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Table S1. Elemental composition of Sb@C nanocomposite samples

Weight content [wt%]

Sample
N C H S 0) Sb
Sb@C -1 0 26.87 1.52 0 0.75 70.86
Sb@C-2 0 39.22 1.78 0 1.14 57.86
Sb@C-3 0 44.65 1.68 0 2.78 50.89
Sb@C-4 0 49.93 1.57 0 2.79 45.71

The weight content of nitrogen, carbon, hydrogen, and sulfur elements present in the Sb@C
composite samples were determined by elemental analysis (CHNS-O). The remaining weight
percentage is assigned to Sb. The presence of oxygen in the composite is attributed to the
adsorption of oxygen in the air atmosphere on the surface of the synthesized composite. As
shown in Table S1, oxygen content increases with the increase of carbon content. This implies
that a more porous structure with a high specific surface area was formed as the carbon precursor

content increased.
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Table S2 - Fitting parameters obtained from the impedance spectra for the as-prepared Sb electrode, as-prepared Sb@C-3 electrode
and Sb@C-3 electrode after the charge-discharge test for 500 cycles at the 1C-rate.

Sample Re Rint CPE,nt Rct CPEct W
Q) Q) Cint (F) Rint (€2) C.(F) Ny (Q1s172)
As-prepared Sb 8.1 - - - 198.2 1.99 x 106 0.740 1.85 x 10
As-prepared Sb@C-3 7.8 - - - 109.9 2.79 x 10 0.754 3.29 x 10
Sb@C-3 after 500 cycles 7.9 271.5  1.42x 10 0.757 98.6 52.92x 10¢  0.782 0.32x 104
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Table S3 - Comparison of electrochemical performance of Sb/C composite anodes for lithium-ion batteries

Anode Cycling stability Rate capability Synthesis methods Ref.
Sb@C 447.1 mAh g! after 500 cycles at 405.97 mAh glat 10 C Citrate gel synthesis This work
nanosponge 1 C(0.66 Agh) (6.6 Agh

Sb—graphite

550 mAh g after 250 cycles at
230 mA g!

317 mA h g'!at4C
23Ag)

Ball milling

[1]

Sb/C composite 466.2 mAh g'! after 200 cycle at 3544 mAhg'lat 1 Ag! Sol-gel routine [2]
100 mA g'!
Spherical Sb/C 590 mAh g! after 80 cycles at 535mAhg'latl1.2 Ag! Aerosol spray pyrolysis [3]

100 mA g'.

technique

Rod-like Sb/C 478.8 mAh g after 100 cycles at 369.7mAh g'at0.5A g!' Reduction and carbon [4]
100 mA g! deposition

Sb@C/expanded 486 mAh g after 600 cycles at 287 mAh glat2 A gl Freeze dying [5]

graphite 1Ag!

Sb/C polyhedra 400.5 mAh g after 500 cycles at 437.1 mAhg'lat5 A g'! Galvanic replacement [6]
1Ag!

Sb/C fiber 254.4 mAh g'! after 149.8 mAhg'lat1.6 Ag'  Electrospinning [7]

100 cycles at 100 mA g!

Sb/CNT 277.2 mA h g! after 50 cycles at 25 - Ball milling [8]

composite mA g!

Rod-like 556 mA h g! after 100 cycles at 3123 mAh g'at5 A g! In-situ nanoconfined 9]

Sb/NPC 200 mA g! replacement reaction

Hollow Sb@C 405 mA h g'! after 300 cycles at 1 384 mAhg'at2 A g! Nanoconfined [10]

A gl

galvanic replacement route
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Fig. S1: (a) TGA curves of Sb@C samples in air; (b) Thermogravimetric (TG) plot of pyrolytic
carbon sample synthesized by carbonizing citric acid under the same conditions with the Sb@C
samples. XRD patterns of Sb@C composite samples after heating at (c) 400 °C and (d) 700 °C

in air.

Fig. Sla shows TGA curves of the Sb@C composites. It is recognized that all Sb@C
samples exhibit the similar TGA behavior. In specific, the samples revealed the first weight loss
near 100 °C, which originates from the removal of moisture from the samples. Subsequently, the
weight of the samples almost remained until the temperature reached 250 °C. After that, when
the temperature continuously increased, the samples showed a slight increase in weight as a
consequence of partial oxidation of metallic Sb to Sb,O3 (Fig. S1b), according to the following

reaction:

4Sb + 30, — 2Sb,0; (S1)
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After reaching the temperature of near 400 °C, the Sb@C samples exhibited significant

weight loss, which was attributed to carbon combustion (Fig. S1a):
C+0,—CO, (S2)

The similar phenomenon of combustion reaction was found for the pyrolytic carbon sample
synthesized by carbonizing citric acid under the same conditions with the Sb@C samples (Fig.
S1c).

The last weight change of the Sb@C composites is observed at the temperature from ~ 450
°C to 600 °C, which corresponds to the further oxidation of Sb,O; as well as the residual Sb by
forming other oxides of Sb, e.g., Sb,O, (Fig. S1d):

2Sb,03 + O, — 2Sb,04 (S3)
2Sb + 20, — Sb,04 (S4)

Finally, the weight of the Sb@C composite samples retained stably at temperatures above
600 °C. XRD patterns of the oxidation products of the Sb@C composite after the heating process
and holding at 400 °C and 700 °C in air for 1 h are presented in Fig. S1c-d, respectively.

The weight percentage of Sb present in the Sb@C composite was calculated as follows.

2 X weight (%)at 200%¢

Shbwt% = x Mg,
Mgp,0,

M
where Mg, and 2% are the molecular weights of Sb and Sb,0,, respectively, and the weight

(%) at 700 °C is the assumed weight of Sb,O,.
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Fig. §2: (a) Nitrogen adsorption-desorption isotherms and (b) cumulative pore volume of

Sb@C-1, Sb@C-2, Sb@C-3, and Sb@C-4.

0.2

g 0.4 0.6 0.8
Relative pressure (P/P )

(b)f';; 0.006

£ 0.005
(2]

—

£ 0.004

e
o
1=}
=}
@
1

Incremental pore volu

—0— Sb@Cc-1
—A— Sb@C-2
—i— Sh@C-3
~)— Sb@C-4

10 100
Pore diameter (nm)

1000

S7



(a) 08

@
-
1

e
o
1

Current (mA)

-0.4 -

-0.8 T

— 1% cycle
—— 2" cycle
——3"cycle
—— 4" cycle
——5" cycle

= |

00 05

Potential (V vs. Li'/Li)

(b) 1* cycle
1.0 — 2" cycle
—— 3" cycle

—— 4" cycle

0.5 ——5" cycle

Current (mA)
(=]
ra

-0.5
1.0
00 05 10 15 20 25
Potential (V vs. Li'/Li)
0.8
(d) — 1" cycle
—— 2" cycle
——3"cycle
0.4+ —— 4" cycle
—5" cycle

Current (mA)
e
2

-0.4-

00 05 10 15 20 25
Potential (V vs. Li‘/Li)

10 15

0.8

20 25

(c)

e
L=
1

Current (mA)
e
(=]

-0.4
-0.8 T — T
0.0 0.5 1.0 1.5 2.0 2.5
Potential (V vs. Li'/Li)
0.8
(e) — 1% cycle
—— 2" eycle
—— 3" cycle
AOA T —— 4" cycle
E —— 5" ¢ycle
€0.0-
g
5
(&}
-0.4 4
-0.8 T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25

Potential (V vs. Li"/Li)

Fig. §3: Cyclic voltammogram of electrodes: (a) pyrolytic carbon, (b) commercial Sb, (c)
Sb@C-1, (d) Sb@C-2, and (e) Sh@C-4.
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As shown in Fig. S3a, at the first cathodic scan, the pyrolytic carbon electrode exhibits three
peaks at 1.48 V, 0.59 V, and 0.01 vs. Li*/Li. However, in the subsequent cycles two peaks at
1.48 and 0.59 V disappear completely, implying the irreversible formation of SEI layer on the
surface of the electrode for the first cycle. In the 2" cycle onwards, only the sharp peak at 0.01 V
corresponding to lithium intercalation into the carbon matrix remains. This is also verified by
absence of the lithiation peak of carbon in the CV plots of the commercial Sb electrode, which
does not contain any carbon material, as shown in Fig. S3b.

In comparison with the CV plots of the pyrolytic carbon (Fig. S3a) and the commercial Sb
(Fig. S3b), all the CV plots of Sb@C composite electrodes (Fig. S3c-e) present the feature
oxidation and reduction peaks of both Sb and carbon materials. This indicates similar

electrochemical behaviors of these composite electrodes.
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Fig. $4: Discharge-charge potential profiles of (a) Sb@C-1 and (b) Sb@C-2, and (c) Sb@C-4

electrodes.
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Fig. §5: (a) Cyclability and (b) coulombic efficiency of Sb@C-1, Sb@C-2, Sb@C-4, and
pyrolytic carbon electrodes at a rate of 0.1 C.

In this study, in order to investigate the contribution of pure carbon derived from citric
acid, we synthesized pyrolytic carbon with carbonized citric acid for 1 h in argon gas and then
prepared the pyrolytic carbon electrode via a process that is analogous to that of the Sb@C
composite electrodes. As shown in Fig. S5, the capacity contribution of pyrolytic carbon is
almost insignificant. The pyrolytic carbon exhibits a low specific capacity of about 25 mAh g!.

This value is negligible compared with the specific capacity of the Sb@C composite electrode.

Fig. §6: SEM image of commercial Sb powder.
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