approach provides a new direction for addressing the chal-
lenges of rechargeable SIBs.

2. Results and Discussion

X-ray diffraction (XRD) and Raman spectroscopy were per-
formed to measure the structural characteristics of the as-
prepared products. The XRD patterns are shown in Figure 1a.
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Figure 1. a) XRD patterns of (i) c-SnO,/GA and (ii) a-SnO,/GA; b) Raman spectra of (i) pristine GA, (ii) ¢-SnO,/GA, and (i) a-SnO,/GA; TGA and

DTG curves of (c) a-SnO,/GA and (d) c-SnO,/GA.
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Similar to other reports of SnO,-based composites,?% the dif-
fraction peaks of ¢-SnO,/GA are clearly distinguishable, and are
well-indexed to the rutile structure of SnO, (cassiterite, JCPDS
No. 41-1445), indicating its high degree of crystallinity. The dif-
fraction peaks observed at 26.6°, 33.9°, 37.9°, 42.6°, 51.8°, 61.9°,
and 65.9° can be assigned to the (110), (101), (200), (210), (211),
(310), and (301) planes of the rutile SnO, phase, respectively. By
sharp contrast, no diffraction peaks of a-SnO,/GA are detected
except for the broad peak around 29.28-31.15°. This pheno-
menon confirms that amorphous SnO, was successfully
formed in the a-SnO,/GA.

Typical D and G bands were observed in the Raman spectra
(Figure 1Db) of the pristine GA, a-Sn0,/GA, and ¢-SnO,/GA.
The D band results from disorder in the symmetrical hexagonal
graphitic lattice, while the G band originates from the in-plane
stretching motion of symmetric sp> C—C bonds.””] The I/
I; intensity ratio is a measure of the degree of disorder and
average size of the sp? domains.?®! It can be observed that the
Ip/Ic ratios of pristine GA, a-SnO,/GA, and ¢-SnO,/GA are
1.46, 1.70, and 1.70, respectively. The increase in the ratio of I,/
I; indicates a decrease in the size of the sp? carbon domains,
due to the anchoring of SnO, quantum dots on the GA.?8l The
weight percentages of SnO, in the as-prepared products were
determined using thermogravimetric analysis (TGA). In the
a-Sn0,/GA sample (Figure 1c), the peak at 64 °C is due to the
removal of moisture and the two peaks at 229 and 289 °C cor-
respond to the decomposition of oxygen-containing groups.
These three peaks are not observed for the ¢-SnO,/GA sample
(Figure 1d), due to the annealing process. Both samples show a
peak at 396 °C associated with the burning of GA in air. Con-
sequently, the SnO, loadings of a-Sn0O,/GA and c-SnO,/GA are
about 50.7% and 54.4%, respectively.
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The chemical composition of a-SnO,/GA and c¢-SnO,/GA
was carefully investigated via X-ray photoelectron spectros-
copy (XPS). As described in Figure 2a, the full spectrum result
shows the existence of C, O, and Sn in the SnO,/GA, with no
impurity peaks, which confirms the high purity of the compos-
ites. The Cls XPS was measured to check the changes in the
chemical state of a-SnO,/GA and c¢-SnO,/GA. In Figure 2b,
the Sn 3d 3/2 and Sn 3d 5/2 peaks depicted in the fine spec-
trum of Sn 3d confirm that the Sn atoms are in the form of
Sn0,.2! Figure 2c,d compared the Cls spectra of a-SnO,/
GA and ¢-SnO,/GA. Obviously, the Cls peak of both SnO,/
GA can be resolved into four components: graphitized carbon
(284.5 eV), carbon in C—O bonds (286.6 eV), carbonyl carbon
(C=0, 287.6 eV), and carboxyl carbon (O—C=0, 288.9 eV).3%
Interestingly, the intensity of these oxygen-containing groups
in the ¢-Sn0O,/GA is lower than that of a-SnO,/GA. The area
percentage of the peaks in the Cls spectra of a-SnO,/GA and
¢-Sn0,/GA are quantified, and the values are listed in Table S1
(Supporting Information). Obviously, the major bonding spe-
cies are C—C. It is worthy to note that the total area percentage
of oxygenated functionalities in a-SnO,/GA and ¢-SnO,/GA
are estimated to be 35% and 19%, respectively. The decrease
of oxygen-containing groups in ¢-Sn0O,/GA confirms that the
GA was further reduced upon annealing process. Furthermore,
more information on surface functional group of the both
SnO,/GA was studied by FT-IR spectroscopy (Figure S1, Sup-
porting Information). The absorption bands 1399-1064 cm™
are ascribed to the C=0, the absorption bands at 1729 cm™ are
ascribed to the C=O0 stretching of —COOH, and the broader
peak around 3407 cm™' is assigned to hydroxyl groups.!
Notably, compared to a-SnO,/GA, the intensities of ¢-SnO,/GA
spectra associated with oxygen-containing groups decrease due
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Figure 2. XPS analysis of a-SnO,/GA and c-SnO,/GA: a) the survey spectrum; b) Sn 3d spectra; C 1s spectra of (c) a-SnO,/GA and (d) c-SnO,/GA.
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Figure 3. Typical SEM images of (a,b) pristine GA, (c,d) a-SnO,/GA, and (e,f) c-SnO,/GA.

to obvious loss of some functional groups during annealing
process. This phenomenon may be ascribed to two factors:
(@) the GA was further reduced during annealing; and (b) the
stronger interaction between amorphous SnO, and GA. To fur-
ther confirm the interaction between amorphous SnO, and GA,
the crystalline SnO,/GA-3 (see Figure S2a—e in the Supporting
Information for the detailed information) were successfully
obtained by extending the hydrothermal reaction time up to 3
h. Through carefully comparing the region related with oxygen-
containing groups in Figure S2f (Supporting Information), it
can be surmised that the bonding with strong interaction may
be formed between amorphous SnO, and GA.['*d

The morphological features of the synthesized products were
investigated by scanning electron microscopy (SEM) and the
results are shown in Figure 3. Pristine gossamer GA is pre-
sented in Figure 3a,b. Moreover, it can be seen that the average
layer number of GA is 9 (see Figure S3, Supporting Informa-
tion). The specific surface area was estimated to be around
345 m? g based on the nitrogen adsorption-desorption
analysis using the Brunauer-Emmett-Teller (BET) method.
For both a-Sn0O,/GA and c-SnO,/GA, the low-magnification
SEM images (Figure 3c,e) show that the SnO, nanoparticles are
homogeneously anchored on wrinkled and folded GA. High-
magnification images (Figure 3d,f) demonstrate that the particle

wileyonlinelibrary.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MatenaIsVnews.com

size of amorphous SnO, is much smaller
than that of crystalline SnO,. Basically, the
XPS and FTIR results illustrate that c-SnO,/
GA show less oxygen-containing groups com-
pared to a-SnO,/GA, which may probably
weaken the bonding strength between SnO,
and GA, resulting in the aggregation and
increscent particle size of crystalline SnO,.
Additionally, as seen in Figure S4 (Sup-
porting Information), the elemental mapping
images of a-Sn0O,/GA reveal that Sn, O, and
C are uniformly distributed in the products.

High-resolution transmission electron
microscopy (HRTEM) clearly distinguished
the difference between ¢SnO,/GA and
a-Sn0O,/GA. The obvious basal spaces in
Figure S5b (see Supporting Information) and
the absence of lattice fringing in Figure S5d
(see Supporting Information) well match our
design of crystalline and amorphous SnO,/
GA. To further confirm this point, high-angle
annular dark-field (HAADF) STEM images
and selected area diffraction (SAED) pat-
terns of ¢-SnO,/GA and a-SnO,/GA were car-
ried out. Aberration-corrected STEM images
(Figure 4a,b) reveal the uniform distribu-
tion of SnO, on GA. The continuous lattice
fringes of ¢-SnO,/GA are clearly observed in
Figure 4c, indicating that the SnO, particles
are well-crystallized in ¢-SnO,/GA. In detail,
the lattice spacings of 0.336 nm correspond
to the (110) plane of rutile SnO,, and the par-
ticle dimensions are in the range of 5-10 nm.
Differing from ¢-SnO,/GA, a-SnO,/GA have
irregular shapes (no lattice fringing) associ-
ated with the amorphous state of the SnO, particles (Figure 4d),
with a particle size of about 2—4 nm. Simultaneously, it can be
seen from the SAED patterns (Figure 4e,f) that c-SnO,/GA and
a-Sn0,/GA exhibit obvious differences due to the crystallinity
of SnO,. Remarkably, Figure 4e illustrates a well-resolved set
of concentric rings, which can be identified as rutile-like SnO,
(JCPDS No. 41-1445), confirming a high degree of crystal-
linity of Sn0,.B% Conversely, no diffraction rings present in
Figure 4f demonstrates a typical amorphous structure of SnO,
in the composites. All of these results are in good agreement
with the results obtained by XRD and HRTEM.

Cyclic voltammetry (CV) was carried out to investigate the
electrochemical behavior of a-Sn0O,/GA and ¢-SnO,/GA anodes
with sodium. Figure 5a—c illustrates the initial four CV curves
of as-prepared products at a scan rate of 0.1 mV s7! in a voltage
range of 0.01 to 3.0 V. It can be seen from Figure 5a that no
obvious cathodic and anodic peaks emerge, showing typical
characteristics of pristine GA anodes for SIBs. The CV profiles
of a-Sn0,/GA and c¢-SnO,/GA are similar. Simultaneously,
there are obvious differences between the first cycle and longer-
term cycling. On one hand, in the first cycle, the cathodic peaks
ranging from 1.31 to 0.78 V are associated with the formation of
the solid electrolyte interphase (SEI) film on the electrode sur-
face and the electrochemical reaction of SnO, with Na forming

Adv. Energy Mater. 2016, 6, 1502057
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Figure 4. Representative high-angle annular dark-field (HAADF) STEM images, high-resolution HAADF-STEM images, and selected-area diffraction

(SAED) patterns of (a,c,e) c-SnO,/GA and (b,d,f) a-SnO,/GA, respectively.

Sn and Na,O which provides the matrix for embedding of
Na,Sn alloys,? as described by Equation (1). But these peaks
disappear in subsequent cycles, indicating that this irreversible
reaction only occurs in the initial cycle.’3] On the other hand,
two anodic peaks are distinguished at =0.23 and 1.5 V, which
suggests that the phase transition during the alloying and deal-
loying processes is more distinctly given by Equation (2).[3]
Additionally, all redox peaks remain almost unchanged in the
2nd, 3rd, and 4th cycles, showing good electrochemical reversi-
bility of the SnO,/GA anodes. Hence, it can be observed that
the Na-Sn alloying/de-alloying processes are qualitatively analo-
gous to their Li-Sn counterparts.?!

Galvanostatic charge-discharge experiments were per-
formed to evaluate the electrochemical performance of the
as-prepared products. The charge-discharge curves of pris-
tine GA, a-SnO,/GA, and ¢-SnO,/GA electrodes are shown
in Figure 5d—f in the 1st, 2nd, 10th, 50th, and 100th cycles at
a current density of 50 mA g! in a voltage range of 0.01 to
3.0 V. The first discharge capacity of the pristine GA is 349.6
mAh g}, but the first charge capacity is only 12.4 mAh gL
In other words, the initial irreversible capacity loss is about
337.2 mAh g}, which corresponds to a low initial Coulombic
efficiency of 3.5%. This indicates that the pristine GA shows
very low electrochemical activity as SIB anodes. Meanwhile, the
a-Sn0,/GA anode deliver initial discharge and charge capaci-
ties of 541.6 and 247.6 mAh g™}, respectively, while the c-SnO,/
GA anode shows lower initial discharge and charge capacities
(342.8 and 114.7 mAh g7!, respectively). More strikingly, the
discharge and charge capacities of a-SnO,/GA are higher than
those of ¢-Sn0O,/GA upon cycling. Thus, XPS was employed to
reveal the chemical state of Sn in the ¢-SnO,/GA before and
after discharge, as shown in Figure S6 (Supporting Informa-
tion). Apparently, after discharging to 0.01 V from OCV, the
Sn 3d peaks are deconvoluted into two components: (493.0 eV,

Adv. Energy Mater. 2016, 6, 1502057
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484.9 eV) and (494.3 eV, 486.4 eV), and they correspond to Sn°
and Sn?* states,?* respectively, indicating that the conversion
from SnO, to Sn is incomplete. It can explain why the c-SnO,/
GA show a low capacity. In Figure Sef, the first discharge pro-
files show an irreversible plateau at around 1.25 V, which only
appears in the first cycle and is likely due to the formation of the
SEI film and the irreversible reaction between SnO, and Na,??!
as described by Equation (1). In the following charge—discharge
processes, no significant capacity fade can be found. This phe-
nomenon agrees well with the results of the CV profiles.

For comaparion, the SnO, nanoparticles were synthesized
via a facile reflux method (see the Supporting Information for
the detailed information). The morphological and structural
features of nanoparticle SnO, were shown in Figure S7 (Sup-
porting Information), and it can be seen that the particle size
is about 15 nm. Figure 6a compares the cycling performance
of the pristine GA, bare SnO,, a-Sn0O,/GA, and c-SnO,/GA
anodes cycled at a current density of 50 mA g! (based on the
composites mass). As seen clearly, the pristine GA exhibits a
low specific capacity of 10 mAh g! in the 100th cycle. Note that
the bare SnO, exhibit poor cycle life and it falls to 2 mAh g
after 100 cycles. As mentioned in the Figure S7 (Supporting
Information), the poor performance of SnO, anode results
from the bigger particle size and large volume change during
charge and discharge processes. Interestingly, the coopera-
tion of SnO, and GA greatly increased the specific reversible
capacity. However, the capacities of the a-SnO,/GA and c-SnO,/
GA during cycling illustrate different behaviors. The reversible
capacity of a-SnO,/GA continuously decreases from the 1st
cycle to the 6th cycle. More importantly, its discharge capacity
tends to level off from the 7th cycle to the 100th cycle. The
discharge capacity in the 100th cycle accounts for a retention
by 91.7% in comparison to that of the 6th cycle. By contrast,
the ¢-SnO,/GA deliver poor performance with high capacity
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Figure 5. The cyclic voltammetry curves of (a) pristine GA, (b) a-SnO,/GA,
0.01-3.0 V. The discharge/charge profiles of (d) pristine GA, (e) a-SnO,/GA,

fade of 83.0% after 100 cycles compared to 6th cycle. Undoubt-
edly, the a-SnO,/GA achieve better cycling performance, origi-
nating from the intrinsic isotropic nature and the smaller size
of amorphous SnO, particles. To highlight the effects of SnO,
crystallinity on cycling performance, we performed the nor-
malization to remove the effect of GA matrix and compared
the specific capacities of amorphous and crystalline SnO, (see
Figure 6b). It can be seen that the discharge capacity of the
amorphous SnO, is 380.2 mAh g! after 100 cycles, which is
almost three times as much as 138.6 mAh g associated with
the crystalline SnO,. Notably, the cycling performance of both
amorphous and crystalline SnO, is unstable due to the variable
temperature in the testing room. The rate capability of amor-
phous and crystalline SnO, was further studied to confirm the
importance of crystallinity, as shown in Figure 6¢ (see Figure S8
in the Supporting Information for a-SnO,/GA and ¢-SnO,/GA).
The amorphous SnO, displays an excellent rate capability. It is
capable of delivering substantial capacities of 576.2, 274.6, 200,
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and (c) c-SnO,/GA at a scan rate of 0.1 mV s7' in the voltage range of
and (f) ¢-SnO,/GA in the 1st, 2nd, 10th, 50th, and 100th cycles.

133.6, and 84.4 mAh g! at current densities of 50, 100, 200,
400, and 800 mA g!, respectively. More strikingly, when the
current density is reversed back to 50 mA g! after 76 cycles, a
specific discharge capacity of 370.6 mAh g! is obtained, which
is much higher than that of the crystalline SnO,. Figure 6d
compared the discharge capacities of the second cycle at each
current density for the amorphous and crystalline SnO, anodes.
Notably, the amorphous SnO, shows superior rate capability
compared to crystalline SnO,. These results clearly confirm that
the anode crystallinity results in different cycling performance
and rate capability. The amorphous SnO, anode can effectively
improve SIB performance at various rates, which is a desirable
characteristic for high power applications.

To obtain a more thorough insight into the different elec-
trochemical behaviors, electrochemical impedance spectros-
copy (EIS) was performed at a charged state of 1.5 V in the 1st,
10th, and 100th cycles, shown in Figure 7a,b. Simultaneously,
both EIS measurements exhibit two compressed semicircles

Adv. Energy Mater. 2016, 6, 1502057
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Figure 7. The electrochemical impedance spectroscopy of (a) a-SnO,/GA and (b) c-SnO,/GA in the Tst, 10th, and 100th cycles; c) The corresponding
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followed by a linear section. It can be seen that a-SnO,/GA
have low impedance values compared to ¢-SnO,/GA. The EIS
curves were fitted by an equivalent circuit (see Figure 7¢).2% In
the equivalent circuit, Ry denotes electrolyte ohmic resistance,
and Z,, is Warburg resistance originating from the diffusion
of Na* in the electrode bulk as depicted in the low frequency
region of the sloping line.’”) The two depressed semicircles
observed at high and medium frequencies are related to the
resistance (Ry) and constant phase elements (CPEg;) of the
SEI film, as well as the charge transfer resistance (R,) and con-
stant phase elements (CPE,) of the electrode, respectively.>2%:38l
The R can be strongly influenced by cycling mainly due to
the enlarging polarization of the electrode during long cycle
times.% As shown in Figure 7d, the R, values of a-SnO,/GA
in the 1st, 10th, and 100th cycles are 110.6, 90.82, and 18.31
Q, while the values of ¢-SnO,/GA are 246.8, 201.3, and 162.7
Q, respectively. Thus, it can be seen that the ¢-SnO,/GA show
higher charge transfer resistances than a-Sn0O,/GA. In addition,
with increasing cycles, the R, values of both a-SnO,/GA and
¢-Sn0,/GA continually decreased, mainly due to the reduction
of SnO, to metallic Sn. Since the sodium insertion and extrac-
tion reaction rates are governed by Na* diffusion and electron
conductivity, the increased electronic conductivity resulting
from formation of metallic Sn during the first cycle would be
beneficial for reducing the R, indicating enhanced Na* elec-
trochemical kinetics.*Yl More significantly, the sufficient con-
tact between the active material and the electrolyte leads to
the enhanced electrode activity and reduced the impedance of
R..1*¥l Meanwhile, the decreased R, illustrate that the SnO,/GA
electrode may probably experience a slow activation process.*!

——0.1mVs'

——02mVs’
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s
-
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——0.6mvs"
——08mVs"
00 05 1.0 15 20 25 3.0
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In the case of Ry, as a result of the slow growth of the SEI film
on the electrode surface, the value continued to increase during
the charge—discharge cycles.

Based on Equations (3) and (4)

Dy, = R’T*/2n'F'c,. A’C? (3)
Z'=R+o,0 " 4)

EIS was employed to calculate the Na* transfer coefficient to
better study the effect of crystallinity for sodium storage per-
formance. In Equations (3) and (4), R, T, n, F, A, C, and o,
are the gas constant, the absolute temperature, the number
of electrons per molecule during oxidation, the Faraday’s con-
stant, the surface area of the electrode, the Na* concentration
in the electrode material, and the Warburg coefficient, respec-
tively.*?l The results are shown in Figure 7e. Using Equa-
tions (3) and (4), it can be estimated that the sodium diffusion
coefficient of the a-Sn0,/GA is 3.184 x 1077 cm? s7! which is
almost 3.8 times as much as 8.223 x 107!® cm? s7! associated
with the ¢-SnO,/GA. The enhanced Na* diffusion coefficient
of a-Sn0,/GA may be attributed to the intrinsically isotropic
nature of amorphous materials. To further investigate the
kinetics of sodium insertion/extraction into/from the electrode,
a series of CV curves with various scan rates of 0.1, 0.2, 0.4,
0.6, and 0.8 mV s7! were recorded to study the Na* diffusion
coefficient of a-SnO,/GA and ¢-SnO,/GA. In Figure 8, one can
see that an increase of scan rate causes a progressive shift of
the anodic peaks to higher potential as well as an increase in
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Figure 8. The CV curves in the potential range of 0.01-3.0 V at scanning rates of 0.1, 0.2, 0.4, 0.6, and 0.8 mV s™' for (a) a-SnO,/GA and (b) c-SnO,/

GA,; c) The relationship between I, and v'/? for a-SnO,/GA and ¢-SnO,/GA.
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Figure 9. Typical SEM images of (a) c-SnO,/GA and (b) a-SnO,/GA after 100 charge/discharge cycles; TEM, HRTEM images of (c,d) c-SnO,/GA and
(e,f) a-SnO,/GA after 100 cycles, respectively. The inset in (f) is the SAED pattern of cycled a-SnO,/GA.

peak height. Meanwhile, the linear relationship between I, and
v1/? indicates that the reaction kinetics is controlled by the Na*
diffusion process.>>*3l The Na* coefficient is evaluated by the
Randles-Sevcik equation*4!

I, =2.69x10°n’?AD"*y'*C, (5)

where I, is the peak current, n is the charge-transfer number,
A is the geometric area of electrode, C; is the concentration of
Na* in the solution, v is the potential scan rate, and D is the
diffusion coefficient of Na*. According to Equation (5), the Na*
diffusion coefficients of a-SnO,/GA and c-SnO,/GA are esti-
mated as 1.958 x 1071° and 9.747 x 10777 cm? s7!, respectively.
It can be calculated that the Na* diffusion coefficient of a-SnO,/
GA is two times higher than that of ¢-SnO,/GA. The high diffu-
sion coefficient explains why a-SnO,/GA could exhibit a better
sodium storage performance.

Long-term cyclability has been crucial but challenging for
rechargeable SIBs, due to the difficulty in alloying/dealloying

Adv. Energy Mater. 2016, 6, 1502057
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of the large sodium ions.*! In this regard, large volume change
inevitably occurs upon cycling, resulting in the morphology
change of the anodes. The morphologies of cycled ¢-SnO,/GA
and a-SnO,/GA anodes after 100 cycles were observed by SEM
and TEM. Figure 9a,b present SEM images of the aforemen-
tioned products. In comparison to the pristine morphology
before cycling, one can see from Figure 9a that crystalline
SnO, particles are seriously pulverized to smaller particles due
to the strong volume expansion/contraction upon cycling.[®]
This pulverization causes loss of electrical contact between
the SnO, and GA or conductive agent. As a result, the utiliza-
tion efficiency of the active materials greatly decreases, which
leads to the poor performance of SIBs. By contrast, the pul-
verization of amorphous SnO, seems weaker compared with
that of crystalline SnO,/GA (see Figure 9b). Furthermore, the
TEM images in Figure 9c,d show the structure of the c-SnO,/
GA after 100 cycles. Apparently, under the stresses caused by
large volume changes, it is possible that some crystalline SnO,
particles are pulverized. At the same time, particle aggregation
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Scheme 1. The morphological evolution of (a) ¢-SnO,/GA and (b) a-SnO,/GA as the anodes
in the charge/discharge cycles: (1) the first discharge, pristine SnO,/GA transform into Na,Sn/
GA, (Il) the subsequent charge and discharge processes, alloying and dealloying of Na,Sn, and
(1) with increased cycling number, some active materials lose their electrical contact with the

GA matrix.

of cycled crystalline SnO, occurs. As shown in Figure 9e(f,
the TEM images of cycled a-SnO,/GA reveal that particles are
homogeneously distributed in the GA, and the HRTEM image
further confirms that the dimensions of the particles are in the
range of 4-5 nm. Intriguingly, some particles showing clear lat-
tice fringes are observed. Meanwhile, the corresponding SAED
(inset of Figure 9f) exhibits a well-resolved set of concentric
rings. Both indicate that the resultant particles are substantially
crystalline.

The schematic diagram representing the morphological evo-
lution of ¢-Sn0O,/GA and a-Sn0O,/GA anodes during the charge/
discharge cycles is presented in Scheme 1. The conductive
matrix GA can relieve SnO, volume changes during charge/dis-
charge cycles to some extent,2%) however, the pulverization of
particles is inevitable due to large volume expansion and con-
traction upon cycling. With increased cycling number, however,
less active material of the a-SnO,/GA lose electrical contact
with the matrix compared to ¢-SnO,/GA due to the isotropic
nature of the amorphous SnO, (as illustrated in Scheme 1b).
Therefore, the performance improvement of amorphous
SnO, is due to several aspects: (a) intrinsic isotropic nature
could effectively better function to relieve the volume expan-
sion/shrinkage upon cycling;*’! (b) the enhanced Na* diffu-
sion coefficient of amorphous SnO, is about two times higher
than that of crystalline SnO,; and (c) a-SnO,/GA exhibit more
oxygen-containing groups, and the bonding may be easily
formed between amorphous SnO, and GA. The strong inter-
action resulting from the bonding could mitigate the elctrical
contact loss of the anode material with GA matrix. The cycling

wileyonlinelibrary.com
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performance of the anodes may benefit from
some functional groups on the matrix. In
addition, amorphous SnO, particles with the
smaller size demonstrate better function to
relieve the volume expansion/shrinkage and
make less active material lose electrical con-
tact with the matrix. As a consequence, the
a-Sn0,/GA electrode exhibits a better cycling
performance and rate capability in SIBs.

As discussed above, a-SnO,/GA showed
superior capacity retention upon cycling.
However, relatively low specific capacity
was observed due to the low mass loading
of SnO, (50.7%, a-Sn0O,/GA-I) in the com-
posites. To address this disadvantage, we
11 further explored higher mass loading of
SnO, particles (90.5%, a-SnO,/GA-II) to
improve the sodium—ion storage perfor-
mance, as shown in Figure 10a. Remarkably,
by increasing the mass loading of SnO,, the
electrochemical performance of the a-SnO,/
GA-II is significantly improved, as shown
in Figure 10b,c (based on the composites
mass): (1) they maintain a reversible capacity
of 297.4 mAh g after 70 cycles, which is
higher than a-SnO,/GA-l (177.8 mAh g™)
(Figure 10b). (2) In terms of the rate perfor-
mance, a-SnO,/GA-II exhibits enhanced dis-
charge capacities of 388.3, 312.2, 262.9, 201.4,
and 168.8 mAh g! at current densities of
50, 100, 200, 400, and 800 mA g, respectively. The capacity
recovers to 291.2 mAh g! when the current density returns
to 50 mA g (Figure 10c). (3) As described in Figure 10d, the
a-SnO,/GA-II anodes sustain high capacity retention at cur-
rent densities of 50, 100, 200, 400, and 800 mA g~!. All results
clearly demonstrate that the facile design of a-SnO,/GA anodes
significantly increases the performance of SIBs.

3. Conclusions

In summary, amorphous and crystalline SnO,/GA were suc-
cessfully synthesized as anode materials for SIBs. For the first
time, this study reported the significant impacts of SnO, crystal-
linity on sodium storage performance. Our results clearly show
that amorphous SnO, delivers an improved specific capacity,
cycling stability, and superior rate capability compared to crys-
talline SnO,. For instance, the discharge capacity of the amor-
phous SnO, is 380.2 mAh g after 100 cycles, which is almost
three times as much as 138.6 mAh g associated with the
crystalline SnO,. Furthermore, the a-SnO,/GA exhibits a high
capacity retention of 91.7% relative to the 6th cycle over 100
cycles. By contrast, the crystalline SnO,/GA delivers poor per-
formance with high capacity fade of 83.0% after 100 cycles com-
pared to 6th cycle. Additionally, the sodium diffusion coefficient
of the amorphous SnO, is almost two times higher than that of
crystalline SnO,. These results demonstrate that the anode crys-
tallinity strongly affects SIB performance. More signicantly, the
impressive electrochemical performance of a-SnO,/GA could

Adv. Energy Mater. 2016, 6, 1502057
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Figure 10. a) TGA curves of a-SnO,/GA-I and a-SnO,/GA-Il; b) Comparison of the cyclic performance of a-SnO,/GA-I and a-SnO,/GA-Il at a current
density of 50 mA g'; c) Rate capability of a-SnO,/GA-l and a-SnO,/GA-Il at various current densities: (i) 50, (i) 100, (iii) 200, (iv) 400, (v) 800, (vi)
400, (vii) 200, and (viii) 50 mA g'; d) The capacity retention of a-SnO,/GA-I and a-SnO,/GA-lI at 100, 200, 400, and 800 mA g~' in comparison to the

discharge capacity at 50 mA g~

be attributed to the intrinsic isotropic nature, the enhanced
Na* diffusion coefficient, and the strong interaction between
amorphous SnO, and GA. In addition, amorphous SnO, parti-
cles with the smaller size better function to relieve the volume
expansion/shrinkage. Consequently, our study provides an
important direction for the design of electrode materials with
large volume changes for SIBs. Moreover, the facile synthesis
of amorphous SnO,/GA might be one of the most promising
strategies for high-performance SIB anode materials.

4. Experimental Section

Synthesis of the a-SnO,/GA and ¢-SnO,/GA: Graphite oxide (GO) was
synthesized by a modified Hummer's method using natural graphite
powder as the starting material, which has been reported in our previous
work.*l In a typical synthesis of the composites, 60 mg SnCl,-2H,0
(Tianjin Fengchuan Chemical Reagent Science And Technology Co.,
Ltd. > 98.0%) was first dispersed in 60 mL ethylene glycol (Tianjin
Jiangtian Chemical Technology Co., Ltd.) under vigorous magnetic
stirring for 1 h. Meanwhile, 39 mg GO was dispersed in 60 mL ethylene
glycol by ultrasonication. After 25 min of ultrasonic treatment, the GO
suspension in ethylene glycol was added slowly into the above solution
using a peristaltic pump to form a homogeneous mixture. Subsequently,
the resultant suspension was transferred to three 50 mL Teflon-lined
autoclaves and maintained in an oven at 160 °C for 1.5 h. After the
autoclave was cooled down, the products were separated and washed
with ethanol and water several times via centrifugation and then freeze-
dried. The resultant product was the a-SnO,/GA. Subsequently, the
product was annealed at 400 °C for 4 h under an argon atmosphere, and
the ¢c-SnO,/GA were obtained. In addition, pristine GA was synthesized
via a similar method without SnCl,-2H,0.

Adv. Energy Mater. 2016, 6, 1502057
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Physical Characterization: The microstructures of the as-prepared
products were investigated by X-ray diffraction (XRD, DX-2700) with
Cu-Ka radiation at a scanning rate of 8° min~'. Raman spectra were
recorded using a LabRAM HR800. The thermal properties of as-prepared
products were characterized via thermogravimetric analysis (TGA,
Pyris Diamond6000 TG/DTA, PerkinElmer Co, America) in air over a
temperature range of 25-840 °C. The chemical compositions and surface
element states of the samples were carried out by X-ray photoelectron
spectroscopy (XPS, VG ESCALAB MK IlI). The structural morphologies
of the synthesized composites were examined by scanning electron
microscopy (SEM, SU8010, Hitachi) coupled with energy-dispersive
spectroscopy (EDS), and by transmission electron microscopy (TEM,
JEOL JEM-3000F). In particular, the morphologies of the cycled products
were characterized by using a vacuum transfer box to move the
samples to the above-mentioned SEM. Aberration-corrected scanning
transmission electron microscopy (STEM) was performed using a
JEOL ARM200F (JEOL, Tokyo, Japan) transmission electron microscope
operated at 200 keV. The microscope was equipped with a CEOS (CEOS,
Heidelberg, Germany) probe aberration corrector.

Electrochemical Performance: The composite electrodes consisted
of 70% active material, 20% conductive carbon black, and 10%
polyvinylidene fluoride (PVDF) by weight, and were prepared by casting
the mixture on copper foil. Subsequently, they were dried in a vacuum
oven at 80 °C overnight. Subsequently, the electrodes were punched
into 12 mm diameter disks and the mass loading of the active material
was about 0.44 mg cm™2. The electrolyte used was 1 m NaClO, in a
mixture of ethylene carbonate (EC) and propylene carbonate (PC) (2:1
by volume) with a 10 vol% addition of fluoroethylene carbonate (FEC).
The testing cell contained the working electrode, sodium metal as the
counter and reference electrodes, and a glass fibre (GF/F, Whatman)
as the separator. Electrochemical performance was evaluated using
a CR2032-type coin cell assembled in an argon-filled glove box where
both the moisture and oxygen concentrations were below 0.1 ppm. The
charge—discharge characteristics were measured at a current density of
50 mA g™ in fixed voltage limits of 0.01 to 3.0 V via a multichannel Land
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battery test system (LANHE CT2001A). The rate capability tests were
performed at 50, 100, 200, 400, and 800 mA g~' in the same voltage
range. Cyclic voltammetry (CV) tests were carried out with a Princeton
Applied Research VersaSTAT4 at a scan rate of 0.1 mV s within the
potential range of 0.01-3.0 V. Electrochemical impedance spectroscopy
was performed from 100 kHz to 0.01 Hz at an amplitude of 5 mV with
the Princeton Applied Research VersaSTAT4.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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