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ABSTRACT

This work addresses performance issues of lithium sulfur (Li-S) batteries via retaining the
polysulfide intermediates within a novel cathode nanocarbon host. Herein, we report a series of
nitrogen and oxygen co-doped and transition metal-decorated large size (200-500 nm in dimeter)
graphene nanotubes (M-GNTs) (M = Co, Ni, and/or Fe) as effective carbon hosts for sulfur
cathodes (S@M-GNTS) in Li-S batteries. The exceptionally large diameters of the graphene tubes
allow facile diffusion of sulfur inside the tubes with sufficient loadings yet leaving room for
volume expansion during the lithiation process. The GNTs with the largest diameter and abundant
N and O doping along with CoNiFe alloy decoration (FeCoNi-GNTSs) exhibit the best sulfur
cathode performance. In addition to the unique nanocarbon structures, the heteroatom dopants and
transition metal nanoparticles likely also play promotional roles in retaining long-chain polysulfide

discharge intermediates within the carbon host, therefore improving rate capability and cycle
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stability. In particular, a S@FeCoNi-GNT cathode with a high sulfur loading (~4.5 mg-S cm™)
exhibits discharge capacities up to 1234.7 mAh g at C/20 and 909.0 mAh g* at C/5. A discharge
capacity of 554.4 mAh g?! at 1C after 500 cycles was retained, further demonstrating its

encouraging potential in Li-S batteries.

Keywords: Carbon hosts, large size graphene tube, ultra-high sulfur loading, sulfur cathodes, Li-S

batteries.

1. Introduction

Lithium-ion batteries (LIBs) currently take the leading role in energy storage technologies due to
their reliable cyclic stability and reasonable energy density. Commercialized LIBs utilize LiCoO,
Li(Ni,Mn,C0)O2 or LiFePO4 as cathode materials,™ 2 which unfortunately are limiting factors for
further improving energy storage density of LIBs. For example, LiCoO> has a relatively low
theoretical capacity of 273 mAh g* that is further reduced to 140-150 mAh g* when the operation
voltage is restricted to the 3.0 V- 4.2 V range.® Development of new cathode materials with higher
theoretical capacities to replace LiCoO; and LiFePOg is crucial for advanced battery technologies.
Sulfur is an environmentally friendly low cost material (-60-70$ per ton), therefore lithium sulfur
batteries (Li-S) that encompass sulfur (Sg) as the active material in the cathode have been widely
explored in last decade. The Li-S battery possesses a promising theoretical capacity of 1675 mAh
gt and corresponding energy density of 2500 Wh kg™,*® therefore it has been considered as one
of the leading candidates to replace oxide or phosphate cathode based LIBs.® While great progress
has been made since 2009,°° additional research is required to increase the cycle lifetime and rate
capability of Li-S batteries. Li-S batteries typically rely on a carbon host, which counteracts the
high electrical resistivity of the sulfur cathode. During battery reactions, various polysulfides Li>Sx

(x=38, 6, 4, and 2) are produced as intermediate discharge products, and end with Li»S as the fully

2
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discharged product. Unfortunately, long-chain polysulfides (x = 8, 6, or 4) (LPS) are soluble in the
liquid electrolyte, therefore causing a serious stability issue.!® In addition, due to the solubility of
LPS, a parasitic shuttling effect takes place during cycling where the soluble LPS migrate away
from the cathode to the surface of the anode. Then they are reduced to lower order insoluble
polysulfides (x = 2 or 1). This leads to the precipitation of polysulfides at the surface of the Li
anode. During charging, the polysulfides deposited onto the anode migrate back to the cathode.
This shuttling effect consumes a large number of electrons in internal side reactions, instead of
generating desirable electrical current, which significantly reduces cycling efficiency, decreases
the cycle lifetime, and increases self-discharge. Several tactics have been developed to retain the
LPS within the S cathode including the use of a variety of carbon hosts,X=° physical
encapsulation,® 3! additives in electrolytes, and metal oxides.®>3> Among others, porous carbon
can provide ample space for sulfur expansion. It is an effective way of minimizing the loss of
active sulfur species. Thus, carbon nanostructures that can host sulfur atoms have been considered
the current best approach to generating enhanced electrochemical performance of sulfur cathodes
with enhanced long-term cyclic stability. A number of carbon host structures have been studied®
including reduced graphene oxide, MOF-derived carbon polyhedrons®’, dense graphene sheets®,
polypyrrole/graphene combination®®, and hierarchical free-standing carbon nanotubes®. In
general, fine tuning the morphologies and structures enable precise anchor of sulfur within these
host structures, which provides high electrical conductivity and enough free volume space to allow
for the volume changes of the lithiated sulfur. In addition, appropriate heteroatom dopants into
carbon facilitate a strong interaction between carbon hosts and LPS likely due to the possible Lewis
acid/base relationship between heteroatoms and LPS.® Also, abundance of oxygen-rich functional

groups on carbon hosts can bind to sulfur in lithium polysulfide.** It has been proved that
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heteroatom doping, such as nitrogen, in combination with other surface modifications to the carbon
materials further mitigate the shuttle effect through donating electrons to adjacent oxygen
containing functional groups, and thus favorable for sulfur bonding.*? It should be noted that metal
oxide nanoparticles with reduction potentials above that of lithium polysulfide can encapsulate
polysulfides and significantly reduce the capacity fade by minimizing the amount of inactive sulfur
species in the electrolyte.®* Therefore, an effective approach to improving Li-S battery
performance is through a combined effort of physical encapsulation and chemical bonding with
LPS within multi-heteroatom-doped carbon host structures. Substantial efforts are dedicated to
developing a variety of high performance carbon-host S cathodes,*® however, achieving a long-
term cycle stability above a capacity of 1000 mA h g at a reasonably high rate still faces a grand
challenge.

In this work, we report a novel graphene nanotube (GNT) carbon host for high-performance
sulfur cathodes, which is the nitrogen and oxygen co-doped carbon tubes with relatively large
diameters (200-500 nm) and further decorated with transition metal species (Fe, Co, or/and Ni).
The unique GNT host was found effective to stabilize sulfur and polysulfides within its large tube
structures, thereby providing a confined effect to enhance capacity and long-term cyclic stability.
Depending on the metal precursors (M: Fe, Co, or/and Ni) used during the synthesis of GNTSs, the
nanostructures and morphologies of these M-GNTSs can be tailored for optimal electrochemical
properties in S cathodes. While Ni and Co have been shown to enhance Li-S battery cycle lifetime
and rate capability by preventing LPS migration, an addition of Fe into the M-GNTSs further
enhances battery performance, making multiple metal incorporations as a new avenue to further
increase reaction kinetics. Utilizing the FeCoNi-GNTs as a carbon host with a high sulfur loading

(up to ~4.5 mg S cm?) achieved very encouraging Li-S battery performance, showing exceptional
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discharge capacities of 1234.7 mAh g (5.52 mAh cm) at C/20 and 909.0 mAh g* (4.07 mAh
cm2) at C/5. Also, the FeCoNi-GNTs S cathode exhibited high-rate performance at 2C and enabled
exceptional capacity retention at 1C with a discharging capacity of 554.4 mAh g after 500 cycles,
corresponding to a slow capacity loss at 0.08% per cycle. Large sized and heteroatom doped GNT
hosts demonstrated a new strategy to design effective carbon host for high performance Li-S
battery cathodes.
2. Experimental details
2.1 Synthesis and characterization of M-GNT carbon hosts
The synthesis of the M-GNTs is detailed in our previous work in an effort to develop carbon-based
catalysts for oxygen electrocatalysis.***> Typically we initiate by mixing of metal acetate
precursors (anhydrous iron acetate, cobalt acetate tetrahydrate and/or nickel acetate tetrahydrate)
at an optimal stoichiometric ratio until reagents are fully dissolved in an aqueous solution. Then
dicyandiamide (DCDA), as both carbon and nitrogen sources, is added in the above solution with
the temperature set at 60 °C for 4 h, followed by gradual evaporation of water from the solution
overnight at 70 °C. The dried mixture was carefully ground in a mortar and pestle, and then heat
treated at 1000 °C for 1 h under N flowing gas. Finally, the resulting products were subject to a
thorough acidic leaching treatment with 1.0 M HCI at 60 °C for 4 h to remove metallic aggregates
and other unstable compounds. After washing with Milli-Q water until ~ pH 7 and drying under
vacuum overnight, the samples were stored under Ar before their use for fabricating the S cathode.
The samples were labelled as M-GNTs (M: Co, CoNi, and FeCoNi) depending on the types of
metals used during the synthesis.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) imaging

were performed using a Hitachi SU 70 and a JEOL 2100F, respectively, to study morphologies
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and nanostructures of these M-GNT with and without hosting S. To further determine elemental
distribution in the samples, scanning TEM imaging coupled with energy dispersive X-ray
spectroscopy (EDX) elemental mapping were performed with a Thermo Fisher Scientific Talos
F200X. Brunauer-Emmett-Teller (BET) surface area and pore size distribution were calculated
from the nitrogen absorption and desorption on a Micromeritics TriStar 1l instrument at 77 K. The
samples were degassed at 150 °C for 4 h under vacuum before the BET measurements were taken.
Thermo-gravimetric analysis (TGA) (TA Instruments DST Q600 with a ramping rate of 20 °C
min! under N, flow) was utilized to determine the sulfur content after infiltration in the carbon
host. For TGA analysis, weight loss within the utilized temperature range is attributed to elemental
sulfur within the carbon host. X-ray diffraction (XRD) patterns were obtained with a Rigaku
Ultima IV diffractometer which uses Cu Ko X-rays (A = 0.15406 nm) operated at 44 mA and 40
kV. The 20 range of the XRD measurements was from 10 to 80°. Raman spectroscopy was
performed with a Renishaw Raman system with a 514 nm laser source to study carbon structures.
X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS Ultra DLD XPS
system equipped with a hemispherical energy analyzer and a monochromatic Al Ka source to
determine heteroatom dopants and other surfaces species on M-GNTSs. The source was operated at

15 keV and 150 W; pass energy was fixed at 40 eV for the high-resolution scans.

2.2 Preparation of sulfur cathodes (S@M-GNTSs)

Sulfur infused heteroatom doped graphene nanotubes i.e., S@M-GNTSs were prepared by a melting
diffusion technique. Sulfur and M-GNTs were mixed in a mortar and pestle (6:4 mass ratio) for 10
to 15 min under Ar atmosphere and then heated to 155 °C for 12 h in an autoclave reactor according
to a documented procedure.?> 2 As a control, sulfur was also infused into a commercial multi-

walled carbon nanotube (MWNT) to prepare an S@MWCNTSs cathode by using identical
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procedures. The MWCNTSs were purchased from CheapTubes Inc. (USA) with typical diameter

from 8 to 15 nm without heteroatom dopants and transition metal species incorporation.

2.3 Li-S battery cell fabrication and tests

Cathode slurries were prepared by mixing the S@M-GNTSs with conductive carbon (Super-P) and
polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP) at a mass ratio of 8:1:1. At
first, the dry powders (S@M-GNTs and Super-P) were ground together with a mortar and pestle.
The PVDF solution was added then mixed in a FlackTeK Speed Mixer. Then NMP was added and
remixed until a spreadable consistency was achieved. The slurries were coated on Al foil and dried
at 90°C for one hour in air, then 70 °C overnight under reduced pressure. Three S loadings were
prepared in the composite cathodes including ~1.0, 2.0-2.5, and 4.0-5.0 mg S cm for Li-S battery
studies. CR2032 coin cells for battery studies were assembled in an Ar filled glovebox (<5.0 ppm
02). A piece of Li metal was used as the anode. The assembled cells utilized a typical Li-S battery
electrolyte consisting of 1.0 M LiTFSI in 1,3-dioxolane (DOL)/ Dimethoxy ethane (DME) (vol. =
1:1) with a 2 wt% LiNOs additive.*® 50 pL electrolytes were used for the low-sulfur loading cells
(i.e., ~30 uL mg S1), and 200 pL electrolyte were used for the high (~45 pL mg S?) and ultra-
high sulfur loading cells (~25 uL. mg S™). It should be noted that the electrolyte amount used in
this work is higher than the most desirable value (10 uL/cm?) for high gravimetric energy density.*’

Further optimization is ongoing to reduce electrolyte amount while still maintaining performance.

Galvanostatic charge and discharge tests were performed with an Arbin MSTAT battery station
at room temperature. The voltage ranges for testing was from 1.7 to 2.7 VV for>C/2 and 1.5 - 2.7
V for < C/2. Each cell was preconditioned at C/20 for one cycle before cycle lifetime testing.

Cyclic voltammetry (CV) was performed in the range of 1.5-3.0 V on a CHI electrochemical



Journal of Materials Chemistry A

station with a scan rate of 0.5 mV s?. Electrochemical impedance spectroscopy (EIS) was

performed on a Metrohm Autolab NOVA from 1.0 Hz to 100 kHz at room temperature.

3. Results and Discussion

3.1 Structure and morphology of M-GNT carbon hosts

A schematic of the preparation of the S@M-GNT material is displayed in Figure 1. Briefly, the
nitrogen-doped and large-sized GNTs were prepared via a carbonization of dicyandiamide
(DCDA- a dimer of cyanamide) at 1000 °C for 1 h under flowing N2 environments.*® During the
synthesis, various metals acetates (Fe, Co or/and Ni) were used as the source of transition metal
that catalyze the formation of GNTs. Among the studied metal combinations for the synthesis of
GNTs, Co, CoNi, and FeCoNi based GNTs were highlighted in this work to compare their
characteristics as an ideal carbon host for sulfur cathodes in Li-S batteries. Then, sulfur infiltration

was carried out to fill sulfur into these tubes.

M-GNTs S@M-GNTs
N-doped graphene tube
.¢,e"‘“r o
Precursor ¥ - Sulfur
Dicyandiamide Acid . .
Metal acetate  ~= 222~ o . DM'F'F'AS'OW
leaching
: Thermal

plo conversion

p{eks

ploke mixing

Figure 1. A synthetic scheme of S@M-GNT cathode for Li-S batteries.

Morphologies and microstructures of the as prepared M-GNTs and S-containing M-GNTs were

characterized first by using HR-TEM and SEM images (Figure 2, S1, and S2). The diameter and
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wall thickness of GNTSs are largely dependent on the use of metals during the synthesis according
to the close observation of the layered graphitic structures by using HR-TEM images (Figure S3).
Compared to single Co and binary CoNi, the ternary FeCoNi alloys result in the thickest walls of
tubes potentially beneficial for corrosion resistance enhancement and favorable surface dopants.
Also, the ternary FeCoNi-GNTs show the largest tube diameters approximately 200-500 nm,
ideally for stabilizing S and LPS within cathodes. Although acidic leaching treatments were taken,
metal/alloy nanoparticles are still apparent and enclosed into the M-GNTs based on the high
resolution HR-TEM images (Figure S4) and STEM-EDX elemental maps (Figure S5, S6, and
S7). After the sulfur infiltration process, part of tubes is filled with S, which is confined inside of

the tubes according to the TEM images shown in Figure 2d to 2f.

Figure 2. TEM images for various large-sized graphene tubes (a-c) before and (d-f) after

accomodating S as cathodes for Li-S batterties. (a) Co-GNTs, (b) CoNi-GNTSs, (c) FeCoNi-GNTs,
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(d) S@Co-GNTs, (e) S@CoNI-GNTs, and (f) S@FeCoNi-GNTSs. The corresponding inserts show

more detailed structures of the graphene tubes with and without hosting S.

The best performing FeCoNi-GNTs were studied by using by using STEM images and
corresponding elemental mapping as shown in Figure 3. The doped N and O along with decoration
of metallic particles are apparent on the FeCoNi-GNTSs. The presence of nitrogen and oxygen in
the bulk carbon structure is due to the possible doping during the carbonization process of
DCDA.*® Also, FeCoNi alloy particles are throughout the bulk tubes, and they have an average
diameter of approximately 10-30 nm (Figure 3 and Figure S7). Oxygen was found enriched on
the particles showing the possible oxide films onto metallic alloy particles. In addition to the
crystalline FeCoNi alloys particles, atomically dispersed Fe, Co, and Ni sites are likely well
dispersed into the GNTs (Figure S8), which are coordinated with nitrogen in the form of MNy
sites similar to the active sites in well-studied M-N-C catalysts.*®>° After incorporating S into
FeCoNi-GNTs, their STEM images along with EDX mapping are shown in Figure 4 and Figure
S9 at different parts of GNT samples, further verifying that the carbon host is able to encapsulate
the sufficient amount of sulfur active material. The elemental qualification of the S@FeCoNi-GNT
is listed in Table S1. The nitrogen and oxygen contents are 4.7 and 3.0 wt%, respectively. The
total content of metals is around 1.6 wt%. The others are carbon and sulfur. Similar morphologies
of S encapsulation in tubes were observed with the S@Co-GNT (Figure S10) and S@CoNi-GNT
samples (Figure S11). Compared to other studied carbon hosts, encasing of sulfur within a tube
structure is a beneficial property for M-GNTS, as it can lead to the physical encapsulation of LPS

during the reversible battery reactions, which enhance cyclic stability of Li-S batteries.!

10
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8164
HAADF MAG: 80000 x HV: 200.0 kV WD: -1.0 mm

Figure 3. STEM-EDX mapping for the as prepared FeCoNi-GNTs showing best performance
being a host for S cathode. The brightly colored metal nanoparticles on the surface of the FeCoNi-
GNTs material are composed of FeCoNi alloys identified through showing Fe (red), Co (green),

and Ni (blue) atoms.
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HV: 200.0 kV WD: -1.0 mm

Figure 4. STEM-EDX mapping for S@FeCoNi-GNTs containing S inside the tubes. The carbon
(orange) tube-structure is visible with N (turquoise) and O (pink) doping present throughout.
Sulfur (yellow) has diffused, via melting, into the tube-structure which allows for excellent contact

with the carbon hosts structure.

XRD analysis was performed on all M-GNT samples, and their typical results are shown in
Figure 5 (a). The 26.5° peak for each case is the (002) plane of graphitic carbon. Peaks at 44.4°,
51.7°, and 76.2° for Co-GNTSs can be indexed to the (111), (200), and (220) planes respectively,
of metallic Co.'” Peaks at 44.7°, 51.9°, and 76.4° for CoNi-GNTs can be indexed to the (111),
(200), and (220) planes respectively, of metallic CoNi alloy.*® Likewise, peaks at 44.1°, 51.5°, and
75.6° for FeCoNi-GNTs match closely with reported peaks for ternary FeCoNi alloys.*® The slight
shifts of peaks among three M-GNTs are due to the formation of FeCoNi and CoNi alloys when
compared to single Co metals. Raman spectra were performed on each M-GNTs material and
shown in Figure 5b. All GNTs show dominant D-band (~1350 cmt), G-band (~1580 cm™), and

12
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G'-band (~2700 cm™) peaks. The G-band represents graphitic carbon, while the D-band represents
induced disorder in the structure, typically due to edge sites and defects of carbon planes as well
as the heteroatom dopants.®® FeCoNi-GNTs shows the highest D/G band ratio, indicating the
highest degree of doping, which is in good agreement with XRD analysis. In addition, the G'/G
ratio can be used to determine the thickness of the walls of the carbon structure where a lower ratio
correlates to a higher number of walls.>> Compared to other M-GNTs, the FeCoNi-GNT exhibits

the smallest G'/G ratio and, therefore, the thickest, or highest number, of walls which is in

Journal of Materials Chemistry A

agreement with the HR-TEM images (Figure S3).
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The BET surface areas (Figure 5c¢) and pore volumes (Figure 5d) for the studied M-GNT
samples are analyzed. The FeCoNi-GNT carbon exhibit the largest surface area (108 m? g*) and
pore volume (0.437 cm® g), when compared to CoNi-GNTs (78 m? g* and 0.282 cm® g!) and
Co-GNTs (63 m? g and 0.395 cm® gt). N, absorption and desorption isotherms for each M-GNT
and MWNT material are compared in Figure S12. The high surface area and the large pore volume
of the FeCoNi-GNT material can theoretically expose increased number of sites to anchor LPS
than the Co-GNTs and CoNi-GNTSs. It can also provide significantly increased surface areas for
the precipitation reaction product, Li»S>, to nucleate and grow on the carbon host. In addition, the
FeCoNi-GNT host can accommodate the largest amount of S within the pores of the material due
to its high pore volume and dominant mesopores, leading to a high utilization of the sulfur active
material. It appears, therefore, logically that the large pore volume, large tube diameter, and high
surface area of the FeCoNi-GNT carbon host makes it the optimal material for high-performance

Li-S batteries. This is verified through electrochemical testing as discussed below.

XPS C1s and N1s analyses were performed on the studied M-GNT samples and shown in
Figure 6. For each M-GNT, C1s spectra can be deconvoluted with C=C (284.6 eV), C-C (285.5
eV), C-N (285.5 eV), C-O (286.7 eV), O-C=0 (288.3 eV), carbonates (290.0 eV), and n-*
transitions (291.8 eV) peaks, reflecting the diverse structures of carbon in the M-GNTSs. The n-n*
transitions indicate the interactions between the graphene layers which comprise the M-GNTSs tube
structure.*® In good agreement with XRD and Raman results , all of the M-GNTSs present similar
graphitized C=C strucures along with identifiable C-N and C-O species. As for N1s spectra,

pyridinic (~398.7 eV) and graphitic (~401.2 eV) N are dominant, indicating the major dopants of

14
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nitrogen are located at the edge and interior of carbon planes, respectively. In addiiton, oxidized
pyridinic nitrogen (~405.5 eV) can be detected. These three types of doped nitrogen species in the
M-GNTs may associaed with the enhanced LPS adsorption to the carbon host surface. Generally,
N-doping allows the chemadsorption of the LPS on the surface of the carbon host material where
it can be further oxidized or reduced at the cathode.*® The LPS is chemabsorbed due to a Lewis
acid/base relationship between the N-dopants and the LPS. The percent ratios of each nitrogen
species are reported in Table S2. Compared to the others, FeCoNi-GNTSs present more dominant
graphtic N dopants due to the addition of Fe species in good agreement with our previous
observation.> It was reported that, compared to pyridinic N, the graphitic N sites in the carbon
hosts have stronger capability to bind LPS,>* which is in line with the improved battery
performance measured with the FeCoNi-GNT hosts. In a similar manner to N-dopants, O-dopants
also can retain LPS at the cathode during cycling.>® TGA analyses were carried out for the
S@FeCoNi-GNT cathode to determine the weight percentage of sulfur in the M-GNTs material
after melt diffusion (Figure S13). The S@FeCoNi-GNTs material was typically composed of ~56

wt% S, which is close to 60 wt.% initially mixed with the carbon host.
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Figure 6. The C1s and N1s XPS spectra of Co-GNTSs (a), CoNi-GNTs (b), and FeCoNi-GNTSs (c).
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3.2 Electrochemical Performance

The electrochemical performance of the S@M-GNTSs cathodes was studied versus a lithium metal
anode in Li-S coin cells. Rate capability (1C = 1670 mA g*) was carried out at C/20, C/5, C/2, 1C,
and 2C. A comparison of S@Co-GNTs, S@CoNi-GNTs, S@FeCoNi-GNTs, and S@MWCNTSs
is presented in Figure 7a. The discharge capacity of S@ MWCNTSs cathode drops drastically when
increasing the rate from C/5 to C/2, likely due to weaker interactions of LPS with carbon hosts
upon cycling and less favorable smaller tube sizes (8-15 nm) of the commercial MWNTSs. All
S@M-GNTs cathodes display the ability to operate at high C-rates (up to 2C) as the two plateau
regions can be clearly seen in each discharge cycle (Figure S14). It should be noted that we have

systematically investigated the effect of metals on battery performance including individual Co,
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Ni, and Fe-GNT as shown in Figure S15. Compared to binary and ternary metals-based GNTs,
the individual metal-derived GNTSs exhibited inferior capacity and less stable cyclic performance.
The possible reasons are likely the smaller tube diameter sizes and undesirable metal and
heteroatom doping. Among the studied samples, the FeCoNi-GNT material allows for the highest

initial discharge capacity of 668.9 mAh g at 2C.

Long term galvanostatic charge and discharge cyclic stability was first studied at a C/5 rate
with a low sulfur loading (~1.0 mg S cm™). Initially discharge capabilities for each sample are
1014.2 mAh g for S@MWCNTS, 1048.8 mAh g for FeCoNi-GNTs, 971.6 mAh g for CoNi-
GNTs, and 917.0 mAh g* for Co-GNTSs (Figure 7b). After 50 cycles, the discharge capacities
were reduced to 755.0 mAh g for S@QMWCNTS, 964.8 mAh g for FeCoNi-GNTSs, 875.2 mAh
gt for CoNi-GNTs, and 760.1 mAh g for Co-GNTSs. The capacity retention of FeCoNi-GNTSs is
the highest, up to 92.0% after 50 cycles, when compared to MWCNT and other M-GNT hosts.
The 1%, 51, 25" and 50" discharge voltage profiles of the S@FeCoNi-GNT cathode (Figure S16)
show that there is little change in the discharge capacity and voltage profiles over 50 discharge
cycles at a reasonable rate of C/5. The superior reversibility is achieved by the combined effects
including N- and O-doping and presence of transition metal (FeCoNi) species in the GNT host. As
discussed above, such heteroatom doping including N and O are uniformly dispersed onto the
GNTs, which are able to increase the performance of cathodes primarily because of its ability to
bind to LPS products during cycling. Heteroatom doping also has a secondary role in facilitating
electron transfer kinetics, allowing for enhanced electron conductivity through the cathode, which
also prevents structural degradation of the cathode over time. There are two types of metal species
in the GNTs including metallic nanoparticles enclosed into the tubes and atomically dispersed

atomic metal MNy sites stabilized by nitrogen dopants. Apart from metallic and metal oxides
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capable of strengthening the interaction of LPS with carbon hosts,3? 33 % the uniform dispersed
MMy sites may be more important to facilitate adsorption of S and LPS due to their well-known
capability to adsorb O, and CO, molecules containing electron-negative elements. It could also
facilitate the electrocatalysis process to convert the LPS to insoluble Li»S, and Li>S within
cathodes.*

Furthermore, high loadings (2.0-2.5 mg S cm) of S@FeCoNi-GNTs and S@MWCNTS were
utilized to determine the effect of increased sulfur loading on performance, and they were tested
at a rate of C/5 (Figure 7¢). The high loading S@FeCoNi-GNT cathode displayed 90.7% capacity
(882.3 mAh g*) measured at the low loading S@FeCoNi-GNT cathode (~mg S cm™) after the 50™"
cycle. This demonstrated the excellent capability of FeCoNi-GNT hosts for high S loading without
compromise of electrochemical performance, which often is a grand challenge for other types of
carbon hosts. In an attempt to maximize areal capacity (mAh cm), ultra-high S loading at ~4.5
mgS cm for FeCoNi-GNTs were prepared and tested for long-term cycle lifetime. The ultra-high
sulfur loading S@FeCoNi-GNT cathode discharged 1234.7 mAh g (5.52 mAh cm) at C/20 and
909.0 mAh g* (4.07 mAh cm) at C/5 (Figure S17). Especially, after ten cycles at C/5, a capacity
of 828.0 mAh g (3.70 mAh cm™) was retained, which is higher than reported values in the
literature for ultra-high sulfur loading Li-S cells.>” Also, there is a negligible difference at C/5
when increasing the S loadings from high to ultra-high after 10 cycles. Due to the high areal
capacity achieved, the S@FeCoNi-GNTs cathode could be useful in practical applications.

CV curves was measured for the S@FeCoNi-GNT cathode at a scanning rate of 0.5 mV s for
first five cycles (Figure 7d). The anodic peak at ~2.65 V is attributed to the oxidation of Li>S to
Ss. The two cathodic peaks are attributed to the reduction of Sg to LPS (~2.25 V), and the further

reduction of LPS to Li>S, and Li2S (~1.85 V). The peak positions and current profiles during the
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five cycles are nearly overlapped, thus further verifying the excellent electrochemical reversibility
of sulfur cathodes within the M-GNT carbon host. In addition, the gradually increased peak
intensity during the cycling indicates the enhanced kinetics of the oxidation and reductions of the
active material. This is a further proof that the FeCoNi-GNT carbon host greatly improves the
kinetics of the precipitation reaction. In addition, EIS (Figure S18) of full Li-S cells shows that
the S@FeCoNi-GNT cathode has the lowest resistivity after rate capability testing when compared

to CoNi-GNTs and Co-GNTs.

Finally, long term cycle lifetime tests at a rate of 1C was performed on all S@M-GNT cathodes
and are compared in Figure 8g. S@MWCNTSs was not tested as it polarized quickly at rates larger
than C/2. The 1C initial discharge capacities were 955.5 mAh g* for S@FeCoNi-GNTs, 748.5
mAh g for S@CoNi-GNTs, and 726.7 mAh g for Co-GNTs. After 500 cycles the discharge
capacities were retained at 554.4 mAh g* for FeCoNi-GNTs, 362.9 mAh g* for CoNi-GNTs, and
452.2 mAh g for Co-GNTSs. Once again, the S@FeCoNi-GNT cathode displays extraordinary
discharge capacity retention at 1 C with a slow degradation rate of 0.08 % capacity loss per cycle.
The encouraging long-term cyclic stability and capacity at a relatively high rate of 1C is attributed
to many unique properties discussed above for the FeCoNi-GNT host including the largest
geometric diameter in tubes, the highest surface areas and pore volumes, dominant mesopores,
appropriate N and O doping especially the favorable graphitic N, FeCoNi alloy particles enclosed
in the tubes, and the likely atomically dispersed MNjs active sites. The overall battery performance
metrics of S@FeCoNi-GNT cathodes were further compared to those of reported for heteroatom-
doped and metal nanoparticle decorated carbon hosts at 1C (Table S3), representing one of the

best performing carbon hosts for Li-S batteries.
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(~1.0 mg S cm™). (c) Cycle lifetime and Coulombic efficiency of high loading S@ MWCNTSs and
low (~1.0 mg S cm™), high (2.5-2.7 mg S cm™), and ultra-high loadings (~4.5 mgS cm?) of
S@FCN-GNTSs at C/20 for the first cycle and then at C/5. (d) Cyclic voltammetry of S@FeCoNi-
GNTs from 1.5 to 3.0 V for five cycles with a scan rate of 0.5 mV s. (e) Cycle lifetime and
Coulombic efficiency of ultra-high sulfur loading S@Co-GNTs, S@CoNi-GNTs, and

S@FeCoNi-GNTs at 1C.

4. Conclusions

In summary, this work reports a new type of effective nanocarbon host for sulfur cathodes to
address the insufficient capacity and cyclic stability issues of current Li-S batteries especially at a
practically high sulfur loading. The heteroatom (e.g., N and O) doped graphene tubes with
relatively larger diameters (200-500 nm) decorated with FeCoNi nanoparticles and atomically
dispersed metal sites likely in the form of MN4 were studied as effective carbon hosts for S cathode
showing encouraging rate performance and cyclic stability in Li-S batteries. It was found that the
diameter of GNTSs are greatly dependent on the metal sources used for the synthesis of GNTSs.
Compared to Co and CoNi, ternary FeCoNi yields the largest diameters and the thickest wall of
tubes. As a result, the unique large tube size along with increased surface areas and pore volumes
with dominant mesopores benefit from the facile incorporation of S into the GNT hosts. Thus, the
graphene tube can host sufficient amount of S within the tubes yet leaving room for volume
expansion of S cathodes during lithiation. The richness of nitrogen doping®* °® and surface oxygen
functional groups®® along with the modification of FeCoNi alloys and atomic metal sites % ° can
enhance the interaction between the nanocarbon host and sulfur/polysulfides. Therefore, the

S@FeCoNi-GNT cathode at an ultra-high S loading (~4.5 mg S cm™) is able to yield very
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encouraging battery performance. The metrics includes the initial discharge-capacities of 1234.7
mAh g (5.52 mAh cm) at C/20 and 909.0 mAh g* (4.07 mAh cm) at C/5. After 500 cycles at
arate of 1C, the S@FeCoNi-GNT cathode still retains a capacity of 554.4 mAh g%, corresponding
a very slow degradation rate of 0.08% per cycle. Compared to Co and CoNi derived graphene
tubes, the addition of Fe likely further improves the capacity retention of S@M-GNT cathodes
through providing more favorable graphitic N and active atomic FeNs sites, therefore enhancing
electrochemical reaction kinetics and chemically/physically encapsulating the sulfur active
material. The FeCoNi-derived GNT host newly developed in this work demonstrated exceptional
capability to host sulfur at an ultra-high loading with improved cyclic stability at a high-rate, which

would shed light on the development of high-performance Li-S batteries.
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