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Sluggish reaction kinetics and uncontrollable dendrite growth are deemed as the main bottlenecks for
practical Li—-S batteries. Notwithstanding fruitful advances in designing dual-functional mediators for
both electrodes, cooperative efforts on protecting catalytically active sites and optimizing solid
electrolyte interphase (SEl) by the employment of industrial catalysts are still lacking. Herein, an oxygen
vacancy (Vo)-sustained prototype mediator with layer-number controllable graphene modification
(AlbOs@mMQG) is developed for concurrently accelerating redox kinetics at the S cathode and harvesting
inorganic-rich SEI at the Li anode. Theoretical and experimental analyses reveal that Vo enhances the
electrocatalytic activity while the graphene overlay serving as a catalysis sustainer enables vacancy
protection. Meanwhile, Al,Os@mG is conducive to homogenizing Li-ion flux and boosting preferential
decomposition of anions, thereby stabilizing the Li metal anode. Benefiting from such dual-functional

Received 26th February 2025, reformulation, Li—-S batteries with ALOs@mG modified separators achieve a low capacity decay of
Accepted 7th May 2025 0.032% per cycle over 1600 cycles at 1.0 C. The assembled pouch cell delivers high areal capacity and
DOI: 10.1039/d5ee01134e stable cycling operation. Such a vacancy-sustained graphene strategy showcases promising universality

to be applied on various oxide candidates, offering meaningful guidance in mediator design toward
rsc.li/ees pragmatic Li-S batteries.

Broader context

Lithium-sulfur (Li-S) batteries stand out as one of the most promising energy storage systems owing to their energy density (2600 Wh kg "), cost effectiveness,
and environmentally friendly nature. The key issues impeding their development lie in severe polysulfide crossover and uncontrollable dendrite growth, which
impose considerable limitations on the cycling lifetime of Li-S batteries. Dual-functional mediators have been widely investigated as a potential solution
strategy. However, cooperative efforts on protecting catalytically active sites and optimizing solid electrolyte interphase (SEI) are still lacking. In this study, an
oxygen vacancy (Vo)-sustained Al,O; prototype mediator with layer-number controllable graphene modification (Al,O;@mG) is developed for concurrently
accelerating redox kinetics at the sulfur cathode and harvesting inorganic-rich SEI at the lithium anode. V, enhances the electrocatalytic activity of Al,O; while
the graphene overlay serving as a catalysis sustainer enables vacancy protection. Meanwhile, Al,O;@mG is conducive to homogenizing Li-ion flux and boosting
the preferential decomposition of anions, thereby stabilizing the Li metal anode. This work delineates a vacancy-sustained graphene strategy, which showcases
promising universality for application in various oxide candidates and further offering meaningful guidance to design dual-functional mediators toward
pragmatic Li-S batteries.
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Introduction

Lithium-sulfur (Li-S) batteries have received extensive research
attention in response to the growing demand for next-generation
energy storage systems.'” The key issues impeding their devel-
opment lie in severe polysulfide crossover and uncontrollable
dendrite growth, which impose considerable limitations on
the cycling lifetime, especially under harsh conditions such as
elevated sulfur loading and large current density.®™® Recent
years have witnessed the appearance of a “one bird two stone”
strategy to devise effective mediators with dual sulfiphilicity and
lithiophilicity, simultaneously enabling facile sulfur redox
kinetics and homogeneous lithium metal deposition."* ™

To achieve boosted sulfur redox reaction and suppressed
“shuttling effect”, a myriad of mediators with strong electro-
catalytic effect have been developed, where vacancy engineering
is regarded as a crucial solution to augmenting active sites."®°
Despite enhanced catalytic activity for sulfur cathodes, insulat-
ing discharge products (i.e., Li,S,/Li,S) are prone to deposit
over the limited catalyst surfaces without sufficient decomposi-
tion, hence the active sites are continuously deteriorated.>"*>
In this case, it is anticipated that vacancies are vulnerable to
various electronegative sulfur species, which would exacerbate
the detrimental coverage on active sites along with severe
accumulation of ‘“dead” sulfides. Although such a catalyst
failure has been identified as a universal phenomenon in the
aprotic environment of Li-S batteries, strategies for sustaining
the active sites are still lacking. Our recent endeavours unra-
velled that grown graphene coatings effectively armor the elec-
trocatalysts, whereby both the catalytic activity and durability
were elevated.”* Nevertheless, the strategic feasibility in pro-
tecting vacancy-rich electrocatalysts has not been explored. In
this respect, it is imperative to decipher the function mechanism
and actual sustainability of vacancies under the shielding of
graphene chainmail.

In parallel, whether vacancy engineering would exert posi-
tive effects on stabilizing the Li metal anode is still question-
able, wherein the fundamental understanding of the vacancy-
mediated electrolyte decomposition pathway and chemical
component distribution in as-formed solid electrolyte inter-
phase (SEI) would be a key. Meanwhile, exploring the synergis-
tic effect between vacancies and graphene on rendering a stable
Li metal anode is also highly desirable. Inspired by these
considerations, prevailing industrial catalyst Al,O; is employed
as a prototype dual-functional mediator, where oxygen vacan-
cies (Vo) are constructed during the chemical vapor deposition
(CVD)-derived graphene growth process. Throughout the deli-
cate thickness adjustment of graphene coatings, few-layer,
multi-layer or thick-layer graphene is customized onto powdery
Al, O3 (denoted as AL,O;@fG, Al,O;@mG and Al,O;@tG) with
the aim to concurrently accelerate sulfur reaction kinetics and
afford inorganic-rich SEI for long-life Li-S batteries (Fig. 1a).
In one case, electrocatalytic activity of Al,O; could be boosted
with Vg introduction. The multi-layer graphene armor can serve
as a vacancy catalysis sustainer to mitigate the detrimental
coverage of discharge products and restrain the “poisoning” of
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active sites. In another case, Vo is beneficial for inducing
homogenous Li deposition and promoting the preferential
decomposition of anions, thereby generating and maintaining
inorganic-rich SEI to suppress the dendritic growth at the
anode side. Benefiting from such a dual-functional mediator
effect, Li-S batteries equipped with Al,0;@mG modified
separators harvest an initial capacity of 1307.5 mA h g~ " at
0.2 C, accompanied by a negligible fading rate of 0.032% for
1600 cycles at 1.0 C. The assembled pouch cell delivers an
impressive areal capacity of 5.3 mA h cm ™2, accompanied by a
reasonable lifespan over 70 cycles. This strategy shows an
appealing universality, which could be extended to other oxide
catalysts (MgO, TiO,, and MoOj3). Our work reveals the vital
merits of synergistic vacancy engineering and graphene armor-
ing for the optimization of interfacial electrochemistry, which
affords practical insight into the rational design of advanced
mediators for Li-S batteries.

Results and discussion
Vacancy-sustained graphene design

The Al,O;@G with varied layer numbers of graphene coating
was achieved via a well-designed direct CVD synthesis. First, an
Ar flow (100 scem) was introduced into the furnace at room
temperature while it was gradually increased to 1100 °C, fol-
lowed by a preliminary treatment for 10 min with a H, flow
(50 sccm) to remove surface contaminants of Al,O;. Subse-
quently, CH, (10 sccm) serves as the carbon precursor to enable
controllable graphene growth under a mixed gas flow of H,
(50 sccm) and Ar (100 sccm), thus deriving Al,O;@G with a high
production yield (Fig. 1b). It is worth noting that the layer
number of the graphene shell can be tuned by altering the
reaction duration. Likewise, TiO,@G, MgO@G and MoO;@G
could be synthesized by changing the growth supports.

X-ray diffraction (XRD) was utilized to probe the crystal
phases of as-synthesized Al,O;@G. As illustrated in Fig. S1
(ESIY), the predominant signals of all samples match well with
the (012) and (113) planes of a-Al,0;.>® Raman spectra were
recorded to investigate the structural features of graphene. As
shown in Fig. 1c, the typical peaks of the D band (1335 cm™ '), G
band (1570 cm™ ') and 2D band (2668 cm™ ') can be detected,
corroborating graphene formation.>””®* Meanwhile, electron
paramagnetic resonance (EPR) profiles were collected to gain
insight into the defect characteristics. In this respect, distinct
EPR signals that can be observed at a g-value of 2.003 for
AL,O;@G are missing for pure Al,O; (Fig. 1d and Fig. S2, ESIY),
which is attributed to the partial removal of O atoms to
generate unpaired electrons.>® This verifies the successful
introduction of Vo under thermal treatment with a reducing
atmosphere. Notably, the concentration of V, is boosted with
the extension of the CVD growth time, which might play a role
in modulating the electrocatalytic activity of Al,O;.

The morphologies of Al,O;@G were inspected by scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM). Upon graphene coating, there is no discernible
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Fig. 1 Vacancy-sustained graphene design. (a) Schematic illustrating the comparison between conventional dual-functional mediators and our strategic
design for Li-S full batteries. (b) Digital photo of AlbOz@mG with a high yield. (c) Raman spectra of ALOz@fG, AlLbOz@mG and Al,Os@tG. (d) EPR spectra of
AlLO=z@fG, AlbLO3@mG and AlLOz@tG. (e) TEM image of ALbOz@mG. Inset: HRTEM image of the graphene overlay. (f) HRTEM image of AlbOz@mG. Inset:
Corresponding FFT pattern. (g) Statistical analysis of the graphene layer number for Al,Oz@mG. (h) The relationship between the layer number and

growth time of the graphene overlay.

difference in powdery morphology between bare Al,O; and
ALO;@G (Fig. S3, ESIT). As shown in high-resolution TEM
(HRTEM) images of AlLO0;@mG, ALO;@fG and ALO;@tG
(Fig. 1e and Fig. S4, ESIY), a lattice spacing of 1.81 A for the
inner core area could be clearly identified (Fig. 1f), corres-
ponding to the (012) plane of o-Al,O; via the fast Fourier
transform (FFT) pattern.® Statistical analysis of the HRTEM
images shows that the graphene shells grown on the Al,O; core
can be dictated at 4-6 layers (Fig. 1g and Fig. S5, ESIT), which is
anticipated to achieve a balance between activity and stability
for polysulfide electrocatalysis. Furthermore, the graphene
shells of ALL,O;@fG and Al,O;@tG are respectively adjusted to
ca. 2 and 12 layers (Fig. 1h), again confirming the precise
regulation of the layer numbers via our direct CVD route.
The good tunability of the graphene overlay would help eluci-
date the evolution of vacancy-rich catalysts during the poly-
sulfide conversion reaction. Energy-dispersive X-ray analysis
of Al,O;@mG reveals the homogeneous element distribution
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(Fig. S6, ESIt), indicative of uniform graphene encapsulation
over the inner Al,O; core.

Polysulfide adsorption and catalytic conversion

To unravel the merits of Vorich Al,O; with tunable graphene
chainmail in promoting bidirectional sulfur chemistry, a series
of electro-kinetic analysis was performed.*" It is well accepted
that both Li,S nucleation and dissociation afford a consider-
able energy barrier, which were investigated by potentiostatic
intermittent titration technique (PITT) measurement.** As for
Li,S nucleation, the assembled battery was potentiostatically
discharged from 2.25 to 1.90 V with an interval of 50 mV
(Fig. 2a). The current peaks at 2.0 V are ascribed to Li,S
precipitation from soluble polysulfide intermediates, wherein
Al,O;@mG shows the highest peak intensity and the earliest
time to reach the peak as compared to its counterparts (Fig. S7,
ESIt). As manifested in Fig. 2b, the Al,O;@mG exhibits the
largest capacity (194.3 mA h g, ). In parallel, Li,S dissociation

This journal is © The Royal Society of Chemistry 2025
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was investigated by potentiostatically charging the batteries
from 2.20 to 2.50 V, with each interval of 100 mV, in which
Al,O;@mG also displays the highest current response and
fastest reaction kinetics (Fig. S8, ESIt). These results suggest
that Al,O;@mG harnesses electrocatalytic robustness for expe-
diting dual-directional sulfur redox reaction. In situ Raman
probing of the Li-S cell with Al,O;@mG/PP was performed
during a complete discharge/charge cycle, where the dynamic
changes of LiPS speciation and concentration could be tracked.
As indicated in Fig. S9 (ESIf), a gradual weakening of poly-
sulfide signals including Sg>~, S¢>~ and S;*>~ can be observed
during the discharging process, followed by a continuous
signal enhancement during the subsequent charging, indica-
tive of kinetically favorable LiPS conversion. Cyclic voltammetry
(CV) profiles of the symmetric cells were collected in a Li,Se-
containing electrolyte at a scan rate of 50 mV s~ '. Apparently,
Al,O;@mG enables the highest redox current response with
improved reversibility (Fig. 2c and Fig. S10, ESIT). Meanwhile, it
also harvests sharper and stronger redox peaks as compared to
its counterparts at a scan rate of 0.5 mV s ', suggestive of

View Article Online
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boosted electrocatalytic activity for polysulfide conversion
(Fig. 2d and e and Fig. S11, ESIt). In this respect, other metal
oxide catalysts also display strong electrocatalytic capability
(Fig. S12, ESIT), manifesting that our graphene overlayer as a
vacancy sustainer is widely applicable for electrocatalyst
modification.

Since optimized adsorption capability plays a vital role in
mitigating the LiPS shuttle, the visualized Li,Se adsorption test
was carried out (Fig. S13, ESIf). Upon the addition of
Al,O;@mG, the Li,S, solution was rapidly decoloured, suggest-
ing the efficient restriction of LiPS dissolution/diffusion. With
respect to the UV-Vis spectroscopic study, the Li,S¢ solution
mixed with the Al,O;@mG exhibits the weakest absorption
peak, further implying its strong polysulfide adsorption ability
on account of Vg, sites. To further explore the synergistic effect
of vacancy engineering and graphene armoring on propelling
sulfur redox kinetics, density functional theory (DFT) calcula-
tion was performed. The crystal orbital Hamilton population
(COHP) was employed to describe the orbital-pair interactions.
As depicted in Fig. S14 (ESIt), three catalyst configurations are
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Fig. 2 Adsorption and catalytic conversion of polysulfides. (a) Current—time profiles and (b) corresponding response time and calculated capacity in the
PITT discharging test. (c) CV curves of Al,Oz@fG-CP, Al,Os@mG-CP and ALOz@tG-CP symmetric cells at a scan rate of 50 mV s~*. (d) CV curves of
ALOz@mG-CP symmetric cell at 0.5 mV s (€) Comparison of the voltage polarization and peak current for AlLOz@G samples. (f) COHP of Al-S bond.
(g) Calculated Gibbs free energy for the stepwise sulfur reduction reaction on Al,Oz and AlLOz@mG. (h) DOS profiles showing the charge density of Al,Os

and ALOz@mG.
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included: Al,03, Al,O; with single oxygen vacancy (Al,0;_,) and
Al,O; with double oxygen vacancies (Al,O3,x). The results
show that the adsorption energy of Li,S, increased with the
introduction of Vo, in accordance with the integrated crystal
orbital Hamilton population (-ICOHP) analysis. In the mean-
time, a similar trend can be observed with respect to the Al-S
bond between Al,O;@G and Li,S,, demonstrative of enhanced
polysulfide immobilization (Fig. S15, ESIt).** Additionally,
COHP was employed to resolve the states of the metal-sulfur
bond, wherein the positive and negative COHP represent the
bonding and anti-bonding contribution, respectively.>* Since
fewer occupied electrons in the anti-bonding orbital represent
stronger metal-sulfur interaction, Al,O;@G possesses a stron-
ger Al-S bond for enhancing Li,S, adsorption (Fig. 2f). Gibbs
free energy change (AG) for multi-step sulfur reduction reac-
tions was further calculated (Fig. 2g and Fig. S16 and S17, ESIY).
Notably, Al,O;@G shows an apparently lower AG value than
that of pristine Al,O; for each step, indicative of promoted
reaction kinetics. To investigate the underlying reasons, the
electronic structure modification of the metal centre with the
introduction of V, was analysed based on the density of states
(DOS). As shown in Fig. 2h and Fig. S18 (ESIf), Vo could
introduce the defect levels, thereby narrowing the width of
the band-gap. Consequently, it facilitates electron transfer from
Al to S atoms and strengthens the Al-S hybridization bonding.
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Li,S dissociation pathways on Al,O; with/without vacancy were
modelled (Fig. S19 and S20, ESI{). As such, the lower energy
barrier for Al,O;@G implies higher reaction activity for the
promotion of Li,S decomposition.

Mechanism of active site failure and protection

To gain in-depth insight into the failure mechanism of ALO;@G,
ex situ EPR profiles were recorded. As shown in Fig. S21 (ESIY),
the EPR intensities of both Al,O;@fG and Al,O;@tG exhibit an
obvious decrease upon the discharge process, which might be
attributed to the heavy deposition of discharge products without
sufficient decomposition. In contrast, the EPR intensity of
Al,O;@mG displays a negligible change after electrochemical
cycling (Fig. 3a and b). In this sense, the vacancy retention rate of
Al,O;@mG after 60 cycles at 1.0 C was derived to be 94.3%,
which is higher than those of ALO;@fG (75.4%) and ALO;@tG
(86.1%) (Fig. 3c). It is hence conjectured that the active sites of
Vo can be well maintained in the presence of graphene armor
with an optimized thickness. To further verify the protective
effect of graphene on catalytic activity, CV profiles were con-
tinuously collected at a scan rate of 50 mV s~ '. As depicted in
Fig. S22a (ESIt), AlL,O;@mG can still exhibit a high redox current
response with favourable reversibility after 30 cycles, suggestive
of a sustainable electrocatalytic activity. Meanwhile, Li-S bat-
teries equipped with Al,O3;-modified separators display an
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Fig. 3 Mechanism of active site failure and protection. (a) Ex situ EPR spectra of ALOz@mG. (b) EPR intensity of different Al,Oz@G samples before and
after cycling. (c) Corresponding vacancy retention rates after 60 cycles at 1.0 C. Schematic illustrating the evolution of vacancy sites on (d) the pristine
mediator and (e) the graphene-armored mediator during the electrochemical process.

5944 | Energy Environ. Sci., 2025, 18, 5940-5951

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5ee01134e

Published on 08 May 2025. Downloaded on 17/10/2025 3:42:23 PM.

View Article Online

Paper Energy & Environmental Science
03 b 0.10
0'0 05mAcm21mAhem?  1mAcm? 2 3 5 0.5 mA cm™2 1 mA cm2 1 mAh cm™2
—~-03 Al,O,@mG 2 009 =
203 = s =S
2 00 - o (- .1
§-043 = — A0y § s Fesiams mm: [
03 ' -0.05 e
0.0lririrs LrrLri nnn ALO,@MG — AlLO, — PP
-0.3 L1 =1 0.10
0 50 100 150 200 0 300 600 900 1200 1500 1800
Time (h) Time (h
Sputter L
c d - e f
Li1s N N1s =l Li1s N 1s
R C-N o co. L C-N
. 2 Limited
; '; s » '; ROCO,-LilLi-O ,; -
S s o 8, 8
> 2z o > z
' E e [ : —
Q Q = Q |53
E S S & =
— »
= -
Extensive ROCO,-Li/Li-O g Dominant Li;N Dominant Li;N
e »
58 56 54 52 400 398 396 58 56 54 52 402 400 398 396
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
g h i
180 e AP sodh 28Rt e
s B e
g Aejm yel 1 ol 19‘11_’3“}033\1]0 3
@ o LR I S I i
(o} of )
£ w s g ) 5 Xl Sl
= RS Ao ?’}uh ‘gr‘ﬂlo A8k »n ol 5jey° E=
= 30 st 2% 08 5% il b
n.’bfh A-%Ok '1,’1-5% X ok 'ngnlv = .,Ln‘“
ol ol elo ol Aol Aclo
0 ’\5'6ek - Flo 30?"“ clo - who — ';(2 50 \}<(\ 50 Q«\
A8 1% NS 5N N 2% Ly, N Ly N
ALO@mG Element content
ALO, Li s F N o c SEI formed by Al,O, SEI formed by Al,O;@mG

Fig. 4 Compositional analysis and mechanistic investigation of SEl. (a) Voltage—time profiles of Li||Li symmetric cells with ALOs@mG/PP, AL,O3/PP

and PP separators at a current density of 0.5, 1.0, 2.0, 3.0 and 5.0 mA cm ™2 with a capacity of 1.0 mA h cm

~2. (b) Cycling performances at 1.0 mA cm™2/

1.0 mA h cm™2. XPS depth profiling of (c and e) Li 1s and (d and f) N 1s spectra for (c and d) Al,Os and (e and f) ALOs@mG at different sputtering times.
(g) Atomic concentrations at different etching depths. 3D reconstruction of the measured ToF-SIMS signal for F~ secondary ion in the SEI formed via

(h) Aleg and (l) Aleg@mG

apparent capacity decrease after resting for 20 h (Fig. S22b, ESI¥).
In stark contrast, AL,O;@mG/PP exhibits a negligible capacity
loss (30.4 mA h g~ "), indicating a durable electrocatalytic effect
to mitigate an irreversible loss of active species. The conspicuous
advantages of multi-layer graphene overlay are demonstrated in
Fig. S22¢ (ESIt). Molecular dynamics simulation based on the
large-scale atomic/molecular massively parallel simulator was
also carried out to probe the structural features of Vo.*> With
respect to Al,O;_4 substrates with the aid of a graphene sustai-
ner, V,, exhibits more stable states than that of bare Al,O;_, (Fig.
S23, ESIt). Moreover, higher vacancy durability can be obtained
when increasing the layer amount of graphene from one to
three, suggesting that graphene chainmail can protect vacancy
sites from ‘poisoning”. Collectively, one can conclude that
ALO;@fG with a thin graphene coating suffers from an insufti-
cient shielding effect toward Vo, whereas Al,O;@tG with thick
layers hinders the complete release of the inner active sites. Both
would lead to a rapid failure of active sites upon electrochemical
reaction (Fig. 3d). The direct-CVD-enabled graphene with mod-
erate thickness serves as a sustainer to protect vacancy sites,

This journal is © The Royal Society of Chemistry 2025

which is conducive to mitigating the detrimental coverage of
discharge product while facilitating dual-directional sulfur redox
(Fig. 3e).

SEI compositional analysis and mechanistic investigation

To evaluate the impact of Al,O;@G on the lithium metal anode,
Li||Li symmetric cell tests employing a PP separator were first
carried out.>® Rate performances of Al,0;@mG/PP, ALLO;@fG/
PP, Al,O;@tG/PP, Al,O;/PP, and PP were recorded under dif-
ferent current densities from 0.5 to 5.0 mA cm ™ > with a fixed
capacity of 1.0 mA h cm ™2 (Fig. 4a and Fig. S24, ESI{). The cell
with Al,O;@mG/PP delivers the lowest overpotential as well as
the smallest voltage fluctuation. With respect to the Li plating/
stripping test at 1.0 mA ecm ™ %/1.0 mA h em ™2, AL,O;@mG/PP
displays a superior cycling stability over 1800 h with a low
voltage polarization while bare PP suffers from premature
failure (Fig. 4b and Fig. S25 and S26, ESIf). Impressively, the
cycling performance of Al,O;@mG/PP compares favourably
with other advanced separator designs in Li-S batteries (Table
S1, ESIt).'>1317:36740 pyrthermore, deposited Li metal with V-
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Al,O;@mG/PP exhibits a smoother morphology than its other
counterparts after cycling, demonstrative of its key role in
stabilizing the Li metal anode (Fig. S27, ESIt). As shown in
Fig. S28 (ESIt), the voltage curve of the Li||Cu cell with the
Al,O;@mG/Cu electrode also exhibits a smaller nucleation
overpotential of 30.1 mV in comparison with that of
ALO;@fG/Cu (39.8 mV), ALO;@tG/Cu (44.9 mV), Al,0;/Cu
(48.3 mV), and bare Cu (75.9 mV). In addition, a high average
Coulombic efficiency (CE) over 98.5% can be obtained on the
Al,O;@mG/Cu electrode, indicative of its favourable lithiophi-
licity for homogeneous Li metal deposition.

It is well established that the chemical components of SEI
help govern the ion transport and interfacial stability at the
anode/electrolyte interface.*®*** To investigate the roles of
vacancy engineering in modulating SEI's composition, XPS
depth profiling of the cycled Li metal anode was carried out.
As for the Li 1s spectrum, three peaks appearing at 56.1, 55.2
and 54.0 eV respectively correspond to Li-CO;>", Li-N, and
ROCO,-Li/Li-O (Fig. 4c and e).**> Two deconvoluted signals at
399.6 and 398.8 eV in the N 1s spectrum are ascribed to C-N
and Li-N bonds, respectively (Fig. 4d and f).* In the F 1s
profile, C-F (688.8 eV) and Li-F (685.2 eV) bonds could be
identified (Fig. S29, ESIT).*> Notably, the existence of ROCO,-
Li/Li-O and C-F bonds indicates the formation of organic
species from solvent decomposition, while the inorganic com-
ponents (e.g., Li,CO3, LizN and LiF) are usually derived from
TFSI anions.*® With the increase of etching time, the propor-
tion of ROCO,-Li/Li-O species formed via bare Al,O; is gradu-
ally augmented. Even after Ar' etching for 180 s, organic
components still exhibit an overwhelming advantage, which
is detrimental to Li-ion transportation and interfacial stability.
Encouragingly, massive inorganic components exist in the SEI
formed by Al,O0;@mG, wherein the percentages of Li;N and LiF
remain continuously high at different etching states. Upon Ar"
etching treatment, Li;N and LiF signals in the SEI layer are
continuously increased for the Al,0;@mG electrode, which are
stabilized at 60 s and become the dominant inorganic compo-
nents. At 120 s of etching time, the ratio of N and F elements is
almost twice as high as that formed by bare Al,O; (Fig. S30,
ESIT), again verifying the formation of an inorganic-rich SEI
architecture under the regulation of Vo and graphene armor.
Fig. 4g displays the elemental ratio distribution at different
etching stages, where a high ratio of inorganic to organic
species can be observed for the SEI generated by Al,O;@mG
(Fig. S31, ESIt). The spatial distribution of N and F elements
on the Li metal anode was further analysed by time-of-
flight secondary ion mass spectrometry (ToF-SIMS). By investi-
gating the secondary ion F~ and N, the 3D spatial distribution
of LiF and Li;N components can be unveiled.*” The F~ intensity
of Al,O;@mG is higher either on the surface or in the bulk
than that for bare Al,O; (Fig. 4h and i). In the meantime, a
similar trend can be observed with respect to the distribution
of N~ (Fig. S32, ESIt). It is therefore concluded that the
presence of Vo promotes the formation of inorganic SEI
constituents, thereby achieving a higher proportion of LiF
and LizN. Meanwhile, graphene armor plays a key role in
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sustaining vacancy sites without rapid deterioration (Fig. S33,
ESI¥).

Cryo-transmission electron microscopy (Cryo-TEM) was
employed to further inspect the microstructure of SEL*® As
illustrated in Fig. 5a, a myriad of crystal domains could be
witnessed in the SEI formed by AlL,O;@mG, implying the
richness of inorganic components. In response, the crystalline
region mainly consists of Li;N, Li,O, Li,S, Li,CO; and LiF, as
evidenced by the corresponding FFT patterns (Fig. 5b—f).*° In
particular, the marked areas 1, 4 and 5 can be indexed to the
(111) planes of LizN, LiF and Li,S, respectively.’® It is hence
concluded that the SEI formed via Al,O;@mG is composed of
many inorganic components derived from the decomposition
of TFSI anions, validating the favorable SEI formation mediated
by such a vacancy sustainer (Fig. 5g). In stark contrast, the SEI
formed by bare Al,O; is quite amorphous, in which Li,CO;
becomes the main component instead of LiF and Li;N (Fig. 5h-j).
The proportion of organic components is also increased owing to
dominant solvent decomposition, leading to an inhomogeneous
thick SEI layer (Fig. 5k).

To clarify the mechanism of Vo-mediated SEI formation, the
adsorption energies between anions and Al,O;@mG were sub-
ject to DFT calculations (Fig. 51).>" Although adsorption con-
figurations are similar, the introduction of Vo into Al,O;
enhances the capture of TFSI™ with the adsorption energy
augmenting from 0.69 eV to 4.10 eV (Fig. 5m). Likewise, the
adsorption between NO;™ and Al,O;@mG is also stronger than
that for bare Al,O3, which promotes the breaking of N-O bonds
(Fig. S34, ESIt). In terms of lithiophilicity, the adsorption
configurations of Li* on the Al-top site, O-top site and near O
vacancy-top site were taken into consideration (Fig. S35 and
$36, ESIT).>> Among them, Li* near the O vacancy-top site
affords a lower adsorption energy (—1.58 eV) than those of
other configurations, confirming that Al,O; with oxygen vacan-
cies would exhibit stronger affinity with Li'. Moreover, the
diffusion pathways of Li* on Al,0;@mG and Al,O; were inves-
tigated (Fig. S37, ESIT). In this respect, the apparently lower
energy barrier for Al,O;@mG manifests that Vo and graphene
chainmail boost ion transport and facilitates interfacial
kinetics (Fig. S38, ESIt). Finite element method simulations
of the spatial Li* distributions were performed to reveal the ion
flux status over the Li electrode. In general, the reverse migra-
tion and accumulation of anions in the electrolyte deteriorate
Li* transport under a continuously applied electric field.>* The
imbalance between Li* consumption and transport would
result in a depletion of Li" near the anode surface. Encoura-
gingly, Al,0;@mG helps boost the concentration of Li* near the
surface of Li anode, thereby enhancing interfacial charge
transfer and homogenizing lithium deposition (Fig. 5n and
Fig. $39, 540, ESI}).

Electrochemical performance

To comprehensively probe the electrochemical performances,
coin-type Li-S batteries were assembled with Al,O;@mG or
Al,O; modified separators. Fig. 6a presents the CV profiles of
full batteries within a voltage window of 1.7-2.8 V at a scan rate

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Compositional analysis and mechanistic investigation of SEI. (a) Cryo-TEM images of the SEI formed by Al,Oz@mG. (b)-(f) Representative HRTEM
images showing (b) LizN, (c) LioCOs, (d) Li>O, (e) LiF, and (f) Li,S phases from region 1-5. (g) Schematic of the SEI formed by ALOs@mG. (h) Cryo-TEM
images of the SEI formed byAl,Os. (i) and (j) Representative HRTEM images of (i) Li,O and (j) Li,COz phases from region 1, 2. (k) Schematic of the SEI
formed by Al,Os. () Adsorption structures of TFSI™ and NOz~ on Al,Os and AlLLOs@mG. (m) Corresponding adsorption energies. (n) Finite element
method simulations of the spatial Li* distributions of Al,Os (left panels) and ALOz@mG (right panels).

of 0.05 mV s~ . Two featured reduction peaks (peak i and peak ii)
appear at 2.3-2.4 V and 1.9-2.1 V during the discharge process,
corresponding to the formation of soluble polysulfides and
insoluble Li,S, respectively. Meanwhile, the oxidation peaks are
contributed by the Li,S decomposition during the charge
process. Note that the Al,O;@mG/PP exhibits a higher current
response and smaller voltage polarization among the tested
systems, indicative of robust electrocatalytic activity toward the
sulfur redox reactions. The as-derived Tafel slopes of both
reduction and oxidation peaks were used to quantify the
electrocatalytic activity.>® With respect to peak ii, the slope
values for Al,O;@mG/PP, Al,O;/PP, and PP reach 25.0, 28.1,

This journal is © The Royal Society of Chemistry 2025

and 39.6 mV dec ™", respectively (Fig. S41, ESIT). As for the peak
iii ascribed to Li,S dissociation, Al,0;@mG/PP also exhibits a
smaller Tafel slope, suggesting a kinetically favorable sulfur
reaction. Furthermore, CV curves at scan rates ranging from 0.1
to 0.5 mV s~ " were collected to investigate the Li-ion diffusion
based on the Randles-Sevcik equation (Fig. S42, ESIf). The
fitted curve for Al,O;@mG/PP is much sharper, signifying
optimized Li-ion migration and improved reaction kinetics
under the regulation of Vi and graphene chainmail (Fig. 543,
ESIt). As demonstrated by electrochemical impedance spectro-
scopy (EIS) analysis, the Al,O;@mG/PP shows smaller values
for both R; (equivalent series resistance) and R (charge-
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Fig. 6 Electrochemical performance. (a) CV profiles of Li-S batteries with Al,Os@mG/PP, Al,O3/PP, and PP separators at 0.05 mV s~ (b) Rate
performances. (c) GCD profiles at 0.2 C. (d) and (e) Cycling performances at 0.2 C and 1.0 C, respectively. (f) Cyclic performances of Li—S batteries

equipped with Al,Os@mG modified separators with a sulfur loading of 5.1 mg cm

~2. (g) Schematic of the pouch cell equipped with the ALOs@mG

modified separator. (h) Cycling performance of an assembled pouch cell at 0.2 C. Comparison of (i) the coin cell and (j) the pouch cell between this work

and related counterparts in Li—S batteries.

transfer resistance),>® which can be attributed to the high

electrical conductivity and fast interfacial reaction (Fig. S44,
ESIY).

Rate performances of Al,0;@mG/PP, Al,O;/PP and PP were
evaluated under different current densities (Fig. 6b).
Al,O;@mG/PP demonstrates an obvious advantage, delivering
capacities of 1307.5, 998.4, 772.9, 611.2, and 515.6 mA h g ' at
0.2, 0.5, 1.0, 2.0 and 3.0 C, respectively. When the current
density is switched back to 0.5 C, a capacity of 948.6 mA h g *
could be recovered. Even at a high rate of 3.0 C, Al,O;@mG/PP
enables two obvious discharge plateaus (Fig. S45, ESIt), indi-
cative of efficient reaction kinetics. Alongside, galvanostatic

5948 | Energy Environ. Sci., 2025, 18, 5940-5951

charge/discharge (GCD) profiles at 0.2 C were collected
(Fig. 6c). Notably, Al,O;@mG/PP not only delivers a higher
capacity but also exhibits a lower voltage gap in comparison
with its other counterparts, again confirming the kinetically
favorable polysulfide conversion as well as reduced reaction
polarization. The corresponding discharge capacities at high-
voltage and low-voltage plateaus are shown in Fig. S46 (ESIY),
where the Al,O;@mG/PP presents the larger values of 334 and
922 mA h g™ !, respectively. As shown in Fig. 6d, the Al,O;@mG/
PP harvests a high initial capacity with a favorable capacity
retention after 100 cycles at 0.2 C, which is also superior to that
of Al,O3/PP and PP.

This journal is © The Royal Society of Chemistry 2025
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When the current density is increased to 1.0 C, it is still able
to achieve a reversible capacity of 374.2 mA h g~* with a low
decay rate of 0.032% per cycle after 1600 cycles, verifying the
versatile functions of Al,0;@mG in restraining polysulfide
shuttling and improving sulfur utilization (Fig. 6e). As pre-
sented in Fig. S47 (ESIT), Li-S batteries with an elevated sulfur
loading and low electrolyte usage were also assembled. With a
sulfur loading of 3.1 and 4.2 mg cm ™2, they are able to operate
stably for 40 cycles at 0.1 C, respectively yielding a maximum
areal capacity of 3.9 and 4.1 mA h cm™ 2. More encouragingly,
the Al,O;@mG/PP delivers an areal capacity of 4.7 mA h cm >
at a sulfur loading of 5.1 mg cm™?, exceeding that of commer-
cial Li-ion batteries (Fig. 6f and Table S2, ESIt).°®® To further
explore its practical potential, pouch cells with a thin Li anode
(50 um) and an E/S ratio of 4.8 uL mg ' were assembled
(Fig. 6g). With the aid of the Al,0;@mG modified separator,
it realizes an initial areal capacity of 5.4 mA h cm™?, accom-
panied by a capacity retention of 73.1% at 0.2 C over 70 cycles
(Fig. 6h). As shown in galvanostatic charge/discharge curves of
a Li-S pouch cell, two typical discharge plateaus can be clearly
observed (Fig. S48, ESIT), demonstrating a kinetically favorable
sulfur reaction. Benefiting from such a dual-functional media-
tor and vacancy catalysis sustainer, the performances of Li-S
batteries equipped with Al,O;@mG compare favorably with
their related counterparts in both coin-type and pouch-cell
configurations (Fig. 6i and j and Table S3, ESI¥),'??3838:60,62-72

Conclusions

We have designed a dual-functional Vy-rich Al,0; mediator for
Li-S batteries, which was encapsulated by graphene chainmail
with controlled layer number via the CVD technique. It is
revealed that the electrocatalytically active sites of Al,O; with
a moderate vacancy concentration can be maintained with the
aid of a tailored multi-layer graphene armor, which functions
as a catalysis sustainer to mitigate the detrimental coverage of
insulating discharge product and promote catalytic durability.
Meanwhile, Vo-rich Al,O;@mG is conducive to inducing homo-
geneous Li deposition and promoting the preferential decom-
position of anions, thereby rendering a stable inorganic-rich
SEI layer and inhibiting Li dendrite growth. Consequently, Li-S
batteries equipped with Al,0;@mG modified separators exhibit
impressive cycling stability with a low capacity decay rate at
0.032% per cycle after 1600 cycles at 1.0 C. The assembled
pouch cells with a thin Li anode and a low E/S ratio acquire a
high areal capacity with stable operation over 70 cycles. Our
work explores the maintenance mechanism of vacancies and
their role in mediating electrolyte decomposition as well as SEI
generation, which opens an avenue for the rational modulation
of dual-functional mediators toward Li-S commercialization.
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