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1 | INTRODUCTION

Abstract

The sluggish kinetics in multistep sulfur redox reaction with different energy
requirements for each step, is considered as the crucial handicap of
lithium-sulfur (Li-S) batteries. Designing an electron reservoir, which can
dynamically release electron to/accept electron from sulfur species during dis-
charge/charge, is the ideal strategy for realizing stepwise and dual-directional
polysulfide electrocatalysis. Herein, a single Tb*>™*" oxide with moderate
unfilled f orbital is synthetized as an electron reservoir to optimize polysulfide
adsorption via Tb-S and N---Li bonds, reduce activation energy barrier, expe-
dite electron/Li" transport, and selectively catalyze both long-chain and short-
chain polysulfide conversions during charge and discharge. As a result, Tb
electron reservoir enables stable operation of low-capacity decay (0.087% over
500 cycles at 1 C), high sulfur loading (5.2 mg cm ) and electrolyte-starved
(7.5 pL mg ) Li-S batteries. This work could unlock the potential of f orbital
engineering for high-energy battery systems.
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1672 mAh g, which provides an ultrahigh energy density
of 2600 Whkg > Unfortunately, Li-S batteries are

Ever-increasing requirements for better electric vehicles
and mobile electronics have motivate researchers to develop
advanced energy storage systems with higher energy and
power density than the current Li-ion batteries."* Among
potential candidates, lithium-sulfur (Li-S) battery holds
great promise for next-generation energy storage applica-
tions owing to a high theoretical capacity of sulfur at

plagued with the complex multielectron and multiphase
sulfur redox reaction (SRR) that normally induces sluggish
charge transfer kinetics and the accumulation and shuttling
of soluble lithium polysulfides (LiPSs) within a working
cell, which must be addressed for their commercialization.®

The commonly reported strategies based on physical
confinement’ and chemical adsorption® are insufficient
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to solve these issues owing to their poor affinity to LiPSs
and inferior ability to accelerate the LiPS conversion.
Introducing electrocatalysts to accelerate the conversion
kinetics of LiPSs and reduce the presence and migration
of LiPSs in the electrolyte, has recently validated to over-
come the above bottlenecks. However, from the fundamen-
tal point of view, the whole discharge and charge processes
of Li-S batteries are accompanied by the stepwise sulfur
electrochemical reactions, that is, Step I (discharge): a solid
sulfur (Sg)-to-liquid LiPS conversion with a low energy bar-
rier; Step II (discharge): a liquid LiPS-to-solid Li,S,/Li,S
conversion with a comparatively high energy barrier; Step
II (charge): solid Li,S,/Li,S undergoes a one-electron
oxidation to form LiPS intermediates with a high energy
barrier; and Step IV (charge): further oxidation of soluble
LiPSs eventually yields Sg with a relatively low energy bar-
rier, during which electrons are transferred to (discharge)
or extracted from (charge) the sulfur species.” > Obviously,
the requirements toward electron and energy at each step
of the consecutive SRR catalysis are different, a traditional
single catalyst with simple ability of electronic gain or
loss may not be able to accelerate all the steps in SRR to the
maximum extent. Despite the extensive efforts on the simple
combination of diverse catalytic materials (e.g., constructing
heterojunction) to overcome their individual shortcomings
for stepwise SRR, the poor interface joining and charge
transfer between two or more compounds limit our ability
to improve the electrode reaction kinetics."*'> Thus, design-
ing an electron reservoir with a single catalyst material,
which can dynamically release electrons to sulfur species
(serve as an electron source) during discharging, while can
rapidly accept electrons from sulfur species (serve as an
electron drain) during charging, to activate both easy and
difficult reaction steps and reduce the activation energy of
the reactions is the ideal solution of smooth and consecutive
SRR catalysis in discharging/charging Li-S batteries.

Rare earth elements are regarded as the promising
candidates for electron reservoirs (source and drain)
owing to their partially unfilled f electronic configura-
tions.'® Rare earth oxides are indispensable for synchro-
nously catalyzing some complex and multielectron
reaction systems, such as automobile exhaust gas purifi-
cation (including HC/CO oxidation and NO reduction
reactions'”™'?), due to their abundant electronic struc-
tures and flexible oxidation states and coordination num-
bers.”>*' Among 17 rare earth elements, only terbium
(Tb) has the characteristics of abundant valence states,
the strong oxidizability, and non-radioactivity.*
Typically, Tb with 8 electrons in 4f shell adopts +3 oxida-
tion state in oxides (Tb(III) oxide is defined as Tb*" for
short), which can be an electronic source and easily pro-
vides electrons to external species (Figure 1A). Tb with
an oxidation state of +4 (Tb(IV) oxide is defined as Tb*"

for short) contains a half-filled 4f shell,>* which is like an
electronic drain, endowing Tb with more possibilities of
electron gain (Figure 1A). Thus, Tb*" processes the high
oxidizing power and high redox potential of 3.3 V versus
NHE,** which can be a potential oxidant for sulfur oxida-
tion reaction during charge. Inspired by the advantages
from both Tb>tand Tb*", we believe that it is desirable to
develop a novel electron reservoir with spontaneous elec-
tron loss and capture capacity for a smooth SRR by utiliz-
ing the Tb*>"/Tb** couple.

In this work, a Tb>"/*" electron reservoir supported on
a N-doped graphene (Gh) conductive substrate (denoted
as Gh-Tb>"/*") was prepared as cathode interlayer to acti-
vate a consecutive SRR in Li-S chemistry. Through sys-
tematically studying the SRR kinetics, activation energies,
and reaction mechanisms by theoretical calculations, in
situ spectroscopies, and electrochemical technologies, it is
found that Tb®" has good catalytic effect on long-chain
LiPS conversion reactions (LCR, Step I and Step IV); Tb**
is more inclined to accelerate short-chain LiPS conversion
reactions (SCR, Step II and Step III); Tb>™*" with the
proper unfilled f orbital electronic configurations and
the merits of both Tb®" and Tb**, can not only moderate
the chemical affinity to LiPSs via bonding effect and provide
fast electronic/ionic transportation but also can catalyze
both LCR and SCR in tandem during charge/discharge
processes (as shown in Figure 1A). As a result, Gh-Tb*/4*-
modified sulfur cathode exhibits a good battery perfor-
mance even with a low catalyst loading, a high sulfur
loading, and a low electrolyte/sulfur (E/S) ratio. Unfilled
f orbital regulation and ever-changing valence states may
offer valuable insights into developing highly active rare
earth catalysts for high-performance Li-S batteries.

2 | RESULTS AND DISCUSSIONS

2.1 | Designing Tb electronic reservoir to
facilitate SRR for Li-S batteries

It is well known that intrinsic electronic structures of cat-
alyst materials determine their binding strength toward
LiPSs and the energy barrier to sulfur conversion reac-
tions.* Therefore, to predict the fundamental potential of
Tb oxides with different valences in adsorbing and cata-
lyzing LiPSs, the electronic structures of Tb oxides were
firstly calculated by density functional theory (DFT).
Considering the inactive aggregation of the Tb oxide cata-
lyst during SRR process and the conductivity problem of
catalyst system, N-doped Gh (labeled as Gh in this article
if no special instructions) was introduced into the model
constructions of catalysts (Figure S1) to anchor the cata-
lyst well and improve the electron transmission of the
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FIGURE 1 Design, theoretical simulation, and characterization of catalysts and their interaction with LiPSs. (A) Schematic illustration

of SRR mechanism on various Tb electronic reservoirs. (B) Density of states of Tb 4f orbitals of Gh-Tb*" (x = 3, 4, 3+-/4). (C) The E;, between
substrates (Gh-Tb™" (x = 3, 4, 3+/4) and Gh) and different LiPSs (Li,S,, n = 8, 6, 4, 2, 1). (D) The changes of Gibbs free energy during sulfur
reduction reactions on four catalyst surfaces. (E) Schematic illustration of the synthetic procedures for Gh-Tb*" (x = 3, 4, 3+/4) composites.

(F) XPS spectra of Tb 3d performed on Gh-Tb*" (x = 3, 4, 3+/4).

system, where three Tb valence states were obtained by
coordinating 4 Tb atoms with a different number of O
atoms (6, 7, and 8 O atoms for Tb>*, Tb>™/4*, and Tb**,
respectively). As shown in Figure 1B, the relatively
higher fband center is observed for Gh-Tb**, which
implies its capacities in providing electrons to external
circuit and stronger absorption to adsorbates by referring

to the d-electron theory,?® forming Tb>" electron source.
Similarly, Gh-Tb*" with lower fband center is easy to
extract electrons from outside and exhibits weak adsorp-
tion to adsorbates, forming Tb*" electron drain. By con-
trast, Gh-Tb>*/** possesses the moderate f-band center of
Tb 4f among three composites, indicating its mild adsorp-
tion to adsorbed molecules (e.g., LiPSs) and balanced
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ability in both gain and loss electrons (i.e., generating
electron reservoir (source and drain)). The above f-band
center results are strongly supported by a direct binding
energy (Ep,) calculation between the material and LiPSs.
In Figures 1C and S2, it can be seen that the LiPS mole-
cules are adsorbed to Gh-Tb*'/*" surfaces by Tb-S
bonds, and while the Gh-Tb**/** generally exhibits
the more moderate binding energies to most of LiPSs
(Li»S,,, n = 8, 4, 1) clusters than those of LiPSs over the
other three substrates (Gh-Tb*", Gh-Tb*", Gh). That
means Gh-Tb*™/** as an electronic reservoir can not
only efficiently anchor dissolved sulfur species, but also
can favor the following catalytic conversions of LiPSs to
a reasonable level.

Furthermore, the possible reaction pathways with
Gibbs free energy barrier on the catalyst surfaces were
simulated via DFT.*”*® As shown in Figure 1D, the
reduction step of Sg to Li,Sg shows a spontaneous exo-
thermic reaction on all the substrates. The following two
long-chain LiPS reduction steps, from Li,Sg to Li,S,, are
an exothermic reaction for Gh-Tb*' and exhibit the
smaller positive Gibbs free energy barrier for Gh-Tb>™/4+
(0.29 eV for Li,Sg to Li,Se, 0.12 eV for Li,S¢ to Li,Sy),
while the Gibbs free energy barriers for the formation of
short-chain Li,S on the surfaces containing Tb*"
(—0.69 eV for Gh-Tb*' and 0.31eV Gh-Tb>™*") are
much lower than those of Gh-Tb*" (1.65eV) and Gh
(1.08 eV), confirming Tb>* and Tb*" can effectively lower
the Gibbs free energy barrier in LCR and SCR, respec-
tively. Considering the generally low Gibbs free energy
barrier at each step, in particular the step of Li,Sq to Li,S,
with the lowest value of 0.12 eV, the whole sulfur conver-
sion process from Sg to Li,S is more convenient on
Gh-Tb*/** surface during discharge. From the perspective
of electron transfer, we deduce that Tb>" electron source
may spontaneously donate electrons to long-chain LiPSs,
trapping long-chain LiPSs firmly and rapidly converting
them to short-chain sulfur species; subsequently, under
the driving force of discharge process, as-stored elec-
trons in Tb*" electron drain with the properties of weak
adsorption but strong catalysis, could be transferred to
short-chain sulfur species, facilitating the continuity of
sulfur reduction reactions. By virtue of the coexistence
of Tb®* and Tb*", more efficient electron transfer and
electrochemical reactions occur at Tb**/#* electronic
reservoir (source and drain).

From the computational studies, it is believed that
owing to the moderate f~band center and duplex electron
transfer ability, Tb>*/#* electronic reservoir could capture
LiPSs more appropriately via the bonding effect by Tb-S
bonds without affecting the next smooth LiPS catalytic
conversions, thus expecting to improve the electrochemi-
cal performance of Li-S batteries.

Guided by the above exciting theoretical calculations,
we prepared three Gh-Tb oxides (Gh-Tb*", Gh-Tb*>™/4*,
and Gh-Tb*") and characterized their structures. In the
experiments, tris(acetylacetonato)(1,10-phenanthroline)
terbium(IIT) molecules (Figure S3, called as Tb molecules
for short below) as the sources of Tb and N were modi-
fied onto the conventional Gh using different methods,
including physical ultrasonication, high-temperature
(300°C, closed to the critical temperature for mass loss, as
proved by thermogravimetric analysis (TGA) data in
Figure S4 calcining in air or O, atmosphere, to form the
Gh-Tb*" composite with various valences of Tb. The
overall synthesis strategy is illustrated schematically in
Figure 1E.

The surface compositions of the three Gh-Tb*"
composites were evaluated by X-ray photoelectron spec-
troscopy (XPS) analysis. The Tb 3d XPS data for the
Gh-Tb*" prepared under heat treatment in air conditions
(Figure 1Fi) indicates that Tb contributions can be
assigned to 46.2% Tb*" (1276.0/1240.6 €V) and 53.8% Tb*"
(1278.2/1243.7 eV),?**! which confirms a formation of the
mixed-valence Tb, that is, Tb®>*/*". By contrast, only Tb*"
peaks (1277.8/1243.0 eV) dominate the Tb 3d spectrum
for the Gh/Tb molecule heated in O, atmosphere
(Figure 1Fii), suggesting the generation of Gh-Tb**, and
Tb*" peaks (1276.5/1240.7 €V) appear in the spectrum of
the Gh/Tb molecule hybrids without calcination
(Figure 1Fiii), namely forming Gh-Tb’*. Notably, the
presence of pyridinic/pyrrolic N peaks in the N 1s XPS
spectra®>* for the heat-treated Gh/Tb molecule systems
(Gh-Tb**/**, Gh-Tb*") in Figure S5 suggest a formation of
N-doped Gh after the thermal decomposition of Tb mole-
cules containing N element. In order to control the Tb
valence as a single variable, a N-doped Gh was employed
to prepare the physically mixed Gh-Tb®>" and Gh reference
sample in the following study.

The transmission electron microscope (TEM) images
of Gh-Tb** and Gh-Tb** composites show slightly aggre-
gated Tb oxide particles embedded in thin films of Gh
(Figure S6A-D), whereas those from Gh-Tb*™/*" show
evenly distributed Tb oxide particles well covered the
whole surface area of Gh (Figure S6E,F). The uniformly
dispersed Tb atoms can be distinguished as the brighter
spots (Figure S7A) for a close observation on Gh-Tb*™/4*
composite from aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM). The magnified HAADF-STEM image
(Figure S7B) suggests that the Tb>/** oxide species are
present in the form of ultra-microclusters. The energy
dispersive X-ray spectroscopy (EDX) elemental mappings
of the Gh-Tb*>™/*" hybrid (Figure S8) further confirm the
homogeneous coexistence of C, N, O, and Tb elements in
the structure, consistent with the XPS results (Figure S9).
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Inspired by the characteristics of high conductivity and
large active surface area of N-doped Gh, combined
with the excellent potential of Tb*"/*" with unique
electronic structures in adsorption and catalysis of
LiPSs, we used Gh-Tb>*/#* as the cathode modification
layer of Li-S batteries (Figure S10) to facilitate the SRR
kinetics and alleviate the shuttle effect of Li-S
batteries.

2.2 | Chemical adsorption and LiPS
conversion kinetics with Tb electronic
reservoir

Surface adsorption of LiPSs constitutes the first important
step of heterogeneous electrocatalysis of sulfur conver-
sion reactions. Naturally, a visual LiPS adsorption experi-
ment was conducted by adding an equal amount of Gh
(i.e., N-doped Gh), Tb molecules, and Gh-Tb*>*/** hybrids
into Li,S4 solution, respectively, as shown in Figure S11.
Apparently, the yellow Li,Ss solution containing Gh
becomes light brown after 12h of static adsorption
(Figure S11ii). This illustrates that besides little adsorp-
tion caused by the limited N doping, Gh primarily pos-
sesses a certain physical adsorption ability of LiPSs due
to its porosity,* as probed by the nitrogen adsorption-
desorption isotherm results (Figure S12). However, the
physical adsorption strength of the host material is too
limited to trap LiPSs efficiently. By contrast, the chemical
adsorption of Tb molecules has the advantage to anchor
abundant LiPSs and promote their subsequent catalytic
sulfur conversions, resulting in a pale-yellow solution
(Figure S11iii). Due to the synergistic effect of physical
and chemical interaction with LiPSs, the color of the
Li,S¢ solution turns nearly colorless for the suspension
with Gh-Tb**/#* composites (Figure S11iv), although the
specific surface area and mesopore volume of Gh-Tb> /4"
are smaller than those of Gh (Figure S12), confirming the
excellent LiPS adsorption capability of Gh-Tb>™/4*,

To further elucidate the intrinsic chemical interac-
tions between Gh-Tb>*/#* and LiPSs, XPS measurements
of Gh-Tb>*/** were implemented before and after
adsorption of Li,S¢. As shown in Figure 2A, pristine
CGh-Tb**/*" exhibits two pairs of deconvoluted Tb 3d
peaks located at 1240.4/1275.7 and 1243.2/1277.9 eV
belonging to the Tb*" and Tb**, respectively.”* ' After
adsorbing Li,Se, a significant shift of these peaks toward
a higher binding energy (Tb>" at 1240.6/1276.1 eV and
Tb*" at 1243.8/1278.5 eV) can be perceived, suggesting a
reduction in the electron cloud density of Tb atoms. In
the XPS spectra of S 2p (Figure 2B), a pair of peaks dis-
play at the high binding energy region between 168 and
172 eV, corresponding to the sulfate species formed by

WILEY_| 5

the oxidation of sulfur in air.>**’ In contrast, Gh-Tb>*/4+
composites could demonstrate stronger intensity
response for S-S bond at 164.1/165.2 eV>>** and two
additional peaks located at 162.6/163.7 eV, which can
be assigned to the S-Metal (S-M) bond.**** All above
results imply good chemical affinity of Gh-Tb**/** to
LiPSs via Tb-S bond, as proved by the DFT results in
Figure S2. Meanwhile, the interactive chemistry between
Gh-Tb*™*" and LiPSs can also be confirmed by the Li 1s
XPS spectra (Figure S13), in which the emergence of
stronger Li---N bond at 54.5 eV further demonstrates the
“lithium-bond-like ~configuration*’ formed between
N-doped Gh and LiPSs. Our DFT data in Figure S2 also
support the formation of lithium-bond, where Li atoms
of the distorted LiPSs are adjacent to N atoms of Gh.

Collectively, the formation of Tb-S and N---Li bonds
between Gh-Tb*"/*" and LiPSs is highly beneficial to the
superior LiPS chemical confinement toward efficient
shuttle inhibition, in agreement with the binding energy
calculations (Figure 1C). Based on this good prerequisite,
the LiPS conversion kinetics, including liquid-liquid and
liquid-solid conversions, was deeply investigated on car-
bon nanotubes-sulfur (CNTs-S)/Gh-Tb*>™/#" cathode by
comparing with other cathodes.

The catalytic kinetics regarding the initial liquid-
liquid conversion process between dissolved LiPSs (Li,S,,,
4 <n < 8) was evaluated via symmetric cell techniques
using identical pairs of electrodes (CNTs/Gh-Tb>*/**,
CNTs/Gh-Tb*", CNTs/Gh-Tb*>", or CNTs/Gh) and a
Li,Se electrolyte. All the cyclic voltammetry (CV) curves
of Tb-containing cells at the scan rate of 30 mV s *
display two pairs of redox peaks (a/a, and b/by),
demonstrating reliable electrocatalytic activity of Tb
oxides toward LiPS conversion (Figure 2C).** The
CNTs/Gh-Tb*" symmetric cell gives more positive reduc-
tion peak due to sulfur to Li,Sg (—0.05V) and more
negative oxidation peak due to Li,S¢ to Sz (0.54 V)
than CNTs/Gh-Tb*" symmetric cell (—0.07V for
reduction/0.56 V for oxidation), indicating the superiority
of Tb®>" in promoting liquid long-chain LiPS conver-
sion.'””> Of note, the smallest reaction polarization, the
highest redox current response and the most distinct
redox peaks on CNTs/Gh-Tb*"/** electrode substantiate
that the f orbital engineering indeed brings about robust
activity to electrocatalyze soluble LiPS within the liquid
phase.?® Similar results are also demonstrated in electro-
chemical impedance spectroscopy (EIS) of the symmetric
cells. As shown in Figure S14, the symmetric cells with
Tb*" (CNTs/Gh-Tb**/#*, CNTs/Gh-Tb*") clearly exhibit
a lower charge transfer resistance (R, Table S1) than the
other two cells, specially CNTs/Gh-Tb*>"/*" symmetric
cell has the lowest R, suggesting its fast charge transfer
and facilitated SRR.*
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FIGURE 2 Adsorption and kinetics evaluations on the multiphase SRR. (A) High-resolution Tb 3d XPS spectra of Gh-Tb*>*/4* before

and after Li,Ss adsorption. (B) S 2p XPS spectra of Gh and Gh-Tb>/** after interacting with Li,Se. (C) CV curves of symmetric cells using
Li,S; electrolyte as active component and CNTs/Gh-Tb*" (x = 3, 4, 3+/4) and CNTs/Gh as electrodes at 30 mV s™'. (D) Potentiostatic
discharge curves of Li,S deposition on CNTs/Gh-Tb** (x = 3, 4, 3+/4) and CNTs/Gh cathodes, respectively. The regions with light yellow
and green represent the reduction of Li,Sg and Li,Se, respectively. The precipitation of Li,S is indicated by gray, blue, yellow, or red color.
(E) Charge/discharge curves of the GITT test during the second cycle for CNTs-S/Gh-Tb*" (x = 3, 4, 3+/4) and CNTs-S/Gh cathodes
(current pulse: 83.7 mA g™, pulse for 10 min, 2 h relaxation). (F) Dy; ™ of the four cathodes at each reaction step. Activation energy profiles

for the SRR process among four cathodes at various voltages of (G) discharge and (H) charge.

Besides, a potentiostatic nucleation/dissolution exper-
iment affords vital evidences on the kinetic promotion
for liquid-solid transition pertaining to Li,S deposition/
dissociation. To probe the liquid-solid transition from
LiPSs (Li5S,, n < 4) to Li,S, the potentiostatic nucleation
experiments were conducted at 2.04 V using the coin cells
with Li,Sg electrolyte. According to Faraday's law, the
specific capacity of Li,S precipitation was calculated and
presented in the I-t curves (see Figure 2D for details).
Specifically, the CNTs/Gh-Tb>"/*" cathode describes a
faster responsivity of Li,S nucleation (3604 s), higher cur-
rent density (0.45mA) and larger Li,S precipitation
capacity (351 mAh g ') than the other three cathodes
(0.37 mA, 283 mAh g ! at 5238 s for CNTs/Gh-Tb*";
0.36 mA, 229 mAh g ' at 4730 s for CNTs/Gh-Tb>";
0.22 mA, 197 mAh g~ at 7430 s for CNTs/Gh), pointing
to accelerated Li,S deposition kinetics on CNTs/Gh-

Tb>™/4* surface. After the Li,S deposition, the anodic

process from Li,S to LiPSs (Li,S,, 4 < n < 8), that is, Li,S
dissolution, was also investigated by potentiostatically
charging the cells at 2.35 V. As exhibited in Figure S15, a
much earlier (7864 s) and larger oxidation peak current
(0.6 mA) and a higher amount of Li,S decomposition
(corresponding to 621 mAh g ') on CNTs/Gh-Tb*"/**
than other control electrodes (0.55 mA, 586 mAh g ' at
7575s for CNTs/Gh-Tb*'; 0.36 mA, 397 mAh g
at 8800 s for CNTs/Gh-Tb*"; 0.19 mA, 327 mAh g™ ' at
14259 s for CNTs/Gh) represent the best catalytical capa-
bility of Tb®*/** to enhance Li,S oxidation kinetics.* It is
important to recognize that CNTs/Gh-Tb*" cathode pre-
sents the second-best properties during both Li,S deposi-
tion and decomposition, implying Tb*" is good at
boosting the short-chain LiPS conversion (liquid-solid
conversion).
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Such an analogous result is also verified by the
potentiostatic intermittent titration technique (PITT) and
galvanostatic intermittent titration technique (GITT),
which were conducted in practical working Li-S batteries
but not in an ideal Li,Sg solution. In PITT experiments,
the assembled cells were potentiostatically discharged
from open voltage to 1.6 V with an interval of 2 mV.
Figure S16 shows the current response versus voltage
pulses. At titration potentials above 2.1 V, the sharp cur-
rent responses increased by ~153.6% are discerned at
each potentiostatic step with Tb>™/*" added, followed by
rapid current drops in a very short time (~16s),
suggesting the presence of Tb>'/#" alters the electro-
chemical equilibrium and improves the liquid-liquid
conversion kinetics.** The deposition behaviors of Li,S
on cathode surface were probed between 2.1 and 2.0 V.
Obviously, the CNTs-S/Gh-Tb*>™/#" cell reaches the maxi-
mum current density of 0.41 mA cm™ 2 (52% higher than
that of 0.27 mA cm 2 in CNTs-S/Gh cell) ahead of the
CNTs-S/Gh cell due to a faster deposition rate. The Li,S
deposition capacity of CNTs-S/Gh-Tb**/** (705.3 mAh
g ") is 1.16 times as much as that of the control sample
(607.3 mAh g '), again indicating the similar kinetic
advantage of CNTs-S/Gh-Tb*™*" in the liquid-solid
conversion.

The GITT was further adopted to monitor the Li*
transport behavior, which is a key descriptor affecting the
liquid-solid conversion kinetics.*>*® As seen in Figure 2E,
the discharge curves of the Li-S batteries with CNTs-S/
Gh-Tb*™/** cathode under the GITT mode show much
longer second platform and smaller potential fluctuation,
especially in region III (~2.1 V) relating to the conversion
from soluble LiPSs to solid Li,S,/Li,S, during the discharge
process compared with other three cathodes. For the GITT
profiles during charge, a large potential fluctuation is
observed at the initial solid-solid conversion process (from
Li,S to Li,S,) with slow kinetics at all cathodes, but it
decreases the most at CNTs-S/Gh-Tb*>"** cathode due to
solid-liquid conversion and keeps at a small overpotential
in liquid-liquid conversion. Furthermore, the Li" diffu-
sion coefficients (Dy;") of the cells were calculated
according to Fick's second law, as given in Equation (1).

4 WLBVM 2 AES 2
Dy —=— 1
U e < MBA> (AET )

where mg, V, and Mg are the mass, molar volume, and
molecular weight of cathode material, respectively; 7 is
the duration of the current pulse (600 s) and A is the sur-
face area of active material. AE is the change of the
steady-state voltage due to the current pulse; AE. is the
voltage change during the constant current pulse.*”**

WILEY_| 7o

As illustrated in Figure 2F, where the elevated Dy;* to an
order of magnitude for CNTs-S/Gh-Tb*™*"-based cell
confirms the best function of CNTs-S/Gh-Tb*"** in pro-
moting Li" diffusion and activating the lithiation kinet-
ics, especially from liquid Li,S, to solid Li,S,/Li,S. What's
more, the Dy;" of CNTs-S/Gh-Tb*" is larger than that of
CNTs-S/Gh-Tb*" at step I and II, conversely the smaller
Dy;" of CNTs-S/Gh-Tb*>" than that of CNTs-S/Gh-Tb*" is
observed for step IIT and IV, confirming the positive func-
tion of Tb>" and Tb*" in liquid-liquid conversion (long-
chain LiPS conversion) and liquid-solid conversion
(short-chain LiPS conversion), respectively.

The above sulfur redox reaction kinetics involving the
liquid-liquid and liquid-solid conversions can be directly
and fundamentally represented by the apparent activa-
tion energy (E,),* which was calculated through experi-
mentally determining EIS spectra at various voltages and
temperatures (Figures S17-S24) and their analysis
(Figure S25) after fitting with the equivalent circuit in
Figure S26. During discharge process (Figure 2G), E, dis-
plays a low value at the easy long-chain LiPS forming
step (2.8-2.4 V) and gradually increases at the short-
chain LiPS forming step (2.4-2.1 V), finally reaching a
maximum value at the most difficult insoluble product
forming step (2.0-1.7 V). A reverse change tendency of E,
can be seen clearly during charge process (Figure 2H).
Remarkably, over the entire discharge process, the E, of
Tb>* sample is lower than that of Tb*" sample in the
long-chain LiPS conversion voltage region (2.8-2.1 V),
and Tb*" sample has lower E, in the low voltage range of
short-chain LiPS conversion. Similar results are demon-
strated in charge process, where a relatively low E, with
a larger change rate for CNTs-S/Gh-Tb*" cathode in
short-chain LiPS conversion voltage (around 2.3 V) and
an increased change rate of E, for CNTs-S/Gh-Tb>" cath-
ode in long-chain LiPS conversion voltage (after 2.4 V)
are observed. The above results again show the function
of Tb**and Tb** in promoting the long-chain and short-
chain LiPS conversion, respectively. Besides, in contrast
to the counterparts, the overall value of E, decreases at
each step of discharge/charge processes with the addition
of Tb*>*/**, once again revealing that the Tb>*/** can
lower the energy barriers and significantly expedite the
dual-directional sulfur conversion kinetics accompanied
by markedly increased capacity, which is expected to
improve the battery performance.

2.3 | The exploration of unique role of
Tb electronic reservoir in Li-S chemistry

A semi-in situ XPS study was carried out to confirm the
working mechanisms of different catalysts. As shown in
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FIGURE 3 Catalytic functions of the Tb electronic reservoirs toward LiPSs. Semi-in situ S 2p XPS spectra of (A) CNTs-S/Gh-Tb>*/*+,
(B) CNTs-S/Gh-Tb**, (C) CNTs-S/Gh-Tb**, and (D) CNTs-S/Gh cathodes after discharging and charging to specific states. The normalized
absorbance of sulfur species in Li,Sg solution on CNTs/Gh-Tb**/4*, CNTs/Gh-Tb**, CNTs/Gh-Tb**, and CNTs/Gh during (E-G) discharge

and (H-J) charge.

Figure 3A-D, S 2p signals at 169.4/170.6 eV and
167.2/168.6 eV are the characteristic peaks of salt lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and sulfite
from the decomposition of LiTFSI, according to literature
reports.®*® Deconvolution of S 2p spectra under the low
binding energies gives four unique components, namely,
Sg at 164.0/165.3 eV, long-chain LiPSs (Li,S,, 4 <n <8)

at 163.3/164.4 eV along with short-chain L,S, and Li,S at
161.7 and 160.2 eV,*”*! respectively. Based on the inten-
sity evolution of different sulfur species during cycling,
we can analyze sulfur catalytic conversion with different
catalyst. At fully charged state (2.8 V), the surface compo-
nents of all the cathodes are predominantly Sg. Interest-
ingly, when the cells were galvanostatically discharged to
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2.0 V, a significant decrease in Sg signals and a consider-
able enhancement in long-chain LiPSs (Li,S,, 4 < n < 8)
are observed in the cathodes containing Tb>" (CNTs-S/
Gh-Tb*™*" and CNTs-S/Gh-Tb*"), implying the good
catalytic effect of Tb>* on the conversion from Sg to long-
chain LiPSs. At the end of discharge (1.6 V), the cathodes
with Tb*" (CNTs-S/Gh-Tb*>*/** and CNTs-S/Gh-Tb*")
reveal stronger intensities of Li,S,/Li,S peaks than the
Tb*"-free cathodes (CNTs-S/Gh-Tb*" and CNTs-S/Gh),
and few long-chain LiPSs (Li,S,, 4 < n < 8) are left in
Tb**-containing cathodes, suggesting Tb*" can catalyze
the conversion from long-chain LiPSs to short-chain
Li,S,/Li,S. This phenomenon is highly reversible during
a charge process. As shown in Figure 3A-D, after charg-
ing to 2.4 V, short-chain Li,S,/Li,S are more easily
converted to long-chain LiPSs (Li,S,, 4<n<8) in
the cathodes with Tb*" (CNTs-S/Gh-Tb**/#* and CNTs-
S/Gh—Tb4+), while a more efficient conversion of long-
chain LiPSs (Li,S,, 4 < n < 8) to Sg can be found in the
cathodes containing Tb®" (CNTs-S/Gh-Tb*™/** and
CNTs-S/Gh-Tb*") as the cells are charging to 2.8 V. Upon
the electronic structure coupling and synergetic catalytic
effect of Tb>* and Tb**, the CNTs-S/Gh-Tb>*/** cathode
exhibits the optimum signals of sulfur species at each dis-
charge/charge state, manifesting its extraordinary ability
to catalyze the consecutive LiPS conversion.

This statement can be further supported by in situ
UV-vis spectra at electrode/electrolyte  interface
(Figures S27 and S28) and their corresponding qualitative

analysis of absorbance intensity (Figure 3E-J), which
reveals a faster decrease in Sg*> /S, intensity accompa-
nied by a higher increase in S5~ radical signal during dis-
charge for Tb®'-contained cathodes (CNTs/Gh-Tb>*/**
and CNTs/Gh-Tb*") compared with those for Tb**-free
cathodes (CNTs/Gh-Tb*" and CNTs/Gh), confirming
Tb*" is more inclined to accelerate the conversion
between long-chain LiPSs to short-chain LiPSs. This is fur-
ther demonstrated by the decreased change in S;° /S¢”~
signal for CNTs/Gh-Tb*" cathode upon charging from
~2.3 to 2.8 V. It is noteworthy that, the absorbance inten-
sity of CNTs/Gh-Tb*" cathode toward S; ~ radicals contin-
uously declines upon discharging, while the intensity
value of the cathodes with Tb** (CNTs/Gh-Tb*>™/4* and
CNTs/Gh-Tb*") shows a faster decrease toward S;*~ but
an increase toward S, /Ss”~ as the charge proceeds, again
suggesting Tb*" can boost the conversion of short-chain
LiPSs. Thus, the best conversion of CNTs/Gh-Tb>*/4+
toward both long-chain and short-chain LiPSs during dis-
charge/charge boils down to the electronic structure cou-
pling of Tb** and Tb*" once again.

To attain an in-depth understanding of the
reasons for the improved reaction kinetics of the CNTs-S/
Gh-Tb*™/#" cathodes, the transformation pathways of
LiPSs on various sulfur cathodes were analyzed by in situ
Raman spectroscopy in real-time. At the initial discharge
state (2.8 V), there are three distinctive peaks located at
154, 219, and 473 cm™ ' for Sg species on CNTs-S/Gh
cathode surface in Figure 4A,B, where the intensities of
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FIGURE 4 Transformation pathways of LiPSs on various cathodes. In situ Raman spectra and the corresponding contour profiles of
(A,B) CNTs-S/Gh-Tb*™/#*, (C,D) CNTs-S/Gh-Tb**, (E,F) CNTs-S/Gh-Tb**, and (G,H) CNTs-S/Gh electrodes during discharge.
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Sg peaks gradually decrease as the electrode is fully
discharged to 1.6 V. However, there is no any signal indi-
cating the generation of short-chain LiPSs during the
whole processes, owing to the inappreciable catalytic
ability of CNTs-S/Gh. For CNTs-S/Gh-Tb*" (Figure 4C,D)
and CNTs-S/Gh-Tb*" cathodes (Figure 4E,F), in situ
Raman spectroscopy shows similar Sg conversion. In addi-
tion, two weak peaks at 120 and 495 cm Y, corresponding
to Ss*~ and S;*~ + S,°~ signals, respectively, are observed
at around 2.2 V on CNTs-S/Gh-Tb*" cathode, while the
emerge of S,°~ + Li,S, signal at 450 cm™ ' at the end of
discharge (2.1-2.0 V) for CNTs-S/Gh-Tb*" cathode,
representing the roles of Tb®>" and Tb*" in promoting the
conversion of long-chain and short-chain LiPSs, respec-
tively. For the CNTs-S/Gh-Tb*"/*" cathode (Figure 4G,H),
besides a similar trend of Sg, Raman signals of S;*>~ + Li,S,
emerge with obvious S¢>~ and Ss*~ signals in the middle
of discharge (from 2.3 to 2.2 V), following by the decreases
of S¢>~ and Ss*~ and increase of Li,S, at the end of dis-
charge, suggesting a sufficient and distinctive sulfur con-
version pathway from Sg to LiS/Li,S, through the
intermediate state of S¢> /Ss> /S,*~ species. The lowest
Gibbs free energy barrier at the step of Li,Sg to LiS, in
DFT calculations (Figure 1D) is probably due to the forma-
tion of the new Li,Ss intermediate, which can be a spring-
board between Li,S¢ and Li,S,.

2.4 | Electrochemical energy storage
evaluation of the Tb electronic reservoir in
Li-S batteries

The catalytic efficacy of f orbital engineering scenario in
practical Li-S batteries was further validated with elec-
trochemical characterizations. A 78 wt% sulfur content is
revealed by thermogravimetric analysis (Figure S29). It is
worth mentioning that the catalyst loading was con-
trolled as low as 0.7 wt% to avoid influencing the sulfur
content of the cathode. Moreover, the mass ratio of cata-
lyst to Gh was 1:10 in the cathode is proved to be opti-
mum for the battery performance (Figure S30). The Li-S
cells with a routine sulfur loading of ~1.0 mg cm™* were
first evaluated.

From the CV plots of the four cells in Figures S31 and
5A, there are two major reduction peaks around 2.3 and
2.0 V during discharge process, corresponding to the two-
step redox reaction from Sg to long-chain LiPSs (Li,S,,
4<n<8, Py then to short-chain Li,S,/Li,S (P,) as
reported previously.”® Besides, the broad continuous oxi-
dation peaks at ~2.4 V during charge process are ascribed
to the oxidation from Li,S,/Li,S to LiPSs (P;) and further
to Sg (P4). The CV curves of the CNTs-S/Gh-Tb> /4" cells
are almost overlapping after the initial cycle, which means

a better reversibility of the cell reactions. The separation
between P, and P; peaks of CNTs-S/Gh-Tb*>™/** cell is
minimum, in comparison with that of CNTs-S/Gh-Tb*",
CNTs-S/Gh-Tb**, and CNTs-S/Gh cells (Figure S32),
implying the minimum electrochemical polarization
and the best electrochemical kinetics of batteries.
Impressively, the most positive cathodic reaction poten-
tial and the most negative anodic reaction potential of
CNTs-S/Gh-Tb*™/#* cell suggest CNTs-S/Gh-Tb>/4"
cell has the lowest energy barrier to the sulfur conver-
sion and the lowest redox reaction resistance among the
four cells, matching well with the activation energy
results (Figure 2G,H) and electrochemical impedance
spectroscopy (EIS) analysis data (Figures S33 and S34),
in which CNTs-S/Gh-Tb*>™*" cell displays the lowest
charge transfer resistance (R, Figure S33) and electro-
lyte resistance (R., the details are given in Figure S34)
compared with the other cells.

To quantitatively evaluate the catalytic effect on sul-
fur conversion kinetics, Tafel slopes were calculated
based on the reduction and oxidation peaks in the CV
profiles. As illustrated in Figures 5B,C and S35, the Tafel
slopes for Py, P,, and P; peaks decrease from 107, 99, and
103 mV dec ™! on the CNTs-S/Gh cathode to 96, 91, and
76 mV dec” ' on the CNTs-S/Gh-Tb>" cathode and to
72, 59, and 65 mV dec”! on the CNTs-S/Gh-Tb** cath-
ode, respectively. Importantly, incorporation of Tb*™/**
further decreases the Tafel slopes for the peaks to the
lowest values (65, 42, and 60 mV dec™! for P, P,, and P;
peaks, respectively), signifying a 42%-60% electrokinetic
enhancement in each sulfur redox step endowed by selec-
tively accelerate engineering.

According to the galvanostatic discharge/charge pro-
files at different rates in Figures 5D and S36, two plateaus
in discharge and charge curves correspond to the reduc-
tion and oxidation reaction processes of Li-S batteries,"?
coinciding well with the redox peaks in CV results
(Figure 5A). Notably, the stable discharge/charge behav-
iors without aggravated polarization can be observed at a
relatively high rate (2 C), due to faster electronic/ionic
transport for LiPS conversion. Take the second cycle curves
at 0.2 C as an example for in-depth analysis (Figure 5D), the
smallest voltage polarization (AE = 180 mV, Figure S37)
represented by the gap between the discharge and charge
curves, the Q,, capacity value of 392 mAh g~ ! approached
the theoretical capacity (418 mAh g ') at the first plateau
around 2.3 V (Figure S38), an extended second plateau
(Qiow) by 24% involving Li,S deposition and the lowest
onset potential (0.24 V) to produce more LiPSs for the
CNTs-S/Gh-Tb**/#* cell can be identified compared with
the other three cells, which implies the higher utilization
of active sulfur and fast liquid-liquid conversion, the
accelerated kinetics of Li,S nucleation/deposition and
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FIGURE 5 Electrochemical performance toward Li-S batteries. (A) CV curves of different cathodes at 0.1 mV s™*. The Tafel slopes of

the cathodic and anodic processes obtained from the CVs in Figure 5A, corresponding to (B) P; and (C) Ps. (D) Galvanostatic discharge/

charge profiles at 0.2 C of Li-S coin cells with different cathodes for th

coin cells with different cathodes. (F) Performance comparison between CNTs-S/Gh-

e second cycle. (E) Rate capabilities varied from 0.2 C to 2 C of Li-S

Tb*>™/4* electrode and others electrode systems in

Table S2. (G) Long-term cycling performance at 1 C of Li-S coin cells with different cathodes. (H) Cycling performance of as-prepared Li-S
cells with a high sulfur loading of 4.1 mg cm ™2 at 0.1 C. (I) Cycling performance of the four Li-S cells with a high sulfur loading of
5.2 mg cm 2 and a E/S ratio of 7.5 uL. mg ™" at 0.05 C after an activation process of 3 cycles at 0.02 C.

liquid-solid conversion by the extraordinary catalysis of
Gh-Tb**/**,

As expected, the CNTs-S/Gh-Tb>™/#* cell exhibits the
best rate abilities (Figure 5E). Not only superior discharge
capacities of 1522, 1063, 980, and 944 mAh g*1 are
achieved at cycling rates of 0.2, 0.5, 1, and 1.5 C
(1 C = 1675 mA g 1), respectively, but also 880 mAh g*

can still be delivered even at current density at 2 C. It out-
performs the CNTs-S/Gh-Tb*" (1464, 979, 828, 732, and
617 mAh g ' at 0.2, 0.5, 1, 1.5, and 2 C, respectively),
CNTs-S/Gh-Tb*" (1214, 848, 761, 665, and 560 mAh g~ at
0.2, 0.5, 1, 1.5, and 2 C, respectively), CNTs-S/Gh (1176,
795, 693, 607, and 507 mAh g ' at 0.2, 0.5, 1, 1.5, and 2 C,
respectively) cells, and most previously reported Li-S
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batteries (Figure 5F; Table S1). More importantly, as the
rate is switched back to 0.2 C (Figure 5E), the CNTs-S/Gh-
Tb>/** cell could recover a reversible capacity of 1042 mAh
g*1 as compared with other cells (981, 856, and 767 mAh
g ' for CNTs-S/Gh-Tb*", CNTs-S/Gh-Tb*", and CNTs-S/Gh
cells, respectively), indicating a good structural stability of
the CNTs-S/Gh-Tb*™*" electrode at various rates.

An excellent long-term cyclability could be achieved
for the CNTs-S/Gh-Tb*™*" cell as well, as displayed in
Figure 5G. The higher reduction of sulfur for the CNTs-
S/Gh-Tb>™*" electrode is evident even from the initial
discharge capacity of more than 1157 mAh g ' at 1 C,
whereas 906, 818, and 596 mAh g_1 is accessible for
CNTs-S/Gh-Tb*" CNTs-S/Gh-Tb*", and CNTs-S/Gh elec-
trodes, respectively, suggesting the sulfur utilization is
about 70% for CNTs-S/Gh-Tb*™/*" against 54%, 48%, and
36% for CNTs-S/Gh-Tb**, CNTs-S/Gh-Tb*", and CNTs-
S/Gh electrodes, respectively. As the cycles progress, the
CNTs-S/Gh-Tb*", CNTs-S/Gh-Tb>*, and CNTs-S/Gh
cells probably experience the shuttle effect of losing
active sulfur particles, thereby leading to a fast capacity
fading (their capacity retentions are 45%, 46%, and 23%,
and the capacity fade rates are 0.12%, 0.11%, and 0.15%
per cycle, respectively) at the end of the 500th cycle.
However, the CNTs-S/Gh-Tb>*/4* cell can stably sustain
the capacity of above 656 mAh g~ ', accounting for 56% of
the initial capacity, with a capacity decay rate of 0.087%
per cycle under the same testing conditions. Consistently
with the significant improvement in cycling stability, its
average Coulombic efficiency is above 99% during the
whole cycling process, illustrating the successful trapping
of soluble LiPSs and high sulfur utilization. Besides, the
long-term cycling test of CNTs-S/Gh-Tb*™/*" at 0.5 C
(Figure S39) delivers an initial discharge capacity of ~1115
mAh g and maintained ~990 mAh g~ ' after 108 succes-
sive cycles with stable capacity retention of 89%.

Since a high sulfur mass loading is a key factor to
scale up the practical application of the Li-S battery,
herein, we further increased the areal sulfur mass loading
to 4.1 mg cm . As shown in Figure 5H, the high-sulfur-
loading cells with CNTs-S/Gh-Tb*™/** cathodes exhibit
excellent capacity retention with a specific capacity of
993 and 765 mAh g ' at the first and the 120th cycle for
the 0.1 C cycling test, whereas the cells with CNTs-S/Gh-
Tb**, CNTs-S/Gh-Tb>", or CNTs-S/Gh cathodes fail to
cycle stably and demonstrate significantly decayed capac-
ities. This comparison further demonstrates the impor-
tance of Tb>™/*" electron reservoirs in thick sulfur
electrodes to accelerate both discharging and charging
processes. To further assess the potential of employing
Gh-Tb**/*" catalysts under harsh conditions toward a
more practical cell, thick sulfur cathodes (areal mass
loading of 5.2 mgcm ?) with a low E/S ratio of

7.5 pL mg ! in coin cells were evaluated. At a relatively
large current density of 0.05 C (Figure 5I), Gh-Tb>™/4"
catalysts still enable the lean-electrolyte Li-S cells with a
high initial discharge capacity of 1225 mAh g ' along
with a capacity decay rate of 0.18% per cycle during
134 cycles.

3 | CONCLUSION

In conclusion, we propose a strategy to regulate f orbital
of Tb electronic reservoir to achieve a smooth and con-
secutive SRR. By decoupling the different requirements
at each step of SRR, we rationally designed mixed-
valence Tb (Tb>™/*") with moderate f orbital as electron
source and drain to reduce activation energy barrier,
expedite the interfacial electron/Li* transport Kinetics
and boost both LCR and SCR during charge/discharge
processes with passing through an important intermedi-
ate Ss*>~. By virtue of the unique electronic structure of
Tb*™/**, the CNTs-S/Gh-Tb*™**cell delivers a high dis-
charge capacity of 1522 mAh g' at 0.2 C, and displays
impressive cycling life with a capacity decay rate of
0.087% after 500 cycles at 1 C under the low sulfur load-
ing. Besides, a high sulfur loading of 5.2 mg cm ? and a
low E/S ratio of 7.5 pL mg™~' are also simultaneously
attainable, demonstrating the potential of the f orbital
engineering for the development of high-energy battery
systems.

4 | EXPERIMENTAL SECTION

Experimental details are provided in the Supporting
Information.
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