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ABSTRACT: The conventional approach for fabricating all-solid-state batteries has required highly dense layer of electrode and
electrolyte. Their close contact interface is not suitable for alloy- or conversion-based active materials because their large volume
change in lithiation/delithiation reactions causes a collapse of the contact interface or reaction limitations under mechanical con-
striction. In this study, we propose that a SnO>-embedded porous carbon electrode shows high cyclability and high capacity even at
high constraint pressure owing to the nanopores which work as a buffer space for the large volume change accompanied with SnO»-
Sn conversion reaction and Sn-Li alloying-dealloying reaction. A detailed investigation between structural parameters of the electrode
material and charge-discharge properties revealed Li ion conduction in carbon nanopores from solid electrolyte located the outside
as well as the optimal conditions to yield high performance. 75 wt% of SnO2 loading in carbon nanopores, which provides the buffer
space corresponding to the inevitable volume expansion by full lithiation, brought out excellent performance at room temperature
superior to that in an organic liquid electrolyte system: high capacity of 1023 mAh/g-SnO: at 50 mA/g, high capacity retention of
97 % at 300" cycle at 300 mA/g and high rate capability with over 75 % capacity retention at 1000 mA/g against 50 mA/g, whose

values are also superior to the system using the organic liquid electrolyte.

1. Introduction

All-solid-state lithium ion batteries (ASS-LIBs) are expected
as one of promised energy storage devices by the characteristics
of safety and high energy density. The recently discovered sul-
fide-based solid electrolyte(SE) has high ionic conductivity
over 107 S/cm at room temperature, !> and it has been acceler-
ated the development of a high capacity bulk-type cell of ASS-
LIB applicable to electric vehicles, power grid systems and so
on. On conventional research, highly dense electrode layer with
close contact interface has been fabricated to ensure sufficient
Li ion conductive interface in electrode layer and SE layer.**
However, application of high capacity active material such as
Si, Sn, Ge, P, SnO; and so on® to the ASS-LIB system has a
serious problem of interfacial collapse causing capacity degra-
dation during charge-discharge cycling due to the large volume
change which is accompanied by alloying-dealloying reaction
and conversion reaction. Although the increase in external cell
constraint pressure is effective to suppress the interfacial col-
lapse, the capacity was decreased because of the limitation of
reactions accompanied with volume change.” In order to
achieve high cyclability and high capacity on ASS-LIB, it is
important to design the electrode structure providing a reaction
space while keeping a stable contact of SE/electrode interface.

Various synthesis methods for metal/carbon composite mate-
rials have been reported.'®!* These composites are promising
for the development of lithium and sodium ion storage on ASS
system. We found recently that SnO2 nanocrystallites embed-
ded in nanopores of porous carbons were able to react with Li
ions diffused from SE located outside of the pores.!* We also
succeeded in the development of a prototype ASS-LIB cell us-

ing a negative electrode composed of SnO2/porous carbon com-
posite and SE, which showed high capacity and good cycle sta-
bility. The porous electrode used to be considered not to be ap-
plicable as ASS battery electrode materials because of the dif-
ficulty to make enough Li ion conduction path and its low vol-
umetric energy density. However, the active material/porous
carbon composite electrode with nanopores working as a buffer
space for the volume change proposed a new approach to fabri-
cating a stable electrode/SE interface in bulk-type cell without
electrode expansion. High performance electrode will be devel-
oped by designing porous composite structure with optimal
pore space considering the inevitable volume expansion of lithi-
ated active materials.

The present work has investigated an ideal reaction-buffer
space on ASS-LIBs from relationship between charge-dis-
charge properties and the structure of SnO2/porous carbon com-
posite electrode as well as the external cell constraint pressure.
We have disclosed that the optimization of SnO: loading
amount in carbon nanospace, pore volume and constraint pres-
sure. The SnO2 embedded porous carbon composite with opti-
mal electrode structure showed high capacity, high cyclability
and high rate performance relative to those of the cell using or-
ganic liquid electrolyte (OLE).

2. EXPERIMENTAL SECTION

2.1 Chemicals. 37 wt% aqueous formaldehyde and phenol
purchased from Kishida Chemical Co. Ltd (guaranteed regent)
were used as carbon source. SiO2 colloidal solutions (average
particle diameter: 45 and 140 nm) were obtained from JGC Cat-
alysts and Chemicals Ind. Co. Ltd. (Cataloid series SI-45P and
SS-140). SnCl> was purchased from Kishida Chemical Co. Ltd.



(extra pure regent), and was used for the source of SnO2 embed-
ded in porous carbons. SnO: particles-dispersive methanol so-
lution was obtained from Nissan Chemical Co. Ltd. (CELNAX
CX-S501) to prepare an electrode mixing SnO2 nanoparticles
with acetylene black. All of them were used without additional
purification. We used the following commercial materials for
electrochemical measurements: Li metal foil (0.1 nm in thick-
ness, Honjo Metal Co. Ltd.), In metal foil (0.1 nm in thickness,
Nilaco Co. Ltd.), acetylene black (AB, Denki Kagaku Kogyo
K.K.), Poly(vinylidene difluoride) (PVdF, Kureha Co. Ltd.) and
a 1.0 mol dm™ solution of LiPFs in ethylene carbonate/dimethyl
carbonate (1/1 by volume) (Kidhida Chemical Co. Ltd.). Li>S
(99.98%), P2Ss (99%) and Lil (99.9%), which were used the
precursor of solid electrolyte, were purchased from Sigma Al-
drich Co. LLC.

2.2 Synthesis and structural analyses of SnOz/nanoporous
carbon composites. SnO2 nanocrystallites were embedded into
nanopores of a silica opal-derived porous carbon (CX; X is an
average diameter of 140 nm and 45 nm) by thermal process and
a subsequent hydrolysis.!! A mixture of SnCl, and CX was
heated in a sealed glass tube at 593 K for 24 hours, and the em-
bedded SnClz was hydrolyzed by water and dried in vacuo. The
weight % of SnCl, introducing into pores of CX was set from
40 to 97 to control the SnO»-loading amount in the composite.
The obtained composite here is named as SnO2»/CX[w], where
w indicates weight % of the SnO: content in the composites de-
termined by thermogravimetric analysis (TGA, SEIKO Instru-
ment Inc., TG/DTA7300) under air flow up to 700 °C. The crys-
tallite structures were examined from powder X-ray diffraction
(XRD, Rigaku miniflex-600) using Cu Ka radiation. N> adsorp-
tion isotherms at 77 K (MicrotracBEL Co. Ltd., BELSORP-
mini) were measured to determine specific surface area, total
pore volume and pore size distribution by applying os-plot anal-
ysis,'> 1® Brunauer-Emmett-Teller (BET) method and grand ca-
nonical Monte Carlo (GCMC) method, respectively. The sur-
face morphology and the structure inside pores of samples were
directly observed by scanning electron microscope (SEM,
JEOL JSM-7500FAM) and scanning transmission electron mi-
croscope (HR-STEM, JEOL ARM-200CF). The bonding state
of Sn compounds after initial discharge was examined by X-ray
photoelectron spectroscopy (XPS, Shimazu Co. Ltd., AXIS-
ULTRA DLD) using Al Ka radiation. As a reference composite
sample (SnO2-AB[wW]), SnO2 powder was obtained by drying
the  SnO: nanoparticles-dispersive ~ methanol  solution
(CELNAX CX-S501), and then was mixed with AB in a mortar.

2.3 Cell fabrication and Electrochemical Measurements.
The charge-discharge performance of SnO2/CX[w] was meas-
ured by using a two electrode-type ASS cell. The detail proce-
dure for preparation of glassy SE which is a mixture of Lil and
75Li2S-25P2Ss!7 has already reported in the previous report.'
The working electrode was obtained by dispersing SnO2/CX[w]
and SE with the volume ratio of 50:50 in heptane using a soni-
cation and drying them in vacuo at room temperature. A half-
cell was assembled in an Ar-filled glove box using a polycar-
bonate cylinder with the internal diameter of 13 mm as follows.
After 135 mg of SE powder was pressed to form a SE pellet
layer in the polycarbonate cylinder, a Li-In alloy foil was at-
tached to one side of the SE layer as the counter electrode. The
Li-In alloy foil was made from Li (8 mm in diameter) and In
(10 mm in diameter) circular foils in advance by stacking and
pressing at 70 MPa for 7 minutes at room temperature. The

composition of Liln alloy was Li/In = 0.73 in atomic ratio. 2 mg
of the composite of SnO2/CX[w] and SE was placed on the other
side of SE layer as the working electrode layer. Small amount
of working electrode material was used to evaluate the charge-
discharge performance of the electrode active material itself.
The stacked three-layer was sandwiched between two stainless-
steel rods as current correctors, and then was finally pressed at
300 MPa for 5 minutes at room temperature using a uniaxial oil
hydraulic press. The charge-discharge curves were examined by
using an electrochemical analyzer (Hokuto Denko, HJ-SD8) at
25°C under a constant current (CC) mode; the specific current
of 50 to 1000 mA/g based on the weight of SnO: in the potential
range of —0.61 to 1.38 V vs. Liln, corresponding to 0.01 — 2.0
V vs. Li. An external constraint pressure of 3.5, 6.3 or 9.1 MPa
was applied on the ASS half-cell throughout the electrochemi-
cal measurements by using a vise. Electrochemical properties
of SnO»/CX[w] in an OLE was measured under same condition
with previous reports.'® ' A working electrode of mixture of
SnO/CX[w] and PVdF with the weight ratio of 9:1 coated on a
Cu foil, a Li-metal counter electrode and a 1.0 mol dm™ LiPFg
in ethylene carbonate/dimethyl carbonate (1/1 by volume) were
set in a CR2032 coin cell. The SE powder was not used in the
OLE system.

3. Results and Discussion

3.1 Structural characteristics of SnO:-embedded nanopo-
rous carbons. It is important to provide composite samples
with perfectly embedded SnO: in the carbon nanopores so as to
evaluate the effect of buffer space and porous composite struc-
ture on the electrochemical property. SnO2/CX[w] samples were
provided here as listed in Table 1, where the structural parame-
ters were characterized by XRD (Figure S1 in Supporting In-
formation) and N> ad-/desorption isotherm (Figure S2 in Sup-
porting Information) measurements. The primary crystallite
size of SnO2 deposited in these composites was estimated
around 3 nm from (110) X-ray diffraction peak by the Scherrer
equation. The specific pore volumes (Veomp.) and specific sur-
face areas (S)) were decreased with increasing SnO> loading
amount in the composite (W). The pore size distribution of
SnO2/CX[w] was become smaller with the increasing the load-
ing amount of SnOz (Figure S3 in Supporting Information). In

Table 1. Structural parameters of the samples.

S Veomp. w Weale.
(m*/g) (cm¥/g) (Wt%)  (Wt%)
SnO/C45[W] 1110 1.66 0 0
497 0.89 38 43
290 0.65 74 56
242 0.41 82 73
Sn02/C140[w] 1243 1.86 0 0
623 0.67 37 59
419 0.47 52 69
188 0.38 65 74
124 0.25 75 81
49 0.17 83 84

S specific surface area, Veomp.: specific pore volume, W:
SnO: content measured, Weale.: SnO2 content estimated from
the pore volume change (see in Supporting Information).
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Figure 1. TEM images of (a) SnO2/C140[75] and (b)
Sn02/C140[37]. (c,d) Enlarged images of yellow frame in (a) and
(b), respectively.

addition, the loading amount of SnO2 (Wealc.) estimated from the
pore volume change between SnO2/CX[w] and original CX al-
most agrees with the value of w determined from TG weight
loss in air (Figure S4 and Supplementary Calculations in Sup-
porting Information). These results indicate that SnO» are pref-
erentially deposited in nanopores of porous carbons.

TEM observation demonstrated that SnO2 nanocrystallites
were deposited on the nanopore wall of CX as shown in Figure
1. The size of SnO: particles was corresponded to the crystallite
size of 3 ~ 5 nm estimated by the XRD measurement. The SnO»
nanocrystallites were densely accumulated in the nanopores for
Sn02/C140[75] with the highly SnO-loading (Figure 1a, ¢). In
the case of low SnO: loading sample, they were highly disper-
sive on macropores of C140 (Figure 1b, d). Our previous study
has already reported that the porous structure of SnO2/CX[w]
not filled with SE is maintained even after the cell construction
with compressing process.'*

3.2 Charge-discharge properties of SnO;—embedded na-
noporous carbons in ASS system. Figure 2 shows charging-
discharging curves and their differential (dQ/dV) curves of
Sn02/C140[75] and SnO: -AB [75] at 25 °C under the external
cell constraint pressure of 9.1 MPa. Porous carbon electrodes
often deliver an irreversible capacity due to a lot of oxygen-
containing functional groups. The irreversible capacity in
Sn02/C140[75] should mainly stem from C140 (Figure S5(a) in
Supporting Information).

Sn0O>/C140[75] showed higher capacity and clearer dQ/dV
peaks of dealloying reaction around —0.1 V vs. Liln (0.5 V vs.
Li) and conversion reaction around 0.5 V vs. Liln (1.1 V vs. Li)
than SnO2-AB [75] in charging process. Especially, sharp
dQ/dV peaks of conversion reaction were reproducibly ob-
served on Sn0»/C140[75] in contrast to weak and broad peaks
on SnO2°AB [75], suggesting the suppression of polarization
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Figure 2. Charge-discharge curves during the initial three cycles of
(a) Sn02/C140[75] and (b) SnO2*AB[75]. (c, d) dQ/dV curves of
the charge curves in (a) and (b), respectively. The charge capacity
is based on the weight of (a) SnO2/C140[75] and (b) SnO2* AB[75],
respectively.
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Figure 3. Effect of constraint pressure on (a, b) cycle performance
and (c, d) coulombic efficiency of SnO: - AB[70] and
Sn02/C140[75] ; (a, ¢) SnO2+AB[70], (b, d) SnO2/C140[75]. The
charge capacity is based on the weight of composite samples.

and improvement of reversibility of conversion reaction by em-
bedding SnO: nanocrystallites in the carbon nanopores. The
charge capacity of SnO»/C140[75] after 3 cycles at the specific
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Figure 4. Charge capacities of SnO2/CX[w] samples in (a, ¢) OLE
and (b, d, e) ASS systems as functions of (a, b) cycle number and
(c, d) loading amount of SnO2. The numeral in brackets in (a, b)
indicates the w value in SnO2/CX[w]. Opened and closed symbols
in (c) and (d) show the charge capacities at the 1% and 30" cycle,
respectively. The charge capacity is based on the weight of compo-
site (SnO2/CX[w]) samples. The specific current of (a, b) and (e)
were 50 mA/g-SnO> and 300 mA/g-SnOz, respectively. The exter-
nal pressure of 9.1 MPa was applied during charge-discharge test
on the ASS system.

current of 50 mA/g was 1023 mAh/g based on SnO: weight.
The SnO»-based capacity was estimated by subtracting the ca-
pacity of C140 corresponding to its wt% in SnO2/C140[75].
C140 showed a capacity of 140 mAh/g at the same condition,
and no remarkable reactions around —0.1 V vs. Liln and 0.5 V
vs. Liln were confirmed by the dQ/dV curves (Figure S5(b) in
Supporting Information). Since the SnOz-based capacity of
SnO2/C140 is higher than the theoretical capacities of 711
mAh/g and 781 mAh/g calculated from the conversion reaction
and the alloying-dealloying reaction, both reactions are contrib-
uted on charge and discharge reaction.

Cycle performance of Sn0O2/C140[75] and SnO2-AB[70] was
compared at the specific current of 300 mA/g under the external
cell constraint pressure of 3.5, 6.3 and 9.1 MPa (Figure 3). The
capacity and coulombic efficiency of SnO>-AB [70] were
slightly increased by increasing the constraint pressure from 3.5
to 6.3 MPa, but they were decreased at 9.1 MPa. Although
highly dense electrode is required to yield effective ion and
electron conductive paths in a general ASS battery, the volume
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Figure 5. Relationship between charge capacities of SnO2/CX[w]
samples and structural parameters of (a, b) loading amount of SnO-
and (c, d) the pore occupancy ratio by SnO: in the pore of CX
(Vsno2/Vex) in OLE and ASS systems; (a, ¢) OLE system, (b, d)
ASS system. The charge capacities at 1% and 30™ cycle based on
the weight of SnOz. The vertical dashed line in (c) and (d) indicate
the theoretical volume ratio of 24.6 v/v% (see text). The symbols
are the same as those in Figure 4 (c, d).
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Figure 6. Schematic images of Li ion conduction in carbon na-
nopore of SnO2/CX[w] samples; (a) low and (b) high SnO2 loading.
The blue arrow means Li-ion conduction path.

expansion accompanied with Sn-Li alloying and SnO2-Sn con-
version reactions is suppressed in such electrode to cause low-
ering the reactivity of active material at high constraint pres-
sure.’ In contrast, SnO2/C140[75] showed the increase in ca-
pacity and coulombic efficiency with the increase in constraint
pressure to 9.1 MPa. This means that the carbon nanopores in
Sn02/C140 act as a reaction buffer space for the volume expan-
sion accompanying with charge-discharge reactions. It is con-
sidered that the capacity and coulombic efficiency of
Sn0,/C140[75] are improved with the increase in constraint
pressure, because the close SE/electrode interface can be main-
tained even under high confining pressure. The structures of
carbon pore and SnOz inside the pore before and after lithiation
were confirmed by using a simplified ASS half-cell composed
of SnO2/CX[w] without mixing SE as a working electrode. The
XPS spectra of SnO2/C45[74] suggested that SnO2 can react



with Li ions even in the simplified ASS cell (Figure S6 in Sup-
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Figure 7. Capacity retention of SnO2/C45[w] (open triangle) and
Sn02/C140[w] (closed circle) in (a, ¢) OLE and (b, d) ASS systems
as functions of cycle number and specific current. The measure-
ments were carried out at 50 mA/g-SnO:> for the initial 10 cycles,
and then at 100, 200, 500 and 1000 mA/g-SnOxz. The final five cycles
were measured at 50 mA/g-SnOz. The external consistent pressure
on ASS system is 9.1 MPa. The numeral in brackets indicates the w
value in SnO2/CX[w].

porting Information). The cross-section SEM images were
taken against a working electrode of SnO2/C140[65] in the sim-
plified ASS cell (Figure S7 in Supporting Information). The
macropore structure of C140 is maintained, and the embedded
SnOz particles are not come outside of porous carbon before and
after lithiation. The entire volume change of SnO/CX[w] com-
posites seems to be suppressed due to presence of the buffer
space for SnO2 expansion. 9.1 MPa of external pressure at
which the external pressure dependence test has shown highest
capacity (Figure 3) was applied in the subsequent charge-dis-
charge test.

3.3 Comparison of charge-discharge properties between
in the ASS system and in the OLE system. In order to clarify
the usability of porous carbon electrodes on the ASS system,
the charge-discharge performances were compared with that of
the OLE system. Figure 4(a) and (b) show charge capacities
based on the composite weight of SnO2/CX[w] as a function of
cycle number up to 30 cycles in ASS and OLE systems. The
initial charge capacity in OLE system was increased propor-
tional to the SnO»-loading amount up to around 70 wt% and
then it was dropped over 75 wt% (Figure 4c) as previously re-
ported.!! On the other hand, the initial capacity in ASS system
was increased dramatically with increasing w value up to
around 70 wt%, and then was leveled off or decreased at w> 75
wt% (Figure 4d). The ASS system showed good cycle stability
on the samples with w <70 wt%, which is superior to OLE sys-
tem. For example, the high capacity of SnO»/C140[75] in ASS

system was maintained with the retention of 99% even at 30th
cycle (Figure 4b). We also confirmed the stable cycle perfor-
mance up to 300 cycles on SnO2/C140[75] at the specific cur-
rent of 300 mA/g while keeping the high capacity; the capacity
retention at 300th cycle was 97.4 % (Figure 4e).

The capacities of SnO2/CX[w] based on the weight of SnO2
in ASS and OLE systems were plotted against the w value and
the pore space occupancy rate by SnO: in the pore of CX
(Vsno,/Vex) in Figure 5. The vertical dashed line in Figure 5(c,

d) indicates the theoretical volume ratio of SnO: to pore volume
of CX when the pores of CX are completely filled by Lis.4Sn and
Li20. The SnO2 volume is totally expanded 4.05 times with con-
version reaction and alloying reaction (Supporting Information
for the theoretical calculation). ' ' The charge capacity in OLE
system was constant at W < 70, and was decreased steeply at w
> 70 (Figure Sa), indicating low reactivity of SnO: in highly
SnO»-loaded composite. It is considered that sufficient reaction
buffer space is needed for the volume change during reactions
of SnO> with Li ions, since high capacity and better cyclability
was observed in low Vsno,/Vex region below the theoretical vol-

ume ratio in Figure 5c. In the case of ASS system, the capacity
based on the weight of SnO> was increased with the increase in
loading amount of SnO2 up to around 75 wt% and with increas-
ing Vsno,/Vex up to the theoretical value (Figure 5b, d). The re-

activity of SnOz in SnO2/CX[w] is enhanced by the increase in
its loading amount in the ASS system, of which behavior is
quite different from that in the OLE system. The decrease in
capacity and poor cyclability in high Vsno,/Vex region above the

theoretical volume ratio was observed even in the ASS system
as in the OLE system.

In the OLE system, Li ions can easily access into the porous
carbon through the OLE. However, in the ASS system where
electrolyte is not present in the carbon pore, SE cannot migrate
into the pore of CX unlike liquid electrolytes. The high capaci-
ties of ca.1000 mAh/(g-SnO2) on Sn02/C45[74] and
Sn0O2/C140[75] in the ASS system mean that any Li-ion con-
duction paths exists throughout the SnOz-embedded carbon
nanospace. There should be two possibilities of Li-ion conduc-
tion path, (1) through porous carbon or (2) via SnOz and Sn par-
ticles. In Figure 4 and 5, both of charge capacity based on the
weight of composites and loaded SnO2 were increased with the
increase in the loading amount of SnO., whose profile is quite
different from the OLE system. The profile implies that Li ions
mainly conduct through SnOz and/or Sn in the carbon pores.
The pore space occupancy rate by SnO2 (Vsno,/Vex) was 0.25

and 0.23 for Sn02/C45[74] and SnO»/C140[75], respectively.
These values seem to be not enough for Li ion conduction
through SnO2 deposited in the nanopores of the composite with-
out filling SE inside. The surface coverage of SnO: particle in
porous carbon was calculated based on the closed packing layer
structure of SnOz particles with the diameter of 3 nm. The par-
ticle size was determined from TEM images. The coverage of
SnOz layer forming on meso or macropore surfaces was calcu-
lated to be 33-36% for SnO2/CX[w] whose loading amount is
~75 wt%. The coverage is not enough that Li ion migrates via
the loaded SnO: throughout nanopores in the sample without
filling SE inside pores. However, after full lithiation of SnO2
with totally 4.05 times volume expansion, the coverage is
reached up to 71-76 % (detail calculation procedure in Support-
ing Information). The plausible Li-ion conduction model based



on the experimental and theoretical results is shown in Figure 6.
Li-ion conduction paths should be formed in carbon nanospace
of highly SnO»-loaded samples during lithiation reactions ac-
companied with the large volume expansion. It is considered
that Li-ion can migrate in carbon nanopores through LixSn and
LixO which is lithiated phases of SnO.. The Li conduction is
limited near the pore mouths contacting with outside SE as for
low SnO»-loading samples. The gradually increase in capacity
with cycling in early stage (Figure 3b) suggests the propagation
of Li conduction area in the highly SnO»-loaded sample and its
electrode with the charge-discharge cycling.

Figure 7 shows rate capability of SnO2/CX[w] in ASS and
OLE systems, which was measured in the range of specific cur-
rent from 50 mA/g to 1000 mA/g at room temperature. After 10
cycles of charging-discharging process at 50 mA/g, each 5 cycle
was carried out at each specific current. Capacity retention was
obtained by dividing the capacity by the initial capacity. Rate
capability of low SnO2-loading samples in the OLE system was
much higher than that of high SnO»-loading samples with high
Vsno,/Vex over the theoretical value. Although similar w-de-

pendency on rate capability was observed, the rate performance
of SnO2/CX[w] in the ASS system was significantly higher than
that in the OLE system. For example, SnO>/C140[75] in the
ASS system showed high rate capability, in which the retention
even at high specific current of 1000 mA/g was over 75%
against the capacity at 50 mA/g. Consequently, SnO2-loading
amount around 75wt% was the optimal condition to yield not
only high capacity but also high rate capability while keeping
cycle stability in ASS system among SnO2/CX[w] samples pre-
pared in this study.

4, Conclusion

The present study revealed that the SnO2-embedded nanopo-
rous carbons with an appropriate SnO2-loading amount shows
high capacity, high cycle stability and high rate performance in
the ASS-LIB system superior to in the OLE-LIB system. It is
important to design the nanopores in composite under consider-
ing buffer space for active materials which accompany large
volume expansion during charge-discharge reaction. The buffer
space plays an important role to suppress the volume expansion
of electrode layer and to maintain a stable interface between SE
and active material in the ASS system. The present approach is
expected to be applied to other active materials which cause al-
loying-dealloying reaction or conversion reaction since Si, SiOx
and Ge-embedded porous carbons were developed as stable
electrodes in OLE systems in recent years.”% 222 We could
promise the extension of the high potential electrodes for next
generation ASS batteries by optimization of composite struc-
ture and exploiting the compositional versatility.
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Figure S1. XRD patterns of the samples. [w] shows loading amount of SnO2 in the samples. Low
crystallinity SnO2 and small amount of SnO should be formed at the samples with high loading
amount. The crystallite size of SnOz is hardly changed and SnO generated from an inadequate
hydrolysis reaction of SnClz are formed with the increase in loading amount of SnCl.. Since the
loaded SnClz particles are highly dispersed in the carbon pores for low loading amount composite,
the hydrolysis reaction seems to be smoothly occurred. On the other hand, water or oxygen might
partially react with densely packed SnCl2 on the hydrolysis process; SnO nanoparticles were also
generated in the high loading amount composites. Even though SnO nanoparticles were presence
in the high loading amount composites, it was not critical reason for decreasing capacity and should
not affect it as mentioned in previous study."



2000
" 800 0]
"o 1500 "o 600
2 &
() 37
2 1000 b l3s) = 400 o
£ g (52]
> 74 > 200 A
(82] ;
#|183]
0
1.0 1.0

Figure S2. N2 adsorption and desorption isotherm of (a) SnO2/C45[w] and (b)SnO2/C140[w].
Opened and closed circles indicate the value of adsorption and desorption, respectively. [w] shows
loading amount of SnO: in the samples.
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Figure S3. Pore size distribution of SnO2/C45[w] determined from GCMC method against N2
adsorption isotherm at 77 K in Fig. S4. [w] shows loading amount of SnO: in the SnO2/C45

composites.
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Figure S4. TG curves of (a) SnO2/C45[w] and (b) SnO2/C140[w]. [w] shows loading amount of
SnO: in the samples. [w] shows loading amount of SnO2 in the samples.
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Figure S5. a) Charge-discharge curves and b) the dQ/dV curve of 1 charging process of C140 on
the ASS system.
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Figure S6. (a) An initial discharging curve of SnO2/C45[74] measured on the simplified ASS
system, in which a working electrode is not mixed with SE, (b) XPS spectra of Sn 3ds2 of
Sn02/C45[74] after initial discharge. The ASS cell used here was consisted of SnO2/C45[74], Liln
alloy and SE as the working electrode, the counter electrode and the electrolyte, respectively. The
stacked three layers were sandwiched between two stainless-steel rods, which are current
collectors, and then finally pressed at 200 MPa for 5 minutes at room temperature using a uniaxial
oil hydraulic press. The discharging process was conducted at specific current of 50 mA/g-SnO»
at 25°C. The peaks in XPS spectra were assigned from the data in previous report.? -9



Sn02/C140[65]

Figure S7. Cross-sectional SEM images of SnO2/C140[65] (working electrode)//SE pellet (a, b)
before and (c, d) after discharge process until -0.4 V vs. Liln. The samples were obtained by
splitting Liln//SE//SnO2/C140[65] pellet. The ASS test cell is same configuration with one used
on XPS measurement. SnOz particles with diameter of ca. 5 nm are clearly observed on the surface
of carbon pores before the discharge process. However, the obvious contrast derived from
nanoparticles in carbon pores disappear after the discharge process (Fig. S7). Since the contrast in
SEM images reflects the bumps and dips on the surface of samples, the smoothed surface of inner
carbon pores strongly suggests coalescence of each SnO2 nanoparticle due to volume expansion
by reaction with Li ions, as mentioned in a previous report. > The porous structures are maintained
even after lithiation. It suggests that the volume expansion of SnO2 can proceed inside of the
carbon pores, and the entire volume change of composite seems to be suppressed due to the
presence of buffer space.



Supplementary Calculations
1. Theoretical loading amount of SnO; from pore volume of CX and SnQ,/CX[w]

The theoretical loading amount of SnO2 (Wsnoz2, calc) 1s calculated by using the following equations

(1) and (2).
100x
Sn0, calc. = 1+X (1)
V —
_Vemxlp @)

omp 4 x
Where x is gram of SnO2 per 1g of carbon in SnO2/CX[w], Veomp and Ve are specific pore volume
of the SnO2/CX[w] and original CX, and p is the density of SnO: crystal (6.95 cm?® g)?,

respectively.

2. Theoretical volume ratio of the full expanded state against original SnO>
The theoretical volume ratio after the full reaction of SnO2 with Li ions ([Vexpand/Vsn02]) is

calculated to be 4.05 from the following equation (3):

Vexpand _ Z(MLizo/pLi20)+ (ML14.4S" /pua,.a,s") (3)

VS”Oz (M sno, / P SnOZ)

where M and p are molecular mass and density, respectively. The value of each material shown by
subscript is as follows.

Msno, = 150.71 g mol™!, psno, =6.95 g cm™ ©

Miio =29.88 g mol™!, prio=2.01 gecm™7

Misasn = 149.25 g mol ™!, pLisasn = 2.57 gcm™> ®



3. Theoretical coverage of SnO; against pore surface of CX

When spherical nanoparticles of SnO2 with the diameter of 3 nm are closely packed and form a

single layer over the whole surface of mesopores and macropores of CX, the theoretical coverage

(6) can be calculated by following equations (4), (5) and (6):

§=100xS,, /S, (4)

B y (g\z
Ss0, = (41\ (@ XZ‘/gk ZJ (5)
L3 )(2)Ps.

100y
1+y

Y (6)

where S; is a surface area of SnOz particle forming monolayer on the carbon pores (i = SnO2) and
specific surface area of meso or macropores of CX (i = C), y is gram of SnO: per 1g of carbon in

SnO2/CX[w] and d is particle diameter of SnO2, which is here 3 nm.

At the expansion state after the full reaction of SnO2 with Li ions, the coverage (6kxpand) 1S

expressed by equations (7) and (8):

eexpand =100% Sexpana’ /SC (7)
_ /
Sexpand - 4052 ’ X S.S'nOZ (8)

where Sexpand is the total surface area of Lis4Sn and Li2O after the full reaction with Li ions.
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