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Abstract
Lithium metal batteries are considered highly promising candidates for the next-generation high-energy storage 
system. However, the growth of lithium dendrites significantly hinders their advance, particularly under high 
current densities, due to the formation of unstable solid electrolyte interphase (SEI) layers. In this study, we 
demonstrate that molybdenum-based MXenes, including Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx, form more stable 
LiF/Li2CO3 SEI layers during lithium plating, compared to the conventional Cu electrode. Among these, the 
bimetallic Mo2Ti2C3Tx MXene, with its higher fluorine terminations, produces the most stable LiF-rich SEI layer. The 
formation of this stable inorganic SEI layer significantly reduces the nucleation overpotential for lithium deposition, 
promotes uniform Li deposition, and suppresses dendrite growth. Consequently, the Mo2Ti2C3Tx substrate achieved 
prolonged cycling stability of approximately 544 cycles with coulombic efficiency of ~99.79% at high current 
density of 3 mA cm-2 and capacity of 1 mAh cm-2. In full cells, the Mo2Ti2C3Tx anode, paired with an NCM622 
cathode, maintained capacity retention of 70% over 100 cycles with high cathode loading of 10 mg cm-2. Our 
approach highlights the potential of Mo-based MXenes to improve the performance of lithium metal batteries, 
making them promising candidates for the next-generation energy storage system.
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INTRODUCTION
Lithium metal batteries (LMBs) have garnered significant attention as next-generation power sources due to 
the high theoretical capacity of lithium metal anodes (3,860 mAh g-1), compared to that of the conventional 
graphite anodes (372 mAh g-1)[1-3]. However, the practical application of LMBs is currently hindered by their 
poor cycle life, which results from the uncontrollable growth of lithium dendrites and the collapse of the 
solid electrolyte interface (SEI) layer on the anode, particularly at high current densities. These issues lead to 
significant volume change, fast electrolyte consumption, low coulombic efficiency (CE), rapid capacity 
decay, and ultimately, deteriorated cycling performance[4,5].

The primary roles of the SEI layer are to protect the electrode from unwanted side reactions with lithium 
metal and to minimize the capacity loss during cycling[6]. The formation of a stable fluorine-rich inorganic 
SEI layer, such as lithium fluoride (LiF), is imperative for the uniform deposition of Li+ ions at the Li-
substrate interface due to its notable characteristics, which include fast ion diffusion, low diffusion energy, 
and elevated surface energy[7-9].

The F-rich inorganic SEIs can be strategically developed through electrolyte engineering[10,11] and the surface 
modification of electrodes[12,13]. Despite progress, electrolyte engineering approaches, such as using highly 
concentrated F-containing salt compositions and fluorinated solvents, face significant challenges for 
practical implementation. The high salt concentrations required for these electrolytes are difficult to 
incorporate into commercial battery systems, and replacing conventional solvents with fluorinated ones 
significantly increases electrolyte viscosity and battery costs[14]. Alternatively, modifying the electrode 
surface with lithiophilic coatings has been considered the most promising method to form stable F-rich SEI 
layers[15,16].

MXenes, which are two-dimensional transition metal carbides, nitrides, and carbonitrides, have emerged as 
potential anode substrates for LMBs, due to the electrochemical activity of their abundant surface 
termination groups, such as -OH, -O, and -F[17,18]. These negatively charged surface groups make MXene 
lithiophilic, providing numerous lithium nucleation sites. This characteristic reduces the overpotential 
during lithium deposition, promotes uniform lithium growth, and suppresses dendrite formation.

To date, titanium (Ti)-based MXenes, such as Ti3C2Tx, have been extensively utilized in LMBs for multiple 
purposes, including serving as lithiophilic hosts to stabilize the SEI[19], designing 3D MXene-based substrates 
to mitigate volume changes[20], creating an artificial SEI layer for electrode/electrolyte interface stability[21], 
and acting as additives to improve the ionic conductivity of solid electrolytes[22]. However, further 
investigation is urgently required into SEI layers on MXenes that facilitate lithium plating/stripping at 
higher current densities on commercial Cu substrates. Additionally, designing a suitable MXene anode 
structure that can maintain a stable SEI layer and enable repeated cycling under high-power operating 
conditions is critical for next-generation high-energy-density battery applications. Furthermore, despite the 
development of over 50 types of MXenes since their discovery in 2011, battery research has predominantly 
concentrated on a few monometallic MXenes, such as Ti3C2Tx, Nb2CTx, and V2CTx, due to the low yield of 
the synthesized MXenes, and their environmental stability[23].

Herein, we report that three types of Mo-based MXenes - monometallic Mo2CTx and bimetallic Mo2TiC2Tx 
and Mo2Ti2C3Tx - form more stable inorganic LiF/Li2CO3 SEI layers during lithium plating, compared to the 
conventional Cu electrode. Notably, the bimetallic Mo2Ti2C3Tx MXene forms the most stable LiF-rich SEI 
layer, which is attributed to its abundant F-terminations on the surface, which significantly suppresses 
dendrite growth. Consequently, the Mo2Ti2C3Tx substrate achieves prolonged cycling stability of 
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approximately 544 cycles with CE of ~99.79% at high current density of 3 mA cm-2 and capacity of 
1 mAh cm-2.

EXPERIMENTAL
Materials
Mo2AlC, Mo2TiAlC2, and Mo2Ti2AlC3 MAX-phase powders with average particle sizes of 40 μm were 
purchased from Jilin 11 Technology (China). Hydrogen fluoride (HF; 48 wt.% in H2O), 
tetramethylammonium hydroxide (TMAOH; 25 wt.% in H2O), poly(vinylidene fluoride) (PVDF), and 
Super P carbon were purchased from Sigma-Aldrich. N-methyl-2-pyrrolidone (NMP; 99.5%) was procured 
from Daejung Chemicals. Commercial NCM622 powders were purchased from MTI-Korea (Republic of 
Korea). Polypropylene (PP) separator (Celgard 3501) was acquired from MTI-Korea (Republic of Korea). 
All chemicals were used as received.

Synthesis of the Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx MXenes
The Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx MXenes were synthesized by selectively removing Ga from 
Mo2Ga2C and Al from Mo2TiAlC2 and Mo2Ti2AlC3, using aqueous HF etchant[24,25]. Specifically, an aqueous 
HF solution (20 mL; 48%) was separately mixed with the selected MAX powders (1 g) in PP bottles at 55 °C 
in a gradual manner. Etching reactions proceeded for 168, 48, and 96 h for the Mo2Ga2C, Mo2TiAlC2, and 
Mo2Ti2AlC3, respectively. After the reaction, the etched solutions were washed with deionized water, and 
repeatedly centrifuged at 3,500 rpm for 10 min, until the supernatant reached a pH of (5-6). The residual 
powders were slightly dried, and dispersed to be delaminated overnight in a TMAOH solution (10 mL, 
10 wt.%). The products were washed three to four times via centrifugation at 10,000 rpm for 30 min to 
remove as much residual TMAOH as possible, until the pH reached (8-9). The MXenes supernatants were 
centrifuged at 3,500 rpm for 30 min to obtain delaminated MXene flakes with yield of Mo2CTx, Mo2TiC2Tx, 
and Mo2Ti2C3Tx of 10, 25, and 30%, respectively.

Preparation of the Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx electrodes
To prepare the MXene electrodes coated on Cu substrates, Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx freeze-
dried powders were mixed with poly-vinylidene fluoride and Super P carbon in a mass ratio of 8:1:1 using 
N-methyl pyrrolidone (NMP) solvent to make a homogeneous slurry. The slurry was coated on the Cu foil 
using a doctor blade, and dried in a vacuum oven at 80 °C for 8 h to effectively eliminate any residual 
solvent content. The thickness of Cu foil is 17 µm. The average thickness of the MXene coating layer was 
approximately 3 μm.

Cell assembly and electrochemical measurements
All electrochemical tests were carried out using 2032-type coin cells that were assembled in an Ar-filled 
glove box. Half-cell measurements were carried out using a 14 mm diameter MXenes-coated current 
collector, with Li foil as counter and reference electrode (12 mm in diameter). Celgard 3501 PP membrane 
was used as a separator in this study. The electrolyte for half-cell was 1 M lithium bis(trifluoromethane 
sulfonyl) imide (LiTFSI) in 1,3-dioxolane/1,2-dimethoxyethane (DOL/DME;1:1, v/v) with 5 wt.% LiNO3. 
For full cell measurements, the NCM622 electrode sheets were used as the cathode, and the Li pre-deposited 
MXene-coated Cu as the anode. The electrolyte for full cells was 1M LiPF6 in ethyl carbonate/dimethyl 
carbonate (EC/DMC). The electrolyte quantity was fixed at 75 µL. Battery cycling tests were conducted 
using a WonATech battery cycler. Electrochemical impedance spectroscopy (EIS) was performed using a 
Bio-Logic VMP3 impedance analyzer at room temperature.
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Materials characterization
The X-ray photoelectron spectroscopy (XPS, ESCALAB250 system) analysis was carried out using an 
Al-anode source. X-ray diffractometry (XRD) measurements (Smartlab, Rigaku) were performed under 2 
range of 3°-80° using a Cu-kα radiation source. Field emission scanning electron microscopy (FE-SEM) 
images were captured using a JSM-7600F instrument. Transmission electron microscopy (TEM) images 
were taken using the JEM-ARM200CF apparatus.

RESULTS AND DISCUSSION
Preparation of the Mo-based MXene anode substrates
Three types of Mo-based MXenes of Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx were synthesized by selectively 
etching Al or Ga from their corresponding MAX phases (Mo2Ga2C, Mo2TiAlC2, and Mo2Ti2AlC3, 
respectively), using HF etching solution [Figure 1A]. Detailed synthesis procedures are provided in the 
Section "EXPERIMENTAL", following previously reported methods. The XRD patterns of the three Mo-
based MXenes [Figure 1B] clearly demonstrate the successful etching synthesis, which is evidenced by the 
shift of the 002 peak toward a lower angle, corresponding to an increase in the interlayer spacing between 
MXene layers. Additionally, the disappearance of the peak at around 39° suggests the successful etching of 
the Al or Ga element[26-28]. The TEM images of the Mo2Ti2C3Tx [Figure 1C], Mo2TiC2Tx, and Mo2CTx  
[Supplementary Figure 1], coupled with selected area electron diffraction (SAED) patterns, revealed that the 
MXenes were well delaminated to provide single-sheet morphology. MXenes had an average diameter of 
1-2 µm  [Supplementary Figure 2]. The Mo-based MXene films prepared by vacuum-assisted filtration of 
the MXene aqueous dispersions showed black and dark-gray colors in the optical imagery 
[Supplementary Figure 3].

The surface chemistry and stoichiometry of the Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx films are determined 
by XPS [Figure 1D and E, Supplementary Figures 4-6]. For the Mo 3d spectra [Figure 1E], the Mo2CTx 
showed peaks at binding energies (BEs) of 231.98, 230.52, and 233.73 eV, which are attributed to Mo-C, 
Mo4+, and Mo5+ species, respectively. The Mo2TiC2Tx exhibited contributions from the Mo5+ and Mo6+ at BEs 
of 230.82 and 235.78 eV, respectively. The Mo2Ti2C3Tx exhibited peaks at 229.57, 230.9, and 234.14 eV, 
corresponding to the Mo-C and/or Mo-C-Ti/Tx, Mo5+, and Mo6+ species, respectively. The deconvoluted 
C 1s, F 1s, O 1s, and Ti 2p XPS profiles of the Mo2CTx and Mo2TiC2Tx MXenes are also provided 
[Supplementary Figures 4 and 5]. These Mo 3d, Ti 2p, C 1s, F 1s, and O 1s spectra for the Mo2CTx, 
Mo2TiC2Tx, and Mo2Ti2C3Tx were consistent with previously reported data[29], indicating the successful 
synthesis of the Mo-based MXenes without impurities or surface oxidation. Notably, the Mo2CTx, 
Mo2TiC2Tx, and Mo2Ti2C3Tx revealed different surface chemistries. Among them, the bimetallic Mo2Ti2C3Tx 
exhibited the highest -F terminations (5.2%) in a comparative XPS study [Figure 1D and F], which may play 
an important role in the formation of LiF-rich SEI. The elemental concentrations for Mo2CTx, Mo2TiC2Tx, 
and Mo2Ti2C3Tx films are provided in [Supplementary Table 1].

The fabrication of the Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx electrodes involves preparing a slurry by mixing 
freeze-dried MXenes powder, PVDF, and super P conducting agent in a weight ratio of 8:1:1 in NMP, then 
casting the slurry onto a Cu substrate (Details are provided in the Section "EXPERIMENTAL"). The 
resulting MXene electrodes coated on the Cu substrate exhibited a smooth surface with a coating thickness 
of approximately 3 µm, as shown in the digital photograph and cross-section scanning electron microscopy 
(SEM) image [Figure 1G and Supplementary Figure 7]. The uniformity of MXene coating is further 
confirmed by the energy dispersive spectroscopy (EDS) mapping in [Supplementary Figure 8]. These Mo-
based MXene electrodes were then utilized for further electrochemical examinations to investigate their SEI 
formation, lithium deposition, and dendrite formation behavior in LMBs.
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Figure 1. (A) Schematics of the synthesis of the Mo2Ti2C3T x, Mo2TiC2Tx, and Mo2CTx MXenes. (B) XRD patterns of the Mo2Ti2C3T x, 
Mo2TiC2Tx, and Mo2CTx MXenes and their corresponding MAX phases (Mo2Ga2C, Mo2TiAlC 2, and Mo2Ti2AlC3). (C) TEM single-flake 
image and SAED pattern of the Mo2Ti2C3T x. (D) XPS survey spectrum of the Mo2Ti2C3T x, Mo2TiC2T x, and Mo2CTx MXenes. (E) 
deconvoluted Mo 3d spectra of the Mo2Ti2C3T x, Mo2TiC2T x, and Mo2CT x. (F) Composition comparison of fluorine termination on the 
Mo2Ti2C3T x, Mo2TiC2T x, and Mo2CT x. (G) Digital photograph and cross-sectional SEM image of the Mo2Ti2C3Tx electrode coated on Cu 
substrate. (H) Schematics of the fabrication of the Mo2Ti2C3T x, Mo2TiC2T x, Mo2CT x, and bare Cu electrodes, and the effect of the 
electrode on the Li deposition at different current densities, with emphasis on the in-situ formation of a Li2CO3/LiF-rich SEI layer on the 
electrode.

Half-cell battery performance with different electrodes
To investigate the electrochemical performance of the Mo2Ti2C3Tx, Mo2TiC2Tx, Mo2CTx, and bare Cu 
electrodes, asymmetric half-cells were assembled using lithium metal foil to serve as the counter/reference 
electrode. PP separator (Celgard 3501) was used, and the electrolyte consisted of 1M LiTFSI in a mixture of 
DOL and DME with 5 wt.% LiNO3. Galvanostatic lithium metal deposition tests were conducted at a fixed 
cut-off capacity of 0.5 mAh·cm-2 with an areal current density of 50 uA cm-2 [Figure 2A]. The Mo2Ti2C3Tx||Li 
electrode exhibited a reduced overpotential of 13 mV, compared to the overpotentials of the Mo2TiC2Tx||Li, 
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Figure 2. Half-cell performance test. (A) Nucleation overpotential at current density of 0.05 mA cm-2 with fixed capacity of 
0.5 mAh cm-2. (B) Cycling stability at current density of 3 mA cm-2 and areal capacity of 1 mAh cm-2. (C) Cycling stability at current 
density of 5 mA cm-2 and areal capacity of 1 mAh cm-2. (D) Voltage profiles of plating/stripping after 100 cycles at current density of 
3 mA cm-2 and fixed capacity of 1 mAh cm-2. (E) Voltage profiles of plating/stripping after 100 cycles at current density of 5 mA cm-2 
and fixed capacity of 1 mAh cm-2. (F) EIS analysis after 200 cycles at 3 mA cm-2 with fixed capacity of 1 mAh cm-2. (G) Comparison of 
the half-cell performance of the Mo2Ti2C3Tx electrode with the previous literature.

Mo2CTx||Li, and bare Cu||Li electrodes of ~16, 21, and 32 mV, respectively, indicating the lowest energy 
barrier for Li nucleation on the Mo2Ti2C3Tx surface, compared to the other substrates. The overpotential for 
all the substrates increased with the current density due to ohmic polarization [Supplementary Figure 9]. 
Notably, the Mo2Ti2C3Tx||Li cell exhibited the lowest hysteresis values among the MXenes at 25, 44.32, 56.3, 
78.21, and 125.03 mV for current rates of 0.2, 0.5, 1, 3, and 5 mA cm-2, respectively. This performance 
surpasses that of the Mo2TiC2Tx||Li, Mo2CTx||Li, and bare Cu||Li electrodes. To investigate the long-term 
cycling performance of asymmetric cells, we evaluated the Mo2Ti2C3Tx||Li, Mo2TiC2Tx||Li, Mo2CTx||Li, and 
bare Cu||Li at fixed capacity of 1 mAh cm-2 with high current densities of 3 and 5 mA cm-2 
[Figure 2B and C]. At current density of 3 mA cm-2 with fixed capacity of 1 mAh cm-2 [Figure 2B], the 
Mo2Ti2C3Tx substrate exhibited a superior CE of 99.79% over 544 cycles, significantly surpassing that of the 
Mo2TiC2Tx (98.14%, 402), Mo2CTx (96.91%, 282), and bare Cu (96.24%, 143). This advantage is maintained 
at a much higher current density of 5 mA cm-2, where the Mo2Ti2C3Tx cell maintains a CE above 98% for 298 
cycles, while the Mo2TiC2Tx, Mo2CTx, and bare Cu electrodes quickly short [Figure 2C]. Furthermore, when 
we evaluated the voltage profiles of the Mo2Ti2C3Tx, Mo2TiC2Tx, Mo2CTx, and bare Cu electrode cells, after 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/em40133-SupplementaryMaterials.pdf
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100 cycles at current densities of 3 and 5 mA cm-2, the Mo2Ti2C3Tx electrode demonstrated significantly 
lower hysteresis and high-capacity retention, as compared to the other substrates [Figure 2D and E].

In the EIS measurements, the cell with the Mo2Ti2C3Tx electrode exhibited reduced impedance of 11.5 Ω 
after 200 cycles, compared to the 13, 26, and 44 Ω for the Mo2TiC2Tx, Mo2CTx, and bare Cu electrodes, 
respectively [Figure 2F]. These experimental results confirm that the Mo-based MXenes substrate facilitates 
lithium deposition, leading to low overpotential behavior, and superior CE, capacity retention, and cycling 
performance, compared to the Cu substrate. Among them, the Mo2Ti2C3Tx exhibited the lowest 
overpotential, the highest Coulombic efficiency, and the most prolonged cycling stability, which surpassed 
those of all the previously reported studies, including LASS-Cu[30], Cu-Ag[31], Nitrogen-carbon Cu 
nanorod[32], 3D porous copper[33], ZnO-Cu Zn mesh[34], PNIPAM polymer Cu[35], and Ti3C2Tx Cu[36] 
[Figure 2G and Supplementary Table 2]. This performance also surpasses our previous findings on Ti3C2Tx 
MXenes with -F termination[19], which demonstrated cycling stability over 300 cycles in an asymmetric cell 
at a current density of 2 mA cm-2. In this current study, the Mo2Ti2C3Tx anode exhibits even longer cycling 
stability at a higher current rate (544 cycles at 3 mA cm-2). We attribute this enhanced stability to the 
synergistic effect of the Mo-Ti bimetallic composition, coupled with the higher density of -F terminations, 
which results in superior cycling performance at higher current rates compared to the single-metallic 
Ti3C2Tx MXenes.

Furthermore, in terms of polymer coatings, a study by Wang et al. demonstrated the use of polyethylene 
oxide (PEO) for SEI stabilization, achieving stability over 75 cycles at a current density of 5 mA cm-2 with a 
CE of 94.8%[37]. In another study, Fei et al. explored the use of the natural biopolymer guar gum (GG) as an 
artificial SEI layer, though this configuration was stable for only 100 cycles at current density of 
2 mA cm-2[38]. A more recent report investigated fluorosulfonyl fluoropolymers as an artificial SEI layer[39], 
demonstrating stability for 200 cycles with a CE of 98.6% at a current density of 1 mA cm-2.

When comparing with alloy anodes, the Li-Ge alloy has been used to form a hybrid SEI layer[40], achieving 
300 cycles with a CE of 98.5%. Similarly, a lithiophilic alloy film composed of ZnMgTiAl[41] deposited on Cu 
foil exhibited a CE of 89.5% after 200 cycles at a current density of 2 mA cm-2. These comparisons highlight 
that the Mo-based MXenes, particularly Mo2Ti2C3Tx, outperformed several other SEI stabilization systems, 
including polymer coating and alloy anodes. Mo2Ti2C3Tx exhibits long cycling stability of 544 and 298 cycles 
with high CE, particularly at high current densities of 3 and 5 mA cm-2, underscoring its superior 
performance.

Morphology of Li deposition on different substrates
To investigate the Li deposition behavior on the MXene electrodes, SEM analysis was performed on the 
electrode surfaces after 200 cycles at areal capacity of 1 mAh cm-2 and current densities of 3 and 5 mA cm-2 
[Figure 3]. The bare Cu electrode, used as a control, exhibited sharp lithium dendritic growth on the surface 
at 3 mA cm-2 [Figure 3B], which became even more pronounced at the higher current density of 5 mA cm-2 
[Figure 3C]. This indicates that the Cu electrode leads to uncontrolled and irregular lithium deposition on 
the surface, resulting in significant dendrite formation. The Mo2CTx electrode displayed severe non-uniform 
lithium growth on the surface, similar to the bare Cu electrode [Figure 3E and F], indicating strong 
dendritic growth behavior. The dendritic growth of lithium on the bare Cu and monometallic Mo2CTx 
electrodes can be attributed to the high nucleation potential barriers, which cause Li to preferentially deposit 
on the existing lithium metal, rather than directly on the electrode surface. This leads to severe dendritic 
growth and uneven Li deposition, particularly at higher current densities, ultimately degrading the 
Coulombic efficiency and cycling stability.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/em40133-SupplementaryMaterials.pdf


Page 8 of 14 Zaman et al. Energy Mater. 2025, 5, 500028 https://dx.doi.org/10.20517/energymater.2024.133

Figure 3. Top view SEM images of Li deposited on the Mo2Ti2C3T x, Mo2TiC2T x, Mo2CT x, and bare Cu electrodes after 200 cycles at 3 
and 5 mA cm-2 with fixed capacity of 1 mAh cm-2. (A-C) The bare Cu, (D-F) Mo2CT x, (G-I) Mo2TiC2T x, and (J-L) Mo2Ti2C3Tx.

Surprisingly, the bimetallic Mo2TiC2Tx and Mo2Ti2C3Tx MXenes exhibited significant changes in surface 
morphology. The Mo2TiC2Tx electrode showed much smoother surface morphology, compared to the Cu 
and Mo2CTx electrodes [Figure 3H and I]. However, small dendrites were still present on the surface at 
current densities of 3 and 5 mA cm-2, indicating that while the bimetallic Mo2TiC2Tx offers some 
improvement over the Mo2CTx, it is still insufficient to completely prevent dendrite formation, especially at 
higher current density of 5 mA cm-2. In contrast, the Mo2Ti2C3Tx electrode demonstrated a more 
homogeneous and uniform surface morphology [Figure 3K and L]. At a current density of 3 mA cm-2, the Li 
deposition remained uniform, and free of significant dendritic structures [Figure 3K]. Even at the higher 
current density of 5 mA cm-2, the Mo2Ti2C3Tx electrode continued to exhibit a smooth and uniform surface 
[Figure 3L], indicating superior control over Li deposition, compared to the other electrodes. Consequently, 
the bimetallic Mo2Ti2C3Tx substrate, characterized by the lowest Li nucleation energy barrier, achieved the 
most uniform lithium deposition, and effectively suppressed dendritic growth, which is attributed to its 
excellent Coulombic efficiency and extended cycling stability.

Characterization of the solid electrolyte interphase layers
To examine the atomic characteristic of the solid electrolyte interphase (SEI) layers on the Mo2Ti2C3Tx, 
Mo2TiC2Tx, Mo2CTx, and bare Cu electrodes, XPS survey-scan analysis was conducted on the electrode 
surfaces after three charge-discharge cycles at a current density of 1 mA cm-2 with an areal capacity of 
1 mAh cm-2 [Figure 4A and B]. The XPS survey spectra [Figure 4A] confirmed the presence of Li, C, O, and 
F atoms in the SEI layer across all samples. Detailed atomic composition analysis revealed that the 
composition of the SEI layer varies significantly, depending on the type of electrode [Figure 4B]. On moving 
from the Mo2Ti2C3Tx to the Mo2TiC2Tx, Mo2CTx, and bare Cu electrodes, the Li and F content gradually 
decreases, while the C content increases. Notable, a key distinction among the SEIs is the higher F content 
in the Mo2Ti2C3Tx electrode, reaching 35%, compared to 28%, 24% and 17% in the Mo2TiC2Tx, Mo2CTx, and 
bare Cu electrodes, respectively. Another significant difference is the lower C content (12%) in the 
Mo2Ti2C3Tx electrode, compared to the 20%, 23% and 34% in the Mo2TiC2Tx, Mo2CTx, and bare Cu 
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Figure 4. XPS analysis of the SEI layer. (A) XPS survey spectra of the Mo2Ti2C3T x, Mo2TiC2T x, Mo2CT x, and the bare Cu. (B) Atomic 
concentration of Li, F, C, and O in the SEI layer. (C) Li 1s XPS spectra. (D) Relative percentage of different components in the SEI layer of 
the Mo2Ti2C3T x, Mo2TiC2T x, Mo2CT x, and bare Cu electrodes.

substrates, respectively. The Li 1s spectra provide further structural insight into the SEI layers [Figure 4C], 
with all four electrodes exhibiting two characteristic peaks nearly at about 56.4 and 55.3 eV, corresponding 
to LiF and Li2CO3, respectively[42-44]. Quantitative analysis of the LiF and Li2CO3 in the SEI layers [Figure 4D] 
revealed that the Mo2Ti2C3Tx SEI contains a higher proportion of inorganic LiF component, approximately 
52%, compared to 42% in the Mo2TiC2Tx, 37% in the Mo2CTx, and 21% in the bare Cu.

The increased LiF content in the Mo2Ti2C3Tx, Mo2TiC2Tx, and Mo2CTx, compared to the Cu electrode, can 
be attributed to the F-terminations on the surface of MXenes, which result from the etching synthesis 
process, as shown in Figure 1F. The Mo2Ti2C3Tx SEI layer, being the richest in LiF, is likely due to the higher 
concentration of F-terminations on the surface of the Mo2Ti2C3Tx MXene. Conversely, the Li2CO3 
component is relatively low in the Mo2Ti2C3Tx SEI, at 35%, compared to the 40%, 42% and 56% in the 
Mo2TiC2Tx, Mo2CTx, and bare Cu SEIs, respectively. Note that the remaining SEI composition is primarily 
organic, mainly consisting of -CF3 species originating from the intermediate reduction products of the 
anions such as bis(trifluoromethanesulfonyl)imide (TFSI-)[45,46].

This variation in the chemical composition of the SEI layers significantly influences the electrochemical 
performance of the Mo2Ti2C3Tx, Mo2TiC2Tx, Mo2CTx, and bare Cu electrodes, as illustrated in Figure 1H. In 
this study, LiF and Li2CO3 inorganic SEI components were formed on the anode electrodes during charge-
discharge cycles. LiF, known for its high ionic conductivity, excellent chemical stability, and robust 
mechanical strength, is effective at suppressing lithium dendrite growth and enhancing cycling stability[47,48]. 
Additionally, the inorganic LiF crystals exhibit a wide band gap and a low lithium-ion diffusion barrier, 
which are crucial for promoting uniform lithium deposition and preventing lithium dendrite formation. 
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Several studies have demonstrated that a LiF-rich SEI layer plays a key role in ensuring homogeneous Li-ion 
deposition[8]. The high ionic conductivity allows Li+ ions to diffuse through the LiF layer with minimal 
resistance, while the low diffusion barrier facilitates smooth ion transport across the SEI. This ensures 
uniform lithium deposition on the electrode surface, effectively minimizing the risk of dendrite formation.

Furthermore, the lithiophilic nature of LiF lowers the energy required for lithium nucleation, reducing 
nucleation overpotential during the deposition process. This low diffusion energy promotes an even 
distribution of Li+ ions across the electrode, preventing concentration gradients that typically lead to 
dendritic growth. By lowering both the diffusion and nucleation energy barriers, LiF ensures a uniform 
lithium deposition, resulting in a smooth layer instead of sharp dendritic structures. Therefore, the LiF-rich 
SEI layer plays a crucial role in stabilizing lithium deposition and preventing dendrite formation, 
significantly enhancing the overall performance of the electrode.

In contrast, Li2CO3, with lower ionic conductivity and stability, is less effective at preventing dendrite 
formation, and is more prone to degradation, which can limit long-term battery performance[49,50]. Li2CO3 
can have both beneficial and detrimental effects on the battery cycling performance depending on its 
concentration. In small amounts, Li2CO3 assists in the initial SEI formation by providing a protective layer. 
However, an excess of Li2CO3 is typically detrimental as it increases resistivity, reduces chemical stability, 
and accelerates SEI degradation. This leads to higher impedance and reduced cycling performance[49].

A LiF-dominant SEI is more favorable for long-term cycling stability due to its lower impedance, ability to 
promote uniform lithium deposition, and suppression of dendrite formation. In contrast, a Li2CO3-rich SEI 
is often linked to higher impedance and faster capacity fade, making it less suitable for sustained cycling. 
Therefore, maintaining a high LiF-to-Li2CO3 ratio in the SEI is essential for enhancing long-term 
electrochemical performance.

Consequently, from the chemical perspective, the bimetallic Mo2Ti2C3Tx MXenes exhibit a higher density of 
fluorine terminations on the surface compared to other Mo-based MXenes, such as Mo2CTx and Mo2TiC2Tx. 
These -F rich terminations facilitate the formation of a stable LiF-rich SEI layer, which enables faster Li-ion 
transport through the SEI, more efficient and uniform lithium nucleation and deposition without dendrite 
formation, and ultimately, excellent Coulombic efficiency and prolonged cycling performance[51,52].

Additionally, from an electronic standpoint, the inclusion of Ti in the Mo-based MXene structure enhances 
its electronic properties by creating additional energy states near the Fermi level, improving electronic 
conductivity. This is critical for efficient Li-ion transport and deposition in LMBs. Compared to Mo2CTx 
and Mo2TiC2Tx, the presence of an additional Ti layer in Mo2Ti2C3Tx modifies the electronic structure, 
increasing both the electron density and the density of states (DOS). This leads to improved charge transfer 
kinetics during battery cycling[53,54]. Furthermore, the bimetallic Mo2Ti2C3Tx offers a more interconnected 
lattice structure than other Mo-based MXenes, which enhances Li-ion diffusion pathways and reduces the 
energy barrier for Li-ion transport[55]. Therefore, the bimetallic Mo-Ti composition in the Mo2Ti2C3Tx plays 
a crucial role in stabilizing the SEI layer and enhancing battery performance through both chemical and 
electronic mechanisms.

Full-cell battery performance
The full cell performance of the Mo2Ti2C3Tx, Mo2TiC2Tx, Mo2CTx, and bare Cu anodes, paired with an 
NCM622 cathode that has a high cathode loading of 10 mg cm-2, was evaluated. The cells, designated as 
Li/Mo2Ti2C3Tx||NCM622, Li/Mo2TiC 2T x||NCM622, Li/Mo2CT x||NCM622, and Li/Cu||NCM622, 
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Figure 5. Full cell performance comparison (A) Cycling performances comparison of the Li/Mo2Ti2C3Tx||NCM622, Li/Mo2TiC2Tx

||NCM622, Li/Mo2CTx||NCM622, and Li/Cu||NCM622 at 0.5 C. Voltage profiles of the 2nd and 100th cycle of the (B) Li/Mo2CTx

||NCM622, (C) Li/Mo2TiC2Tx||NCM622, and (D) Li/Mo2Ti2C3Tx||NCM622.

respectively, were evaluated at 0.5 C rate within a voltage window of 3.0 to 4.2 V [Figure 5A]. The anodes 
were pre-deposited with Li of 3 mAh cm-2 capacity before cycling as shown in Supplementary Figure 10, and 
the electrolyte used was 1 M LiPF6 in EC/DMC (1/1, v/v). The Li/Mo2Ti2C3Tx||NCM622 full cell 
demonstrated stable cycling for 100 cycles, before its capacity dropped to 70%. In contrast, the capacities of 
the Li/Mo2TiC2Tx||NCM622, Li/Mo2CTx||NCM622, and Li/Cu||NCM622 cells fell to 48%, 37% and 35%, 
respectively, highlighting the superiority of the Mo2Ti2C3Tx electrode. Additionally, in the initial cycle, the
Li/Mo2Ti2C3Tx||NCM622 cell exhibited a higher discharge capacity (1.64 mAh cm-2), compared to the 
Li/Mo2TiC2Tx||NCM622, Li/Mo2CTx||NCM622, and Li/Cu||NCM622 at 1.24, 1.19, and 1.16 mAh cm-2, 
respectively. After 100 cycles, the capacity of the Li/Mo2Ti2C3Tx||NCM622 cell remained at 1.16 mAh cm-2, 
while the capacities of the Li/Mo2TiC2Tx||NCM622, Li/Mo2CTx||NCM622, and Li/Cu||NCM622 cells had 
decreased to 0.60, 0.45, and 0.43 mAh cm-2, respectively [Figure 5B-D]. The voltage profiles of the Li/Cu||
NCM622 are provided in Supplementary Figure 11. The energy densities of the full cells are 530.6, 405.1, 
387.2, and 380.0 Wh/kg for Mo2Ti2C3Tx, Mo2TiC2Tx, Mo2CTx, and Bare Cu anodes, respectively. The 
comprehensive comparison table outlining the performance of all MXenes, along with the bare Cu reference 
sample in this study, can be found in [Supplementary Table 3]. Our results are consistent with the 
previously reported studies [Supplementary Table 4] and demonstrate significantly enhanced performance, 
attributed to the formation of a more stable LiF-rich/Li2CO3 SEI layer induced by the surface chemistry of 
the Mo2Ti2C3Tx substrate. The excellent cycling stability and high capacity in carbonate-based electrolytes 
underscore the great potential of Mo2Ti2C3Tx anode substrates for practical Li-metal batteries.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/em40133-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/em40133-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/em40133-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/em40133-SupplementaryMaterials.pdf
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CONCLUSION
Three different Mo-based MXenes - Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx - were synthesized and evaluated 
for their electrochemical performances as an anode for LMBs. The surface chemistry of these Mo-based 
MXenes plays a critical role in the formation of the SEI layer. Among them, the bimetallic Mo2Ti2C3Tx 
exhibited the most stable LiF-rich SEI layer, which is attributed to its abundant F surface terminations. This 
stabilization of the SEI layer enhances Li-ion transport, enables uniform lithium nucleation and deposition 
without dendrite growth, and ultimately results in excellent Coulombic efficiency and prolonged cycling 
performance. Consequently, the Mo2Ti2C3Tx achieved extended cycling stability of 544 cycles with 
Coulombic efficiency of 99.79% at high current density of 3 mA cm-2 and capacity of 1 mAh cm-2. In full 
cells, the Mo2Ti2C3Tx anode, paired with an NCM622 cathode, maintained 70% capacity retention over 100 
cycles with high cathode loading of 10 mg cm-2. This study underscores the promising potential of 
Molybdenum-based MXenes as anode materials for the next-generation high-energy-density LMBs.
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