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Volumetric performance of lithium ion batteries becomes increasingly significant in applications of miniaturized
consumer electronics, such as cellphones. Herein, we report a successful design of compact Sn/SnO; microspheres
with a concentration gradient assembled by nanoparticles to realize high volumetric performance. In the struc-
ture, the secondary microsphere is able to offer more compact space in realizing higher volumetric capacity. The
primary nanoparticles condense together, leading to a dense and porous structure, which can provide more
efficient utilization of volume as well as effectively minimize volume variation. Due to the utilization of micro-
structure as well as the concentration gradient structure, the concentration gradient Sn/SnO2 microspheres
deliver a high volumetric capacity (1593 mAh cm™3 at 200 mA g ! after 200 cycles), outstanding rate capability
(retaining a capacity of 1230 mAh cm ™), and stable cycling performance (a capacity retention of 97% after 900
cycles at 5Ag™!). This concentration gradient microsphere structure not only provide a high performance
conversion-type composite anode, but also a strategy to engineer the energy density of anode materials in

compact space towards high energy density.

Concerns over the increasing energy consumption per capita and fast
development of new energy intermittent sources, such as solar and wind
or even geothermal energy, stimulate the urgent needs for high perfor-
mance energy storage device [1-7]. Among the current developing and
developed energy storage devices, lithium ion batteries have dominated
the energy storage device for portable electronics, electric vehicles,
aerospace, and so on [8]. However, the development of lithium ion
batteries towards higher energy and power densities, falls short from the
rapidly developing of high energy consumption areas, such as electric
viechle and portable electronics [9-11]. The electrodes are the limiting
factors in determining the perfomance of lithium ion batteries. Notably,
graphite as commercial anode materials, with low theoretical mass ca-
pacity of 372 mAh g~ as well as low volumetric capacity (theoretical
818 mAh cm ™3, practical 550 mAh cm™), lead to a low device energy
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density (150 Wh kg™ 1), which does not meet the electric vehicles re-
quirements [12-20]. Thus, it is of great importance to develop new anode
materials with high theoretical capacities for the next-generation high
energy lithium ion battery [21,22]. Among those, tin oxides have
received considerable attentions due to the high energy density and
multistep reaction pathway. Typically, tin oxide usually undergoes a
conversion reaction (SnO, + 4Li* 4+ 4e”« Sn + 2Li,0) with a potential
plateau of ~1.2 V and an alloying reaction (Sn + xLi" 4 xe™ < Li,Sn)
at~ 0.5V, delivering theriotical capacities of 711 and 783 mAh g},
respectively. In this way, SnO5 and Sn are able to deliver theoretical
capacities of 1494 and 992 mAh g™}, respectively. However, successfully
utilizing the high reversible capacity of SnO5 is hindered mainly by the
disintegration of the electrode structure as well as the poor reversibility
of the conversion reaction.
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Recently, nanostructured electrodes have been demonstrated a very
successful strategy to release the large volume expansion and stablize the
electrode/electrolyte interphase of the anode for lithium ion battery.
Various nanostructures have been successfully designed and high
reversible gravimetric capacities and outstanding cycling stability have
been achieved [23-29]. However, when electrode is nanostructured,
they often show higher surface area. The nanostructured electrode often
shows low tapping density, which leads to low volumetric capacity.
Recent progress on tin-based materials, mostly focuses on improvements
in the gravimetric capacity and the cycling performance. Moreover, as
the volume expansion of tin oxide during the lithiation state is quite high
compared with the intercalation electrode, restricting real volumetric
performance in application of portable device [30-36]. Another draw-
back of the nanostructure electrode is that higher surface area would
result in more electrolyte decomposition, leading to unsatisfied initial
coulombic efficiency. Thus, it is highly desirable to design electrode with
combining the advantages of the nanostructured electrode and excellent
volumetric performance.

Herein, we report a successful design of compact Sn/SnO; micro-
spheres with a concentration gradient (denoted as Sn/Sn0O,) assembled
by nanoparticles to realize high volumetric performance and high initial
coulombic efficiency. In this specially designed structure, Sn is rich in-
side, contributing to high volumetric capacity while the concentration of
SnO, is high outside, improving cycling stability. Due to the utilization of
microsphere as well as the concentration gradient structure, the Sn/SnO
delivers a high initial coulombic efficiency of ~86%, a high volumetric
capacity (1593 mAh cm™> at 200 mA g~ after 200 cycles), outstanding
rate capability (retaining a capacity of 1230 mAh cm ™ at 5 A g™ 1), stable
cycling performance (at 5A g™}, a capacity retention of 97% is achieved
after 900 cycles). Through in-situ and ex-situ characterizations, the sec-
ondary microsphere can efficiently make full use of the pore inside and
shows much smaller volume expansion compared with the primary ag-
gregates. Additionally, a laddered-type volume expansion is proposed
and the strain can be well released along the microsphere, leading to
excellent mechanic integrity and cycling stability. It is believed that the
advantages above make compact Sn/SnO, microspheres a promising
alternative for next-generation lithium ion batteries.

1. Discussion

Fig. 1a shows the X-ray diffraction (XRD) pattern of Sn/SnO; and two
sets of reference patterns, namely, the tetragonal Sn (JCPDS No. 00-004-
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0673, space group: I4;/amd) and the tetragonal SnO, (JCPDS No. 01-
077-0447, P4y/mnm), can be well indexed in the pattern. No other
peaks are observed, suggesting no other impurities in the composite,
except Sn and SnOs. The crystal structure is investigated through Riet-
veld refinement implemented by TOPAS 4.2 and the ratio of Sn to SnO is
revealed and the weight ratio of Sn is 39.31 wt%. Thus, the molar ratio of
Sn:SnO; is 1:1.2. The morphologies of the samples were then charac-
terized by SEM and TEM. Fig. 1b and c show that the product is composed
of uniform microspheres and the size of the sphere is ranging from 0.6 to
2pm. The microsphere is assembled by nanoparticles aggregations,
forming abundant pores. Fig. 1d presents the line profile across a
microsphere and the O/Sn ratio gradually increase towards outside,
suggesting that metal tin mainly exists inside the microsphere while
oxide lies outside the microsphere. Meanwhile, the EDS elemental
mapping in Fig. 1d shows that Sn, O, and C were uniformly distributed in
the range of the microsphere. The TEM image in Fig. 1e reveals that the
microsphere is assembled by nanoparticles. The HRTEM image in Fig. 1f
shows the small particle with lattice fringe spacings of 2.78 A, corre-
sponding to the (101) plane of Sn, and the large particle with the lattice
fringe spacings of 2.36 A, corresponding to the (200) plane of SnO,,
which further confirms that the product is composed of both Sn and
Sn0,. The precursor shows a solid microsphere in Figs. S1 and S2, and
the pyrolysis of precursor in the air leads to the formation of solid SnO,
microspheres (denoted as SnOy) in Figs. S3, S4, and S5. The formation of
the Sn/SnO; is due to that during the pyrolysis process of Sn/C com-
posite, Sn and carbon would be oxidized simultaneously. However, car-
bon would be oxidized ahead of the Sn as SnO3 would also be reduced by
carbon. Thus, the Sn/SnO; is controlled by the differential oxidation rate
of carbon and tin. No carbon is observed in Sn/SnO, and SnO; micro-
spheres as shown in the Raman spectrum in Fig. S6.

To further identify the chemical state of the Sn/Sn0O,, depth profile
XPS measurements were carried out and the concentration of Sn and O as
well as the Sn/O ratio vs. etching time is plotted in Fig. 2a. The oxygen
concentration gradually tapers off while the Sn concentration grows
higher, further supporting the concentration gradient structure. The Sn/
O ratio gradually increases from 0.54 to 6, suggesting that the product is
composed of Sn and SnO,. The Sn 3d XPS spectrum before etching is
shown in Fig. 2b. The spectrum indicates the existence of Sn** (98.6%) as
well as a mere part of Sn° in the surface of the micrpsphere. However, on
the contrast, after 120 min etching, the Sn 3d XPS spectrum shows a vast
majority of Sn°® in the spectrum, suggesting that the inner side of the
microsphere is composed of Sn°. Furthermore, the pore size distribution

Fig. 1. a) XRD pattern of Sn/SnO,. b, ¢) SEM images of Sn/SnO, and d) corresponding line scan profile and EDS mapping. e, f) TEM images of Sn/SnO,.
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Fig. 2. a) Depth profile of XPS spectra of Sn and O. b, ¢) Deconvoluted Sn 2p XPS spectra before and after 120-mins etching. d) Schematic illustration of the formation
process of Sn/Sn0O,. e, f) N, adsorption-desorption isotherm curves of Sn/SnO5 and SnO,, respectively.

of the Sn/SnO, was further investigated (Fig. 2e). The Sn/SnOy show
specific surface area of 82.1 m? g’l, the size of the mesopore is ~8 nm.
On the contrast, the SnO, only show a much lower BET surface area of
20.1 m? g~! and the pore size is also larger (~9 nm). The higher surface
area is attributed to the reduction process to Sn@C process, leading to
more volume in the microsphere.

The electrochemical performance of Sn/SnOj is evaluated for lithium
storage performance. Fig. S7 shows the cyclic voltammogram (CV) curves
of Sn/SnO, between 0.01 and 3V of the initial cycle. During the first
cathodic sweep, the peak at 0.76 V is ascribed to conversion reaction of
SnO, to Li;O and Sn as well as the formation of SEI [37]. The reduction
peak at 0.2 V corresponds to the alloying reaction of Sn with Li to Li,Sn.
During the anodic proces, the peaks at range between 0.52-0.67 V and
0.7-0.8 V, which correspond to dealloying process and conversion re-
action back to SnO,, respectively, are separated into two peaks. These
two seperated peaks suggest the two different coarsening state of Sn,
namely, the Sn derivied from conversion reaction of SnO, and the orig-
inal Sn in the composite [38-40]. The CV curves overlap quite well after
1st cycle, indicating the excellent reversibility of the electrode. To study
these non-intercalation electrodes, the electrode thickness is evaluated at
different stages including pristine and lithiated state (Fig. S8). The
thicknesses of Sn/Sn0O, electrode show much smaller variation (~23%)
than that of SnO; electrode (~61%). We focus on the volumetric per-
formance of the electrode and the volumetric capacity is shown in the
following part. Fig. S9 shows the charging and discharging curves of
Sn/SnOs. The initial capacities of discharge and charge were 2367 and
2047 mAh cm 3, respectively, leading to an initial Coulombic efficiency
of 86.5%, which is reproduced as shown in Fig. 3a. The improved
Coulombic efficiency is attributed to the increased electrical conductivity
and the formation of stable SEIL Fig. 3b shows the cycling performance of
Sn/Sn0O3 and SnO5 at 200 mA g’l. It is clearly seen that Sn/SnO, exhibits
stable cycling performance and retains a reversible capacity of 1593 mAh
cm™3 after 200 cycles. Meanwhile, coulombic efficiency quickly in-
creases to be above 98% after only 10 cycles. In contrast, the SnO, shows
high capacity of 1475 mAh cm 2 at second cycle, but quickly degrades to
below 100 mAh cm™ after only 60 cycles. At 5A g™, the coulombic
efficiency after 3 cycles quickly increases to above 98%, indicating the
stable SEI. Excellent cycling performance is observed and a reversible
capacity of 1447 mAh cm™3 after 900 cycles is achieved, corresponding

to a capacity retention of 97%. The rate capability is further tested at
step-increased current densities (Fig. 3d). The Sn/SnO; exhibits revers-
ible capacities of 1776, 1663, 1559, 1405, and 1230 mAh cm ™2 at current
densities of 0.2, 0.5, 1.0, 2.0, and 5.0 A g’l, respectively. The capacity
retention of 69.2% as the reversible capacities at the currents of 200 mAh
g1 relative to 5.0Ag™!. The corresponding gravimetric capacity is
shown in Fig. S10. The achieved volumetric and gravimetric capacities
outperform those of the current literature reported electrodes [30,41-47]
(Fig. S11). The Sn/C shows much lower volumetric and gravimetric ca-
pacity due to the high carbon content in Figs. S12 and S13. The EIS of
Sn/SnO, was carried out to investigate the reaction kinetics (Fig. 3e).
According to the fitting results in Table S1, although the R1 value (7.0 Q)
of Sn/SnO; is slightly higher than that of SnOy (3.9Q), the charge
transfer resistance value (90.5 Q) of Sn/SnQO, is much lower than that of
Sn0; (130.0 Q). This suggests the enhanced kinetics of Sn/SnO,.

To further identify the structure integrity, ex-situ SEM and TEM im-
ages of the Sn/SnO; after 900 cycles are shown in Fig. S14. The SEM
image shows that the microsphere is well retained and the corresponding
mapping suggest the homogeneous distribution of Sn, O, and C, con-
firming the excellent structure integrity. Furthermore, we utilized in-situ
TEM to analysis the volume expansion during lithiation. Fig. 4a and b
show the volume changes of the secondary microsphere and the primary
particle in Movie S1 and Movie S2, during lithiation at different reaction
time, respectively. The expansion rate is quantified and shown in Fig. 4c.
The two microspheres keep stable during the lithiation process and after
268s, the diameter of the microsphere is increased to its maximum
(798 nm), suggesting an expansion rate of 116%. The primary particle in
the microsphere is also investigated in Fig. 4b. The primary particle
grows from 4.7 to 9.2 nm in 91 s, corresponding to a volume expansion
rate of 196%, and keeps stable ever since 91 s. Furthermore, the contact
between each primary particle keeps stable and no pulverization or crack
is observed in the particles, which suggest the stable microsphere
structure. In the structure, the secondary microsphere is able to provide
more compact space in realizing higher volumetric capacity. The primary
nanoparticles aggregate, leading to a porous structure for sufficient
electrolyte contact. First, at initial voltage platform (~0.82V), the SnO5
in the Sn/SnO, was converted with lithium ions to generate nano Sn(0)
and Li2O as eq (1), while the metallic Sn in the structure remained
unreacted:



L. Zhang et al.

Energy Storage Materials 25 (2020) 376-381

. 2500
a I Sn/Sno, b 4 | e
g . Sno, » 2000 g
.§ E 8o 2
g 501 S 1500 s
i £ Lo ;.E_’
(<] = =
5 704 2 1000- g
5 E « smisno, [*° 3
3 601 8 s00. veo, [ B
o =
<]
50 0 , : : N (8]
0 1 2 3 4 5 50 100 150 200
c Cell No. Cycle number
. Py
SRS 1007
©
; >
o
§ g
< k]
< Q
=
E Lo W
2 L
: g
2 500 S
(8] 4 5
[}
5Ag 3
0 L) L) L) L) L) L) L) L) 80
0 100 200 300 400 500 600 700 800 900
Cycle number
2500 1
d « Snisno, e s00 N T T 7
20001 o 0.2A g’ v Sno, o e / /
? . A 4 o
£ ®*s,, 05Ag 1Ag
o 1500 v fetet . eves 2AQ" 200 / ./
ﬁ 1 sesncee 5A g" _ / 4
£ v a®%es E /- _/.
> 10004 Vv (<} A e
© Tvyvvy v H Va A
] v N 100 # .
o YYVYY » ,/.
S 5004 "V'v'"'v" .'.’ ..“,-
o
RLTY ITT——
0 T T T T T 04
0 5 10 15 20 25 30 7 m 305
Cycle number —

Fig. 3. a) Initial coulombic efficiencies of Sn/SnO, and SnO. b) The cycling performances of Sn/Sn0O, and SnO, at 200 mA g~ . ¢) Cycling performance of Sn/SnO at
5A g’l. d) Rate performances of Sn/SnO, and SnO,. e) EIS spectra of Sn/SnO, and SnOs.

SnO; + 4Li" + 4¢” & Sn + 2Li,O @)

Supplementary video related to this article can be found at https://do
i.org/10.1016/j.ensm.2019.10.003

When the potential dropped to the second voltage platform
(~0.45 V), the electrochemically formed nano Sn(0) in LiO matrices will
undergo the alloying process as eq (2), while other phases including the
LioO matrices and concomitant Sn phase remain unreacted and act as
pillar for better stabilization.

Sn 4+ xLi™ + xe” « Li,Sn (2)

The concomitant Sn phase undergoes the alloying reaction at 0.35 V.
Finally, multiple Li storage mechanisms at the low potential region
further lead to the high capacity, including the extra interfacial reaction
(surface reaction of LiOH and interfacial lithium and electron storage
capacity). It is believed that the inactive components at a certain voltage
would act as a buffer zone, to accommodate the volume expansion from
the active component upon lithium intercalation. At high voltage where
conversion reaction occurs, the inner shell remains inert and act as a
buffer zone, to efficiently accomondate the volume expansion of the
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active outer shell upon lithium intercalation. In this way, the Sn/SnO,
benefits from the ladder-type buffering effect. Concentration gradient
structure is able to offer a ladder-type buffering effect and stablize the
structure during discharging when the volume expands [48,49,50].

In conclusion, we have successfully designed and developed a
compact concentration gradient Sn/SnO; microspheres, which was
assembled by nanoparticle aggregates. In the structure, the secondary
microsphere is able to provide more compact space in realizing higher
volumetric capacity. The primary nanoparticles aggregates, leading to a
dense and porous structure, which can provide more efficient utilization
of volume and effectively accommodate the volume change, leading to
stable lithium storage performance. Due to the utilization of micro-
structure as well as the concentration gradient structure, the Sn/SnO,
delivers a high volumetric capacity (1593 mAh cm ™~ at 200 mA g ™! after
200 cycles), outstanding rate capability (retaining a capacity of 1230
mAh cm™3 at 5Ag™!), and stable cycling performance (a capacity
retention of 97% is achieved even after 900 cycles at 5Ag™!). This
concentration gradient microsphere structure not only provides a
conversion-type composite anode that allows for excellent electro-
chemical stability, but also a novel strategy to engineering the packing
density for high energy storage capabilities.
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sphere and primary nanoparticles. d, ) Schemetic illustrations of the ladder-type gradient volume expansion process of the Sn/SnO,.
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