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ABSTRACT: Although surface terminations (such as =O, —Cl, —F, and —OH) on MZXene o e
nanosheets strongly influence their functional properties, synthesis of MXenes with desired types and Eiched bt
distribution of those terminations is still challenging. Here, it is demonstrated that thermal annealing mxere | 975973.9.8.9
helps in removing much of the terminal groups of molten salt-etched multilayered (ML) Ti;C,T,. In SN NN
this study, the chloride terminations of molten salt-etched ML-Ti;C,T, were removed via thermal ::’ o B :.:::::::::::
annealing at increased temperatures under an inert (argon) atmosphere. This thermal annealing .c | @®*°| olsisiss)s)
created some bare sites available for further functionalization of Ti;C,T,. XRD, EDS, and XPS Sl
measurements confirm the removal of much of the terminal groups of ML-Ti;C,T,. Here, the e :.:::.:::,:‘:
annealed ML-Ti;C,T, was refunctionalized by —OH groups and 3-aminopropyl triethoxysilane Gy | onenee’
(APTES), which was confirmed by FTIR. The —OH and APTES surface-modified ML-Ti;C,T, are

evaluated as a solid lubricant, exhibiting ~70.1 and 66.7% reduction in friction compared to a steel
substrate, respectively. This enhanced performance is attributed to the improved interaction or
adhesion of functionalized ML-Ti;C,T, with the substrate material. This approach allows for the
effective surface modification of MXenes and control of their functional properties.

KEYWORDS: 2D nanomaterials, MXenes, annealing, surface modification, tribology, lubricant

Bl INTRODUCTION To overcome the dangers and hazards associated with HF-
Since their discovery by Naguib et al, MXenes have received related etching methods, an alternative synthesis appro;QcE ghat
considerable attention due to their exceptional properties, such uses molten salts as dry etchants has been reported.” ™ In
as high thermal and electrical conductivity, and mechanical 2016, Urbankowski et al. synthesized Ti,N; MXene by a molten
strength.' ™ These outstanding properties are reported to be salt etching method.”” Later in 2019, Li et al. synthesized Ti;C,
useful for many applications, including as energy storage, MXene by a molten salt approach using ZnCl, as a dry etchant.*’
membranes, inks, and electromagnetic shielding.é_ MXenes After this work, several Lewis acid salts, such as CuCl,, CdCl,,
have a general formula M,,, X, T (n = 1—4), where M is an early CdBr,, and SnF,, were used for molten salt etching of carbide
transition metal (e.g.,, Ti, V, Nb, Mo), X can be carbon or/and MXenes 303334

nitrogen, and T, represents terminal groups such as —OH, =0,
—F, —Cl, —Br, —I, and —S.>'®' MXenes are obtained by the
selective etching of the “A” (group 13—16 elements such as Al,
Ga, Si) lag'er from the MAX phase precursor (M,,,;AX, where n

Although molten salt etching shows promise for safe, scalable,
and commercial MXene synthesis, molten salt-etched MXenes
are typically not dispersible in water, unlike those synthesized

= 1-4).2"22 Around 50 types of MXenes have been reported, using wet etching methods.’”*"** MXenes synthesized by
and more have been computed or synthesized, considering the molten salt etching are significantly terminated by halides such
possible compositions and solid solutions.”'*** as —F, —Cl, and —Br rather than —OH, making the aqueous

MXene synthesis is usually carried out by utilizing various dispersion of MXene difficult. However, our group recently
methods of wet enchanting parent MAX phases, most developed a method to produce water-dispersible Nb,CT,
commonly using hydrofluoric acid (HF) as an etchant.”'*** MXene nanosheets by using SnF, as a dry etchant and then
To minimize the dangers associated with HF, researchers have introducing hydroxyl groups to the MXene surface by treating

opted for safer approaches that use a mixture of HCl and various the etched Nb,CT, with 0.1 M KOH.*

inorganic and organic salts such as lithium fluoride (LiF), ‘

ammonium bifluoride (NH,HF,), and tetramethylammonium- - Pre—
fluoride (TMAF).>*~*" Although the acid etching (HF) method Rec?wed: December 6, 2023 X
is more commonly used to etch MXenes, the hazards associated Revised:  January 10, 2024 :
with handling concentrated acids often make this approach AccePted: January 11, 2024
cumbersome and dangerous.”® Furthermore, the waste manage- Published: January 24, 2024
ment of fluoride ions is a considerable industrial challenge for

scalable MXene production.

© 2024 American Chemical Society https://doi.org/10.1021/acsami.3c18232
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The type and number of terminal groups of MXenes are
critical for their dispersibility, degradation resistance, and
lubrication performance because the terminal groups and their
electronegativity have a strong influence on MXene interactions
with the surrounding media." >**>*° However, experimentally
controlling terminal groups of MZXenes is still challenging,
highlighting an important need.

Recent theoretical studies indicate that removal of the MXene
terminal groups (such as =0, —Cl, —F, —OH) can be achieved
by annealing, but experimental control of surface terminations is
still in the developmental stage.””*® Hart et al. have computed
the effect of removing terminal groups on the electronic
properties of several MXene types, with an increase in
conductivity after the removal of surface terminations.”” Later
studies suggested that MXene electronic properties can actually
shift from semiconducting to metallic when the terminal groups
are removed.”” One possible way to control MXene terminal
groups is through thermal annealing. Zhao et al. annealed
Ti;C,T, films and showed that this thermal treatment removes
hydroxyl groups and creates a passivation or a protective layer of
titanium oxide on the thin film surface.””

In this work, we demonstrate the control and modification of
the surface of molten salt-etched Ti;C, T, via thermal annealing.
Here, the annealing step is carried out under argon to minimize
the Ti;C,T, oxidation. The molten salt-etched Ti;C,T,
possesses significant halide terminations, making it difficult to
disperse them in water or other solvents. The much of halide
terminations of ML-Ti;C, T, are removed by annealing, and we
hypothesize that the removal of terminal groups creates bare
sites, which can be further modified. The annealed multilayered
(ML) Ti,C,T, (MXene clay) is washed with KOH, and the
resulting MXene powder is water-dispersible, which is beneficial
in applications such as inks and paints. We hypothesize that
washing with KOH allowed to add the hydroxyl groups on the
MXene surface. Separately, the annealed ML-Ti;C,T, is treated
with 3-aminopropyl triethoxysilane (APTES) and studied using
FTIR spectroscopy to show that this approach can be
generalized to functional groups beyond —OH. Further, the
OH and APTES-functionalized ML-Ti;C,T, are used as a solid
lubricant by evaluating their friction performance.

B EXPERIMENTAL METHODS AND
CHARACTERIZATION

Methods. Synthesis of Multilayered TisC,T,. The Ti;AlC,
(purchased from Sigma-Aldrich) phase for Ti;C,T, synthesis was
procured from Sigma-Aldrich. 1 g of Ti;AlC, was mixed with 2.28 g of
CuCl, powder (1:3 molar ratio), 0.76 g of KCl, and 0.6 g of NaCl as
reported earlier.’* The mixture was placed in an alumina boat and
heated in a tube furnace for 24 h at 750 °C (a ramp rate of S °C/min)
under argon to carry out the molten salt etching of Ti;C,T,. The etched
ML-Ti;C,T, was washed in a 0.1 M ammonium persulfate (APS)
solution for 2 h to remove Cu and unreacted salt. After APS treatment,
the dispersion was centrifuged at 9000 rpm for 10 min to separate APS
from ML-Ti;C,T,. The ML-Ti;C,T, was then washed with deionized
water at 9000 rpm for 15 min four times to wash off any remaining APS.

Annealing of Multilayered Ti;C,T, The multilayered Ti;C,T, was
freeze-dried for 36 h to remove excess water before thermal annealing.
Then, the dried multilayered Ti;C,T, was placed in an alumina boat
and annealed in a tube furnace at 600 °C (a ramp rate of S °C/min)
under an inert (argon) atmosphere for 3 h.

Surface Modification and Delamination of Ti;C,T,. The annealed
ML-Ti;C,T, was then treated with 0.1 M KOH for 3 h to add on
hydroxyl groups (—OH). After KOH treatment, ML-Ti;C,T, solution
was centrifuged at 9000 rpm for 10 min to separate KOH and ML-
Ti,C,T,. The ML-Ti,C,T, was intercalated with DMSO (1 mL of
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DMSO per 60 mg of Ti3C,T,) for 20 h. The intercalated ML-Ti;C,T,
was washed with water 3 times to wash off DMSO and collect the
sediment. The obtained sediment was redispersed in deionized water
and ultrasonicated in a sealed glass jar for 1 h for delamination. The
delaminated Ti,C,T, dispersion was centrifuged at 3500 rpm for 45
min, and the supernatant was collected (delaminated Ti;C,T,). The
supernatant containing the delaminated Ti;C,T, was freeze-dried for
24 h to conduct further experiments.

APTES-Modified ML-Ti;C,T,. 0.1 g of annealed ML-Ti,C, T, powder
was immersed in the solution of water and ethanol. The mixture was
then ultrasonicated to mix them homogeneously. The APTES solution
was dispersed into an MXene dispersion dropwise and then allowed to
react for 20 h. Subsequently, the mixture was centrifuged 3 times with
the ethanol solution to remove excess APTES, and the sediment was
collected and freeze-dried for further characterization. The surface
modification of MXene has been tried several times, and sometimes we
were not able to modify the surface chemistry, which can be attributed
to the bulky APTES molecules.

Characterization. Scanning Electron Microscopy (SEM). An FEI
Quanta 600 field-emission scanning electron microscope was used to
study the morphology of Ti;C,T,. The supernatant was collected and
freeze-dried to obtain a dry powder. SEM was performed on these dried
powder samples using an acceleration voltage of 5—20 kV.

X-ray Diffraction (XRD). XRD was performed on freeze-dried
samples (before and after annealed ML-Ti;C,T,) using a Bruker D8
powder X-ray diffractometer fitted with a LynxEye detector in a Bragg—
Brentano geometry with a CuKa (1 = 1.5418 A) radiation source. A
zero-background sample holder was used to test these samples with a
scanning rate of 1.5 s per step and a step size of 0.02°.

X-ray Photoelectron Spectroscopy (XPS). An XPS/UPS system
with an Argus detector was used for the XPS analysis of the freeze-dried
ML-Ti;C,T, samples (before and after annealed MXenes). The sample
holder was initially cleaned with isopropyl alcohol, and the samples
were placed on the sample holder using a conducting carbon tape. The
high-resolution XPS spectra of all of the elements were obtained using a
pass energy of 20 eV and a step size of 0.0S eV. The deconvolution
spectra of Ti 2p, C 1s, O 1s, and Cl 2p were obtained following the
procedure defined by Halim et al.** Component fitting was performed
using CasaXPS software, and a Shirley-type background function was
used to determine the background contribution. The component
spectra were calibrated using the carbon peak (C—C, 284.8 eV).
Elemental spectra were subsequently separated into the components
for Ti;C,T, and listed separately in the graph. There were a few
significant constraints while doing the peak fitting; first, all binding
energies were allowed to shift in 0.02 eV intervals and were constrained
to +0.5 eV of their initial values. The full-width at half maximum values
of components were also constrained. Finally, Ti components in the Ti
2p spectra were fit using asymmetric peaks with high binding energy
tails due to their conducting behavior. All peaks and curves were fitted
by using Gaussian—Lorentzian curves.

Dynamic Light Scattering (DLS). A Zetasizer Nano ZS90 from
Malvern Instruments was used to determine the hydrodynamic
diameters of aqueous Ti;C,T, nanosheets at a scattering angle of 90°
under ambient conditions. A diluted concentration of 0.05 mg/mL of
the aqueous dispersion of Ti;C, T, nanosheets was used for taking the
measurements.

{ Potential Measurement. A Zetasizer Nano ZS90 from Malvern
Instruments and a DTS 1070 capillary cell from Malvern Instruments
were used to determine the { potential of aqueous Ti;C,T, nanosheets
under ambient conditions. A diluted concentration of 0.05 mg/mL of
the aqueous dispersion of Ti;C, T, nanosheets was used for taking the
measurements.

Atomic Force Microscopy (AFM). The freeze-dried Ti;C,T,
nanosheet samples were dispersed in water at a concentration of 0.05
mg/mL, bath sonicated for 15 min, and then drop-cast over a silicon
wafer. The drop-cast silicon wafer was used to perform AFM using a
Bruker Dimension Icon AFM. The height profiles were obtained using a
MultiMode scanning probe microscope.

Fourier Transform Infrared (FTIR) Spectroscopy. The surface
chemistry of freeze-dried Ti;C,T, was analyzed by using Fourier

https://doi.org/10.1021/acsami.3c18232
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Figure 1. Schematic depicting the steps (molten salt etching, annealing, refunctionalization, and delamination) involved in Ti;C,T, synthesis and

surface modification.

transform infrared (FTIR) spectroscopy (Bruker INVENIO R) with a
diamond crystal Platinum ATR accessory.

Frictional Measurements. The coefficient of friction was evaluated
using a tribometer with a pin-on-disk configuration. It consisted of a
rotating disk (steel plate) and a fixed ES2 100 steel bearing ball (@ 6.35
mm). The steel substrates used in this study were washed with ethanol
and IPA (50:50). Washed substrates were then vacuum-dried for ~6 h
before depositing the ML-Ti;C,T, MXene. ML-Ti;C,T, was dispersed
in water (concentration 0.5 mg/mL), bath sonicated for 1S min to
obtain uniform dispersion, and about 0.2 mL of dispersion was drop-
cast on steel substrates (1 cm X 1 cm). The steel substrates were then
vacuum-dried to form a solid lubricant film of Ti;C,T,.

Thermal Measurements. The Q600 (TA Instruments) was used to
measure the weight change (TGA) and true differential heat flow
(DSC) in a nitrogen atmosphere using aluminum crucibles with a
sealed lid. Approximately 5—10 mg of the ML-Ti;C,T, powder was
used for testing. The MXene powder was heated from room
temperature to 800 °C.

B RESULTS AND DISCUSSION

Figure 1 shows a schematic of the processing steps in the
synthesis and surface modification of Ti;C,T,. The molten salt
etching of Ti;AIC, was conducted using a mixture of CuCl,,
KCl, and NaCl as a dry etchant at 750 °C for 24 h under an argon
flow to obtain ML-TiyC,T,.** This method was selected because
of its ability to produce multilayered MXenes with minimal
impurities and reasonable control over obtaining Cl-terminated
Ti,C,T,.** The molten salt-etched Ti,C, T, was treated with 0.1
M ammonium persulfate (APS) solution to remove copper
impurities and then washed with water to remove traces of APS
from MXenes. The yield (MAX to MXene conversion) was
calculated based on the solids after APS washing (removal of Cu
impurities) and found to be ~58%. The ML-Ti;C,T, was further
annealed in a tube furnace at 600 °C and then treated with 0.1 M
KOH solution to add —OH groups on available bare sites. The
ML-Ti;C,T, was intercalated with DMSO and then delami-
nated by bath sonication to obtain a Ti;C,T, nanosheet
dispersion.

TGA-DSC analysis of ML-Ti;C, T, (Figure 2) was conducted
from room temperature to 800 °C in an inert N, atmosphere.
The endothermic peak observed in the DSC curve at 570 °C and
weight loss of about 5% in the temperature range of 400—600 °C
were attributed to the loss of surface functional groups of
Ti;C,T..

The morphology of molten salt-etched ML-Ti;C,T, was
analyzed using scanning electron microscopy (SEM), as shown
in Figure 3. The layered structure typical of the Ti;AlC, phase
precursor used in the synthesis is demonstrated in Figure 3a.
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Figure 2. TGA-DSC analysis on ML-Ti;C,T, indicates the thermal
stability of MXenes.

The etching of Ti;C, T, at 750 °C resulted in a typical accordion
structure of stacked MXene layers, as demonstrated in Figure 3b.
The resulting accordion-like structure (Figure 3b) and
elemental composition (Table 1) confirm the successful removal
of Al from the Ti;AlC, phase.*' Even after annealing at 600 °C
for 3 h under argon, ML-Ti;C,T, exhibits an accordion-like
structure and no sign of degradation (Figure 3c), indicating
thermal stability.”’

XRD analysis (Figure 3d) was further utilized to confirm the
synthesis of Ti;C,T,. The (002) peak (ML-TiyC,T, after APS
washed) at 7.7° indicates the successful removal of Al and
formation of Ti;C,T, after etching. Further, the effect of APS
washing and annealing was evaluated by XRD. The APS
treatment is used to remove Cu impurities, which was confirmed
by the disappearance of the 49° peak, as shown in Figure 3d.”*
The only unusual feature that we observed in the XRD was the
shift of the 002 peak of delaminated MXene to the right rather
than the left. Verger et al. found that d-spacing can decrease even
after intercalation and delamination, possibly due to the residual
solvent between the layers.** A similar behavior was observed by
Kotasthane et al. in the case of V,CT, MXene.*’ The annealing
of Ti;C,T, shifted the (002) peak of TiyC,T, from 7.7 to 7.9°,
indicating the change of d-spacing between the layers of
Ti,C,T,.”* The reduction in the d-spacing of Ti;C,T, can be
attributed to the decrease of the in-plane strain imposed on the
titanium carbide lattice due to the removal of terminal groups of
MXenes.” The additional peaks (008) and (104) are attributed

https://doi.org/10.1021/acsami.3c18232
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Figure 3. Morphology of the MAX phase and Ti;C,T,: SEM of (a) precursor Ti;AlC, and (b) ML-Ti;C,T, after etching; (c) ML-Ti;C,T, after
annealing at 600 °C for 3 h; and (d) XRD analysis of ML-Ti,C,T, after APS washing, annealing, and delaminated nanosheets.

Table 1. Elemental Composition of ML-Ti;C,T, (before and
after Annealing) Obtained by SEM-EDS

ML-Ti;C,T, before annealing ML-Ti;C,T, after annealing

elements wt % wt %
Ti 50.5 +3.4 57 +£4.1
C 20.2 + 2.6 23+ 19
Cl 18 + 1.6 102 +2.8
O 10.8 +2.3 89+ 14
Cu 0.3+ 02 0.8 +£0.5
Al 0.3 +0.2 0.1 +0.1

to the formation of TiC during the annealing and processing of
MXenes. ™

The elemental composition of Ti;C,T, before and after
annealing was examined by SEM-EDS, as shown in Table 1 and
Figure 4. Table 1 confirms the presence of typical elements of
Ti;C,T,, including Ti, C, O, and Cl, and other elements, such as
Cu and Al The presence of Al can be attributed to the existence
of some unetched Ti;AlC, phase, and the appearance of Cu can
be ascribed to a small amount of leftover Cu impurities in ML-
Ti3C,T, even after APS treatment. The slight increase of the Cu
fraction after thermal annealing is likely due to a heat-induced

annealing

o
=
(=}
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o
Q
N
[
~
o
=
in
-
=

ML-Ti,C,T, after
annealing

Figure 4. EDS mapping of ML-Ti;C,T,: (a) before annealing; (b) after annealing at 600 °C for 3 h under argon.
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Figure 5. XPS survey spectra of ML-Ti;C,T,: (a) before annealing; (b) after annealing. Deconvoluted spectra of ML-Ti;C,T,: (c) Cl 2p before
annealing, (d) Cl 2p after annealing, (e) Ti 2p before annealing, and (f) Ti 2p after annealing.

migration of Cu impurities from the interior to the exterior of
ML-Ti;C,T,. The loss of wt % of oxygen after thermal annealing
can be attributed to the evaporation of free intercalated water
from the ML-Ti;C,T, layers. The thermally annealed ML-
Ti;C,T, also showed the presence of typical elements Ti, C, O,
and Cl; however, the Cl content was reduced from 18.0 wt %
(before annealing) to 10.2 wt % (after annealing). The decrease
in chlorine content after annealing was attributed to the removal
of much of the —Cl surface terminations from Ti;C,T,. EDS
mapping (Figure 4) of ML-Ti;C,T, before and after annealing
showed uniform distributions of Ti, C, Cl, and O. The reduced
chlorine content after annealing can also be observed in the EDS
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map, which shows a drop in the distribution of Cl on ML-
Ti,C,T..

XPS analysis was performed to confirm the removal of many
of the surface terminations of ML-Ti;C, T, as shown in Figures
5,81, and S2. The survey spectra of as-prepared Ti;C, T, (Figure
5a) confirmed the presence of typical elements: Ti, C, O, and Cl
of ML-Ti;C,T,, which is in accordance with the EDS data
examined earlier. The XPS analysis (Figure Sa)b and Table 2)
also indicated a drop in the concentration of CI 2p from 6.3 to
3.4 atom % after annealing. This change in concentration is a
result of the removal of many —ClI terminations from Ti;C,T,.
The deconvoluted Cl 2p spectra shown in Figure 5¢,d also show
the change in chlorine after annealing. The deconvoluted Ti 2p
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Table 2. Elemental Composition Obtained by XPS for ML-
Ti;C,T, before and after Annealing

ML-Ti;C,T, before ~ ML-Ti;C,T, after ~ delaminated Ti;C,T,

elements  annealing atom % annealing atom % nanosheets atom %
Ti2p 185+ 1.7 179+ 1.2 173+ 1.5
Cl2p 63+1.1 34 +09 1.1+0.7
Cls 50.5 + 4.7 523 +£27 484 + 19
O 1s 247 + 1.8 251 +2.1 31.7+39
Cu 2p 1.3 +02 1.5+03

spectra (Figure Se,f) of ML-TiyC,T, before and after annealing
showed a drop in the Ti—Cl content by 34.5 atom %, confirming
the partial removal of much of —Cl from the ML-Ti;C,T,
surface. The removal of much of —ClI species from the surface
may create bare sites for further surface modification; we
evaluate this possibility below."’

The slight variation in the overall elemental composition
obtained from EDS and XPS is due to their different detection
ranges. XPS is more sensitive of the two techniques. However,
both analysis techniques showed a similar trend: a decrease in
chlorine fraction after thermal annealing.

The annealed ML-Ti;C,T, was treated with 0.1 M KOH
solution to reintroduce hydroxyl groups following the procedure
reported earlier by our group.” This was followed by
intercalation by DMSO, and then delaminated Ti;C,T,
nanosheets were produced by bath sonication. The Ti;C,T,
dispersion was evaluated by measuring the zeta potential ({) and
the hydrodynamic diameter. The data indicate a { potential
(Figure 6a) of —34.8 mV, which confirms the colloidal stability
of delaminated Ti,C, T, nanosheets.”*** This colloidal stability

can be attributed to the addition of the —OH group to the
delaminated Ti;C,T, surface. The DLS measurements (Figure
6b) revealed that delaminated Ti;C,T, exhibited a hydro-
dynamic diameter of 728 nm. However, the appearance of a
small peak at 5360 nm might be due to ML-Ti;C,T, in the final
supernatant. The morphology of delaminated Ti;C,T, was then
studied under SEM (Figure 6c) and AFM (Figure 6d). SEM
confirms the sheetlike morphology of delaminated Ti;C,T,
nanosheets. The AFM analysis of the obtained dispersion of
delaminated Ti;C,T, nanosheets showed thickness (Figures 6d
and S3) ranging from 1.5 to 2 nm, confirming the presence of a
few-layer TiyC,T,.>"*

The addition of —OH groups on the annealed ML-Ti;C,T,
was further confirmed by the FTIR spectra shown in Figure 7a.
The FTIR peak at 3334 cm™" can be attributed to the stretching
vibrations of —OH, confirming the addition of the —OH group
to delaminated TiyC,T,.*” The XPS analysis (Figures 7b,c and
S4) was performed on vacuum-filtered Ti;C,T, papers formed
from the supernatant to analyze the surface terminations of
delaminated nanosheets. The survey spectra of KOH-treated
MXene (Figure 7b) exhibited higher atom % of the O Is
compared to annealed Ti;C,T, (Table 2), indicating the
addition of —OH groups to the delaminated Ti;C,T, by KOH
treatment. The deconvoluted CI 2p spectra shown in Figure 7¢
exhibit a small amount (1.06 atom %) of chlorine. The
delaminated Ti;C,T, nanosheets confirm the uniform distribu-
tion (Figure 7d and Table S1) of Ti, C, Cl, and O.

To demonstrate that this refunctionalization scheme can be
generalized to other functional groups, annealed ML-Ti;C,T,
was treated with APTES in a mixture of ethanol and water at
room temperature for 20 h. FTIR spectroscopy on the APTES-

Intensity (a.u.)

Intensity (a.u.)

....................

T T T T
1500 3000 4500 6000 7500

Size (nm)

Figure 6. Analysis of delaminated Ti;C,T, nanosheets confirming the formation of stable colloidal solution: (a) zeta potential ({); (b) DLS.

Nanosheet morphology: (c) SEM and (d) AFM.
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Figure 7. Delaminated Ti;C, T, nanosheets: (a) FTIR showing the addition of hydroxyl groups, (b) survey spectra, (c) deconvoluted CI 2p spectra,

and (d) SEM-EDS mapping of delaminated Ti;C, T, nanosheets.

modified ML-Ti;C,T, (Figure 8) revealed three new peaks at
3249,2921, and 1634 cm ™!, respectively, that appeared after the

100
ML-Ti,C,T, before annealing C=0 S=0
90
) - M
ML-Ti,C,T, after annealing
. 80 \
X )
8 704 APTES-ML-Ti;C,T,
Q C-H
£ 60
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30 + N-H
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Figure 8. FTIR spectra of ML-Ti;C,T, before annealing, after
annealing, and after APTES treatment.

treatment. The peak at 2921 cm™" is attributed to symmetric and
asymmetric vibrations of CH bonds in the alkyl chain of
APTES.”” Moreover, the peak highlighted at around 1634 cm™
can be ascribed to the bending mode of the -NH bond of the
primary amine.”’ The broad peak around at 3249 cm™
originates from the —OH surface terminations.> Collectively,
these data indicate that refunctionalization with APTES was
successful.

The weak interlayer interaction, low shear resistance, ease of
formation of a tribo-layer, and self-lubricating ablhty make
MXenes outstanding candidates for solid lubrication.””** In this
work, we focused on the multilayered-Ti;C,T, MXene only
because multilayered MXenes have higher load-bearing capacity
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and easy-to-shear ability than single-layered sheets.””>> The
—OH and APTES surface-modified ML-Ti;C,T, were utilized
as a solid lubricant and evaluated for their tribological properties
after surface modifications. The APTES-ML-Ti;C,T, and OH-
ML-Ti;C,T, MXene dispersions are stable for 3—5 days. The
solid lubricant coatings evaluated in this work are prepared from
fresh dispersions prior to any settling, which resulted in fairly
uniform coatings as shown in Figure S5 and Table S2. The
lubrication performance of nonannealed (before annealing or as
prepared) and after annealing of ML-Ti;C,T, was evaluated
under a load of 1.0 N, and it exhibited an average coefficient of
friction (COF) of 0.26 and 0.42, respectively (Figure 9),
indicating that annealing alone does not improve the perform-

0.7
=== Bare steel
== ML-Ti,C,T, before annealing
0.6 == ML-Ti,C,T, after annealing
== APTES-ML-Ti,C,T,
m=m  OH-ML-Ti,C,T,
0.5

Coefficient of Friction
o o
w H

e
[N}
]

o
-
]

T T T
400 600 800

Number of Cycles

T
0 200 1000

Figure 9. Tribological performance of the bare steel substrate,
nonannealed and annealed ML-Ti;C,T,-coated substrate, APTES-
modified ML-Ti;C,T,-coated substrate, and OH-modified ML-
Ti;C,T, substrate.
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Figure 10. White light interferometry (WLI) images and corresponding height profile across the wear track for (a, b) bare steel substrate, (c, d)
nonannealed ML-Ti;C,T, substrate, (e, f) OH-modified ML-Ti;C,T, substrate, and (g, h) APTES-modified ML-Ti;C, T, substrate. (All of the WLI

data were recorded on the steel substrate after the tribotest).

ance. The increase of COF after initial few cycles can be
attributed to the poor adhesion of ML-Ti;C,T, which resulted
into a crashed or pushed out of the substrate allowing the metal-
to-metal friction. The surface-modified Ti;C, T, was successfully
drop-cast on the steel substrate and dried under a vacuum before
taking measurements. However, the OH and APTES-modified
ML-Ti;C,T, showed an average coefficient of friction (COF) of
0.14 and 0.16, respectively, at a normal load of 1.0 N,
significantly reduced compared to bare steel disks or ML-
Ti;C,T, without annealing and any surface modification.
According to the literature, the MILD method synthesized
Ti;C,T, possesses an average COF in the range 0.2—
0.5.'°%%%%7 The OH and APTES-modified Ti,C,T, exhibited
a reduction in COF by 70.1 and 66.7%, respectively, when
compared with bare steel substrates. The reduction in friction
after surface modification can be attributed to the increase of
adhesion of Ti;C, T to the substrate, which ultimately generated
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the tribofilm on the substrate. The interaction of terminal groups
of MXene does play a vital role in deciding the frictional
performance and durability of the coating, as reported by Parra-
Mufioz et al.'” The presence of —OH terminal groups on
MXene can improve the lubrication properties by adsorbing
water molecules and creating a boundary layer that reduces
friction and wears.”® In the case of APTES molecules, the amino
groups can form hydrogen bonds with water molecules, creating
a boundary layer that can act as a lubricant.>”

The success of the solid lubricant as coatings can be evaluated
based on low coeflicient friction over many mechanical cycles.
This performance greatly depends on the coating uniformity and
the coating/substrate adhesion.’”®" The interferometry images
of the steel substrate (after tribo-testing) without any lubricant
(Figure 10a,b) and the nonannealed ML-Ti;C,T,-coated steel
substrate (Figure 10c,d) demonstrated the deep scratches or
grooves due to substrate wear during the tribo-testing. Also, the
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nonannealed ML-Ti;C,T,-coated steel substrate showed deep
grooves. The low value of COF of OH and APTES-modified
ML-Ti;C,T, can be attributed to the formation of a
tribofilm,'”'?33739586263 This formation of MXene tribofilm
is consistent with the earlier reports on TiyC, T, tribology.*****
The APTES-modified ML-Ti;C,T, exhibited better tribological
behavior than OH-modified MXene because adding APTES can
enhance surface adhesion and improve the load-bearing capacity
and durability of tribological systems.’” The amino groups on
the APTES-modified ML-Ti;C,T, can adhere to the metal
surface, creating a strong interface.'” The higher height values
on the wear track indicate the formation of the MXene tribofilm
developed while tribo-testing. This formation of MZXene
tribofilm is in accordance with the earlier reports of Ti;C,T,
tribology.”*”

The APTES-modified ML-Ti;C,T, exhibited better tribo-
logical behavior than the OH-modified MXene because adding
APTES can enhance surface adhesion and improve the load-
bearing capacity and durability of tribological systems.”” The
amino groups on the APTES-modified ML-Ti;C,T, can form
better adhesion with the metal surface, creating a strong
interface.

B CONCLUSIONS

In conclusion, the thermal annealing approach was used to
control the surface terminations of molten salt-etched Ti;C,T,.
Thermal annealing at 600 °C under argon was able to remove
much of the —Cl terminations of Ti;C,T,. Here, we showed that
removing much of the —Cl surface terminations from Ti;C,T,
created bare sites for further modification of the MXenes.
Refunctionalization of the annealed Ti;C,T, surface on
produced bare sites was carried out using —OH and APTES.
The obtained Ti;C, T, was confirmed using SEM-EDS, XPS, and
FTIR spectral analyses. Furthermore, the annealed and
refunctionalized Ti;C,T, showed promise as a solid lubricant
for tribological application with a 65—70% reduction in the
coefficient of friction. The thermal annealing method described
in this study holds promise for the control of MXene surface
functionalization, allowing the tuning of MXene chemistry for
desired application-specific property optimization.
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Figure S1: Deconvoluted X-ray photoelectron spectros-
copy (XPS) spectra of ML-Ti;C, T, before annealing: (a)
C 1s; (b) O 1s; and (c) Cu 2p. Figure S2: Deconvoluted
X-ray photoelectron spectroscopy (XPS) spectra of ML-
TiyC, T, after annealing: (a) C 1s; (b) O 1s; and (c) Cu
2p. Figure S3: The corresponding (to Figure 6d) height
profile of delaminated Ti;C,T, nanosheets obtained by
atomic force microscopy (AFM). Figure S4: Deconvo-
luted X-ray photoelectron spectroscopy (XPS) spectra of
delaminated Ti;C,T,: (a) C 1s; (b) O 1s; and (c) Cu 2p.
Table S1: Elemental composition of delaminated Ti;C,T,
nanosheets obtained from SEM-EDS analysis. Figure SS:
Surface morphology (SEM) of steel substrates coated
with (a) ML-Ti;C, T, before annealing; (b) ML-Ti,C,T,
after annealing; (c) OH-ML-Ti;C,T; and (d) APTES-
ML-Ti;C,T,. Table S2: Thickness and roughness of the
ML-Ti;C,T, MXene-coated substrates (PDF)
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