
Chemical Engineering Journal 430 (2022) 132987

Available online 16 October 2021
1385-8947/© 2021 Elsevier B.V. All rights reserved.

Porous Carbon/Borocarbonitride hybrid with enhanced tap density as a 
polar host for ultralong life Lithium-Sulfur batteries 
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A B S T R A C T   

The severe shuttle effect and sluggish redox kinetics are the current bottlenecks of lithium-sulfur (Li-S) batteries, 
resulting in capacity fading and inferior rate performance, especially under the condition of high sulfur loading 
and low electrolyte/sulfur ratio (E/S). Herein, conductive carbon nanoparticles (Ketjen Black, KB) covered by 
borocarbonitride (BCN) are assembled into micro-sized particles to form a polar KB@BCN hybrid, which is 
employed as a sulfur host with enhanced tap density via a facile intergrowth method. At a molecular level, BCN, 
endowed with abundant adsorption sites as the adsorbent and catalyst, can adsorb polysulfides and catalyze the 
conversion of polysulfides. On the nanometer scale, the BCN is loaded on the highly conductive KB nanoparticles, 
which can improve the conductivity of the hybrid (1786 S m− 1), thereby improving the conversion of poly-
sulfides. On the micrometer scale, the BCN and the KB nanoparticles together form micro-sized particles to 
improve the tap density, which is beneficial to build thick electrodes and reduce the amount of electrolyte. When 
applied as a sulfur cathode, KB@BCN-2 shows good cycling capability (a low-capacity decay of 0.05% after 800 
cycles at 0.5C) and high rate performance (765 mA h g− 1 at 3.0C). Even under a lean electrolyte condition (E/S 
= 5 μL mg− 1), the KB@BCN-2-S has a high initial capacity of 1266 mA h g− 1 at 0.1C. Significantly, incorporating 
polar electrocatalysts with carbon matrix to form a high-density sulfur host through secondary granulation can 
provide a new insight for achieving high-performance Li-S batteries.   

1. Introduction 

Lithium-sulfur (Li-S) batteries have gained prominence due to their 
high energy density (~2600 Wh kg− 1) and high specific capacity 
(~1675 mA h g− 1) [1,2]. However, poor electroconductivity of S, 
massive volume expansion, dissolution and shuttle of intermediate 
lithium polysulfides (LiPSs) during the charge–discharge process are still 
kept as intractable challenges, which make the Li-S batteries hard to 
meet the requirement in practical application [3,4]. In recent decades, 
numerous strategies have been put forward to resolve the issues, e.g., 
exploiting conductive hosts [5,6], implanting blocking interlayers [7], 
protecting lithium anodes [8], applying new electrolytes [9] and 
employing multifunctional binders [10]. Although these methods can 
improve the cycle stability, the low areal sulfur loading (≤2 mg cm− 2) 
and high electrolyte consumption (≥20 μL mg− 1) will reduce the prac-
tical energy density of batteries. 

To obtain high sulfur loadings and reduce the electrolyte/sulfur ratio 
(E/S), higher requirements are put forward on the design of the host 
materials. Recently, tremendous efforts have been devoted to improving 

the sulfur loading via constructing conductive scaffolds with a three- 
dimensional (3D) structure [11]. For instance, hyperporous graphene 
with a high pore volume of 3.51 cm3 g− 1 has been reported as a sulfur 
host, which increases the S loading to 5 mg cm− 2 and shows an initial 
areal capacity of 7.5 mA h cm− 2 [12]. Yu et al. have reported a free-
standing sandwich-structured graphene electrode by integrating CNTs 
and nanofibrillated cellulose, which improves the areal sulfur loading to 
8.1 mg cm− 2.[13]. Lv, et al. have proposed that combining carbon 
nanoparticles into microsized secondary ones makes the slurry easy to 
cast into electrodes with a high sulfur loading of 2–7 mg cm− 2 [14]. 
Chen and co-workers have also developed a modular-assembled oval- 
like carbon microstructure via surface engineering and nanoparticle 
reconfiguration, delivering a high areal capacity of 8.4 mA h cm− 2 at 
0.1C with a high sulfur loading of 8.9 mg cm− 2 [15]. These strategies 
significantly increase the areal loading of sulfur, which is conducive to 
further scale-up production. Furthermore, reducing E/S, a key param-
eter, has become an effective way to push forward the Li-S batteries from 
the lab to the industry [16]. In general, the rational design methods for 
sulfur cathodes with low E/S can be divided into three classifications: 1) 
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insufficient dissolution can be avoided by preventing the formation/ 
aggregation of high solubility LiPSs [17,18]; 2) designing a multifunc-
tional macroporous structure can reduce the incomplete penetration 
caused by inadequate electrolyte conditions [19]; 3) the contradiction 
between the lean electrolyte and the adsorption region can be resolved 
by a trapping strategy, which can reduce the dependence of adsorption 
on the surface area [20]. 

However, under the condition of high sulfur loading and low E/S, the 
redox kinetics of sulfur species will become worse, so it is necessary to 
introduce an electrocatalyst to boost the reaction kinetics. A variety of 
electrocatalysts have been brought into sulfur cathodes, e.g., N, S-doped 
graphene [21], a Mxene/CNT hollow microsphere [22], MoP nano-
particles [23], a MoS2–MoN heterostructure nanosheet [24] and Fe1− xS 
embedded in carbon spheres [25], which greatly promote the rate per-
formance and cycle stability of Li-S batteries. Moreover, the dissolution 
of a large number of polysulfides will cause the high viscosity of the 
electrolyte, especially at a low E/S, so high-efficiency adsorbents are 
required to adsorb LiPSs timely [26]. Qiao et al. have reported a two- 
dimensional heterostructure MoN-VN as a novel sulfur host. The elec-
tronic structure of MoN can be adjusted by adding element V to enhance 
the adsorption of polysulfides [27]. Chen et al. have developed a flexible 
sulfur host by growing NiCo2O4 nanofiber array on carbon cloth, 
showing high adsorption capacity towards LiPSs and accelerating LiPSs 
conversion kinetics through strong chemical interactions [28]. In addi-
tion, to reduce the amount of electrolyte, the host material needs to have 
a high tap density. For example, using a carbon host with high tap 
density instead of lightweight porous carbon is a feasible method to 
lower E/S[29,30]. 

Defective or heteroatomic doped boron nitride (h-BN) has a strong 
adsorption effect on LiPSs, confirmed by experiments and theoretical 
calculations [31,32]. However, h-BN is hardly conductive due to strong 
localized bonds between vacant boron orbitals and nitrogen lone pair 
electrons. Recently, some studies have found that the bandgap and po-
larity of h-BN can be modulated by doping C, O, H, or F elements, which 
can improve the conductivity of h-BN and the adsorption capacity to-
wards LiPSs [33,34,35,36,37]. Furthermore, when boron nitride is 
doped with heteroatoms, due to the electronegativity difference be-
tween elements, an electricity-rich defect potential will be formed on the 
surface of boron nitride, which is favorable for electrons to catalyze the 
conversion of long-chain LiPSs to Li2S2/Li2S potentially. Therefore, 
heteroatomic doped boron nitride has great potential as a polar and 
catalytic sulfur host in the field of Li-S batteries. 

In this work, we develop a facile intergrowth strategy that scattered 
conductive carbon (Ketjen black, KB) nanoparticles are assembled into 
microparticles covered by in-situ generated borocarbonitride (BCN) to 
form a KB@BCN hybrid acting as a sulfur host with enhanced tap den-
sity, which is designed from the molecular level to micrometer scale. At 
the molecular level, we choose BCN with abundant adsorption sites as 
the adsorbent and catalyst, which can adsorb polysulfides and catalyze 
the conversion of polysulfides. On the nanometer scale, the BCN is 
loaded on the highly conductive KB particles, which can improve the 
conductivity of the hybrid (1786 S m− 1), thereby improving the con-
version of polysulfides. On the micrometer scale, the BCN and the KB 
nanoparticles together form micro-sized particles to improve the tap 
density, which is beneficial to build thick electrodes and reduce the 
amount of electrolyte. When applied as a sulfur cathode, KB@BCN-2-S 
presents excellent cycling capability (a low capacity decay of 0.05% 
after 800 cycles at 0.5C) and rate performance (765 mA h g− 1 at 3.0C). 
Additionally, a high areal capacity of 3.86 mA h cm− 2 after 100 cycles at 
0.2C can still be achieved at a high sulfur loading up to 4.0 mg cm− 2. 
Even under a lean electrolyte condition (E/S = 5 μL mg− 1), the 
KB@BCN-2-S has a high initial capacity of 1266 mA h g− 1 at 0.1C. 
Importantly, the combination of polar electrocatalysts with porous 
carbon matrix via secondary granulation to form a dense sulfur host can 
provide a new perspective for the realization of high-performance Li-S 
batteries. 

2. Experimental 

2.1. Chemicals 

Urea (99.0%) and boric acid (99.5%) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. Polyvinylpyrrolidone (PVP, K88) was 
bought from Shanghai Aladdin Bio-Chem Technology Co., Ltd. Ketjen 
Black (KB, EC-600) was purchased from LION Corporation of Japan. All 
chemicals were used without further purification. Deionized water was 
used in all experiments. 

2.2. Synthesis of KB@BCN-x and KB@BCN-x-S composites 

Typically, 1.0 g Ketjen Black (KB) was ultrasonically dispersed in 50 
mL of deionized water for 2 h. An appropriate amount of urea, boric 
acid, and PVP with a mass ratio of 6: 1: 2 was added to the KB dispersion 
solution and kept stirring for 2 h. The water was removed by a rotary 
evaporation process at 50 ℃ and dried at 60 ◦C overnight and then the 
mixture was heated in a muffle furnace at 400 ◦C for 1 h with a heating 
rate of 3 ℃ min− 1. After cooling down, the pre-oxidized precursor was 
carbonized in a tube furnace at 950 ◦C in Ar for 3 h with a heating rate of 
5 ℃ min− 1. The mass ratios of urea to KB were 6:1, 3:1 and 1.5:1, and 
the obtained samples were denoted as KB@BCN-1, KB@BCN-2 and 
KB@BCN-3, respectively. Borocarbonitride (BCN) was obtained in line 
with the above method except for the addition of KB. The BCN content 
can be calculated from the equation: (M2-M1)/M2, where M1 is the mass 
of KB, and M2 is the mass of hybrid after carbonization. The calculated 
BCN contents of KB@BCN-1 and KB@BCN-2 are 24.7 wt% and 15.2 wt 
%, respectively. 

The as-prepared KB@BCN-x series (Mc) and sulfur were ground 
together by a mass ratio of 1:2.337 and heated to 155 ◦C in a sealed 
quartz bottle for 18 h to obtain KB@BCN-x-S composites (Mm). KB-S and 
BCN-S were prepared by the same method. The sulfur content is calcu-
lated by the formula S%=(Mm-Mc)/Mm × 100%. 

2.3. Characterization 

Scanning electron microscopy (SEM) images were taken with a 
Hitachi S-4800 instrument at 10 kV. Transmission electron microscopy 
(TEM) images were collected using FEI Tecnai G2 F30 and JEM-F200 
(JEOL, Japan) microscopes. Nitrogen sorption isotherms were 
measured at 77 K with a Tristar 3000 analyzer (Micromeritics In-
struments, USA). The Brunauer-Emmett-Teller (BET) method was used 
to calculate the specific surface area (SBET), and the Barrett-Joyner- 
Halenda (BJH) model was used to calculate the pore size distribution. 
The X-ray diffraction (XRD) pattern was obtained using CuKα radiation 
(40 kV, 40 mA, λ = 1.54056 Å) from a PANalytical X’Pert3 powder 
diffractometer. X-ray photoelectron spectroscopy (XPS) data were con-
ducted on a PHI 5000 Versaprobe spectrometer equipped with an Al Kα 
X-ray source. Raman spectra were tested by a Raman spectrometer with 
a 532 nm laser excitation (DXR Smart Raman). Fourier transform 
infrared (FT-IR) spectra were obtained from the spectrometer (Thermo 
Scientific Nicolet 6700). KB@BCN-x and KB samples were pressed into 
circular pieces with a thickness of 0.5 mm and a diameter of 12 mm to 
test their conductivity using a four-probe resistance instrument. 

2.4. Electrochemical measurements 

The slurry of the sulfur cathode was obtained by mixing 75 wt% 
KB@BCN-x-S or KB-S with 15 wt% conductive additive (CNTs) and 10 
wt% polyvinylidene fluoride (PVDF) using N-methyl-2-pyrrolidone 
(NMP) as solvent and keeping stirring for 12 h. Carbon paper disks (d =
12 mm) were adopted as current collectors to accommodate the slurry 
and dried at 50 ℃ in a vacuum oven for 12 h. The CR2025 coin-type 
battery, where KB@BCN-x-S or KB-S as a cathode and lithium metal as 
a counter electrode, was assembled in an argon-filled glove box. The 
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separator was Celgard 2400 membrane (d = 16 mm), and 1 M LiTFSI in 
DME: DOL (1: 1, v: v) containing 2 wt% LiNO3 was taken as the elec-
trolyte. According to the quality, the areal sulfur loading was 1.5–4.0 mg 
cm− 2. Specifically, when the electrolyte/sulfur (E/S) ratio decreases to 
5 μL mg− 1, the areal sulfur mass loading is 2.7 mg cm− 2. The Land 
CT2001A battery test system was used for galvanostatic dis-
charge–charge measurement at a voltage of 1.7 to 2.8 V. Cyclic vol-
tammetry (CV) at a scan rate of 0.2 mV s− 1, and electrochemical 
impedance spectroscopy (EIS) measurements in the range of 0.01 ~ 100 
k Hz were performed on a CHI660E electrochemical workstation. 

2.5. In-situ XRD measurements 

In situ XRD measurements were performed with a one-dimensional 
(1D) detector and Cu Kα radiation (40 kV, 40 mA, λ = 1.5406 Å). The 
sulfur cathode was prepared by blending the KB@BCN-2-S, Super-P, and 
sodium carboxymethylcellulose (CMC) with a mass ratio of 8:1:1 in 
deionized water, which was spread onto the beryllium window and 
dried at 50 ◦C under vacuum overnight. The cathode was assembled 
with a Li counter electrode, and a glass fiber separator (Whatman, GF/D) 
soaked with an electrolyte in a stainless-steel mold matching with the X- 
ray diffractometer. The current density of the galvanostatic discharge 
and charge process is 0.2 A g− 1. 

2.6. Computational methods 

All calculations were performed by the density functional theory 
(DFT) method implemented in Vienna Ab initio Simulation Package 
(VASP) [38,39]. The projector augmented wave (PAW) method was 

used to describe ion–electron interactions [40]. The generalized 
gradient approximation of Perdew-Burke-Ernzerhof (PBE) function was 
adopted for the exchange–correlation energy [41]. The cutoff energy of 
500 eV was set for a plane-wave basis. A supercell of monolayer struc-
ture containing 6 × 6 unit cells was used to model hexagonal BN (h-BN) 
and BCN. The k-point grid is based on the Monkhorst–Pack scheme from 
the Brillouin zone with 4 × 4 × 1 [42]. A 15 Å vacuum space was added 
to the z-direction. All atoms were relaxed with an energy convergence 
criterion of 1 × 10− 5 eV and the force convergence of 0.05 eV/Å. The 
zero damping DFT-D3 method of Grimme was employed to correct the 
description of van der Waals interactions [43]. The binding energy (Eb) 
of Li2S6 was determined by Eb = ELi2S6 + EBCN - ELi2S6/BCN, where ELi2S6, 
EBCN, ELi2S6/BCN were the energies of the isolated Li2S6, the isolated 
single layer BCN or BN, and the adsorbed systems, respectively. 

3. Results and discussion 

As illustrated in Fig. 1a, a series of KB@BCN-x samples were pre-
pared by mixing the boric acid, urea, and polyvinylpyrrolidone (PVP) 
with Ketjen Black (KB) as precursors via an intergrowth method. Scan-
ning electron microscopy (SEM) and transmission electron microscopy 
(TEM) images show that KB nanoparticles, which are continuously 
distributed, exhibit a branched-chain structure composed of inter-
connected hollow rings with a diameter of ~ 30 nm (Figs. S1 and S2a). 
In contrast, the KB nanoparticles can be assembled into micro-sized 
particles (~2 μm) with the help of borocarbonitride (BCN), formed by 
the reaction of boron acid and urea simultaneously [32], thus synthe-
sizing the KB@BCN-2 particles (Fig. 1b) and forming a three- 
dimensional conductive network. After the introduction of BCN, large 

Fig. 1. (a) Schematic illustration of the synthesis process of porous carbon@borocarbonitride (KB@BCN). (b) SEM and (c) TEM images of KB@BCN-2. (d) The optical 
picture of tap density of KB, KB@BCN-1, and KB@BCN-2. (e) STEM image, and (f-i) corresponding elemental mapping images of KB@BCN-2. 
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amounts of aggregated KB nanoparticles are covered with a uniform 
quilt-like structure (Fig. 1c), which indicates that BCN is successfully 
formed on the surface of KB. For KB@BCN-1, KB is fully covered by the 
BCN that is thicker than that of KB@BCN-2 (Fig. S2b), which indicates 
that the generated amounts of BCN gradually increase with the increase 
of urea/KB ratio. The optical photograph of KB@BCN-x and KB samples 
with the same mass of 100 mg (Fig. 1d) shows that the volume of 
KB@BCN-1 and KB@BCN-2 is lower, while the volume of KB is largest, 
inferring that the tap density of KB@BCN-1 or KB@BCN-2 is higher than 
that of KB. A vibrating density tester was further used to test the tap 
density of KB@BCN-x and KB samples. As shown in Table 1, the tap 
density of these samples increases from 0.068 to 0.615 g cm− 3, which is 
in accordance with the result of the optical image. This indicates that the 
integration of nanoparticles into micro-sized particles can improve the 
tap density of lightweight porous carbon. A high tap density will reduce 
the thickness of the electrode and decrease the electrolyte/sulfur ratio 
(E/S) during the cycling process, which plays a vital role in the practical 
application of sulfur cathode [44,45]. The STEM image and elemental 
mapping images of KB@BCN-2 reveal the uniform distribution of B, C, 
N, and O (Fig. 1e-i). The results state that this strategy can promote the 
growth of BCN on KB particles and enable the nanoparticles to be 
assembled into micro-sized particles, which improves the tap density of 
lightweight KB nanoparticles. 

Nitrogen adsorption–desorption isotherms were conducted to mea-
sure the pore structure of KB@BCN-x samples. All KB@BCN-x and KB 

samples exhibit typical type IV isotherms since the obvious hysteresis 
loops appear when P/P0 is greater than 0.4 (Fig. S3a), which shows the 
presence of mesopores, in line with the results of pore size distributions 
(Fig. S3b). Specifically, KB shows a high specific surface area (SBET) up to 
1443 m2 g− 1 using the Brunauer-Emmett-Teller (BET) method. 
Compared with KB, the SBET of KB@BCN-2 decrease slightly to 1129 m2 

g− 1 due to the formation of BCN generated on KB (Table 1). Further-
more, the SBET of KB@BCN-1 shows a relatively small value (551 m2 

g− 1), indicating that many pore channels of KB have been covered by 
BCN when the urea/KB ratio is 6:1. The N2 sorption isotherm of BCN is 
shown in Fig. S4, a typical type I isotherm, and the SBET is 420 m2 g− 1 

with abundant micropores. The conductivity of porous carbon is also a 
key parameter. KB possesses a high conductivity of 2326 S m− 1 as an 
excellent conductive agent. In contrast, the conductivity of KB@BCN-1 
is only 51 S m− 1, possibly since overmuch full coverage of BCN nano-
sheets on the surface of KB can affect electron transport. In contrast, 
KB@BCN-2 has a high conductivity of 1786 S m− 1, which indicates that 
the appropriate amount of BCN would not significantly affect the con-
ductivity of KB. 

Raman spectra of KB@BCN-x, KB, and BCN are shown in Fig. 2a. All 
samples have two peaks centered at 1339 and 1593 cm− 1, which are 
attributed to the D band (sp3-type disordered carbon) and G band (sp2- 
type graphitic carbon) of amorphous carbon, respectively [46,47]. For 
KB, KB@BCN-2, and KB@BCN-1, the intensity ratios of the two bands 
(ID/IG) decreased from 1.28 to 1.03, which indicates that the disorder 

Table 1 
Synthesis conditions and structure parameters of KB@BCN-x and KB.  

Sample Urea: KB mass ratio SBET 

m2 g− 1 
Smic 

m2 g− 1 
Vtotal 

cm3 g− 1 
Vmic 

cm3 g− 1 
Dtap 

g cm− 3 
Conductivity 
S m− 1 

KB@BCN-1 6:1 551 185  0.52  0.10  0.615 51 
KB@BCN-2 3:1 1129 84  1.99  0.04  0.253 1786 
KB 0:1 1443 26  2.88  0.005  0.068 2326  

Fig. 2. (a) Raman spectra, (b) FT-IR spectra, and (c) XRD patterns of KB, BCN, KB@BCN-1, and KB@BCN-2. (d) XRD patterns of KB-S, KB@BCN-1-S, and KB@BCN- 
2-S. 
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degree of the hybrid is lowered by the introduction of BCN. FT-IR 
spectroscopy (Fig. 2b) confirms the disordered graphitic structure of 
the sample BCN with bands at 1380 and 798 cm− 1, which correspond to 
a characteristic of sp2-bonded B-N in-plane transverse stretching vibra-
tions and out-of-plane B-N-B bending vibrations, respectively [48]. 
Unfortunately, two peaks located at 1380 and 798 cm− 1 of the KB@BCN- 
x samples are failed to be detected, maybe since the KB@BCN-x has 
strong absorption to infrared light. A peak at 1000–1100 cm− 1 of sam-
ples may be attributed to the C-O group. Fig. 2c shows X-ray diffraction 
(XRD) patterns of KB@BCN-x and KB samples with different urea/KB 
ratios. It can be seen that samples have two characteristic peaks at 25.4◦

and 42.7◦, attributed to (002) and (100) planes of graphite, which are 
characteristic peaks of amorphous carbon. The XRD pattern of BCN 
shows two peaks at around 25.6◦ and 42.9◦, attributed to the (002) and 
(100) crystal planes of the graphitic-like crystal structure of hexagonal 
boron nitride (h-BN) (ICDD card No. 00–034-0421) [47]. Moreover, the 
peak intensity increases with the increase of the urea/KB ratio, which is 
in line with the result of Raman spectra. 

The surface elements and chemical states of KB@BCN-x samples 
were studied via X-ray photoelectron spectroscopy (XPS) measurements. 
As shown in the XPS survey of KB@BCN-2 (Fig. S5a), elements N, B, C, 
and O are detected, and the relative atomic contents are calculated to be 
5.91%, 3.75 %, 82.31 %, and 8.02 %, respectively (Table S1). Three 

peaks fitted occur at 190.4, 191.5, and 192.5 eV in the B 1 s spectrum 
(Fig. S5b), mainly corresponding to B–C, B–N, and B–O bands, respec-
tively [49,50]. For the C 1 s spectrum, the peaks at 284.3, 284.7, 285.7, 
287, and 288.9 eV are attributed to the C–B, sp2 C, C–N, and C–O bonds 
(Fig. S5c), respectively [51,52,53,54]. Four peaks located at 397.9, 
398.8, 399.5, and 400.7 eV in the N 1 s spectrum can be corresponded to 
N-B, pyridinic N, pyrrolic N, and graphitic N, respectively [55,56,57], as 
seen in Fig. S5d. These B-N, C-N, and C-B bonds can confirm the struc-
ture of BCN. The high-resolution B 1 s, C 1 s, and N 1 s spectra of 
KB@BCN-1 also demonstrate similar results (See Fig. S6). Additionally, 
the relative atomic contents of N, B, C, and O of the KB@BCN-1 sample 
are 13.46%, 12.41%, 64.3%, and 9.83% (Table S1), respectively. The 
XPS spectra of BCN can further confirm the presence of B-N, C-N, and C- 
B bonds (Fig. S7). 

KB@BCN-x-S composites were prepared by a typical melting 
method. Interestingly, sulfur is present in the form of monoclinic sulfur 
confirmed by XRD patterns as shown in Fig. 2d, which naturally exists at 
a temperature above 95.3 ◦C. Furthermore, after three months the 
monoclinic sulfur can still be seen in the KB@BCN-2-S hybrid (Fig. S8), 
proving that KB@BCN-x has a strong binding effect with sulfur [58]. As 
the increase of urea/KB ratio, the sharpness of the sulfur peaks also in-
creases gradually, which indicates that the generation of BCN can affect 
the pore structure of KB@BCN-x hybrids. STEM image and TEM 

Fig. 3. (a) CV curves at 0.2 mV s− 1 of KB@BCN-2-S at first 3 cycles. (b) Initial discharge–charge voltage profiles, (c) cycling performance at 0.5C, and (d) rate 
capability at current densities from 0.2C to 3C of KB@BCN-x-S and KB-S electrodes. (e) Long-term cycle performance of KB@BCN-2-S and KB-S electrodes at 0.5C. 
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mapping images of KB@BCN-2-S for boron, carbon, nitrogen, and sulfur 
are revealed in Fig. S9, which shows that sulfur is evenly distributed in 
the KB@BCN-2. The sulfur contents in the KB@BCN-x-S hybrids are 70 
wt%, which is calculated by the formula S%=(Mm-Mc)/Mm × 100%. 

The electrochemical performances of KB@BCN-x-S and KB-S com-
posites were studied by assembling 2025-coin batteries in a glovebox. 
From Fig. 3a, the cyclic voltammetry (CV) curve of KB@BCN-2-S shows 
two sharp reduction peaks at 2.26 V and 1.91 V and two distinct 
oxidation peaks at 2.40 V and 2.50 V, respectively, revealing the typical 
electrochemical reaction of Li-S batteries. The redox peaks in the first 
three cycles that almost wholly overlap do not show significant changes, 
which indicates the good cycle stability and reversible redox reaction. 
Although the CV curves of KB@BCN-1-S are highly coincident, they do 
not show sharp and apparent redox peaks (Fig. S10a), probably due to 
the low conductivity of KB@BCN-1. In contrast, the CV curve of KB-S has 
well-shaped redox peaks, but the overlapped degree of the first three 
cycles is not ideal (Fig. S10b), which may be due to the dissolution of 
LiPSs caused by the weak physical confinement of nonpolar KB. The 
galvanostatic charge–discharge curves of KB@BCN-x-S (Fig. 3b) show 
two voltage platforms at 2.3 V and 2.1 V, respectively, highly consistent 
with the CV curves. Interestingly, the potential difference between the 
charging platform and discharging platform of KB@BCN-2-S is only 
0.15 V, which is much smaller than that of KB@BCN-1-S and KB-S, 
proving the polarization of KB@BCN-2 is small, and the utilization 
rate of sulfur is high. Cycling performances were performed at 0.5C (1C 
= 1675 mA g− 1) to evaluate the cycling stability of KB@BCN-x-S and KB- 

S electrodes. As displayed in Fig. 3c, the KB@BCN-2-S cathode maintains 
a capacity of 980 mA h g− 1 after 100 cycles at 0.5C, showing relatively 
good cycling stability. In contrast, the capacity of KB@BCN-1-S and KB-S 
cathodes after 100 cycles at 0.5C was 746 and 831 mA h g− 1, respec-
tively, both lower than that of KB@BCN-2-S cathode. As shown in 
Figure S11, the capacity of KB@BCN-3-S after 100 cycles at 0.5C is 858 
mA h g− 1, a little higher than that of KB-S, indicating that the intro-
duction of BCN is beneficial to improve the performance of batteries. 
Then, the rate performances of KB@BCN-x-S and KB-S cathodes were 
tested at various current densities from 0.2 to 3C (Fig. 3d). At current 
densities of 0.2, 0.5, 1, 2, and 3C, the discharge capacity of KB@BCN-2-S 
is about 1347, 1159, 1060, 907, and 765 mA h g− 1, respectively, which 
is higher than that of KB@BCN-1-S (919, 809, 772,183, and 130 mA h 
g− 1) and KB-S (1237, 1005, 939, 780, and 262 mA h g− 1). The rate 
performance of BCN-S is shown in Fig. S12, which exhibits a low ca-
pacity under high current density. Significantly, KB@BCN-2-S has a 
specific capacity of 690 mA h g− 1 after 800 cycles at 0.5C with a low- 
capacity decay of 0.05% (Fig. 3e), showing good stability during the 
ultralong cycling process. 

To investigate the adsorption mechanism of KB@BCN-2 toward 
LiPSs, density functional theory (DFT) calculations are executed to 
probe the binding energy toward LiPSs on different chemical molecules. 
A series of configurations with Li2S6 adsorbed on BCN were prepared 
and optimized (Fig. 4a and Fig. S13) in order to understand the 
enhancement of the interaction between Li2S6 and BCN upon the doping 
of C atoms in the h-BN. These models differ from each other in the 

Fig. 4. The top views of the optimized adsorption configurations of Li2S6 on (a) BCN and (b) BN. Charge density difference before and after the adsorption of Li2S6: 
(c) N(1) configuration of Li2S6 on BN and (d) C(1) configuration of Li2S6 on BCN. (e) Optical photographs of an adsorption experiment between Li2S6 solution (0.003 
M) and KB@BCN-2 or KB. (f) B 1 s XPS spectra of KB@BCN-2 before and after Li2S6 adsorption. (g) CV curves of symmetrical cells at a scan rate of 10 mV s− 1, and (h) 
Tafel plots derived from the potentiostatic polarization curves of KB@BCN-2 and KB electrodes. 
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adsorption site of Li atom atop B (B(n) where n is an integer), N (N(n)), C 
(C(n)), or over the six-membered ring (Ring(n)) of the support. For 
comparison, the adsorption of Li2S6 on h-BN was also studied (Fig. 4b 
and Fig. S14). Upon the adsorption of Li2S6 on them, the analysis of the 
charge density difference (Fig. 4c-d) shows an accumulation of electron 
density on the atoms neighbored to Li, indicating that the adsorbent may 
redistribute the electron density in the vicinity of the adsorption site to 
adapt to the adsorption of Li2S6, which is expected to be easier for BCN 
(with moderately polar bonds) than h-BN (with strongly polar B-N 
bonds). Accordingly, the binding energy of the most stable adsorption 
configuration of Li2S6 changed from 0.85 eV on the h-BN (N1 in Fig. S14, 
with Li atop of N) to 1.00 eV on the BCN (C1 in Fig. S13). The binding 
energies of other configurations were collected in Table S2. The calcu-
lations showed that the doping of the C atom into the h-BN minimized 
the polarity of the B-N bond in terms of the less difference in their atomic 
charges (qB=+1.86e, qN = -1.52e, qC = -0.17e in BCN, compared to 
qB=+2.13e, qN = -2.13e in h-BN). It can also be seen from the density of 
state (DOS) of h-BN and BCN, where the bandgap of BCN is much smaller 
than that of h-BN (Fig. S15). These data showed that carbon doping 
could enhance the interaction between Li2S6 and the KB@BCN-2 by 
modifying the electronic structure. 

An adsorption experiment between Li2S6 (0.003 mol L− 1) and 
KB@BCN-2 or KB was conducted to investigate the trapping effect of 
samples. After immersing in Li2S6 solution for 5 min, all samples show 
yellow color, similar to blank Li2S6 solution (Fig. 4e). Significantly, 
KB@BCN-2 becomes colorless after immersing for 2 h. On the contrary, 
KB still appears yellow after soaking for 12 h, which intuitively suggests 
that the chemical affinity of KB@BCN-2 to LiPSs was much stronger than 
that of KB. Furthermore, the strong chemical interaction between LiPSs 
and KB@BCN-2 was studied via an XPS measurement (Fig. 4f). After 
interacting with Li2S6, B 1 s XPS spectra of KB@BCN-2 can be fitted into 

several peaks at 190.4, 191.5, and 192.7 eV, assigned to B-C, B-O, and B- 
N bonds, respectively. In addition, the peaks that appeared at 186.1, 
188, and 189.6 eV are due to the loss of sulfur and B-S bonds [59,60]. 
The shift of XPS peaks after interacting with LiPSs can indicate the 
strong chemical interaction between KB@BCN-2 and LiPSs. Therefore, 
the DFT calculation and XPS analysis can demonstrate that carbon atoms 
can enhance the conductivity of BN by reducing the bandgap and in-
crease the binding energy between BCN and LiPSs [61,62]. 

To clarify the electrocatalytic properties of KB@BCN-2 towards 
polysulfides, the cyclic voltammetry (CV) of one symmetric battery was 
measured with identical KB@BCN-2 (or KB) as working and counter 
electrodes, and the electrolyte contained 0.2 M Li2S6 (Fig. 4g). The 
KB@BCN-2-S electrode shows a prominent reduction peak at − 0.6 V, 
representing the reduction of Li2S6 to Li2S, and an oxidation peak at 0.6 
V, corresponding to the oxidation of Li2S to S, respectively [63]. On the 
contrary, KB has no apparent reduction and oxidation peak and has a 
lower redox current density than KB@BCN-2, indicating that KB@BCN- 
2 has higher catalytic activity, which helps to promote the conversion of 
polysulfides. Tafel plot test is usually adopted to study the kinetic per-
formance of Li2S conversion. The current exchange density of KB@BCN- 
2 is higher than that of KB at the same potential in Fig. S16, which in-
dicates that the fast conversion rate on the surface of the KB@BCN-2 
electrode. Tafel plots are obtained from Fig. S16 to identify the elec-
trocatalytic effect on the charge-transfer kinetics during LiPSs conver-
sion, as shown in Fig. 4h. KB@BCN-2 displays a lower Tafel slope (73 
mV dec-1) than KB (135 mV dec-1). The Tafel slope value of KB@BCN-2 is 
significantly reduced, which confirms the accelerated redox conversion 
of LiPSs [64]. 

In situ XRD measurements were also conducted to investigate the 
phase transition of sulfur species during a discharge–charge process 
when KB@BCN-2 was used as the sulfur host. As shown in Fig. 5a, the 

Fig. 5. (a) In situ XRD contour plot of the KB@BCN-2-S cathode with the corresponding discharge–charge curves on the left and the diffraction intensity chart on the 
right. (b) Cycle performance of KB@BCN-2-S with a sulfur loading of 4.0 mg cm− 2 at 0.2C. (c) Cycle performance of KB@BCN-2-S at 0.2C with a low E/S = 5 
μL mg− 1. 
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peaks detected at 2θ = 23◦ during the discharge process can be attrib-
uted to crystalline α-S8 (JCPDS No.08–0247), which decreased and 
disappeared entirely before the end of the higher plateau. This result 
corresponds to a solid–liquid two-phase followed by a liquid–liquid re-
action, where S8 is reduced to Li2S4, indicating that most of the S8 reacts 
with lithium ions [65]. The pattern recorded close to the end of the 
lower voltage plateau reveals new peaks at 27◦, which can be ascribed to 
the formation of Li2S (JCPDS No.023–0369) [66]. In contrast, there is no 
apparent peak of Li2S while the peaks of sulfur are still present at the end 
of the discharge process when using KB as the sulfur host, demonstrating 
that KB cannot effectively promote LiPSs conversion and Li2S nucleation 
on its nonpolar surface [67]. This result indicates that the polar BCN 
facilitates efficient electron transfer and promotes the transition from 
Li2Sx (2 ≤ x ≤ 4) to Li2S, thereby contributing to its nucleation. During 
the charging process, the peak intensity of Li2S decreases gradually due 
to a sustained transformation of the Li2S and LiPSs bound on the BCN 
surface, which continuously promotes its conversion. As a result, the 
peaks of β-S8 (JCPDS No.071–0137) appear, indicating that most sulfur 
is confined to the sulfur cathode. Thus, this investigation provides clear 
insights into the efficient polysulfide mediation of KB@BCN-2 as a cat-
alytic converter. 

Furthermore, the cycling performance of the KB@BCN-2-S cathode 
was evaluated under the areal sulfur loading of 4.0 mg cm− 2. The 
KB@BCN-2-S electrode exhibits good electrochemical performance with 
an initial specific capacity of 1021 mA h g− 1 at 0.2C, maintaining 920 
mA h g− 1 after 100 cycles, and the retention rate reaches 90.1% 
(Fig. 5b). Fig. S17 shows the first galvanostatic discharge and charge 
curves, displaying a typical dual-platform behavior of Li-S batteries, 
which matches the curve at a sulfur loading of 1.5 mg cm− 2. When the 
sulfur loading increases to 4.0 mg cm− 2, the specific areal capacity of 
KB@BCN-2-S is up to 3.68 mA h cm− 2 after 100 cycles at 0.2C, which is 
superior when compared with the recent literature listed in Table S3. At 
a low E/S = 5 μL mg− 1, KB@BCN-2-S displays a high capacity of 879 mA 
h g− 1 at 0.2C (after five activated cycles at 0.1C) and 677 mA h g− 1 

retained after 100 cycles, which exhibits a good cycling performance 
under such a lean electrolyte condition (Fig. 5c). 

4. Conclusion 

In summary, we have developed a strategy from the molecular-to- 
micrometer scale to synthesize KB@BCN composites with enhanced 
tap density as sulfur hosts. At the molecular level, the introduction of 
BCN improves the adsorption towards LiPSs and enhances the kinetics of 
LiPSs redox reactions. The BCN is loaded on the highly conductive KB 
particles on the nanometer scale, which possesses a high conductivity of 
1786 S m− 1, thereby improving the conversion of polysulfides. On the 
micrometer scale, the BCN and the KB nanoparticles form micro-sized 
particles to improve the tap density, which is beneficial to build thick 
electrodes and reduce the amount of electrolyte. Electrocatalytic tests 
and in-situ XRD measurements reveal the efficient polysulfide mediation 
of KB@BCN-2 during the discharge–charge process. When applied as a 
sulfur cathode, KB@BCN-2-S presents excellent cycling capability (a low 
capacity decay of 0.05% after 800 cycles at 0.5C) and rate performance 
(765 mA h g− 1 at 3.0C). Additionally, a high areal capacity of 3.86 mA h 
cm− 2 after 100 cycles at 0.2C can still be achieved at a high sulfur 
loading up to 4.0 mg cm− 2. Even under a lean electrolyte condition (E/S 
= 5 μL mg− 1), the KB@BCN-2-S has a high initial capacity of 1266 mA h 
g− 1 at 0.1C. Significantly, incorporating polar electrocatalysts with 
carbon matrix to form a high-density sulfur host through secondary 
granulation can provide a new insight for achieving a high-performance 
Li-S battery. 
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