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The d-band centers of catalysts have exhibited excellent performance in various reactions. Among them,
the enhanced catalytic reaction is considered a crucial way to power dynamics and reduce the “shut-
tle” effect in polysulfide conversions of lithium-sulfur batteries. Here, we report two-dimensional-shaped
tungsten borides (WB) nanosheets with d-band centers, where the d orbits of W atoms on the (001)
facets show greatly promoting the electrocatalytic sulfur reduction reaction. As-prepared WB-based Li-
S cells exhibit excellent electrochemical performance for Li-ion storage. Especially, it delivers superior
capacities of 7.7 mAh/cm? under the 8.0mg/cm? sulfur loading, which is far superior to most other
electrode catalysts. This study provides insights into the d-band centers as a promising catalyst of two-
dimensional boride materials

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

Medica, Chinese Academy of Medical Sciences.

The high-performance lithium-sulfur (Li-S) battery is frequently
regarded as one of the most promising devices for electric vehicles,
and grid-scale energy storage systems, which have a large theo-
retical specific capacity (approximately 1600 mAh/g) [1-10]. Com-
pared to commercial electrodes (140 and 170 mAh/g for LiCoO,
and LiFePOQy, respectively), the sulfur cathodes show ten times bet-
ter than that obtained for conventional positive electrode materi-
als, which comes from the 16-electron conversion electrochemical
processes (Sg+ 16Li=8Li,S) [11-14]. Moreover, sulfur material is
naturally abundant (earth’s crust is 0.03%—0.1%), environmentally
friendly, and low costs (approximately 150 USD/ton) without toxi-
city [15]. However, the 16-electron-based solid-liquid-solid conver-
sion process also causes sluggish kinetics of sulfur cathodes [17].
During the Li-S cell running, the sulfur cathodes generate polysul-
fide, and then the polysulfide escapes from the cathodes to dis-
solve in the electrolyte. Next, the migration of polysulfide moves
to the lithium anode side to passivate the anode surface (“shut-
tle” effect) [18]. To address these shortages, these typically strate-
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gies show the use of functional materials to physically wrap and/or
electrostatically anchor the polysulfides in the interior and surface
of the electrode structure [1-5,18-22]. Nevertheless, the electro-
chemical processes of polysulfides are still unimproved, where the
soluble polysulfides in electrolytes cause the insoluble final prod-
ucts on the anode, resulting in the exacerbation of the shuttling
effect and rapid failure of Li-S batteries [8,23]. To further develop
the performance of Li-S batteries [24], functional material using
redox catalysis is used in batteries to overcome the shortcom-
ings, where the enhanced electron and ion transport can boost
the electrochemical reaction kinetics of polysulfides [11]. In ad-
dition, interface, defect, and size engineering are considered the
effectual methods to enhance the performance of electrocatalysts
[2,3,21,22], which can power the redox reactions of polysulfides
by the ingenious design of materials. For instance, Duan team de-
signed nitrogen and sulfur dual-doped graphene material to reduce
the activation barrier [25], and enhance the redox kinetics of poly-
sulfide conversion. In detail, the activated sites of catalysts anchor
with polysulfides by the electron-rich Lewis bases of sulfur atoms,
form the stabilizing transient states of adsorption, and promote the
subsequent electrochemical reaction processes [25].

This means that creating activated sites is a promising approach
to increasing the catalytic performance of catalysts [15]. Currently,
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Zhang and co-workers reported the tailored band structure of cat-
alysts to adjust the interaction between catalysts and polysulfides
[26], where the electron affinities of 3d dopants can shift the d-
band orbits of active sites, and further accelerate redox electron
exchange for a fast electrochemical reaction [25,26]. Despite these
encouraging progresses [15, 24-26], it can be inferred that the two-
dimensional morphology of catalysts can expose abundant active
sites on the surface [25], combined with the modification of the
d-band orbits [26], which accelerates the multistep redox reaction
of sulfur to build high-performance Li-S batteries under practical
working conditions.

Herein, we report two-dimensional-shaped tungsten borides
(WB) nanosheets with abundant tungsten atoms as polysulfides of
catalysts sites by the effective d orbits, where unsaturation high
valence states of d orbits offer the unsaturation 5d high valence
states, several electron deficiencies in the redox electrochemical
processes, and form the multiple coordination number from three
to six which comes from the electron cloud changes by the losing
or gaining electrons. Meanwhile, borophene subunits of WB rep-
resent the intrinsic conductivity as an efficient immobilizer and
electrocatalyst to power electronic/ionic transport in the polysul-
fide conversion reaction. As a result, the synthesized WB-based
Li-S cells exhibit a high area capacity (7 mAh/cm?) under the
8.0mg/cm?, cycling stability, and stable Coulombic efficiency. The
results reveal the connection between two-dimensional topogra-
phy synthesis and catalytic center design as a structure-function
strategy, which also offers a rational viewpoint to design d-band
centers of boride in the catalytic field.

Fig. 1 presents an illustrated summary of d-band centers in Li-S
chemistry. In the unmatched interface (Fig. 1a), the weak adsorp-
tion between metal sites (M) and polysulfides can cause the se-
vere shuttle effect, resulting in poor cycle performance and rapid
property fading of the battery [25,26]. Through the d-band tailor-
ing strategy (Fig. 1b), the matched interface can offer the effec-
tive electrochemical conversion of polysulfides, which involves two
electron transfers along with a complex configuration change of
Li;S4/Li;S; molecules. The suitable d-band orbits of metal atoms
can further enhance the anchoring of polysulfides on the surface
of the catalyst [25,26].

To further reveal the relationship between d-band orbits and
catalytic action, the adsorption state is analyzed by the simulat-
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Fig. 1. Schematic illustrations of unmatched (a), and matched (b) d-band centers
for the polysulfides of adsorption and catalysis.
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Fig. 2. (a) The DOS of pure WB and Li,S,. (b) The DOS and (c) binding energy value
of Li;S4 adsorbed on the WB (001) surfaces.

ing density functional theory (DFT) [27-31]. The anions of sulfur
atoms can interact with the cations of tungsten atoms, where the
d-band orbits influence binding energies and catalytic conversion
of polysulfides. More specifically, the polar molecule of Li,S4 with
high soluble properties is considered the main candidate for poly-
sulfides migration [32]. The WB (001) facets are taken as an ad-
sorbed surface due to the two-dimensional morphology of the WB
nanosheet. Next, the total orbits of WB are mainly composed of W
atoms (5d orbits) and B atoms (2p orbits) in the density of states
(DOS), and the total orbits of LiS4 mainly come from 2p orbits
of S atoms and 1s orbits of Li atoms (Fig. 2a). When Li,S,4 is ab-
sorbed on WB (001) facet, the corresponding adsorption energy is
—9.09 eV (Fig. 2c), where the strong adsorption of polysulfides can
couple with the better performance of polysulfide conversion [32].
When Li,S4 adsorbs on the WB (001) surface (Li;S4-WB), the 5d
orbits of W are overlapped with 2p orbits of S, which are around
Fermi level (Fig. 2b). This implies that two terminal S atoms of
Li,S, are activated by the interfacial W atoms of WB, where the
high electron density in the middle of catalyst-sulfur bonding can
lower energy barrier of the conversion reaction [15,16,24]. Mean-
while, similar bonding shows in the 2p orbits of B and 1s orbits
of Li.

The X-ray diffraction (XRD) pattern, and X-ray photoelectron
spectroscopy (XPS) are applied to characterize the structure infor-
mation of WB nanosheets. The XRD patterns (Fig. 3a) display sharp
diffraction peaks in good agreement with standard tetragonal WB
(space group, I141/amd, JCPDS No. 35-0738), which reveals the as-
prepared WB material is a very stable crystal structure with good
electronic conductivity [33]. Deconvolution of W 4f XPS spectrum
(4f;, and 4fs;,) shows W-O and W-B contributions (Fig. 3b),
which is around 38-30eV, respectively. The corresponding B 1s
spectrum (Fig. 3c) is characteristic of the O-B (188eV) and W-B
(187eV) in the WB material. Those result shows the surfaces of
WB crystals have been spontaneously oxidized [34]. Importantly,
scanning electron microscopy (SEM, Fig. 3d) and transmission
electron microscopy (TEM, Figs. 3e and f, Fig. S1 in Supporting
information) images reveal uniform morphology with a roughly
sheet shape. A high-resolution TEM image (Fig. 3f) verifies that
interlayer spacing (d) of WB is 0.3 nm, corresponding to the (101)
diffraction planes. The selected area electron diffraction (SAED)
pattern (inset of Fig. 3f) reveals diffraction dots of WB, suggesting
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Fig. 3. (a) XRD pattern of WB. XPS spectra of (b) W 4f and (c) B 1s of WB. (d)
SEM image, (e) HRTEM image, and (f) a high-magnification HRTEM image with an
inset of SAED pattern of WB. (g) Simulated Li* ion diffusion on the WB. Schematic
showing (h) the Path 1 and Path 2 diffusion path and (i) corresponding activation
energy profile.

the single crystal structure indicates better electrical conductivity.
The Li* ion mobility on the (001) facets of WB material is analyzed
by the DFT (Fig. 3g), which is a key impact on the performance of
the Li-S battery [27-29]. Path 1 represents the interface diffusion
of Li* ions from W to B atomic sites, while Path 2 shows the
interface diffusion of Li* ions from B to B atomic sites (Fig. 3h).
The corresponding diffusion barriers are calculated to be 1.0eV for
Path 1 and 0.4eV for Path 2 (Fig. 3i). Those features, combining
the low diffusion barrier, afford 2D WB with better capability and
stability during Li-S cell cycling [17,24].

Moreover, the liquid Li,Sg catholyte replaces the solid sul-
fur (Sg) in the WB-based Li-S cells, which is contributing to the
electron/Li-ion transfer by the optimized contact areas. The high-
resolution Li 1s XPS spectrum of pure Li,Sg exhibits a broad enve-
lope of peaks, which are Li-Sg° (bridging sulfur), Li-S;~ (terminal
sulfur), and Li-S2- (sulfide) bindings, respectively (Fig. 4a) [35-37].
The corresponding S 2p spectrum features a well-defined S 2ps),
and S 2p;j, doublet, suggesting the sulfite, Sg°, Sy~ and $?>~ bind-
ings, respectively (Fig. 4b). Those results suggest that Li,Sg material
has more chemical bonds, indicating that the better electrochem-
ical activity enhances the polysulfide conversion reaction [32,36].
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The SEM image of the electrode shows the uniform distribution
between Li,Sg and WB (Fig. 4c and Fig. S2 in Supporting infor-
mation). Next, the Raman spectra measurements of Li,Sg catholyte
are performed as shown in Fig. 4d, which is around 398, 450, 510
and 537 cm~!. The Raman spectra determine vibrational modes of
Li,S¢ molecules, which are attributed to radical anion Sg2~. The
Raman intensities (Sg2~) indicates the symmetric S-S vibration be-
longing to the central S-S linkage of Li,Sg molecules, which shows
chains with an even number of atoms [38]. The theoretical calcula-
tions of Li,Sg are also estimated for the electronic conductivity and
chemical activity. The lowest unoccupied molecular orbital (LUMO)
of Li;Sg and Sg are —3.4 and —3.1eV, and the highest occupied
molecular orbital (HOMO) of Li;Sg and Sg are —5.0 and —6.3 eV, re-
spectively (Figs. 4e and f). The corresponding electronic band struc-
ture of Li;Sg has a 1.6eV gap, which is much smaller than the in-
trinsic Sg gap (3.2eV) [32,36,39-41]. The difference in gap reveals
the effective intrinsic redox carriers of Li,Sg are orders of magni-
tude more than that of Sg.

Furthermore, the cycling performances of 2D WB-based Li-
S cells are investigated, and WB nanoparticles are acted as the
comparison (3D WB). Those 2D and 3D WB-based Li-S cells
(3.2mA/cm?) show the stabilized capacities of 720 and 440 mAh/g
at 4.0 mg/cm? loading, retaining capacities of 620 and 380 mAh/g
after 200 cycles with approximately 98% coulombic efficiency, re-
spectively (Fig. 5a). The SEM images (Figs. S3a and b in Support-
ing information) show the morphology of 3D WB material is ir-
regular particles, and the crystal structure (Fig. S3c in Support-
ing information) of 3D WB is the standard tetragonal WB (JCPDS
No. 35-0738). The corresponding first discharge plateau (Fig. 5b)
shows the Sg2-/Sg2~ to S42~ in the long-chain polysulfide con-
version (AC;), the second discharge plateau is S42~ to S;2~/S*~
in the short-chain polysulfide conversion (AC;), and the polarized
voltage differences (AV) are measured at approximately 20% depth
of discharge/charge [42-44]. In Fig. 5c, the AV of 2/3D WB-based
Li-S cells present 0.40/0.40, 0.37/0.42, 0.41/0.46 and 0.40/0.45V at
the 50, 100th, 150t and 200t cycles, respectively. The stabilized
AV reveals the controllable polarization with the stable electro-
chemical reaction of polysulfide in the running 2D WB-based Li-
S cell. Moreover, the (AG,)/(AC; + AGy) ratios of 2/3D WB-based
Li-S cells reveal 65%/65%, 63%/63%, 66%/65% and 68%/66% after 50,
100, 150 and 200 cycles, respectively (Fig. 5d). Those correspond-
ing ratios of AG,/AC; of 2/3D WB-based Li-S cells are 1.8/1.8,
1.7/1.7, 1.9/1.9 and 2.1/1.9 after 50, 100, 150 and 200 cycles, respec-
tively [42,45]. The conversion processes (Sg to Li,S4 to LipS,/Li;S)
indicate the high barrier of solid-state diffusion (solid Sg to lig-
uid Li,S4) with sluggish phase evolution, causing the electro-
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Fig. 5. (a) The cycling performance of 2D and 3D WB-based Li-S cells with (b) the corresponding charge and discharge profiles, (c) polarization voltages, (d) and ratio image
of AC,/AC;. (e) Rate performances of cell from 1.0mA/cm? to 5.0 mA/cm? with (f) the corresponding charge and discharge profiles. (g) The high area capacity of Li-S cell
with high mass loading. (h) Comparison of areal capacity, and (i) content of sulfur of WB-based Li-S cell with other similar cathodes (detailed description of abbreviation in

Table S1).

chemical reactions of polysulfides should be powered. The above-
mentioned AC,/AC; and (AG)/(ACy + ACy) values show a slight
difference in the different cycles, which indicates the enhanced
electrochemical activity of polysulfide conversion [42,45,46]. With
further rate performances at 1.0, 2.0, 3.0, 4.0 and 5.0 mA/cm?, the
WB-based cell shows reversible capacities of 970, 810, 700, 650
and 410 mAh/g, respectively (Fig. 5e). The corresponding discharge
profiles have corresponded to Sg to polysulfides and LiyS,/Li;S,
and the charge profiles are oxidation process from Li,S,/Li,S to
Sg (Fig. 5f). For comparison, the 3D WB-based Li-S cell shows re-
versible capacities of 650, 470, 320, 120 and 90 mAh/g (Fig. S3d
in Supporting information), respectively, which is the correspond-
ing current at 1.0, 2.0, 3.0, 4.0 and 5.0mA/cm2. In what follows,
the high sulfur loading (8.0 mg/cm?) of WB cathode delivers su-
perior capacities of 7.7 mAh/cm?, retains 5.8 mAh/cm? after 100
cycles at 3.2mA/cm? (Fig. 5g), where the performances of similar
Li-S cells in the kinds of literature are summarized in Figs. 5h-i
and Table S1 (Supporting information). Those WB-based Li,Sg cells
show a better performance than other reported electrodes in the
Li-S cells, and further reveal the efficient electrochemical kinetics
of polysulfides. Furthermore, the electrochemical performance of
2D WB electrode is added in the electronic supplementary infor-
mation (ESI), which is including CV curves (Figs. S4a-f in Support-
ing information) and the galvanostatic intermittent titration tech-
nique (GITT, Fig. S4g in Supporting information), and in-situ XPS
spectra (Figs. S4h-k in Supporting information).

In summary, the 2D WB nanosheet catalyst has been designed
by facile chemical synthesis, and the interfacial catalysis is re-
vealed by theoretical calculations and the electrochemical method
in the Li-S batteries. Benefiting from d-band centers of W sites, the
2D WB nanosheet shows an enhanced performance of Li-S cells
compared to the intrinsic WB materials, which have an active in-
teraction with the frontier orbitals of polysulfides. Meanwhile, the
high performances of WB-based Li-S cells exhibit the better elec-
trocatalytic activity of polysulfides and a greatly reduced reaction
energy barrier with lower charge transfer resistance. Given the
aforementioned features, the Li-S cells show significant improve-
ments in capability and cycling stability with high sulfur loading.

This work inspires an ingenious insight for interface engineering
of 2D WB materials in the interacted phase transition-based mul-
tielectron redox reactions, but also provides an efficient interface
engineering strategy of d-band centers catalysts at the atomic level.
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