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ARTICLE INFO ABSTRACT

Keywords: Chalcogens, especially sulfur and selenium, have wide-ranging applications, from pharmaceuticals to catal-
Chal cogens ysis and energy storage. Size and morphology control are critical factors advancing the applications of sulfur
g/fﬁ;ilr oxides and selenium. In this study, a new methodology for chalcogen nanostructure morphology control is estab-
Selenium lished. The concept is based on harnessing the differential interaction of metal oxides with polysulfides and
Lithium batteries polyselenides to control the chalcogen nanostructure. Metal oxide substrates of varying compositions in-
Nanosheets duce the formation of a wide range of multidimensional chalcogen morphologies, including nanoparticles

and hollow nanospheres (0D), nanowires and nanocables (1D), uniform nanocoating (2D), and hollow-
shell networks and multipods (3D). The chalcogen nanostructures are applied as Li-chalcogen battery cath-
odes. Battery testing shows direct structure-performance correlation, which favors smaller chalcogen size
and shapes that allow closer contact with the substrate. Metal oxide-mediated chalcogen morphology con-
trol is a general strategy that can be applied to other fields for the advancement of chalcogen-based applica-

tions.

1. Introduction

Chalcogens, especially sulfur and selenium, have high potential for
application in various fields, including pharmaceuticals, waste water
treatment, agriculture, catalysis, sensors, photovoltaics, and energy
storage [1-5]. Size reduction and morphology control are major drivers
of their advanced applications [3,4,6-11]. One of the most promising
applications of S and Se is Li-chalcogen batteries, owing to their high
theoretical capacities of 1672 [12] and 678 mAh g! [13], respectively.
Nanostructural tailoring and shape control are very effective strategies
for achieving high-performance Li-chalcogen battery [14-21].

Controlled synthesis of nanostructured S and Se has received consid-
erable attention. S and Se nanoparticles have been synthesized by vari-
ous approaches, including acid-mediated thiosulfate/polysulfide dis-
proportionation [2,14,22-25], Se precursor reduction and stabilization
[10,20,26-30], H,S oxidation [15,31], chalcogen-amine chemistry
[19,32], and physical methods [17,33]. Nano S and Se morphology
control strategies are limited, with mostly 1D nanostructures reported
[34-44]. New methodologies for chalcogen nanostructure control need
to be established to further advance their applications.

Polysulfides (PS) and Polyselenides (PSe) have complex interactions
with polar inorganic materials, such as metal oxides and sulfides. Polar
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inorganic materials bind PS and PSe via different routes, including po-
lar-polar, Lewis acid-base and redox interactions, displaying distinct
variation in affinity, binding mechanism and strength, and surface dif-
fusion [45-54]. Metal oxides were found to bind PS with varying
strength [46], and some oxides were capable of oxidizing PS [47]. Ox-
ide acidity and surface diffusion were manipulated to tune PS binding
properties [45,49]. Periodic laws predicting PS and PSe binding have
been proposed [48,50]. Although differential interaction of PS and PSe
with polar inorganic materials is a well-established principle, it has not
been used in controlled chalcogen synthesis. We hypothesize that polar
inorganic substrates can be used as mediators for differential chalcogen
morphogenesis due to their differential interaction with PS and PSe.
Herein, a new concept for controlling the morphology of chalcogen
nanostructures is established. Metal oxides were used as mediators that
directed the chalcogen growth based on their differential interaction
with PS and PSe. Metal oxide (MO) substrates with different composi-
tions induced the formation of a wide variety of 0D, 1D, 2D and 3D S
and Se nanostructures. Sulfur nanoparticles (0D), nanowires (1D) and
hollow-shell networks (3D) were induced by FeO, NiO and CoO, respec-
tively. Se hollow nanospheres (0D), nanocables (1D), uniform
nanocoating (2D) and multipods (3D) were produced by CoO-N, Ni-
NiO, CoO and NiO, respectively (Scheme 1). The Li-chalcogen battery
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Scheme 1. Chalcogenide morphologies induced by different MO/rGO substrates.

performance of the synthesized nanostructures showed a distinct struc-
ture-performance correlation, whereby smaller S and Se nanostructures
with shapes that allowed better contact with the substrate achieved
better performance. These findings validated our hypothesis that the
complex interactions of polar inorganic materials with PS and PSe
could be harnessed for controlled S and Se morphogenesis, and demon-
strated the importance of nanostructure control for advancing chalco-
gen-based applications.

2. Materials and methods
2.1. Synthesis of MO/rGO substrates

Metal oxide/rGO nanosheets were synthesized according to our pre-
vious report [55]. Briefly, metal oxide precursors (iron(III) acetylacet-
onate, cobalt(Il) acetylacetonate and nickel(II) acetylacetonate) were
dissolved (12.3 umol mL~1) in warm ethanol dispersions of graphene
oxide (0.5 mg mL-1). The dispersions were stirred overnight, and then
washed with warm ethanol. The nanocomposites were dried at 60 °C
and calcined at 300 °C in air. Nitridated and reduced substrates were
calcined under NH3 and Ar/H, (9:1) atmospheres at 400 °C and 350 °C,
respectively.

2.2. Preparation of PS and PSe

PS and PSe were prepared by dissolving sulfur and selenium in ethyl-
enediamine and hydrazine hydrate at concentrations of 0.2-2 M, form-
ing alkylammonium PS and PSe, respectively, according to Eqgs. (1)-(4)
[32,56]. Mixture of ethylenediamine and hydrazine hydrate (volume
ratio = 1:1) was used for the synthesis of NiO/rGO/Se and Ni-
NiO/rGO/Se.

2(R-NH,) + Sg — (R-NH3*)(RNH-Sg™) (@)
N2H4‘H20 <> N2H5+ + OH™ (2)

—_— Y L
% % a0 %o 0
CoO-N/rGO Se hollow
nanospheres
\I:Se
Se multipods
4N,Hs* + Seg + 200H™ — 4N, + 8Se? + 20H,0 3)
Se2~ + nSe < Se > 4

2.3. Synthesis of chalcogen nanostructures

Chalcogen nanostructure synthesis was based on chalcogen-amine
chemistry as previously reported [19,32], with modifications. MO /rGO
substrates were dispersed at a concentration of 0.25 mg mL~! in 55 mL
of deionized water/ethanol mixture (volume ratio = 10:1). PS and PSe
were added dropwise to the MO /rGO dispersions and stirred for 20 h.
The nanocomposites were washed using deionized water and ethanol,
and dried at 60 °C.

2.4. Characterization

Transmission/scanning transmission electron microscopy (TEM/
STEM) and field emission scanning electron microscopy (FESEM) were
conducted using FEI Tecnai F20 and JEOL JSM-7400 F, respectively,
both fitted with energy dispersive X-ray spectroscopy (EDX) microana-
lyzer (OXFORD). Powder X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS) studies were performed using Bruker D8
ADVANCE and VG ESCALAB 220i-XL, respectively. Thermogravimetric
analysis (TGA) and CHNS elemental analysis were obtained using TGA
55 (TA Instruments) and Thermo Scientific FlashSmart CHNS Elemen-
tal Analyzer, respectively. N, adsorption-desorption isotherms were at-
tained using Micromeritics ASAP 2460.

2.5. Cathode preparation

Li-chalcogen battery cathodes were prepared by slurry coating or as
self-standing electrodes. Slurry coating was carried out by mixing the
nanocomposites with vapor-grown carbon fibers (VGCF) and poly
(vinylidene fluoride) forming a slurry. The slurry was coated on car-
bon-coated Al foil, cut into 12.7 mm discs, and dried at 60 °C. Self-
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standing electrodes were prepared by mixing the nanocomposites with
reduced graphene oxide, VGCF and acetylene black using polytetraflu-
oroethylene, forming free-standing membranes. The membranes were
cut into 12.7-mm discs and dried at 60 °C. S loading was 1.5-2 mg cm?
and ~7 mg cm? for high-loading testing. Se loadings were 0.5, 1.2 and
1.7 mg cm?. Specific capacity was based on the mass of active mater-
ial. Electrodes with a low loading of 0.5 mg cm? were prepared by
slurry coating, while those with loadings of 1.2-7 mg cm? were self-
standing.

2.6. Electrochemical measurements

CR2032 coin cells were assembled in a glove box (Inert) under Ar at-
mosphere with O, and H,0 levels of < 1 ppm. The as-prepared cath-
odes were assembled against Li metal as counter and reference elec-
trode, using Celgard 2325 as separator, and 1 M bis(trifluoromethane)
sulfonimide lithium salt in a mixture of dimethoxyethane and 1,3-
dioxolane containing 2 wt% LiNOj as electrolyte. CV and galvanosta-
tic charge-discharge were conducted using AUTOLAB electrochemical
workstation at 0.05 mV s~! and LAND CT2001A battery cyclers at a
voltagerange of 1.6-2.8 Vand 1/1.6-3 V for Li-S and Li-Se systems, re-
spectively.

2.7. PS/PSe adsorption test

Li»S4 and Li»Seg were synthesized in an Ar-filled glove box (Inert) by
stirring stoichiometric amounts of sulfur and Li,S, and selenium and Li,
in 1,2-dimethoxyethane and 1,2-dimethoxyethane:1,3-dioxolane
(1:1 v:v), respectively [57], overnight at 50 °C. 1.5 mL of Li;S4 (5 mM)
or LisSeq (2.5 mM) solution was mixed with 10 mg of the test samples.
The dispersions were then allowed to rest, and the supernatants were
photographed and analyzed using ultraviolet-visible (UV-Vis) spec-
trophotometer (BioTek Instruments).

3. Results and discussion
3.1. MO/reduced graphene oxide (rGO) nanosheets

MO /rGO nanosheets were used as oxide substrates to induce differ-
ential chalcogen morphogenesis. A thin metal oxide layer was uni-
formly coated on rGO sheets, forming a high surface area 2D nanocom-
posite that would enhance exposure to PS and PSe, and allow chalco-
gen growth on its surface. The electronically conductive rGO sheets
would improve and stabilize the electrochemical performance of the
nanocomposites. MO/rGO nanosheets were synthesized as per our pre-
vious work [55]. Our MO /rGO nanosheet synthesis methodology could
provide a platform for producing MO /rGO substrates with variable ox-
ide composition and controlled 2D morphology. This enabled us to
study the effect of metal oxide composition on the chalcogenide mor-
phology and examine the impact of compositional modification on
chalcogenide growth.

Iron, cobalt and nickel oxides were grown on rGO forming sub-
strates that were used to study the effect of oxide composition on
chalcogen nanostructure growth. The metal oxides were uniformly
coated on the rGO sheets as shown by TEM and STEM images and EDX
elemental maps (Figs. Sla—c, d—f). The metal oxide coatings were
smooth and continuous without distinct particles. This could be ex-
plained by their amorphous nature as shown by XRD (Fig. S1j). The
chemical compositions of the metal oxides were determined using XPS.
Fe 2p core level spectrum showed Fe2* to be the dominant oxidation
state [58] (Fig. S1g). The Fe2*/3+ ratio was estimated to be ~2.5, cor-
responding to a chemical composition of FeO; ;. Co and Ni core level
spectra indicated that the corresponding oxides existed as CoO and NiO
[59,60], respectively (Fig. S1h,i). The three MO /rGO nanosheets were
referred to as FeO/rGO, CoO/rGO and NiO/rGO. The metal oxide load-
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ings in the nanocomposites were determined to be ~24 wt% using TGA
(Fig. S1k). Brunauer-Emmett-Teller (BET) surface areas of FeO/rGO,
Co0O/rGO and NiO/rGO were measured to be ~47, ~30 and ~20 m?
g1, respectively, with a pore volume of 0.07, 0.05 and 0.04 cm? g! (Fig.
S11). The high surface area of FeO could be explained by the utilization
of Fe(III) acetylacetonate as precursor, as compared to Co(II) and Ni
(II) acetylacetonates in the cases of CoO and NiO, respectively. The
1.5 X extra organic content in the FeO precursor might have resulted in
controlled growth during thermal decomposition, and thus relatively
higher surface area and porosity [61]. The relatively higher surface
area of CoO, as compared to NiO could be due to the different effects
of calcination on the oxides resulting in a denser coating in the case of
NiO. NiO/rGO powder, which has the lowest surface area, appeared
denser and harder to disperse as compared to the other nanocompos-
ites.

In order to validate the effect of oxide compositional change on
chalcogen nanostructure morphology, CoO/rGO and NiO/rGO
nanosheets were modified to CoO-N/rGO and Ni-NiO/rGO nanosheets
by nitridation and reduction under NH3 and Ar/H, gases, respectively.
The CoO-N and Ni-NiO nanoparticles were finely dispersed over the
rGO sheets (Fig. S2a, S3a). Uniform distribution of Co, O and N was
achieved for CoO-N/rGO (Fig. S2¢), and uniform distribution of Ni and
O was attained for Ni-NiO/rGO (Fig. S3c). CoO-N was amorphous
(Fig. S2b), while Ni-NiO showed a distinct (111) and less intense (200)
Ni XRD peaks at 44.5° and 51.9°, respectively (Fig. S3b). Nitrogen con-
tent in CoO-N/rGO was determined by CHNS elemental analysis to be
8.8 at%. N 1s peak appeared in the XPS survey spectrum of CoO-N/rGO
(Fig. S2d), and its core level N1s spectrum showed the major peak at
398 eV, corresponding to Co—N bond [62] (Fig. S2e). The Co 2p XPS
peaks at 780 eV and 795 eV confirmed Co—N bond formation [63]
(Fig. S2f). Formation of metallic Ni in Ni-NiO/rGO was confirmed by
the appearance of Ni° peaks in XPS Ni 2p core level spectrum at
853.5 eV and 871.9 eV [64] (Fig. S3d). The notable decrease in XPS
peak intensity of oxygenated carbon groups in core level C 1s spectrum
of Ni-NiO/rGO, as compared to that of NiO/rGO (Fig. S3e), was due to
calcination under reducing environment.

3.2. MO-mediated differential chalcogen morphogenesis

Metal oxide substrates induced differential chalcogen morphogene-
sis upon interaction with PS and PSe. The role of rGO sheets supporting
MO in controlling the chalcogen morphology was ruled out by testing
rGO substrate as a control. rGO sheets only produced very small scat-
tered S nanoparticles with negligible loading and amorphous Se aggre-
gates when reacted with PS and PSe, respectively, under the same con-
ditions (Fig. S4). FeO/rGO substrate induced the formation of 0D S
nanoparticles (10 nm) and also spindle-like nanostructures (< 50 nm)
as shown in Fig. 1a,d,g. CoO/rGO substrate promoted the formation of
hollow S nanoshells (diameter: 100 nm, shell thickness: 10-15 nm) that
fused together, forming 3D hollow-shell networks (Fig. 1b,e,h). NiO/
rGO substrate produced S 1D nanowires with a diameter of 30-100 nm
and length up to 1 pm (Fig. 1c,f,i). XRD patterns of the S nanostruc-
tures were indexed to orthorhombic Sg (Fig. 1j). Analysis of (222) plane
at 23.23° showed a broad peak, indicating nanometer crystallite size
(Fig. 1k). A trend in peak width of nanoparticles > hollow-shell net-
works > nanowires was observed, corresponding to crystallite sizes of
46, 56 and 72 nm respectively, and was consistent with the TEM re-
sults. S loading was determined to be ~50 wt% using TGA (Fig. 11).

CoO/rGO nanosheets induced the formation of 2D Se nanocoating
on their surfaces (Fig. 2a—c). The nanocoating was composed of Se
nanoparticles with no external Se structures observed. NiO/rGO drove
the growth of 3D Se multipod microstructures comprising self-
assembled Se nanoparticles (Fig. 2d—f). XRD patterns of the Se nanos-
tructures were indexed to hexagonal Se with crystallite size of
50-60 nm (Fig. 2 g,h). Se loading in the nanocomposites was deter-
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Fig. 1. (a—f) TEM and (g',hl,i') STEM images, and (g>*h2*,i>#) EDX elemental maps of (a,d,g) S nanoparticles on FeO/rGO, (b,e,h) S hollow-shell net-
works on CoO/rGO, and (c,f,i) S nanowires on NiO/rGO. (j) XRD patterns, (k) (222) XRD peak, and (1) TGA profiles of S nanoparticles on FeO/rGO, S hollow-

shell networks on CoO/rGO, and S nanowires on NiO/rGO.

mined to be ~45 wt% (Fig. 2i). To the best of our knowledge, Se
nanoparticle synthesis via PSe deposition from hydrazine solution has
not been reported previously.

A time-dependent study was conducted to monitor the morphologi-
cal evolution of the chalcogen nanostructures. Interestingly, it was
found that the specific chalcogen nanostructure associated with each
MO /rGO substrate was formed immediately after adding the PS/PSe
precursors, as shown by the TEM images at 0 h of the synthesis (Fig.
S5a—e). The density of S nanoparticles formed on FeO/rGO was very
low at 0 h, but increased significantly at 1 h and 5 h (Fig. S5a). Scat-
tered S hollow shells were formed on CoO/rGO at 0 h. They increased

and started fusing with each other after 1 h, and finally formed inter-
connected networks after 5 h (Fig. S5b). S nanowires were formed on
NiO/rGO at Oh, and their size increased over time (Fig. S5c). Se
nanocoating on CoO/rGO developed gradually; Se nanoparticles were
not completely coating the substrate at 0 h, and a continuous coating
only developed at 1 h and densified over time (Fig. S5d). Interestingly,
evolution of Se multipods exhibited a distinct feature. Se nanowires
were seen with the multipods at 0 h (Fig. S5¢). These nanowires disap-
peared completely after 1 h and 5 h, which suggested that dissolution-
precipitation process occurred over time. Interestingly, a slight modifi-
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Fig. 2. (a,b,d (inset),j,k,m,n) TEM, (e,f') FESEM and (c!,I',0') STEM images, and (c>*,>4]124,0%4) EDX elemental maps of (a—c) Se nanocoating on
Co0/rGO, (d—f) Se multipods on NiO/rGO, (j—1) Se hollow nanospheres on CoO-N/rGO, and (m —o0) Se nanocables on Ni-NiO/rGO. (g) XRD patterns, (h)
(101) XRD peak and (i) TGA profiles of Se nanocoating on CoO/rGO and Se multipods on NiO/rGO.
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cation of NiO/rGO substrate induced stable formation of Se bundled
nanowires with no multipods observed, as shown later.

The mechanism of unique chalcogen nanostructure formation im-
mediately after PS/PSe precursor addition on metal oxide substrates
was intriguing. This could be explained by the complex nature of oxide-
PS/PSe interactions, involving polar-polar, Lewis acid-base and redox
reactions, in addition to variable surface diffusion [45-54]. These com-
plex interactions might have changed the physicochemical properties
of PS and PSe during their deposition, resulting in their different mor-
phogenesis. Another possibility is the leaching of metal ions in the vicin-
ity of the MO/rGO substrates, directing the growth of the chalcogen
nanostructures on their surfaces. Metal ions have been reported as
structure-directing agents of different nanostructures [65], with vari-
ous mechanisms reported, such as stabilizing [66] or activating [67]
certain facets, interfering with surfactant-facet interaction [68] and
altering atomic diffusion [69]. An in-depth study is needed to investi-
gate the different possibilities and determine the mode of metal oxide-
PS/PSe interaction that results in the immediate formation of metal-
specific unique chalcogen nanostructures.

To further validate our hypothesis of controlling chalcogen mor-
phology by varying oxide composition, CoO/rGO and NiO/rGO were
modified to test the effect of oxide substrate compositional change on
Se morphology. CoO/rGO was nitridated while NiO/rGO was reduced,
forming CoO-N/rGO and Ni-NiO/rGO nanosheets, respectively. Se de-
position on the modified substrates produced different Se nanostruc-
tures, which proved that even a slight change in oxide composition
could have a significant effect on the chalcogen morphology. CoO-
N/rGO induced the formation of 20-nm 0D Se hollow nanospheres, uni-
formly dispersed over the CoO-N/rGO substrate (Fig. 2j—1), instead of
the dense Se nanocoating formed on CoO/rGO. Ni-NiO/rGO promoted
the formation of 1D nanocables comprising bundled nanowires of
~30 nm in diameter (Fig. 2 m—o0), which were very different from the
multipod microstructures that grew on NiO/rGO. Table 1 summarizes
the morphologies and synthesis conditions of all chalcogen nanostruc-
tures reported in this study.

3.3. Li-chalcogen battery application

Li-chalcogen battery performance correlated well with the chalco-
gen nanostructure morphology. S nanoparticles and Se nanocoating
showed good battery performance, which was comparable to recent re-
ports (Table S1) [14-21], and significantly better than the other nanos-
tructures (see Fig. S6 for cycling performance of MO /rGO substrates). S
nanoparticles on FeO/rGO achieved ~1185, ~725, ~615, ~535 and
~410 mAh g! at 0.1. 0.2, 0.5, 1 and 2 C, respectively (Fig. 3a). Se
nanocoating on CoO/rGO attained ~535, ~420, ~350, ~290 and
~220 mAh g! at 0.5, 1, 2, 5 and 10 C, respectively (Fig. 3e). S hollow-
shell networks on CoO/rGO have good performance at low current
densities, but their capacity decreased significantly as C-rate increased
(Fig. 3a). S nanowires and Se multipods on NiO/rGO showed major ca-
pacity fading over cycling, resulting in poor stability (Fig. 3a,d). The
performance trend correlated well with chalcogen structure, with the
best performance obtained by S nanoparticles with the smallest size

Table 1
Synthesis conditions and morphologies of chalcogen nanostructures.
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and uniform dispersion on FeO/rGO, which indicated very good S-
substrate contact. Similarly, Se nanocoating on CoO/rGO that con-
sisted of Se nanoparticles assembled uniformly on the substrate’s sur-
face forming a high-contact layer led to attractive performance. On the
other hand, in spite of the small size, S hollow-shell networks did not
show uniform dispersion or adequate contact with the CoO/rGO sub-
strate due to the spatial limitation caused by the hollow particle mor-
phology during S deposition. This resulted in lower battery perfor-
mance, especially at high current densities. S nanowires extended over
1 uM in length, and Se multipods have a large-sized 3D microstructure,
hence much of the deposited chalcogens were not in close contact with
the NiO/rGO substrate, leading to high resistance and rapid capacity
fading. These results demonstrated a clear correlation between the
chalcogen nanostructure and its battery performance, whereby size
and shape played critical roles in determining the electrochemical per-
formance. Small chalcogen nanostructure dimensions and morpholo-
gies that allowed uniform dispersion on and good contact with the sub-
strate led to greater access to Li* and enhanced conductivity, thus re-
sulting in better electrochemical performance. This explanation was
further supported by charge transfer resistance (Rcp values of the
nanocomposites, which increased in the order of S nanoparticles < S
hollow-shell networks < S nanowires and Se nanocoating < Se multi-
pods (Fig. S7a—c), and their charge-discharge polarization (AE) val-
ues, which also increased in the same order (Fig. S7d,e). This demon-
strated the significance of size and morphology in improving the
electrochemical properties of chalcogen nanostructures.

PS and PSe adsorption studies were conducted to investigate the
role of MO /rGO substrate chemisorption in the different performance
of the chalcogen nanocomposites (Figs. S8,9). PS/PSe chemisorption
was displayed by all MO /rGO substrates, as evidenced by the enhanced
PS/PSe adsorption vs. the higher surface area acetylene black
(137 m?/g), which agreed with previous reports [46,70,71]. FeO/rGO
and CoO/rGO showed effective PS adsorption that was higher than
that of NiO/rGO (Fig. S8). The lower PS adsorption capability of NiO/
rGO could have contributed to its low battery performance. However,
the comparable FeO/rGO and CoO/rGO PS adsorption capabilities in-
dicated that the superior performance of S nanoparticles on FeO/rGO
could only be explained by the morphological effect, whereby the fine
size of S and its good contact with the substrate resulted in better elec-
trochemical performance. Similarly, both CoO/rGO and NiO/rGO
showed comparable PSe adsorption capabilities (Fig. S9), which indi-
cated that their different battery performance would be better ex-
plained by their different morphologies, whereby the Se nanocoating
on CoO/rGO was more favorable than the larger-sized Se multipods on
NiO/rGO.

Long-term cycling of S nanoparticles on FeO/rGO and Se nanocoat-
ing on CoO/rGO was conducted at 0.5C, achieving ~470 and
~305 mAh g! after 300 cycles, with Coulombic efficiencies of > 97.4%
and ~100%, respectively (Fig. 3b,d). Se nanocoating was further tested
over 1000 cyclesat 1 C, achieving ~190 mAh g! with a Coulombic effi-
ciency of ~100% (Fig. 3f). The good stability of S nanoparticles and Se
nanocoating could be explained by the small chalcogen nanoparticle
size and good contact with the substrate, which stabilized the compos-

Chalcogen morphology Dimension (s) (D) Chalcogen type Chalcogen precursor Precursor solvent Substrate
Nanoparticles 0 S PS Ethylenediamine FeO/rGO
Nanowires 1 S PS Ethylenediamine NiO/rGO
Hollow-shell networks 3 S PS Ethylenediamine Co0O/rGO
Hollow nanospheres 0 Se PSe Hydrzaine hydrate CoO-N/1GO
Nanocables 1 Se PSe Hydrzaine hydrate, ethylenediamine?® Ni-NiO/rGO
Nanocoating 2 Se PSe Hydrzaine hydrate Co0/rGO
Multipods 3 Se PSe Hydrzaine hydrate, ethylenediamine?® NiO/rGO

a Volume ratio = 1:1.
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Fig. 3. (a) Rate capability of S nanoparticles on FeO/rGO, S hollow-shell networks on CoO/rGO, and S nanowires on NiO/rGO. (b) Cycling stability and (c)
high-loading performance of S nanoparticles on FeO/rGO. (d) Cycling stability of Se nanocoating on CoO/rGO and Se multipods on NiO/rGO. (e) Rate capa-
bility, (f) long-cycling stability and (g) high voltage cutoff performance of Se nanocoating on CoO/rGO. (h,i) CV profiles and post-cycling (j,1) TEM and
(k',m!) STEM images, and (k2*#m?2*) EDX elemental maps of (h,j,k) S nanoparticles on FeO/rGO and (i,l,m) Se nanocoating on CoO/rGO.

ites even after prolonged cycling, as shown by post-cycling TEM and
EDX analysis (Fig. 3j—m). Cyclic voltammetry (CV) profiles of S
nanoparticles and Se nanocoating agreed with the literature [54,72].
The overlapping peaks after the first few cycles indicated electrochemi-
cal reversibility (Fig. 3h,i).

High loading of S nanoparticles on FeO/rGO was studied for more
practical application. ~1074 mAh g! and ~723 mAh g, corresponding
to ~7.5 mAh cm? and ~5.1 mAh cm? were achieved at 0.1 C and
0.2 C, respectively, which were higher than the conventional Li-ion
battery standard of 4 mAhcm? [73], with good cycling stability
demonstrated at 0.2 C (Fig. 3c). Performance of S nanoparticles on
FeO/rGO was also demonstrated at lean electrolyte conditions,
whereby the electrolyte-to-sulfur (E/S) ratio was reduced 3 times from
30 to 10. S nanoparticles on FeO/rGO showed a good performance at
lean conditions, achieving ~800 mAh/g after 50 cycles at a sulfur load-
ing of 3.9 mg cm? (Fig. S10). To attain a more practical Li-Se system,
the lower voltage cutoff was raised from 1V to 1.6 V, achieving
~170 mAh g! after 300 cycles at 0.5 C, which was maintained at in-
creasing Se loadings (Fig. 3g). To achieve more practical performance,
electrodes based on S nanoparticles on FeO/rGO and Se nanocoating
on CoO/rGO need to be further developed by increasing chalcogen
loading and minimizing inactive materials, which would enhance
gravimetric and volumetric capacities.

The structure-performance correlation shown by the chalcogen
nanoparticles demonstrated the significance of our oxide-mediated dif-
ferential chalcogen morphogenesis strategy as a means to enhance Li-
chalcogen battery performance, and its potential for advancing
chalcogen-based applications in other fields.

4. Conclusion

In conclusion, a new concept of metal oxide-induced chalcogen dif-
ferential morphogenesis was presented. Metal oxide substrates with
different compositions promoted the formation of various chalcogen
morphologies, including nanoparticles and hollow nanospheres (0D),
nanowires and nanocables (1D), uniform nanocoating (2D), and hol-
low-shell networks and multipods (3D). Li-chalcogen battery perfor-
mance correlated well with the chalcogen structure, whereby small size
and shapes that allowed good contact with the substrate were found to
be critical for high performance. This demonstrated the significance of
controlling chalcogen morphology to enhance Li-chalcogen battery
performance. Our oxide-mediated differential chalcogen morphogene-
sis strategy can be applied in various other fields in order to enhance
chalcogens’ performance and advance their applications.
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