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Two-dimensional transition metal carbides and/or nitrides (MXenes), espe-
cially their few-layered nanosheets, have triggered burgeoning research
attentions owing to their superiorities including extraordinary electrical con-
ductivity, accessible active surface, and adjustable processability. Molten salts
etching route further achieves their controllable surface chemistry. However,
the method encounters challenges in achieving few-layered structures due to
more complex delamination behaviors. Herein, we present an efficient strat-
egy to fabricate CI- or Br-terminated MXene nanoflakes with few-layers,
achieved by electrochemical intercalation of Li ions and concomitant solvent
molecules from the electrolyte solution, with gaseous propylene molecules to
disrupt interlayer forces. By controlling cut-off voltages, the optimal protocol
results in nanosheets with a recovery rate of ~93% and preserved surface
chemistry. The resultant MXenes dispersions were employed as lubricants to
enhance tribovoltaic nanogenerators, where TizC,Br, displayed superior
electrical output. These findings facilitate the understanding of MXenes’
intrinsic physical properties and enable the nanoengineering of advanced
electronic devices.

Since their initial report in 2011, transition metal carbides and/or nitrides,
known as MXenes, particularly their mono- or few-layered nanosheets,

properties, especially in electronics® and optoelectronics®. The pristine
surface groups of MXene nanosheets are primarily determined by the

have distinguished themselves among numerous two-dimensional (2D)
materials owing to their unique properties>. Amalgamating the super-
iorities of both adjustable structural components and versatile physi-
cochemical properties, MXenes can be synthesized using a
programmable structural editing protocol to achieve extraordinary
performance in a wide range of customized applications®*. Surface
chemistry modification plays a crucial role in tailoring the band struc-
tures and work functions of MXenes to achieve a broad range of tunable

synthesis process. The conventional wet chemistry etching route selec-
tively removes the A layers from MAX phases using hazardous fluoride-
containing acids, resulting in a mixture of -OH, -O and -F terminations on
the surface of MXene nanosheets'. Although these electronegative ter-
minations impart the nanomaterials with favorable aqueous processa-
bility without the need for surfactants or binders, further development
of MXenes-based functional materials is challenged by their mediocre
and uncontrollable adjustment. This limitation persisted until the
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introduction of the molten salts etching route, which allowed for full
control of the surface terminations ™. Through substitution and elim-
ination reactions in molten salts, a variety of affluent terminations such
as -Cl, -Br, -1, -S, -Se, and -Te, can be successfully synthesized, creating
new design opportunities for the structural and electronic properties of
molten salt-synthesized MXenes, termed as MS-MXenes***. However,
the higher adhesion energy or stronger surface hydrophobicity of the
terminations hinder the separation of layers upon covalent surface
modifications, thereby limiting their application in micro-nano electro-
nics such as tribovoltaic nanogenerators (TVNGs)**>*. It is well-known
that TVNG have displayed the practical feasibility of energy harvesting
and sensing, facilitated by adjustable sliding surface carriers and inter-
face wettability” 5,

The intercalation behavior of external species is crucial through-
out the production of MXene nanomaterials, encompassing stages
from etching and exfoliation to delamination and post-treatment*'?,
Ideally, numerous intercalants, including cations, solvent molecules,
and organic molecules, can intercalate into and expand the sub-
nanometer 2D galleries via weakening interflakes interactions, poten-
tially delaminating multi-layered MXenes into mono-layered or few-
layered nanoflakes**~?2, However, current exfoliation strategies for MS-
MXenes face several challenges, including the reliance on hazardous
reagents (e.g., n-butyllithium and sodium hydride), and low yields for
high-quality single-layered flakes®”. Other methods, like the intro-
duction of tetramethylammonium cations, result in brittle and rigid
few-layered membranes due to improper intercalation degree®.
Although the LiF-involved molten salt etching route facilitates the
delamination process by enhancing the interaction between -F groups
and tetrabutylammonium hydroxide (TBAOH) intercalants, it runs
counter to fluoride-free intention and limits the recovery rate to
~20%'". Recently, Zhang et al. reported a more efficient strategy using
LiCl as a delaminating agent and N-methylformamide (NMF) as an
optimized solvent for further swelling of powders”. However, scaling
up remains challenging due to the complexity of the process, the dif-
ficulty in removing organic solvents, and the lack of universality or
efficiency for other categories of MS-MXenes.

In response to these issues, electrochemical exfoliation has emerged
as one of the most promising and convenient strategies to prepare MS-
MXene nanosheets with high quality and high yield, suitable for targeted
applications* . This powerful synthetic toolkit typically involves the
electrochemical intercalation of solvated cations or anions in the elec-
trolyte, followed by a sonication and exfoliation process*****°. Combined
with easy procedures and mild reaction conditions, the method offers a
higher degree of control over the intercalation process by regulating cut-
off voltage and discharge current®~. Although electrochemical techni-
ques have been utilized to synthesize MXene materials, they are largely
limited to obtain multi-layered MXenes particles with complex surface
chemistry, and even miscellaneous phases, which hinder their sub-
sequent functional modifications and applications®*. Intriguingly, sol-
vent molecules in electrolyte often co-intercalate into layered materials,
significantly expanding the interlayer space. For instance, propylene
carbonate solvated lithium ions (Li(PC),,") are responsible for the inten-
sive exfoliation of graphite layers, due to the formation of an ineffective
solid electrolyte interphase film and the continuous decomposition of
solvent molecules within the interlayer space®. It has been reported
that the electrolyte solvent profoundly affects the pseudocapacitive
charge storage of Ti;C,-MXene, with carbonate solvent (e.g., PC) con-
tributing to a maximized capacitance®.

In this work, we present a powerful and versatile structural-editing
protocol for gaseous molecules-mediated electrochemical exfoliation
of MXenes synthesized via molten salts etching route, based on
solvation-co-intercalation-decomposition of Li(PC),," ions. By regulat-
ing the cut-off voltage during the synthesis process, we optimized the
recovery rate of few-layer MXene nanosheets to an impressive 93%,
while retaining the pristine surface chemistry, such as -Cl or -Br

terminations. In-situ X-ray diffraction (XRD), in-situ differential elec-
trochemical mass spectrometry (DEMS), and ex-situ Fourier transform
infrared spectroscopy (FT-IR) measurements intuitively corroborated
the crucial appearance and role of gaseous molecules to break up the
intense interactions between layers of MS-MXenes. Subsequently,
MXenes with various terminations (-F, -Cl, or -Br) in water or ethanol
dispersions were employed as lubricants to improve the output cur-
rent density of TVNGs, with optimal performance found in Ti;C,Br,,
thanks to an effective contact electrification process.

Results and discussion

Material Characterization

Figure 1 illustrates the gaseous molecules-mediated electrochemical
intercalation-based exfoliation process for TizC,Cl, and Ti;CyBr,
MXene nanosheets and their optimal applications in semiconductor-
semiconductor tribovoltaic nanogenerator (SS-TVNG). Initially, multi-
layered Ti5C,Cl, and TizC,Br, were successfully synthesized by selec-
tively removing Al atoms from Ti5AIC, using a Lewis acid molten salts
etching route. The representative accordion-like structures and their
energy dispersive spectroscopy (EDS) images (Supplementary
Figs. 1a-f) demonstrate the uniform distribution of Cl or Br elements as
functional terminations across all MXene lamellae. XRD patterns
(Supplementary Fig. 2) further verify the high-quality MXene prepared
by molten salts and the (002) interlayer spacing, which is 1.10 nm for
TizC,Cl, and 1.20nm for TizC,Br,. Next, the electrochemical
intercalation-assisted exfoliation route of MS-MXenes was performed
in a half-cell configuration, in which MS-MXenes pellets served as
working electrodes and Li metal acted as the counter electrode (Sup-
plementary Fig. 3). Initially, a commercial electrolyte, 1M LiPF¢ in
ethylene carbonate (EC) : diethyl carbonate (DEC) : ethyl methyl car-
bonate (EMC)=1:1:1(Vol%), was used to conduct the lithiation pro-
cess of MS-MXenes. However, there was no shift of (002) peak to lower
angles, and numerous bulk materials with by-product on their surfaces
were observed, indicating ineffectiveness of this electrolyte and its
correlation with the electrochemical intercalation behavior of Li ions
(Supplementary Fig. 4a, b). Consequently, various solvents were
screened to decipher the electrochemical intercalation process of
solvated ions and their significant roles in assisting exfoliation of 2D
nanosheets, including lithium bis(trifluoromethylsulfonyl)amine
(LiTFSI) in PC, 1,2-dimethoxyethane (DME), dimethyl carbonate (DMC),
dimethyl sulfoxide (DMSO), 2-methyltetrahydrofuran (2Me-THF),
acetonitrile (ACN), and EC.

The prepared configurations were connected to a potentiostat for
effectively controlling galvanostatic discharge currents and tuning cut-
off voltages. After sonication to facilitate exfoliation, the products
were centrifugated at 5000 rpm to eliminate the sediment. The suc-
cessful preparation of few-layered nanosheets can be thoroughly
characterized as follows (Fig. 2a-m). Zeta potential measurements
during a two-week period were conducted to confirm the excellent
stability of the suspension of PC-derived MS-MXene. Additionally,
digital photographs of the delaminated MS-MXene solutions further
demonstrate its consistent stability after two weeks, in sharp contrast
to the precipitation of others within 2 h (Supplementary Fig. 5). As
shown in Supplementary Fig. 6, only the PC-based electrolyte resulted
in the typical (002) peak of few-layer MXene paper among numerous
exfoliated products, indicating that PC serves as a desirable alternative
for intercalation and swelling of MS-MXene. To further elucidate the
evolution of van der Waals (vdW) gaps in a PC-based electrolyte, XRD
patterns of multi-layered TizC,Cl, or Ti3C,Br,, intercalated com-
pounds, and delaminated papers were recorded, showing dramatically
enlarged interlayer spacing and weakened interlayer vdW interactions
(Fig. 2e and Supplementary Fig. 7). The process is visually demon-
strated in photographs where, compared with the original pellet and
others in different solvents, heavy swelling was observed for the
intercalated compounds in the PC-based electrolyte (Supplementary
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Fig. 1| Schematic illustrations of the gaseous molecules-mediated electrochemical exfoliation process for Ti;C,Cl, or Ti;C,Br, MXene nanosheets, with their
applications in tribovoltaic nanogenerator. The red, black, blue, and white ball represents titanium, carbon, halogen, and oxygen element, repectively.

Fig. 8). The prepared few-layered Ti3C,Cl,/Ti3C,Br, nanosheets exhibit
2D flake morphology of MXene in the transmission electron micro-
scopy (TEM), atomic force microscopy (AFM) images, and scanning
electron microscopy (SEM), with lateral sizes around hundreds of
nanometers (Fig. 2a-d and f). The expected hexagonal crystalline
symmetry is visible in the selected area electron diffraction (SAED)
patterns (Fig. 2a, b), highlighting the effectiveness of this mild protocol
in preserving the highest quality of the pristine MS-MXenes. Addi-
tionally, AFM images (Fig. 2¢c, d) further manifested their thin struc-
ture, with average thicknesses of ~2.15 nm for Ti;C,Cl, nanosheets and
~2.32nm for Ti;C,Br, nanosheets, which indicates obtained flakes
consist of only two-layers. Thanks to the mild and effective elimination
process, a free-standing and flexible paper of few-layered Ti3C,Cl,/
TisC,Br, can be obtained (Fig. 2j). More importantly, the preserved
surface chemistry, with uniformly distributed Cl or Br elements in the
cross-sectional mapping images, makes this delamination approach
promising for uncovering the intrinsic physiochemical properties of
halogen-terminated MXene flakes (Fig. 2g-i and Supplementary
Fig. 9a-c). X-ray photoelectron spectroscopy (XPS) characterization
was conducted to verify the absence of residual decomposed bypro-
ducts that might harm the quality of the few-layered MXene nanosh-
eets and their subsequent applications. Analysis of the core-level Ti 2p
XPS spectrum indicates the Ti-C component is at 454.8 eV, Ti-Cl
components at 456.1 eV and 456.6 eV, and a minor Ti-O component is
at 458.4 eV (Supplementary Fig. 10a). Additionally, the core-level Cl 2p

XPS spectrum evidences the strong bonds between Cl terminations
and Ti atoms at M-sites of MXenes (Supplementary Fig. 10b). These
results indicate the exclusive presence of only CI terminations on the
surface of TizC,Cl, nanosheets, without oxidation issues. As expected,
similar results were observed for the few-layered membrane of
Ti;C,Br, nanosheets (Supplementary Fig. 10c, d). Unlike some meth-
ods where harsh conditions or physical mechanical exfoliation can
lead to the loss or alteration of desirable surface terminations (like Cl
or Br), this electrochemical approach preserves these functional
groups. This retention is crucial as it maintains the material’s surface
chemistry, enhancing its properties for specific applications.

In brief, the utilization of PC solvent plays a critical role in dela-
minating MS-MXene nanosheets with an excellent recovery rate of
93%. Numerous coin cells can operate on the battery testing system in
the meantime to guarantee satisfying product output (Fig. 2k). Further
scaling up preparation process can be achieved in a two-electrode
Swagelok cell by handling 3.5 g of multi-layered MS-MXene powders,
which is also suitable for these laboratories lack of battery assembly
facilities (Fig. 21 and Supplementary Fig. 3b, c). A digital photograph of
the collected delaminated MXenes solution is shown in Fig. 2m, exhi-
biting its superior recovery rate. Theoretically, the scale of preparation
can be further expanded with larger cells and equipment supports. The
ability to produce MXenes at high recovery rate not only reduces the
cost per unit but also accelerates the research and development
cycle for new applications, giving industries confidence to invest in

Nature Communications | (2025)16:5051


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60303-5

dg2=1.60 nm

Delaminated Ti;C,Cl,

e

(1(002)= 1.68 nm

Intercalated compounds
- -

Intensity (arb. units)

d92=1.10 nm
| - N Multi-layered Ti3C2CAlz
10 20 30 40 50 60
20 (degree)

Bending

Original

Rolling

Releasing i{:‘ i
e

FL L

L

—
=

Fig. 2 | Characterization of delaminated MS-MXenes. TEM images of few-layered
a Ti;C,Cl, and b TizC,Br; nanosheets, inset: corresponding selected area electron
diffraction (SAED) patterns. AFM images of few-layered ¢ Ti3C,Cl, and d TizC,Br;
nanosheets. e XRD patterns of multi-layered Ti;C,Cl,, intercalated compounds and
delaminated Ti;C,Cl, with Cu Ka radiation as X-ray source. f SEM image of few-

layered TizC,Cl, nanosheets on an AAO substrate. Cross-sectional g SEM image and
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corresponding mapping images of h Ti and i Cl for membrane made by few-layered
Ti;C,Cl, nanosheets. j Digital photograph of a piece of delaminated Ti;C,Cl, paper.
The electrochemical lithium ion-intercalation experimental setup: k IEST battery
testing system and I potentiostat. m Optical image of delaminated MS-MXenes
solutions. Each experiment in (a-d) and (f-i) was repeated three times with similar
results. Source data are provided as a Source Data file.

MXene-based technologies. This scalability is crucial for transitioning
from laboratory research to commercial and industrial utilization.

Mechanism of electrochemical intercalation-based exfoliation
strategy

The crucial role of the PC-based electrolyte in electrochemical
intercalation-assisted exfoliation of MS-MXenes could be elucidated
through in-situ XRD, in-situ DEMS, and ex-situ FT-IR measurements.
We conducted in-situ XRD measurements on the multi-layered
Ti;C,Cl, electrode to monitor the successive variation of interlayer
spacing induced by intercalated solvated Li* (here, Li(PC),") as the
voltage decreased to specific levels (Fig. 3a-c). Three distinct stages
were identified, intercepted by voltages of 0.86, 0.5, and finally 0.01V
(Fig. 3a). As shown in the XRD patterns (Fig. 3b, c), Stage 1 is char-
acterized by a decreasing low-angle peak area as the discharge voltage
drops from 3.0 to 0.86 V, which can be ascribed to the intercalation of
abundant Li* ions. Strikingly, Stage 2 exhibits a smooth plateau
between 0.86 V and 0.5V, during which the XRD peaks gradually fade,

implying a temporarily reduced degree of order in the intercalated
compound or the emergence of an amorphous phase from decom-
posed electrolyte. In stage 3, the patterns remain consistent, sug-
gesting the unencumbered migration of Li* in the overlarge interlayer
space. It is noteworthy that, at 0.01V, the (002) peak reappears after
cleaning up byproducts of electrolyte decomposition, corresponding
to the remarkably left-shifted characteristic peak of Ti;C,Cl, (Fig. 2e).
To delve deeper into the electrochemical reactions, DEMS was utilized
to detect the products formed during the charge-discharge process.
Remarkably, propylene molecules were detected at around 0.86V, in
accordance with the process of gradually disappeared (002) XRD peak
at Stage 2 (Fig. 3d). There have been several reports about the elec-
trochemical reduction of PC electrolyte with Li salts®**°, and the
decomposition mechanism at particular potential is exhibited in Sup-
plementary Fig. 11. During the electrochemical process, the electrolyte
undergoes decomposition, producing gas that plays a critical role in
the exfoliation of MXene layers. This gas generation introduces loca-
lized pressure between the layers, aiding in their separation without
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Fig. 3 | Characterization of electrochemical exfoliation process. a Discharge
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Li metal as counter electrode and 1 M LiTFSI in PC as electrolyte. Stage 1, 2, and 3
represents the voltage window of open-circuit voltage (OCV) to 0.86V, 0.86 V to
0.50V, and 0.50V to 0.01V in the discharging process, respectively. b In-situ XRD
patterns for TizC,Cl, upon electrochemical intercalation process, including 45 data
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sets at various cut-off potentials. ¢ In-situ XRD curves at specific cut-off potentials,
including OCV, 1.73V, 0.86 V, 0.77V, 0.50V, and 0.01V. d In-situ differential elec-
trochemical mass spectrometry (DEMS) analysis of gaseous products in the half-
cell. e Ex-situ FT-IR spectra of the pristine Ti;C,Cl, and intercalated compounds at
various cut-off potentials. The red shaded bars represent Li,CO;. Source data are
provided as a Source Data file.

the need for harsh mechanical or chemical treatments. In addition, the
decomposed gas effectively infiltrates between the MXene layers,
creating an expansion force that promotes swelling. This controlled
swelling effect is crucial for achieving a uniform delamination, thus
resulting in high-quality few-layered MXenes. Additionally, trace
amounts of hydrogen gas from the reduction of residual water in
electrode or electrolyte were detected at the beginning of measure-
ment (Supplementary Fig. 12). Furthermore, ex-situ FT-IR character-
ization was employed to investigate electrolyte decomposition
products at different discharge stages (Fig. 3e). The appearance of
characteristic peaks for stretching vibration of Li,CO; at 0.5V and
0.01V in the intercalated compounds, forcefully supports the
decomposition of the PC-based electrolyte, consistent with known
behavior in Li metal battery (Supplementary Fig. 11)*77%°,

This is further supported by cyclic voltammetry (CV) measure-
ments of the Ti;C,Cl, electrode in various electrolytes. Using 1M
LiTFSlin PC electrolyte, the TizC,Cl, electrode exhibited the largest CV
area at the scan rate of 2mV/s, indicating the superior Li* storage
capacity with sufficient intercalation of Li(PC)," below 1.57V, con-
sistent with discharge tests, facilitating the decompostion reaction
during 0.5-0.86 V (Supplementary Fig. 13 and Table S3). The mechan-
ism using gas from electrolyte decomposition is inherently scalable.
The generation of gas can be controlled by adjusting the

electrochemical parameters, providing a flexible method that can be
scaled from small lab setups to larger production environments. This
method ensures reproducibility across batches, as the uniform gas
generation leads to consistent exfoliation results, which is a significant
advantage over methods that rely on less controllable mechanical
forces. In contrast, the conventional liquid exfoliation route using
DMSO intercalation to obtain acid-etched MXene nanosheets is
unsuitable for halogenated MXenes. This is evidenced by the absence
of shifted characteristic peaks in the XRD patterns and the unstable
dispersion of the resulting products (Supplementary Fig. 14a-c).
Additionally, the AFM image reveals their unexfoliated and rough
morphology (Supplementary Fig. 14d).

Optimization of cut-off voltages for high recovery rate

Based on the above experimental verification, an “intercalation-swel-
ling-delamination” mechanism is proposed for producing few-layered
TisC,Cl, or TisCBr, nanosheets, incorporating with theoretical
decomposition reaction (Fig. 4a-c and Supplementary Fig. 11). More
intuitively, ex-situ SEM images at specific discharge potential reveal
the evolution of the layered structure from compact to aerated, ben-
efiting from the collapse of distinctive interaction between MS-
MXenes layers, stimulated by the gaseous propylene molecules.
From the systematic research outlined above, it is evident that the
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Fig. 4 | Mechanisms of electrochemical exfoliation process. SEM images at
specific discharge cut-off potentials: a 0.86 V, b 0.50 V and ¢ 0.01V, with insets
showing schematic diagrams of the intercalation reaction mechanism. The red,
black, blue, and white ball represents titanium, carbon, halogen, and oxygen ele-
ment, respectively. d Recovery rate (%) of few-layered TizC,Cl, nanosheets at dif-
ferent cut-off potentials, with inset displaying the Tyndall effect in the delaminated

Ti;C,Cl, solution. e Work function and electrical conductivity of MXenes with dif-
ferent terminations. f Water contact angles (CA) and ethanol contact angles on the
HF-etched Ti;C, T freestanding film (top), TisC,Cl, freestanding film (middle), and
Ti;C,Br; freestanding film (bottom). Each experiment in (a-c) was repeated three
times with similar results. Source data are provided as a Source Data file.

selection of cut-off voltage is crucial in determining the recovery rate
of MS-MXenes by effectively modulating the amount or status of
intercalated Li(PC),," species. Recovery rates at various cut-off poten-
tials were calculated, revealing that the optimized recovery rate could
reach as high as 93%, further underscoring the critical role of gaseous
molecules generation within the potential range of 0.5-0.86 V (Fig. 4d).
Herein, the recovery rate is defined as the mass ratio of the collected
few-layered membrane to the original multi-layered MXene pellet. The
highly efficient exfoliation process is also highlighted in the video
(Supplementary Video 1), demonstrating how the intercalated com-
pounds generate the desired amounts of exfoliated sheets within
minutes when immersed in deionized water, without the need for
sonication. Notably, the higher recovery rate is irrelevant to dischar-
ging to lower potential than 0.5V, where the highly negative zeta
potential of -40.4mV enhances strong electrostatic repulsion
between few-layered Ti;C,Cl,/Ti;C,Br, nanosheets, ensuring uniform
sizes and stable colloidal dispersion for modulating electronic prop-
erties (Supplementary Fig. 15a-d). It has been reported that the func-
tional groups on MXene surfaces significantly impact their electronic
structure and optical absorption*®*., Directly associated with electron
charge transfer or electronegativity, the work function (W) can be
calculated following the formula of Wr = hv - (Ecyr.of - EF) from the
ultraviolet photoelectron spectroscopy (UPS) characterization results,
in sequence of TizC,Bry (-3.74 eV), TisC,Cl, (-4.06eV) and TizC,Ty
(-4.49 eV) (Fig. 4e and Supplementary Fig. 16). Furthermore, electrical
conductivity of the three types of MXenes films was measured using

a four-point probe set-up. The results indicate that TizC,Br,
(2.09 x10*S/m) and TizC,Cl, (2.24 x10*S/m) offer more moderate
values compared to those obtained from a wet chemistry route
(1.70 x10°S/m) (Fig. 4e). This can be ascribed to vacancies created
during the molten salt etching process, a phenomenon also docu-
mented in previous studies*>**. The UV-vis spectra (Supplementary
Fig. 17) of delaminated TizC,T,, TizC,Cl,, and Ti;C,Br; solutions exhibit
evident absorption peaks in the near-infrared (NIR) region, with
TizC,Cl, and Ti;C;Br, showing a 60 nm red shift to 860 nm, in stark
contrast to conventional Ti;C,T,. In addition, the good hydrophilicity
of conventional Ti;C,T, is confronted with severe oxidation or
decomposition issues caused by H,O. Fortunately, modulating surface
terminations allows MXene materials to achieve adjustable surface
wettability, freeing them from the trade-off between processability
and durability in practical applications. Contact angle tests (Fig. 4f)
provide clear evidence of the increased hydrophobicity of MXenes
with surface groups transitioning from -F, -O, and -OH (~37°) to -Cl
(-68°) or -Br (-83°), which is expected to retain the intrinsic properties
of multi-layered structures and bodes well for applications related to
interface interaction. Ethanol contact angles present similar trends
with little differences (Fig. 4f).

By focusing on the innovative use of gas from electrolyte
decomposition, this mechanism not only improves the efficiency and
recovery rate of MXene production but also preserves the structural
and chemical integrity necessary for advanced applications. This
represents a significant improvement over existing exfoliation
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Fig. 5| Effects of different MXenes lubricants on output performance of TVNGs.
a 3D structure of TVNG and its external circuit connection diagram. b, ¢ Short-
circuit current under varying concentrations of MXene with different terminations
in (b) water or (c) ethanol solutions. The number of repetition groups for each

Concentration (mg/ml)

group is 5, and data are presented as mean values +/- SD. d, e Static resistance of
TVNG under a bias of 4 V for MXenes with different terminations in (d) water or (e)
ethanol solutions. Source data are provided as a Source Data file.

strategies, highlighting the potential for more sustainable and eco-
nomically viable MXene synthesis. Its universality can be further vali-
dated by the consistent results observed in the Na-ion battery
(Supplementary Fig. 18 and Video S2). More significantly, this versatile
electrochemical intercalation approach is applicable to a variety of 2D
materials beyond MXenes like transition metal dichalcogenides
(TMDs), including TiS,, TaS,, and CrSe,. The colloidal solutions of few-
layered TiS,, TaS,, and CrSe, can be successfully obtained while the
TEM images and corresponding SAED patterns further manifest their
thin morphology and intact crystal structure (Supplementary Fig. 19).

Effects of different MXenes lubricants on output performance
of TVNGs

When two semiconductors slide past each other, chemical bonds at the
interface continuously break and reform. During this interfacial
bonding process, energy quanta known as bindingtons are released. If
these bindingtons possess sufficient energy, they can excite electron-
hole pairs. These newly generated charge carriers are then separated
by the built-in electric field, producing a current that flows between the
two ends of the device, connected through an external circuit. The
overall process was called as the tribovoltaic effect***¢. Contact elec-
trification is the principal mechanism to form TVNGs, which is drasti-
cally influenced by the interface interaction and electronic nature of
the two contacted semiconductor materials*’*%, Adjusting the sliding
surface carriers and interface wettability provides an effective route to
increase electrical output and mitigate wear issues of the TVNGs, by
introducing lubricants between the sliding semiconductors. Although
TisC,T, MXene aqueous dispersion has been utilized to lubricate the
sliding friction interface, previous studies often stopped at investi-
gating the inherent surface properties and electronic nature of MXene
nanoflakes, defined by the terminations on MXenes surface*’. Herein,
we explored p/n-GaN SS-TVNG applications (Fig. 5a) with different
functional groups (including -F, -Cl, and -Br) based MXenes lubricants
by recording their electrical output and stability tests. The SS-TVNG
operating parameters and MXene dispersions used in experiments are

provided in Supplementary Table S1 and Table S2. Electrical output
results were provided to assess the enhancement effect of various
MXene dispersions at varying concentrations on SS-TVNG output. As
shown in Fig. 5b, ¢ and Supplementary Fig. 20, the output of SS-TVNG
at dry condition is only about 44 nA, which is significantly increased to
microampere level when using MXene lubricants in water or ethanol
solutions. It is noteworthy that the output shows a typical dependence
on the concentration, peaking at an optimum MXenes concentration.
Specifically, at low concentrations (<1 mg/ml) in both dispersions, the
enhancement effects of -Cl or -Br terminations surpass those of -F
terminated MXene, with aqueous dispersion providing the best overall
performance (Supplementary Fig. 21). To better understand the
mechanism of interface lubricant from various MXenes lubricants, the
|-V characteristics of the p/n-GaN static heterojunctions with or with-
out MXene droplets were tested, with raw data in Supplementary
Fig. 22 and 23. Static interface resistances can be calculated from the
current value at 4V forward bias, exhibiting a remarkably facilitated
interface transmission after introducing MXene lubricants, contrasting
with 279.80 MQ in the dry state (Fig. 5d, e). In water solutions, the
interface resistances trend follows -Br>-Cl>-F, with higher con-
centration solution forming a viscous film on sliding interface, redu-
cing the contact area and thus electrical output. Nevertheless, the
resistance difference is minor for the ethanol-based lubricants. Addi-
tionally, a reverse behavior is observed in the signal output from
TVNG, which can be the electrostatic induction generated between the
undissipated charges on the upper and lower semiconductor surface,
demonstrated by output current, voltage, and capacitance measure-
ments of TVNG (Supplementary Fig. 24).

All these impressive results demonstrate that Ti;C,Cl, and
Ti;C,Br, lubricants reveal a superior enhancement effect on TVNG
output compared to Ti;C,T,, which can be ascribed by solid-liquid
contact friction and electrification between MXene droplets and
semiconductor wafers, as depicted in Fig. 6a. Negative charges gen-
erated by contact electrification on the semiconductor surface sepa-
rate from the liquid droplets during sliding, generating current signals
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in subsequent hard solid-solid p-n contacts, amplified by larger contact
angles of TizC,Br, and secondly TizC,Cl, (Fig. 4f). Based on experi-
mental results, this interface effect dominates in the low concentration
range. Figure 6b further illustrates the energy band diagram of the p-n
junction in the SS-TVNG to better understand the principle of output
enhancement from the perspective of the electric field. The charge
separated by discontinuous solid-liquid interfaces forms a triboelectric
field in the same direction as the p-n junction, providing more
electron-hole pairs than under dry conditions, thereby boosting the
total electric field and signal output during SS-TVNG contact friction.
The similar mechanism has also been reported in other works invol-
ving liquid-solid contact based on a water-based triboelectric
nanogenerator™®, Simultaneously, the addition of MXene droplets
affects interface resistance, acting as a variable resistor in the equiva-
lent circuit and primarily influencing TVNG output in the high con-
centration range. Moreover, MXene lubricants also play a crucial role
in protecting semiconductor surface and extending the device life-
span, proved by wear resistance tests conducted on dry, dispersed,
and MXene dispersion-added SS-TVNGs for over 10000 cycles. Optical
images (Fig. 6¢ and Supplementary Fig. 25) show that interfaces with
MXene dispersions exhibit fewer scratches than those with only DI
water or under dry conditions.

Interestingly, further characterization of their optical properties
revealed that these few-layered MXene materials with different termi-
nations can offer a wide range of infrared (IR) emissivity. The IR radia-
tion performance was validated through IR imaging of delaminated
TisC,Ty, TizC,Cl, and TizC,Br, membranes with different radiation
temperatures, demonstrating their distinctive identification or camou-
flage capacities (Supplementary Fig. 26). These findings not only high-
light the potential use of MXenes in IR identification or camouflage

applications, but also paves the road for selective thermal management
using MXenes by simply adjusting their surface chemistry.

In a summary, we pioneered an efficient electrochemical exfo-
liation approach to achieve high recovery rate for few-layered
MXenes terminated with -Cl/-Br groups, by leveraging gaseous pro-
pylene molecules. The results underscore the significance of
electrochemistry-modulated  “intercalation-swelling-delamination”
mechanism, supported by the strategic use of decomposed gas from
electrolytes, while this approach achieves high recovery rate and
maintains crucial surface functionalities. Motivated by the sub-
stantial impact of surface groups modification on tailoring electro-
nical and surface properties of MXenes, the obtained Ti;C,Br,
dispersion as interface lubricant contribute to high output perfor-
mance TVNG. The scalability and adaptability of this method open
new pathways for industrial applications, setting a new benchmark in
material science and reflecting the potential of MXenes to drive
technological innovations that meet global demands for sustainable
and high-performance solutions.

Methods

Materials

Ti3AIC; (99%, 300 mesh) were purchased from Jilin 11 Technology Co.,
Ltd, China. CdCI, (anhydrous, 99.99%), CdBr, (anhydrous, 99.99%),
KCI (anhydrous, 99.99%), NaCl (anhydrous, 99.99%), lithium bis(tri-
fluoromethylsulfonyl)amine (LiTFSI, 99.99%), propylene carbonate
(PC, anhydrous, 99.99%), dimethyl sulfoxide (DMSO, anhydrous,
99.99%), 1,2-dimethoxyethane (DME, anhydrous, 99.99%), dimethyl
carbonate (DMC, anhydrous, 99.99%), acetonitrile (ACN, anhydrous,
99.99%), 2-methyltetrahydrofuran (2Me-THF, anhydrous, 99.99%),
Ethylene carbonate (EC, anhydrous, 99.99%), HF (49 wt%),
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tetrabutylammonium hydroxide (TBAOH, ~40 wt% in H,0) were pur-
chased from Aladdin. HCI (36-38%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. The p-type and n-type GaN sapphire-based
epitaxial wafers were obtained from Jiangsu Wuxi Jingdian Semi-
conductor Materials Co., Ltd.

Synthesis of multi-layered halogenated MXenes

TisAlC; (0.3 g) powder was mixed with CdCl, in NaCI/KCl salts at the
ratio of 1:3:6:6 by using a mortar and pestle. The resulting mixture was
heated in an alumina crucible under Ar at 650 °C for 5 h with a ramping
rate of 5 °C/min. And Ti3AIC, (0.1g) powder was mixed with CdBr, at
the ratio of 1:8 by using a mortar and pestle. The resultant mixture was
heated in an alumina crucible at 650 °C for at least 12 h. After washing
with HCI or HBr and following DI water, the product was filtrated and
dried under vacuum at 110 °C for 3 h to obtain Ti;C,Cl, or TizC,Br,
powder for electrode materials.

Synthesis of few-layered halogenated MXene nanosheets
Few-layered TisC,Cl, or Ti;C,Br, nanosheets were synthesized by
electrochemical intercalation assisted exfoliation route. At first, a
series of electrolyte solutions were prepared, i.e., 1M LiTFSI in pro-
pylene carbonate (PC), dimethyl sulfoxide (DMSO), 1,2-dimethox-
yethane (DME), dimethyl carbonate (DMC), acetonitrile (ACN),
2-methyltetrahydrofuran (2Me-THF) and ethylene carbonate (EC). Ca.
0.1g of synthesized Ti3;C,Cl, or TizC,Br, powders were compressed
into a cylindrical pellet (® 14 mm) under 1 MPa. Then, in an Ar-filled
glovebox with H,O and O, < 0.01 ppm, a coin cell or a two-electrode
Swagelok (TMAX-2E) cell was configured with the pellet as work elec-
trode, Li foil (® 14 mm) as counter electrode and pp film as a separator
in aforementioned electrolyte solutions. The cell was connected to
galvanostatic charge-discharge analyzer (ECT6008, IEST, 0.01% accu-
racy) and discharged with a galvanostatic discharge current of 2 mA
and a cutoff voltage of 0.86V, 0.5V and 0.01V. After discharging
process, the cell was disassembled and the TizC,Cl, or TizC,Br, work
electrode was taken out for further washing by acetone, anhydrous
ethanol and deionized water to remove residual electrolyte and
byproducts. Then the fresh sediment was further exfoliated by ultra-
sonication in ice bath. After centrifugation at 1356 xg for 30 min, a
stable few-layered TizC,Cl, or TizC,Br, suspension could be obtained.
And the membrane was prepared by vacuum filtration on Celgard 3501
membrane (0.25 pm, 50 mm in diameter), and then dried at 60 °C
under vacuum for 8 h. The recovery rate is the percentage of the ori-
ginal multi-layered MXene that was able to be split into few-layered
flakes that were then able to be recovered into a film, and that the
remaining mass is what is separated by centrifugation.

Synthesis of few-layered MXenes with mixed T, (F, OH, O)
termination

2 g of TizAIC, powder was added into 100 mL of 10 wt% HF solution,
followed by reaction at 25 °C for 24 h. After washing with DI water until
pH up to -6, collected sediments were mixed with TBAOH solution for
intercalation and further exfoliated by ultrasonication. After cen-
trifugation at 1356 xg for 30 min, a few-layered Ti;C,T, suspension
could be obtained.

Preparation and electrical measurement of tribovoltaic
nanogenerators

The structure of the designed semiconductor-semiconductor tribo-
voltaic nanogenerator (SS-TVNG) consists of p-type and n-type GaN
epitaxial wafers as upper and lower friction surfaces. MXene droplets
were added to the friction interface of the SS-TVNG, and the friction
process was controlled using a linear motor. And a micro-liquid feeder
was employed with the aim of controlling the droplet size to 20
microliters. The operational parameters of the TVNG are shown in
Table SI. For signal statistics, the first signal in each friction cycle was

analyzed (as shown in Fig S16), and all were positive. Table S2 shows
the concentrations of different MXene dispersions and their dilutions.
MXene dispersions were prepared in anhydrous ethanol and deionized
water (DI) and tested at related ratios of 20%, 40%, 60%, 80%, and
100%. High concentration -F group dispersions were diluted and
tested.

Characterization

The morphologies of materials were characterized by a thermal field
emission scanning electron microscope (SEM, Thermo Scientific, Ver-
ios G4 UC) equipped with an energy dispersive spectroscopy (EDS)
system. X-ray diffraction (XRD) analysis of the products was performed
by using a Bruker D8 ADVANCE X-ray diffractometer with Cu Ko
radiation and in-situ XRD analysis by Haoyuan, DX-2700BH, China with
Cu Ka radiation (A =1.5406 A). The morphology and crystalline lattice
were investigated by high resolution transmission electron micro-
scope (HR-TEM, Talos F200x). The height distributions were measured
by Atomic Force Microscope (AFM, Dimension Icon, Bruker). In-situ
differential electrochemical mass spectrometry (DEMS, IEST) coupled
with galvanostatic charge-discharge analyzer (ECT6008, IEST, 0.01%
accuracy) was obtained to analyze the products of decomposed elec-
trolyte in the electrolytic cell. Fourier transform infrared spectroscopy
measurements (FTIR, Bruker INVENIOR) were utilized to analyze
components. Dynamic light scattering (DLS) and zeta potential (Q)
were measured on a Zetasizer Nanoseries (Malvern Instruments Ltd).
Ultraviolet photoelectron spectroscopy (UPS) characterization was
conducted on Shimadzu AXIS SUPRA +. Ultraviolet-visible absorption
spectroscopy was recorded on a Lambda 1050+ spectrophotometer.
The water contact angles on various few-layered membranes were
detected by a contact angle apparatus (DCAT21, Ningbo Jin Mao
Import & Export Co., Ltd.). The electrical conductivity was measured
using a four-point probe set-up (Model 280 DI, Four dimensions, Inc).
Electrical characterization of the TVNG output was acquired via a
Tektronix Keithley 6517B Electrostatic Meter. I-V curves were recorded
on a Tektronix Keithley 4200-SCS Semiconductor Characterization
System. Optical characterization of the TVNG surface was performed
with a ZEISS Axio Imager m2M optical microscope. X-ray photoelec-
tron spectroscopy (XPS) data was collected using a Shimadzu AXIS
SUPRA+ with a monochromatized Al Ka X-ray source (1486.71 eV).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data for supporting this work are available in the main text and
Supplementary information file. The source data of Figs. 1-5 are listed
in the Source data file, which is provided with this paper. Extra data are
available from the corresponding author upon request. Source data
are provided with this paper.
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