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Herein, a bidirectional polarization strategy is proposed for hosting efficient and durable lithium-sulfur
battery (Li-S) electrochemistry. By co-doping electronegative N and electropositive B in graphene ma-
trix (BNrGO), the bidirectional electron redistribution enables a higher polysulfide affinity over its mono-
doped counterparts, contributing to strong sulfur immobilization and fast conversion kinetics. As a result,
BNrGO as the cathode host matrix realizes excellent cycling stability over 1000 cycles with a minimum
capacity fading of 0.027% per cycle, and superb rate capability up to 10 C. Meanwhile, decent areal capac-
ity (6.46 mAh/cm?) and cyclability (300 cycles) are also achievable under high sulfur loading and limited
electrolyte. This work provides instructive insights into the interaction between doping engineering and
sulfur electrochemistry for pursuing superior Li-S batteries.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-sulfur (Li-S) batteries present one of the most promis-
ing solutions to efficient and affordable energy storage. The room-
temperature sulfur electrochemistry delivers attractive merits of
high capacity (1675 mAh/g), abundant reserves, wide geographi-
cal distribution, and environmental benignity [1,2]. However, these
benefits are accompanied by several critical challenges. One noto-
rious of them is the so-called “shuttle effect”, which is aroused
by the high solubility and mobility of the intermediate lithium
polysulfide (LPS) in the electrolyte [3-5]. Combined with the in-
sulating nature of sulfur and its large volume variation upon lithi-
ation/delithiation, sulfur electrochemistry encounters serious ac-
tive material loss, electrode passivation, and coulombic inefficiency,
struggling with unsatisfactory cycling and rate capabilities to meet
the practical demands [6-8].

Given these issues, carbon-based host matrix is a promising
strategy to improve redox reversibility due to its lightweight, excel-
lent conductivity, and good structural customizability [9]. During
the past few years, numerous carbon nanostructures have been ex-
plored including nanospheres, nanotubes, nanosheets, aerogel, etc.,
which provide critical conductivity support and well-designed ar-
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chitecture that physically confines the sulfur species against their
shuttling behaviors [10-12]. Despite certain advances, the mere
physical effects were found hard to sufficiently confine LPS. This is
determined by the non-polar nature of the carbon surface with in-
trinsically limited chemical affinity to the weak-polar LPS [13-15].
Hence, surface engineering towards higher polarity and stronger
LPS affinity is desired to combine physical and chemical immobi-
lizations, yet the rational design is also necessary to avoid exces-
sive compromise in conduction properties.

Given this, heteroatomic doping, which gingerly alters the sur-
face chemistry with a well-maintained carbon lattice, presents a
modest but reliable strategy to balance the chemical polarity and
electrical conductivity. Recently, heteroatom-doped carbons have
been actively studied, including mono-, dual, and multi-doped con-
figurations, with varying degrees of impact on Li-S battery perfor-
mance [16-18]. However, studies on the synergy among the het-
eroatoms, the underlying mechanism, as well as the impact on sul-
fur electrochemistry are still limited. Essentially, the rationale be-
hind the doping strategy lies in the electron redistribution in car-
bon lattice. Thus, the collaboration among elements with a large
difference in electron-donating/accepting abilities could establish
higher heterogeneity of local electron density with higher chem-
ical polarity, which potentially accesses stronger host-guest inter-
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Fig. 1. (a-e) Geometrically stable configurations and (f) adsorption energies of Li,Sg on different matrix surfaces.

action towards superior sulfur electrochemistry. In addition, con-
ventional synthesis of heteroatom-doped carbons, particularly for
those co- and multi-doped, is generally complex and costly, involv-
ing ionic liquid precursor, multi-step procedures, high-temperature
treatment, etc., which hardly suits the large-scale fabrication and
commercialization [19-21]. Therefore, well-designed surface chem-
ical engineering with facile and cost-effective feasibility is desired
for high-performance and practically viable Li-S batteries.

In this contribution, we proposed a bidirectional polarization
strategy and intentionally designed a B, N co-doped reduced
graphene oxide (BNrGO), as a case study, for hosting durable sul-
fur electrochemistry. BNrGO was prepared by reducing graphene
oxide (GO) with ammonia borane (AB), which is facile, fast and
cost-effective. In the BNrGO structure, nitrogen with higher elec-
tronegativity over carbon draws electrons and forms the electron-
rich domains, while boron with lower electronegativity serves op-
positely as the electron-doner to form the electron-lean domains.
As such, the synergistic co-doping renders charge redistribution
in the sp? carbon plane, and bidirectionally polarizes the surface
chemistry with stronger chemical affinity to LPS. As a result, the
dual-adsorption mechanism was established that outperforms its
counterparts with mere N or B doping (NrGO or BrGO), enabling
encouraging electrochemical improvements with excellent cycling
stability (1000 cycles) and rate capability (10 C), as well as de-
cent performances under high sulfur loading (6.6 mg/cm?) and low
electrolyte-to-sulfur ratio (E/S, 5.5 mL/g).

Firstly, density functional theory (DFT) calculation was carried
out based on simplified graphene models (Fig. S1 in Supporting
information) to predict the charge redistributions. Three co-doping
patterns were simulated, i.e., ortho-, meta and para-coupling of B
and N, which were denoted as 0-BNrGO, m-BNrGO and p-BNrGO,
respectively. Fig. S2 (Supporting information) shows the charge dis-
tributions of different configurations, where the blue and red cir-
cles highlight respectively the B and N sites. It is noticed that B
doping contributes to the electron-deficient region due to the less
electron and lower electronegativity of B compared with C. On
the contrary, N-doping renders the electron-rich region as N has
a higher electron-withdrawing ability over C. Such tendency can
be also found in all the co-doped structures. In addition, the corre-
sponding charge difference density patterns are depicted in Fig. S3
(Supporting information), with the calculated Bader charge sum-
marized in Table S1 (Supporting information). The B atom in BrGO
delivers a Bader charge of —1.884 e due to its electron-donating
character, while the high electronegativity of N strongly accepts
electrons from the adjacent carbon, resulting in a Bader charge of
1.160 e in NrGO. This trend of electron transfer is inherited in all
the co-doped scenarios and is notably intensified to varying ex-
tents in different configurations. Based on this, it can be compre-
hended that the combination of B and N doping readily establishes

a more undulating electrostatic potential distribution, rendering a
higher polar surface with enriched active sites for host-guest inter-
actions.

Given this, the interaction behaviors between LPS and host
matrix were further simulated. The same lattice deficiency that
knocks off one sp? carbon atom was applied with different
edge-type heteroatoms to alleviate potential steric hindrance. Fig.
1 shows the geometrically stable configurations of Li,Sg adsorp-
tion on different surfaces. It is noted that the electron-deficient
B site tends to bond with the negatively-charged S in polysulfide,
while the electron-rich N site attracts Li to form the N-Li-S bridg-
ing bond similar to that described as the “lithium bond” [22,23].
This well conforms to the Lewis acid-base interaction patterns and
suggests the dual-adsorptive activity of B and N sites for host-guest
interaction. More importantly, the co-doped matrixes exhibit much
higher adsorbability likely due to the intensified heterogeneity of
charge distribution and the enhanced chemical polarity compared
with the mono-doped ones. Three typical adsorption configura-
tions for BNrGO were demonstrated. When codoped with an ad-
jacent B, BNrGO-1 (Fig. 1c) enables a much-shortened N-Li bond
(1.856 A) compared with that of NrGO (1.950A) at the same spot
(Fig. 1b). Meanwhile, BNrGO-3 (Fig. 1e) reveals much shorter B-S
bonds (1.889 and 1.896A) than that on the BrGO surface (2.306 A,
Fig. 1a). Thus, the co-doping reinforces Li-N and B-S coordinations
attributed to the enhanced polarity, contributing to stronger chem-
ical affinities to LPS with higher adsorption energies up to —2.79eV
(BNrGO-3) compared with the mono-doped counterparts (—1.403
and —1.845eV for BrGO and NrGO, respectively, Fig. 1f). These re-
sults strongly confirm the great potential of the bidirectional po-
larization strategy for confining LPS towards durable sulfur elec-
trochemistry.

Based on the computational prediction, the experimental ver-
ification was implemented by synthesizing BNrGO via a facile,
one-pot, and solution-based method (Fig. S4 in Supporting infor-
mation). Ammonia borane (AB) was specifically employed as the
simultaneous reductant and dopant. For comparison, NrGO and
BrGO were also prepared under similar conditions. As shown in
Figs. 2a and b, the as-prepared BNrGO exhibits a thin and wrinkled
2D structure inheriting from the parent GO. The nanosheets stag-
ger and interweave into a long-extending network, which provides
an excellent long-range conductivity for electrochemical reactions.
The TEM image confirms the 2D structure with a large planar size
up to several micrometers (Fig. 2c). Moreover, the EDS element
mapping (Fig. 2d) verifies the co-existence and uniform distribu-
tions of N and B in BNrGO. Similar morphological structures are
also obtained for BrGO and NrGO as shown in Fig. S5 (Supporting
information). Apart from that, the porous texture was studied by
N, adsorption-desorption. Fig. S6a (Supporting information) shows
a type IV isotherm with an H2 hysteresis loop, suggesting the hi-
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Fig. 2. (a, b) SEM images, (c) TEM image, and (d) EDS element mapping of BNrGO.

erarchical porosity with rich mesopores in BNrGO, which can be
also confirmed by the pore size distribution (Fig. S6b in Supporting
information). As a result, a decently high specific surface area of
ca. 293.0 m2/g is determined for BNrGO, which affords large space
for sulfur accommodation, abundant channels for ion/mass trans-
fer, and massive active interfaces for host-guest interactions.

The XRD pattern in Fig. S7 (Supporting information) shows a
sharp and typical peak at 11.76° for the parent GO. After the wet
conversion, this peak shifts to around 24.15° with a narrowed in-
terlayer spacing, signifying the successful reduction into rGO [24].
Moreover, Raman spectra were collected to further study the car-
bon lattice structure. As shown in Fig. S8 (Supporting information),
GO shows strong peaks at Raman shift of around 1340 and 1580
cm~!, which refer to the D band and G band respectively of the
carbon lattice. The D band reflects the breathing vibration mode of
the hybridized carbon rings, while the G band is ascribed to the
stretching vibration mode of the sp? carbon pairs [25,26]. The in-
tensity ratio of D to G bands (Ip/Ig) is a general indicator of the
defect level of carbon lattice. It can be noticed that BrGO, NrGO,
and BNrGO deliver much higher Ip/I; than that of the parent GO,
confirming the abundant heteroatom doping within the obtained
2D carbon lattices.

Given this, the surface chemistry was probed by X-ray photo-
electron spectroscopy (XPS). The survey spectrum confirms the co-
existence of B and N in BNrGO (Fig. S9 in Supporting information),
as well as the individual presence of B and N in BrGO and NrGO,
respectively (Figs. S10a and c). The high-resolution C 1s spectrum
in Fig. 3a delivers three subpeaks at 284.8, 286.2 and 288.5eV re-
ferring to the C-C, C-N/O and O-C=0 species, respectively, suggest-
ing the N doping and the partial surface oxidization of BNrGO [27].
The deconvolution of the N 1s spectrum witnesses five sub-peaks,
which are assigned to the N-B, pyridinic N, pyrrolic N, graphitic N
and NOy species (Fig. 3b) [28]. The emergence of the N-B peak ev-
idences the successful co-doping of B and N, as well as the strong
interaction between them. Consistently, the B-N/O and B-C peaks
are detected in the B 1s spectrum (Fig. 3c), confirming the B dop-
ing in the matrix [29,30]. Similar doping signals can be also found
for BrGO and NrGO (Figs. S10b and d in Supporting information),
but without the B-N conjunction due to the single doping. The XPS
analysis reflects a B content of 2.24% in BrGO, N content of 4.47%
in NrGO, and the respective B and N content of 1.76% and 2.75% in
BNrGO.

These doping structures are expected to impose polar surface
and desirable polysulfide adsorption, as also predicted above. For
proof of concept, the static adsorption test was carried out by im-
mersing the same amount of different samples in 3 mmol/L Li,Sg

Chinese Chemical Letters 34 (2023) 107811

solutions. The multi-layered graphene (MLG) obtained by anneal-
ing GO at a high temperature of 2000 °C was applied as a control
sample with minimum heteroatom doping [31,32]. As shown in
Fig. 3d, the blank Li;Sg solution remains the typical orange color
after resting for 12h, while MLG renders a slightly lighter color
due to certain physical adsorption. By comparison, the doped sam-
ples enable more significant decoloration, while BNrGO contributes
to an almost colorless solution. Such intuitional contrast can be
more quantificationally understood by the UV-vis test, where BN-
rGO delivers the lowest absorbance intensity among all the sam-
ples, signifying the least polysulfide residue in the supernatant and
its highest capability of adsorbing polysulfides. The underlying ad-
sorption mechanism was further studied by XPS analysis. Fig. 3e
shows the S 2p spectra of Li,Sg, as an LPS representative, before
and after adsorption by BNrGO. Typically, Li,Sg shows two pairs of
peaks assigned respectively to the terminal (St) and bridging (Sg)
sulfur species [33,34]. Notably, these peaks shift to higher bind-
ing energy (BE) after adsorption by BNrGO. This is ascribed to
the electron transfer from the Lewis-base polysulfide anions to the
Lewis-acid B site in BNrGO upon the interaction. The thiosulfate
and polythionate species are also detected after adsorption, which
is likely due to the partial oxidization of polysulfide. Besides, the
emergence of a new peak assigned to the Li-N bonding can be
witnessed in the Li 1s spectra (Fig. 3f), manifesting the forma-
tion of the “lithium bond”-like configuration upon the adsorption
[22,35]. These results well echo the DFT calculations and confirm
the strong chemical interactions between LPS and BNrGO, which
would effectively adsorb the active species for shuttle inhibition
and reaction promotion.

To validate these potential improvements, Li-S coin cells were
assembled for electrochemical evaluations. The sulfur-based com-
posite with a sulfur loading of ca. 71.4wt% (Fig. S11 in Support-
ing information) was prepared via the conventional melt-diffusion
method, while the uniform sulfur impregnation was confirmed
by SEM observation (Fig. S12 in Supporting information). Fig. 4a
shows the CV profiles of the Li-S cells based on different cath-
ode host materials. Two pairs of redox peaks can be noticed, cor-
responding to the conversions between element sulfur and high-
order polysulfide (peak C1 and A1), and that between low-order
polysulfide and insoluble Li,S/Li,;S, (peak C2 and A2), respectively
[36]. It is worth noting that the BNrGO cell exhibits the highest
peak intensity, sharpest peak shape, and lowest redox polariza-
tion, indicating its most facile and efficient sulfur reaction. To fur-
ther study the kinetic behavior, the Tafel plots for the peak pair
(C2 and A2), which is regarded as a more kinetically-limiting pro-
cess, are compared in Fig. S13 (Supporting information). The BN-
rGO cell exhibits the lowest Tafel slopes at both the cathodic and
anodic processes, illustrating its lowest energy barrier for the solid-
liquid conversions. Consistently, the galvanostatic charge-discharge
curves show two discharge plateaus due to the multi-step sulfur
reduction (Fig. 4b). It is noted that the BNrGO cell undergoes the
least voltage hysteresis with the smallest potential gap between
the charge and discharge curves, along with the highest ratio of
low-plateau to high-plateau capacities (Q/Qy, Fig. S14 in Support-
ing information), which is an important indicator of reaction effi-
ciency [37]. Such improvement can be also verified by symmetric
cells as shown in Fig. S15 (Supporting information), where the CV
curve of the BNrGO cell exhibits the highest current response and
smallest redox potential gap, manifesting much faster LPS conver-
sions compared with the BrGO and NrGO counterparts. These com-
parisons strongly illustrate the best reaction kinetics enabled by
BNrGO, which establishes a bidirectionally polarized surface chem-
istry with enhanced sulfur affinity and facilitates the electrochem-
ical conversions thereon.

Furthermore, a much higher initial capacity of 1352.7 mAh/g
can be obtained by the BNrGO cell at C/5 compared with BrGO



H. Li, B. Cai, Y. Song et al.

Intensity (a.u.)
Intensity (a.u.)

1 z 1 : 1 : 2 L
295 290 285 280 410 405
Binding Energy (eV)

. i . ! 5 . : ! ;
400 395 195 192 189 186
Binding Energy (eV)

Chinese Chemical Letters 34 (2023) 107811

o

Pyrrolic N

Intensity (a.u.)

Binding Energy (eV)

d e f
C L] o H
Fl - 2
< —— —— 5 S faaian ik
@ | © e SN < e
g ) — R Sham " L; Li;Sg S Li;Sg
- 2% WO o (P (@ 2 2
@ 3 thiosulfate 2 Li-N
< £ | polythionate £
Li,Sc@BNIGO Li,S.@BNIGO
300 400 500 600 174 171 168 165 162 159 60 58 56 54 52
Wavelength (nm) Binding Energy (eV) Binding Energy (eV)

Fig. 3. XPS (a) C 1s, (b) N 1s and (c) B 1s spectra of BnrGO. (d) Optical photographs and the corresponding UV-vis spectra of LPS adsorption by different samples. XPS (e) S

2p and (f) Li 1s spectra of Li,S¢ before and after adsorption by BNrGO.

a b c
Y —— NIGO _ Y600
1 ] ! — BrGO g
s 5l BNIGO 1200 =
g & 24 Potential Gap E §
o ) z 2
8 822 § 800 H
3 > 8 E
g 20 w
! 2 400
18 Qu Q g
2 18 20 22 24 26 0 400 800 1200 00 10 20 30 40 50D
Voltage (V) Specific Capacity (mAh/g) Cycle Number
d e
__ 1600 __ 1600 100
=] (=J
= =
£ 1200[C55 H L leo
E 1200’ cr2 cis|  E1200 =
2 1 C 2c o— N — 8
8 800 5 C g 800 W §
o
SO L o
1C E
o e, o w
3 400 £ 400 -
(% BNrGO .;% BNrGO
0 0 0
0 10 20 30 40 50 60 70 0 400 600 800 1000
Cycle Number Cycle Number
fs 9 5 h s -
€ S loading: 6.6 mg/cm? € BNrGO €
S E/S: 5.5 mLig $ 4F 0 g 4r l {80 _
2 3 z ci5 Cc/10 2
£ E 5|%eee pres &
= . < 3t esese C/2 < 3 60 >
Z 4t S loading: 3.2 mg/cm? 2 ®eeee 1C z cno ag)
g - E/S:7.5mL/g 8 2t wzc g 2l _| Pl
3Ll 3 seeee 3 &
3 § 1} Sloading: 3.2 mg/cm? T 11 Sloading: 3.2 mg/cm? 20
2 BNrGO < E/S:7.5mL/g - E/S: 7.5 mL/g BNIGO
0 . L L " 0 . . 0 s N 0
0 20 40 60 80 100 0 10 20 30 0 100 200 300
Cycle Number Cycle Number Cycle Number
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BNrGO cells. (f) Cycling, (g) rate, and (h) long-term cycling performance of BNrGO cells at raised sulfur loading and limited electrolyte.

(1087.4 mAh/g) and NrGO (1200.4 mAh/g) cells. The Nyquist plots
(Fig. S16 and Table S2 in Supporting information) reveal the small-
est charge-transfer (43.42vs. 35.7 and 77.18 2) of the BNrGO cell
[38], which is responsible for its most facile and efficient sulfur
reactions among these samples. Moreover, the BNrGO cell deliv-
ers the smallest overcharge rate (101.9%), which is defined as the
quotient of the subsequent charge capacity divided by the initial
discharge capacity (Fig. 4b and Fig. S17 in Supporting information),
compared with NrGO (107.2%) and BrGO (111.9%). This signifies the
effective shuttle inhibition enhanced redox reversibility by the co-
doped design. For further verification, the self-discharge behaviors
were further compared. The self-discharge profiles were recorded

by cutting off the galvanostatic discharging at 2.25V and rest for
12 h at the open-circuit voltage (OCV). As shown in Fig. S18 (Sup-
porting information), the BNrGO cell shows the smallest voltage
resilience at the cut-off point, implying its higher reduction effi-
ciency than the other cells at the same operational voltage. Upon
the OCV rest, very limited voltage and capacity losses (9.6 mV and
3.85%) are guaranteed by BNrGO, which is much less than those
based on BrGO (16.9mV and 8.42%) and NrGO (17.4 mV and 9.75%),
strongly indicating the strong capability of BNrGO for constrain-
ing the shuttling behavior. Based on these results, the cycling per-
formances of different cells are compared in Fig. 4c. The BNrGO
cell retains 81.6% of its initial capacity after 50 cycles, which is
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much higher than those of the BrGO (68.0%) and NrGO (70.6%)
cells. Meanwhile, a consistently higher coulombic efficiency can be
also obtained by BNrGO, certifying the excellent electrochemical
reversibility. Further, the rate capability and long-term cyclability
were explored as shown in Figs. 4d and e. The BNrGO cell achieves
a considerable capacity of 526.6 mAh/g even at a high rate of up to
10 C. Besides, outstanding cycling stability over 1000 cycles can be
also obtained at 1 C, demonstrating a minimum decaying rate of
0.027% per cycle with a constantly high coulombic efficiency close
to unity. These performances are highly competitive among the re-
cent literature (Table S3 in Supporting information), and further
confirm the great superiority of the bidirectionally polarized BN-
rGO design.

To further explore the practical viability, the BNrGO cells with
higher sulfur loading and lower E/S ratio were examined. As shown
in Fig. 4g, the BNrGO cell with a sulfur loading of 3.2 mg/cm?2 and
an E/S ratio of 7.5mlL/g retains a decently high areal capacity of
2.46 mAh/cm? after 100 cycles at 0.1 C. When further tightening
the conditions to a sulfur loading of 6.6 mg/cm? and an E/S ra-
tio of 5.5mL/g, a high initial areal capacity of 6.46 mAh/cm? can
be still accessible, which retains 5.32 mAh/cm? after 100 cycles.
Such favorable sulfur utilization and redox efficiency should be at-
tributed to the architectural and chemical designs of the BNrGO
matrix, which provides fast electron/ion transfer and abundant ac-
tive surfaces for reversible sulfur reactions. In addition, an areal ca-
pacity of 1.69 mAh/cm? is still attainable even at a high rate up to
2 C (Fig. 4h), further demonstrating the excellent reaction kinetics
enabled by the BNrGO matrix. Given this, prolonged cycling was
performed, which witnesses a stable cyclic behavior of the BNrGO
cell with a constantly high coulombic efficiency and high capac-
ity retention of 2.05 mAh/cm? after 300 cycles (Fig. 4f). It is noted
that the obtained high-loading performance is superior to most of
the recent literature based on the heteroatom-doped designs (Ta-
ble S4 in Supporting information). This result further demonstrates
the great capability of the bidirectional polarization strategy for
approaching fast and durable sulfur electrochemistry, as well as its
good potential in pursuing practically viable Li-S batteries.

In summary, we have demonstrated a bidirectional chemical
polarization strategy for designing advanced host matrixes in Li-
S batteries. The chemical superiority was firstly predicted by DFT
calculations, and then experimentally verified by a series of physic-
ochemical and electrochemical characterizations. The as-designed
BNrGO combines electropositive B and electronegative N within
the carbon lattice, which intensively heterogenizes the charge dis-
tribution and enables stronger chemical interactions with LPS over
its mono-doped counterparts. As a result, superior sulfur immo-
bilization and catalyzation were realized, contributing to excellent
cycling stability over 1000 cycles and superb rate capability up to
10 C, as well as decent performance even under high loading and
lean electrolyte. This work offers an instructive strategy for de-
signing advanced host matrixes via doping engineering, holding a
great promise in pursuing efficient sulfur electrochemistry as well
as high-performance Li-S batteries.
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