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ABSTRACT

In this study, a boron-doped microporous carbon (BMC)/sulfur nanocomposite is synthesized and applied
as a novel cathode material for advanced Li-S batteries. The cell with this cathode exhibits an ultrahigh
cycling stability and rate capability. After activation, a capacity of 749.5 mAh/g was obtained on the 54" cycle at a
discharge current of 3.2 A/g. After 500 cycles, capacity of 561.8 mAh/g remained (74.96% retention), with only
a very small average capacity decay of 0.056%. The excellent reversibility and stability of the novel sulfur
cathode can be attributed to the ability of the boron-doped microporous carbon host to both physically
confine polysulfides and to chemically bind these species on the host surface. Theoretical calculations confirm
that boron-doped carbon is capable of significantly stronger interactions with the polysulfide species than
undoped carbon, most likely as a result of the lower electronegativity of boron. We believe that this doping
strategy can be extended to other metal-air batteries and fuel cells, and that it has promising potential for
many different applications.

1 Introduction
Rechargeable batteries are extensively used in numerous portable devices and electric vehicles; however, the

energy density of Li-ion batteries cannot satisfy the increasing demand for energy storage. Therefore, a



new generation of batteries with a high energy density
and a long cycle life is in urgent demand [1]. Among
the various promising candidates, the lithium-sulfur
(Li-S) battery is the most promising electrochemical
system because of its high theoretical specific capacity
(1,672 mAh/g) and high energy density (2,600 Wh/kg)
[2]. In addition, the sulfur active material is low cost,
highly abundant, and nontoxic, which makes Li-S
batteries even more attractive. Despite these advantages,
the commercialization of Li-S batteries has not been
realized because of several technical bottlenecks, such
as the insulating nature of sulfur and lithium sulfide
and the dissolution of polysulfides, which results in
poor reversibility and stability of Li-S batteries [3, 4].

To solve these challenges, conceptually new materials
and rational design of the electrode structure are
essential [5, 6]. Over the past years, cathode materials
that incorporate sulfur into different carbon matrices,
especially into carbon nanomaterials (including carbon
nanotubes [7-9], graphene [10-13], and porous carbon
[14-16]) and carbon-based hybrids were developed
in order to improve the electrical conductivity and to
accommodate the electrode volume expansion during
the cell operation. Specifically, sulfur-coated carbon
nanotubes (CNTs) [17] have been widely applied in
Li-S batteries. In these batteries, the surface of CNTs
is coated with sulfur to produce a core-shell structure.
The major challenges associated with these undoped
carbon-based Li-S batteries are the fast capacity decay,
low coulombic efficiency, and poor rate capability.
Further modifications of the cathode are still underway.
For example, Chen et al. treated CNTs with nitric acid
in order to incorporate carboxyl functional groups,
and the resulting CNTs/sulfur cathode delivered a
comparatively improved electrochemical performance
[18]. Nevertheless, the relatively low surface area and
pore volume of CNTs present an inherent problem for
the CNT/S cathode.

Elemental doping of carbon nanomaterials has
attracted significant attention, mainly due to the
excellent electrochemical catalytic activity of these
materials for many applications. Boron and nitrogen
are two of a small group of elements, which can be
used to substitutionally dope graphene structures,
thereby improving the electronic and structural pro-

perties. Furthermore, boron-doped carbon as a key
promising electrode material presents a new platform
for energy storage applications, especially for Li-S
batteries.

Herein, we designed and synthesized novel boron-
doped carbon nanostructured material from CNTs.
The nanotubes in the obtained material have a unique
coaxial structure, with boron doped in the surface layer
of carbon. The obtained boron-doped microporous
carbon (BMC) possesses a large surface area. Moreover,
due to the low electronegativity of boron, the electronic
properties of the B-doped sites are expected to be
altered [19,20]. Additionally, the created active sites
tend to attract polysulfides, thus helping to alleviate
the shuttle effect. Therefore, BMC can effectively
impregnate sulfur and trap the soluble polysulfides
generated during the charge—discharge processes.

2 Experimental

2.1 Preparation of composite materials
2.1.1 Preparation of BMC

Raw multi-walled carbon nanotubes (120 mg) (Aligned-
MWCNT, 10-30 nm in diameter, Shenzhen Nanotech
Port Co. Ltd, China) were refluxed in concentrated
HNO; at 120 °C for 5 h and then washed with distilled
water. The modified CNTs were dispersed in water
(30 mL) containing sodium dodecyl sulfate (12 mg)
to give a black CNT suspension. For the synthesis of
BMC, glucose (4.8 g) and boric acid (6 g) were first
dissolved in water (30 mL), followed by addition of

the CNT suspension. The obtained homogeneous
black suspension was sealed in a PTFE container and
maintained in an oven at 190 °C for 15 h. The product
was collected by vacuum filtration and dried in a
vacuum oven at 60 °C for 24 h. The product was then
completely carbonized at 800 °C for 3 h under a flow
of argon, affording the target BMC as a black powder.

2.1.2  Preparation of BMIC/S composite

Sulfur (Alfa Aesar) and BMC (in a 7:3 and 6:4 ratio by
mass for two different recipes, respectively) were
mixed and sealed in an iron pot, and heated to 155 °C
in an oven for 24 h under Ar atmosphere. The resulting



composites are referred to as BMC/HS and BMC/LS,
respectively.

2.1.3  Preparation of CNT/S composite

As a comparison, sulfur and aligned multiwalled
CNTs (7:3 ratio by weight) were mixed and sealed in
an iron pot, followed by heating to 155 °C in an oven
for 24 h under Ar atmosphere.

2.2 Characterization and computational methods

In order to determine the boron content in the prepared
BMC material, BMS was dissolved completely by
digestion and analyzed using inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Varian
Vista-MPX CCD Simultaneous). Nitrogen sorption
isotherms were obtained at 77.2 K using an ASAP 2460
Surface Area and Porosity Analyzer (Micromeritics).
Mass of the samples analyzed in this measurement
was 35.9 and 49.2 mg for BMC and CNTs respectively.
Calculation of the pore-size distribution was per-
formed using non-localized density functional theory
(NLDFT), using the adsorption branch for CNTs
and the Horvath—-Kawazoe (H-K) method for BMC.
Thermogravimetric analysis (TGA) of the cathode
material was carried out using a thermogravimetric/
differential thermal analysis (TG/DTA) system (EXSTAR
6200, Japan) at a heating rate of 10 ‘C/min under Ar
atmosphere. X-ray photoelectron spectroscopy (XPS,
ESCALAB 250) was performed using a monochro-
matized Al Ka radiation. Raman spectra were measured
using a spectrometer (Renishaw-1000, UK) with an
excitation wavelength of 532 nm. X-ray diffraction
(XRD) patterns were recorded on a Rigaku X-ray
diffractometer (Ultima IV-185, Japan) with Cu Ka
radiation (A = 0.154 nm). Particle morphologies were
observed by field-emission scanning electron microscopy
(FESEM, FEI Quanta 250, USA) and high-resolution
transmission electron microscopy (HRTEM, JEOL-2010,
Japan). Elemental analyses were conducted using an
attached energy dispersive X-ray (EDX) apparatus.
The binding energy (BE) of the polysulfides adsorbed
on the carbon surface was obtained by taking the
energy difference between the energies (E) of the
isolated Li,S; and the B-doped (or undoped) carbon
and the energy of the absorbed system. Namely, the

binding energy is obtained using BE = Egaphene) +
Eqioss)Eora- The charge distribution on each atom
was evaluated using a Mulliken population analysis.
Geometry optimizations were carried out with the
all-electron, density functional theory (DFT) program
DMol3 in Materials Studio 5.5 (Accelrys), using the
Becke-Lee-Yang-Parr (BLYP) functional and the
Gaussian double zeta numerical plus polarization
(DNP) basis set. An optimization was considered
converged when the following convergence criteria
were met: 1.0 x 10 Ha for the total energy, 0.002 Ha/A
for the maximum force on atoms, and 0.005 A for the
maximum atomic displacement.

2.3 Electrochemical measurements

The prepared composites were each formed into
a cathode slurry. The composite (70 wt.%), acetylene
black (20 wt.%), and polyvinylidene fluoride (10 wt.%)
in N-methyl-2-pyrrolidinone (NMP) were mixed, and
then ball-milled for 4 h to give a homogeneous slurry.
After stirring, the slurry was coated in aluminum foil
using a roll press. The coated electrodes were dried
in a vacuum oven at 60 °C for 24 h. The electrodes
were cut into discs with a diameter of 11 mm. The
sulfur loading is about 1 mg/cm?. Two-electrode coin
cells (CR2025) with lithium foil counter electrodes
were assembled in an argon-filled glove box. The
employed electrolyte constituted of 1.0 mol/L lithium
bis(trifluoromethane)sulfonimide (LiTFSI, TCI) and
0.2 mol/L lithium nitrate (LiNO,, Alfa Aesar) in
dimethoxyethane (DME) and 1,3-dioxolane (DOL)
solvents (1:1v/v, Alfa Aesar). The volume of the
electrolyte added into the cells was 50 puL. The cells
were discharged and charged over the voltage range
1.7-2.8 V at different current densities. An electro-
chemical station (Wuhan LAND electronics, China)
was used to test the cycling stability of each cell. To
characterize the redox behavior and kinetic reversibility
of the cells, cyclic voltammetry (CV) curves were
recorded on a CHI660c electrochemical workstation
(Shanghai Chenhua, China) from 1.0 to 3.0 V.
Alternating current (AC) impedance was measured
with a CHI660c electrochemical workstation. The
AC amplitude was +5 mV and the applied frequency
range was 0.1-100 kHz.



3 Results and discussion

In the synthesis of BMC, the raw CNTs are used as

the scaffolding, providing the surface (Scheme 1)

necessary for the formation of the boron-doped carbon
layer, generated through the carbonization of glucose
and boric acid. The boron content in BMC was

determined by ICP-OES as 0.78 wt.%. The low

magnification SEM images of BMC shown in Fig. 51
in the Electronic Supplementary Material (ESM),

indicate that the obtained BMC grows well and

homogeneously. Figures 1(a) and 1(b) represent the
SEM images of the raw CNTs and BMC, respectively.
From this figure, it can be noticed that BMC retains
its tubular morphology even after being coated with
the boron-doped carbon layer. As clearly shown in the
inset of Fig. 1(b), the diameter of BMC is ca. 200 nm,
while the diameter of the original CNTs is only
10-30 nm. This difference demonstrates that the main
body of BMC is composed of the boron-doped carbon
layer. As we expected, the specific surface area (based
on the Brunauer-Emmett-Teller method) of BMC has
increased significantly (Fig. 1(d), 461.73 m?/g) relative
to that of CNTs (Fig. 1(c), 163.85 m?/g). The adsorption
isotherm for BMC is a type I isotherm, with a nitrogen
adsorption plateau and no hysteresis, features indicative
of micropore-rich structures [21]. Moreover, according

to the pore size distribution plot obtained using the
H-K method, the pores in BMC are predominantly
micropores (Fig. 1(f)), with a pore size of about
0.34 nm. These micropores differ greatly from those
present in raw CNTs (Fig. 1(e)). This unique porous
structure of BMC can significantly improve the ability
of the electrode to trap soluble polysulfides.

The sulfur-BMC composites were prepared using
the thermal treatment method, which has been widely
used in the fabrication of sulfur composites [22, 23].
The sulfur contents of BMC/HS and BMC/LS composite
samples were confirmed (Fig.52 in the ESM) by
thermogravimetric analysis as 67 wt.% and 59 wt.%,
respectively. In the following discussion, BMC/LS
composite is mainly used for the structural charac-
terization. Figures 2(a) and 2(b) show the SEM images
of BMC/LS composite, with no visible sulfur bulk. In
contrast, sulfur bulk is still visible in the composite
that is heat-treated for only 8 h (Fig. S3 in the ESM).

These SEM images reveal that full incorporation of
sulfur into the BMC-based matrix has been achieved
in the BMC/LS composite. In the TEM image of
BMC/LS composite shown in Fig.2(c), a coaxial
structure can be clearly identified, as marked with
white dotted lines. On the other hand, the lattice
strings of CNTs can be hardly observed in the HRTEM
image (Fig.S4 in the ESM), due to their extremely
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Scheme 1 Schematic illustration of the synthetic route to BMC.
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Figure 1 SEM images of (a) CNTs and (b) BMC, and the corresponding nitrogen sorption isotherms for (c) CNTs and (d) BMC; (e) the
pore size distribution determined for CNTs using NLDFT method and (f) the pore size distribution determined for BMC using H-K method.

small diameter compared to that of BMC. According
to the corresponding EDX elemental maps of the region
marked with a black rectangle, sulfur is uniformly
distributed in the boron-doped carbon layer.

The BMC/LS composite has been characterized using
XRD, XPS and Raman spectroscopy. XRD patterns of
sulfur, BMC, BMC/LS and BMC/HS composites are
shown in Fig. 3(a). Overall, the sulfur-BMC composites
exhibit a pattern similar to that of sulfur, which
confirms that the sulfur in the composite is highly
crystalline. Raman spectrum of the BMC/LS composite
(Fig. 3(b)) shows three characteristic peaks: G band at
~1,593 cm™, D band at ~1,352 cm™, and 2D band at
~2,704 cm™. The G band is usually assigned to the E,
phonon of sp? C atoms, while the D band is assigned
to the defects and disorder in the carbon structure
[24]. For the BMC/LS composite, the intensity ratio of
the D band to the G band (Ip/Ig) is about 0.9656, which

is slightly larger than the ratio for CNT/S (Fig. S5 in
the ESM). This value indicates that the aromatic
structures in BMC [25] remain largely intact, and their
presence will aid the electron transport within the
BMC/LS composite. In addition, the peak at ~472 cm™
is the peak characteristic for sulfur, and is assigned to
the Al symmetry mode of the S-S bond [26].

As shown in the XPS spectra of the S 2p regions
(Fig. 3(c)), two distinct peaks at 163.9 eV (S 2p3/2)
and 165.1 eV (S2p1/2) appear, while the C 1s peak is
located at 284.8 eV (Fig. 3(c), inset). Moreover, the
binding energy of the B 1s peak is located at 190.9 eV
(Fig. 3(d)), which is higher than the standard value
(188.0 eV) [27], indicating that the boron atoms are
bonded to the carbon atoms in the sp? carbon network
[28]. Additionally, it is evident that the broad peak is
composed of several smaller sub-peaks, corresponding
to the heterocyclic structures illustrated in the inset



Figure 2 (a) and (b) SEM images of BMC/LS composite. (¢) TEM image of the BMC/LS composite and the corresponding EDX
elemental maps of the region marked with a black rectangle.
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Figure 3 (a) XRD patterns of sulfur, BMC, BMC/LS and BMC/HS. (b) Raman spectrum of the BMC/LS composite and XPS spectra
of (c) S 2p regions and (d) B 1s region of the BMC/LS composite. The inset in (c) represents the C 1s region.

of Fig. 3(d) [29].

In order to investigate the electrochemical properties

of the composites, coin cells were assembled, with

the composite and lithium foil as the cathode and

anode, respectively. AC impedance measurements
were performed on these cells prior to cycling, as
shown in Fig. 4(a). We chose a typical model for the
analysis of the Nyquist plots, and the results are
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Figure 4 (a) AC impedance measurements of the cells with BMC/LS, and CNT/S cathodes prior to cycling. (b) Cyclic voltammetry
curves of the BMC/LS cathode at a scanning rate of 0.5 mV/s. (c) Cycling stability of cells containing CNT/S, BMC/LS, and BMC/HS
cathodes at 0.32 A/g. (d) Rate capabilities of BMC/LS and BMC/HS cathodes. (e) Cycle performance of BMC/LS cathode at 3.2 A/g
(the insets show the discharge/charge voltage profiles on certain cycles). The sulfur contents of BMC/LS, BMC/HS, and CNT/S are

59 wt.%, 67 wt.%, and 60 wt.%, respectively.

displayed in Fig. 4(a). The analysis revealed that the
R value of BMC/LS is slightly higher than that of the
CNT/S composite. This difference demonstrates the
lower electrical conductivity of the BMC/LS composite,
which may be caused by a minor structural damage to
the boron-doped carbon layer during carbonization.
Figure 4(b) shows the cyclic voltammetry curves of
the BMC/LS cathode in the potential window of 1.0

to 3.0V, at a scanning rate of 0.5 mV/s. Two separate
cathodic peaks can be observed, which correspond to
the reduction of elemental sulfur to lithium polysulfides
and further reduction of polysulfides to Li,S,/Li,S,
respectively [30]. It is worth noting that, a conspicuous
broad peak at 1.7 V appeared in the first cycle, which
corresponds to the reduction of LiNO; [31].

The cycle performance of CNT/S, BMC/LS, and



BMC/HS cathodes at 0.32 A/g is shown in Fig. 4(c).
Predictably, the CNT/S cathode delivers a lower
capacity than the BMC/LS and BMC/HS cathodes
after 6 cycles, indicating that a smaller quantity of
active material is being used. The Coulombic efficiency
of the cell containing the CNT/S cathode declines
significantly to 65% after 20 cycles, while the BMC/LS
and BMC/HS cathodes remain at ca. 99%. These results
suggest that soluble polysulfides can migrate from
the CNT/S cathode into the electrolyte easily, resulting
in severe shuttle reactions. However, the shuttle effect
appears to be alleviated in the BMC-based cathodes,
which can be attributed to the physical confinement
and chemical binding of polysulfides at the cathodes.

The rate performance of the BMC/LS and BMC/HS
cathodes is presented in Fig. 4(d). Unsurprisingly, the
BMC/LS cathode exhibits relatively higher capacities
than BMC/HS cathode at each rate due to the lower
sulfur loading. The initial discharge capacities of the
BMC/LS cathode at 0.16, 0.32, 0.8, 1.6, 3.2, and 8 A/g
are 1,255.6, 943.3, 777.6, 650.9, 595.7, and 477.4 mAh/g,
and the capacity can be recovered to 820.4 mAh/g
when the current rate is back to 0.32 A/g. These results
demonstrate that rapid electronic/ionic transport can
be achieved in these cathodes. Figure 4(e) shows the
cycle performance of the BMC/LS cathode at 3.2 A/g.
At the beginning of its cycle, the cell undergoes a
reactivation process and the discharge capacity in the
first 54 cycles increases. We assume that this increase
results from the inability of the sulfur to solve into
the electrolyte fast enough [32]. The highest discharge
capacity (749.5 mAh/g) was obtained at the 54" cycle.
After 500 cycles, the discharge capacity is 561.8 mAh/g,
corresponding to a capacity retention of 74.96%. With
a very small average capacity decay of 0.056% per
cycle during cycling, the Coulombic efficiency remains
above 97%. Indeed, it is evident that excellent electro-
chemical performance can be obtained using the
boron-doped carbon host.

In order to elucidate the role of the boron-doped
structure in improving the performance of the cells,
we performed DFT calculations to study the interaction
between the carbon surface and lithium polysulfide
species. For simplicity, we used a carbon layer
(containing 54 carbon atoms, with hydrogen atoms
added to the edges to maintain electrical neutrality)

and Li,S; as the models. Detailed descriptions of our
computational methods are provided in the Exper-
imental section. While this simulation might not give
us an absolute quantification of the binding strength,
it will provide a qualitative understanding of the
influence of chemical bonding (based on boron) on the
cycle performance of the sulfur cathode. Figure 5(a)
shows the optimized geometries of the boron-doped
and undoped carbon layers and the Li,S; molecule.
The corresponding isosurfaces of the cross-sectional
density difference and the optimized atomic charges
of specific atoms reveal that the electron density is
shifted toward the carbon around the boron atoms.
This shift can be attributed to the lower electronegativity
of boron compared to carbon, a difference that causes
the boron atoms to be positively polarized. Besides,
the oxygen atoms introduced by boron-doping are
likely to further intensify the migration of the electron
density away from the boron atoms. Consequently,
these positively polarized atoms can attract the
negatively charged polysulfides.

In order to confirm the effect of boron-doping on
the cell performance, the interactions between raw or
boron-doped carbon layers and the polysulfides were
studied. Figure 5(b) shows the optimized geometries
of a single Li,S; molecule adsorbed on the boron-doped
(or undoped) carbon surface, with the corresponding
binding energy values listed under the models. Note
that boron-doped species are well-known to possess
higher binding energies (0.0796, 0.0801, and 0.0803 Ha)
than the pristine species (0.0577 Ha), indicating
that the boron-doped carbon material exhibits much
stronger interactions with the polysulfides species.
We also believe that the
polysulfides and the boron-doped carbon is effective

interaction between

only if the size of Li,S; is very small. In our case, the
pore structure of BMC is around 0.34 nm (Fig. 1(f)),
which confines the growth of polysulfides. Without
this unique micropore structure, we doubt there
would be any improvement in the electrochemical
cycle performance. Besides, the amount of transferred
charge on the sulfur atoms adsorbed on the boron-
doped carbon surfaces is higher than that on the raw
carbon surface. This result further demonstrates that
the interaction between polysulfides and the boron-
doped carbon is much stronger [33] than the interaction
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with undoped carbon. Overall, the boron-doped
carbon can adsorb polysulfides more efficiently, thus
preventing them from dissolving into the electrolyte,
and resulting in an improved cycling performance.

4 Conclusions

In summary, we have successfully developed a
boron-doped carbon-based sulfur cathode for high-
performance Li-S batteries. The cathode was shown to
exhibit an ultra-high cycling stability and rate capability.
A maximum discharge capacity of 749.5 mAh/g was
obtained at 3.2 A/g (54" cycle), with 561.8 mAh/g
remaining after 500 cycles. This decrease corresponds
to a very small capacity decay of 0.056% per cycle,
with a coulombic efficiency remaining above 97%.
The excellent reversibility and stability of BMC-based
cathode is attributed to (i) the microporous matrix,
which can physically confine polysulfides, (ii) the
B-doped polar host, which has a high affinity for
polysulfides, and can thus chemically bind these
species within the carbon matrix. In good agreement
with the experimental observations, the first-principles
calculations revealed that boron-doping results in the
polarization of the carbon surface and an increase

in the binding energy. These results demonstrate
that the interaction between the B-doped carbon and
polysulfides is stronger than the corresponding
interaction with undoped carbon. We believe that the
described strategy presents a new material platform
that can be applied to other energy storage technologies,
such as metal-air batteries and efficient metal-free
oxygen reduction reaction (ORR) electrocatalysts for
fuel cells.
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A boron-doped microporous carbon (BMC)/sulfur composite is
synthesized and applied successfully as a novel cathode material
for advanced Li-S batteries.
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Figure S1 Low magnification SEM images of BMC.
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Figure S2 TGA curves of the CNT/S, BMC/LS and BMC/HS composites recorded in Ar at a heating rate of 10 °C/min.

Figure S3 SEM image of the sulfur-BMC composite obtained with only 8 h thermal treatment.

Figure S4 HRTEM image of the BMC/LS composite. The lattice strings of CNTs are marked by the dotted ellipse.
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Figure S5 Raman spectrum of the CNT/S composite.





