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ABSTRACT
Room-temperature sodium-sulfur batteries demonstrate significant potential for future energy
storage applications. However, several challenges, including the shuttle effect and low conductiv-
ity, hinder their practical implementation. The shuttle effect not only results in energy loss but also
adversely impacts the electrochemical performance of the batteries. The migration of polysulfides
can lead to a gradual reduction in battery capacity aswell as the cycling performance. Furthermore,
low conductivity may inhibit charge transfer, slow reaction kinetics, and diminish overall battery
efficiency. To address these challenges, utilizing two-dimensional (2D) MXenes as electrode an-
choring materials presents a promising solution. This approach can effectively mitigate the shuttle
effect and enhance the electronic conductivity of sodium-sulfur batteries. This study aims to in-
vestigate the effects of doping selenide atoms into 2DMXenes through first-principles methods to
improve sodium-sulfur batteries' stability and electronic properties. The introduction of selenide
atoms into the termination layer is intended to capture sodium polysulfide clusters. Our findings
indicate that doping Ti2CO2 MXenes with selenide atoms enhances the interaction between the
Se-4p and S-3p orbitals, improving their ability to adsorb Na2S and Na2S2 clusters compared to the
pristine systems. We provide a detailed discussion of the bondingmechanisms between the Na2Sx
clusters and the selenide-doped MXenes. Additionally, we highlight the differences in adsorption
mechanisms between low-sulfur content clusters (Na2S, Na2S2 , and Na2S4) and high-sulfur content
clusters (Na2S6 and Na2S8), with a focus on charge transfers and electronic properties. The unique
structure of MXenes allows them to interact effectively with polysulfides, which can help suppress
the shuttle effect, preventing polysulfide migration and reducing energy loss. Moreover, the en-
hanced conductivity provided by MXenes facilitates improved charge transfer, leading to superior
overall performance in sodium-sulfur batteries. Our results emphasize the crucial role of selenide
atoms in 2D MXene electrode materials, as they enhance the adsorption mechanisms of sodium
polysulfides for applications in sodium-sulfur rechargeable batteries.
Key words: Sodium-sulfur batteries, MXenes, Selenium doping, Anchoring materials, Density
functional theory

INTRODUCTION
Currently, the development of portable electronic de-
vices has driven our demand for rechargeable batter-
ies; thus, lithium-ion batteries are emerging as the
preferred choice due to their high energy density,
lightweight design, and long lifespan1. However, the
depletion of lithium sources and the threshold for the
energy density of lithium-ion batteries have made the
push to our research for alternative ion batteries 2,3.
Recent reviews provide an overview of the current
state of non-lithium rechargeable batteries based on
Na+, K+, Ca+, and Mg+ 4,5. These alternative ion
batteries are promoted as the next generation of high-
density, environmentally friendly, and low-cost bat-
teries. One of the most promising cathode materials

is sodium, especially with the sodium-sulfur (Na-S)
batteries. Na-S batteries have garnered significant at-
tention recently due to their low-cost components and
considerable energy density6. Various studies eval-
uate the performance of Na-S batteries 7–11 and pre-
dict the transition from lithium-sulfur and lithium-
oxygen batteries to sodium-sulfur batteries7. How-
ever, the practical implementation of sodium-sulfur
battery technology still faces several challenges. One
recognized obstacle is the shuttle effect, which im-
pedes sulfur ions from reaching their neutral state
andparticipating in the charging anddischarging pro-
cess. This effect is due to the dissolution of higher-
order sodium polysulfides in common electrolyte sol-
vents during cycling8–11 and causes self-discharge
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and rapid decay of active materials. Additionally,
the poor electrical conductivity of the sulfur cathode
poses another problem for the Na-S battery. To pre-
vent the shuttle effect, a common approach is to use
sulfur-host anchoring materials to capture sodium
polysulfides and bind these molecules at the cathode
surface 12,13. Thus, anchoring materials must strongly
bind to the sodium polysulfide clusters, exceeding the
binding of Na-S molecules with electrolytes.
Two-dimensional MXene material, a group of 2D
transition metal carbides, nitrides, and carbonitrides,
has shown great promise in Li-S and Na-S batteries
due to its excellent electrical conductivity, high sur-
face area, and mechanical robustness14,15. Anchor-
ing materials based on MXene have shown potential
as they can efficiently trap polysulfides on the surface,
provide a conducive framework for sulfur species, and
enhance electronic conductivity16–18. Research on
MXene’s application in sodium-sulfur batteries is still
ongoing, but initial studies have shown promising re-
sults in improving their electrochemical performance.
This study provides a detailed first-principles analy-
sis of Se-doped Ti2CO2 MXene, exploring its struc-
tural, electronic, and adsorption properties for po-
tential use in sodium-sulfur batteries. The substitu-
tion of oxygen with selenium on the termination layer
transforms Ti2CO2 from a small band-gap semicon-
ductor into a metallic conductor, enhancing its elec-
tronic properties. The adsorption energies of various
Na2Sx clusters (x = 1, 2, 4, 6, 8) on the Se-doped MX-
ene are thoroughly examined, revealing a particularly
strong interaction with low-sulfur content clusters.
This strong binding is crucial formitigating the shuttle
effect, a key challenge in Na-S batteries. Bader charge
analysis supports these findings by showing signifi-
cant charge transfer, especially with lower-sulfur clus-
ters, further improving electrochemical interactions.
Our results highlight Se-doped Ti2CO2 MXene as a
promising anchoring material, offering deep insights
into its chemical interactions with sodium polysul-
fides and paving the way for advanced Na-S battery
technology.

COMPUTATIONALMETHODS
We employ density functional theory (DFT) via the
Quantum Espresso package19 to study the adsorp-
tion of Na2Sx clusters (x = 1,2,4,6,8) on a modi-
fied 2D layer Ti2CO2 with Se doping on the termi-
nal surface, so-called Ti2CO2(Se). Our DFT cal-
culations use the exchange-correlation in the gen-
eralized gradient approximation (GGA) by the PBE
functional20, obtained from the standard solid-
state pseudo-potentials library 21, and the van der

Waals interactions (vdW-DF3)22,23 is included. Our
Monkhorst–Pack Γ-centered k-grids are 4 × 4 × 1
and 8× 8× 1 for Brillouin zone sampling in structural
optimization and electronic structure calculations, re-
spectively. The energy cut-off is set at 60 Ry, the con-
vergence threshold for the self-consistent field calcu-
lations is at 10−8 eV/Å, and the optimal force condi-
tion is 10−4 eV. Calculated parameters of energy cut-
off and k-grid are based on ref.24,25. Our convergence
thresholds for self-consistent field and force condition
are default values provided by the Quantum Espresso
package.
Firstly, we optimized a 2D pristine Ti2CO2 structure
with the supercell of 3×3×1 and based on the space

groupP
−
3m1, Z = 164, and lattice parameters reported

in ref.24 to obtain the 2D structure of Ti2CO2 MXene.
Ourmodel contains a vacuum space of 20 Å along the
z-direction to eliminate the effect of periodic images,
commonly employed in modeling 2D materials. To
examine the effect of Se doping on the termination
surface of 2DTi2CO2, wemodified the 3×3×1 super-
cell by replacing an O atom with a Se atom and then
optimizing the model to find the most favorable en-
ergetic configuration. An analysis was conducted on
several doped sites for the selenium (Se) doping atom
to identify the site with the lowest energy, indicating
themost favorable energetic configuration for Se. The
optimized model corresponding to this site will fur-
ther investigate sodium polysulfide adsorption.
To determine the optimized adsorption configuration
of Na2Sx clusters on the Ti2CO2(Se), various possi-
ble adsorption sites of the MXene and different rota-
tions of Na2Sx clusters are examined to find the lowest
energy configuration. We set the initial height of the
Na2Sx clusters on the top layer ofMXenes at 2.5Å.The
adsorption energy (Eads) of each cluster onMXenes is
calculated as:

Eads=Ecluster-MXene−Ecluster− EMXene (1)

where Ecluster-MXene and EMXene denote the total en-
ergies of the MXene with and without Na2Sx clusters,
respectively, and Ecluster is the energy of the optimized
Na2Sx clusters. For each Na2Sx adsorbate, we only re-
ported the best configurations for the absorbed Na2Sx

on MXene and performed further analyses. Bader
charge calculation based onHenkelman’s algorithm 26

via Critic227 is used to indicate charge transfer be-
tween the adsorbed sodium polysulfide and the MX-
enes.
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RESULTS ANDDISCUSSION

Structure of Se doped on the surface of
Ti2CO2MXene

We first elucidate the optimized structure of 2D
Ti2CO2 and then determine the possible sites for Se
doping on the termination surface via DFT optimiza-
tion to obtain the most favored equilibrium configu-
ration in energy. We found that the doped Se atom
will be located at the same symmetrical site of sur-
face O atoms but at a higher height than the termi-
nation O-layer. These optimized structures of 2D
Ti2CO2 without and with Se doping on the termi-
nation O-layer of MXene are illustrated in Figure 1.
Our optimized lattice constants, Ti-C bonding length,
and Ti-O bonding length of 2D Ti2CO2 (space group

P
−
3m1 (Z = 164)) are 2.98 Å, 2.16 Å, and 1.95 Å, re-

spectively. These results agree well with previous re-
ports24,25,28,29. These MXenes consist of hierarchical
Ti and C layers sandwiched between two terminated
layers of the oxygen functional groups. For the Se
doping site on the termination surface, we substituted
one O atom with Se atom and optimized the doping
structure, as shown in Figure 1b. The substitution of
the Se atom at one site of 2D Ti2CO2 on the termina-
tion layer induces a slight deformation to the geome-
try structure, as the height of Se atom on c-direction
emerges on top of O-plane. The defect formation en-
ergy of the doped Se on 2DTi2CO2 is calculated using
equation (2).

E f [Se_doped] = Etot [Ti2CO2 (Se)]−Etot [Ti2CO2]

+niµO −niµSe (2)

where Etot [Ti2CO2(Se) ] and Etot (Ti2CO2] are the
total energies of the bare supercell Ti2CO2 and
Ti2CO2(Se), respectively. The defect is created due
to the substituted ni atoms and µO,µSe are chemical
potentials of O and Se atoms, which are calculated as
energies per atom from O2 molecules and Se8 ring
isolated in a cubic cell. Hence, the defect formation
energy value is reported at 3.26 eV for the doped Se
atom replacing the O atom on 2D Ti2CO2. This re-
sult is comparable to the defect formation energy at
2.47 eV of doping S atom on 2D Ti3C2O2

30.

Adsorption of Na2Sx clusters on Ti2CO2(Se
MXene

We now investigate the adsorption mechanism of
Na2Sx clusters on the Se-doped Ti2CO2 MXene. The
optimized adsorption sites of the Na2Sx clusters on
the terminal oxygen layers of Ti2CO2(Se) MXenes

are presented in Figure 2. Several possible configu-
rations were examined, and we present here the pre-
ferred configuration with the lowest energies. The
overall alignments of Na2Sx and S8 clusters upon ad-
sorption on the surface of Ti2CO2(Se) are similar to
the adsorption of MXene and other 2D materials8,24.
Figure 2 demonstrates that the S8 cluster is weakly
absorbed parallel to the MXene, while low-S content
Na2Sx clusters (x = 1,2,4) tend to have two Na atoms
aligned horizontally toward the termination layer. On
the other hand, high-S content clusters of Na2S6 and
Na2S8 are usually adsorbed with Na atoms aligned
vertically to the termination layer. Interestingly, the
Na2Sx and S8 clusters are driven toward the doped
Se sites. Figure 2 points out that the doping Se atom
on the termination layer attracts one pair of S and Na
atoms of low-S content Na2Sx clusters (Na2S, Na2S2,
Na2S4) into the adjacent vicinity of the Se doping
site. Otherwise, only one Na atom is attracted to the
doping Se atom high-S content clusters of Na2S6 and
Na2S8, and the S-ring structure is likely to stay on top
of the termination layer near the doping site. The S8

ring is aligned vertically and symmetrically on top of
the doped Se atom.
To assess the capability of anchoring Na-S cluster on
Ti2CO2(Se) for Na-S battery, we calculated the ad-
sorption energies of Na2Sx clusters on Ti2CO2(Se)
in Figure 3. Negative adsorption energies indicate
that the Na2Sx clusters can be efficiently anchored
on the MXene surface. For inhibition of the shut-
tle effect, the adsorption energies of Na2Sx clusters
on Ti2CO2(Se) should be higher than the binding
energy of Na2Sx with common electrolyte solvents
such as DOL and DME, commonly reported at be-
low 1 eV in Refs. 8,24,31,32. Therefore, we aim to an-
chor materials with good adsorption energies to bind
the Na2Sx clusters with the battery anode. Remark-
ably, all clusters exhibit considerable negative adsorp-
tion energies, varying between -1.01 eV (S8) and -
3.44 eV (Na2S). Hence, our calculated adsorption en-
ergies for Ti2CO2 and Ti2CO2(Se) are significantly
higher than the binding energy of Na2Sx with com-
mon electrolyte solvents. Therefore, this indicates
that Ti2CO2 and Ti2CO2(Se) are promising anchor-
ing materials for sodium sulfur ion batteries. Our re-
sults of Ti2CO2 are comparable to the adsorption en-
ergies from -0.948 eV to -3.113 eV of Na2Sx clusters
on bare Ti2CO2 in ref.24. Notably, our adsorption en-
ergies for Ti2CO2(Se) are increased in most of Na-
S clusters, indicating that it is a promising method
to enhance the anchoring ability. We found that the
adsorption energies of S8 and high-S content Na2Sx

clusters are much weaker than those of low-S content
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Figure 1: (a)Top- and side-view of the optimized geometrical structures of Ti2CO2and optimized doped site on
the terminal layer for Se atom. (b) Top- andside-view for themost favored energetically configuration of Se doping
on the termination surface of Ti2CO2 . The light blue, red,brown, and green balls illustrate Ti, O, C, and Se atoms,
respectively.

Figure 2: Top-and side-view of most stable configurations of Na2Sx adsorbed on Ti2CO2(Se) surface.
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Na2Sx clusters. Note that Na2Sclusters have the high-
est adsorption energies with Ti2CO2(Se) concerning
other Na2S2 clusters upon adsorption on other 2D
materials10,24. Currently, pure carbon-based anchor-
ing materials such as graphite, graphene, or graphene
oxide are utilized in Na-S batteries 8,10,33. However,
theweak adsorption of these 2D layers withNa-S clus-
ters (Eads is from 0.5 to 1.3 eV) is considered an insuf-
ficient solution to deal with the shuttle effect. Hence,
the Ti2CO2 and Se-doping Ti2CO2 proved to have
advanced capacity compared to current carbon-based
anchoringmaterials. Our results also indicate that the
doped Se atom binds Na-S clusters better than bare
Ti2CO2 and provides a promising method to capture
Na-S clusters better.
To obtain insight into the high binding energies, we
examine the out-of-plane z-height of Se atom, height
of Na atom on top of O-plane, and the bond length of
Se-Na, Na-O, Se-S, and S-O of the adsorbed systems
in Figure 4. As shown in Figure 4a, the doped Se atom
is located at 0.85 Å on top of the termination O-layer
and this height of Se atom is increase upon absorption
of Na2Sx clusters. The adsorbedNa2S on Ti2CO2(Se),
which exhibits the highest adsorption energy, also
possesses the highest height of Se. The z-position of
Se on top of the termination layer tends to be lower in
high S-content clusters. On the opposite, the height
of the Na atom on top of the termination layer in ab-
sorbed high-S content is higher than the other system,
as shown in Figure 4b. Thismeans that the presence of
the Se atom is attracted to low S-content Na2Sx clus-
ters. Figure 4 c indicates that the Se-Na bonds are
longer than the Na-O bonds. Hence, the formation
of Na-O bonding is one of the primary interactions,
whereas Se-Na bonding contributes as a secondary in-
teraction. However, while the S-O bonding fluctuates
around 3.40Å, the Se-Obonding ofNa2S andNa2S2 is
shorter than the other Se-O bondings. Upon adsorp-
tion, S atoms in these two clusters are strongly bound
to the Se atom on the MXene surface, thus enhancing
the adsorption energy.

Electronic and charge transfer upon ad-
sorption of Na2Sx clusters onMXene
We now explore the effect of doped Se on the ter-
mination layer of Ti2CO2 on the electronic proper-
ties and charge transfer. Theoretically, the density-
of-state (DOS) in electronic properties determines
the electronic conductivity, and analysis of the par-
tial density-of-state (PDOS) upon adsorption pro-
vides detailed information for the change in electronic
conductivity and chemical hybridization ofmolecular

orbitals34. Partial density-of-state (PDOS) of Ti2CO2
without and with doping of the Se atom on the termi-
nation layer is shown in Figure 5. From the PDOS
of pristine Ti2CO2, it expresses as a small band-gap
semiconductor with Egap = 0.25 eV, comparable to
the calculated value of 0.2 - 0.3 eV from other DFT
calculations29,33,35,36. Its PDOS features that the va-
lence states just below the Fermi level are mainly con-
tributed by C 2p, Ti 3d, and O 2p orbitals, consis-
tently to other works25,29,33,36. Besides, the further
peak of valence states contain most by C 2p and in
secondary, Ti 3d, and O 2p orbitals. At the energy
higher than the Fermi level, conducting states of bare
Ti2CO2 present a dominated peak of Ti 3d orbitals
and a lesser contribution of O 2p orbitals. For the Se-
doping Ti2CO2(Se), contributions from Se 4p are lo-
cated below the Fermi level to -3.5 eV. By substituting
one O atom with a Se atom, a peak of O 2p orbitals
at -1.2 eV is replaced by the Se 4p orbitals, and the
band gap is significantly reduced to the metal charac-
teristic. Hence, the se-doping on Ti2CO2 induces an
electronic transition to close the semiconducting gap,
which is preferred for the sulfur host of sodium-sulfur
batteries30,34. The electron-rich p-state in the doped
Se atom is closer to the Fermi level, which enhances
the desired electronic conductivity and high carrier
mobility for our anchoring materials. It agrees with
another study of S-doped on Ti3C2O2 MXene, in-
dicating that highly polarized electron-rich S doping
donates its electrons to improve the electronic con-
ductivity of the MXenes30.
Furthermore, we evaluate the electronic properties
and calculate charge transfer upon adsorption of
Na2Sx clusters on Ti2CO2(Se). The PDOS of the ad-
sorbed Na2Sx (where x =1, 2, 4, 6, 8) systems are
shown in Figure 6. Upon adsorption, the metallic
characteristics of Ti2CO2(Se) MXene are preserved;
thus, good conductivity is maintained. Compared
to the PDOS of Ti2CO2(Se), weak interaction of the
surface layer with S8 does not represent any signif-
icant change in the electronic states of the MXene.
In contrast, during the adsorption of Na2S, the pro-
portion of Se 4p states below the Fermi level is the
most modified. It is due to the strong interaction
of Se 4p states overlapping with S 3p states in the
range of 0 eV - 3 eV in agreement with the stronger
Se-S bond shown in Figure 4d. For other PDOS of
Ti2CO2(Se) adsorbed Na2Sx clusters, there are sev-
eral pronounced peaks appear on the low energies be-
low and above Fermi level belong to the S 3p states.
We found that p-states of the doping Se atom hy-
bridize with p-states of S atoms, causing strong chem-
ical bonding for Na2S, Na2S2, and Na2S4. This ex-
plained the change in Se height in Figure 4a and short
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S-Se bonds for smaller adsorbedNa2Sx clusters in Fig-
ure 4c.
To analyze the complex mechanism of cluster adsorp-
tion on the surface, we calculate Bader charges to
quantify electron transfers during adsorption. In the
Na-S adsorption case, strong chemical interaction is
often due to a considerable charge transfer, which
can be revealed by differential charge analysis. This
technique is commonly employed in several studies
of Na-S and Li-S adsorption34,37. Figure 7 provides
an overview of the Bader charges of the different ad-
sorbed clusters. For instance, S8 clusters only transfer
a negligible number of charges (0.08 e) to the MXene,
which confirms the weak interaction of the S8 clus-
ter. In addition, the Se atom carries a slight charge
transfer with the S8 cluster. In contrast with insignif-
icant charge transfer for S8, our adsorptions of Na2S,
Na2S2, and Na2S4 exhibit considerable charge trans-
fers of 0.98-1.04 e for 2D Ti2CO2(Se). For high S-
content clusters ofNa2S6 andNa2S8, the charge trans-
fer decreased to 0.43 e and 0.37 e for 2D Ti2CO2(Se),
respectively. Significant charge transfers between Na-
S clusters with the surface atoms in Figure 7 also dis-
play that our adsorptions in Na2S, Na2S2, and Na2S4

are due to strong chemical interaction, agreed with
results in 37. Therefore, doping the Se atom on 2D
Ti2CO2 leads to more charge transfer, which renders
enhanced adsorption energies andmore charge redis-
tribution from Na-S clusters to the MXene, especially
for the adsorption of the small clusters. Both of them
are beneficial for the electrochemical performance of
Na-S batteries.

CONCLUSION
In this study, we systematically study modified sur-
faces via Se doping on Ti2CO2MXene for anchor-
ing the sodium polysulfides in application in Na-
S batteries. Using first-principle calculations, we
examine the optimized 2D structure of Se-doped
Ti2CO2 and its electronic structure. Upon adsorp-
tion, Ti2CO2(Se)exhibits a considerably higher bind-
ing capability towards Na2Sx clusters than common
electrolyte solvents, especially for theNa2Scluster. We
demonstrate that a doped Se atom could improve the
adsorption ability of 2D Ti2CO2 to suppress the shut-
tle effect better. We also analyzed the bonding be-
tween Na2Sx and the doped Se and O atoms on the
termination surface. Ti2CO2(Se) shows a reduced
band gap to the metallic state by incorporating the Se
atom on the termination surface. The adsorption of
Na2S clusters to the Ti2CO2(Se) expresses strong in-
teraction between Se 4p and S 3p states. Our Bader
charge difference signifies that the charge transfers
from Na2Sx clusters of low S-content (Na2S, Na2S2,
and Na2S4) to Ti2CO2(Se) are higher than from the
high S-content (Na2S6 and Na2S8). More charge
transfer and strong chemical interaction of Na-S clus-
ter with the Se-doped Ti2CO2 surface are beneficial
for the electrochemical performance of Na-S batter-
ies. Thus, these results demonstrate the significant
contribution of doped Se atoms on Ti2CO2 MXene
electrodes as anchoring materials for application in
sodium-sulfide batteries.

Figure 3: Adsorptionenergies Eads calculated for Na2Sx clusters absorbed on Ti2CO2(Se) compared to bare 2D 
Ti2CO2 MXene
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Figure 4: (a-b) The height distances on c-direction zSe and zNa compared to the terminationO-layer (c-d) themin-
imum bond length of Se-Na, Na-O, Se-S, and S-Opairs.

ABBREVIATIONS LIST
2D: Two Dimensional
Se: Selenide
S: Sulfur
Na: Sodium
MXenes: Family of Two Dimensional Carbides and
Nitrides of Transition Metals
DFT: Density Functional Theory
Na-S: Sodium-Sulfur
Na2Sx: Sodium-Sulfur clusters (Na2S, Na2S2,

Na2S4, Na2S6, Na2S8)
S8: cluster of Sulfur molecule
Ti2CO2(Se): Se-doped on O-terminated layer of
Ti2CO2 MXene
Eads: Adsorption Energy

Ecluster-MXene: Total Energies of the MXene with ad-
sorbed Na2Sx clusters calculated by DFT
EMXene: Total Energies of the bare MXene calculated
by DFT
Ecluster: Energy of the Optimized Na2Sx Clusters

P
−
3m1: Spacegroup name of Z = 164 from Hermann–

Mauguin notation
GGA: Generalized Gradient Approximation
PBE: Perdew-Burke-Ernzerhof functional
vdW-DF3: van der Waals interactions functional
E f (Se_doped]: defect formation energy of the doped
Se on 2D Ti2CO2

Etot [Ti2CO2(Se) ]: total energies of the bare supercell
Ti2CO2

Etot (Ti2CO2]: total energies of the bare supercell
Ti2CO2 and Ti2CO2(Se),
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Figure 5: Projected density of states (PDOS) of bare Ti2CO2 and doped Ti2CO2(Se). The Fermi level is set to zero
and is in dicated by the dashed lines.

ni: Number of atom
µO: chemical potentials of O atom
µSe: chemical potentials of Se atom
DOL: dimethoxyethane solvent for Na-S electrolyte
DME: 1,3-dioxolane solvent for Na-S electrolyte
PDOS: Partial density-of-state
Egap: Semiconductor band gap
Ti: Titanium
C: Carbon
O: Oxygen
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TÓM TẮT
Pin natri-sulfur (Na-S) ở nhiệt độ phòng là một giải pháp đầy tiềm năng của ngành lưu trữ năng
lượng trong tương lai. Tuy nhiên, một số các thách thức về mặt kĩ thuật như hiệu ứng con thoi
và độ dẫn điện kém đã làm cản trở ứng dụng thực tế của pin Na-S. Hiệu ứng con thoi (shuttle
effect) không chỉ dẫn đến suy hao năng lượng mà còn làm giảm hiệu suất điện hóa của pin. Sự
di chuyển của các polysulfide sẽ làm giảm dần dung lượng pin cũng như hiệu năng của chu trình
nạp-xả. Ngoài ra, độ dẫn điện thấp có thể cản trở quá trình truyền điện tích, làm chậm quá trình
động học phản ứng và làm giảm hiệu suất tổng thể của pin. Một cách tiếp cận hiệu quả để giải
quyết những vấn đề này là sử dụng vật liệu hai chiều (2D) MXene làm vật liệu neo giữ (anchoring
materials) điện cực, có thể giúp ngăn chặn hiệu ứng con thoi và tăng khả năng độ dẫn điện của pin
natri-sulfur. Chúng tôi nghiên cứu tác động của việc pha tạp các nguyên tử selenide vào MXene
dựa trên nguyên lý ban đầu để cải thiện độ ổn định và các tính chất điện tử của pin natri-sulfur. Các
nguyên tử selenide được đưa vào lớp trung gian để giúp thu giữ các cụm natri-polysulfide. Kết quả
của việc pha tạp các nguyên tử selenide, nhờ tương tác giữa các orbital Se-4p và S-3p đã làm tăng
khả năng hấp phụ các cụm Na2S và Na2S2 so với vật liệu MXene trước pha tạp. Chúng tôi đã khảo
sát chi tiết cơ chế liên kết giữa các cụm Na2Sx và MXene pha tạp selenide. Kết quả cũng cho thấy
sự khác biệt trong cơ chế hấp phụ giữa các cụm polysulfide có hàm lượng lưu huỳnh thấp (Na2S,
Na2S2 và Na2S4) và các cụm có hàm lượng lưu huỳnh cao (Na2S6 và Na2S8), tập trung vào quá trình
truyền điện tích và các tính chất điện tử. Cấu trúc đặc biệt của MXene cho phép chúng tương tác
hiệu quả với polysulfide, giúp ngăn chặn hiệu ứng con thoi nhờ đó ngăn ngừa sự di chuyển của
cụm polysulfide và giảm tổn thất năng lượng. Hơn nữa, nhờ sự kết hợp này, độ dẫn điện của hệ
được cải thiện giúp tăng đáng kể hiệu suất tổng thể của pin natri-sulfur. Kết quả của chúng tôi
nhấn mạnh khả năng của việc pha tạp selenide trong vật liệu điện cực hai chiều MXene để giúp
tăng cường cơ chế hấp phụ natri polysulfide trong ứng dụng cho pin sạc natri-sulfur.
Từ khoá: Pin natri-sulfur, MXenes, pha tạp Selenium, vật liệu neo giữ (anchoring materials), lý
thuyết phiếm hàmmật độ
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