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A B S T R A C T

Selenium has high theoretical volumetric capacity of 3253 mAh cm�3 and acceptable electronic conductivity of
1 � 10�5 S m�1, which is considered as a potential alternative to sulfur cathode for all-solid-state rechargeable
batteries with high energy density. However, the development of all-solid-state Li–Se batteries (ASSLSBs) are
hindered by sluggish kinetics and poor cycling life. In this work, trigonal Se nanocrystallines are homogenously
distributed in the interspace and on the surface of MXene layers (denoted as Se@MXene composite) by a novel
melt-diffusion method. ASSLSBs based on this Se@MXene composite cathode exhibit large specific capacity of
632 mAh g�1 at 0.05 A g�1, high-rate capability over 4 A g�1, and excellent cycling stability over 300 cycles at
1 A g�1. The ex-situ analytical techniques demonstrate that the excellent electrochemical performance of
Se@MXene cathode largely arises from structural stability with the assistance of conductive MXene and reversible
redox behavior between Li2Se and Se during the repeating charge/discharge process. Our study points out the
potential of material design of Se cathode based on conducting 2D materials with good electrochemical behavior,
which may accelerate the practicability of ASSLSBs.
1. Introduction

Li–Se batteries operate with the conversion reactions between Se and
Li2Se to storage charge, exhibiting a large theoretical volumetric energy
density over 3253 mAh cm�3 which overcome the energy limitations of
insertion-oxide cathode and graphite anodes in lithium-ion batteries
(LIBs) (Abouimrane et al., 2012; Dong et al., 2021; Wang et al., 2023;
Mamoor et al., 2023). Up to now, many classical Li–Se batteries based on
liquid electrolytes have been exploited, however, suffering from several
safe issues including leakage, flammability and instability primarily
caused by liquid electrolytes (Xu et al., 2019; Guo et al., 2022). Besides,
during the charge/discharge process, intermediate
products-polyselenides ((Li2Sen, n > 4)) will be formed in liquid elec-
trolytes, which is soluble in nature, thus leading to intractable “shuttle
effect” (Eftekhari et al., 2017; Li et al., 2022). Moreover, Li–Se batteries
usually employed metal Li as the anode directly, hence the growth of Li
hang), yuanchangshi@sdu.edu.cn
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dendrites in the liquid electrolytes is inevitable (Piao et al., 2023). Hence,
the introduction of inflammable solid-state electrolytes (SSEs) into Li–Se
batteries to replace the liquid electrolytes is considered as a promising
approach to address the issues in liquid Li–Se batteries (Li et al., 2024).

Currently, various organic SSEs, such as Li5.5PS4.5Cl1.5 (Lin et al.,
2022), Li1.5Al0.5Ge1.5(PO4)3 (Zhou et al., 2017), Li3PS4(Li et al., 2018),
Li10GeP2S12(Zhang et al., 2020a), and Li3ErBr6(Shi et al., 2023), had
been extensively employed to fabricate ASSLSBs. In these ASSLSBs, Se
can be electrochemically reduced to Li2Se through one-step redox reac-
tion, which potentially solve the “shuttle effect” caused by polyselenide
during the lithiation process. Besides, the safety concerns from leakage
and combustion of liquid electrolytes as well as the lithium dendrite
growth, to some extent, can be alleviated by SSEs(Zhang et al., 2023).
However, the stiffness of SSEs leads to the large stress/strain and inter-
facial resistance. In addition, the redox reaction between Se and Li2Se
brings out the large volume change (>98%), thus leading to the poor rate
(Y. Shi), Rtwang@sdu.edu.cn (R. Wang).
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and short cycle life of ASSLSBs(Zhang et al., 2020a). Until now, many
novel strategies have been explored to solve the above issues through
using a porous conducing host-typically composed of porous carbon.
However, recent studies found that Se would detach from porous carbon
and agglomerate into Se particles or strips after the long-term cycles (Guo
et al., 2022; Li et al., 2023), which leads to the low utilization of Se and
short cycling life of ASSLSBs. Such enrichment of Se arouses the concern
of incompatibility between Se and carbon substrate. The primary reason
is that the ionic transport in carbon matrix is rather sluggish, then the
redox reaction of Se may not conduct fully in the pores of carbon matrix.
Therefore, host materials for Se in ASSLSBs should have the properties in
highly conductive in ions and electrons as well as strong interactions with
Se.

Two-dimensional transition metal carbides (MXenes) are promising
candidates because of their high electrical conductivity, functionalized
surfaces, large surface area, highmechanical strength and good flexibility
(Xiao et al., 2019; Cao et al., 2020). Most importantly, MXenes have been
demonstrated to be an ideal mixed ionic�electronic dual-carrier con-
ducting framework (Oh et al., 2023). In this work, Ti3C2-MXene is
employed to as the substrate to load Se nanoparticles through a novel
melt diffusion method. As-achieved Se@MXene composite cathode dis-
plays a large reversible capacity of 632 mAh g�1 at 50 mA g�1, a
reversible capacity of 274 mAh g�1 at a high rate of 4000 mA g�1, and a
long-term cycle life. Ex-situ Raman and XPS analysis uncover that the
good Liþ charge storage of Se@MXene cathode arises from high revers-
ibility of redox reaction between Li2Se and Se as well as structural sta-
bility with the help of the conductive MXene substrate (Luo et al., 2023).

2. Material and methods

2.1. Materials synthesis

Exfoliation of Ti3AlC2 was achieved by a commonHF etchingmethod.
Typically, 2 g of Ti3AlC2 powder purchased from Laizhou Kaix-
itaochicailiao Ltd. was firstly added into 20 ml of HF solution with a
concertation of 40 wt% (Sinopharm Chemical Reagent) and stirred at
room temperature for 24 h to etch the Al atoms. The deionized water was
added into the above mixture. Then the Ti3C2 MXene precipitate can be
achieved by centrifugation. The precipitate was washed with water and
centrifugation for several times until the pH value of the precipitate is
larger than 6. Then the precipitate was dried in a freeze dryer for 24 h to
obtain the Ti3C2 MXene powder. To further remove the residual water,
Ti3C2 MXene powder was heated in the oven for more than 24 h at 60�C
and then transferred into glovebox.

Se@MXene composite was firstly prepared by grinding selenium
powder with Ti3C2 MXene in a mortar and pestle with a mass ratio of
1.5:1 for 30 min. After that, the mixture obtained in the previous step was
sealed in a glass tube. The sealed glass tube was then heated in a muffle
furnace (Heifei MTI, KSL-1100X–S) at 300�C for 12 h. The heating rate is
set to 5�C min�1. The final Se@MXene composite was obtained after the
temperature of muffle furnace is naturally down to room temperature.

The synthesis of Li5.5PS4.5Cl1.5 electrolyte includes two steps of high-
energy ball milling and annealing treatment. Li2S (Macklin, 99.9%), P2S5
(Macklin, 99%), and LiCl (Aladdin, 99%) with stoichiometric ratio were
milled at 300 rpm for 10 h using a ball mill (Changsha MITR, YXQM-1L)
followed by sintering at 530�C for 10 h in a quartz tube.

2.2. Structural characterization

Themorphology of as-prepared Ti3C2 MXene and Se@MXene samples
was studied by Field emission scanning electron microscopy (FESEM, SU-
70, Hitachi, Japan). The structure of as-prepared Ti3C2 MXene and
Se@MXene samples was investigated by transmission electron micro-
scopy (TEM, Tecnai F20). Powder X-ray diffraction (XRD, Rigaku D/Max-
2400, Japan) using Cu-Ka radiation was employed to probe the structure
and composition of Ti3C2MXene and Se@MXene samples. Raman spectra
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of samples was achieved by a micro-Raman spectroscope (JY-HR800,
excitation wavelength of 532 nm). The surface structure and function-
alities of samples were recorded by X-ray photoelectron spectroscopy
(XPS, PerkinElmer PHI-5702 Spectrometer). The pore structure and
surface area of samples were studied by an ASAP 2020 volumetric
adsorption analyzer (Micromeritics, USA) at 77 K. Thermogravimetric
analysis (TGA, PerkinElmer, DSC8000, USA) was conducted under N2.
The heating rate is controlled to 10�C min�1 during TGA test.

2.3. Fabrication of cell

Briefly, the cathodes were prepared by milling 45 wt% of active ma-
terials (Se@MXene), 5 wt% of VGCF, and 50 wt% of Li5.5PS4.5Cl1.5 in a
planetary ball mill with a rotate speed of 600 rpm for 1 h (Changsha MITR,
YXQM-1L) using ZrO2 containers and balls. The Se cathodes were prepared
in a similar way. 45 wt% of Se powder (After drying at 300�C for 12 h),
5 wt% of VGCF, and 50 wt% of Li5.5PS4.5Cl1.5 were ball-milled together for
1 h at 600 rpm. Laboratory-scale ASSLSBs (Se@MXene or bare
Se/Li5.5PS4.5Cl1.5/Li–In) were assembled. The cathode power (upper layer)
and Li5.5PS4.5Cl1.5 powder (bottom layer) were pressed together into a two-
layer pellet (12.7 mm in diameter) by cold pressing with a pressure of
~300 MPa. A Li–In disc was then attached on the electrolyte side of pellet
to achieve a three-layer pellet. The three-layer pellet was then put into a
commercial pressure die under a pressure of 50 MPa, which was sand-
wiched between two stainless steel rods (worked as current collectors).

2.4. Electrochemical measurements

Galvanostatic charge/discharge (GCD) measurements and life-span
test of our ASSLSBs cell were performed on a Land CT2001A battery
test system (Wuhan Land Electronics, Ltd., China). Cyclic voltammetry
(CV) test and electrical impedance spectroscopy (EIS) test were recorded
by a CHI760E (Shanghai Chenghua Electronics, Ltd., China). The work-
ing potential range of ASSLSBs is set to 0.4–2.4 V (vs Liþ/Li–In). The
specific capacity values of our ASSLSBs were calculated by the active
mass loading of Se.

3. Result and discussion

Fig. 1a schematically depicts the preparation process of Se@MXene.
Typically, Ti3C2 MXene with an accordion-like layered structure was
achieved by selectively etching Al element based intermediate layer of
Ti3AlC2 (Fig. S1) (Luo et al., 2017). Then, MXene and Se powder were
well mixed in a mortar and then head at 300�C. The heating temperature
is higher than the melting point temperature of Se (217�C), then leading
to melted Se. The melted Se would diffuse into the interlayer structure of
MXene to form Se@MXene composite. The FESEM image in Fig. 1b show
that as-prepared MXene is an accordion-like multilayer structure. Such
accordion-like multilayer stacking structure provides space for accom-
modating Se nanoparticles. FESEM images in Fig. 1c and d displays that
Se nanoparticles were dispersed on the surface and in the interspace of
MXene layers. The average size of Se nanoparticles is evaluated to
~61 nm. Energy dispersive spectroscopy (EDS) mapping images in
Fig. 1e–h shows Se nanoparticles are homogenously distributed in the
whole MXene. High-resolution TEM (HRTEM) images of Se@MXene in
Fig. 1i–k shows trigonal Se nanocrystallines were coated on the surface
and infused into the stacking space of Ti3C2 MXenes sheets. The uniform
distribution of Se on MXene is also confirmed by EDS mapping from TEM
characterization (Fig. S2).

The XRD patterns of commercial Se, MAX, MXene and Se@MXene are
summarized in Fig. 2a. The diffraction peaks corresponding to (002),
(004) and (006) crystal planes can be found in the XRD spectra of MXene,
indicating that HF successfully etched the MAX phase. Commercial Se
shows several prominent peaks around 23.51�, 29.70�, 41.32�,
43.65�and 45.36�, corresponding to (100), (101), (110), (012) and (111)
of trigonal Se (JCPDS no. 73~0465). After selenium is infused into



Fig. 1. (a) Schematic diagram of synthetic procedures for Se@MXene sample; SEM images of (b) MXene; (c), (d) Se@MXene; (e)–(h) EDS mapping of Se@MXene; (i)
TEM images of MXene and (j) and (k) HRTEM images of Se@MXene.
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MXene, the diffraction peaks of trigonal Se are detected. The average size
of Se nanocrystallines loading on MXene is evaluated to ~19 nm through
the Scherrer equation. Fig. 2b shows the Raman spectra of the trigonal Se,
MXene and Se@MXene. Multiple peaks around 122 cm�1, 207 cm�1,
364 cm�1, 621 cm�1, and 714 cm�1assigned to MXene were found
(Sarycheva et al., 2020). Raman spectra of Se@MXene shows a strong
peak at 236 cm�1 assigned to trigonal Se and several weak peaks (as
stated above) assigned to MXene.

The full-scale XPS spectrum in Fig. 2c shows that MXene mainly
contains C, F, Ti and O elements. For full-scale XPS spectrum of Se@M-
Xene, besides the peaks contributed from MXene, additional peaks
around 137.8, 161.7 and 178.7 eV assigned to Se elements were found.
After loading selenium, the content of F element in the MXene sample
decreased, while the content of O element increased. These changes in O
and F contents are mainly caused by the substitution of the F-containing
functional group and the partial oxidation of MXene. Fig. 2d displays the
high-resolution spectra of C1s of MXenes and Se@MXene which can be
deconvoluted into C–Ti (280.0 eV), C–C (284.6 eV) and C–O (285.1 eV)
bonds. The C–F bonds at high binding energies around 289.0 eV were
replaced by C–Se bonds around 287.8 eV after Se infusion (Liu et al.,
2016). The high-resolution XPS spectra of Ti2p of MXene in Fig. 2e can be
3

deconvoluted into six peaks, which can be assigned to Ti–C bonds
(455.0 eV and 460.8 eV), Ti2þ bonds (455.9 eV for Ti2þ 2p3/2 and
461.7 eV for Ti2þ 2p1/2), Ti3þ bonds (457.0 eV for Ti3þ 2p3/2 and
462.9 eV for Ti3þ 2p1/2), and Ti4þ bonds (458.5 eV for Ti4þ 2p3/2 and
463.9 eV for Ti4þ 2p1/2) (Zhang et al., 2020). By contrast, an increase in
peak intensities for Ti4þ bonds in Se@MXene may be associated to the
partial oxidation of MXene during the annealing process. Fig. 2f shows
the Se 3d XPS spectra which can be deconvoluted into three bonds of Se
3d5/2 (55.1 eV), Se 3d3/2 (55.9 eV), and Se–O/Se–C (59.8 eV). The
formation of Se–C or Se–O bonds mainly results from the reaction be-
tween Se and O or C from MXene during the Se-diffusion process.

Fig. S3a shows that the nitrogen adsorption/desorption curve of
MXene displays type H3 isotherms, indicating the slitlike pores formed
on MXene caused by aggregates (loose assemblages) of platelike parti-
cles. MXene sample has the calculated BET surface area and pore volume
of 3.39 m2 g�1 and 0.016 cm3 g�1, respectively. Fig. S3b shows MXene
has the wide pore-size distribution ranging from 20 to 100 nm. After the
incorporation of Se, Se@MXene still maintain type H3 isotherms with the
apparently reduced adsorption volume. The BET surface area and pore
volume of Se@MXene are decreased to 0.95 m2 g�1 and 0.0048 cm3 g�1,
respectively, which suggest that Se was infused into the slitlike pores of



Fig. 2. (a) XRD patterns and (b) Raman spectra of Se, MXene and Se@MXene samples; (c) Survey; (d) C1s; (e) Ti 2p and (f) Se 3d XPS spectra of MXene
and Se@MXene.
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MXenes. The mass loading of Se in Se@MXene is evaluated to 63.3 wt%
by TGA curves in Fig. S4. As a result, the above structural and spectral
characterizations show that conductive MXene with the accordion-like
multilayer provides many spaces to accommodate trigonal Se nano-
crystallines, which may potentially enhance the overall electrochemical
performance of Se (Yang et al., 2023).

To investigate the electrochemical performance of Se@MXene sam-
ple, a prototype ASSLSB was assembled by coupling the Se@MXene
Fig. 3. Electrochemistry behavior of Se@MXene cathode in solid-state battery with a
(b) Specific capacities of Se@MXene cathode and Se cathode under the different di
different rates; (d) Cycling performance at 1 A g�1 (50 mA g�1 for initial 2 cycles).
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cathode, Li5.5PS4.5Cl1.5 SSE, and Li–In anode. Fig. 3a depicts the cyclic
voltammetry curves (CVs) of ASSLSBs at a sweep rate of 0.2 mV s�1. The
cathodic peak around 1.2 V (vs. In–Li) is mainly associated to the
reduction reaction of Se to Li2Se (Se þ 2Liþ þ 2 e� → Li2Se) (Schwietert
et al., 2020). For the anodic process, only one peak around 1.8 V (vs.
In–Li) appears, which is associated to oxidation reaction of Li2Se to Se.
From the second cycle to the fifth cycle, these CV curves tend to over-
lapping, suggesting the good electrochemical reversibility of Se@MXene.
n operating potential of 0.4~2.4 V (vs Li–In/Liþ). (a) CVs curves at 0.2 mV s�1;
scharging current densities; (c) Typical charging/discharging curves under the



Fig. 4. (a) XPS spectra of different charge/discharge states of Se@MXene cathode; (b) Raman spectra of different charge/discharge states of Se@MXene cathode;
(c) Nyquist plots of Se@MXene cathode during long-term cycles; (d) Evolution of impedance with different cycles. The inset figure in (d) is the equivalent circuit for
EIS fitting.
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Fig. 3b plots the typical GCD curves under the different rates. The specific
capacities of Se@MXene could be evaluated to 632, 608, 540, 485, 397,
and 274 mAh g�1 at the rates of 0.05, 0.1, 0.5, 1.0, 2.0 and 4.0 A g�1,
respectively, suggesting the excellent rate capability. In contrast, the
specific capacity of bare MXene-enabled Li–Se batteries could be evalu-
ated to 614, 493, 387 and 8 mAh g�1 at the current densities of 50, 100,
200 and 500 mA g�1, which is apparently inferior to that of Se@MXene
cathode based ASSLSBs. The GCD curves shown in Fig. 3c exhibit one
predominant plateau around 1.5 V, corresponding to redox couple of CVs
in Fig. 3a. To investigate redox reaction kinetics of Se@MXene, galva-
nostatic intermittent titration technique (GITT) at 0.1 A g�1 was carried
out to evaluate the diffusion coefficient Liþ (DLi) in the Se@MXene
electrode (Fig. S5). As shown in Fig. S5, only one plateau can be observed
after full relaxation, which indicates a one-step solid–solid phase tran-
sition between Se and Li2Se during the discharge/charge process. The DLi
value can be calculated by solving Fick’ second law based on the GITT
potential curves. During the discharge process, the DLi value shows a
sharp decrease in the initial process, and then rises slowly before
remaining basically stable. The DLi value during the charging process is
same as that of the discharging process. The DLi values for Se@MXene
cathode fall in between 6.97 � 10�12 and 3.21 � 10�16 cm2 s�1, sug-
gesting the fast Liþ diffusion in Se@MXene electrode.

Moreover, the Se@MXene cathode shows the excellent cycling sta-
bility. Se@MXene cathode achieves a capacity retention value of 97%
after 100 cycles at 0.2 A g�1 (Fig. S6). Even after the constant 300 cycles
under 1.0 A g�1, Se@MXene cathode achieves a capacity retention value
of 74% (Fig. 3d). The coulombic efficiency values are approximately
100% during the whole cycling test. Besides, the profile of charge/
discharge curves during the whole cycling shows one predominant
plateau without no apparent change (Fig. S7).

Ex-situ XPS and Raman measurements were further carried out to
probe the redox mechanism of Se@MXene cathode in ASSLSB. Fig. 4a
depicts that the Se 3d XPS spectra of Se@MXene cathode can be
deconvoluted into Se 3d 5/2 (54.9 eV) and Se 3d3/2 (55.9 eV) peaks.
After the initial discharge, besides the main peaks of Se 3d, a new peak
around 53 eV is found, apparently relating to the formation of Li2Se(Guo
et al., 2022; Li et al., 2023; Park et al., 2021). After the initial charge
process and the followed long cycles, the peak around 53 eV disappears
and the profile of Se 3d spectra shows no apparent change compared to
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pristine state, suggesting the reversible redox behavior of Se in Se@M-
Xene cathode. Fig. 4b shows the ex-situ Raman spectra of pristine
Se@MXene electrode. Raman spectra suggests that Se in Se@MXene is
mainly composed by trigonal Se (t-Se) and Se8 rings (r-Se8), as indicated
by Raman shift at 236.6 cm�1 and 265.1 cm�1, respectively. Se8 rings
probably originates from the partial structural transformation from
trigonal Se during the thermal infusion process, which are usually
observed for Se loading on porous substrates (Yang et al., 2013). After the
initial discharge to 0.4 V, pristine Se is transformed into Li2Se as sug-
gested by the Raman shift of the product at 253 cm�1. When charged
back to 2.4 V, Li2Se is transformed into chain-like Se (c-Se) instead of
trigonal Se and Se8 rings as suggested by the Raman shift of the product at
257 cm�1 (Yang et al., 2013). c-Se products still predominate even after
the long cycles. As we know, the binding between c-Se and MXene is
stronger than that of r-Se8, thus the Se detaching from MXene may
happen with a low frequency (Li et al., 2023; Yang et al., 2013). As ex-
pected, Se atoms in the Se@MXene cathode are homogenous distribution
before and after the cycling (Figs. S8–S12), which is different from
Se-carbon composites in which uneven Se strips or particles appear after
the cycling (Guo et al., 2022; Li et al., 2023). This is probably the main
reason for ASSLSB based on Se@MXene cathode has the excellent elec-
trochemical performance. We further employed EIS spectra to uncover
the degradation mechanism of this ASSLSB based on Se@MXene during
the (de)lithiation process (Fig. 4c). The corresponding Nyquist plots were
fitted with the equivalent circuit (R1 (R2Q1)Q2) shown in Fig. 4d, where
R1 represents the internal resistance from the cell and electrode mate-
rials, R2Q1 (or RctQ1) represent interfacial charge transfer, and Q2
represents Liþ diffusion process in bulk. The R2 values increase gradually
during the long-term cycling, suggesting unstable interfaces of SE|
Se@MXene caused by the repeated volume changes between Se and
Li2Se, then leading to the decay in capacity during the cycles.

4. Conclusion

In conclusion, we successfully demonstrated feasible ASSLSBs based
on the Se@MXene composite cathode. The Se@MXene composite was
achieved by a facile melt diffusion route. Trigonal Se nanocrystallines
with a mass loading of 63.3 wt% are distributed on the surface and in the
interspace of layers of conductive MXene. The Se@MXene cathode
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displays a large specific capacity of 632 mAh g�1 (93.6% of theoretical
capacity) at 50 mA g�1 and still deliver a reversible capacity of 274 mAh
g�1 at a high rate of 4000 mA g�1. In addition, The Se@MXene cathode
was cycled stably over 300 cycles. We find that the irreversible conver-
sion of t-Se and r-Se8 to Li2Se and then to c-Se on the conductive MXene
during the initial charge/discharge process and the reversible conversion
between c-Se and Li2Se during the followed process though ex-situ
Raman and XPS spectra. With the unique advantages of Se@MXene
composite in convenient synthetic method and enhanced electro-
chemical performance, this composite will work as the new cathode
material for solid-state electrochemical energy storage devices.
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