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The catalytic conversion of lithium polysulfides is a promising way to

inhibit the shuttling effectin Li-S batteries. However, the mechanism of
such catalytic systems remains unclear, which prevents the rational design
of cathode catalysts. Here we propose the machine-learning-assisted
design of abinary descriptor for Li-S battery performance composed of a

band match (/;,,4) and a lattice mismatch (/) indexes, which captures the
electronic and structural contributions of cathode materials. Among our
Ni-based catalysts, NiSe, exhibits amoderate /;,,; and the smallest /.. and is
predicted and subsequently verified to improve the sulfur reduction kinetics
and cycling stability, even with a high sulfur loading 0f 15.0 mg cm™or at

low temperature (-20 °C). A pouch cell with NiSe, delivers a gravimetric
specific energy of 402 Wh kg under high sulfur loading and lean-electrolyte
operation. Such afundamental understanding of the catalytic activity from
electronic and structural aspects offers a rational viewpoint to design Li-S

battery catalysts.

Despite the high theoretical capacity (1,675 mAh g™), cost effective-
ness, natural abundance and environmental friendliness of elemental
sulfur, the commercialization of lithium-sulfur (Li-S) batteriesis still
seriously restricted by sluggish reaction kinetics". The high activation
energy of the conversion from lithium polysulfides (LiPSs) to insolu-
ble Li,S,/Li,S leads to the accumulation of LiPSs and exacerbates the
shuttling effect as well as producing severe capacity decay’. Catalytic
conversion of LiPSsis a crucial approach to enhancing these kinetics* .
Transition-metal-compound (TMC) catalysts, such as metal oxides’,
sulfides®, nitrides’ and selenides'™, have often been used to accelerate
the sluggish sulfur reduction and improve sulfur utilization. Because
ofthe solid nature of the end charge/discharge products, the catalytic

activity is believed to have a volcano-shaped relationship with LiPS
adsorption, as proposed by Zhang and others". Weak adsorption allows
LiPSs to diffuse towards the lithium anodes with fast capacity decay,
but too strong adsorption suppresses the desorption of Li,S,/Li,S,
inducing passivation of the catalysts and reducing the catalytic activ-
ity. The strength of the adsorption of LiPSs depends on the electronic
coupling between the active sites of the catalysts and adsorbed LiPSs,
which is related to the hybridization level of the orbitals. The metal
centres of TMCs with partially filled d orbitals are always regarded as
active sites'”. Ametal with a higher d-band centre displays a higher LiPS
adsorption strength by decreasing the fraction of occupied antibond-
ing states. Many strategies have been proposed, such as alloying™*,
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defect engineering™'® and crystal structure regulation''®, to adjust

the d-band centre relative to the Fermi level to modulate the binding
energy for afast redox reaction.

Although d-p-orbital hybridization between metal cations and
polysulfide anions has been widely studied during analysis of the cata-
lytic mechanism'?, the role in the catalytic process of the non-metal
anions of TMCs has received less attention. The notable influence of
non-metal anionsin TMCstowards the adsorptionenergy to LiPSs can
be observed among different metal-based TMCs (Supplementary Fig.1).
Qianand othersreported that shifting the p-band centres of the anions
modulates the interfacial electron-transfer dynamics by controlling
their energy gap with transition-metal d-band centres®. However, the
influence on the catalytic process of the widely discovered interac-
tions between the anions of TMCs and Liin lithium (poly)sulfides still
lacks systemic understanding’>'®**>. Moreover, previous works have
usually focused mostly oninterpreting the electronic states of catalytic
systems'>1¢1820.2325 However, the geometric structure of the optimal
active sites also influences the catalytic performance. For example,
the coordination numbers of the binding atoms at active sites scale
with the adsorption energies™. Therefore, the bandstructure alone
is insufficient to decipher the intrinsic modulation essence of anions
towards the sulfur reduction activity of TMC catalysts. Unfortunately,
binary descriptors (BDs) for TMCs that simultaneously consider both
the electronic and structural properties of sulfur-reduction catalytic
systems, and thus have more accurate prediction ability, have never
been investigated. These persistent issues have plagued the rational
design and activity tuning of catalysts for Li-S batteries.

In this Article we describe the design of a four-step workflow to
identify an experimentally validated BD using Ni-based TMCs as amodel
system. Wefirst conductaPearson correlationanalysis to search the most
relevant features, specifically the band match index (/5,,4) and lattice
mismatch index (/, ), to describe the adsorption energy and reaction
energy barrier from both electronic and structural aspects. Density
functional theory (DFT) and experimental testing are then conducted
to investigate the contributions of /,,q and /. to the sulfur reduction
kinetics of the TMCs. We find that decreasing the I, value leads to the
enhancement of adsorption, but atoo-low /;,,, can cause passivation of
the catalysts. Meanwhile, decreasing /, . weakened the Li-S bond, facili-
tating the decomposition of lithium (poly)sulfides on the TMC surfaces.
Those TMCswithmoderate /;,,,and low /. canimprove the conversion
of LiPSs and facilitate the decomposition of Li,S, thus showing the best
catalytic activity. We then determine the BD using a genetic algorithm
to search coefficient combinations in large parameter spaces and use
Monte Carlosimulations tovalidate the uncertainties. NiSe, was predicted
to be a highly efficient catalyst, as was also confirmed by experiments.
Li-S cells with NiSe, demonstrated the best battery performance when
compared with those with different Ni-based TMCs, showing the low-
est electrochemical barrier for LiPS reduction/Li,S oxidation and high
specific capacity with ultrahigh loading (15.0 mg cm ). Finally, anampere
hour (Ah)-levelLi-S pouch cell with NiSe, attained a high specific energy
of402 Wh kg atahighareal-sulfurloading of17.3 mg cm2and anelectro-
lyte/sulfurratio (E/S) of 4 pl mg™. The proposed BD reveals the influence
ofanionsinNi-based TMCs, fromelectronic and structural aspects, and
offersarational viewpoint fromwhich to analyse LiPS conversionand the
design of efficient catalysts. For other similar study paradigms requiring
the perspective of electronic and structural effects, the designed BD could
be further applied to other TMCs as a universal descriptor.

Results

Development of the electronic and structural descriptor
Thefirst step of the four-step workflow (Fig. 1a) is feature extraction. In
the Li-S battery system, the effect of electronic coupling between the
catalystsand adsorbed LiPSs, which s related to the hybridizationlevel
of orbitals or energy bands, determines their adsorption strength™. In
our previous work, we found that the d-p-orbital hybridizationbetween

single-atom metal catalysts (SACs) and sulfur species can be used as a
descriptor for understanding the catalytic activity of SACs in Li-S bat-
teries”. However, this is not applicable to TMCs, as they include dual
centres of metal cations and non-metal anions, which respectively
interact with the sulfur and lithium in the LiPS species. The electronic
coupling between TMCs and LiPS species includes two hybridizations:
dorbitals fromthe cations of TMCs and p orbitals from the sulfur of LiPS
species, and p orbitals from the anions of TMCs and s orbitals from the
lithium of the LiPS species. Although the d-p hybridization for metal
cations has been studied, the crucial effects of s—p hybridization on
modulating the Li-S chemistry have rarely been investigated because
of the difficulty of disentangling the above two effects. Our previous
work found that Li-Nbondsrather than Ni-S bonds are formed between
Li,S and single-atom Ni catalysts because of the poor d-p hybridization
process, indicating that Ni-based compounds may be a suitable model
withwhichto highlight theimpact of s—p hybridization on the catalytic
effect?. For multi-electron redox reactions, it is the intermediates of
the rate-determining step that determine the catalytic activity. There-
fore, taking NiO as an example, the activation energy (£,) for each step
of the LiPS reduction process was first experimentally determined by
probing the charge-transfer resistance at the corresponding voltages
under various temperatures (Supplementary Figs. 2and 3)°. To stabilize
the voltage for a specific conversion step, the cell was discharged to a
targeted potential and chronoamperometry was performed until the
outputcurrentremained constant. Electrochemicalimpedance spectra
(EIS) were then obtained from 2.4 Vto1.9 Vinthe frequency range from
100 mHzto100 kHz with an alternating-current amplitude of 5 mV. The
charge-transfer resistance at different temperatures was fitted using
the simplified-contact Randles equivalent circuit, which revealed alin-
ear relationship between the inverse of absolute temperature and the
logarithm of thereciprocal of the charge-transfer resistance. E, was then
derived by following the Arrhenius reaction. The resulting £, indicates
thatthe conversion of the Sgmoleculestosoluble LiPSsisrelatively easy.
However, the conversion of LiPSs into the ultimate insoluble products
is more difficultand s the rate-determining step for Li-S batteries, con-
sistent with previous reports’. The obvious overpotential observed in
the discharge profiles of the Li-S battery with a high sulfur loading of
3 mg cmalso confirms the most serious kinetic problem for the Li,S,
reduction process (Supplementary Fig. 4). Note that the current density
(0.1C) is far from the mass transport-limiting region for typical batter-
ies and thus serves well for the purpose of kinetic studies. To consider
the severe shuttle effect, whichis primarily related to soluble LiPSs, the
electronicstructure of the system containing Ni-based TMCs (Ni,C, Ni,P,
NiO, NiS, and NiSe,) and Li,S, was studied to reveal the underlying s-p
hybridization (Fig. 1b). We propose the /.4 to describe the band centre
relationship betweenthe active sites of Li,S, and TMCs. Different TMCs
with various combinations of cations and anions may change the relative
strengths of the d-p and s-p hybridizations. To enhance the suitability
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the p-band centre position (¢,) of the sulfur in Lizsfand the d-band
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lsana(S—D), } is defined by the s-band centre position (¢,) of the

lithiuminLi,S,and the¢,of theanions (C,P,0,S,Seandso on) in TMCs.
Here, Iy,.q describes the energy gap between the TMCs and Li,S,, and
the smaller value suggests alower energy gap of theband centre, corre-
spondingto higher interfacial electron-transfer dynamics and astronger
interaction betweenthe TMCs and Li,S,. The p-band centre of non-metal
anions of Ni-based TMCs varies among TMCs (0.751 eV for Ni,C,-0.028 eV
for Ni,P, —1.018 eV for NiO, —2.207 eV for NiS, and -1.391 eV for NiSe,;
Fig. 1c). From Ni,P to NiS,, the I, increases from 1.374 to 7.663 (Fig. 1d
and Supplementary Table 1). LiPS adsorption was further simulated
and analysed using DFT (details of the model construction details are
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g, Development of the BD simultaneously considering electronic and structural
effects. Iy,,q and /I, are dimensionless, and hence BD is also dimensionless.

provided in Methods). The adsorption energy between the catalysts
and LiPSs is much larger than between the electrolyte solvents and
LiPSs (Fig. 1d and Supplementary Figs. 5), indicating that the LiPS mol-
ecules tend to interact with the catalysts. Accordingly, to simplify the
calculations, complex theoretical models of the solvation structures of
LiPSs were not adoptedin the kinetic analysis of LiPS conversionon the
catalysts with strong anchoring ability. The geometric configurations

ofthe adsorption models are displayed in Supplementary Figs. 6 and 7.
We conducted a Pearson correlation analysis to explore the potential
correlationbetween I, and the electronic effect, considering various
features of the TMCs simultaneously (furtherinformationis providedin
Supplementary Note 1). The absolute values of the Pearson correlation
coefficient, which indicates the relative importance of these features,
are presented in descending order in Supplementary Fig. 8. The results
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indicate that the /;,,4 of d-p and s-p hybridization have a considerable
influence on the adsorption energy. The adsorption energy (E,q) of
Ni-based TMCs shows an approximately opposite trend to that of I,
(Fig.1d), asis also observed for other TMCs (Supplementary Fig. 9 and
Supplementary Table 2). According to therelation between adsorption
energy and catalytic activity, the medium adsorption capability of LiPSs
suggests improved conversion and facilitated desorption®.

Structural effects resulting from variations in the radii of anions
lead to different crystal structures and lattice spacings of TMCs. Given
that different thermodynamic and dynamic processes areinvolved in
the oxidation and reduction of sulfur species, delithiation and lithiation
are discussed separately here. To represent the difference in lattice
spacing between TMCsrzLailjsd lithium (poly)sulfides, we defined astruc-
turaldescriptor, /, ,, as P, (Fig.1band Supplementary Table 3), where
ri.sand r,., correspond to the lattice spacing of Li-Sin lithium (poly)
sulfides and average cations-anionsin TMCs, respectively. The average
lattice spacing of cations-anions is used to take different crystal faces
into account. In this way, complicated calculation of the adsorption
configurationis avoided and the practicability of /. isenhanced. /
then connects the geometric structure of optimal active sites with
catalytic performance, making it possible to design TMCs by construct-
ing specificactive sites. Figure le summarizes r.,., for Ni-based TMCs,
whichis seen to range from2.08 A for NiO to 3.19 A for NiSe,. The larger
I'.aca COrresponds to lower [, (Fig. 1f). Geometric structure analysis
was conducted for the system with Li,S or Li,S, adsorbed on Ni-based
TMCs. Taking the delithiation process as an example, Li,S was studied
because the oxidation of Li,S isrecognized as the most kinetically slow
step due to its high £,'?°%, The obvious overpotential of 62.6 mV at
the beginning of the charging profiles, corresponding to the oxidation
of Li,S, confirms the serous kinetic problem (Supplementary Fig. 10).
In situ NMR has also been used to prove the sluggish oxidation of Li,S
(ref.28).Here, we consider the decomposition process fromanintact
Li,SmoleculeintoaLiS cluster and asingle Liion (Li,S > LiS+ Li* +¢e7),
correspondingto the Li-Sbond breaking (Supplementary Fig.11). The
decomposition energy barrier can be obtained by use of climbing
image-nudged elastic band (CI-NEB) methods® (Fig. 1f). Pearson cor-
relationanalysisindicates that /. isthe most relevant feature indeter-
miningthe delithiation energy barrier, in comparison to other factors
(Supplementary Fig.12). The scaling relationship between /, . and the
delithiation energy barrier (Fig. 1f) reveals thatalow/,,, decreases the
energy barrier for the delithiation process by weakening the Li-Sbond
inLi,S. For thelithiation process, the scaling relationship between /.,
and the kinetic energy barrier for breaking the S-S bond in Li,S, indi-
catesthat/, correlates well with the reaction processes (Supplemen-
tary Figs.13and 14).

To conclude, based on the constructed electronic and structural
descriptor, itis seen that the anionsin TMCs can modulate /g, and /, .
Those TMCs with moderate /y,,4 and low /, . tend to simultaneously
have medium adsorption towards LiPSs and a low reaction energy
barrier, thus increasing the catalytic activity. Guided by the above
theoretical calculations, we prepared three Ni-based TMCs (NiO, NiS,
and NiSe,) fromthe same columnof the periodic table and tested their
catalytic properties. A BD simultaneously considering the electronic
and structural effects was further proposed with the genetic algorithm
searching coefficient combinationsin large parameter spaces and with
Monte Carlo simulations validating the uncertainties (Fig. 1g). The
dimensionless nature of both /,,4 and /. imparts a corresponding
dimensionless quality to the BD.

Electronic descriptor scaling with the adsorption process

Torevealtherole of anions, fromboth electronic and structural aspects,
we selected Ni-based TMCs as the model system because nickel has a
weak interaction with sulfur and the effect of s—p hybridization on cata-
lytic activity can be highlighted reasonably easily**~*, Different anions
are coordinated, modifying /5,,4 and /... As the lithium cations of the

various LiPSs mainly interact with the anions in the TMCs and their bind-
ingenergies are coupled to the p-band centre, the activity of Ni-based
TMC s is tuned accordingly. Following this strategy, we synthesized
Ni-based TMC (NiO, NiS, and NiSe,) catalysts. Their preparation and
characterization are shownin Supplementary Note 2, Supplementary
Figs.15-23 and Supplementary Table 4. Figure 2a presents the molecu-
lar configuration of Li,S, on the (001) surface of the NiSe, catalyst. After
geometric optimization, two Li atoms of Li,S, were attached to the
surface Se anions, while the S atom was attracted to the Ni cations of
the catalyst (other TMCs are shownin Fig. 2b,c). Electron-density dif-
ference analysis was then used to uncover the adsorption mechanism
(Fig.2d-f), revealing the relationship of strong adsorption processes
and the interfacial charge interaction.

To verify our theoretical predictions and evaluate the relationship
between /,,q and the adsorption energy of TMCs for LiPSs, UV-vis
absorption spectroscopy was used toinvestigate the adsorption ability
of NiO, NiS, and NiSe, in a Li,S, solution when controlling for the same
surface area (Fig. 2g). After adsorption for 1.5 h, the intensity of the
remainingS,> follows the order NiS, > NiSe, > NiO. This trend is consist-
ent with visual observations (Fig. 2g, inset), with an orange-coloured
Li,S¢ solution with NiO turning almost colourless after 1.5 h, whereas
that with NiS, showed only slight decolouring within the same time.
Theextracted adsorptionintensity of Li,S, and Li,S, from Fig. 2g shows
that NiO has the strongest adsorption ability, and NiS, has the weak-
est (Fig. 2h), consistent with the previous predictions based on their
electronic structures (Fig. 1d). The TMCs with low /;,,4 decrease the
energy gap between the band centres of the TMCs and LiPSs, leading
to high adsorption capability. The chemical interaction between the
LiPSsand TMCs was investigated by X-ray photoelectron spectroscopy
(XPS).The peak assigned to NiOinthe O Isspectrais shifted to a higher
binding energy after interacting with Li,S,, suggesting an apparent
reductioninthe oxygen electron density viaelectron transfer (Fig. 2i).
X-ray diffraction (XRD) and XPS spectra suggest that NiO does not
react with the LiPSs (Supplementary Figs. 24 and 25). Their chemical
interactions verify that the LiPSs easily passivate NiO with low /4.
However, Ni-Sand Ni-Se peaksinthe S2pand Se 2p spectra of NiS,and
NiSe, (Supplementary Figs. 26 and 27) are barely shifted, indicating a
relatively weaker interactionbetween sulfur or selenium than that with
oxygen, which agrees with the predictions based on their /3,4 values.

According to the volcano trend between catalytic activity and
adsorption strength", NiSe,, with its medium adsorption capability
for LiPSs, prevents passivation of the catalyst surface, and is thus more
effectiveinacceleratingthereaction reactivity of LiPSs and suppress-
ing the shuttling effect during cycling. We thus assembled Li-S coin
cells with Ni-based TMC catalysts and tested the shuttle current. The
cell with NiSe,, with a medium /;,,4, shows a smaller shuttle current
(9.94 x 10 mA cm™) than cells with NiO and NiS, (Supplementary
Fig. 28), indicating that it has the best effect on suppressing the LiPS
shuttle. The severe shuttling effect seen for the cell with NiO occurs
because of passivation of the catalyst surface. In situ Raman spectros-
copy was used to gaininsightinto the regulation of the shuttle effect by
NiSe,. When analysing the diffusion of LiPSs to the lithium anode side,
only a few signals corresponding to S;* are detected during both the
discharge and charge processes for the cathodes with NiSe, (Fig. 2j,k),
demonstrating an effective alleviation of the shuttle effect. In contrast,
for cathodes without NiSe,, two intense peaks (153.5 and 281.5cm™)
attributed to S¢ are detected at the beginning of the discharge process
(Fig.21,m). When discharging to 2.066 V, signals of S, and S,> +S;* are
detected, and they remain during the subsequent charging process.
Notable signals for S;*, S,>” and S, confirm the existence of severe
LiPSs shuttling, which is responsible for the capacity loss.

Structural descriptor scaling with the reaction process
Based on the above theoretical analysis, the structural descriptor /.
determines the dissociation of LiPS through modification of the surface
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structures of the TMCs. To evaluate the relationship between /. and
thedelithiation energy barrier, the potentiostaticintermittent titration
technique (PITT) was used (Supplementary Fig.29). During the charg-
ing process from 2.24 t0 2.32V, cells with NiSe, provided the highest
current responses, indicating the substantially rapid reaction kinet-
ics. However, the low current in cells with NiO suggests their sluggish
activation process, with a high charge-transfer resistance. Integrating
theareaofthe current-time curve provides arepresentation of the Li,S
dissolution capacity. The largest integrated area, for cells with NiSe,,
suggests they have the largest dissolution capacity, corresponding to
a potentiostatic charging test. The PITT tests thus verify the critical
role of NiSe, with low /.. in the delithiation process, by weakening
the Li-Sbondin Li,S.

Forthelithiation process, we focused on £, for the rate-determining
step from Li,S, to Li,S, using various Ni-based TMCs. A voltage of 2.0 V,

correspondingto the conversion step fromLi,S, to Li,S,, was chosen to
achieve the charge-transfer resistanceinastandard carbon nanotube
(CNT)/sulfur composite cathode (Fig.3a,b). The charge-transfer resist-
ance at different temperatures reveals a linear relationship between
theinverse of absolute temperature and the logarithm of the recipro-
cal of the charge-transfer resistance (Fig. 3¢). The derived E, values
shows that the cells with NiSe, have the lowest £, (0.39 eV), lower than
those with NiS, (0.43 eV) and NiO (0.46 eV), or a pure CNT (0.50 eV),
consistent with the predictions of /. and the electrochemical tests
(Fig. 3d). Cyclic voltammetry (CV) was next conducted to investigate
the sulfur reduction kinetics on the electrode under scanning rates
from 0.1mVs™to 0.5mVs”between 1.7V and 2.8 V (versus Li/Li").
Figure 3e-g presents the contour plots of the CV patterns for NiO,
NiS,and NiSe,, respectively. The two cathodic peaks at~2.28 V (peak A)
and ~-1.96 V (peak B) correspond to the reduction of Sg to LiPSs and
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Fig. 3| Theinfluence of anionsin TMCs from a structural aspect. a,b, EIS
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regions. ¢, Thelinear relationship between the inverse of absolute temperature
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d, Activation energies for the step from Li,S, to Li,S, of the sulfur redox reactions

Migration coordiate ILatt

for the various Ni-based catalysts. The error bars for all catalysts were
determined from the standard deviation. e-g, Contour plots of CV patterns

for NiO (e), NiS, (f) and NiSe, (g) with different scan rates. h, Energy profiles for
the diffusion process of Li* on NiO, NiS, and NiSe,. Insets: top-view schematic
representations of the corresponding diffusion pathways for NiO, NiS, and NiSe,.
i, The relationship between diffusion energy barrier (£, ier) and /, oy

Li,S,/Li,S. The anodic peak at ~2.37 V (peak C) in the anodic sweep
results from the transition from Li,S,/Li,S to LiPSs and Sg. The cathode
with NiSe, shows a higher current response than those with NiO and
NiS,, especially inthe region where Li,S,/Li,S transitions to LiPSs and S,

correspondingto the PITT results. Meanwhile, with the decreasein scan
rates, the cathode with NiSe, still exhibits an obvious current response.
Those peaks (peaks A and C) for all three TMC-containing electrodes
have alinear relationship with the square root of the scanning rates
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(Supplementary Fig. 30), indicating a diffusion-limited process. The
following classical Randles-Sevcik equation was applied to describe
the lithium diffusion process:

I = (2.69 X 105) nSSDO3 €, 00 )

where [, is the peak current, n is the charge-transfer number, Sis the
geometric areaof theactive electrode, D, is the Li-ion diffusion coeffi-
cient, C,;.isthe concentration of Li* in the cathode and vis the potential
scanrate. Theslope of the curve (/,/v°%) represents the Li-ion diffusion
rate, asn, Sand C;, are unchanged. It can be seen that the cell with
NiO exhibits the lowest Li-ion diffusivity, which mainly arises from the
high /. and strong LiPS adsorption, leading to catalyst passivation,
the shuttle effect and increased electrolyte viscosity. In contrast, the
electrode with NiSe,, withitslow/ ., demonstrates much faster diffu-
sion because of the decreased electrolyte viscosity.

A galvanostatic intermittent titration technique (GITT) was used
(Supplementary Fig. 31) to calculate the chemical diffusion coefficient
using the equation derived from Fick’s second law:

)(52) @

A
-

where 7is the duration of the current pulse, n,,, is the mole number of
the electrode materials, V,,is the molar volume of the electrode materi-
als, Sis the contact area between electrode and electrolyte, AEis the
change in the steady-state voltage at the end of the relaxation period
over a single galvanostatic titration and AE, is the total change of cell
voltage during a constant-current pulse. The cell with NiSe, has the
highest Li* diffusion coefficient (7.84 x 10" cm*S™) when compared
with those with NiO (2.91 x 1072 cm?S™) and NiS, (7.35 x 102 cm?S™),
indicating a decreased electrolyte viscosity. The lower electrolyte vis-
cosity of cells with NiSe, directly corresponds to the reduced shuttle
effect, which can be attributed to the faster charge-transfer kinetics
or superb sulfur-reduction kinetics.

We also calculated the diffusion barriers for Li* on Ni-based TMCs
(Fig. 3h). The diffusion pathways on the TMC surfaces follow the arc
curves fromonestable point to another, with the saddle point located
inthe middle of the pathway. The diffusion barrier for Li* along the dif-
fusion coordinate on NiSe, is 0.196 eV, less than for NiS, (0.259 eV) and
NiO (0.396 eV). We also summarize the recent catalytic materials and
assess the relationship between the /. of the TMCs and the relative
energy barrier for the diffusion processes of Li* (Fig. 3i). As /.. increases
from 0.65 (NiSe,) to 1.02 (Sn0,), the diffusion energy barrier climbs
from0.196 eVt0 0.5 eV. The scaling relationship confirms that /. plays
avitalroleinLi* diffusion, suitable for different TMCs. A lower barrier
forLi" diffusionis believed toincrease the diffusion rate on the surface
of the TMCs, promoting the reaction between the lithium and sulfur.

Development of BD scaling with catalytic activity

As discussed already, the electronic and structural descriptors, /g,nq
and /., are correlated to adsorption and reaction processes, respec-
tively. A low Ig,,q suggests a high adsorption ability of the TMCs, but
may cause the passivation of catalysts with too low avalue. The low/,
stretchesthe Li-Sbond in adsorptive lithium (poly)sulfides, decreasing
the energy barrier for the reaction. For atypical catalytic reactionina
Li-S battery, there is a cycle of LiPS adsorption, reaction and desorp-
tion occurring at the surface of the catalyst™. It is thus believed that
the catalytic activity can be understood more comprehensively by
simultaneously considering /., and /.., as shownin Fig. 4a. For TMCs
with low /I, and high /.., like NiO, the strong interaction and high
energy barrier for lithiation and delithiation passivates the surface of
the catalystand lowers the catalytic activity. Those TMCs with high /.4
and moderate /,,, like NiS,, have moderate catalytic activity, but the
weak interaction makes LiPSs diffuse towards the anodes, leading to the

shuttle effect. Only with TMCs with moderate /,,sand low /., like NiSe,,
does medium adsorption accelerate the LiPS conversion promptly.

To verify the predicted electrocatalytic properties of the differ-
ent TMC catalysts, the same amount of catalyst was loaded onto an
electrode and the CV curves of symmetric cells with Li,S¢-containing
electrolyte were measured (Fig. 4b). Upon polarization, Li,S is con-
verted into higher-order and lower-order polysulfides at the anodes
and cathodes, respectively. The electrode with NiSe, shows the larg-
est peak area, highest peak current response and lowest polarization
compared with NiS,and NiO, indicating its high capability toimprove
LiPS redox kinetics. The current response with Li,S, presented in the
chronoamperometry curves is much higher than that for the cells
without Li,S, (Supplementary Fig. 32), implying that the lithiation/
delithiation reaction is responsible for the current response rather
thanthe double-layer capacitance. The highest current response of the
electrode with NiSe, indicates strong catalytic LiPS conversion. Fur-
thermore, the EIS of the NiSe,-contained symmetric cell also exhibits
the lowest charge-transfer impedance (Fig. 4¢), indicating the lowest
charge-transfer barrier at the NiSe,/LiPSinterface, which also contrib-
utes to the fast conversion of LiPSs.

To further ascertain the distinct catalytic performances of the
samples towards oxidation and reduction reactions in Li-S batteries,
CVanalyses were performed on asymmetric cells employing Ni-based
TMCs/S as the cathode and Li foil as the anode (Supplementary
Fig.33a). Theresulting CV curves distinctly reveal two sets of reversible
redox peaks. Notably, in cells with S@CNT/NiSe,, two cathodic peaks (A
andB), corresponding tothe conversion of Sgto Li,S, (6 <n < 8)andLi,S,
(2<n<4)tolLi,S, exhibitboth higher voltages and intensities, while the
two anodic peaks (Cand D), corresponding to the transformation from
Li,StoLi,S,and eventually toSg, appear at lower potentials compared to
those withNiO or NiS,. These peak shifts indicate adiminished energy
barrier for Li-S redox reactions, attributed to the interaction between
NiSe, and LiPSs as well as Li,S. Enhanced current densities of peaks
within NiSe,-incorporated electrodes further underscore accelerated
reaction kinetics for the liquid-solid conversion, probably leading to
reduced soluble LiPSsinthe electrolyte, thereby mitigating the shuttle
effect. To probe the catalytic effect during electrochemical processes,
Tafel plots were constructed based on peaks Aand D from the CV pro-
files. For thereduction process, the fitted slopes for cathodes with NiO,
NiS,and NiSe, are 70.56, 65.60 and 58.18 mV dec™, respectively (Supple-
mentary Fig.33b). For the oxidation process, the corresponding slopes
are 162.09,129.42 and 60.23 mV dec™, respectively (Supplementary
Fig.33c).Reduced slopes during both reduction and oxidation for the
NiSe,-containing cathode suggest its favourable catalytic activity in
the redox conversion between LiPSs and Li,S.

Potentiostatic nucleation experiments were next conducted to
unveil the nuanced role of anions within TMCs on the distribution of
solid Li,S subsequent to the decomposition of LiPSs. According to
Faraday’s law, the specific capacities for Li,S precipitation on the NiO,
NiS,and NiSe, cathode were calculated as188.4,196.0 and 217.5 mAh g7,
respectively (Supplementary Fig. 34). Evidenced by the elevated Li,S
precipitation capacity on NiSe,-incorporating cathodes, superior reac-
tion kinetics from LiPSs to Li,S were deduced, ascribed to moderate
adsorption and facile dissociation. Post-Li,S precipitation, the cathode
surfaces werescrutinized (Supplementary Fig. 35). NiO-loaded samples
displayed non-uniform dispersion of small Li,S particles due to local-
ized catalyst passivation. NiS, surfaces featured larger yetisolated Li,S
islands. In contrast, NiSe, surfaces exhibited thicker, more uneven Li,S
deposition, aligning with a higher deposition capacity. Employing the
same solvent, the distinct deposition morphology was attributed to
theembedded highly active NiSe,. To decipher the diverse Li,S growth
behaviours, dimensionless diagnostic analysis of current-time curves
from Li,S nucleation tests was performed using Scharifker-Hills models
(Fig. 4d). 3Dl and 3DP indicate the instantaneous (I) or progressive
(P) nucleation of a three-dimensional (3D) hemispherical nucleus
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Fig. 4 |Development of aBD to reveal the influence of anions on catalytic
processes. a, Schematic of the influence of anions (O, S and Se) on the catalytic
process, simultaneously considering electronic and structural effects. b, CV
curves of symmetric cells using Ni-based catalysts atascanrate of 0.1mVs™.

¢, EIS of Li,S¢, symmetric cells. d, Dimensionless current-time transients of
NiO, NiS, and NiSe, to perform peak fitting according to theoretical 2D and

3D models. /,, (peak current) and ¢, (time needed to achieve the peak current)

canbe detected from the current-time transients. /is the tested current from
Li,S nucleation experiments. e, COMSOL simulations for the Li,S deposition
morphology evolution upon discharging at the cathodes with low and high
reaction kinetics. f, The Li,S height map across the different positions of the
cathode with low and high reaction kinetics. g,h, Linear regression fitting
between the overpotential (g) and peak current (h) and the BD.

with a growth rate controlled by ion diffusion. 2Dl and 2DP suggest
a two-dimensional (2D) nucleation mechanism with a growth rate
controlled by lattice incorporation. Transitioning from NiO to NiS, and
NiSe,, the Li,S growth mode evolved from a2DImodel toa3DP model,
indicatingthe efficacy of NiSe, in promptinginstantaneous nucleation
and dense Li,S growth. COMSOL simulations were used to illuminate
the influence of catalytic activity on Li,S deposition morphology (for
moreinformation, see Supplementary Note 3). At the beginning of the
deposition process, the cathode surface with low reaction kinetics is
clean, with barely any observed Li,S nuclei due to the high reaction-

energy barrier (Fig. 4¢e). Subsequently, as the discharge process pro-
gresses, Li,S nuclei form on the cathode surface until under a high
overpotential, and the lateral growth is inhibited once they come
into contact. The long time required for Li,S nucleation limits
the disproportionation reactions, producing a 2D-like deposition
morphology.In contrast, the introduction of catalysts with high cata-
lytic activity, such as NiSe,, results in a cathode surface with numer-
ous nucleation sites. The early-formed Li,S sites act as anchors for
disproportionation reactions, promoting the 3D deposition of Li,S.
The greater height difference across the surface of the cathodes with
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Fig. 5| Theinfluence of anions in TMCs on the electrochemical performance
of cathodes. a, Discharge and charge profiles of S@CNT/NiO, S@CNT/NiS,

and S@CNT/NiSe, with a sulfur loading of -2 mg cm™. E, charge voltage;

Ep, discharge voltage. b, Linear regression fitting between the overpotential and
the BD. ¢, Rate performance of different cathodes. d, Long-term cycling stability
of different cathodes at 1 C for 300 cycles. e,f, Corresponding charge-discharge
profiles of CNT/NiSe,-based (e) and CNT/NiO-based (f) cells during the first 100
cycles. g, Cycling performance of a1.25 g sulfur pouch cell using NiSe, catalyst.

h, Photograph and discharge profile of a1.427-g-sulfur pouch cell, which delivers
a high gravimetric energy density of 402 Wh kg™ i-k, Performance comparison
of thiswork and previously reported Ah-level Li-S batteries. i, Capacity versus
areal capacity comparison between this work and previously reported results.

j, The state-of-the-art performance of high-energy-density (over 300 Whkg™) Li-S
pouch cells from published literature and this work. k, Performance comparison
between this work and previously reported Li-S pouch cells. N/P, negative/

high reaction kinetics than those with low kinetics confirms the deposi-
tion morphology difference (Fig. 4f), consistent with the higher deposi-
tion capacity of cathodes containing NiSe,. The oxidation of deposited
Li,Swas alsoinvestigated using a potentiostatic charging process (Sup-
plementary Fig.36). NiSe, exhibited much higher dissolution capacity
than NiO and NiS,, indicating the more effective oxidation process on
NiSe, surfaces. To further quantify the analysis model in Fig. 4a for the
catalytic effectin Li-S batteries, we developed aBD

positive ratio signifying ratio between anode and cathode capacity.
& — € &p — & n
|s P|+A|p d|+/1 Ti-s
€p

(1
Icatal

orbltal coupling and structural distortions on catalytic activity.
The linear combination with /;,,4 and /. as mutually independent
features was chosen here to provide a more in-depth understanding
of the catalysis dynamics and avoid the overfitting issue. The coefficients
(A4, A5, A;) for linear combination symbolize the relative importance of
either the electronic effect (s-p and d-p hybridization) or the
structural effect (for further details, see Supplementary Table 8).

) considering the influence of both
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As a comprehensive descriptor, BD assesses the catalytic activity
encompassing not only surface reactions but also adsorption and
diffusion. As widely used importantindicators for evaluating catalyst
activity, the overpotential and peak currentinthe CValsoindicate the
combined effects of adsorption, reaction and diffusion processes.
Therefore, we used overpotential and peak current to search for the
coefficient combinations of BD, aiming to correlate microscopic
mechanisms (orbital coupling and crystal structure distortions) and
macroscopic catalytic activity. Ni,P and Ni,C were additionally syn-
thesized and tested to improve the validity of the BD (Supplementary
Figs.37 and 38). The overpotential and peak currents of all five samples
(NiO, NiS,, NiSe,, Ni,P and Ni,C) were used to determine the coefficients
of each item in the BD. Note that the satisfying indicator cannot be
artificially proposed due to the complex fitting limits. Trial-and-error
methods are inappropriate because of the excessive possible coeffi-
cient combinations. From the datascience perspective, thisis a typical
multi-objective optimization problem, specifically abicriteria optimi-
zation, which the machine-learning approach can effectively solve.
Therefore, amachine-learning analysis using Monte Carlo simulation
and the genetic algorithm was conducted to optimize the coefficient
combinations (Supplementary Note 4). Specifically, the genetic algo-
rithm was used to efficiently search for possible combinations, and
the Monte Carlo simulation guaranteed statistical confidence during
generation of the search space. Moreover, the Monte Carlo simulation
can also handle the uncertainties in the model performance due to
randominitializations when applying the genetic algorithm. A potential
solution was thus obtained as follows:

& —¢, € — &4

+1543701=5  (3)

catal

BD = -0.16039 + 0.24661

s p

Simultaneously satisfying the fitting results (Fig. 4g,h) for overpo-
tential (R*=0.88) and peak current (R?= 0.85) was achieved, considerably
surpassing the 8S;—S"-only (R*=0.21for the overpotential and R?= 0.44

for the peak current) or S”g;g"-only (R*=0.34 for the overpotential and
P

R?=0.46 for the peak current) descriptor (Supplementary Figs. 39 and
40). Although the fitting result of /. to overpotential (R*=0.88) is the
same as for the BD (R*=0.88), the much lower fitting accuracy to peak
current of /.., (R*=0.51) than BD (R?= 0.85) indicates that /,,, cannot
optimize the two objective functions simultaneously (Supplementary
Fig. 41). The higher coefficient for / . highlights its importance for the
catalytic activity duetoitsrelevance to the reaction energy barrier and
diffusionresistance. A series of non-Ni-based TMCs were further tested,
validating the applicability of the BD and indicating its superior capabil-
ity in guiding catalyst design for Li-S batteries (Supplementary Table 9
and Supplementary Figs.42 and 43).

Electrochemical properties of Li-S batteries

Theelectrochemical performance of the Li-S batteries was investigated
to verify the influence of the anions of TMCs on Li-S redox reactions.
Figure 5shows the electrochemical properties of Li-S batteries using
the designed catalysts. Figure 5a shows the galvanostatic discharge-
charge profiles withanareal-sulfur mass loading of 2.0 mg cm™2at 0.2 C.
The cells containing NiSe, delivered a higher capacity (1,150 mAh g™)
than those with NiS, and NiO (1,071 and 1,024 mAh g7, respectively).
These results suggest that NiSe, has higher catalytic activity, consistent
with the lower polarization overpotentials of NiSe, (0.16 V) compared
to NiS, (0.22 V) and NiO (0.24 V). Notably, the predicted overpoten-
tials based on BD showed a good correspondence with the experi-
mental values, with high fidelity (R* = 0.94, residual sum of squares
(RSS) =8.0 x107%; Fig. 5b). The polarization decreased with decreasing
BD, suggesting that the NiSe,, with the lowest BD, is more catalytically
effective. Therate abilities of S@CNT and various S@CNT/TMCs were
also measured to compare their reaction kinetics for Li-S chemistry

with a sulfur loading of -2 mg cm (Fig. 5¢). The capacity at different
rates increased as BD decreased from NiO to NiS, and NiSe,, consist-
ent with theoretical predictions. The surface of NiO, with high BD, is
easily passivated due to the stronginteraction with LiPSs and the high
reaction energy barrier for the rate-determining step. The NiS,, with
amiddle value of BD, is catalytically active but weakly interacts with
LiPSs, resulting in the shuttle effect. The NiSe,, with low BD, shows the
best effect due to mediumadsorption and alow reaction energy barrier.
Long-term cycling stability with high capacity retentionis crucial for the
practical application of Li-S batteries, so we compared the long-cycling
stability of different samples at1 C. After 300 cycles, the S@CNT/NiSe,
cathode maintained a discharge capacity of 624.7 mAh g™, giving an
average capacity decay rate of 0.101% per cycle (Fig. 5d). The S@CNT/
NiSe, cathode achieved a high capacity retention of 95.1% during the
first100 cycles (Fig. 5e). By contrast, the S@CNT/NiO cathode severely
decayedto 66.5% during the first 100 cycles due to surface passivation
by LiPSs (Fig. 5f). Those with NiS, decayed gradually to 85% because of
the weakinteraction with LiPSs (Supplementary Fig. 44). The improve-
mentsincyclingstability are ascribed to the moderate binding of NiSe,
with soluble LiPSs and the fast desorption of precipitates.

To demonstrate the capability of the S@CNT/NiSe, in practical
applications, high-energy-density Li-S batteries under high sul-
fur loading were examined. Two distinct voltage plateau profiles
were still present even with 8.2 mg cm™ (Supplementary Fig. 45),
suggesting the accelerated reaction kinetics achieved with NiSe,.
Moreover, stable cycling was attained with high initial areal capaci-
ties 0f3.70, 5.16 and 8.24 mAh cm™for sulfur loadings of 3.6, 5.7 and
8.2 mg cm?, respectively (Supplementary Fig. 46). With a sulfur load-
ing of 15.0 mg cm2and an electrolyte/sulfur ratio of 8.0 ul mg™, the
S@CNT/NiSe, cell still had aniinitial areal capacity 0of 18.50 mAh cm™
inthefirst cycle (Supplementary Fig.47), better than state-of-the-art
LiNi,Co,Mn,_,_,0,-based cathodes (-4 mAh cm™) and many reported
S cathodes"***, The performance of the Li-S cells over awide tem-
perature range from -20 °C to 55 °C was also tested (Supplementary
Fig.48). At high temperature (55 °C), the capacity of samples with and
without NiSe, is similar due to the fast reaction kinetics. However,
when the temperature drops below 0 °C, batteries without catalysts
cannot charge and discharge normally and show much lower capac-
ity than those with NiSe, because of the slow reaction kinetics at low
temperatures. In contrast, the cell with the CNT/NiSe, cathode can
still clearly present two discharge platforms, higher capacity and low
polarization at low temperatures (Supplementary Fig. 49), reflect-
ing its good redox kinetics at low temperatures. Moreover, most of
the original capacity is recovered when the temperature increases
from —-20 °C to 25 °C. Therefore, as predicted by the BD, NiSe,, with
its moderate /;,,4 and lowest /.., has much higher catalytic ability,
ensuring high sulfur utilization and reversible capacities even under
ultrahigh sulfur-loading or low temperature, which is promising for
use in practical Li-S batteries.

Furthermore, an Ah-level pouch cell with1.25 g sulfur loading was
assembled and tested under a current density of 80 mA g™. The pouch
cell has an initial capacity of 1.82 Ah and shows stable cycling perfor-
mance (Fig. 5g). We then increased the sulfur loading to 1.427 g and
assembled a pouch cell with a high areal-sulfur loading (17.3 mg cm™)
and low E/S (4 pl mg™). As shown in Fig. 5h, the pouch cell delivers a
high specific energy of 402 Wh kg™ based on the whole cell (details are
presented inSupplementary Table 10 and Supplementary Fig. 50), sug-
gesting the effectiveness of NiSe, inimproving sulfur utilization under
practical conditions. In terms of areal capacity and total capacity, our
Li-S pouch cell with NiSe, catalyst represents a substantial advance and
thusachieves higher gravimetric energy density compared with previ-
ously reported Li-S batteries (Fig. 5i,j)**">. The intercrossed electron/
ion-transport channels of the lightweight 3D foam host (Fig. 5k) ensure
ahigh sulfur content (64.2%) throughout the cathode, comparable to
previously reported high-energy-density Li-S batteries. Benefitting
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fromthe favourable catalytic effect of NiSe,, an ultrahigh areal capacity
of24.4 mAh cm™canbeachieved under arelatively low E/S (4 pl mg™),
outperforming most previously reported Ah-level Li-S pouch cells.
Note that the specific energy and cycling performance of our Li-S
pouchcell could be further enhanced after optimizing the parameters
for a mass production process’*” or designing cathode tortuosity/
porosity’®*’. Li-metal protection®®** and electrolyte design®°® are
also needed to further improve cell performance.

Conclusions

In summary, we have applied DFT to identify an experimentally vali-
dated BD simultaneously considering the electronic and structural
properties of the catalytic systems to guide the design of highly effi-
cient catalysts for Li-S batteries. A genetic algorithmis used to search
coefficient combinationsinlarge parameter spaces, with Monte Carlo
simulations validating the uncertainties. /y,,and /., are developed to
describe the electronic and structural effects of TMCs, respectively.
Specifically, alow Iy, enhances the adsorption but may passivate the
catalysts when the value is too low. Low /. stretches and weakens
the Li-S bond of adsorptive lithium (poly)sulfides, thus accelerat-
ing delithiation and lithiation on the TMC surfaces. To prove its effec-
tiveness, the BD was used to decipher the role of anions in regulating
LiPS conversion kinetics, using Ni-based TMCs (NiO, NiS,, NiSe,, Ni,P
and Ni,;C) as amodel system. NiSe, with alow BD is predicted to have
higher catalytic activity, in good agreement with experiments. The Li-S
battery with NiSe, shows the lowest electrochemical barrier for LiPSs
reduction/Li,S oxidation and the best battery performance among
the Ni-based TMCs, even with a high sulfur loading of 15.0 mg cm™
or under low temperatures. An Ah-level Li-S pouch cell delivering a
practical specific energy of 402 Wh kg also demonstrates its potential
in high areal-sulfur loading (17.3 mg cm) and lean-electrolyte (E/S of
4 plmg™) operations. The proposed BD, composed of electronic and
structural aspects, offers a rational viewpoint from which to analyse
LiPS conversion and to design efficient catalysts and could be further
applied to other TMCs as a universal descriptor.

Methods

Characterization of materials

XRD was conducted by using a Bruker D8 Advance diffractometer
using Cu Ka emission (1 =1.5406 A). Scanning electron microscopy
and energy-dispersive X-ray spectrometer measurements were con-
ducted on a field-emission scanning electron microscope (SU 8010)
at 5kV. High-resolution transmission electron microscopy (FEI Titan
G2 80-200) was used to investigate microstructure and morphology.
Elemental maps and high-angle annular dark-field scanning transmis-
sion electron microscopy images were obtained at 200 kV. Inductively
coupled plasmaatomic emission spectroscopy (TJARADIALIRIS1000)
was used to determine the mass content. XPS spectra were measured
on an ESCALAB 250Xi system to investigate the components of the
catalysts. Insitu Raman (LabRAM HR Evolution) tests were performed
to demonstrate the alleviation of the shuttle effect.

Li,S, symmetric cells measurements

Symmetric cells were assembled with TMCs/CNTs or CNTs as theelec-
trode and 40 pl of 0.5 M Li,S¢ solution as the electrolyte. Another 10 pl
oftheelectrolyte was dropped onthe separator. The CV profiles of sym-
metric cellswere tested atascanrate of 1mV s between-1.0and 1.0 V.

Li,S¢ adsorption test

A 5 mM Li,S, solution was prepared by mixing sulfur and lithium
disulfide (5:1, molar ratio) in dimethoxyethane (DME) under vigorous
stirring. Then, catalyst powder was added to the Li,S,/DME solution
for visual comparison. The same surface areawas controlled by adjust-
ing the amount of catalyst powder based on the specific surface area
(Supplementary Fig. 20).

Li,S nucleation test

Sulfur and lithium disulfide were mixed in a molar ratio of 7:1in
tetraglyme under vigorous stirring to prepare the 0.5 M Li,Sg. A 20-pl
volume of the Li,Sg electrolyte was dropped onto the cathode side
(TMCs/CNTs or CNTs), and 20 pl of the conventional electrolyte was
dropped onto the lithiumanode side. After galvanostatically discharg-
ingto02.06 Vatacurrentof 0.134 mA, the cells were potentiostatically
discharged at 2.05 V until the current was lower than 0.001 mA. The
nucleation capacity was calculated by the integrated area of the plotted
curve using Faraday’s law.

Li,S dissolution test

After Li,S deposition, the cells were disassembled, and the cathodes
were washed with DME to remove the unreacted LiPSs. The cathodes
were then used to assemble new cells with lithium anodes and conven-
tional electrolytes for Li,S dissolution. The cells were potentiostati-
cally charged at 2.35 Vuntil the charge current was below 0.001 mA to
achieve the complete dissolution of Li,S.

Electrochemical measurements of batteries

Sulfur was impregnated into CNTs using a melt-diffusion method
at 155 °C for 10 h according to previous reports, resulting in S/CNT
composites with a 70 wt% or 80 wt% sulfur content. The cathode was
prepared by mixing S-CNT powder (70 wt% sulfur content), conduc-
tive carbon (CNT), polyvinylidene fluoride and TMCs (NiO, NiS, and
NiSe,) with a mass ratio of 7:1:1:1in N-methylpyrrolidone to form a
slurry, which was then cast onto Al foil and vacuum-dried at 60 °C.
Lithium metal foil was used as the anode. The conventional electrolyte
was composed of 1,3-dioxolane (DOL) and DME (1:1 by volume) solu-
tion containing1 Mdilithium (trifluoromethane sulfonylimide) imide
(LiTFSI) and 1wt% LiNO;. A 40-pl volume of electrolyte was added to
the cell. The cells were assembled in a glove box filled with argon. A
LAND 2001A battery testing system was used to test the galvanostatic
charge-discharge performance, and the potential range was set from
1.7Vt02.8V (versusLi/Li"). AVMP3 electrochemical workstation (Bio
Logic) was used for the CV and EIS tests. The frequency range of the
EIS test was between 10 MHz and 0.1 Hz with a 5-mV amplitude. For
the shuttle-current measurements, the batteries were charged and
discharged over three cycles before being galvanostatically charged to
2.8 Vwithacurrent density of 0.2 C. The batteries were then discharged
to 2.38 V and switched to a potentiostatic mode, where the shuttle
currentreached amaximum. After 3 x 10* s, the potentiostatic current
was stabilized and recorded as the shuttle current. For the GITT test, a
constant current density of 0.2 A g was adopted for 1 h followed by a
pulse of duration of 5 hto collect the potential response. For the PITT
test, cellswere potentiostatically charged from 2.24t02.32 V. The cur-
rent was recorded to study the delithiation process of Li,S.

Assembly of Li-S pouch cells

Typically, for the sulfur cathodes used for pouch cells, S/CNT compos-
ites (80 wt% sulfur content), conductive carbon (acetylene black), poly-
vinylpyrrolidone binder and NiSe, in a mass ratio of 18:0.5:0.5:1 were
wellground and subsequently dispersed in 10 mlof ethanol/H,O (1:5in
volume) solution. Afterwards, the solution was magnetically stirred for
12 h. The obtained slurry was dropped onto arectangular CNT-loaded
melamine foam with athickness of 1.5 mm, whichwas then transferred
toa 60 °Cheating plate to promote the evaporation of the ethanol/H,0,
resulting in a sulfur cathode for use in pouch-cell assembly. The total
sulfur loading and areal-sulfur loading of the as-prepared cathodes
could be adjusted by manipulating the amount of S/CNT composites
and the area of the rectangular foam electrode. The foam electrode
was used as the cathode, and lithium foil (200 pm), ceramic-coated
polyethylene separator and Al-plastic film were used as the anode,
separator and package material, respectively. The electrolyte was DOL/
DME (1:1, by volume) with 0.6 M LiTFSI and 0.4 M LiNO; additives. An
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Al foil was attached to the surface of the foam to facilitate welding of
the Al tab. Similarly, a piece of Cu foil was pressed to the lithium foil
for welding of the Ni tab.

DFT calculations

Collinear spin-polarized DFT calculations were performed using the
Vienna Abinitio Simulation Package (VASP)**’° with the generalized gra-
dient approximation Perdew-Burke-Ernzerhof” functional. Projected
augmented wave potentials’>”> were chosen to describe the ionic cores,
and valence electrons were considered using the plane-wave basis set
withakineticenergy cutoffof 520 eV. Partial occupancies of the Kohn-
Sham orbitals were allowed using the Gaussian smearing method with a
width of 0.03 eV. The electronic energy was considered self-consistent
when the energy change was smaller than 107 eV per supercell. The
geometry optimization was considered convergent when the residual
forces were lessthan1072eV AL, Strong on-site electron correlation was
considered fortheelectronsin Nid orbitals employing the rotationally
invariant DFT + U formalism’ with U= 6.2 eV(ref. 75). The CI-NEB
methods were used to calculate the Li-ion migration barriers in the
structures®. Finally, the E, 4 were calculated as £, = E,q/sup = Ead = Esubr
where E ., E.and E are the total energies of the optimized adsorb-
ate/substrate system, the adsorbate in the structure and the clean
substrate, respectively. For the modelling description, the surface was
simulated using the symmetric periodic slab model with consecutive
slabs separated by a 15 A vacuum layer. Supercells with 72 Niand 24 C
atoms (Ni;C), 48 Niand 24 Patoms (Ni,P), 36 Niand 36 O atoms (NiO), 16
Niand32Satoms (NiS,) and 16 Niand 32 Se atoms (NiSe,) were used. For
allcalculations,a2 x 2 x 1Gamma k-point grid was used for the Brillouin
zone sampling. The atomic coordinates of the optimized models are
providedin Supplementary Datal.

Finite-element method simulations

Based on the finite-element method, we established a numerical
model of Li-S batteriesin the COMSOL Multiphysics 6.0 platform and
simulated the morphology evolution of Li,S deposition. The specific
reaction kinetics and thermodynamic equations for Sg to Li,S during
discharging’®’” are described in the Supplementary Information, and
the process for Li,S deposition behaviour can be described by

Rii,s = Kiiys (CU+ZC52, - Ksp,LizS> “4)

where Ry;,s is the rate of precipitation of Li,S, K, ;s is the solubility in
the electrolyte, K, ;s is the rate constant, and C,;+ and C.- are the con-
centrations of Li*and S* in the electrolyte, respectively. We determined
the presence or absence of a catalyst by regulating the reaction kinetics
parameters of each step of the polysulfide conversion reaction. Specifi-
cally, samples with (without) catalyst corresponded to higher (lower)
exchange current density in our simulations.

Data availability
Data are available from the corresponding author upon reasonable
request. Source dataare provided with this paper.
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