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ABSTRACT

Lithium sulfur batteries (LSBs) are one of the most promising next-generation
electrochemical energy-storage systems owing to their ultra-high energy density at low cost.
However, there are several challenges that lead to the performance degradation of LSBs over
repeated cycling. The challenges mainly arise from the insulating nature of sulfur, the
dissolution of intermediate polysulfide into the electrolyte causing infamous “shuttle effect”,
and the volume variation of sulfur during repeated cycling. Therefore, the sulfur cathode, the
most crucial component, and its architecture is the key parameter that directly affect the
electrochemical performance of LSBs. Due to these challenges associated with the sulfur
cathode, the practical application and commercialization of LSBs are seriously impeded. Based
on these issues, this thesis mainly focuses on the development of various functional fibrous
architectures, and their suitable employment as desired component in the cathode to develop a

high-performance sulfur cathode for LSBs.

In this thesis, both nano and microfiber-based architectures are fabricated via simple
and cost-effective methods. These fibrous materials are explored as functionalized components
in the cathode with the adaption of bare sulfur as active material, e.g., the nanofibers as
functional cathode additives in Chapter 4 and cathode matrix in Chapter 5, the microfibers as
current collector and template for sulfur encapsulation in Chapter 6, and both nano and
microfibers as additives and current collector, respectively in Chapter 7. Each chapter
introduces novel cathode designs with the deployment of specifically designed fibrous

material, followed by necessary modifications.

First, a simple method is presented to design a cathode with the incorporation of
nanofibers as functional cathode additives. The nanofibers are featured with the in-situ grown
sulfur particles embedded inside porous polyacrylonitrile shell and coated with poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate (PEDOT-S@PAN). They are able to trap the
lithium polysulfides (LiPS) which results in their suppressed migration and ensure effective
electronic conduction as well. Therefore, incorporation of such nanofibers in the sulfur cathode

at minimal content can improve the electrochemical performance of LSBs. Second, a



sophisticated cathode design is proposed, in which a three-dimensional nanofiber matrix
composed of a-FeoOs integrated carbon nanofiber (Fe-CNF) is demonstrated for the
development of a collector-free and binder-free flexible self-standing sulfur cathode. With the
aid of physical barrier effect by the interwoven nanofibrous architecture and the intense
chemisorption by the combined effect of polar a-Fe>O3 and nitrogen-doped carbon present in
Fe-CNF, it can restrict the LiPS dissolution into the electrolyte. Moreover, the a-FeoO3 can
accelerate the polysulfide conversion reactions. Benefiting from the nanofibrous cathode
architecture, an improved sulfur utilization and thus high capacity, and better cycle
performance can be achieved. Third, a sustainable and scalable route is demonstrated to
develop a sulfur cathode by utilizing the carbon microfibers derived from waste cotton cloths.
The replacement of a cotton derived carbon microfiber cloth as the current collector in the
cathode instead of the conventional aluminum collector endow the LSB with much superior
capacity. This is mainly due to the sufficient accessibility of electrolyte in the cathode owing
to the interfiber pores and efficient electron transport by the long-length carbon microfibers.
Furthermore, the encapsulation of sulfur inside the carbon fibers developed via the utilization
of cotton microfiber cloth as the fiber templet and support substrate can not only restricts the
LiPS shuttling but also improve the ionic and electronic accessibility to sulfur. As a result, the
microfiber incorporated cathode can display superior cycle and rate performance as compared
to the bare sulfur cathode. Inferring from the effect of each of the fibrous structures used in
custom designed cathodes towards improving the performance of LSBs, finally a
heterostructure constructed from CoFe2O4 and SnO» decorated over the carbon nanofiber
framework (CoFe@SnCNF) is developed. A synergism between the multiple adsorptive and
catalytic sites of the heterostructure enable an efficient LiPS entrapment and expedite their
conversion, meanwhile the carbon nanofiber framework provides a long-range electrical
conduction. Based on these merits, a cathode fabricated by using CoFe@SnCNF as a
functional cathode additive and carbon microfiber cloth as the current collector with
reasonably high sulfur loading and low electrolyte/sulfur (E/S) ratio showed a decent capacity

and excellent cyclability.

In summary, the present thesis work has successfully developed high-capacity LSB by
employing novel fibrous architectures fabricated through cost-effective and high-throughput

techniques which have the ability to become industrially viable solutions.
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with error bars indicating the standard deviation

Schematic illustration of LiPS dissolution inhibiting effect by
the PEDOT-S@PAN nanofibers

Galvanostatic discharge-charge voltage profile of S/C/PEDOT-
S@PAN hybrid cathode at 0.5 C.

Schematic illustration of the fabrication process of flexible Fe-
CNF/S electrode

XRD pattern of FeSO4.7H,0 powders before (shown as red
line) and after (shown as black line) heat treatment

SEM image of (a) Fe-CNF and (b) CNF with the inset
representing the image at high magnification; (c) TEM and (d)
HAADF-STEM image of Fe-CNF with (e) corresponding
elemental mapping of Fe, O, N and C; (f) TGA thermogram of
a-Fe>O3 (shown as black line) and Fe-CNF (shown as red line)
in air atmosphere

Top view SEM image of (a) FeCNF/S and (b) CNF electrode;
(c) Cross-section view of the self-standing electrode; (d) XRD
patterns of FeSO4-PAN, Fe-CNF and Fe-CNF/S with ‘#
symbol correspond to the pattern of a-Fe>O3 and “*’° represents
to the pattern of PAN; (e) XRD pattern of CNF showing a broad
peak at 25° due to the amorphous nature of most of the carbon
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Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10
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in CNF; (f) TGA thermogram of Fe-CNF/S electrode in nitrogen
atmosphere.

(a) XPS survey spectrum of Fe-CNF/S electrode and
corresponding high-resolution spectra of (b) C 1s, (¢) N 1s, (d)
Fe 2p, and (e) S 2p; (f) XPS survey spectrum of CNF/S

(a) CV curves of Fe-CNF/S electrode at a scan rate of 0.1 mV
s !; (b) Cycle performance of LSBs with Fe-CNF/S, CNF/S and
CB/S electrode configurations at current rate of 0.2C; (c)
Discharge-charge profile of Fe-CNF nanofiber matrix at 0.2C

Nyquist plot with fitting line (a) before cycling and (b) after 150
cycles of discharging-charging at 0.2 C; (c) Corresponding
equivalent circuit, where R. represents the ohmic resistance R
is the resistance of passivation film formed, R is the charge
transfer resistance, CPE1 and CPE2 are the constant phase
elements and Zy is the Warburg resistance

Electrochemical performance of LSBs with Fe-CNF/S, CNF/S
and CB/S electrode configurations representing the (a) 150™
discharge-charge profiles at 0.2C; (b) Rate performance from
0.2C to 2C; and (c¢) Cycling performance at a current rate of
0.5C

Post-cycling characterizations of the self-standing electrodes.
SEM image after 50 cycles of (a) Fe-CNF/S and (b) CNF/S
electrode; (c) XPS survey spectra of both the electrodes and
high resolution (e) Fe 2p, (f) N 1s spectrum of Fe-CNF/S
electrode after 50 cycles of discharging-charging at 0.2C; (g)
High-resolution S 2p spectrum of CNF/S and Fe-CNF/S
electrodes after 50 cycles; (h) Low magnification and (i) high-
magnification FESEM image of Fe-CNF/S electrode after 150
cycles at the discharged state of 1.7 V

Analysis of catalytic effects of the electrodes. CV curves of
symmetric cells of (a) Fe-CNF and (b) CNF electrodes without
and with 0.2M Li»Se at a scan rate of 10 mV s™'; (c) Nyquist
plots of Fe-CNF and CNF symmetrical cells

Analysis of lithium-ion diffusion of the electrodes. CV curves
at scan rates of 0.1-0.5 mV s! of (d) Fe-CNF/S and (e) CNF/S
half-cells; (f-h) Current values of peaks A, C1 and C2 in the CV
curves for Fe-CNF/S and CNF/S half-cells versus the square
root of scan rates
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Figure 5.12

Figure 6.1
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Figure 6.8

Figure 6.9

Figure 6.10

(a) Cycle performance of Fe-CNF/S electrode at 1C; (b) Cycle
performance at 1C of a double-layer Fe-CNF/S electrode having
a sulfur loading of ~2 mg cm >

(a) Digital photograph and (b) SEM image of the cotton cloth;
(c) High magnification, (d) low magnification SEM images, and
(e) digital photograph of a piece of cotton derived carbon
microfiber cloth; (f) Digital image of carbon cloth showing
excellent flexibility; (g) Raman spectrum of the carbon cloth

(a) Low magnification and (b) high magnification SEM image
of LSB cathode with carbon cloth as current collector; (c) Low
magnification and (d) high magnification SEM image of LSB
cathode with conventional Al current collector

Comparison of cycle performance with LSB cathode with
carbon cloth as current collector to the conventional Al current
collector

(a) Morphology of Na>SOj4 treated cotton cloth after annealing
at 900 °C under nitrogen; (b) XRD pattern of annealed cotton
cloth (without Na;SO4 treatment) displaying the crystalline
planes of partially graphitized carbon, and annealed Na;SO4/CC
(with NaxSO4) displaying the characteristic crystalline planes of
NaxS

Schematic illustration of the fabrication process of S@C fibers

SEM images showing (a) the overall structure S@C cloth at low
magnification (inset is the digital image); (b) high magnification
image of a single S@C fiber; (c) the cross-section of S@C fiber
and (d) the cross-section of S@C fiber after removal of sulfur
from the core of the fiber through annealing

FESEM image and corresponding EDX mapping images of
sulfur (S), carbon (C) and nitrogen (N) present in the S@C
fibers

(a) XRD pattern, (b) Raman spectrum, (c¢) DSC and (d) TGA
curve of S@C fibers

Digital photograph of the electrical resistance measurement of
the S@C fiber cloth by a digital multimeter

(a) The TGA curve of S@C fibers fabricated from the Na>SO4
treated cotton cloth prepared with 0.5M (S@C-0.5) and 1.5M
Na»S04 aqueous solution (S@C-1.5); SEM image of (b) S@C-

XViii

107

118

119

120

121

122
123

124

125

126

127



Figure 6.11
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0.5 and (¢) S@C-1.5; (d) High magnification SEM image of
S@C-1.5

(a) CV curve at a scan rate of 0.1 mV s ! and (b) galvanostatic
discharge-charge profile at 0.2C of S@C cathode; Comparison
of (c¢) cycling performance at 0.2C and (d) rate performance of
S@C and bare sulfur cathodes; (e) Long-term cycle
performance of S@C cathode at 1C

(a) Cycle performance at 0.2C of the S@C and bare sulfur
cathode with Celgard 2400 separator; (b) Cycle performance at
0.2C of the S@C electrode at low E/S ratio

Schematic illustration of the role of CoFe@SnCNF in the
cathode of LSB

(a) Schematic illustration of the fabrication of CoFe@SnCNF;
(b) FESEM image of CNF; (c) High magnification, (d) low
magnification FESEM image and (e) EDX mapping of
CoFe@SnCNF

(a) FESEM image of SnCNF displaying the rough fiber surface
due to the growth of SnO2 nodules over the CNFs; (b, c) TEM
and (d) HRTEM image with SAED pattern of CoFe@SnCNF

(a) XRD patterns of CoFe@SnCNF, SnCNF and CNF; (b) XPS
spectrum and high-resolution spectra of (¢) Sn 3d, (d) Co 2p, (e)
Fe 2p and (f) O 1s in CoFe@SnCNF

Visual adsorption (a, ¢, €) and UV-Vis spectra (b, d, f) of
polysulfide solution without (blank) and with the immersion of
CoFe@SnCNF, SnCNF or CNF, after 2 min (a, b); 4 h (c, d);
and 24 h (e, f) of soaking

CV curves measured at scan rates of 0.1-0.4 mV s™! for (a)
CoFe@SnCNEF/S, (b) SnCNF/S and (c) CNF/S half-cells; (d-f)
Plots of CV current values for anodic (A) and cathodic (C1 and
C2) current peak versus the square root of scan rate

(a) CV curves of the CoFeCNF/S half-cell at scan rates of
0.1-0.4 mV s !; (b—d) Plot of current values versus the square
root of scan rate for the peaks A, C1 and C2 in the CV curves of
CoFeCNF/S

(a) CV curves of CoFe@SnCNF/S electrode at a scan rate of 0.1
mV s7!; (b) Cycle performance of CoFe@SnCNF/S, SnCNF/S
and CNF/S at 0.2C; (c) Cycle performance of CoFeCNF/S at
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Figure 7.9

Figure 7.10

0.2C; (d) Comparison of discharge capacity and cycle stability
of CoFe@SnCNF/S, SnCNF/S and CNF/S

(a) 100" discharge-charge profiles at 0.2C; (b) Nyquist plot after
100 cycles of discharging-charging and (c) its corresponding
equivalent circuit; and (d) rate performance from 0.1C to 2C of
CoFe@SnCNF/S, SnCNF/S and CNF/S

(a) Cycle performance at 0.5C and (b) cycle performance with
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