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Doping of heteroatoms into carbon not only changes the electronic distribution but also creates surface
functional groups. These changes prove to enhance the chemical adsorption of carbon to sulphur species,
and have been intensively investigated to sequestrate soluble lithium polysulphide in the cathode of
lithium/sulphur (Li/S) batteries. The chemical adsorption varies with the type, valence state and content
of heteroatoms in a complicated manner. In this review, the syntheses of heteroatom-doped carbons as
well as their applications and mechanism in the Li/S batteries are highlighted and discussed with focus on

oxygen, sulphur, nitrogen and their mixtures.

1. Introduction

The development of lithium/sulphur (Li/S) batteries faces grand
challenges in relation to the dissolution of lithium polysulphide
(PS, Li2Sn with n>2) in organic electrolytes. By its nature, PS
dissolution is intrinsically unavoidable and essential for the
effective utilization and fast reaction kinetics of insulating sulphur
species.! The PS dissolution has been identified to be the source
for a number of known problems, including low energy efficiency,
fast self-discharge, severe Li corrosion, and poor safety of Li/S
batteries. Aiming to solve these problems, researchers have
focused on two directions of (1) trapping the soluble PS from
diffusing out of the cathode and (2) protecting the Li anode from
reacting with the dissolved PS.% 3 In efforts to trap the soluble PS
within the cathode, a number of strategies have been attempted and
investigated, including sulphur-carbon (S-C) composites, metal
oxides and conducting polymers for advanced materials; dual-
layer structured cathode (or called PS-absorbing interlayer) and PS
diffusion blocking layer for improved cell configurations.*®
Among these strategies, the S-C composites have been most
intensively studied due to the wide variation and low cost of
commercial and synthetic carbons. The trapping of PS by the S-C
composites is typically a combined effect of physical absorption
(PAB) and chemical adsorption (CAD). The PAB traps PS through
weak Van der Waals interaction and features temporary
sequestration, whereas the CAD traps PS through strong chemical
binding between the PS molecules and carbon surface featuring
long-term sequestration, as schematically illustrated by Fig. 1. It is
indicated that the PAB is able to increase the specific capacity of
sulphur but fails to retain stable capacity because the weak
absorption cannot effectively prevent out-diffusion of the
negatively charged PS anions. In contrast, the CAD not only

a5 increases the specific capacity but also stabilizes the capacity

retention due to the strong sulphur sequestration.
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Fig. 1 Schematic comparison of physical absorption (PAB) and chemical
s0 adsorption (CAD) in improving the cycling performance of Li/S batteries.

The PAB is affected mainly by the physical properties of carbon
such as the pore structure and porosity. In the past years, researches
on the S-C composites have been overwhelmingly focused on the
PAB strategy based on varieties of nanostructured porous carbon

ss materials, which the readers may refer to several review articles.?
47 In contrast, the CAD is much more complicated, which is
affected not only by the electronic deficiency and hydrophilicity of
carbon surface but also by the type and content of the surface
functional groups. A single adsorption system may involve one or

s more types of chemical interactions. Since surface functional
groups are merely the form of heteroatom (HA) existence with
carbon, this review highlights the syntheses of HA-doped carbons
and their CAD mechanism and applications in Li/S batteries with
focus on oxygen, sulphur, nitrogen and their mixtures.

e 2. Synthesis and basic properties of HA-doped
carbons
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The scope of this review is limited to oxygen, sulphur, nitrogen
and their mixtures. These HAs are typically presented in the form
of functional groups, which are briefly summarized in Table 1. In
the process of preparing S-C composites, some functional groups
are thermally eliminated, or substituted/reduced by elemental
sulphur to form so-called sulphurized carbon (SC) that together
with the remaining HAs affects the CAD of carbon. There are two
general approaches for the synthesis of HA-doped carbons: (1) the
treatment of commercial or synthetic carbons with HA source and
(2) the pyrolysis of HA-containing precursors. The former features
the HAs doped on the surface of carbon with low HA content
(typically not higher than 5 wt.%), and the latter features the HAs
doped throughout the carbon bulk with high HA content up to more
than 20 wt.%, for example 21.6 wt.% N for a N-doped carbon
prepared by carbonizing N-containing ionic liquids.® Introduction
of HAs into carbon changes the electronic distribution of the
carbon conductive networks. The electronic conductivity of carbon
will be dramatically declined when the content of HAs exceeds a
certain level. Therefore, the conductivity and doping dose must be
balanced when one designs HA-doped carbons for use in the Li/S
batteries. Since the CAD occurs on the solution-carbon interface,
only those HAs doped on the carbon surface are responsible for the
sulphur sequestration. Therefore, the capacity and ability of CAD
are determined mainly by the concentration and type of HAs on the
carbon surface, other than the total HA content in the carbon bulk.

Table 1 Typical forms of the functional groups for various heteroatoms

Heteroatom
o -OH, >0, >C=0, -C(=0)O-, -COOH

S ~SyH, =Sy, >C=S, —C(=S)Sy—, ~C(=S)SH,
~SO3H, ~-S(=0),0—
—NHa, >NH, >N-, =N-, >N*<, -N=0, -NO,

Typical functional group with carbon

N

To be used in Li/S batteries, the HA-doped carbons can be either
mixed with sulphur to form a S-C composite* 5 or coated as a PS-
blocking layer onto the surface of sulphur cathodes? ° or onto the
separator facing the cathode.* 12 The S-C composites are prepared
mostly through the sulphur melt diffusion method near the
sulphur’s critical temperature (159.4 °C) at which sulphur melt has
the lowest viscosity for diffusing into the pores of carbon.’® At
such temperatures, in fact, significant amounts of the HAs and their
functional groups will be thermally eliminated or substituted by
sulphur to form SCs.'* Therefore, small amounts of S-C covalent
bonds are an important characteristic of the S-C composites with
the HA-doped carbon.

3. Heteroatom-doped carbons
3.1. Oxygen-doped carbons (ODC)

Oxygens in carbon are present in forms of hydroxyl (—-OH), epoxy
(>0), ketone (>C=0), ester (-C(=0)0O-), and carboxylic acid (-
COOH), which can be introduced by mild oxidation of carbons or
pyrolysis of oxygen-containing precursors. The mild oxidization
can be realized through a solid-gas reaction at high temperatures,>
16 or through a solid-liquid reaction at moderate temperatures.’
The oxygen source may be water or CO: for the high temperature
solid-gas reaction, and other relatively strong oxidizing agents
such as H202, KMnOs4, Na:S20s and HNOs for the moderate
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temperature solid-liquid reaction. For the pyrolysis approach, all
organic compounds, natural or synthetic polymers can be used as
the carbon precursor as long as they contain oxygen. At the
temperatures of preparing S-C composites, the oxygen and
oxygen-functionalized groups are easily eliminated, substituted, or
reduced by sulphur to form S—-C and S-O honds. Therefore, the
preparation of the S-C composites inevitably results in
considerable reduction in the oxygen content, and the S-C and S—
O bonds are typically characteristic of the S-C composites.15 18 19
The role of the doped oxygen in enhancing the sulphur
sequestration varies with the type of carbon-oxygen bonds in the
ODC, which are highlighted below.

Due to the high surface area and high oxygen concentration of
graphene oxide (GO), the two-dimensional structured GO was first
proposed to anchor PS by Ji et al?® who prepared a S-GO composite
by first depositing sulphur onto GO via a solution method and then
heating the mixture at 155 °C for 12 h. In this process, the >C=0
bonds in the GO are reduced by sulphur and sulphur itself is
oxidized to form sulphur-oxygen bonds while the epoxy and
hydroxyl oxygens are substituted by sulphur to form C-S bonds.
Therefore, resulting S-GO composites contain significant amounts
of S-O and C-S bonds as identified by the K-edge X-ray
absorption spectroscopy (XAS) spectra,'® 20 which contribute to
the sulphur sequestration by serving as a bridge to covalently
immobilize sulphur species on the carbon surface. As a result, a
Li/S cell with the S-GO composite exhibited a reversible capacity
of 950-1400 mAh/g and cycled stably at 0.1C for more than 50
cycles.?® This concept has been further studied and better
understood by using either GO or reduced-GO (rGO) as the
starting material .18 1% 2. 22 Owing to the reduction by sulphur, the
ultimate S-C composites prepared from the GO and rGO turn out
to have very similar chemistry. Beside the covalent S-O and C-S
bonds, there are strong evidences for the >O--Li* binding between
the epoxy oxygen and PS cluster.1® Using first-principle molecular
dynamics simulations and density functional theory (DFT)
calculations, Wang et al®® showed that the oxygens on graphene
basal plane have adsorption energies of 1.1~1.5 eV with the Li2Ss
cluster, providing an excellent theoretical support for the
enhancement of CAD by the oxygen HAs. A similar enhancement
was reported by Yan et al** who treated carbon nanotubes (CNT)
with a HNO3-H2SO4 mixed acid and H20z, respectively, and then
loaded sulphur at 300 °C for 5 h. The S-O and C-S bonds are
formed in the S-CNT composite as suggested by two new
absorption bands at 1050 cm™ and 925 cm™, respectively, in
Fourier transform infrared (FTIR) spectroscopy. As a result, the S-
CNT composite with a sulphur content of 68 wt.% showed an
initial capacity of 1180 mAh/g and remained 799 mAh/g after 300
cycles at 0.25C. It should be noted that although detected
spectroscopically, the S—O single bond is thermodynamically
unstable with a trend being oxidized to more stable S=O double
bond or broken into S- and O- radicals. The S-O single bond can
be rarely found from small organic compounds except for those
contained in the —SO3R groups (R=H, metal ion, or alkyl groups).
Therefore, the contribution of the S—O bond to the sulphur
sequestration may be very limited.

Mild oxidation of carbons is a facile and viable method for
doping of oxygen into carbon. As an example, Xiao et al'® treated
porous CNTs with a water steam at 850 °C and then prepared a S-
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C composite by mixing the treated carbon with sulphur and heating
at 160 °C for 12 h and at 180 °C for another 12 h. High-resolution
X-ray photoelectron spectroscopy (XPS) spectra of the resultant S-
C composite show distinct characteristics of the S-O and C-S
bonds. As a result, a Li/S cell with such a cathode material
exhibited an initial capacity of 1165 mAh/g and remained 792
mAh/g after 200 cycles at 0.2C even when the sulphur content in
the S-C composite reached as high as 89 wt.%. The XPS analyses
verify that the excellent capacity and capacity retention are due to
the enhanced CAD of carbon surface to sulphur species via the C—
S and S-O bonds. However, discrepant results were reported by Li
et al'® who introduced oxygens into carbon by treating carbon with
CO:2 at 1050 °C for several minutes and prepared a S-C composite
by heating the sulphur-carbon mixture at 150 °C for 9 h and at 300
°C for additional 3 h. The cathode made by such a composite
showed inferior performance, which these authors attributed to the
reduced conductivity and possible side reactions occurring
between sulphur and surface oxygens.

Provided that the oxygen-functionalized groups remain in the S-
C composites, the >C=0---Li(SnLi), >O--Li(SnLi), and Li2Sn--HO-
bindings are possible to exist between the ODC and polysulphide
species. The ab initio simulations on several common binders of
the sulphur cathode by Sel et al® reveal that strong
>C=0--Li(SnLi) binding exists between the double-bonded
oxygens in the carbonyl groups and the Li* ions in Li2S and PS
molecules with typical binding energies in a range of 1.20~1.26
eV. Based on this finding, Park et al?® made significant
improvement on the sulphur sequestration by coating CNTs with
an ester-based polymer. The >O--Li(SnLi) binding was suggested
by the DTF calculations, indicating that the epoxide and hydroxyl
oxygens on graphene surface do not bind neutral Ss cluster, instead
they increase the binding between the graphene and negatively
charged Sz~ and Ss* clusters indirectly through the O--Li*
complexing bond as the binding bridge.'® Sulphur sequestration by
the Li2SnHO- hydrogen-bond was first proposed and
experimentally verified by Zhang et al?” who coated a gelable
poly(acrylic acid) polymer onto the surface of a conventional
sulphur cathode and observed a significant reduction in the out-
diffusion of PS. In addition to enhancing the CAD, the oxygen HAs
are also shown to improve the hydrophilicity of the carbon surface
and facilitate the electrochemical redox of PS species on the carbon
surface. The former improves the distribution of PS species and
liquid electrolyte on the cathode, and the latter facilitates the
deposition of insoluble sulphur reduction products (Li2S2 and Li2S)
in discharge.? 2

Based on the above results, the roles of ODC in enhancing the
sulphur sequestration can be summarized as: (1) covalently
immobilizing PS anions onto carbon surfaces via S-C and S-O
covalent bonds,'> 3° (2) complexing PS molecules with carbon
surfaces indirectly through >O--Li* and >C=0O--Li*(SnLi)"
bindings,?:2® (3) forming Li>Sn"HO- hydrogen-bond between the
PS anion and —~OH group,?” and (4) increasing the hydrophilicity
of carbon surfaces to facilitate the redox of sulphur species and the
deposition of Li2S2 and Li2S.%8 2° The CAD in a single system may
involve one or more of the chemical interactions listed above,
depending on the type and concentration of the oxygen-
functionalized groups on the surface of the ODC.

3.2. Sulphur-doped carbons (SDC)
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SDC are typically made through three approaches: (1)

60 sulphurizing of commercial or synthetic carbons with a sulphur

source, (2) pyrolyzing of sulphur-containing precursors, and (3)
heating of mixtures consisting of a carbon precursor and a sulphur
source.®! In these approaches, the sulphurization is based on
reactions of surface functional groups on carbon with a sulphur
source, in which the surface functional groups may be any species
that can be thermally eliminated or substituted by sulphur such as
C-H, —-OH, >C=0, -C(=0)OH and >C=C<. The sulphur source
and precursor may be any type of compounds containing sulphur,
such as elemental sulphur, HzS, SOz, CSz, sulphur-containing
organic compounds and polymers. Of particular interest are
sulphur-containing precursors in which the covalent C-S bonds are
already present, providing a facile approach for making the SDC
with relatively high sulphur content. In the SDC, sulphurs are
present in multiple forms of functional groups, such as —SnH, —Sn—
, >C=S, —C(=S)Sn-, —-C(=S)SnH, -S(=0)20H, -S(=0)20-.
However, these functional groups are eventually converted to the
most stable monosulphur (-S-) through the elimination or
carbothermal reaction at elevated temperatures. With an increase
in the sulphur content, two or more sulphur atoms tend to be
combined into short polysulphide chains (—Sn—) to form SC, which
have long been studied as the efficient sorbent for heavy metal ion
removal in environmental pollution treatment®2 and as a catalyst or
catalyst support.3* The temperature and pressure are two major
factors affecting the sulphur content and the length of the
polysulphide chains. In general, high temperature leads to short
polysulphide chain and low sulphur content.333* As such, the SDC
are one of the SC materials with low sulphur content and short
polysulphide chain. Based on the results of elemental analysis and
thermogravimetric analysis (TGA), a calculation on the SC made
by heating a 1:4 (wt.) mixture of polyacrylonitrile and sulphur at
300 °C for 4 h shows that sulphurs are present in the form of short
polysulphide chains with an averaged n value of 3.37 in the —Sn—
chains even if the sulphur content reaches as high as 49.1 wt.%.%
Since the SCs themselves are a class of high capacity cathode
materials, previous efforts on the subject have been centred on the
SCs with the sulphur content up to 50 wt.%.%4

Since sulphurs in the SCs are covalently bound to carbon, they
are neither removed by the conventional thermal vaporization near
the sulphur’s melting point (293 °C) nor extracted out by the
solvent such as CS, toluene, and electrolyte solvents.** Therefore,
the redox of sulphur species in a Li/SC cell can only occur on the
solid-solid two-phase interface (i.e. the SC and Li2S phases),
leading to unique electrochemical behaviours compared with the
conventional S-C composites, as illustrated in Fig. 2. Firstly, the
Li/SC cell shows only a slightly sloping discharge voltage plateau
at ~1.8 V due to the single solid-solid phase transition (Fig. 2a);
Secondly, the first discharge of Li/SC cell suffers significant
voltage hysteresis and irreversible capacity loss due to the large
grain boundary resistance (GBR) of fresh SC particles and
irreversible formation of solid electrolyte interphase (SEI) on the
SC surface (Fig. 2a); Thirdly, the Li/SC cell prefers a carbonate-
based electrolyte due to the insolubility of SC and its reduction
intermediates/products, which substantially mitigates the reactivity
of sulphur species with carbonate solvents (Fig. 2b). Other unique

us features of the Li/SC cells are near 100% coulombic efficiency,

extremely low self-discharge, and excellent safety.

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 (a) Voltage profile and (b) electrolyte preference of the Li/SC cells.
The figure is reprinted from ref. %, an open access without Copyright.

The SDC sequestrate soluble PS through sulphur-sulphur
chemical interactions as indicated by eqn. 1 and eqn. 2, and the
sequestrating ability increases with a decrease in the length of
polysulphide chains (i.e., the n value in the —Sn— chain). In
solutions, it is possible for sulphur to covalently insert into the
short —Sn— chains, forming longer chains, as indicated by egn. 3.

*Snf + LiZSm Ad >Sn“'SmLi2 [l]
>Sp'SmbLi2 <> —SnexLi + —SmxLi [2]
~Sr—+ S8 > ~Snox- [3]

The S-C composites with the SDC share many similarities with the
SC materials, and hence the SC materials can be used to understand
the role of the S-doped carbons in sulphur sequestration.
Synthetic carbons contain more or less surface functional
groups. This feature has been widely adopted to produce the SC
materials in large scale. In this effort, Chang®® synthesized three
SCs with the sulphur content of 24.8, 26.0, and 38.1%,
respectively, by reacting carbon with SO, at 600 °C for several
hours, and showed that the Li/SC cells had a ~1.7 V discharge
voltage plateau with a 96% sulphur utilization. A similar concept
was reported by Kim et al*” who heated a 1:5 (wt.) mixture of
mesoporous hard carbon spheres and sulphur at 150 °C for 7 h and
held the mixture at 300 °C for another 2 h. They observed that the
stable SC could be formed only when the sulphur content was not
more than 20 wt.%, beyond which extra sulphurs combine into
elemental sulphur. On the other hand, based on the carbothermal
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reaction of carbon, Ning et al®® synthesized a SDC with the sulphur
content up to 26.8 wt.% by reacting MgSOs as the solid sulphur
source with carbon at 700 °C for 30 minutes. They found that S-
doping considerably enhanced the coulombic efficiency in the
initial SEI formation of carbon anode material. In the same
principle, Li et al®® prepared a pre-lithiated SC by reacting Li2SO4
and graphene nanoplatelet aggregates as indicated by eqn. 4, and
found that the obtained product had excellent electrochemical
behaviour in the Li/S batteries.

Li2SO4 + 2C > LizS + 2CO2 [4]

While numerous organic sulphides, sulphones, sulphonic acids,
and thiophene-based compounds/polymers are available for the
precursors of the SDC,3! natural gas, liquefied natural gas and
sulphurized rubbers (e.g. wasted tires) provide a vast resource of
cheap and abundant precursors for large-scale production of the
SDC by the pyrolysis of S-containing precursors. Owing to the
limited sulphur content in these precursors and the inevitable loss
of small S-containing molecular moieties in the pyrolysis, the
sulphur contents in such-obtained SDC generally do not exceed 5
wt.%. Though such materials have been widely used for the
removal of heavy metal ions in the environmental pollution
treatment, there are no publications available for their applications
in the Li/S batteries.

Heating of the mixture of a carbon precursor (preferably a non-
volatile polymer) and elemental sulphur provides a facile approach
for the preparation of SC materials with high sulphur content. In
heating, elemental sulphur not only serves as the sulphur source
but also acts as the dehydrogenator to promote the generation of
>C=C< double bonds and resultant vulcanization. It was reported
that sulphurized polyethylene could be made simply by heating a
mixture of polyethylene (PE) and sulphur at 160-365 °C.%° This
process typically produced sulphurized polyethylene with a
sulphur content of 20-80 wt.% and a conductivity of 4.4x10
14-2.0x10° S/cm, depending on the PE/S ratio, heating
temperature and time. Interestingly, the conductivity increases to a
range of 2.0x107~4.9x10% S/cm when doped with iodine,
indicating that the well-conjugated >C=C< double bonds are
present in the sulphurized polyethylene.

Sulphurization of polyacrylonitrile (PAN) was first reported by
Wang et al** who heated a mixture of PAN and sulphur at 280 to
300 °C in argon for 6 h, and followed by intensive investigation to
optimize the sulphurization conditions and understand the
electrochemistry of sulphurized polyacrylonitrile (SPAN).#244
Though still poorly understood and debated, the PAN
sulphurization can be generally described by Scheme 1. In heating,
elemental sulphur dehydrogenates PAN to produce >C=C< double
bonds by loss of small H2S molecules and the —CN group promotes
cyclization of conjugated six-member aromatic rings. Meanwhile,
sulphur vulcanizes the resultant >C=C< double bonds to form C-
S bonds, through which the short polysulphide chains are
covalently bound to the cyclized, partially dehydrogenated, and
ribbon-like PAN backbones.35 4

4| Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 9


file:///C:/Users/Shengshui.Zhang/Documents/15Zhang/My%20Papers/Doped%20carbons/20150817_Submission/Carbon-sulfur%23_ENREF_36

PageSof3ournal Name

Cite this: DOI: 10.1039/c0Oxx00000x

WWW.ISC. org/xxxxxx

Inorganic Chemistry Frontiers

Dynamic Article Links»

Review

(1) Sulfur-assisted cyclization by release of H,S; (2) Vulcanization

Scheme 1 Reactions involved in the PAN sulphurization and possible
chemical structure of SPAN.

Suitable temperature for the PAN sulphurization is in a range of
5 280 to 550 °C, which typically generates SPAN with a sulphur
content of 30-55 wt.%. In general, high temperature leads to low
sulphur content and short polysulphide chain with relatively high
electronic conductivity, which corresponds to low specific
capacity but stable capacity retention; low temperature can neither
10 break down the Ss ring into small Sn molecules nor dehydrogenate
polymer effectively, resulting in high sulphur content and long
polysulphide chain with relatively low electronic conductivity,
which corresponds to high specific capacity but fast capacity
fading.“® 47 Since the short polysulphide chains are covalently
15 bound to the polymer backbone, the SPANSs are thermally stable
until 450 °C and do not form soluble PS in discharge, exhibiting
very stable capacity retention, extremely low self-discharge, and
excellent safety.’* By optimizing the PAN/S ratio, sulphurization
temperature and time, Wang et al*® synthesized a SPAN with 42
20 Wt.% S, showing that the Li/SC cell had a specific capacity of 811
mAh/g with respect to the mass of entire SPAN in the second
discharge and stabilized 795 mAh/g after 50 cycles. These
numbers are even higher than the theoretical capacity (1675
mAh/g) of elemental sulphur if normalized to the mass of active
25 sulphur in the SPAN, because of the extra contribution of
conjugated SPAN polymeric backbones to the overall capacity.'*
35,45 Inspired by the knowledge of rubber vulcanization, on the
other hand, Chen et al*® added ~5 wt.% 2-mercaptobenzothiazole
(a common vulcanization accelerator for rubber vulcanization) into
20 a 1:1 PAN/S mixture, which led the SPAN to a ~8 wt.% increase
in the sulphur content and a ~120 mAh/g increase in the specific
capacity compared with the control. This finding reveals that the
vulcanization accelerator effectively enhances the efficiency of
sulphurization, offering a facile method for the preparation of
35 SPAN and other SCs.

On the other hand, See et al*® modified mesoporous carbon by
in-situ polymerizing thiophene onto carbon surface and then
pyrolyzing at 800 °C in a 5% H2 flow for 4 h. The XPS analysis
verified that sulphurs in SDC were covalently bound to carbon, and

w0 a cell cycling test showed that a 5.5 wt.% S doping led to as high
as a 50% increase in the capacity of S-C composite with much
stable retention, as compared with the pristine carbon, although
they found these sulphurs did not provide any capacities.
Suggested by the relatively low heats observed when PS species

45 were titrated into SDC, they considered that the achieved
improvement in sulphur sequestration was due to the enhanced
affinity between the strongly polar PS anions and non-polar carbon
surface as a result of the S-doping converting carbon surface from
hydrophobic to hydrophilic property. In fact, this explanation is in

so principle not contradictory with egn. 1, predicting that the S-S
complex binding between the PS anions and SDC contributes to
the sulphur sequestration of SDC. In addition, it should be pointed
out that the Li/S cells by See et al did not behave like a Li/SC
battery, instead exhibited two distinct voltage plateaus at ~2.3 V

ss and ~2 V, respectively, in the first discharge.*® This is because (1)
the S-C composite was prepared at relatively low temperature (155
°C for 2 h), which could not enable effective sulphurization, and
(2) ethylmethyl sulfone was used as the electrolyte solvent, in
which PS has high solubility.

s In brief, the SDC sequestrate sulphur species through the C-S

bonds that anchor short polysulphide anions to carbon via either

S-S complex binding (egn. 1) or S-S covalent binding (egn. 2). In

solutions, it is possible for sulphur to covalently insert into the

short polysulphide chains in the SDC, forming longer polysulphide
chains (egn. 3). The sulphur content and the polysulphide chain
length are two important factors determining the sequestrating
efficiency. When the sulphur content is low, the S-C composites
with SDC behave in very similar manners as the SCs that show

only a single discharge voltage plateau at ~1.8 V and prefer a

carbonate-based electrolyte for cycling.

3.3 Nitrogen-doped carbons (NDC)
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In order to distinguish nitrogen-rich compounds such as graphitic
carbon nitride (CsN4), NDC are referred as to these carbons with
the N/C atomic ratio less than 1. The NDC are prepared either by
post-treatment of carbons with a nitrogen source such as NHs and
CH3CN or by carbonization of nitrogen-containing precursors.®
The post-treatment generally dopes nitrogen on the surface with
the nitrogen content lower than 5 wt.% whereas the carbonization
dopes nitrogen throughout the bulk with the nitrogen content up to
0 more than 20 wt.%. The nitrogen content in NDC greatly depends
on the precursor and preparation conditions with a trend that high
reaction temperature leads to low nitrogen content.® 5° In order to
obtain high nitrogen content, non-volatile ionic liquids and
polymers are preferable precursors. However, the upper limits of
the nitrogen content are 14.32 wt.% for those made at 1000 °C and
21.66 wt.% for those made at 900 °C, irrespective of the precursor
or preparation conditions.®
Identified by three distinguishable peaks in binding energy
range of 398~404 eV in the high resolution XPS spectra,5!-53
% nitrogens in NDC are present in three main forms of pyridinic N,
pyrrolic N, and quaternary N, as indicated in Fig. 3. The ab initio
calculations indicate that the first two types of nitrogens are more
effective in forming LiSnLi*~N binding and dominate the
sequestration of Li2Sn.52 Other nitrogen-functionalized groups such
s 85 —NHz, —CN, —-N=0 and —N Oz groups are rarely present because
—NHz is either eliminated in pyrolysis or substituted by sulphur in

7

a

8

@

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 |5



3

IS
S

Inorganic Chemistry Frontiers

the process of making S-C composites; —CN is easily eliminated or
converted to more stable pyridinic or pyrrolic nitrogens by forming
conjugated aromatic rings in pyrolysis; -N=0O and —-NO: are
carbothermally reduced in pyrolysis. Sulphur sequestration of
NDC is mainly through the chemical binding between the Li* ion
in Li2Sn and the strong electron-donating lone-pair electrons in
nitrogen, namely the LiSaLi*-N binding. The similar princple is
well-known in solution chemistry and has long been used for the
syntheses of polysulphide clusters of alkaline earth metals and
transition metals, in which N-containing solvents were frequently
used to promote the dissolution of polysulphide clusters through
strong solvation between the metal ion and the lone-pair electrons
of nitrogen.>*% Beside the LiSnLi**N binding, the C-S bond
makes additional contribution to the sulphur sequestration because
the synthetic carbons contain more or less hydrogens that are
dehydrogenated by sulphur and subsequently vulcanized to form
C-S bond in the process of making S-C composites.

N1s
PyrrolicN Quaternary N
. A AAA A
=- 400.6 /| ~‘..‘A."l.v. :,\{:f,p
. » Iy nall e 2 & &
© PyrrolicN F'POS
= II g‘ﬁ“f)"ﬁw
1 AL,
g \ Pyridinic N
8 ‘ \ |, PyridinicN
£ | quaternary N |1\ 3981
4032 ||,/ \
AN AP o
[T

4_62 ] 200 398 396
Binding Energy(eV)
Fig. 3 XPS spectrum of NDC and three main forms of nitrogens in NDC.
The figure is reprinted with permission from ref. 5%, Copyright (2015)

John Wiley and Sons.

Using the post-treatment method, Qiu et al>? prepared N-doped
graphene by treating GO sheets in a NH3 atmosphere at 750 °C for
30 minutes. It was shown that the treatment not only reduced GO
but also introduced nitrogens into the graphene sheets, resulting in
N-doped graphene with an N/C atomic ratio of ~3.9%. The
cathode with a 60 wt.% S versus the overall electrode delivered
initial capacities of ~1167 mAh/g at 0.2C and ~802 mAh/g at 2C,
and cycled for 2000 cycles with an averaged capacity fading rate
as low as 0.028% per cycle and an averaged coulombic efficiency
of above 97%. The XPS analysis and ab initio calculation indicate
that the excellent performances are due to the strong LiSnLi*N
binding that effectively hinders the dissolved PS from diffusisng
out of the cathode. Using the same principle, Li et al 16 treated a
commercial carbon black with NHs at 1050 °C for 3-5 minutes,
which led to a NDC with 1.5 wt.% N. Using such an NDC, a S-C
composite with a 60 wt.% S was prepared and shown to have
significantly improved capacity, capacity retention and rate
capability compared with the control. In particular, the composite
delivered a capacity of about 1490 mAh/g in the first discharge and
retained 1020 mAh/g after 40 cycles with a coulombic efficiency
of 93%. The XPS analysis indicates that the defect sites of NDC
are favourable for the deposition of discharge products, leading to
high utilization and reversibility of sulphur cathodes. This
observation agrees with the fact that the N atoms chemically
adsorb PS molecules through the LiSiLi™~N binding and
consequently facilicate the electrochemical redox of PS on the
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carbon surface.

Carbonization of N-containing precursors has been one of the
most studied approaches for the preparation of NDC. In this
practice, Xu et al®” synthesized a NDC by pyrolyzing a
polydopamine at 800 °C for 1 h, and used it to prepare a S-DNC
composite. Results showed that the composite retained a reversible
capacity of ~605 mAh/g after 500 cycles at 2C with a low capacity
fading rate of 0.030% per cycle. In addition to the highly porous
structure of NDC, the strong chemical interactions of the electron-
donating N and O atoms with the Li* ions in PS molecules are
responsible for this excellent cyclability. Aiming to enhance the
efficiency of sulphur sequestration, Sun et al®® developed a
colloidal silica assisted sol-gel process for the preparation of
mesoporous NDCs. In their process, a mixture of phenol,
melamine and formaldehyde was condensated in a solution
containing SiO2 sol. The resulting polymer resin was dried and
carbonized at 800 °C for 3 h, followed by etching SiO2 away to
generate a mesoporous structure. They found that N-doping
assisted mesoporous carbon to sequestrate sulphur through
enhanced surface interactions between the basic nitrogen
functionalities and polysulphide species, but meanwhile adversely
affected the electronic conductivity of the carbon matrix. Only
when the nitrogen content is in a range of 4-8 wt.%, the NDC are
able to improve the performance of Li/S batteries. An optimal
nitrogen content was determined to be 8.1 wt.%, which resulted in
the S-C composite demonstrating a reversible capacity of 758
mAh/g at 0.2C and 620 mAh/g at 1C after 100 cycles.

Conducting polymers such as polyaniline and polypyrrole have
been proven to be excellent precursors for NDC with novel pore
structure because of their flexibility and easiness to be synthesized
into desirable nanopore structures. In this effort, Xiao et al%®
synthesized polyaniline nanotubes, followed by treating them with
sulphur at 280 °C to obtain an S-NDC composite. As a result of the
in-situ  vulcanization, the obtained composite is of three-
dimensional structure with covalently crosslinked polymeric
frameworks that provide strongly physical and chemical
sequestration to sulphur. After tens of activation cycles, which was
due to the poor penetration of liquid electrolyte into the
nanostructured pores, the S-NDC composite exhibited superior
cycling stability and rate capability with an initial capacity of 755
mAh/g at 0.1C, which stabilized 837 mAh/g after 100 cycles.
When cycled at 1C, the cell was able to retain a capacity of 432
mAh/g with a coulombic efficiency of over 90% even after 500
cycles. The observed improvement is attributed to not only the
novel nanostructured pores but also the enhanced chemical binding
between the electron-donating N atoms and polysulphide species.

Pyrolyzed PAN is of particular interest in understanding of the
sulphur sequestration mechanism of NDC. In order to confirm the
LiSnLi*N interactions, two composites of the pyrolyzed PAN
with elemental sulphur and lithium polysulphide (Li2S3),
respectively, were prepared by the procedures described in Table
2 and compared in Fig. 4. It can be observed from Fig. 4a%° that the
S-NDC composite without Li* ions in its initial composition shows
only a single discharge voltage plateau at ~1.8 V, indicative of a
SC in which the sulphur species are sequestrated through the C-S
bond formed in the process of making the S-NDC composite

105 through the vulcanization of >C=C< double bonds and the

substitution of sulphur for remaining hydrogens and removable

6| Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 6 of 9



Page 7 of 9

Inorganic Chemistry Frontiers

nitrogen-functionalized groups such as —NH2. In contrast, the
Li2Ss-NDC composite with Li* ions in its initial composition
exhibits two discharge voltage plateaus at ~2.3 V and ~2 V, as
shown in Fig. 4b,5% with significantly improved capacity and
s capacity retention compared with the conventional Li2Ss-C
composite. Remarkable difference in the cells’ voltage profile
between the S-NDC and Li2S3-NDC composites strongly supports
the role of LiSnLi*N binding in sulphur sequestration.

(b)

3.5

1st cycle
2nd cycle

w

Potential vs. Li/lLi* / V
N
o

N

10 (a)
30 s Ist cyele 85 200 400 600 800 1000 1200
j ----- 2nd cycle Capacity (based on LizS) / mAh g"
_  S0th eycle Fig. 4 Voltage profile of (a) S-NDC composite and (b) Li,S;-NDC
3 / ; ; ; ; ici 60 61
= 15 composite. The figures are reprinted with permission from refs. ® and °.
r s Copyright (2009 and 2013) American Chemical Society.
E \\\\
& R \
\‘\-\\
l.] 2!‘)0 4{J)O 6[‘!] 8[‘)0 lOlﬂ(J 1200
Specific capacity (mAh/g-sulfur)
Table 2 Comparison of S-NDC and Li,S3-NDC composites
S-NDC composite Li,S3-NDC composite
Preparation ~ PAN and Na,COs were mixed using DMF solvent, PAN was dissolved into a Li,S; DMF solution,
followed by pyrolyzing at 750 °C for 2 h; A composite followed by drying and pyrolyzing at 300 °C for 2h
with 57 wt.% S was prepared by heating a S-NDC and at 600 °C for another 30 min.
mixture at 300 °C for 3 h
Electrolyte 1 M LiPFe 1:4:5 (vol.) PC/EC/DEC 1 M LiTFSI 1:1 (vol.) TG/PYR14TFSI
Results Significant capacity loss in the 1st discharge; A single Significant capacity loss in the 1st charge; Two
discharge voltage plateau at ~1.8 V discharge voltage plateaus at ~2.3 V and ~2 V,
respectively
Comment Behave as a sulphurized carbon; Sequestrate sulphur via Behave as a normal Li/S cell; Sequestrate sulphur
C-S bond via LiS,Li™N binding
Reference 60 61
Note: DMF=N, N-dimethyl formamide, PC=propylene carbonate, EC=ethylene carbonate, DEC=diethylene carbonate, LiTFSI=lithium
20 bis(trifluoromethanesulfonyl)imide, TG=tetraethylene glycol dimethyl ether, and PYR14TFSI=N-methyl-(N-butyl) pyrrolidinium

bis(trifluoromethanesulfonyl)imide.

3.4. Multiple HA codoped carbons

As highlighted above, the oxygen, sulphur, and nitrogen HAs
enhance the sulphur sequestration in different mechanisms. Thus,
25 there is a need to know whether codoping of these HAs can lead to
synergistic improvement on the sulphur sequestration. In this
effort, Wang’s group intensively investigated O, N-codoped
mesoporous carbon that was synthesized by heating a mixture of
poly(melamine-co-formaldehyde) resin as the carbon precursor
30 and colloidal silica nanoparticles as the pore generator at 900 °C
for 2 h, followed by removal of silica using hydrofluoric acid
solution.52 6 The resultant mesoporous carbon, containing the
oxygen- and nitrogen-functionalized groups, was mixed with
sulphur and heated at 155 °C for 10 h to form a C-S nanocomposite.
35 While obtaining much improved capacity and capacity retention,
they analysed K-edge X-ray absorption near edge structure
(XANES) spectra of the O, N and S atoms, finding that the C and
N spectra were barely changed before and after sulphur loading
because there were no Li* ions in the C-S composite. This

40 observation coincides with the conclusion that the doped N atoms
adsorb PS species through Li* ions, namely the LiSnLi*~N binding
as reported elsewhere,5% other than directly through the sulphur
atoms. However, the O K-edge XANES spectrum was subject to
considerable change after sulphur loading as shown in Fig. 5a,

45 Whereas the similar change was not observed from the counterpart

carbon without N-doping. Therefore, these authors attributed the

improved sulphur sequestration to the enhanced chemical
adsorption between sulphur species and oxygen-functionalized

groups on the carbon surface, which was promoted by the N-

doping. Based on the DFT calculations, these authors proposed

chemical adsorption of sulphur species through the O-S bonds, as

schematically illustrated in Fig. 5b.5% However, these authors did

not explain how the —OSO2— group and —OSOs™ anion with the S

valence of +6 were formed under the strongly reductive

ss environment where the S-C composite was prepared.
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Fig. 5 (a) Oxygen K-edge XANES spectra before and after sulphur
s loading,% b) proposed chemical binding between sulphur species and
oxygen-functionalized groups.5 The figures are reprinted with permission
from refs. 62 and %, Copyright (2014) John Wiley and Sons and Copyright
(2014) American Chemical Society.

On the other hand, Zhou et al® investigated synergistic effect of
10 N, S-codoping on the sulphur sequestration. They prepared N, S-
codoped graphene sponge by the hydrothermal reaction of GO
sponge and thiourea at 180 °C for 12 h, and compared it with the
single S-doped and N-doped counterparts. The S 2p XPS spectrum
of N, S-codoped graphene shows distinct binding energy peaks of
15 S—O bond at 165.9 eV, S-S/S—C bonds at 164.9 and 163.7 eV; and
the N 1s XPS spectrum shows peaks of quaternary N at 401.2 eV,
pyrrolic N at 399.7 eV, and pyridinic N at 398.6 eV. Using
graphene sponge as the cathode current collector and a 1.0 M Li2Se
solution as the catholyte, Li/dissolved polysulphide cells were
20 assembled and tested. A long-term cycling test indicated that N, S-
codoping remarkably enhanced the specific capacity and rate
capability compared with the single HA-doping in an order of N,
S-codoped graphene >> N-doped graphene>S-doped graphene>0O-
doped graphene (i.e. rGO). In particular, the N, S-codoped
25 graphene cell exhibited an initial capacity of 925 mAh/g and
stabilized ~670 mAh/g after 200 cycles. The DFT calculations on
several small model compounds reveal that the remarkable
superiority is attributed to the synergistic enhancement of N, S-
codoping in the chemical binding between the sulphur/nitrogen
% heteroatoms and lithium polysulphide/Li2S, which significantly
reduces the loss of sulphur active material and consequently
suppresses the redox shuttle effect.

4. Conclusions and outlook

Porous carbons sequestrate sulphur species through PAB and
3s CAD. The PAB depends on the pore structure and porosity of
carbons, whereas the CAD relies on the specific surface area and
surface functional groups. The CAD not only sequestrates sulphur
species but also facilitates the redox and deposition of sulphur
species on the carbon surface, leading to high specific capacity and
stable capacity retention. The CAD capacity of HA-doped carbons
to sulphur species increases with the concentration of HAs (i.e. the
adsorbing sites), which on the other hand adversely affects the
electronic conductivity of carbon matrix, leading to an optimal
concentration for the performance of Li/S batteries. The oxygen,
a5 sulphur, and nitrogen HAs enhance the CAD by different
mechanisms. Oxygen-functionalized groups are either removable
or oxidative, which are easily eliminated or reacted with sulphur to
form C-S bond in the process of preparing C-S composites. In
addition to the C-S bonds that covalently anchor short
polysulphide chains to carbon surface, remaining oxygens are also
responsible for sulphur sequestration through the >C=0-Li*SiLi ,
>O--Li*SnLi, and -OH-Li*SnLi bindings. In the S-doped carbons,
sulphurs are able to exist up to 50 wt.% in the form of short
polysulphide (—Sr—) chains, which are covalently bound to the
ss surface or/and frameworks of carbon. Therefore, the S-doped
carbons sequestrate sulphur mainly through the C-S bond.
Nitrogen-functionalized groups are strongly bound to the graphitic
plane in three main forms of pyridinic, pyrrolic, and quaternary
nitrogens, among which the first two types of nitrogens are more
effective in forming LiSnLi*N binding via the N lone-pair
electrons. Unless formed during the pyrolysis of the mixture of
nitrogen-containing precursors and elemental sulphur, the C-S
bonds are barely present in the N-doped carbons. Therefore, the N-
doped carbons sequestrate sulphur mainly through the LiSnLi*N
binding, a similar principle of the metal ion solvation in solution
chemistry. Since hydrogens inevitably exist in the synthetic
carbons and sulphur is an excellent dehydrogenator, the process of
preparing S-C composites near or above the sulphur’s critical
temperature (159.4 °C ) results in the formation of more or less C—
70 S bonds, which makes additional contribution to the sulphur

sequestration. Codoping of two or more HAs may lead to

synergistic enhancement in the sulphur sequestration, which could
be a promising direction for future development of porous carbon
materials to be used in practically viable Li/S batteries.
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