#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue,

Dual-functional surface of MXene anodes boosts

i") Check for updates‘
long-term cyclability of lithium-metal batteriesy

Cite this: J. Mater. Chem. A, 2025, 13,
17511
Jeesoo Yoon,? Oh B. Chae,” Minye Wu @ *° and Hee-Tae Jung @ *2

Introducing seed elements with high lithiophilicity onto the anode is a promising strategy to mitigate
dendrite growth in lithium metal batteries (LMBs). Two primary seed elements have been explored: (i)
lithiophilic metals (e.g. Ag, Au, and Sn), and (i) fluorine (-F) functionalities. Despite significant
advancements, hybrid materials combining the two elements have not been realized. Moreover, it
remains unclear which element enhances LMB performance more. In this study, we engineered, for the
first time, a high-density dual-functional surface incorporating lithiophilic metals and —F functionalities.
Through rapid Joule heating, we integrated high-density Au nanoparticles (Au NPs) onto the F-
terminated TizC,T, MXene anode surface. Our findings reveal distinct roles for each element: Au NPs
reduce the size of deposited lithium, while —F functionalities promote uniform lithium distribution with
a LiF-rich solid electrolyte interphase (SEI) layer. Notably, the synergistic effect of Au NPs and -F

functionalities extended the lifespan of Au@F-rich TizC,T, to 600 cycles compared to the initial 100
Received 19th January 2025 les of TisC,T, and 240 cycles of Au@TisCsT,. Th lts und the pivotal role of —F
Accepted 22nd April 2025 cycles of TizC,T, an cycles of Au@TizC,T,. These results underscore the pivotal role o

functionalities in prolonging and enhancing the performance of LMBs. This research highlights the

DOI: 10.1039/d5ta00519a importance of tailored surface functionalities and offers a promising pathway for the design of advanced
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Introduction

Lithium-metal batteries (LMBs) are considered one of the most
promising candidates for next-generation energy storage
devices, owing to their high theoretical capacity (3860 mAh g™)
and low negative electrode potential (—3.04 V vs. the standard
hydrogen electrode).”> However, their practical application is
impeded by the uncontrolled growth of lithium dendrites
during charge/discharge cycles, which can cause internal short
circuits and safety hazards.>® Various approaches have been
explored to address this issue, including electrolyte composi-
tion adjustments,*” artificial solid electrolyte interphase (SEI)
coating layers,® physical protective barriers,’ separator modifi-
cations," and anode substrate structural designs.**
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Among these, enhancing lithiophilicity on the anode
substrate stands out as particularly effective in promoting
uniform lithium deposition and suppressing dendrite forma-
tion. This approach aims to create a favorable environment for
uniform Li nucleation and growth, thereby minimizing the
formation of dendritic structures. Numerous lithiophilic seeds
have been explored in previous studies. In particular, intro-
ducing seed elements on the anode can effectively reduce the Li
nucleation overpotential. Metals and metal oxides, including
Au,” Ag,” Zn,"* Sn,"® Cu,0' and ZnO," are well-known seed
materials. The energy barrier for Li nucleation can be lowered or
neglected in their presence due to the reduced thermodynamic
mismatch or strong interaction with lithium.*** Thus, Li
deposition, including both Li nucleation and subsequent
deposition, can be effectively regulated by seed materials, which
determines the electrochemical performance of the Li metal
battery. Among these, enhancing lithiophilicity on the anode
substrate stands out as particularly effective in promoting
uniform lithium deposition and suppressing dendrite forma-
tion. This strategy creates an environment conducive to
uniform lithium nucleation, minimizing dendritic growth.

Generating seed elements with lithiophilic surface func-
tionality is another crucial factor influencing the performance
of Li-metal batteries, as it impacts both lithiophilicity and
interphase control. In particular, the presence of fluorine (-F)
functional groups on the anode surface plays a vital role in
lithium-metal batteries.>® These -F groups are essential in the
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formation and composition of the solid-electrolyte interphase
(SEI) layer, which is a key component governing the battery's
performance and safety characteristics. The presence of -F
functionality on the anode surface promotes the formation of
a LiF-rich SEI layer. LiF is a desirable component in the SEI layer
because it exhibits several beneficial properties, such as high
mechanical strength, high ionic conductivity, and chemical
stability. By introducing -F functionality on the anode surface,
such as through the use of fluorinated materials or surface
coatings, the formation of a LiF-rich SEI layer is facilitated.*
This LiF-rich SEI layer can effectively regulate lithium-ion flux,
promoting uniform lithium deposition and suppressing
dendrite growth, ultimately improving the cycle life, coulombic
efficiency, and safety of lithium-metal batteries.

Building upon the previous discussion, it is evident that both
lithiophilic metals and elements with fluorine functional
groups play crucial roles in promoting uniform lithium depo-
sition and suppressing dendrite growth in lithium-metal
batteries. However, simultaneously achieving a uniform and
high-density distribution of both metal seed particles and
fluorine functional groups on the anode substrate surface has
proven to be critically challenging. Furthermore, the relative
importance of the metal seed particles versus the fluorine
functional groups in promoting this desired uniformity and
high density remains unclear. MXenes, a class of two-
dimensional transition metal carbides, nitrides, or carboni-
trides, emerge as promising candidates to address this chal-
lenge. Due to their unique structural and compositional
features, MXenes offer the potential to simultaneously incor-
porate both metal seed sites and fluorine functionality on the
anode substrate, thereby synergistically combining the benefits
of both approaches.”**

In this study, we designed a new surface structure with
a dual-functional surface on the Ti;C,T, MXene anode by
combining the benefits of F-terminated groups and Au nano-
particles (NPs), and evaluated the impact of surface termination
and the incorporation of Au NPs on reactivity with lithium. The
F-terminated groups contribute to the formation of a desirable
LiF-rich SEI layer, which is the most critical factor in Li-metal
battery performance as it stabilizes the lithium flux. Simulta-
neously, the Au NP seeds act as nucleation sites, guiding
uniform lithium deposition. This synergistic combination of
a stable LiF-rich SEI layer and uniform lithium nucleation sites
provided by the F-termination and Au NPs, respectively, results
in a significant enhancement in the long-term performance of
Li metal batteries.

Experimental
Synthesis of Ti;C,T, MXene

Ti;C,T, MXene was synthesized by chemical wet-etching of its
precursor Tiz;AlC, MAX phase following the MILD method from
a previous protocol report. 0.8 g of LiF was added to 10 mL of
9 M HCI with continuous stirring for preparing the etchant.
Then, 0.5 g of TizAIC, MAX powder was gradually added to the
etchant under continuous stirring over the course of 5 min. The
resultant mixture was maintained at 35 °C for 24 h. The acidic
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reactant was washed with DI water by centrifugation (3500 rpm,
5 min per cycle) until the supernatant reached a pH level of =6.
The single-layer Ti;C,T, MXene containing supernatant with
a concentration of 10 mg mL ' was used for further
experiments.

Synthesis of F-rich Ti;C,T, MXene

F-Rich Ti;C,T, MXene was synthesized by using HF to prepare
the etchant. 0.5 g of LiCl was added to 15 mL of acidic etchant
containing 12 M HCI, DI water, and 28.4 M HF in a 2:2:1
volume ratio with continuous stirring. Then, 0.5 g of Ti;AlC,
MAX powder was gradually added to the etchant under
continuous stirring over the course of 5 min. The resultant
mixture was maintained at 35 °C for 8 h. The acidic reactant was
washed with DI water by centrifugation (3500 rpm, 5 min per
cycle) until the supernatant reached a pH level of =6. The
single-layer Ti;C,T, MXene containing supernatant with
a concentration of 10 mg mL ' was used for further
experiments.

Fabrication of Ti;C,T, MXene aerogel

5 mL of single-layer Ti;C,T, MXene solution (concentration of
10 mg mL~ ") was poured in a Petri dish with a diameter of 6 mm
and placed inside a —80 °C freezer for 24 h. Then, the frozen
sample was transferred to a —110 °C freeze-dryer to prepare the
Tiz;C,T, MXene aerogel.

Preparation of gold precursor solution

Gold(m) chloride hydrate was purchased from Sigma-Aldrich.
Gold precursor solution was prepared by dissolving the gold(-
ut) chloride hydrate precursor in ethanol with a final concen-
tration of 0.05 M.

Synthesis of Au@Ti;C,T, MXene by rapid Joule heating

The Ti;C,T, MXene aerogel was attached to quartz plate using
copper tape and silver paste to prepare a freestanding MXene
aerogel substrate. Following the preparation of the substrate,
100 pL of gold precursor solution was drop-coated on the
substrate while heating at 80 °C. Once ethanol was evaporated,
rapid heating was conducted with 1 A current for 100 ms under
an Ar atmosphere for the synthesis of gold metal NPs on the
MXene surface.

Characterization

Scanning electron microscopy (FEI, Magellan400) was used to
observe MXene aerogel morphology and the synthesized metal
NPs on the MXene surface at an accelerating voltage of 10 kv.
Transmission electron microscopy (FEI, Talos F200X, Tecnai
F20) was used at 200 kV to observe metal NP synthesis on the
MXene surface. High-angle annular dark-field scanning TEM
(HAADF-STEM) mode and energy-dispersive X-ray spectrometry
were used to analyze lattice spacing and elemental distribution.
XPS (Thermo VG Scientific, K-alpha) was performed with
a monochromatic Al Ka (1486.6 eV) X-ray source to analyze the
chemical states of the prepared samples.

This journal is © The Royal Society of Chemistry 2025
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Electrochemical measurements

Electrochemical measurements were performed using CR2032-
type coin cells, which were fabricated in an argon-filled glove-
box. The Li/Cu cells consisted of the prepared substrates,
a polyethylene (PE) separator, and lithium metal. The electrolyte
used was composed of 1 M lithium hexafluorophosphate (LiPF)
dissolved in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) in a 1: 1 volume ratio, with the addition of 10
wt% fluoroethylene carbonate (FEC) and 2 wt% vinylene
carbonate (VC). The galvanostatic charge/discharge perfor-
mance was measured using a battery cycler (WBCS-3000,
WonAtech). Lithium deposition behavior was studied at
a current density of 0.1 mA cm™? with capacities of 0.1 and
1 mA h em 2. For cyclic stability testing, a current density of 1.0
mA cm > (with a capacity of 1.0 mA h em™?) was applied.

Results and discussion

Fig. 1 exhibits the overall scheme for fabricating a dual-
functional surface on the Ti;C,T, MXene anode to combine
the benefits of lithiophilic F-terminations and Au nanoseeds.
We used MXenes as the lithium anode material in this study, as
MXenes are known for their 2 dimensional nanostructure, high
surface area, electrical conductivity and high availability of
fluorine (-F) functional groups.?*** In addition, MXenes have
shown great potential as lithium metal battery anodes by
functioning as a buffer layer for Li volume expansion and as
a host material.***” In order to first synthesize a high density of
fluorine termination on TizC,T, MXene, we prepared the
Ti;C,T, MXene anode by chemical wet etching from the Ti;AIC,

Ti,AIC; MAX Forich Ti,C,T, MXene

Freezo-d

-
g G35 o
— > ')
v %
4

Ti,C,T, MXene aerogel

Rapid Joule heating
(100 msec)

Au@F-rich
TisC,T, MXene aerogel

Au NPs facilitate
homogeneous Li nucleation

Abundant F-termination enables LiF-rich SEI layer formation

Fig. 1 Synthesis of Au NPs on surface termination controlled TizC,T,
MXene by rapid Joule heating for Li-metal battery anodes. (a) Chem-
ical wet etching and rapid Joule heating synthesis of Au@F-rich
TizC,T, MXene. (b) TEM image and (c) TEM-EDS image of Au@F-rich
TizC,T, MXene. (d) Schematic illustration of Au@F-rich TizC,T, MXene
as a Li-metal battery anode.
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MAX phase followed by freeze-drying (Fig. S17).2* TizC,T,
MXene with different surface termination compositions was
prepared by moderating the composition of the acid etchants.
In fact, it is well-reported that the proportion of surface termi-
nations, -F and -O, is highly dependent on the synthesis
method.*?*° To prepare F-rich Ti;C,T, MXene, the etchant was
composed of mainly hydrofluoric (HF) acid, while the etchant to
prepare normal TizC,T, MXene followed the minimally inten-
sive layer delamination (MILD) treatment, containing only
hydrochloric (HCI) acid with lithium fluoride. An increase in the
proportion of HF in the etchant is known to significantly
increase the amount of -F termination as the competition
between metal ions is much less compared to using fluoride
salts.®® Successful synthesis of Ti;C,T, MXene using both
etching parameters was confirmed by XRD, where the shift of
the (002) peak from 9.5 degrees to a lower angle signifies the
removal of Al from the Ti;AIC, and the addition of surface
terminations (Fig. S21).>® Both prepared MXenes were freeze-
dried into aerogel morphologies to construct a highly porous
3-dimensional lithium host structure (Fig. S37).

To synthesize high-density Au NPs on the 3-dimensional
MXene substrate, a 0.05 M Au precursor solution was drop-cast
on the substrate and dried for 15 minutes prior to the heating
process. Rapid Joule heating was then conducted by applying an
electric pulse for a short duration of 100 milliseconds (Fig. S47).
Upon rapid Joule heating, Au NPs were uniformly synthesized
on MXene aerogel, as illustrated in Fig. 1a. This process involves
the generation of intense heat during the passage of electric
current through the substrate for a very short time interval.
Since Ti;C,T, MXene contains abundant surface termination
groups which act as metal binding sites, dense formation of Au
NPs is possible without significant aggregation.®* In addition, it
is noteworthy that this process minimizes MXene damage,
preserves F-functionalities, and enables homogeneous Au NP
distribution. Importantly, the absence of solution-based pro-
cessing during metal NP formation helps to mitigate MXene
oxidation during synthesis. Minimization of aqueous exposure
suppresses TiO, formation on the MXene surface, allowing full
utilization of MXene's lithiophilic qualities even after NP
synthesis.*

Fig. 1b shows a representative transmission electron
microscopy (TEM) image of Au@F-rich Ti;C,T, MXene. High
density Au NPs were evenly distributed over large areas with
a uniform size distribution. Such highly dense Au NPs were also
fabricated on normal Ti;C,T, MXene with no apparent differ-
ence compared to F-rich samples, as they both contain a high
level of surface terminations which can act as metal binding
sites (Fig. S5t).**** The successful synthesis of Au NPs and
retained content of F-terminations were further verified
through TEM-EDS, with minimized damage to the Ti;C,T,
MXene surface (Fig. 1c). Also, this rapid Joule heating technique
is a non-destructive method in which the MXene aerogel
structure is well maintained even after the heating process
(Fig. S6T). This non-destructive process allows direct utilization
of the prepared material as lithium metal battery substrates
without additional processing. The combined effects of homo-
geneously distributed lithiophilic seeds, abundant F-
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Fig. 2 Identification of the synthesized Au NPs on F-rich TizC,T,
MXene and fluorine terminations. (a) TEM image of Au@F-rich TizC,Ty
MXene, (b) particle size distribution of Au NPs, (c) high resolution TEM
(HRTEM) bright field image of Au NP and the corresponding FFT
pattern. F 1s XPS spectra of (d) Au@F-rich TizC,T, and (e) as prepared
Au@TizC,T, (before Li deposition).

terminations and the three-dimensional host structure provide
long stability in Li-metal battery performance (Fig. 1d).*®

To confirm the generation of dual-functionalities on the
MXene surface, we performed microscopic and spectroscopic
analyses on the prepared samples (Fig. 2). The magnified TEM
image of Au@F-rich Ti;C,T, MXene illustrates high density of
NPs without any aggregation or oxidation of the MXene
substrate (Fig. 2a). The inset of Fig. 2a exhibits the fast Fourier
transform (FFT) analysis of the MXene substrate. The selected
area of few-layer MXene sheets shows lattice fringes of
0.265 nm, corresponding to the (01-10) plane of Ti;C,T,.** X-ray
photoelectron spectroscopy (XPS) analysis further confirms the
low degree of oxidation (Fig. S7T). The Ti 2p peak of Au@F-rich
Ti;C,Ty MXene exhibits low peak intensity of TiO,, indicating
a low degree of MXene damage during the synthesis of the
composite. Moreover, the synthesized Au NPs showed a uniform
size distribution with an average particle size of 10.8 £+ 3.2 nm
on the MXene flakes (Fig. 2b). Such uniform size distribution is
attributed to rapid heating and cooling of metal precursors

TiyC,Ty
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Au@Ti,C,T,
O1s

F1s b
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during the fabrication of Au NPs, preventing the aggregation of
individual nanoparticles.*****”** The synthesized Au NPs were
further confirmed by high resolution TEM (HRTEM) and the
corresponding FFT analysis (Fig. 2c). The lattice distances of
0.238 nm and 0.144 nm correspond to the (111) and (220)
lattices of the face-centered cubic (FCC) Au structure.'? The XRD
patterns of Au NPs synthesized by rapid Joule heating also
correspond to the lattice spacing from FFT analysis (Fig. S87).
The amount of Au in the Au@F-rich Ti;C,T, MXene structure
was 10.2 wt%, as measured by inductively coupled plasma mass
spectrometry (ICP-MS).

Furthermore, the -F terminations on surface-termination
controlled Ti;C,T, MXenes were compared using XPS analysis.
The F 1 s XPS spectra of Au@F-rich Ti;C,T, still show a higher
level of fluorine content compared to Au@ Ti;C,T, (Fig. 2d and
e). The higher content of fluorine terminations in Au@F-rich
Ti3C,T, is attributed to the synthesis step, where a higher
proportion of HF was used for etching.*® Although experimental
studies have shown that fluorine terminations are removed
during heating, the relatively retained level of -F terminations
may be due to the very short duration of heating the sample
undergoes.**** The rich fluorine termination on the substrate
surface and the fine distribution of Au NPs contribute to high
cycle stability through uniform Li deposition and robust SEI
layer formation, as we will discuss later in Fig. 3 and 4.

Fig. 3 shows the XPS depth profile analysis investigating the
effect of F-termination on the SEI layer, highlighting the
substantial impact of SEI components on battery performance.
It is well-known that surface functionality plays a crucial role in
the formation of the SEI layer, a critical factor influencing the
performance of lithium-metal batteries. The SEI layer serves to
prevent the further decomposition of the electrolyte and
establish a stable interface for lithium-ion transport. However,
it can also contribute to increased interfacial resistance and
uneven lithium deposition, leading to capacity loss. Therefore,
comprehending and regulating the formation and evolution of
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the SEI layer is essential for enhancing battery performance and
longevity.

To elucidate the impact of MXene surface terminations on
SEI components, four different samples with varying surface
configurations were prepared: (i) TizC,Ty, (ii) Au@TizC, Ty, (iii)
F-rich Ti3;C,Ty, and (iv) Au@F-rich Ti;C,T,. The XPS spectra of
MXene substrates were acquired after Li deposition of
0.1 mA h cm 2 In order to obtain the depth profiles of XPS
spectra, argon-ion beam sputtering was performed for 0, 360,
720 and 1080 s. The C 1s spectra for all 4 samples contain peaks
characteristic of C-Ti-F, (282.7 eV) and C-Ti (281.9 eV) along
with superimposed peaks including C-C (284.8 eV), C-O (286.5
eV), C=0 (289.2 eV) and Li,CO; (290.5 eV).**** However, the
peaks of C-Ti-F, and C-Ti in the normal Ti;C,T, MXene
samples (Ti3C,T,, Au@ Ti;C,T,) show relatively higher intensity
than those in the F-rich Ti;C,T, MXene samples (F-rich Ti;C,T,,
Au@F-rich Tiz;C,T,) at the inner layers (360, 720, and 1080 s) as
well as at the outermost layer.** This difference illustrates that
the surface of the normal Ti;C,T, MXene samples is not
robustly covered with the SEI layer, since the SEI layer on the
normal Ti;C,T, MXene samples is not firmly formed and is
relatively thin. Whereas it is suggested that the F-rich TizC,T,
MXene samples have comparatively uniform and thick SEI
layer.

Particularly, the peaks of C-Ti-F, and C-Ti on the Au@F-rich
Ti;C,T, exhibit relatively low intensity as the sputtering time is
increased, suggesting that the SEI layer is most securely formed
on the Au@F-rich Ti;C,T, sample. This interpretation is further

This journal is © The Royal Society of Chemistry 2025
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clarified through the O 1s spectra. The intensity of the TiO, peak
(529.9 eV), representing MXene, in the F-rich Ti;C,T, samples
remains consistently low from the outer layer to the inner
layer.** Alternatively, a broad peak centered at around 532 eV,
which is assigned to a combination of ROCO,Li (532.0 eV), C-
0-C (533.4 eV), Li,PF,0, (534.6 €V) and ROLi (531.0 eV) is more
dominant in all spectra.*® In contrast, normal Ti;C,T, MXene
samples show higher intensity of the TiO, peak in all spectra. In
particular, the intensity of the TiO, peak sharply increases in
the spectra after a sputtering time of 360 s. This observation is
consistent with the C 1s spectra, suggesting that the F-rich
Ti;C,T, MXene samples, especially the Au@F-rich Ti;C,T,,
have a well-formed SEI layer. Meanwhile, the C 1s, 0 1s and F 1s
spectra indicate that the chemical composition of the SEI layer
is not much different between the normal Ti;C,T, MXene
samples and the F-rich Ti;C,T, MXene samples, including the
Li,CO;, LiF, ROCO,Li, RLi, Li,PF,0,, etc. These chemical
components of the SEI layer are well-known for facilitating the
stable deposition and stripping of lithium metal. In particular,
LiF, identified at 685.0 eV in the F 1s spectra, is considered
a crucial component due to its favorable physical, chemical, and
electrochemical properties.*>*” The F 1s spectra indicate that
the F-rich Ti;C,T, MXene samples, particularly the Au@F-rich
Ti;C,Ty, exhibit a more pronounced LiF-dominant SEI with
secure formation. In these samples, the intensity of LiF
surpasses that of Li,PF,0, in all depth profiles. Conversely, the
normal Ti;C,T, MXene samples display a more heterogeneous
SEI composition, characterized by a mixture of LiF and Li,PF,-
0O,. The dominance of LiF in the SEI of the F-rich Ti;C,T, MXene
samples can be attributed to the abundant F-termination on the
surface, leading to the substantial formation of LiF
components.

Generally, the presence of a LiF-rich SEI layer plays a signif-
icant role in enhancing the robustness and stability of the
electrode, which in turn leads to considerable improvements in
the electrochemical performance of the system. The LiF
component within the SEI layer is known for its excellent
chemical and electrochemical stability, protecting the lithium
metal from degradation and minimizing side reactions during
cycling. This LiF-rich SEI not only provides a physical barrier
that prevents the direct contact of lithium with the electrolyte,
but also promotes more stable and reversible lithium deposi-
tion and stripping, thereby improving cycle life and overall
performance. As will be discussed in the following section, the
excellent cycle stability of Au@F-rich Ti;C,T, is closely linked to
the high concentration of LiF in its SEI layer. This well-formed
LiF-rich SEI layer helps to maintain the integrity of the lithium
surface throughout repeated cycling, reducing the formation of
detrimental dendrites and minimizing the risk of capacity fade.
As a result, the combination of high LiF content and a well-
constructed SEI layer is crucial for ensuring long-term
stability and high electrochemical performance, especially
during extended charge-discharge cycles. This correlation
strongly supports the idea that a well-formed LiF-rich SEI is key
to enhancing the cycling stability of Au@F-rich Ti;C,T,.

Fig. 4 shows the lithium deposition behavior and cyclic

performance of the following samples: (i) Ti;C,T,, (ii)
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Au@Ti3C, Ty, (iii) F-rich TizC,T,, and (iv) Au@F-rich TizC,T,.
These samples were prepared and assembled into coin cells to
demonstrate the impact of MXene surface terminations and the
incorporation of Au NPs on reactivity with lithium, and specif-
ically to observe which factor plays a greater role in perfor-
mance. This approach enabled a comparative analysis to
determine the relative significance of MXene surface termina-
tions and the presence of Au NPs in affecting lithium reactivity
and battery performance. Following the deposition of lithium at
1.0 mA h em 2, the cells were dissected, and the surface of each
sample was examined using scanning electron microscopy
(SEM). As shown in Fig. 4a, Ti;C,T, exhibited a non-uniform
surface with lithium particles of varying sizes, ranging from
hundreds of nanometers. Aggregation was evident on the
Ti;C,T, surface, with portions exposed, demonstrating an
uneven surface morphology after lithium deposition. Mean-
while, Au@Ti;C,T, displayed relatively smaller lithium
deposits, suggesting that the introduction of Au NPs could
reduce the size of deposited Li (Fig. 4b). However, aggregation
was still observed, indicating that while Au NPs could influence
deposited Li size, they may not completely eliminate aggrega-
tion. On the other hand, F-rich Ti;C,T, showed uniform lithium
distribution without noticeable aggregation, emphasizing the
role of F-termination in achieving a consistent lithium distri-
bution (Fig. 4c). While F-termination did not significantly
impact the size reduction of deposited Li, it played a crucial role
in ensuring uniform Li distribution.

Fig. 4d illustrates Au@F-rich Ti;C,T,, exhibiting small,
uniformly distributed lithium particles. This indicates that the
combined effects of Au, which reduces Li particle size, and F-
termination, ensuring uniform distribution, contributed to
the observed results. The SEM observations were correlated
with secondary ion mass spectrometry (SIMS) analysis (Fig. 4e-
h). The distribution of lithium concentration on the MXene
surface was visualized through colored areas in SIMS images,
with red areas indicating high concentration and blue areas
indicating low concentration. Consistent with the SEM find-
ings, Au@F-rich Ti;C,T, demonstrated the most uniform
lithium distribution, reinforcing the advantages of Au NPs and
F-termination in promoting uniform lithium deposition.

The electrochemical performances of the MXene samples
were evaluated, as shown in Fig. 4i, at a current of 1.0 mA cm™?
and a capacity of 1.0 mA h cm 2. Comparative analysis with the
widely used Cu substrate for Li-metal battery anodes revealed
that Ti;C,T, exhibited improved cycle performance, although
with a limited lifespan of 100 cycles. Au@Ti;C,T, extended the
lifespan to approximately 240 cycles, indicating the positive
impact of Au NPs. F-rich Ti;C,T, outperformed the others with
a lifespan of around 450 cycles, suggesting that F-termination
yielded superior performance compared to the incorporation
of Au NPs. Significantly, the Au@F-rich Ti;C,T, exhibited the
most outstanding lifespan of 600 cycles, highlighting the crit-
ical role of the combination of Au NPs and F-termination in
enhancing Li-metal battery performance, with F-termination
proving to be a more significant factor than Au NPs. Such
high stability of Au@F-rich Ti;C,T, outperforms previously re-
ported Li-metal anodes with similar lithiophilic modifications
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(Table S17). Although fluctuations are observed in Fig. 4i, long-
term cycling stability is not compromised. These fluctuations
are likely due to the extensive active surface area of the 3D
structure and dynamic changes in the SEI layers. The corre-
sponding current-time (i-f) and voltage-time (v-t) curves are
provided as Fig. S9a and b.}

To examine charge-discharge behaviors of the substrates,
the voltage profiles at 1.0 mA cm ™ >@1.0 mA h cm > for bare Cu
foil, Tiz;C,T,, Au@TizC,Ty, F-rich Tiz;C,Ty, and Au@F-rich
Ti;C,T, at selected cycles are shown in Fig. S10.7 As shown,
Au@F-rich Ti;C,T, exhibited the lowest overpotential and
highest coulombic efficiency throughout cycling, demon-
strating superior performance compared to the other
substrates.

Additional tests were conducted at a current density of 5 mA
em > and a capacity of 3 mA h cm™? and the results are shown
in Fig. S11.f Under these conditions, the Au@F-rich Ti;C,T,
exhibited the highest coulombic efficiency among MXene-based
substrates, whereas the bare Cu foil did not function. However,
compared to the performance at 1.0 mA cm™> (Fig. 4i), the
coulombic efficiency at 5 mA cm ™2 was lower. This reduction in
efficiency is in agreement with previous studies, which have
shown that higher Li plating/stripping current densities
compromise deposition uniformity and efficiency.***° Despite
this, the Au@F-rich Ti;C,T, substrate still outperforms other
MXene-based substrates under high current conditions,

demonstrating its potential for lithium-metal Dbattery
applications.
To observe initial electrochemical behaviors of the

substrates, the first voltage profiles at current densities of 0.1
and 5 mA cm™? for bare Cu foil, Ti;C,T,, Au@Ti;C,T,, F-rich
Ti;C,Ty, and Au@F-rich Ti;C,T, are shown in Fig. S12. Fig.
S12at shows the first Li plating voltage profiles at 0.1 mA cm 2,
where the presence of Au results in distinct profiles associated
with lithium alloying, and the 3D architecture with a high
surface area leads to sloping voltage profiles. In Fig. S12b,f
Au@F-rich Ti;C,T, demonstrates the lowest overpotential and
highest coulombic efficiency among the tested substrates,
highlighting the excellent performance under high current
density conditions.

Fig. 4j depicts schematic illustrations of lithium deposition
behavior. A stable LiF-rich SEI layer formed by F-terminated
Ti;C,T, promotes uniform Li" flux, while lithiophilic Au nano-
seeds facilitate selective lithium deposition on the surface.
Consequently, these surfaces serve dual functions, resulting in
the uniform distribution of small lithium particles that effec-
tively suppress dendritic lithium formation.

Furthermore, the stability of Au@F-rich Ti;C,T, was
assessed by disassembling the cell after 600 cycles, and SEM
images of the surface were examined. The results revealed
a uniform surface with suppressed dendrite growth, attributed
to the stable LiF-rich SEI layer and lithiophilic surface, as
depicted in Fig. S13.7 This confirms the long-term stability and
durability of the proposed material configuration.

A full cell was constructed by assembling bare Cu foil and
Au@F-rich TizC,T, with LiNi, gC0y 1Mn, 10, (NCM811), and its
cycle life was assessed, as shown in Fig. S14.1 As depicted, the

This journal is © The Royal Society of Chemistry 2025
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capacity retention of the full cell utilizing bare Cu foil was
77.5% over 100 cycles, whereas the full cell employing Au@F-
rich Ti;C,T, exhibited a capacity retention of 87.4%. Conse-
quently, the superior cycling stability of Au@F-rich Ti;C,T, was
clearly demonstrated.

Additional cycling tests without any pre-deposited Li on
MXene were conducted and the results are shown in Fig. S15.F
The cycling performances of five different samples were
compared, and the Au@F-rich Ti;C,T, still demonstrated
enhanced cycling stability relative to the other configurations.
This result demonstrates that our dual-functional strategy—
combining Au nanoseeds with abundant F terminations—not
only promotes favorable SEI formation and uniform Li deposi-
tion under standard conditions but also remains effective under
more rigorous conditions.

Conclusions

We have fabricated a high-density dual-functional surface for
the first time, incorporating both lithiophilic metals and fluo-
rine (-F) functional groups onto the anode substrate. Our study
investigates the effects of surface termination and Au nano-
particles (Au NPs) on lithium deposition behavior and cycle
performance of Ti;C,T, MXene as an anode material for lithium
metal batteries (LMBs). Through a comprehensive analysis of
morphology, structure, composition, and electrochemical
performance in both half-cell and full-cell configurations, we
have identified a significant synergy between Au NPs and F-
termination. This synergy notably enhances the uniformity
and stability of lithium deposition on Ti;C,T,, resulting in
improved cycling performance and safety of LMBs. Importantly,
our findings underscore the critical role of F-termination
compared to lithiophilic metal seeds such as Au NPs in
extending the lifespan of Li-metal batteries. F-terminated
Ti;C,T, promotes uniform lithium distribution by facilitating
the formation of a solid electrolyte interphase (SEI) layer rich in
LiF. This mechanism provides valuable insights for optimizing
MXene-based substrates in the design of LMBs, emphasizing
the importance of surface functionality and nanoseed tuning.
Overall, our research proposes promising strategies for
enhancing LMB performance and safety through tailored
surface modifications in MXene materials.
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