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spinel high entropy oxide with
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and lithium-ion storage performance†

Feiyue Zhai,abc Shengji Gao,bcd Wenfeng Zhang,bc Gaoping Cao,bc
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High-entropy oxide (HEO) has emerged as a promising anodematerial for high-energy lithium-ion batteries

(LIBs) due to its high theoretical specific capacity. However, the further application of HEO is restricted by its

complicated interface problems and inevitable expansion effect. In this work, a simple approach to coat

spinel HEO (FeCoNiCrMn)3O4 with a hybrid layer of lithium titanate (LTO) and carbon is presented. The

coating is applied through a solution-chemistry method followed by calcination under an inert

atmosphere. This hybrid layer significantly improves the electrochemical kinetics and stability at the

electrode/electrolyte interface. Additionally, the diffusion of Ti4+ into the HEO bulk during synthesis

provides an inactive metal skeleton, potentially improving cycle stability. Electrochemical test results

show that the HEO@LTO/C achieved a reversible specific capacity of 1090 mA h g−1 at 0.5 A g−1 and

remained stable after 800 cycles. Moreover, the first-coulomb efficiency was increased from 63.7% to

72.8%, and rate performance has improved by at least 100 mA h g−1. This work demonstrates that hybrid

surface-modifying of HEO is an effective measure to improve and stabilize its electrochemical properties.
Introduction

Since they were rst proposed in 2018, HEOs have shown
promising potential as anodes for high-energy lithium-ion
batteries (LIBs).1–4 For example, rock salt type HEO (MgCoNi-
CuZn)O could display a reversible capacity of about
650 mA h g−1 at a current density of 200 mA g−1 for 300 cycles.5

This demonstrated superior cycle stability compared to
conventional transition metal oxide (TMO) anodes.6–8 It was
found that the inactive MgO component could act as a stable
framework and alleviate the volume expansion of HEO anode
during the long cycling, realizing a relatively stable perfor-
mance. The synergistic effect of multiple elements can promote
more electrons to participate in the redox reaction, so the high
entropy effect can increase the specic capacity of the material.9

For example, spinel HEOs(SHEOs) have been designed based on
the tunability of the components, such as (MgTiZnCuFe)3O4,10

(NiCoCuFeMg)3O4,11 and (CrMnFeNiZn)3O4.12 The metal ions of
ing, Beihang University, Beijing 100191,

, PR China. E-mail: drxiangyu2016@126.

mical Energy Storage Technology and

0131, China

tion (ESI) available. See DOI:

3132
SHEOs are located at twoWyckoff sites, which are tetrahedral 8a
and octahedral 16d sites, respectively. The random distribution
of cations at these two sites results in higher hybrid valence
states compared to rock type HEOs, leading to signicantly
higher theoretical capacities.13 Huang et al. synthesized non-
equimolar SHEO (CrMnFeCoNi)3O4 with the atom ratio of Cr,
Mn, Fe, Co, Ni being 3 : 8 : 2 : 8 : 4 via a surfactant-assisted
hydrothermal method.14 The rst reversible capacity was
about 1250 mA h g−1 at 20 mA g−1 with a specic capacity of
750 mA h g−1 aer 200 cycles at 0.5 A g−1. This is a high level
that can be achieved with SHEO anodes, demonstrating
a higher specic capacity than other conventional TMO anodes.

Although SHEOs have displayed obvious advantages in the
applications of high-energy LIBs over TMOs, there are still three
issues limiting their performance enhancement. Firstly, the
interfaces of SHEOs are not very steady during the life-cycle
span, resulting in the continuous consumption of electrolytes.
This phenomenon leads to an exhaustion of electrolytes and
a sharp collapsed capacity, which has been reported in our
previous work.15 Secondly, all metal ions in SHEOs have elec-
trochemical activity to provide capacity in most cases. Hence,
the cycle stabilities of SHEOs are usually inferior to rock-salt
HEOs due to the lack of inactive metal skeleton. Thirdly, the
poor electrical conductivity of SHEOs also limits the electro-
chemical performance. Hence, it is necessary to solve the above-
mentioned three shortcomings to promote its application
process.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the synthetic process of HEO@LTO/C.
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Interface engineering modies the surface of SHEOs
through chemical modication, thereby stabilizing the inter-
face with electrolytes and enhancing the electrochemical
performance of active materials. During the intercalation/
deintercalation, SHEO particles continuously break into nano-
crystals which decreases the diffusion resistance of lithium
ions, increases the contact interface, and improves the kinetics
of Li+ penetration. However, the fresh surfaces of nanocrystal
fragmentations lead to constant consumption of electrolytes for
(Solid Electrolyte Interphase) SEI information. Therefore,
coating electrochemically stable compounds has been used to
modify the interfacial reactivity of materials.16–18 In LIB
research, lithium titanate (LTO) is one of the most common
coating materials for interface modication.19–21

Firstly, LTO has high Li+ conductivity, which is benecial for
enhancing rate performance. Secondly, LTO is chemically inert
that could effectively isolate the direct contact between active
material and electrolyte. This is useful to reduce the electrolyte's
corrosion and improve the cycle stability. Abundant studies on
LTO coating for improving the performance of cathode mate-
rials have been reported previously.22–24 Some scholars have also
shown that LTO coating on graphite has effectively improved
the ion diffusion ability and structural stability of the anode.18

In this work, we initially synthesized SHEO anode
(FeCoNiCrMn)3O4 by a conventional solid-phase method. The
hybrid coated layer of LTO and amorphous carbon on HEO
(HEO@LTO/C) was then achieved using hydrothermal and one-
step calcination methods. In the hybrid coating layer, LTO
enhances Li+ diffusion and amorphous carbon improves elec-
tron transport. This reduces the interfacial electrochemical
reaction resistance and improves the performance of SHEO.
Meanwhile, the coating layer protects the inner active material
and reduces its direct contact with the electrolyte, thus
improving the stability and service life. Furthermore, a tiny
amount of Ti4+ is diffused into the bulk of SHEO in the
synthesis process, which could serve as inactive metal skeleton
and is benecial to enhance the cycle stability. The as-prepared
HEO@LTO/C has shown signicant improvements in initial
coulombic efficiency, cycling specic capacity, and stability.
This provides an effective way to enhance the electrochemical
performance of other SHEO anodes.

Experimental
Materials preparation

Original SHEO was synthesized with solid-phase reaction using
ve metal oxides Fe2O3, Co3O4, NiO, Cr2O3, and MnO2 as raw
materials. Equimolar amounts of the ve metal oxide powders
were grinded via a planetary ball-milling process at 350 rpm for
5 h. Then, the mixture was calcined at 900 °C with a heating rate
of 6 °C min−1 under an Ar atmosphere for 12 h. The SHEO
product was nally obtained aer naturally cooled and high-
energy ball milled for 2 h.

The modied SHEO was prepared with the following proce-
dures. The synthesized SHEO powder was dispersed homoge-
neously into amount of anhydrous ethanol to obtain
suspension. Quantitative Ti (OC4H9)4 was dissolved in
© 2024 The Author(s). Published by the Royal Society of Chemistry
anhydrous ethanol with 0.1 vol% iced ethylic acid and then was
completely added into the HEO suspension by drops. Aer
stirring continuously for another 2 h, the reacted solution was
ltered to collect solid powder. Aerwards, the obtained powder
was dried for 1 hour at 80 °C, and then ball-milled with specic
ratios of CH3COOLi at 200 rpm for 30 min. The grinded mixture
was treated at 800 °C under Ar atmosphere for 2 h with a heating
rate of 5 °C min−1 to obtain the nal product, which was noted
as HEO@LTO/C.
Material characterizations

A 10 kV scanning electron microscope (SEM, ZEISS Gemini SEM
300) and transmission electron microscopy (TEM, JEOL JEM-
F200) were utilized to analyze the morphology and elemental
distribution of active materials or electrodes. X-ray diffraction
(XRD, Bruker D8 Advance) was applied to study the crystal
structure with a scanning range of 5–90° and a rate of 1° min−1.
X-ray Photoelectron Spectroscopy (XPS, Thermo Scientic K-
Alpha) was used to measure the valences of metallic elements.
Electrochemical measurements

To get electrode slurries, HEO or HEO/LTO@C powder, poly-
vinylidene uoride binder (PVDF), and carbon black (Super P)
were distributed uniformly with a weight ratio of 8 : 1 : 1 in N-
methyl pyrrolidone (NMP). Aer stirring for 0.5 h, the slurry was
coated onto a Cu foil. The coated copper foil was subsequently
dried in a vacuum oven at 120 °C for 10 h and then cut into F

12 mm disks. The active mass loading of these disks was about
1 mg cm−2. To test the electrochemical performance of active
material, half-cells were assembled in an argon-lled glovebox,
with metallic lithium foil as the counter electrode, poly-
propylene as the separator, and 1 M LiPF6 EC (ethylene
carbonate)/DEC (diethyl carbonate) (with a volume ratio of 1 : 1)
as the electrolyte.

Galvanostatic performances were tested using the LAND
CT3002A multi-channel battery test system at room tempera-
ture with a voltage range from 0.01 V to 3.00 V (vs. Li/Li+). Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) experiments were carried out with a solartron electro-
chemical workstation. The CV tests involved a potential window
of 0.01–3.00 V at various scan rates ranging from 0.05 to 2.0 mV
s−1. EIS measurements were measured with a frequency range
from 106 Hz to 0.01 Hz and a 5 mV AC perturbation.
Results and discussion
Composition, structural, and morphological analysis

Fig. 1 shows the synthesis process of HEO@LTO/C. Firstly, HEO
is prepared with solid phase reaction method. Then, Ti(OC4H9)4
RSC Adv., 2024, 14, 33124–33132 | 33125
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is hydrolyzed in situ at the surface of HEO particles, resulting in
a –(Ti–O–Ti)–n$xH2O pre-coating layer. Subsequently, the pre-
coating layer is mixed with CH3COOLi via ball-milling treat-
ment. Under the sintering process in Ar circumstance, two
transformation reactions have emerged between the pre-coating
layer and HEO particle to obtain HEO@LTO/C. One is that
a small quantity of Ti elements in the pre-coating layer have
migrated into the HEO bulk. The other is that the residual
components have also transformed into rock salt type LiTiO2

and amorphous carbon to form a hybrid coating-layer. The
formation mechanism of rock salt type LiTiO2 has been re-
ported in previous articles.19 The inorganic hybrid coating-layer
could hinder the corrosion of harmful products originated from
the decomposition of electrolytes and increase the steadiness of
the particle surfaces. The binary coating layer consisting of
ionic conductor rock salt type LiTiO2 and amorphous carbon
electron conductor is able to improve kinetic of interface elec-
trochemical reaction, which is very benecial to achieve better
performances. Furthermore, the doped Ti element in the HEO
bulk is electrochemical inertness and could serve as stable
metal skeleton to enhance the long-cycle performance. Hence, it
is inferred that as-prepared HEO@LTO/C is probably displays
better electrochemical properties than original HEO.

Comparing the SEM images of original HEO (Fig. 2a) with
modied HEO@LTO/C particles (Fig. 2b), it is presented that
the surface of HEO@LTO/C is relatively rougher and a coating-
layer exists in the prepared HEO@LTO/C anode material.
According to the XRD results in Fig. 2c, it is found that the
Fig. 2 SEM images of HEO (a) and HEO@LTO/C (b) and (c) XRD patterns
FIB-SEM image of HEO@LTO/C, (g)–(l) Energy Dispersive Spectrum (ED
HEO@LTO/C section shown in (f).

33126 | RSC Adv., 2024, 14, 33124–33132
dominated phases in HEO@LTO/C and HEO are both attrib-
uted to spinel structure, representing the (FeCoNiCrMn)3O4

bulks. In HEO@LTO/C, it is also additionally observed the
characteristic broad peak of amorphous carbon at around 25°
and the represent diffraction peaks of the rock salt-type LiTiO2

at 37.6°, 43.9° and 63.6°. The TEM image in Fig. 2d and e
displays that the coating-layer in HEO@LTO/C is about 2–5 nm
thickness. It is also conrmed (311) face of spinel
(FeCoNiCrMn)3O4 in the bulk (200) face of rock-salt type LiTiO2,

and amorphous carbon in the coating-layer. Considering LiTiO2

and amorphous carbon are separately Li+ and electron
conductor, it is inferred that the hybrid coating-layer is useful to
improve the dynamics of interface electrochemical reactions,
resulting in the performance improvement. Meanwhile, the
inorganic character of the hybrid coating layer could also
reduce the electrolyte corrosion effect and increase the interface
stability.18

Focused Ion Beam Scanning Electron Microscopy (FIB-SEM)
method is applied to further investigate the element distribu-
tion in HEO@LTO/C. The cut section is shown in Fig. 2f and
relative EDS analysis results are shown in Fig. 2g–l. It is revealed
that Fe, Co, Ni, Cr, andMn are uniformly distributed in the bulk
without evident element segregation, presenting the successful
preparation of SHEO. Notably, it is also found a slight amount
of Ti element also homogenously disperses in the bulk, proving
Ti element indeedmigrates from the coating layer into the bulk.
Unlike the other ve metal elements in HEO, Ti3+/4+ ions are
of HEO and HEO@LTO/C, (d) and (e) TEM images of HEO@LTO/C, (f)
S) with Fe, Co, Ni, Cr, Mn and Ti intensity maps of the corresponding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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difficulty reduced to metal Ti. Hence, Ti3+/4+ could serve as
a metallic skeleton to enhance the cycle stability.

The valence states of all metal elements in HEO@LTO/C are
investigated from the XPS characterization in Fig. 3. The Fe 2p
spectrum in Fig. 3a shows two major peaks of Fe 2p3/2 and Fe
2p1/2, plus three satellite peaks at 715.2, 718.8, and 733.0 eV.
The co-existence of Fe2+/Fe3+ is shown from the deconvolution
of Fe 2p spectrum, where Fe2+ is located at 710.9/724.2 eV and
Fe3+ at 713.7/726.6 eV. The concentration ratio of Fe2+/Fe3+ is
53.63/46.37.25,26 Two spin–orbit peaks of Co 2p3/2 and Co 2p1/2
are located separately at 780.2 and 796.1 eV in Fig. 3b. The Co
2p3/2 can be split into two peaks, referring to Co2+ (782.6 eV) and
Co3+ (780.4 eV). The Co 2p1/2 could be assigned to Co2+ (797.0
eV) and Co3+ (795.1 eV). The concentration ratio of Co2+/Co3+ is
44.20/55.80.25,26 In Fig. 3c, the Ni 2p spectrum displays two
satellite peaks at 861.7 and 880.0 eV. Simultaneously, the spin–
orbit split Ni 2p3/2 and Ni 2p1/2 peaks are detected at 854.9 and
872.3 eV, respectively. The deconvolution of the Ni 2p3/2 and Ni
2p1/2 peaks reveals the presence of Ni2+ and Ni3+ at different
energies. The Ni2+ species is indexed to peaks at 854.5 and
872.1 eV, comprising 59.48% of the total Ni content. The Ni3+

species is ascribed to peaks at 856.2 and 873.8 eV, with
Fig. 3 XPS spectra and fitting results of (a) Fe 2p, (b) Co 2p, (c) Ni 2p, (d)
Cr 2p, (e) Mn 2p, (f) Li 1s, (g) Ti 2p, (h) O 1s.

© 2024 The Author(s). Published by the Royal Society of Chemistry
a concentration of 40.52%.25 The deconvolution of the Cr 2p
spectrum attributed the Cr3+ species at 575.8, 577.0, and
585.8 eV, with a dominant concentration of 73.89%. Meanwhile,
the Cr6+ species was assigned to peaks at 579.1 and 588.1 eV,
occupying a concentration of 26.11%.25,27 The Mn 2p spectrum
exhibits two prominent peaks corresponding to the Mn 2p3/2
and Mn 2p1/2, along with a satellite peak at 643.4 eV. Decon-
volution of the Mn 2p spectrum displays the co-existence of
Mn2+ and Mn4+ species, with Mn2+ identied at 640.2/652.1 eV
and Mn4+ at 641.6/653.7 eV. The ratio of Mn2+ to Mn4+ is
determined to be 29.88/70.12.26,27 According to the XPS analysis,
all metal elements in HEO@LTO/C show mixed valence states.
The existence of mixed valence states means that the metal
elements in the material have different oxidation states, which
provides more possibilities for electron transfer and
storage.26,28,29 Moreover, the higher content of high valence
states in the metals contributes to a larger specic capacity.

The spectra of Li and Ti elements are performed to verify the
presence of LiTiO2. As shown in Fig. 3f, the Li 1s spectrum
located at 55.11 eV is the characteristic peak of Li–O bond, and
the characteristic peak of Ti 3s can also be observed, which
provides evidence for the presence of Ti.20 Due to the relatively
low concentration of Ti, the Ti 2p XPS spectrum exhibits a poor
signal-to-noise ratio, but it is possible to nd clear evidence of
the presence of Ti3+ at 455.7 eV and 461.1 eV. The peaks at
458.6 eV and 464.4 eV are satellite peaks of Ti3+.30,31 The O 1s
spectra in Fig. 3h show three forms of oxygen state. The lattice
oxygen content at 529.76 eV is 70.50%, the relative concentra-
tion of oxygen vacancies at 531.48 eV is 22.82%, and the surface
chemisorbed oxygen content is 6.68%.
Lithium storage performance

The CV curves of HEO and HEO@LTO/C from the 1st to 3rd
cycles are presented in Fig. 4a and b, respectively. In the rst
cycle of HEO, there is an obvious cathodic peak around 0.54 V
corresponding to the reduction of metal cations and the
formation of SEI. The anodic peak at 1.64 V is identied as the
oxidation of metal nanoparticles and the decomposition of
Li2O. In the subsequent two cycles, the cathodic peak dried to
about 1.0 V. In Fig. 4b, the peak around 0.05 V in the 1st
cathodic scan is usually interpreted as the decomposition
potential of the electrolyte.32 The response peaks at this
potential become very sharp, which may be related to the
signicant increase in the specic surface area of the coated
particles. Another proof is that the sharp anodic peak in the rst
cycle nearly disappears in the subsequent two cycle curves. It
can be seen that there are two more faint reduction peaks
located around 0.8 V in the rst scan and 0.5 V in the latter
cycles, and one small peak around 2.0 V in the cathodic scan.
This is the characteristic of the participation of LiTiO2 in the
electrochemical reaction.30

In Fig. 4c, the charge–discharge curves of both samples
roughly show similar shapes, indicating that the fundamental
reaction mechanisms remain unchanged. However, the
HEO@LTO/C sample displays slightly lower polarization, as
evidenced by the smaller voltage gap between charge and
RSC Adv., 2024, 14, 33124–33132 | 33127
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Fig. 4 CV curves of HEO (a) and HEO@LTO/C (b) at 0.05 mV s−1 from 1st to 3rd cycles. The results of initial charge–discharge curves (c) and 100
cycles performance (d) at 0.1 A g−1 for HEO and HEO@LTO/C. (e) The rate performances of HEO and HEO@LTO/C from 0.05 to 2 A g−1. (f)
Comparison of long-term cycle performance between this work and relative literature. (g) The long-cycle performance of HEO and HEO@LTO/
C at 0.5 A g−1.
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discharge curves. This reduced polarization aligns with the CV
results and further conrms the improved conductivity and
charge transfer kinetics provided by the modied strategy.
Moreover, the initial coulombic efficiencies of HEO and
HEO@LTO/C are 63.7% and 72.8%, respectively. The initial
capacity loss is generated from the irreversible transformation
of Li2O and the formation of SEI, which is a common
phenomenon in TMO anodes.3,33 The increased initial efficiency
of HEO@LTO/C indicates that the irreversible reaction of Li2O
transformation and SEI information have been alleviated,
demonstrating the positive inuence of the hybrid coating
layer.

The cycling performances of HEO and HEO@LTO/C at
0.1 A g−1 are displayed in Fig. 4d. The capacity decay of HEO is
much more obvious than HEO@LTO/C, showing a lower
stability. Especially at the lowest point of the cycling curve (at
about 40 cycles), the specic capacity of HEO@LTO/C is
150 mA h g−1 higher than that of HEO. According to the
structure character of HEO@LTO/C, it is proved that Ti doping
and the inorganic coating-layer could enhance the cycle
stability. The rate performances at 0.05 A g−1, 0.1 A g−1,
0.2 A g−1, 0.5 A g−1, 1.0 A g−1, and 2.0 A g−1 are presented in
Fig. 4e. It is clearly that the reversible capacities of HEO@LTO/C
are higher than HEO at different current densities. At 2.0 A g−1,
33128 | RSC Adv., 2024, 14, 33124–33132
HEO@LTO/C displays above 280 mA h g−1, but HEO only
exhibits about 100 mA h g−1. It is demonstrated that
HEO@LTO/C owns much better dynamics.

To further investigate the cycle stability, the performance
comparison between HEO and HEO@LTO/C within 1000 cycles
at 0.5 A g−1 is shown in Fig. 4g. As the cycle goes on, the
reversible capacity starts to show a rising trend, which is caused
by the fragmented crystals. The fresh interface along the frag-
mented crystals could bring on persistent electrolyte decom-
position.34 Hence, the specic capacity of HEO starts to collapse
at about the 600th cycle due to the exhaustion of electrolytes.
However, the capacity of HEO@LTO/C keeps increasing in the
whole cycle-span test, indicating a hindered interface irrevers-
ible reaction. As shown in Fig. 4f, the cycle performance of this
work is the best among existing SHEOs with similar
compositions.3,10,28,35–40

To further characterize the kinetic properties, the EIS and CV
curves at different scan speeds were tested. The CV curves of
HEO and HEO@LTO/C at scanning rates of 0.1, 0.2, 0.5, and
1.0 mV s−1 are shown in Fig. 5a and b. As the scanning rate
increases, the positions of the oxidation and reduction peaks
are shied. But the curve of HEO@LTO/C shows less variation
at different scanning rates, indicating better stability at the
electrode/electrolyte interface brought by the hybrid layer. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The comparison of HEO and HEO@LTO/C in electrochemical tests: CV curves of (a) HEO and (b) HEO@LTO/C at different scan rates, (c)
the ratio of capacitance contribution at different scan rates, (d) Nyquist plots of the electrodes before the cycle, (e) GITT curves, (f) the DLi+ at
different deintercalation state.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
13

/2
02

5 
7:

52
:0

5 
A

M
. 

 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
CV curves of HEO show obvious peak shis at high scanning
rates, suggesting that the diffusion control process is more
signicant. And the peak shi of HEO@LTO/C is smaller,
indicating that its diffusion resistance is lower because of the
LTO coating.41,42 What's more, the CV curves of HEO@LTO/C
are more symmetrical at different scanning rates, which
suggests that the kinetics of the electrochemical reaction have
been improved.43 The hybrid coating layer can provide
HEO@LTO/C with a larger active surface and more defects, so
the pseudocapacitive effect of the electrode cannot be ignored.44

According to the pseudo capacitance share plot in Fig. 5c, it can
be seen that the capacitance contribution of HEO@LTO/C is
higher than that of HEO, indicating that the coating layer
enhances the electron transfer in the conversion reaction. This
result is supported by the impedance test in Fig. 5d. The
impedance results measured before cycling oen correspond to
the properties of the material itself. The charge transfer resis-
tance Rct of HEO@LTO/C is signicantly smaller than that of
HEO, representing an increase in electronic conductivity thanks
to the carbon coating. The linear relationship between Z0 and
u−0.5 is related to the diffusion process with electrolyte ions on
the electrode surface. The slope of HEO@LTO/C is 367.33, lower
than that of HEO at 433.41. Therefore, HEO@LTO/C has
a superior ionic diffusion rate than HEO (Fig. S1†).

The galvanostatic interval titration technique (GITT) is per-
formed on HEO and HEO@LTO/C to further characterize
lithium ion diffusion behavior. Based on the data collected
from the tests and the formula below, the specic lithium-ion
diffusion rate can be obtained.

DLiþ ¼ 4

ps

�
mBVM

MBS

�2�
DEs

DEs

�2

(1)
© 2024 The Author(s). Published by the Royal Society of Chemistry
where s is the duration of the constant current pulse in the
cycling step, mB is the mass of the active substance involved in
the reaction, VM is the molar volume,MB is the molar mass, S is
the area of the electrode plate, and DEs and DEs represent the
instantaneous change of the battery voltage during the constant
current pulse and the change of the steady state voltage in the
relaxation process, respectively.

As shown in Fig. 5e, the GITT curves indicate that the main
difference between the coated and uncoated samples lies in the
later lithium extraction process. Although there are some uc-
tuations, the overall charge–discharge curve shape of
HEO@LTO/C is similar to that of HEO, indicating that the basic
reaction mechanism has not undergone signicant changes. By
presenting the variation of Li-ion diffusion coefficient with the
degree of lithium extraction (Fig. 5f), it can be clearly seen that
the Li-ion diffusion coefficient of HEO@LTO/C is signicantly
higher than that of HEO.
Stability enhancement

Having a stable and uniform electrode–electrolyte interface is
crucial for rechargeable batteries with high energy density and
long cycle life.45 XPS was used to evaluate the chemical stability
of the electrode surface in the surface composition analysis of
the electrodes aer 40 cycles. As shown in Fig. 6a and b, C 1s
spectra were mainly used to evaluate the decomposition of
carbonate solvents, which may decompose during battery
charging and discharging to form side products and affect the
battery performance. And F 1s spectra are usually used to
evaluate the decomposition of LiPF6 salt,46 which is a commonly
used electrolyte salt in LIBs. Its decomposition also negatively
affects the battery performance. By comparing Fig. 6a and b, it is
evident that the overall content of C in the C 1s spectra
RSC Adv., 2024, 14, 33124–33132 | 33129
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Fig. 6 XPS spectra and fitting results of C 1s (a) and (b) and F 1s (c) and
(d) after 40 cycles in HEO and HEO@LTO/C.

Fig. 7 SEM images of the surface and cross-section of the electrode
after 40 cycles: (a) surface of the HEO electrode; (b) surface of the
HEO@LTO/C electrode; (c) cross section of the HEO electrode; (d)
cross section of the HEO@LTO/C electrode.
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decreases at the same test intensity. This phenomenon indi-
cates that the decomposition of the carbonate solvent is
reduced during the cycling process. This may be due to the
protective effect of the coating layer on the surface of
HEO@LTO/C. The uncoated HEO underwent obvious electro-
lyte decomposition. These changes can be attributed to the
structural reconstruction of the SEI lm, with an outer layer of
organic compounds. Accompanying the continuous electro-
chemical reduction and decomposition of the electrolyte into
main products like Li2CO3 and organic carbonates.47 The
coating layer reduces the direct contact between the electrolyte
and the electrode material, thus inhibiting the decomposition
of the carbonate solvent. Similarly, in Fig. 6c and d, the relative
content of LixPOyFz is signicantly increased, implying the
reduction of decomposition during the cycling process.

Based on these results, it can be concluded that the coating
layer on the surface of the electrode can effectively inhibit the
decomposition of the main components in the electrolyte. This
inhibition helps to maintain the chemical stability of the elec-
trode material and reduces the occurrence of side reactions,
thus improving the cycling stability.

In order to compare the structural stability of the electrode
plates before and aer coating, SEM was used in the detailed
surface and cross-section morphology observation of the elec-
trode plate aer 40 cycles.

First, the observation of the surface morphology is per-
formed in Fig. 7a and b. At a magnication of 1000, the size of
the active substance particles is relatively uniform and larger
particles are largely invisible aer 40 cycles in the uncoated
sample. The particles underwent signicant fragmentation
during the electrochemical reaction. This may be due to the
volume change caused by the extraction and insertion of
lithium ions, increasing the mechanical stress of the particles.
In contrast, more large particles appeared on the surface of the
coated sample. This observation visually demonstrates the
inhibiting effect of the coating layer on particle fragmentation
33130 | RSC Adv., 2024, 14, 33124–33132
and the protection of the structural integrity of the electrode
material.

The cross-sectional thickness of the electrode sheet is an
important parameter to characterize the volume expansion of
the electrode material, especially in materials with large
changes in the volume of active substance particles.48 In Fig. 7c,
the thickness of the electrode plate in the uncoated sample HEO
can reach 46 mm aer 40 cycles. However, in Fig. 7d, the
thickness of the electrode plate in HEO@LTO/C is only 27 mm,
indicating that the coating signicantly inhibits vertical volume
expansion.
Conclusions

In summary, as-prepared HEO@LTO/C owns a hybrid coating-
layer consisting of ionic and electron conductors plus slight
Ti-doping. When applied to the anode of LIB, the reversible
specic capacity of HEO@LTO/C reaches 1090 mA h g−1 and
remains about 1000 mA h g−1 aer 800 cycles at 0.5 A g−1.
Compared to original HEO without any surface coating-layer,
HEO@LTO/C's initial coulombic efficiency increases from
63.7% to 72.8% and the rate capacities are always at least
100 mA h g−1 higher at 0.5–2 A g−1. Series of characterizations
have conrmed that the enhanced performances of HEO@LTO/
C originate from the following merits: (1) the hybrid coating-
layer acts as an efficient electron and ion diffusion channel to
improve the electrochemical dynamics at the electrolyte/
electrode interface; (2) the inorganic hybrid coating-layer
could hinder the corrosion from organic electrolyte to
improve interface stability; (3) doped Ti elements serve as steady
metallic framework to enhance structure stability. Therefore, it
provides a simple surface-modied strategy to improve the
lithium storage and cycle stability of HEO in this work. Building
on these ndings, future research could explore the optimiza-
tion of the hybrid coating layer to further enhance the modied
effect. This may involve ne-tuning the composition and
thickness of the coating to achieve even better electrochemical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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performance and stability. Additionally, investigating the scal-
ability of this surface modication technique for large-scale
production could pave the way for its commercial application,
potentially revolutionizing the development of high-
performance anode materials for next-generation LIBs.
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