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S1. Materials

All the reagents were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai). All the reagents were used as received.
S2. Experimental Section
S2.1 Preparation of GO: Graphene oxide (GO) was prepared based on the previous
reported method’.
S2.2 Preparation of SngO4(OH),: Firstly, 0.5 g of SnCl,+2H,0 was added into 30 ml
of ethylenediamine solution followed by ultrasonic dispersion for 30 min to form
solution A. Secondly, 0.15 g of NaOH was added into 30 ml aqueous solution and
followed by stirring for 5 min to form solution B. Thirdly, Solution B was added into
solution A drop by drop under stirring for 1h. Finally, the obtained solution was
centrifuged and washed thrice, after dried in a vacuum oven at 60 °C, the SngO4(OH),
nanoparticles were obtained.
S2.3 Preparation of SnS,/GO, SnS,P,/RGO and SnS/RGO composites: Firstly, 7
ml (6 mg ml'") of GO was dispersed into 30 ml of aqueous solution followed by
ultrasonic dispersion for 30 min. Secondly, 0.1 g of the obtained SnsO4(OH), and 0.12
g of thioacetamide were added into the mixture and followed by ultrasonic dispersion
for 20 min. Thirdly, the obtained solution was transferred into a 40 ml teflon-lined
stainless-steel autoclave and reacted at 200 °C for 12 h. After cooled to ambient
temperature naturally, the obtained power centrifuged and washed thrice, after freeze-
drying treatment, the graphene encapsulated SnS, nanoplates composite material was

obtained, which designated as SnS,/GO. The as-prepared SnS,/GO was calcined under
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Ar atmosphere with a heating rate of 5 °C/min using NaH,PO,*2H,0 as reducing agent.
SnS,/GO and NaH,PO,°2H,0 were placed at two separate positions of the alumina ark
with a mass ratio of 1:15 and then heated at 350 °C and 550 °C for 1 h, respectively.
After naturally cooled to room temperature, SnS, \P,/RGO and SnS/RGO composites
material was obtained.

S2.4 Preparation of NaNijg 45Cug9sMng4Tig;0,: The NaNig 45Cug 9sMng 4Tig 10, was
based on the previous reported method?.

S3. Material Characterizations

The crystalline structure of the as-prepared samples was determined by powder X-ray
diffraction (XRD, Bruker, D8 Advance X-ray diffractometer, Cu Ko, 1 = 1.5406 A).
Hitachi S-4800 field emission scanning electron microscopy (SEM) and a JEM-2100F
high-resolution transmission electron microscopy (HRTEM) were used to study the
morphology and structure of the samples. Elemental analysis was measured by energy
dispersive X-ray spectroscopy (EDS, Horiba EMAX Energy EX-350) equipped in
SEM. The thermogravimetric analysis (TGA) was performed with a Mettler Toledo
TGA-2 thermal gravimetric analyzer under air atmosphere with a heating rate of 10
°C/min. The X-ray photoelectron spectroscopy (XPS) measurement was carried out
using a monochromatized XPS spectrometer (a ThermoFisher ESCALAB 250) with Al
(Ka) radiation as the probe. The surface area results were obtained by nitrogen
adsorption and desorption isotherms (ASAP 2020 sorptometer). The pore size
distributions were determined according to Barrett-Joyner-Halenda (BJH) desorption
model. The room-temperature Raman spectra of samples were recorded on a LabRam
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HR system from Horiba Jobin Yvon at room temperature using the 532 nm solid laser
as the exciting source. Electron paramagnetic resonance (EPR) spectra were obtained
from a Bruker EMXplus-10/12 spectrometer at room temperature.

S4. Electrochemical Measurements

The electrodes were fabricated by mixing 80% the active materials, 10% acetylene
black, and 10% polyvinylidene difluoride (PVDF) dissolved in N-methyl-2-pyrrolidine
(NMP). The mixed slurry uniformly pasted on copper foil and dried at 110 °C under
vacuum for 10 h. Electrodes with a diameter of 12 mm and the accurate mass loadings
of the active materials were controlled in the range of 0.8-1.2 mg.

For LIBs, 1 M LiPF4 in EC: DMC: EMC (1:1:1, wt%) with 2.0% FEC was utilized
as electrolyte. 2032-type coin cells were then assembled in a glove box filled with Ar
(oxygen and moisture less than 1 ppm) using polypropylene film (Celgard 2320) as
the separator. For the half-cell, pure Li metal was used as the counter electrode. The
coin-type full battery was assembled using commercial LiNiysCoy,Mng,0, (NCM622)
as the cathode, and 1 M LiPF¢ in EC: DMC: EMC (1:1:1, wt%) with 2.0% FEC used
as the electrolyte. The cathode electrode was prepared by mixing NCM622, acetylene
black, and polyvinylidene fluoride (PVDF) in a weight ratio of 8:1:1, followed by
coating on aluminum foil. Prior to full-cell fabrication, the SnS, \P,/RGO anode was
electrochemically activated by prelithiation, which was implemented by cycling it
against a Li foil to eliminate the initial irreversible capacity. The mass loading for the
cathode and anode was about 6:1. The full-cells of SnS, ,P.,/RGO//NCM622 were
tested between 2.0 and 4.2 V (vs Li"/Li) at room temperature.
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For the SIBs, Na metal is the counter and reference electrode in the half cells. The
glass microfibers of Whatman GF/D acted as the separator and NaClO,4 (1.0 M) in
ethylene carbonate (EC) and diethyl carbonate (DEC) (volume ratio of 1:1) with 5.0 wt
% Fluoroethylene Carbonate (FEC) adding acted as electrolyte. The coin-type full
battery was assembled using the prepared NaNiy 45CugosMng4Tip; (NaNCMT) as the
cathode, and the SnS,_,P,/RGO anode was electrochemically activated by presodiation.
The full-cells of SnS, P,/RGO//NaNCMT were tested between 2.0 and 4.2 V (vs
Na*/Na) at room temperature.

The charge-discharge tests were performed on a NEWARE battery measurement
system between cut off voltages of 3 V and 0.01 V. The obtained specific capacities
were calculated based on the total mass of the active materials. Cyclic voltammetry
(CV) tests were carried out between 0.01 V and 3 V at different scan rates from 0.1 to
1.0 mV s! on a CHI760D electrochemical working station. Electrochemical impedance
spectroscopy (EIS) patterns were recorded using a CHI760D electrochemical working

station in the frequency range from 100 kHz to 0.01 Hz with amplitude of 5 mV.
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SS. Supplementary Figures S1-S14

Fig. S1. SEM images of (a) SngO4(OH)4, (b) SnS,/GO with SngO4(OH), as tin source and
thioacetamide as sulfur source, (¢) SnS,/GO-1 with SnCl,-2H,0 as tin source and thioacetamide as

sulfur source and (d) SnS,/GO-2 with SngO4(OH), as tin source and thiourea as sulfur source.

Fig. S1 shows the SEM images of SnS,-based composites prepared using different
tin and sulfur sources. SnS,/GO composite using SngO4(OH), nanoparticles as the tin
precursor (Fig. S1b) displays a 3D porous network morphology and SnS, nanoplates
encapsulated by graphene, while SnS,/GO-1 composite with the tin precursor of
SnCl,*2H,0 (Fig. S1c) shows compact morphology. The sulfur source also has a great
impact on the morphology of the SnS,-based composite. As shown in Fig. S1d, the
SnS,/GO-2 composite prepared with thiourea as the sulfur source exists partial
agglomeration. The above results show that sulfur and tin sources have a significance

influence on the morphology of SnS,/GO composites.
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Fig. S2. (a, b) Enlarged view of XRD patterns of samples SnS, ,P,/RGO and SnS/RGO, (c¢) XRD
patterns of SnS,/GO and corresponding samples calcined at 350 °C (SnS,/GO-350) and 550 °C

(SnS»/GO-550).

The sample SnS, ,P,/RGO contains a complex phase, the peaks at 15°, 28° and 50°
correspond to the plans of (001), (100) and (110) for SnS,. The peaks at 22°, 26°,
27.4°and 39° (Fig. S2a) corresponding to SnS phase. The peaks between 30-35° (Fig.
S2a) and 40-65° (Fig. S2b) have some difference for the two samples, indicating that
SnS,_P,/RGO is an intermediate state between SnS, and SnS. In order to eliminate the
influence of calcination temperature on the experimental results, the XRD patterns of
sample SnS,/GO after calcination under Ar atmosphere at different temperatues were
collected (Fig. S2c). Fig. S2c shows that partial SnS, transformed to SnO, when

calcined at 350 °C for 1 h, and SnS; phase was completely transformed into SnO, after
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calcined at 550 °C for 1 h. In the as-prepared SnS,/GO composite, GO contains rich
oxygen-containing functional groups and there will be some adsorbed oxygen in the
sample. Therefore, oxygen will still participate in the reaction during heat treatment in
Ar gas. GO was reduced to RGO and SnS; was converted to SnO,. The results indicate
that the transformation from SnS, to SnS was caused by the phosphating effect of

NaH2P02’H20.
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Fig. S3. Thermal analysis (TGA) of as-prepared samples

The weight loss below 100 °C was due to the removal of absorbed water. The major
weight loss in the range of 200-600 °C for SnS,/GO is attributed to the combustion of
RGO to CO, gas and the oxidation of SnS, to SO, gas when the sample was oxidized
in air under high temperature. For SnS, \P,/RGO and SnS/RGO, the weight increased
between 400-700 °C was caused by the oxidation of doped phosphorus. Based on the
fact that SnS,, SnS, P, and SnS were fully oxidized into SnO, at 800 °C in air and
according to the weight loss in TGA result, the mass ratio of SnS, in the SnS,/GO, SnS,.
P/ RGO and SnS/RGO composite is calculated as 82.5%, 89.6% and 91.6%,

respectively.
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Fig. S4. (a) The XPS full survey spectra of the as-prepared samples and (b) FTIR spectrum of

SnS, «P/RGO
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Fig. S5. (a) N, adsorption-desorption curves, and (b) BJH pore size distribution of
the as-prepared samples.

The specific surface area and porosity of the as-prepared samples were investigated
by N, adsorption-desorption measurements and the results are shown in Fig. SS.
Fig. S5a displays that all these samples have obvious capillary condensation steps of
type IV characteristics, indicating the presence of mesopores. The pore size distribution
curves shown in Fig. S5b illustrate that all the three samples show wide distributed
mesopore in between 2 and 10 nm. The BET specific surface area of SnS,/GO, SnS,.
Px/RGO and SnS/RGO are 46.0, 19.5 and 19.4 m? g'!, respectively. The decrease in
the surface area of samples SnS,,P,/RGO and SnS/RGO can be attributed to the

phosphating process and heat treatment.
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Fig. S6. CV curves of (a) SnS»/GO and (a) SnS/RGO at a scan rate of 0.2 mV s. (c) The
comparation of the first cycle CV curves for the prepared samples.

CV curves of SnS,/GO and SnS/RGO for the first five cycles were evaluated in the
0.01-3.00 V voltage range at 0.2 mV s, as shown in Fig. S6. For the SnS,/GO, as
shown in Fig. S6a, during the initial CV cycle, the reduction peak at 1.79 V (vs. Li*/Li)
is mainly assigned to the intercalation of Li* into the SnS, layers to form Li,SnS,3. The
peaks at 1.63 and 1.25 V are generally indexed to the transformation of Sn and Li,S, as
well as the formation of a solid electrolyte interface (SEI) film on the electrode surface
at a low voltage. The reduction peak below 0.30 V (vs. Li*/Li) in the first cathodic scan
represents the reversible formation of Li,Sn alloy*. During the first reverse anodic
process, the peak at 0.55 V is ascribed to the delithiation reaction of Li,Sn alloy, while

another peak at 1.88 V possibly originated from the oxygenation of Sn nanoparticles at
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higher potential in the charged state. The other oxidation peak at 2.36 V corresponds to
lithium deintercalation from SnS, layers without phase decomposition®.

For the SnS/RGO, as shown in Fig. S6b, in the initial cathodic scan, the reduction
peak at 1.55 V correspond to the formation of Li,SnS by Li-ion insertion into the SnS,
and the peak at 1.08 V is attributed to the decomposition of Li,SnS into metallic Sn and
Li,S, as well as the formation of SEI film®. The weak peak at 0.61 V and the peaks
below 0.3 V are attributed to metal Sn and lithium ion alloying reaction to form Li,Sn’.
In the first anodic scan, several peaks at 0.5, 0.64, 0.74 and 0.80 V are ascribed to the
multi-step dealloying reaction of Li,Sn to Sn. The broad peak at 1.86 V is attributed to

the oxidation of Sn to SnS.
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Fig. S7. Cycling performance of the as-prepared samples at (a) 500 mA g-!' and (b) 2000 mA g

Fig. S8. SEM images of (a, b) SnS, ,P,/RGO, (c) SnS,/GO, and (d) SnS/RGO electrodes

after 300 cycles. TEM images of (e, f) SnS,_P,/RGO after 300 cycles for LIBs.
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Fig. S9. b-values of SnS,_,P,/RGO derived from linear fitting relationship of log(i) vs. log(v).

As displayed in Fig. S9, the b-values for peaks 1-4 are calculated to be 0.90, 0.70,
0.78 and 0.71, respectively, illustrating that the lithium storage behavior of SnS,.
«Px/RGO is a mixed process of diffusion-controlled and pseudo-capacitive process, but

the pseudo-capacitive contribution is the majority.
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Fig. S10. CV curves at various scan rates and corresponding b-values derived from linear fitting
relationship of log(i) vs. log(v) for (a, b) SnS,/GO and (¢, d) SnS/RGO.

CV curves at various scan rates and corresponding b-values derived from linear fitting
relationship of log(i) vs. log(v) for SnS,/GO and SnS/RGO are displayed in Fig. S10.
It shows that SnS,,P,/RGO possessed higher b-value than that of SnS,/GO and
SnS/RGO, indicating that the contribution of pseudo-capacitive in the electrochemical

behavior of SnS, «Py/RGO electrode occupies a higher proportion.
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Fig. S11. CV profile of the capacitive contribution at a scan rate of 0.8 mV s! for SnS, ,P,/RGO

Fig. S12. SEM image (a) and (b) TEM image of SnS, (Py/RGO after 300 cycles for SIBs.
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Fig. S14. (a) EIS curves of the as-prepared electrodes after 200 cycles for SIBs

Table S1. ICP results of SnS,_,P,/RGO

Elements wt.%
Sn 48.1%
P 5.2%
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Table S2. Comparison of performance for Sn-based materials as LIB anodes.

Materials

SnS,-CNT-CC

SVR-SnS
CNT/SnS,@C
c-SnS, NSA

SnS,@C

LEGr@SnS,
SnS,@CNT
SnS/GNS
S-TC
CC@Sng oMoy S,
SnS,/SnO
H-TiO,@SnS,@PPy
rGO/SnS,/Ti0,
SnS,/rGO/SnS,
SnS,/NRGO

Si@SnS,-rGO
SnS/S-GNS
SnS,/rGO

PPy@SnS,;@CNF
SnS/C
Ti;C; MXene@C@SnS

3D SnS/C

SnS/C NFs

SHS/PDDA-T13C2
SnS@SC

The SnS@G

SnS,P,/RGO

Current

Density

(mA g)
645
2000
2000
100
1000
100
1000
300
300
100
100
1000
200
2000
500
1000
200
200
3000
100
100
1000
100
1000
1000

1000

200
500
100

1000

100

1000

500
2000
5000

10000
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Cycle
Number

100
200
1200
200
30
200
500
200
470
100
100
200
200
2000
200
200
200
400
600
100
200
1000
100
300
350

1000

500
500
100
1000

200

500

150
750
1000
3000

Reversible
Capacity
(mA hg')

1250
879
765
940
915
1150
676
664
2733
1016
426
1950
998
508
485
909
562
1480
423
803
1010
910
1165
535
1050

869

648
548
646
922

1462

1020

1176
1289
587
337

Ref.

Ref[17]®

Ref[2]°
Ref[3]!0
Ref[4]"!

Ref[5]"?

Ref[6]"3
Ref[7]™
Ref[8]'S
Ref[9]!¢
Ref[10]"7
Ref[11]'8
Ref[12]1°
Ref[13]20
Ref[14]2!
Ref[15]%

Ref[16]2
Ref[17]%4
Ref[ 18]S

Ref[19]26
Ref[20]27
Ref[21]°

Ref[22]28

Ref[23]%

Ref[24]%
Ref[25]3!

Ref[26]32

This
Work



Table S3. Comparison of Sn-Based Sulfide Anode Materials for SIBs

Materials

hs-SnS,
3D-GNS/SnS,
SnS,/NGS
SnS,/graphene
Co-SnS,/CC

Sl’lSz/NlSz@CC

SnS,; @CNSs
CNT/SnS,@C
YDSC-SnS@NSC

SnS@graphene

SMS/C NBs
SnS/SnS,@CC

SSC@SnS,

SHSZ QDS/T13C2
SnS; NP/TiO,@C

SnS,@N, S-GA

SnS,/G
SnS,/GCA
SnS,/rGO/SnS,
GNS@SnS,/SnS@C
SnS,@3DRGO
TiO,@SnS,@N-C
CoS,/C@SnS,
SnS, NWAs
SnS,@C
SnS,@C
SnS2@C@rGO
SnS,/NSDC
SnS,/rGO
SnS@C nanotubes
SnS@CNT
SnS/C NFs

Current
Density
(mA g)

1000
1000
500
1000
2000
500
2000
100
100
1000
810
7290
5000
1000
500
5000
100
5000
20
50
2500
200
100
100
2000
1000
10000
500
200
2000
1000
500
1000
200
1000
200

Cycle
Number

1000
1000
200
600
200
100
100
100
200
1500
250
250
500
1500
1000
1000
600
600
50
100
150
100
100
100
700
600
3500
100
200
500
1000
200
1000
100
500
500
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Reversible
Capacity
(mA hg')

486
385
453
330
800
588
343
631
605
284
492
308
522
300
432
245
345
338
527

360.5
338
535
1133
475
401
293
400
510
626
440
274
380
480
440
615
349

Ref.

Refl1]33
Ref[2]
Ref[3]3
Ref[4]%
Ref[5]7

Ref[6]38

Ref[77%°
Ref[8]10
Ref[9]40

Ref[10]*!

Ref[11]*%
Ref[12]4

Ref[13]#

Ref[14]%
Ref[15]%

Ref[16]*

Ref[17]%
Ref[18]%
Ref[ 192!
Ref[20]%°
Ref[21]5!
Ref[22]2
Ref[23]%
Ref[24]%
Ref[25]55
Ref[26]56
Ref[27]57
Ref[28]58
Ref[29]25
Ref[30]%
Ref[31]%0
Ref[32]%



SnS@SPC 100 100 400 Ref[33]!
SnS/3DNG 2000 1000 509 Ref[34]%
SnS/NG 1600 1200 600 Ref[35]%
SnS QDs@NC 1000 500 172 Ref[36]%
500 200 329
SnS,.,P/RGO 1000 4000 236 This work
2000 4000 199
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