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Table S1. The estimated atomic composition of the anodes from EDS along with the atomic

ratio calculated from the precursors used in synthesis.

Sb,Al,S,
Sample ID Chemical analysis
Sb a Alb Sc
Sb,S, Nominal concentration in the precursor 40 - 60
EDS (atomic %, +4%) 42.6 - 57.4
Sby oAlyS; Nominal concentration in the precursor 38 2 60
c EDS (atomic %, +4%) 33.2 6.2 60.6
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Figure S1. Energy dispersive X-ray spectra of (a) Sb,S; and (b) Sb; 9Alj ;S5 anodes obtained

from a scanning electron microscope.
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Figure S2. Galvanostatic charge-discharge profiles of Sb,S; when cycled at 0.05C in the (a)

conversion regime, i.e., between 2.5 V and 1 V (vs. Li/Li*) and (b) alloying regime, i.e.,

between 1.25 V and 10 mV (vs. Li/Li"). Galvanostatic charge-discharge profiles of Sb; 9Aly 1S3

when cycled at 0.05C in the (¢) conversion and (d) alloying regimes.
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Figure S3. Cycling stability of Sb; 9Aly;S3;-Alloy using FEC and EC electrolytes when cycled

at 5C for over 1000 cycles. FEC electrolyte improves the rate capability and cycling stability
of the alloy storage in Sby 9Alg;S;.
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Figure S4. Cyclic voltammetry profiles of (a) Sb,S; and (b) Sb; 9Aly;S; when scanned at

different rates in both conversion and alloying regimes.

Table S2. Estimated lithium diffusion coefficient in Sb,S;and Sb; 9Alg 1S3 anodes.

Sample Lithiation (cm? s™!) Delithiation (cm? s™!)
szSg, 4.7 x 10-11 7.9 x 10°11
Sbi1.oAly1S; 6.6 x 1010 6.8 x 10-10

Cyclic voltammetry was carried out to understand the electrochemical features better, and the
observed profiles were plotted in Figure S6. As the scan rate increases, peak separation
increases as expected in diffusion-limited systems [1]. The peak current as a function of inverse
square root scan rate shows a linear change indicating that the Randle Sevick equation

(Equation S1) can be used to estimate the diffusion coefficient [2].

b 0.4463(i)1/ZCL. vi/24,D,M?

m RT l o Equation S1.
where i,/m is the normalized peak current (A g'!), F is the Faraday constant (96485.33 C mol
1, R is the universal gas constant (8.314 J mol! K-!), C;; is the concentration of Li ions (0.0133

mol cm) [3], v is the scan rate (V s7!), and 4, is the active surface area of the electrode material

(1.767 cm?) and Dy, the diffusion coefficient of lithium in the electrode.



1.0 (a) Sb,S5 - Conversion 3 (b) Sb,S; - Alloying
— (.05 mV/s
2 4 —0.1 mV/s
0.5 e 0.3 MV/s
— (.5 mV/s
14 0.75 mV/s
5 0-01 S — 1 mVis
< < o]
— -0.51 ——0.05mVis -
— (0.1 mV/s 14
-1.04 —0.3mV/s
—(0.5 mV/s
0.75 mV/s -2 1
-1.5 ——1mV/s
T T T T -3 T T T 1 T T T
1.0 14 1.8 2.2 26 00 02 04 06 08 10 12
Eye(V) vs. Li/Li* Ewe(V) vs. Li/Li*
1.5 - -
(d) Sb1_9A|0_1S3 - Conversion 44 (d) Sb1_9A|0_1S3 - Alloying
1.01 3] ——005mvis
—0.1 mV/s
0.5 —0.3mV/s
2+ —0.5mV/s
—~ 0.01 . 0.75 mVis
o o 197 —1mvss
< .05- <,
- — (.05 mV/s -
-1.0 1 —0.1mVis 14
e 0.3 MV/s
1.5 —05mV/s 2]
0.75 mV/s
204 — 1 mV/s 34
1.0 1.4 1.8 2.2 2.6 00 02 04 06 08 10 12
Eye(V) vs. Li/Li* Ewe(V) vs. Li/Li*

Figure SS. Cyclic voltammetry plots of Sb,S; in (a) Conversion and (b) Alloying regimes, of
Sb; 9Alj 1S5 in (¢) Conversion and (d) Alloying regimes.

Table S3. The estimated lithium diffusion coefficient in Sb,S;and Sb; 9Alj S5 anodes.

Lithiation (cm? s!) Delithiation (cm? s!)
Sb,S;-Alloy 4.4 x 1010 5.7 x 1010
Sbl.QAl().lSyAHOY 6.4 x 1010 1.0 x 10°

In alloying, the peaks are sharper. In the Sb;¢Aly;S; anode, no new peaks were
observed, and the normalized current is larger, indicating that Al does not change the lithium
storage mechanism but improves the performance of the anodes. The diffusion coefficient
estimated from the alloy storage of the anodes is shown in Table S3. Peaks in conversion

storage are too smeared for estimating the lithium diffusion coefficient.



The lithium diffusion coefficient in Sb;¢Alj;S;-Alloy is much larger than in other
storage regimes, indicating the reason for enhanced electrochemical properties. Also, it should
be noted that the delithiation diffusion coefficient is always larger than the lithiation diffusion
coefficient, irrespective of the cut-off voltages used. This suggests that the capacity loss is
primarily due to lithium not getting into the Sb,S; system. This explains the observation of
nanorods in scanning electron micrographs of Sb,S; anode cycled in alloying and conversion
regime (Figure 6(b)). These nanorods are the ones which have not participated in the
electrochemical lithium storage. In the case of Sb; Al ;S5 cycled in conversion and alloy
regime, Figure 6(f), all the nanorods participated in lithium storage, underwent pulverization,

and lost the microstructure resulting in the formation of the nanoparticles (Figure 6 (f)).
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Figure S6. Electrochemical impedance spectroscopy studies on Sb,S; and Sby 9Aly ;S; anodes
after cycling in the alloying regime. The profile of Sb,S; shows two complete semicircles and
one incomplete semicircle. The region dominated by lithium diffusion (Warburg) is yet to be
seen. In the Sb;9Aly;S; anode, two semicircles are observed, after which lithium diffusion

dominates the system behavior.

EIS studies were carried out after alloying to understand the electrochemical features
better, and the observed profiles were plotted in Figure S8. In Sb,S;, two broad semicircles are
present, followed by an incomplete semicircle. In the Sb; 9Alj;S; anode, two semicircles are
observed, followed by the Warburg element (see the inset in Figure S8). In Sb,S;, the second
semicircle starts dominating when the frequency is 122 Hz, whereas, in the case of Sb; 9Alg;Ss,
the Warburg element starts dominating at 44 Hz, indicating the better lithium diffusion kinetics
in Sby 9Aly;S; anode. The intercept on the x-axis is the electrolyte resistance [4], which is a
little larger for the Sb; Al ;S; anode, probably because of the dissolution of byproducts from
the SEI layer formation [5]. The first semicircle attributable to the solid electrolyte interface
layer is much larger for Sb,S; than it is for Sb; 9Al;Ss, indicating a stable SEI layer on the
latter. This could be attributed to the smaller volume expansion of Sb;¢Alj;S;, as observed
from post-electrochemical scanning electron microscopy studies in Figure 6. In Sb,S;, the
second semicircle is extremely large, indicating huge charge transfer resistance. In the
Sb, 9Aly 1S5 anode, the charge transfer resistance is much smaller. It is possible that the larger
Sb nanoparticles which formed during the decomposition of Sb; yAly ;S; formed a percolation

network in Li,S and other polysulfide matrix, very likely in contact with other particles



decreasing the effective resistance over the length of the electrode film [6]. Sb,S;, with
amorphous Sb nanoparticles, is not likely to have such a percolation network resulting in huge
charge transfer resistance. In Sb,S3, the beginning of a third semicircle is observed, but it is not
fully observable. Very likely, it is a contribution from the polysulfides left over from the
previous conversion reaction [7]. In Sb;9Alj;S;, such a third semicircle is not seen. Rather
lithium diffusion starts to dominate the system behavior as seen from the linear profile

(Warburg element). The estimated fit parameters are shown in Table S4.

Table S4: Estimated parameters from the EIS fitting.

Sb283 Sb1.9A10.IS3
Relec (Q) 1 3
Rctl (Q) 23 20
Roo () 740 1050
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Figure S7. Powder X-ray diffraction patterns of Sb,S; and Sb;9Alj;S; cycled in alloying,
conversion and both regimes. Powder X-ray diffraction patterns of the pristine foil are also
shown. Standard powder diffraction patterns of Sb,S; (PDF # 42-1393) and Sb metal (PDF #
35-0732) are shown.
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Figure S8. Post electrochemical Raman spectral studies on pristine and cycled Sb,S; and
Sb, 9Aly1S; anodes (in the lithiated state) after cycling in different regimes. Circles represent
peaks attributable to stibnite structure. Diamonds represent peaks attributable to metallic Sb.
The peaks of metallic Sb are much sharper in the Sb; Al ;S;-Alloy anode, suggesting a larger
crystallite size [8].
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Table S5. Performance of pristine Sb,S; of different morphology reported in the literature in

comparison to this work. All the data correspond to both conversion and alloying regimes (2.5

V to 10 mV vs Li/Li") unless mentioned otherwise.

Reversible capacity | Capacity (E) at
Morphology Particle size # of cycles at max current | Reference
current rate rate tested (F)
Film of
thickness 950 | o> AMANE e 1 AN
Amorphous Sb,S; 250 [9]
nm on SS (1 A/g)
~0.2 A/g
substrate
800 mAh/g
Bulk Sb,S; 10-20 um 50 > 8(% r;ifl;/ g [10]
0.25 Alg &
400 mAh/g*
Colloidal Sb,S, 20-25 nm 1200 6((’f2nx>h)/g (4]
2.4 Alg &
Sb,S; nanorod- | 614 mAh/g 400 mAh/g
bundles dia ~ 100 nm 30 (0.5 Alg) [11]
0.1 Alg '
Sb,S; Hollow 674 mAb/g 541 mAh/g
Microspheres 2-3 pm >0 (5 Alg) [12]
02 A/g
Ultrathin Sb,S; thickness ~ 3.8 800;8€h/g 607 mAh/g [13]
nanosheets nm 0.2 Alg (2 A/g)
Sb:S; manorods =1 ;) 5oy | 317 mAbE 374mAh/g | This
conversion and leneth ~10 500 (18.8 Alg) work
alloying eng Hm 4.7A/g Ve
SbioAle, S nanorods |-y, 900y | 7IAMANE 1 505 1 nAlg | This
— conversion and lenoth ~10 500 (18.8 Alg) work
alloying ong Hm 4.7A/g 8
. 23 mAh/g .
Sb; 9Alp ;S; nanorods | dia ~ 200 nm 32.6 mAh/g This
— conversion length ~10 1000 (37.6 A/g) work
eng Hm 4.7 Alg* o8
SbyoAlp1Ss dia ~ 200 nm 239'?&3{?” & | 493mAh/ig | This
nanorods - alloying | length ~10 um 4.7 Alg * (37.6 A/g) work

* Estimated from the published graph. # Measurements were carried out on a different set of

coin cells.
Note: 1C =0.946 A/g
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Table S6. Performance of different materials tested as anodes for lithium-ion batteries reported

in the literature.

Reversible Capacity (E)
Theoretical
) Voltage vs. | capacity (A) after at max
Anode capacity o Reference
Li/Li" (V) (B) cycles at current rate
(mAh/g)
current rate (C) tested (F)
Graphite 372 ~0.3 ~70 (50) 1C ~25 (20) [14]
LisTisO; 170 ~1.5 157 (50) 1C 96 (20C) [15]
MoS, 670 ~1.7 1043 (100) 0.15C | 680 (1.5C) [16]
Rutile TiO, 170 ~1.5 160.4 (100) 1C 105.6 (10C) [17]
Graphene 372-1116 ~1 460 (100) 1C 650 (1C) [18]
Silicon 4200 ~0.5 1801 (40) 0.2C ~1000 (2C) [19]
Multi-wall
372-1116 ~1.5 ~900 (50) 1C 767 (3C) [20]
CNT
Lithium 3860 0 - - [21]
Sb,S; 946 ~1 614 (30) 0.1C* 400 (0.5C)* [11]
Sb1.9Aly1S; —
450 (5) 0.1C* | 231.6 (10C)* This
Only 473 ~0.7
239.8 (1000) 5C | 49.3 (400) work
Alloying

*Measurement on different cells

# Approximate C-rates
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