
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
m

aj
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

0.
 0

1.
 2

02
6 

23
:4

2:
01

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synergistic interf
aCollege of Textiles & Clothing, Qingdao Un
bKey Laboratory of Bio-Fibers and Eco-Textil

China
cSchool of Polymer Science and Engineeri

Technology, Qingdao 266110, China
dInstitute of Bioenergy and Bioprocess Tec

Qingdao 266101, China
ePetroChina Shenzhen New Energy Research
fSchool of Chemistry and Chemical Engin

Shanghai 200240, China
gInstitute for Advanced Study, Tongji Univer
hMicron School of Materials Science and Eng

83725, USA. E-mail: clairexiong@boisestate

† Electronic supplementary informa
https://doi.org/10.1039/d4sc02587c

Cite this: Chem. Sci., 2024, 15, 8966

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 19th April 2024
Accepted 7th May 2024

DOI: 10.1039/d4sc02587c

rsc.li/chemical-science

8966 | Chem. Sci., 2024, 15, 8966–8
ace and structural engineering for
high initial coulombic efficiency and stable sodium
storage in metal sulfides†

Chunrong Ma, ab Zhengguang Fu,cd Yanchen Fan,e Hui Li,ab Zifeng Ma, f

Wei Jiang,ab Guangshuai Han,*g Haoxi Ben*ab and Hui (Claire) Xiong *h

Transition metal sulfides (TMS) have gained significant attention as potential anode materials for sodium ion

batteries (SIBs) due to their high theoretical capacity and abundance in nature. Nevertheless, their practical

use has been impeded by challenges such as large volume changes, unstable solid electrolyte interphase

(SEI), and low initial coulombic efficiency (ICE). To address these issues and achieve both long-term

cycling stability and high ICE simultaneously, we present a novel approach involving surface engineering,

termed as the “dual-polar confinement” strategy, combined with interface engineering to enhance the

electrochemical performance of TMS. In this approach, CoS crystals are meticulously coated with polar

TiO2 and embedded within a polar S-doped carbon matrix, forming a composite electrode denoted as

CoS/TiO2-SC. Significantly, an ether-based electrolyte with chemical stability and optimized solvation

properties synergistically interacts with the Co–S–C bonds to create a stable, ultra-thin SEI. This

concerted effect results in a notably high ICE, reaching approximately 96%. Advanced characterization

and theoretical simulations confirm that the uniform surface modification effectively facilitates sodium

ion transport kinetics, restrains electrode pulverization, and concurrently enhances interaction with the

ether-based electrolyte to establish a robust SEI. Consequently, the CoS/TiO2-SC electrode exhibits high

reversible capacity, superior rate capability, and outstanding cycling stability.
Introduction

The development of advanced high-energy and high-power
electrode materials with long-term durability is of utmost
importance for the progress of next-generation sodium-ion
batteries (SIBs).1–5 In this pursuit, transition metal suldes
(TMS) have emerged as highly promising candidates for anode
materials due to their remarkable attributes, including a high
theoretical capacity, abundant raw materials availability, and
favorable redox potential.6 Among all TMS materials, CoSx
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stands out due to its reversible multi-electron redox, offering an
impressive theoretical capacity of 872 mA h g−1.7,8 Conse-
quently, CoSx has garnered signicant attention and research
efforts. However, the practical utilization of CoSx faces
substantial challenges, primarily stemming from the volume
expansion that occurs during the conversion reaction. This
expansion leads to severe mechanical fracture and electronic
contact failure within the active materials. Furthermore, akin to
lithium sulfur batteries, the polysulde “shuttling” effect can
trigger electrochemical degradation of active CoS materials,
resulting in continuous capacity decay.9,10 To address these
complex issues, extensive research has been devoted to con-
structing intricate nanostructures in conjunction with highly
conductive carbon frameworks.11–14 Nevertheless, these
approaches introduce new problems, such as increased side
reactions with the electrolyte due to the higher specic surface
area and the rupture of solid electrolyte interphase (SEI) lms
caused by substantial volume change, resulting in highly irre-
versible capacity. Additionally, continuous electrolyte decom-
position and the formation of undesirable reaction products
can exacerbate interfacial instability. The electrochemical
reduction of the electrolyte on the electrode is signicantly
inuenced by the surface of electrode materials. Particularly,
the initial coulombic efficiency (ICE), a quantiable indicator of
SIB reversibility, closely relates to the structure and quality of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Scheme illustration of the synthesis process of CoS/TiO2-SC
composite, (b–d) SEM images, (e–g) TEM images of CoS/TiO2-SC

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
m

aj
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

0.
 0

1.
 2

02
6 

23
:4

2:
01

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
SEI, which, in turn, inuences the lifespan and rate capability of
SIBs.15–18 Therefore, it becomes imperative to consider the
interfacial stability at the electrode/electrolyte interface when
designing CoS-based electrode materials.

Beyond electrode structure engineering, the electrochemical
behavior of materials also hinges on the electrolyte. Recent
research has shed light on the pivotal role of electrolytes in
shaping the structural evolution and electrochemical behavior
of SIB anodes.19–22 For instance, Huo et al. demonstrated
noticeable differences in SEI lms formation on CoS2 electrode
when employing electrolytes like NaClO4/propylene carbonate
(PC) and NaPF6/diethylene glycol dimethyl ether (DEGDME).23

They achieved superior cycling performance using the NaPF6/
DEGDME electrolyte, suggesting that electrolytes containing
NaPF6 in glymes are benecial for forming a stable SEI layer that
has good passivating properties for reversible operation.
However, this strategy faces challenges from recent research
indicating that the presence of NaPF6 during SEI formation may
inevitably generate harmful hydrouoric acid with trace water,
which could attack electrolytes and degrade their performance
if it is not controlled.24,25 Furthermore, most research efforts
have concentrated on comparing the performance of electrode
materials in different electrolyte systems, oen overlooking the
profound inuence of the choice of electrolyte on the electrode
itself. It is crucial to recognize that understanding the intricate
interplay between the electrode and electrolyte is of paramount
importance as it directly affects electrode kinetics and SEI
chemistry. Therefore, in the pursuit of exceptional electro-
chemical properties for CoS-based anode materials, it is
imperative not only to design composite assembly structures
but also to comprehend the effects of various electrolytes.

Here, a new “dual-polar connement” strategy is proposed,
wherein the inner polar TiO2 coated CoS crystals, encapsulated
within an outer polar S-doped carbon matrix, are fabricated
through a sequence of co-precipitation and self-assembly
process, followed by high-temperature sulfuration (denoted as
CoS/TiO2-SC). The TiO2 layer plays a crucial role in anchoring
dissolved polysulde intermediates, thereby preserving the
structural stability of the CoS particles during charge and
discharge cycles. Importantly, we have identied that
a DEGDME-based electrolyte, with exceptional electrochemical
stability and optimized solvation properties, synergistically
interacts with the Co–S–C bonds to form a stable, ultra-thin SEI.
This results in an exceptionally high ICE in SIBs. The SEI
composition and the composite structural stability have been
comprehensively validated through a range of ex situ charac-
terizations and theoretical simulations. As a result of this
synergistic approach involving surface engineering with a dual-
polar layer and interphase engineering via electrolyte modula-
tion, CoS-based anode materials exhibit impressive high
capacity and rate performance, even aer 3000 cycles. This
study provides a theoretical and technological foundation for
understanding the interfacial and structural stability of various
metal sulde anode materials for long-term operation, offering
a signicant contribution to the eld of sodium-ion battery
research.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

The synthesis of the superhierarchical porous CoS/TiO2-SC
composite is depicted in Fig. 1a. Initially, uniform cubic ZIF-67
nanocrystals (Fig. S1†) were meticulously generated through an
organometallic reaction between Co2+ ions and 2-methyl-
imidazole ligands in methanol. Subsequently, these ZIF-67
crystals were enveloped with a layer of TiO2 via a solvothermal
process. Ultimately, the TiO2-coated ZIF-67 structures self-
assembled with a solution containing carboxymethyl cellulose
(CMC) and graphene oxide (GO) to yield CoS@TiO2@GO 2D
nanosheets. This assembly occurred through the formation of
hydrogen bonds and chemical coordination. As the reaction
duration increased, a leaf-like protective layer developed around
these nanosheets. Following vulcanization, the CoS@TiO2@GO
precursors underwent transformation into hierarchical S-doped
porous carbon nanosheets containing dispersed CoS/TiO2

nanocubes. The morphology of the resulting CoS/TiO2-SC
composite was characterized using scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM). In
Fig. 1b, the CoS/TiO2-SC composite demonstrates a hierarchical
structure, with graphene sheets intricately woven into a macro-
porous framework. This architecture is expected to facilitate ion
diffusion and electron transport, ultimately enhancing in the
magnied SEM image (Fig. 1c), numerous cubes are evenly
distributed within the graphene nanosheets. Upon closer
examination (Fig. 1d), it becomes evident that CoS/TiO2 nano-
cubes, with an average diameter of approximately 150 nm, are
fully enveloped by the graphene nanosheets. This conguration
provides an efficient electrically conductive network for the
encapsulated CoS nanoparticles. TEM (Fig. 1e) further conrms
the cubic morphology of the CoS/TiO2 composite, which
exhibits a characteristic porous feature attributed to volume
composite.

Chem. Sci., 2024, 15, 8966–8973 | 8967
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contraction during calcination. A high-resolution TEM image
(Fig. 1f) reveals that CoS nanocrystallites, approximately 5 nm in
size, are uniformly dispersed within the carbon matrix. Addi-
tionally, an amorphous shell with a thickness of approximately
3 nm is visible along the edge of particle, attributed to the
conformal TiO2 coating. Within the inner region of the CoS/
TiO2-SC composite nanocomposite, a zoomed-in image (Fig. 1g)
shows lattice fringes with an interplanar distance of 0.254 nm.
This interplanar spacing corresponds to the (101) plane of CoS.
The elemental composition of the CoS/TiO2-SC composite was
further elucidated through energy-dispersive X-ray spectroscopy
(EDS). As displayed in Fig. S2,† the detected elements, including
C, S, Ti, O, and Co, closely align with the expected composition
of the composite material, affirming the successful construc-
tion of the composite.

The crystal structure of the as-prepared CoS/TiO2-SC
composite is presented in Fig. 2a. The X-ray diffraction (XRD)
pattern of the sample reveals distinct diffraction peaks at
various angles, including 30.5°, 35.2°, 46.8°, 54.3°, 62.5°, 66.3°,
and 74.5°. These peaks correspond to the (100), (101), (102),
(110), (103), (201), and (202) planes of hexagonal CoS (PDF. 75-
0605). Additionally, a broad peak at 24.5° corresponds to the
diffraction peak of carbon. No distinct TiO2 diffraction peaks
are detected, likely due to the amorphous nature of TiO2.
Raman spectroscopy was employed to examine the surface
properties of the CoS/TiO2-SC composite (Fig. 2b). Two char-
acteristic peaks are observed at 1357 and 1580 cm−1, corre-
sponding to the D and G bands, respectively. The ratio of ID/IG
provides insight into the degree of disorder in the carbon
structure.26,27 A calculated ID/IG value of 1.35 for CoS/TiO2-SC
indicates a high level of disorder and defect, and this disorder
may be attributed to S-doping. Moreover, ve peaks within the
black box in Fig. 2b are consistent with TiO2,28 and the peak at
687 cm−1 is characteristic of CoS.29 These results conrm the
successful synthesis of CoS/TiO2 embedded within the carbon
structure. The chemical state and composition of CoS/TiO2-SC
were further analyzed through X-ray photoelectron spectroscopy
(XPS). The XPS survey (Fig. S3a†) reveals the presence of Co, S,
Ti, O, and C elements in the CoS/TiO2-SC composite. In the
Fig. 2 (a) XRD patterns of CoS/TiO2-SC and CoS-SC composites, (b)
Raman spectrum of CoS/TiO2-SC composite, and (c–f) High-resolu-
tion XPS profiles of the Co 2p, Ti 2p, S 2p, and C 1s for CoS/TiO2-SC
composite.

8968 | Chem. Sci., 2024, 15, 8966–8973
high-resolution Co 2p spectrum (Fig. 2c), peaks at binding
energies of 778.3 and 797.2 eV correspond to Co3+, while peaks
at 780.6 and 802.2 eV are attributed to Co2+.30,31 A pair of broad
satellite peaks accompanies these Co peaks. The peak-tting
analysis of the Ti 2p spectra (Fig. 2d) reveals two peaks at
binding energies of 458.5 and 464.2 eV, corresponding to Ti 2p3/
2 and Ti 2p1/2, respectively.32 The S 2p spectrum (Fig. 2e) exhibits
two peaks at 161.8 and 163.6 eV, corresponding to S 2p3/2 and S
2p1/2, respectively. Additionally, peaks at 165.7 and 169.0 eV can
be ascribed to C–S and SOx bonds, with a small peak at 160.3 eV
indicating chemical interaction between CoS and carbon
through the C–S–Co combination.33 The high-resolution O 1s
spectrum (Fig. S3b†) features three peaks at 529.6, 531.5, and
532.2 eV, corresponding to Ti–O, C–O, and H–O bonds,
respectively.34 The C 1s spectrum (Fig. 1f) displays two prom-
inent peaks at 284.4 and 288.1 eV, attributed to C–C and C–S
bonds, suggesting the presence of S groups within the carbon
structure.35 Doped sulfur is known to modify the electronic
properties of carbon, facilitating ion transport.36 These ndings
provide detailed information about the chemical composition
and state of the elements within the CoS/TiO2-SC composite.
The carbon mass in the CoS/TiO2-C composite was determined
via Thermogravimetric Analysis (TGA). As depicted in Fig. S4,†
a marginal weight increase was observed between ∼200 and
420 °C, attributed to the oxidation of CoS. Subsequent weight
loss occurring within the range of 400–900 °C was attributed to
the combustion of carbon and further oxidation of CoS to metal
oxides.37 The calculated carbon content in the CoS/TiO2-C
composite samples was approximately 38%.

The electrochemical performance of the synthesized CoS/
TiO2-SC composite in DEGDME-based electrolyte is thoroughly
examined by assembling CR2032 half-cells. Fig. 3a depicts the
charge–discharge proles of the CoS/TiO2-SC electrode at
a current density of 0.2 A g−1 within the voltage range of 0.01–
3 V. In the initial cycle, the CoS/TiO2-SC electrode exhibits
a discharge and charge specic capacity of 813 and
769 mA h g−1, respectively, resulting in a high ICE of 94.5%.
This ICE is notably higher than the 79% ICE observed for the
CoS-SC electrode (Fig. S5†). In the initial cycle, the CoS/TiO2-SC
electrode exhibits a discharge and charge specic capacity of
813 and 769 mA h g−1, respectively, resulting in a high ICE of
94.5%. The improved ICE could be attributed to the incorpo-
ration of TiO2, which has the ability to adsorb polysuldes,
thereby mitigating the escape of polysulde intermediates.
Importantly, the CoS/TiO2-SC electrode shows a CE that rapidly
approaches ∼100% within the rst 3 cycles, indicating the
formation of a stable SEI. In contrast, the CoS-SC electrode
maintains an average CE of ∼95% over the initial 3 cycles.
Furthermore, the CoS/TiO2-SC electrode displays a superior
specic capacity and better capacity reversibility in subsequent
cycles. To gain deeper insights into the Na+ storage behavior of
the CoS/TiO2-SC electrode, cyclic voltammetry (CV) are con-
ducted within the voltage window of 0.01–3 V (Fig. 3b). For the
CoS/TiO2-SC electrode, a broad peak appears at ∼0.88 V during
the initial cathodic scan and disappears in subsequent scans,
indicating the formation of the SEI.6,38–40 The peak at ∼0.75 V
corresponds to the conversion reaction of CoS to Co and Na2S.7
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Charge–discharge profiles of CoS/TiO2-SC, (b) CV profiles
of CoS/TiO2-SC at 0.1 mV s−1, (c) cycling performance of CoS/TiO2-
SC and CoS-SC at 0.2 A g−1, (d) rate capabilities of CoS/TiO2-SC and
CoS-SC, (e) long-term cycling performance of CoS/TiO2-SC at
10 A g−1, (f) CV profiles of CoS/TiO2-SC at different scanning rate, (g)
b-value of CoS/TiO2-SC electrode, and (h) the Na+ diffusion coeffi-
cient derived from the GITT curves of CoS/TiO2-SC electrode.
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Aer the initial cathodic scan, the reduction peak divides into
four peaks at 0.63, 0.96, 1.21, and 1.65 eV. In the anodic process,
the 1.45 and 1.77 V peaks can be attributed to the reverse
reaction, forming metal suldes. A pair of small peaks near 0 V
reects reversible Na storage in the carbon.41,42 The cycling
performances of the CoS/TiO2-SC and CoS-SC electrodes are
compared (Fig. 3c). The CoS/TiO2-SC electrode delivers a high
reversible capacity of 780 mA h g−1 at a current density of
0.2 A g−1, whereas the CoS-SC electrode achieves only
387 mA h g−1 under the identical conditions. Aer 100 cycles,
the CoS/TiO2-SC electrode maintains a stable capacity, while
capacity fading is observed in the CoS-SC electrode. Further-
more, the CE of the CoS/TiO2-SC electrode rapidly stabilizes at
100% aer the initial cycles. In contrast, the CE of the CoS-SC
electrode continuously uctuates around an average value of
95%, likely due to the continuous formation of the SEI
(Fig. S6†). The rate capability of both electrodes is evaluated
(Fig. 3d). The CoS/TiO2-SC electrode consistently outperforms
the CoS-SC electrode at all tested current densities, with the
capacity gap increasing as the current density rises. Specic
capacities of 592, 578, 554, and 512 mA h g−1 are achieved for
the CoS/TiO2-SC electrode at current densities of 1, 2, 5, and
8 A g−1, respectively. Even at a high current density of 10 A g−1,
the CoS/TiO2-SC electrode still delivers 478 mA h g−1. Upon
returning to a current density of 0.2 A g−1, the specic capacity
promptly returns to 764 mA h g−1. In contrast, the CoS-SC
electrode exhibits a low capacity of 236 mA h g−1 at a high
current density of 10 A g−1, with signicant capacity fading,
primarily due to slow reaction kinetics and poor reversibility.
The long-term cycling stability is crucial for evaluating sodium
storage performance. The CoS/TiO2-SC electrode is subjected to
cycling at a high current density of 5 A g−1. As shown in Fig. 3e,
© 2024 The Author(s). Published by the Royal Society of Chemistry
the CoS/TiO2-SC electrode maintains a reversible capacity of
510 mA h g−1 aer 3000 cycles, demonstrating excellent elec-
trochemical reversibility. The effect of surface engineering
involving the introduction of TiO2 coating on the sodium
storage is investigated by density functional theory (DFT)
calculations. As shown in Fig. S7,† the introduction of TiO2,
providing it as polysulde adsorbent, exhibits a considerably
higher adsorption capacity for polysuldes in comparison to
carbon-based materials. Consequently, the designed CoS/TiO2-
SC composite, featuring the polar TiO2 and S–C bond, could
effectively inhibits the escape of the polysulde intermediates
through a polar–polar interaction mechanism,43 thus ensuring
the cycling stability. To better understand the Na+ storage
mechanism, CV experiments were conducted at varying scan
rates, ranging from 0.1 to 2 mV s−1. Notably, the CV curves
maintain their characteristic shape at the scan rate increases
(Fig. 3f). Typically, the charge total charge storage can be
described by the following formula:44

i = avb (1)

where a and b are the adjustable parameters, and b value can be
calculated from the slopes of log(i) vs. log(n) plots. The b value
lies within a range from 0.5 to 1, with a b value approaching 1
indicating the charge storage is predominantly governed by
capacitive behavior. Conversely, a b value of 0.5 signies that
diffusion behavior dominates the electrochemical process. The
calculated b value (Fig. 3g) during the sodiation process is
primarily higher than 0.8, suggesting that the charge storage is
controlled by the psuedocapacitive process. Furthermore, the
specic contribution of capacitance can be discerned from the
total charge according to the following equation:45

i = k1v + k2v
1/2 (2)

where k1n and k2n represent the capacitive contribution and
diffusion-controlled behavior, respectively. Based on this
formula, the calculated pseudocapacitive contribution (indi-
cated by red area in Fig. S8†) is 87% at scan rate of 0.2 mV s−1.
This substantial contribution enhances charge storage and
promotes rapid reaction kinetics. To gain a more comprehen-
sive understanding of the exceptional Na+ storage performance,
the Na+ diffusion coefficient (DNa+) is studied according to the
galvanostatic intermittent titration technique (GITT).46 The DNa+

during the sodiation process can be calculated based on the
following equation,47 with details of formula information
provided in Fig. S9:†

DNaþ ¼ 4

p

�
mBVM

MBA

�2�
DES

DEt

�2�
s � L2

DNaþ

�
(3)

Notably, the sodium ion diffusion kinetics in CoS/TiO2-SC
electrode demonstrate a faster rate compared to those in CoS-SC
electrode (Fig. 3h). This distinction stands as a primary
contributing factor to the superior rate capability observed in
the CoS/TiO2-SC electrode. The average value of corresponding
DNa+ in CoS/TiO2-SC electrode was 6 × 10−10 during discharge
Chem. Sci., 2024, 15, 8966–8973 | 8969
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process. For a deeper insight into the impact of surface engi-
neering through TiO2 coating on sodium storage, DFT calcula-
tions are performed to assess the polysulde adsorption
capability of the introduced TiO2 in comparison to conventional
carbon materials. As depicted in Fig. S7,† it is observed that the
carbon, TiO2, and TiO2@C structures exhibit negative adsorp-
tion energies, indicating their suitability for interacting with
polysuldes. Remarkably, the TiO2@C structure displays amore
robust polysulde capture capability compared to both carbon
and TiO2. This dual-polar effect effectively hinders the escape of
polysulde intermediates, thereby ensuring enhanced cycling
stability.

The structural transformation occurring in the CoS/TiO2-SC
electrode during charge and discharge processes were further
investigated through in situ XRD analysis. As shown in Fig. 4a,
the characteristic peaks corresponding to CoS gradually
decrease as the discharge process proceeds, indicating the
involvement of CoS in the sodiation reaction. Subsequently,
new peaks (24.3°) emerge and persist as the discharge prog-
resses to lower potentials, indicating the formation of Na2S
during the sodiation reaction. As the discharge process
proceeds, the CoS peaks continue to weaken, while the Na2S
peaks concurrently intensify until the CoS peaks completely
vanish, indicating the full conversion of CoS into Co and Na2S.
Throughout the charging process, the Na2S diffraction peaks
gradually weaken and eventually disappear, accompanied by
the reemergence of CoS peaks, indicating the desodiation
process. Simultaneously, the CoS peaks gradually reappear
during the desodiation until the end of charging, suggesting the
regrowth of the CoS phase. Importantly, no Na2S peaks are
detected at the fully charged state, indicating the reversibility of
the process. Co peaks are not observed during the charge/
Fig. 4 (a) In situ XRD patterns, (b) schematic illustration of sodium
storage mechanism of CoS, (c–e) Na atom adsorption at CoS, TiO2,
and CoS/TiO2 interface, and (f–h) charge density difference plot for
CoS, TiO2, and CoS/TiO2 interface.

8970 | Chem. Sci., 2024, 15, 8966–8973
discharge process, which could be attributed to the low crys-
tallinity of the generated Co.48 The conversion reaction mech-
anism of the CoS/TiO2-SC electrode is presented in Fig. 4b. To
gain more insight into the kinetic process, the sodium
adsorption energy of CoS, TiO2, and CoS/TiO2 was computed. As
shown in Fig. 4c–e, CoS/TiO2 exhibits the smallest Na adsorp-
tion energy of −2.88 eV, indicating an exceptional sodium
affinity of the surface-engineered composite. These interactions
effectively inhibit the dissolution of soluble active cobalt species
and enhance long-term cycling stability during the charge/
discharge process. Furthermore, the charge difference maps
(DOS) of the structures involved in this work are detailed in
Fig. 4f–h. The adsorbed Na atom loses electrons, facilitating
charge transfer. Meanwhile, electrons accumulate on the
surfaces of CoS and TiO2, indicating that both materials can
capture sodium ions, thus providing a synergistic effect on
sodium ion storage performance. When compared to single CoS
or TiO2, the CoS/TiO2 composite structure demonstrate
a greater propensity for enhancing both Na adsorption and
diffusion.

To further elucidate the factors contributing to the excep-
tional electrochemical performance, the morphological evolu-
tion of the CoS/TiO2-SC electrode was analyzed using TEM. Aer
50 cycles, the surface of CoS displayed a porous-like structure
(Fig. 5a). With extended cycling, this porous structure became
even more pronounced aer 100 cycles (Fig. 5b), ultimately
resulting in the establishment of a stable porous structure.
Notably, this porous nanostructure maintained its inter-
connected integrity without signicant cracks, and the outer
TiO2 shell remained intact. The morphological evolution of CoS
is schematically illustrated in Fig. 5e. The porous structure
Fig. 5 (a–c) TEM images, (d) SAED patterns of CoS/TiO2-SC after 100
cycles, (e) schematic illustration of morphological evolution of CoS/
TiO2-SC during cycling, (f) enlarge TEM image of CoS/TiO2-SC after
100 cycles (g–i) high-resolution XPS spectrum of C 1s, O 1s, and F 1s in
the electrolyte of DME and EC/DEC, (j and k) solvation and desolvation
energy of Na+ solvent complexes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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observed in the active materials is primarily the outcome of the
strong chemical adsorption of DME molecule on the surface of
CoS. This interaction induces the movement of CoS surfaces
atoms and aids in the formation of a porous structure during
cycling, effectively reducing interfacial strain energy.49 This
porous structure is advantageous for facilitating electrolyte
penetration into the active materials and relieving stress during
the charge/discharge process. Consequently, this structure
feature signicantly contributes to the exceptional rate capa-
bility and long-term cycling stability of the electrode. In the
high-resolution TEM image of the CoS electrode aer 100
cycles, presented in Fig. 5(c1), the observed lattice fringes cor-
responded to the (101) planes of CoS. Furthermore, selected
area electron diffraction (SAED) patterns (Fig. 5d) conrmed the
presence of CoS. These results indicate that the crystal structure
of CoS remains unchanged during the solid–liquid conversion
behavior between solid-state CoS and soluble sodium poly-
sulde. The surface of the CoS/TiO2-SC electrode was also
analyzed for the formation of the SEI lm. As a comparison, an
electrolyte based on EC/DEC was used. As shown in Fig. 4f, in
the DEGDME-based electrolyte, the SEI lm appeared uniform
and thinner than that in the EC/DEC-based electrolyte
(Fig. S10†). Such a uniform and thin SEI lm can promote
cycling stability. The composition of the SEI lm was further
analyzed using ex situ XPS. In the DEGDME electrolyte, themain
components of the SEI lm were sodium alkoxides (RCH2ONa)
and polyethers, as indicated by the C 1s and O 1s spectra
(Fig. 5g–h). In contrast, the SEI in the EC/DEC-based electrolyte
mainly consisted of sodium alkylcarbonates (ROCO2Na) and
polyester. ROCO2Na is known to be unstable and further
decomposes into RCH2ONa and Na2CO3, leading to an unstable
SEI in EC/DEC electrolyte.50 The F 1s high-resolution spectra
(Fig. 5i) revealed two distinct peaks corresponding to organic
C–F and inorganic NaF components. Notably, the proportion of
these two components in the SEI layer was signicantly higher
(48%) in the DEGDME-based electrolyte. These uorinated
species contribute to the formation of a dense and robust SEI
layer on the surface of the active electrode, protecting it from
electrolyte corrosion and contributing to the superior electro-
chemical performance of the CoS/TiO2-SC electrode in
DEGDME electrolyte.50 Furthermore, DFT calculations were
employed to gain fundamental insights into the effect of the two
different electrolytes on the electrode. Specically, solvation
energy (Es) and desolvation energy (Edes,x) calculations were
conducted for various [Na–solventx]+ complexes. The corre-
sponding Es values for [Na–DEGDME]+, [Na–DEGDME2]

+, [Na–
EC]+, [Na–EC2]

+, [Na–DEC]+, [Na–DEC2]
+, and [Na–EC/DEC]+

complexes were calculated and compared, as shown in Fig. 5j.
Relative to the DEGDME-based electrolyte, the EC/DEC-based
electrolytes exhibited weaker solvation energy, making the
carbonate solvation sheath more prone to accepting electrons
and decomposing. In contrast, DEGDME exhibited a higher Es
value of −1.38 eV, indicating strong solvation with Na+ ions.
This solvation isolates PF6

− anions and enables them to pref-
erentially decompose, forming a uorine-rich inorganic SEI
inner layer. Additionally, the desolvation behavior at the inter-
face between the electrodes and electrolyte can signicantly
© 2024 The Author(s). Published by the Royal Society of Chemistry
impact the electrochemical reaction. The calculated desolvation
energy, as shown in Fig. 5k, revealed that the [Na–DEGDME]+

complexes exhibit the highest desolvation energy among the
[Na–solventx]+ complexes. This suggests that [Na–DEGDME]+

complexes are more likely to combine with the electrode,
thereby promoting rate capability and cycling stability.
Conclusions

In conclusion, we successfully employed a “dual-polar
connement” strategy to design a CoS/TiO2-SC composite
electrode for efficient sodium storage in sodium-ion batteries
(SIBs). Through meticulous surface engineering and the
modulation of the electrode–electrolyte interface, the CoS/TiO2-
SC electrode has demonstrated exceptional high ICE, high
capacity, superior rate capability, and long-term cycling
stability. Our investigation, facilitated by an ensemble of phys-
icochemical characterization techniques and DFT calculations,
has unveiled critical insights into the underlying mechanisms
driving this remarkable performance. Specically, it has eluci-
dated the importance of reversible electrochemical phase
transitions with low reaction energy barriers, which facilitate
rapid electrochemical reactions and contribute to the observed
excellence of the electrode. Crucially, the incorporation of polar
TiO2, synergistic with sulfur-doped carbon, has proven to be
highly effective in anchoring and immobilizing dissolved poly-
sulde intermediates. This synergy enhances reaction revers-
ibility, ensuring long-term cycling stability throughout the
charge/discharge cycles. Additionally, the engineered surface
facilitates the formation of a ultra-thin uorine-rich SEI with
facile ion transport. In summary, our research deepens our
understanding of the structural and component evolution
during electrochemical reactions, shedding light on the intri-
cate processes that underlie high-performance sodium-ion
battery anodes.
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