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ABSTRACT

MXenes represent a relatively new and quickly growing family of two-dimensional
(2D) early transition-metal carbides and nitrides first synthesized in 2011 from bulk layered
crystalline MAX phases. Because of their 2D structure and unique combination of high
conductivity and hydrophilicity, MXenes have raised a significant interest for various
applications. However, it has been found that in some cases colloidal MXene flakes are not
stable and can spontaneously degrade on a time scale from hours to days. In this work, we
investigate the crucial factors for MXene degradation and demonstrate gas analysis as a
powerful method to gain further insights into chemical reactivity of MXenes. The
degradation rates of MXenes in water were further investigated depending on their
monolayer thickness within the same chemical composition, as well as depending on
chemical composition of the materials within the same monolayer thickness.

We further demonstrate the role of chemical properties and reactivity of MXenes
in some of their applications, in particular, related to tribology and adhesion. We
investigated the tribological properties of TisC2 MXene and MXene/graphene coatings. We
have observed that with a careful control of the environment in order to suppress
undesirable chemical decomposition of MXenes, the friction of MXene coated silicon
substrates can be reduced to superlubric regime. We also studied adhesion of MXenes to
silicon using atomic force microscopy. The obtained adhesion evnergies of two types of
MXenes to silicon do not depend on the number of MXene monpayers in a stack and are
comparable with that of graphene to silicon, showing a great potential of MXenes for

(opto)electronic device assembly.
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1. INTRODUCTION

Two-dimensional materials have raised significant interest due to their many
outstanding properties. MXenes represent a new family of 2D early transition metal (M)
carbides and nitrides, which were first synthesized in 2011 [1, 2]. They are produced by
selective extraction of group A element atoms (typically Al) from bulk precursor MAX
phases using fluorine-containing etchants. MXenes have a general formula Mn+1XnTx,
where n=1-4, M represents an early transition metal, X is carbon or nitrogen, and T stands
for surface terminations (-OH, -F and -O-), whose fractions in the formula are usually
unknown (x) [3]. The combination of hydrophilicity with high electrical conductivity
provided by MXenes is unique among 2D materials [2, 4]. Similar to their bulk
counterparts (transition metal carbides), MXenes offer high monolayer elastic properties
[5-7] and bending rigidity [8], making them potential nanofillers for reinforced composites,
etc. Because of their 2D structure and many extraordinary physical properties, MXenes
have raised a significant interest for various applications, such as optoelectronic devices
[9, 10], triboelectric nanogenerators [11], supercapacitors [4, 12, 13], lithium ion batteries
[14, 15], lithium-sulfur batteries [16], lasers [17], sensors [10, 18, 19], solid lubricants [20,

21], THz wave transmission and communication technology [9, 22], etc.

1.1. MXENE SYNTHESIS

Top-down methodes have been primarily used to synthesize MXenes. This section

introduces the precursors and different synthesis methods of MXenes.
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1.1.1. Precursors: MAX Phases. MAX phases are a group of layered ternary
transition metal carbides and nitrides (space group P6s/mmc), with a general formula of
Mn+1AXn, where M is an early transition metal (including Sc, Ti, V, Cr, Mn, Zr, Nb, Mo,
Lu, Hf, or Ta), A is one of the group A elements (including Al, Si, P, S, Ga, Ge, As, Cd,
In, Sn, TI, or Pb), X represents C and/or N, and n = 1-4 [23]. Figure 1.1 highlights the
elements in the Periodic Table that are known to form MAX phases. MAX phases
advantageously combine properties of both ceramics and metals, such as good thermal

stability, electrical conductivity and resistance to chemical attack [24].

] EW a @ z

Li | Be Early B O | F | Ne
transition G|roup I: C and/or N
Na | Mg metal elemen Al|Si| P |S|cl|Ar

Fe |Co| Ni |[Cu| Zn |Ga | Ge | As | Se | Br | Kr

Rb | Sr Tec

Ru|(Rh |Pd|Ag | Cd [In |Sn| Sb |[Te| I | Xe

Cs | Ba w

Re |Os | Ir | Pt |[Au|Hg | TI |Pb| Bi | Po | At | Rn

Figure 1.1. Elements in Periodic Table which can form MAX [25].

The chemical bonding within the MAX phase structure is mixed with varied
contributions of metallic, ionic, and covalent bonds. M-X bonds are strong and largely
covalent in character, similar to the bonds in binary MX compounds. However the M-A
bonds are mostly metallic [25]. Unlike other layered bulk materials (e.g. graphite) with
weak van der Waals interactions between the layers, MAX phases are held together by

strong chemical bonds of different types, which explains why they could not be exfoliated



3
int MXenes via mechanical means so far [26, 27]. At the same time, differences in chemical
reactivities of different bond types with the MAX structure have been explored to
successfully exfoliate some of them. In particular, a weaker metallic M-A bonding and
more reactive A element make it easier to selectively remove the A element layers from
the MAX phase structures by etching with acids, yielding the corresponding MXenes [28].

1.1.2. Synthesis Methods. The As of 2021, over 20 different MXenes have been
experimentally synthesized [23]. Top-down synthesis, whereupon the A layers are
selectively etched from the MAX phase or non-MAX phase precursors (Figure 1.2), has
become a general synthesis method for MXenes [29]. Variations of the etching technique
allow to produce MXenes with different flake sizes [3], slight variations of surface

chemistry (Tx) [30-32], and different interlayer spacing [33, 34].

oM @Al eX
eQO -H

Selective
Etching

Removal
of Al

Layered Precursor

Figure 1.2. Selective etching of Al layer from as M3AIC, MAX phase produces MsC,Tx
MXene [29].
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1.1.2.1. Etching techniques using HF or in-situ formed HF. In 2011, the first
discovered MXene TisC, was synthesized at Drexel University by selective etching of Al
layer out of the MAX phase TizAlC> using concentrated HF (50%) [1]. The overall reaction
equation can be written as:
TizAlC, + 3HF = TisC; + = Hy(gas) + AlF; (1)
Since then, HF has been widely used as the etchant for synthesis of different
MXenes [3, 15, 35-37]. The etching conditions (concentration of HF, etching temperature
and etching time) must be adjusted for each MAX phase because of differences in chemical
composition, types of bonding, number of atomic layers forming MX block, etc. After
aqueous HF etching, the received MXene is always terminated with O, OH and F. Also,
this method often leads to over etching, producing defected MXenes with relatively small
flake sizes [3].
To avoid hazardous concentrated HF solutions, Ghidiu et al.[4] have discovered in
2014 an in-situ HF etching method, using 5 M LiF/6 M HCI as the etchant (Route 1, Figure
1.3), and producing TizC2 MXene clay. Although varying in the extent of the etching, other
fluorides, such as NaF, KF, CsF, CaxF etc., also work in this method. In 2016, a minimally
intensive layer delamination (MILD) etching method was proposed by adjusting the
concentration of LiF and HCI to 7.5 M LiF/9 M HCI (Route 2, Figure 1.3) [38, 39]. In this
method, MAX phase etching by in-situ formed HF is followed by delamination of multi-
layered MXene into individual flakes by hand-shaking (Figure 1.3). The MILD method has

become one of the most widely used ways to synthesize and delaminate MXenes.



Figure 1.3. Synthesis routes and microscopy images of MXenes produced by the
corresponding route [38]. Route 1 used 5 M LiF/6 M HCI and Route 2 used 7.5 M LiF/9
M HCI (MILD method).

1.1.2.2. Etching with fluorine-contained non-acid etchants. Fluorine containing
ions must be applied in most of the MXene synthesis techniques because of fluorine’s

strong binding ability to aluminum [30]; however, it is possible to avoid harmful HF. By
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using NHsHF> [40], the Al layer of MAX phase TisAIC, can be etched, thus forming
(NHa)sAlFe. The reaction is expressed as:
Ti;AlC, + 3NH,HF, = Ti;C, + %HZ (gas) + (NH,)3AlFg (2)

Interestingly, the MXene produced by this technique is intercalated with NH3 and
NH4* which expand its interlayer spacing by 25%.

Most recently, in 2021, other studies established that ionic liquids (ILs) such as 1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) and 1-butyl-3-
methylimidazolium hexafluoro-phosphate (BMIMPFg) can act as both etchants and
intercalants [41] in MXene synthesis. Hydrolysis of ILs in water formed small amounts of
HF, which was responsible for the etching, but the morphology of the MXene produced by
this technique is different from HF etched MXene, which has a cave-like structure.

1.1.2.3. Electrochemical etching techniques. Although replacement of hazardous
HF by fluorine-contained chemicals is a major step forward, the latter are also harmful to
the environment, and therefore, researchers continue to search for other etching techniques.
Since the etching processes require electron transfer, electrochemical etching of MAX
phases could potentially de-alloy A layer and produce MXenes. However, a previous study
shows that electrochemical anodic etching of MAX phases (Ti2AIC and TizAICy) in dilute
HCI and NaCl solutions led to formation of carbide-derived carbon (CDC) [42]. Although
Sun et al. [43] demonstrated that fluorine-free Ti.CTx (T= CI, O, OH) can be synthesized
by electrochemical etching out of the Al layer from Ti2AIC in dilute HCI, subsequent
removal of Ti from MXene forming CDC on MXene surface was unavoidable. In 2018,
Yang et al.[44] successfully used an electrochemical etching technique to synthesize TizC»

(> 90% vyield) from TisAIC, anode. The electrolyte was composed of 1 M NH4Cl and 0.2
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M tetramethylammounium hydroxide (TMAQOH) creating a slightly basic environment (pH
> 9). The resulting TizC, MXene was fluorine-free and was terminated with O and OH.
The reaction of etching out of Al layer was proposed as:
TizAlC, — 3e™ + 3Cl™ = TisC, + AlCl, ?3)
1.1.2.4. Fluorine-free etching techniques. Surface chemistry of as-synthesized
MXene largely depends on the etchants and environment during the MAX phases etching
processes. Thus, etching with fluorine-contained etchants will yield F-terminated MXene,
a type of terminations that are not desirable when using MXene as an electrode material
for supercapacitors [44, 45]. Since Al is amphoteric, it is theoretically feasible to etch Al
layers using alkali (like NaOH) at ambient environments, but the formation of insoluble
aluminum hydroxides or oxide hydroxides hinders the etching process, resulting in an
incomplete etching. By treating a MAX phase (TizAIC>) in concentrated (27.5 M) NaOH
in hydrothermal conditions (270 °C), Li et al.[30] discovered that AI(OH)s and AIO(OH),
formed in the etching reaction with alkali, can be converted into soluble AI(OH)4™ exposing
the inside Al layers for further reaction. According to the authors, the resulting MXene
TisC> was free of fluorine and terminated with O and OH. Organic bases, such as
tetramethylammonium hydroxide (TMAQOH) can also potentially etch Al. Thus, in another
work, Xuan et al. [34] applied TAMOH as the etchant, forming AI(OH)4 while etching out
the Al layer. The MXene sheets produced in this way have Al(OH)4™ on their surface.
1.1.2.5. Water-free etching techniques. .Most of the MXene synthesis methods
reported in literature use water as the main solvent [3]. However, MXenes are unstable in
water and will spontaneously transform into corresponding metal oxides over time [46].

Also, MXenes are widely researched as reinforcement particles for polymers, where the
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presence of water may interfere with in situ polymerization reactions and be otherwise
undesirable. Moreover, the traces of intercalated water in MXene layers can have negative
impact on Li-ion or Na-ion batteries, which require anhydrous organic electrolytes with no
traces of water. Organic solvent etching in a glove box provides a water-free environment
while also suppressing MXene degradation [46, 47]. Therefore, Natu et al.[32] reported an
etching method using organic polar solvents (e.g. propylene carbonate, acetonitrile,
dioxane, N,N-dimethylformamide, dimethyl sulfoxide and N-methyl-2-pyrrolidone) in the
presence of ammonium dihydrogen fluoride (NH4HF>), to synthesize TizC2T, MXene. In
this method, HF formed in-situ by dissociation of NHsHF2 in an organic solvent, is deemed
to be the main etchant, playing a role similar to HF in aqueous etchants. TisC2T, MXene
synthesized in organic solvents is ~70% F terminated, which is the highest content of F
terminations reported for MXenes. More recently in 2021, TisC, was also produced by
halogen etching (with Brz, 12, ICI, IBr) of TisAlIC2 MAX phase in cyclohexane, resulting
in halogenated TisC» [48].

1.1.2.6. Molten salt etching techniques. The wet chemical etching techniques
reviewed in the previous sections are widely used for producing carbide or carbonitride
MXenes, however, the yield of nitride MXenes in wet etching techniques is low [49]. This
may be because nitride MXenes are less stable than their carbide cousins [50], resulting in
overetching of MX blocks during removal of A layers. The cohesive energies of nitride
MXenes are lower than those of carbide MXenes, while the formation energies are higher
[51]. In 2016, the molten salt method was investigated to synthesize TisN3Tx MXene from
Ti4AIN3 [50]. The salt etchant (59 wt% of potassium fluoride, 29 wt% of lithium fluoride,

and 12 wt% of sodium fluoride) was mixed with TisAIN3 MAX phase and heated to the
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eutectic temperature of 550 °C for the synthesis under argon flow. The resulting mixture
was washed with sulfuric acid and TisC3 MXene was further delaminated with TBAOH
using sonication.

In another study, Li et al.[52] proposed a Lewis acid etching technique to etch
various MAX phases (A = Al, Zn, Si and Ga) producing the corresponding MXenes. Using
Ti3SIiC; as an example, the MAX phase was mixed with CuCl,, NaCl, and KCl ina 1:3:2:2
ratio. The mixture was then heated to 750 °C under argon flow for 24 h yielding TisC2/Cu
composite. The proposed etching mechanism is:

Ti3SiC, + 2CuCl, = TizC, + SiCl, (gas) + 2Cu 4)

Similar to the mechanism of HF etching, Cu?* in molten CuCl; acts as H*, while
CI acts as F" in HF. The residual Cu was washed out by ammonium persulfate and the
resulting TisC> MXene was terminated with O and CIl. Based on that work, researchers
have later extended the molten salt technique to CdCl, and CdBr», producing Ti>C and
TisC2 MXenes with Cl and Br terminations, respectively [53].

1.1.2.7. Etching from other A element MAX phases. Various methods were
developed for etching Al containing MAX phases producing MXenes but not the MAX
phases containing other A elements. This may be because the redox potential of Al in MAX
phases is the most negative among all other A elements (A = Si, Ga, Ge, etc.) [54]. In 2015,
the first non-Al containing MXene precursor Mo.Ga,C (not a MAX phase) was etched by
concentrated HF (50%) [55]. Although the corresponding multilayer Mo.C MXene was
produces from this non-MAX precursor, the etching was incomplete. Later, Halim et
al.[56] have improved the etching conditions using concentrated HF (14 M) and by

increasing the temperature and prolonging the etching time. This was followed by a
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TBAOH treatment to produce, for the first time, monolayer Mo2C. Synthesis of less
defective Mo2C flakes by the MILD method has been reported in the same work.

Compared with TizAIC,, TisSiCz is a more abundant and cheaper precursor for

TisC> MXene synthesis. However, because of the stronger Ti-Si bonds [25], conventional

HF etching method failed to etch this MAX phase. HF is known as an agent that dissolves

SiO», therefore Alhabeb et al.[54] proposed to oxidize Si first before etching it out of the

Si based MAX phase, resulting in an HF/oxidizer etching process (where oxidizer is H20»,

(NH4)2S208, KMnO4 or FeCls), which yielded the TisC, MXene.

1.2. CHARACTERIZATION OF MXENES

MXene structure and surface physical and chemical properties can be characterized
using multiple techniques. This section discusses primarily used characterization
techniques used for MXene study.

1.2.1. X-Ray Diffraction (XRD). XRD is one of the simplest and most common
ways to confirm successful synthesis of MXene because of clear differences between the
XRD patterns of the original MAX phase and the corresponding MXene [1, 35]. When the
MAX phase is partially etched, all peaks from the MAX phase remain, along with an extra
downshifted peak of (002) reflections (Figure 1.4). When a pure MXene is produced, all
the peaks that represent MAX phase disappear, and only the downshifted (002) peak along
with higher order (00l) peaks that represent MXene can be seen (Figure 1.4). Because of
the P6a/mmc space group of MAX phase, one unit cell of MXene has two MXene layers,

resulting in the c-lattice parameter 2 times that of d-spacing as shown in Figure 1.5.
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In addition to confirming the presence of MXenes, XRD is used for measuring the
interlayer spacing of MXenes. Tailoring the interlayer space by adjusting the functional
groups on MXene surface or by intercalation between MXene layers is important for some

applications, such as energy storage [33, 57], ion rejection [58], water treatment [59] etc.
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Figure 1.4. XRD patterns of MAX phase Ti2AIC, partially etched Ti2AIC, and Ti>C
MXene.

The d-spacing of MXene can be calculated from XRD data using Bragg’s law:
nA = 2dsiné (5)
where n is a positive integer, 1 is the wavelength of the incident wave, d is the d-spacing

shown in Figure 1.5, and 6 is the glancing angle, which can be obtained from the peak
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position for (002) plane. Heating removes the intercalants like water or other molecules,
thus reducing the d-spacing (Figure 1.6), whereas introduction of various intercalants (e.g.

ions, molecules) increases the d-spacing [33, 57].
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Figure 1.5. The difference among interlayer spacing, d-spacing, and c-lattice parameter
for a M3X,Tx MXene with intercalants [60].
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Figure 1.6. (a) Schematics of synthesis and intercalation of MXene. (b) XRD patterns of
(i) as received MXene, (ii) after intercalation with hydrazine at room temperature and de-
intercalation at elevated temperatures [57] (c) XRD patterns of a NbsC3Tx MXene film at

different temperatures in vacuum and c-lattice parameters calculated from XRD data at
different temperatures [33].
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1.2.2. Raman Spectroscopy. XRD is a powerful structure analysis technique for
multilayer MXenes, it is less informative when it comes to characterization of monolayer
MXenes. Raman spectroscopy probes interaction between light and chemical bonds within
the material, and it is, therefore, applicable to monolayer or few layer flakes, powders,
films, as well as liquids and gases. Requiring minimal sample preparation, Raman
spectroscopy can be used to investigate chemical structure of MXenes and their
degradation products in solid, liquid or gas phases [61-64]. In 2020, Sarycheva et al. [64]
reported detailed characterization of chemical structure, surface chemistry, and stacking of
TisC,Tx using Raman, as shown in Figure 1.7a. The deconvoluted MXene spectrum has 3
regions, including the flake region, surface group region, and the carbon region. This study
showed that excitation with different wavelengths produces different Raman spectra. For
example, TizCz has a plasmon resonance at ~800 nm [63], so there were several peaks
selectively enhanced when the Raman spectrum was acquired under 785 nm laser (Figure
1.7b). The type of etchant used for MXene synthesis can also be inferred from the Raman
spectra of MXene because different etchants produce different relative densities of
functional groups on the MXene surface (Figure 1.7¢) [63].

1.2.3. Microscopy. Scanning electron microscopy (SEM) provides an opportunity
to investigate the morphology of MXenes. Compared with bulk MAX phase, multilayered
MXene particles have a characteristic “accordion-like” appearance after HF etching
(Figure 1.8a, b). However, this multilayer structure with large gaps should not be used as
a decisive proof of MXene presence in the sample. The well-separated gaps are formed
when a vigorous reaction with concentrated HF results in a rapid formation of H> gas that

expands the structure. The etching reactions with less concentrated HF are less vigorous
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and the structure of the resulting multilayer MXene is tighter. Energy dispersive X-ray

spectroscopy (EDX) is usually conducted as complementary technique along with SEM to

confirm successful MXene synthesis.
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Figure 1.7. (a) Deconvoluted Raman spectrum of TisC2Tx synthesized using HF-HCI as
the etchant excited with 785 nm laser [64]. Raman spectra of the MXene flakes (b)
measured by different excitation wavelengths, (c) synthesized from different etchants

[63].

After delamination of multilayered MXene, the images of monolayer or few-

layered flakes can be acquired using SEM and transmission electron microscopy (TEM).
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Moreover, MXene crystalline structure can also be confirmed from selected area electron
diffraction (SAED) patterns in TEM. MXene has hexagonal structure and therefore,

indexing of SAED pattern can be done with:

1 _ 4h%+hk+k? 12

€3 @ Ta (6)
where d is the d-spacing, which can be measured from the image, h, k, and [ are the Miller
indices of the lattice planes, a and c are lattice parameters.

Atomic force microscopy (AFM) is used to measure flake size and thickness of
MXenes [38, 65, 66]. According to Lipatov et al. [5], the height measured from the MXene
layer directly attached to the substrate may not be accurate because the trapped water
molecules may contribute to the thickness. Thus, this technique has limitations in
determining the monolayer thickness of MXenes in some cases. However, this is still a
powerful method to investigate mechanical properties of MXenes on the microscale [5, 65-
68].

1.2.4. UV-Vis-NIR Spectroscopy. Vivid colors of colloidal solutions is another
feature of MXenes. The color of the MXene colloidal solution or film is characteristic for
each MXene, also depending on its state (solid film or colloidal solution). For example,
TisC, solution shows a greenish color, while the TisC> film yields a purpleish color.
Different MXenes absorb light of different energies, which corresponds to their plasmon
resonance (Figure 1.9) [60, 69]. UV-Vis-NIR spectroscopy is a simple technique to confirm
the presence of a particular MXene in solution or in thin film state. The plasmonic peaks

of MXenes vary because of their different chemical composition (M and X elements) or

different number of atomic layers in a monolayer.



Figure 1.8. SEM characterizations of MXene synthesis at each step: (a) MAX phase
TisAlIC,, (b) TisC; after etching of the Al layer and (c) delaminated TisC> MXene single
layers. (d, €) TEM images of TizC, MXene flakes and (f) SAED pattern of TizC; [57, 70,

71].

1.2.1. Other Characterization Techniques. Many other complementary
techniques are used for MXene characterization, such as X-ray photoelectron spectroscopy
(XPS), nuclear magnetic resonance (NMR), thermogravimetric-mass spectrometry
analysis (TGA-MS) etc. XPS is mostly used to characterize chemical composition, extent
of degradation, and surface chemistry of MXene [72-74]. NMR can analyze the functional
groups on MXene surfaces produced using different etchants or the surface chemistry of

different MXenes [31, 75-78]. TGA-MS allows to investigate the thermostability and the
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surface chemistry (e.g. functional groups like O and F) and intercalants, such as water, HF,

TBA™ of MXenes based on analysis of gaseous products produced by heating [79, 80].
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Figure 1.9. Visual color of MXene colloidal solutions and films for (a-i) Ti2C, TisCo,

Nb2C, NbsC3, V2C, M02C, M02TiCz, M02Ti2Cs, and TasCs, respectively. Including (j)
UV-Vis-NIR extinction spectra of different MXenes [69].
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1.3. CHEMISTRY OF MXENES

Because of the great potential and many applications of MXenes, understanding the
chemistry of MXenes is of importance. This section discusses the chemistry, especially
chemical stabilities of MXenes.

1.3.1. Surface Chemistry and Chemical Modification of MXenes. To a large
extent, the surface chemistry of MXenes is controlled by the etchants or etching
environments [3, 32, 41, 44, 81], regardless of the type of M, X elements or the number of
atomic layers in MXene structure [82]. Many efforts have been made to investigate the
surface chemistry of MXenes. Among them, XPS is the most widely used technique [72].
Combining the XPS and EDS is and efficient way to demonstrate the type of functional
groups and their proportions. However, when it comes to quantitative resolving of -O- and
-OH contributions, this tequnique is often non-conclusive. Solid state NMR was used as a
powerful tool to solve this problem [31]. For different etchants, more -F terminations
(relative to -O- and -OH) are formed when using HF as the etchant, while more -O-
terminations can be found when using LiF/HCI etchant (Figure 1.10). Kobayashi et al. [77]
have further devised the -OH terminations into external Ti-OH and interlayer Ti-OH, and
confined water presence in MXenes using solid state NMR. Seredych et al. [79] have
demonstrated that TGA-MS could be used to investigate the surface terminations as well
as the intercalants of MXenes synthesized by different etchants. Literature results show
that HF concentration affects the ratio of F to O on MXene surface. Also, a higher

concentration of HF results in more intercalated water trapped between MXene layers.
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Figure 1.10. (a) *H NMR spectra, (b) *°F NMR spectra, and (c) surface functional group
compositions of TisC2 MXenes synthesized by using HF and LiF/HCI etchants [31].

Surface chemistry of MXenes has many effects on their performance. One of the
efficient methods of improving the electronic conductivity of MXene is to remove the
surface terminations. Vacuum annealing was demonstrated to partially remove the
functional groups on MXene surface, resulting in an increased conductivity [80]. Besides,
Kamysbayev et al. [53] synthesized different MXenes (Ti, Mo, Nb, and V) with none, O,
S, Cl, Br, Se, Te or NH surface terminations using Lewis acidic molten salt method (Figure
1.11), which can be beneficial for various applications. Surface functionalizations also
affect the interlayer distance, allowing tailoring of MXenes for energy storage
performance. For example, Chen et al.[83] functionalized TisC.Tx MXene with glycine
which increased the d-spacing by 1.19 A, resulting in a better rate and cycling performance.
A comparative performance of TisC.Tx MXenes prepared with different etchants (HF,
HF/HCI, and HF/H2S0O4) in Na-ion storage has also been studied, and results show that the
MXene synthesized with HF/H2SO4 has a better electrochemical performance because of
the cleaner surface and less structural water [81]. Very recently, Pazniak et al. [84]
demonstrated low-energy ion implantation as a new route to modify TisC2 MXene surface

by introducing Mn* ions. This modification not only introduced manganese ions on the
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MXene surface, but also produced defective structure, resulting in an increasing amount of

O on MXene, in order to modify its electronic properties.
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Figure 1.11. Schematics for MXene synthesis using molten salts and atomic resolution
high-angle annular dark-field (HAADF) images of TisC2Br2, TizCzTe, TisC>S, and
Ti3Coo2 MXenes.

1.3.2. Stability and Reactivity of MXenes. MXenes raised significant interest for
various applications but were found to spontaneously transform into the corresponding
transition metal oxides [47, 62, 85]. Until recently, the commonly accepted opinion was
that the transformation of the titanium containing MXenes into titania observed in their
aqueous colloidal solutions is mainly due to MXene oxidation (reaction with oxygen).
Lipatov et al. reported that when a colloidal solution of delaminated TisC,Ty in water was
exposed to air at room temperature, MXene flakes were completely oxidized within several
days [38]. Although previous studies from Gogotsi’s group mentioned that MXene sheets

in aqueous solutions may slowly react and transform into titanium hydroxide [47, 85], the
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main oxidizer in this process was thought to be dissolved oxygen, while the role of water
was reduced to merely a solvent. Not surprisingly, attempts to protect MXenes against
oxidation were reported, particularly in aqueous solutions [86-88]. Zhang et al. proposed
that refrigeration and de-aerated environment substantially improve shelf life of TizC2Tx
and TioCTx MXenes in aqueous colloidal solutions (Figure 1.12a) [62]. Zhao et al. also
demonstrated that sodium L-ascorbate, used as antioxidant, can effectively protect MXenes
from oxidation (Figure 1.12c) [87]. It is well known that the degradation of MXenes starts
from the edges and defects of MXene flakes [89]. Thus, Natu et al. discovered that
supposedly positively charged edges of MXene flakes could be capped using polyanions:
polyphosphates, polysilicates and polyborates, thus suppressing the degradation of
MXenes (Figure 1.12b) [86]. Tailoring surface chemistry of MXenes is another approach
to prevent oxidation. Etching out Al layers from TisAIC, with TMAOH resulted in
Al(OH)4 terminated TisC2> MXene [88]. Because of the shielding and passivating effects
on MXene surface, the AI(OH)4 terminated MXenes survived longer time in water with
strong oxidizer (H202) added than the MXenes with -OH and -F terminated synthesized
using HF.

In 2019 we have demonstrated hydrolysis as one of the main factors in MXene
degradation in aqueous colloids [46, 61]. Due to hydrolysis, merely preventing oxidation
of MXenes is not enough to avoid their degradation. Low temperature slows down many
reactions, e.g., hydrolysis and oxidation reactions. Simply freezing of MXene solutions at
low temperatures (below -20 °C) was an efficient way to reduce the degradation [90, 91].
However, this method cannot completely solve the problem. Very recently, in 2021, Kim

et al. discovered deep eutectic solvents (DESSs) as efficient agents to suppress MXene
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degradation (Figure 1.13) [92]. The DES, consisting of choline chloride (ChCI) and urea,
can be hydrated in water forming DES-water clusters. The DES used in this study attached
to MXene surface via hydrogen bonding thus passivating it and hindering access of oxygen

and water to MXene, resulting in suppression of its degradation.
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Figure 1.12. (a) Degradation kinetics and schematics of TisC> MXene in Ar atmosphere
at low temperature (5 °C, LT) and Air atmosphere at room temperature [62]. (b)
Schematic of TisC> MXene flakes with and without protection by polyanions [86]. (c)
TEM and schematics of degradation of TisC2 MXene in water and sodium L-ascorbate
solution [87].

While all the methods reviewed above are applied after receiving MXenes, another
way to suppress their reactivity and stabilize MXenes in colloids originates from the idea

that less defective MXenes must be also less reactive. Along these lines, Mathis et al.
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demonstrated that the modified synthesis method (changing the composition of TiC:Ti:Al

= 2:1:1 from molar ratio to mass ratio) produced a less defective MAX phase because of

excess of Al, resulting in less defective MXene sheets (Figure 1.14) [93]. According to this

report, the produced MXene can be stored for years in ambient environment, which

certainly is a breakthrough.
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ABSTRACT

Although oxidation was deemed as the main factor responsible for the instability of
MXenes in aqueous colloids, here we put forward and test a hypothesis about the central
role of water as the primary factor. We show that water and related processes of MXene
hydrolysis play the main role in the phenomena leading to complete transformations of 2D
titanium carbide MXenes into titania in aqueous environments. To demonstrate the role of
water, the stability of two MXenes, TizC2Tx and Ti2CTx, has been systematically studied
in aqueous and nonaqueous colloids exposed to oxygen and inert gas atmospheres. The
calculated time constant for degradation of TizC,Tx dispersed in anhydrous iso-propanol
saturated with pure oxygen exceeds 5 years, in striking contrast to the same MXene
dispersed in water, where more than a half of it would transform into titania even in an
oxygen-less atmosphere over ~41 days. A thinner Ti.CTyx MXene showed similar behavior,
albeit with shorter time constants in both solvents, correspondingly. UV—vis and Raman

spectroscopy were used to analyze the oxidation kinetics and composition of fresh and aged
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MXenes. An intense anatase peak was observed in MXenes stored in aqueous solutions
under Ar atmosphere, while no signs of oxidation could be found in iso-propanol solutions

of the MXenes stored under O atmosphere over a similar period of time.

1. INTRODUCTION

MXenes represent a relatively new and quickly growing family of two-dimensional
(2D) early transition-metal (M) carbides and nitrides, which were first synthesized in 2011
from bulk layered crystalline Mn+1AXn (n =1, 2, 3) phases, where A represents group 1A
or IVA elements and X could be C, N, or both [1]. By etching off the A element, 2D
transition-metal carbides/nitrides (MXenes) with a general formula Mn+1XnTx (N =1, 2, 3)
are obtained, where T stands for the surface terminations —OH, —F, and —O— that render
MXenes hydrophilic (x is their fractions) [2, 3] The combination of hydrophilicity with
high electrical conductivity provided by MXenes is unique among 2D materials, having
earned them a nickname “conductive clays” [2, 4]. Similar to their bulk counterparts
(transition-metal carbides), MXenes offer high monolayer elastic properties [5—7] and
bending rigidity [8], making them potential nanofillers for reinforced composites and more.
Because of their 2D structure and many extraordinary physical properties, MXenes have
raised a significant interest for various applications, such as optoelectronic devices [9, 10],
triboelectric nanogenerators [11], supercapacitors [4, 12, 13], lithium ion batteries [14, 15],
lithium—sulfur batteries [16], sensors [17—19], etc. However, it has been found that in some
cases MXene flakes are not stable and can be spontaneously oxidized on a time scale from

hours to days [20—22], a process which may limit their usage or, if understood and
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harnessed, lead to novel materials and applications, for example in photosensors [19]. Since
most of the applications of MXenes rely upon single- or few-layer flakes obtained from
colloidal solutions rather than dry powders, it is important to explore the reactivity, in
particular oxidation and hydrolysis, of MXenes in colloidal solutions and understand the
underlying processes.

So far, some attempts have been made to investigate the oxidation stability of
titanium-based MXenes [23—25]. The current commonly accepted opinion is that the
transformation of the MXenes into titania observed in their aqueous colloidal solutions is
mainly due to oxidation (reaction with oxygen). Lipatov et al. reported that when a
colloidal solution of delaminated TizC2Tx in water was exposed to air, MXene flakes were
completely oxidized within several days [26]. Zhang et al. concluded that refrigeration and
deaerated environment substantially improve the shelf life of TisC2Tx and Ti2CTx MXenes
in aqueous colloidal solutions [21]. Although previous studies from Gogotsi’s group have
mentioned that MXene sheets in aqueous solutions may slowly react and transform into
titanium hydroxide [20,22], the main oxidizer in this process was thought to be dissolved
oxygen, while the role of water has been reduced to merely a solvent.

Reactivity of carbides toward water ranges in wide limits. Some carbides such as
methides (Be2C, Al4C3) and acetylides (CaC2, MgC2) are known to vigorously react with
water to produce large volumes of CH4 or C2H2, respectively. In contrast, bulk interstitial
(e.g., TiC) and covalent (e.g., SiC) carbides are known as “not hydrolyzed” [27] and
resistant to attack by water [28]. On the other hand, many years ago Avgustinik et al.
studied slow and seemingly insignificant reactions of bulk TiC with water yielding small

quantities of hydrocarbons and titania [29]. They mentioned that the hydrolysis of TiC is
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limited by the very surface, propagating no more than 10—15 nm into the carbide crystal
structure. However, this length covers the entire thickness of both TisC,Tx and Ti.CTx
MXene monolayers, which are 0.82 and 0.57 nm, respectively, as estimated from their DFT
optimized models (Figure 1). More recently, using high-resolution electron energy loss
spectroscopy (HREELS) [30, 31], Merrill et al. and Didziulis et al. have found that bulk
titanium carbide is capable of dissociating water molecules. Reactions of MXenes with
water were never studied in detail; however, it is obvious now that chemical reactivity of
MXenes toward water should not be underestimated and deserves more detailed

investigations.

(a) Ti,CT,y

Figure 1. Atomic structures of (a) Ti2CTx, (b) TizC2Tx MXenes and TEM images of (c)
Ti,CTy, (d) TisCoTx MXenes.

Here, we analyze the role of water as the primary reagent, not only as a solvent, in
the processes of conversion of 2D titanium carbide MXenes into titania. As we show
below, this analysis leads to important conclusions about the oxidation stability of MXenes
and the choice of solvent for long-term storage of MXene sheets in the colloidal state.

Based on our analysis, the presence of water, even under inert atmosphere, is detrimental
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for long-term MXene stability. These conclusions will also have important implications for
fundamental chemistry of 2D carbides and the development of many applications of
MXenes.TisCoTx and Ti.CTx 2D transitionmetal carbides were chosen as representative
MXenes for this study. They were produced using similar techniques, have the same
elemental composition and bonding, and differ only in the thickness of the monolayer
(Figure 1). The opportunity to study chemical properties as a function of monolayer
thickness within the same elemental composition and bonding provided by MXenes is
another unique advantage rendering them particularly well suited among 2D materials for

fundamental studies of the thickness effect on different properties, including reactivity.

2. EXPERIMENTAL SECTION

2.1. SYNTHESIS OF MAX PHASES

TisAlC> was synthesized by known techniques [19,32]. Briefly, a mix of titanium
(—325 mesh, 99%, Alfa Aesar), aluminum (=325 mesh, 99.5%, Alfa Aesar), and graphite
(=325 mesh, 99%, Alfa Aesar) powders in a 3:1.1:1.88 molar ratio (7.0000, 1.4462, and
1.1001 g, respectively) were ball-milled for 8 h at 100 rpm using zirconia milling cylinders
in a polyethylene jar. The mixture then was transferred into an alumina boat, placed in an
alumina tube furnace (GSL-1800X-KS60-UL, MTI Corporation), and purged with Ar at
RT for 1 h, followed by heating at 10 <C/min to 1550 <C and holding at this temperature
for 2 h under argon flow. After that, the system was cooled to room temperature at 10
<T/min in Ar flow. Ti2AIC was synthesized by ball-milling of titanium carbide (typically

2-um size powder, 99.5%, Alfa Aesar), titanium (—325 mesh, 99%, Alfa Aesar), and
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aluminum (—325 mesh, 99.5%, Alfa Aesar) powders in a 0.85:1.15:1.05 molar ratio
(5.0896, 5.5047, and 2.8330 g, respectively) for 8 h (100 rpm) using zirconia milling
cylinders in a polyethylene jar.33 The mixture was then transferred into an alumina boat,
placed in an alumina tube furnace (GSL-1800XKS60-UL, MTI Corporation), purged with
Ar at RT for 1 h, and then heated at 10 </min to 1400 <C and held at this temperature for
4 hin Ar flow. After that, the sample was cooled to room temperature at 10 </min in Ar
flow. The resulting samples of MAX phase ceramics, shown in Figure S1 in the Supporting

Information, were manually crushed by mortar and pestle.

2.2. PREPARATION OF MXENE COLLOIDAL SOLUTIONS

TisCoTx was synthesized using the MILD method [26,34]. The fresh etchant was
prepared by dissolving 0.3 g of LiF in 6 mL of 6 M HCI in a 50 mL plastic centrifuge tube.
Then, 0.3 g of TisAIC; (=325 mesh, particle size < 45 pm) was added to the etchant
gradually.34 The etching lasted for 24 h at room temperature (~23 <C). After that, the
etched powder was washed with fresh deaerated water prepared by purging boiling
deionized water with Ar for 30 min and then cooling it to room temperature while
continuing Ar purging. The MXene washing steps were performed several times until the
pH of the supernatant reached ~6. After that, the TizC2Tx aqueous colloidal solution was
obtained via 5 min of hand-shaking followed by 1 h of centrifugation at 3500 rpm to
precipitate and separate the excess of MXene. TizC>Tx colloidal solution in anhydrous iso-
propanol was obtained by centrifugation and washing of TizC>Tx aqueous solution 4 times
with an excess of fresh anhydrous iso-propanol (99.5+%, anhydrous, Alfa Aesar) to remove

water from the system. Then, 1 h bath sonication was applied to disperse TisCTx flakes in
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iso-propanol. Finally, TizC,Tx iso-propanol solution was centrifuged at 4500 rpm for 1 h
to separate the excess of MXene. Colloidal solutions of Ti.CTx in deaerated water and
anhydrous iso-propanol were obtained using the same methods except that the MAX phase
in this case was Ti2AIC (=325 mesh, particle size < 45 pum). The resulting MXene
monolayers were imaged by transmission electron microscopy (TEM) as shown in Figure
1. All MXene solutions were stored in closed drawers between measurements to reduce a

possible effect of light on MXene decomposition.

3. CHARACTERIZATION

UV—vis spectra of MXene colloidal solutions were recorded in a glass cuvette (1
cm optical path length) in the wavelength range of 400—900 nm using a fiber optics QE
Pro UV—vis spectrometer (Ocean Optics).

Raman spectra were obtained using a Horiba Jobin Yvon LabRAM Aramis m-
Raman spectrometer with a 633 nm He— Ne laser. All Raman spectra were collected with
a 10> objective and 1200 lines/mm grating. At least three different spots on each sample
were examined by Raman analysis to ensure representability of the spectra.

TEM images of MXene thin films were acquired on an FEI Tecnai F20 transmission
electron microscope with an accelerating voltage of 200 kV. The samples for TEM were
prepared by depositing MXene thin films on 2000 mesh copper TEM grids.

The crystal structures of TisAIC, and TiAIC MAX phases were characterized using
X-ray diffraction (XRD, PANalytical, Phillips MPD) with Cu Ko radiation (A = 1.5406 A)

at U =45 kV and | = 40 mA (Figure S2).
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4. RESULTS AND DISCUSSION

4.1. Ti2CTx MXENE

The as-prepared Ti-CTx MXene colloidal solutions in deaerated water (referred to
as “water” hereafter) and iso-propanol were of approximately same concentrations (~0.55
mg/mL), as confirmed by UV—vis transmittance spectra (Figure 2). The transmittance at
505 nm was used as the analytical signal proportional to the concentrarion of Ti.CTx
MXene colloidal solutions. Freshly prepared Ti>CTx MXene colloidal solutions were
purged with Oz or Ar and sealed in 20 mL glass vials labeled as Ti.CTx—water/Og,
Ti2CTx—water/Ar, Ti2CTx—iso-propanol/Oz, and Ti.CTx— iso-propanol/Ar (Table 1).
Figure 3 shows changes in the visual appearance of the samples over time at room

temperature.
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Figure 2. UV-Vis transmittance spectra of freshly made: (a) Ti.CTyx water colloidal
solution and Ti>CTy iso-propanol colloidal solution at same MXene concentrations
(~0.55 mg/mL), (b) TizC2Tx water colloidal solution and TisC,Tx iso-propanol colloidal
solution at same MXene concentrations (~0.04 mg/mL).
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According to the photographs, Ti2CTx completely degrades in a water/O;
environment within 12 to 24 h. Although the change of gas atmosphere from O to Ar slows
the degradation, Ti>CTy in water/Ar does not survive beyond 1 day. However, the color of
the Ti2CTx—iso-propanol colloidal solution was visually unchanged even after 3 days in

either Oz or Ar atmosphere.

Table 1. Description of Ti.CTx and TisC2Tx Colloidal Solution Samples Used in This
Study.

Sample Name Description

Ti.CTx in dearated DI water saturated with O, and sealed

Ti,CTx-water/O>
under Oz atmosphere

TioCTx in dearated DI water saturated with Ar and sealed

Ti2CTx-water/Ar
under Ar atmosphere

) ) Ti,CTx in anhydrous iso-propanol saturated with Oz and
Ti2CTx-iso-propanol/O;
sealed under O atmosphere

TioCTx in anhydrous iso-propanol saturated with Ar and

Ti,CTx-iso-propanol/Ar
sealed under Ar atmosphere

TisC,Tx in dearated DI water saturated with O, and sealed

TisCoTx-water/O;
under Oz atmosphere

TisC,Tx in dearated DI water saturated with Ar and sealed

TisCoTx-water/Ar
under Ar atmosphere

_ _ Ti3C2Tx in anhydrous iso-propanol saturated with O2 and
Ti3CaTx-iso-propanol/O2
sealed under O atmosphere

TisCoTx in anhydrous iso-propanol saturated with Ar and

Ti3sCoTx-iso-propanol/Ar
sealed under Ar atmosphere
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In order to quantify MXene transformation processes, UV—vis transmittance
spectra of Ti.CTyx in different environments were recorded over time (Figure 4). A broad
plasmon resonance band of Ti.CTx MXene nanosheets with a measured maximum at 505
nm disappears after 3 days for both Ti.CTx—water/O2 and Ti.CTx—water/Ar, while in an
iso-propanol/Oz environment, it can be detected even after 15 days, suggesting that it is
water, not oxygen, that plays the most important role in the degradation of Ti.CTx MXene
nanosheets. The kinetics of Ti.CTx MXene degradation in different environments is shown
in Figure 5. The exponential decay fit
A= Apitige™" 1)
was applied, similar to published studies [21, 35, 36], where Ainitial is proportional to the

amount of the initial MXene nanosheets in solution and t is the time constant.

TiZCT TisC,T,

fresh 1 day 3 days 2 weeks fresh 1 week 2 weeks 4 weeks

iso-propanol/Ar i i i i |

Figure 3. Visual appearance of TioCTx and TisC,Tx colloidal solutions in different
environments over time.

water/O,

water/Ar
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Figure 4. Changes in UV-Vis transmittance spectra of Ti.CTx colloids in different
environments over time (from bottom to top for each graph). (a) Ti.CTx-water/O2; (b)
Ti2CTx-water/Ar; (c) TioCTx-iso-propanol/Oz; (d) Ti2CTx-iso-propanol/Ar. Dashed lines
indicate the plasmon resonance peak of the MXene.

The results in Table 2 show that the time constant for TioCTx nanosheets in water/
O2 is small (0.31 days or 7 h), meaning that only ~1/e = 0.37 of initial MXene is left after
7 h in this environment. In contrast, iso-propanol is a less harsh environment for TioCTx
compared to water, even in those cases when isopronanol has been saturated with Op,
whereas water has been boiled, purged, and saturated with Ar. This is indicated by the ~4
times larger time constant of Ti.CTx nanosheets in the iso-propanol/O; system (1 = 6.85

days) compared to that of the water/Ar system (t = 1.50 days). In other words, Ti2CTx
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MXene in the water-less environment, even saturated with oxygen, remains stable for at
least 4 times longer compared to when water is present without oxygen. This further
demonstrates the crucial role of water as the central factor in the MXene degradation
process. According to this, Ti2CTx nanosheets in iso-propanol/Ar show the slowest decay,
since there is no water nor oxygen present in the environment. However, even in this case
the changes in the spectra and visual appearance become noticeable after ~13 days (Figures
3 and 4), probably signifying a reaction between Ti.CTx and isopropanol itself, which is
another example of hitherto unknown MXene chemistry. It should be noted that the color
of isopropanol MXene colloids eventually changes to brown-red in contrast to aqueous
colloids where the color changes to white; thus, the reactions of the MXene with iso-

propanol are different compared to its reactions with water.

4.2. TisC2Tx MXENE

To further test our hypothesis about the crucial role of water in MXene degradation
and to illustrate the effect of 2D material monolayer thickness on its chemical properties,
we studied another common MXene, TisC,Tyx, using the same methods and techniques.
TisCoTx is composed of the same elements as Ti>CTy, but its monolayer is ~1.2 times
thicker than that of Ti.CTx (Figure 1). Since the measured plasmon resonance band of
TisC,Tx is located at ~780 nm, transmittance at this wavelength has been monitored. After
adjusting TisCoTx concentrations in deaerated water and anhydrous iso-propanol to the
same initial values at ~0.04 mg/mL (Figure 2), the fresh TisC.Tx MXene colloidal

solutions were purged with O> or Ar and sealed in 20 mL glass vials labeled as
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TisCoTx—water/Oz, TisCoTx—water/Ar, TizCoTx—iso-propanol/Oz, and TisCoTx—iso-

propanol/Ar, respectively (Table 1 and Figure 3).

1.2

—_— Ti2CTx-\a'water!02
— TiZCTX-waterIAr

1.0
—Ti,CT,-iso-propanol/O,

= Ti,CT,-iso-propanol/Ar

Normalized Absorbance

Time (days)

Figure 5. Stability of Ti>CTx colloidal solutions in different environments over time.
Solid lines represent fits to equation (1).

After 1 week, the TisCoTx—water/O. sample was almost completely colorless while
the other three samples still retained their initial dark appearance (Figure 3). It is worth
noting that both TizC,Tx—iso-propanol samples with and without O, (TizC2Tx—iso-
propanol/Oz and TizC2Tx—iso-propanol/Ar) remained intesely dark-colored even after one
month, while both TisCoTx—water samples became almost transparent, indicating that in

anhydrous iso-propanol TizC,Tx stays intact for a much longer time, even when the system
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is saturated with oxygen. In other words, the presence of water leads to quick degradation

of TisC2Tx nanosheets even in an oxygen-less environment.

Table 2. Fitting Parameters of Experimental Degradation Kinetic Data to Equation 1 for
Ti.CTx and TizC,Tx Colloidal Solutions in Different Environments.

Sample Time Constant (1, days)? | Aunitial R-square
Ti2CTx-water/O; 0.31 1.001 0.996
Ti2CTx-water/Ar 1.50 1.077 0.969

Ti,CTx-iso-propanol/O: 6.85 0.982 0.958
Ti,CTx-iso-propanol/Ar 13.35 1.035 0.977
TizCoTx-water/O2 4.64 1.021 0.991
TisCoTx-water/Ar 41.31 0.989 0.984
TisC2Tx-iso-propanol/O2 2025.52 0.998 0.140
TisCaTx-iso-propanol/Ar 4752.85 0.985 0.007

2 one day is equal to 24 h

Figure 6 shows the changes in UV—vis spectra of TizC2Tx in different environments

over time. The transmittance of TisC,Tyx in water gradually increased with time, while no

significant changes have been detected in anhydrous isopropanol (note the stretched

transmittance axis in Figure 6 (c, d) to magnify any differences). Thus, we conclude again

that for TisC,Tx, same as for TioCTy, it is water, and not oxygen, which is the main reagent

in reactions leading to MXene degradation.
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Figure 6. Changes in UV—vis transmittance spectra of TisC2Tx colloids in different
environments over time (from bottom to top for each graph). (a) TisC2Tx—water/O>, (b)
TisCoTx—water/Ar, (c) TisC2Tx—iso-propanol/O2, and (d) TisC2Tx—iso-propanol/Ar.
Dashed lines indicate the plasmon resonance peak of the MXene.

Similar to the above analysis, we plot degradadtion kinetics data and fit the curves

to eq 1 (Figure 7). There is a continuous decrease in the concentration of TisC,Tx in water

over time, and as Table 2 shows, the time constants (t) for TisC2Tx in water are ~5 days in

O, atmosphere and ~41 days in Ar atmosphere, respectively. However, there are no

apparent changes in concentrations of TizC,Tx in anhydrous isopropanol, where the

calculated time constants are fairly large, i.e., ~2026 days in O2 atmosphere and ~4753
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days in Ar atmosphere. It seems that the absorbance of TisC,Tx in anhydrous iso-propanol
colloids simply does not depend on time, as also signified by the nearly zero R-square
values in Table 2. Thus, we conclude that both MXenes, especially the thicker TizC2Tx
nanosheets, could survive for quite a long time in their colloidal states in the absence of
water. Raman spectra (Figure 8) of the MXenes recorded after liquid evaporation from
their freshly prepared colloidal solutions showed the expected vibrational modes for
TisC2Tx and Ti.CTx [21, 37, 38].

After storing Ti2CTy in water for 3 days (Figure 8 b) the solids collected from the
Ti,CTx—water/O, and Ti>CTx—water/Ar samples showed only the anatase Raman peak [39,
40] at 149—-155 cm ™! and no Raman bands of MXene, while the solids collected from
Ti,CTx—iso-propanol/Oz and Ti.CTx—iso-propanol/Ar showed MXene peaks and no
changes compared to the freshly prepared solutions (Figure 8 a). Similar conclusions could
be drawn for TisC2Tx solutions; after one month the anatase TiO. peak dominates the
Raman spectra of solids collected by evaporation of TisC,Tx—water/Ar and
TisCoTx—water/O2 samples. However, in a striking contrast to the water-based colloids,
TisC,Tx in iso-propanol remains intact (as long as Raman spectroscopy is concerned) after
30 days storage (Figure 8 d), which again emphasizes the importance of water rather than
oxygen in MXene degradation processes.

Another argument pointing to the central role of water in degradation of colloidal
MXenes comes from the analysis of oxygen solubility in water and iso-propanol.
According to Battino et al. [41], the mole fraction solubility of O at 298.15 K and 101.3
kPa in water is 2.29 x107°, whereas in iso-propanol it is ~34 times higher (7.82 x107%).

Based on these data, if the main reason for MXene degradation were dissolved O, then the
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process should be much faster in anhydrous iso-propanol where O solubility is higher than
in water. However, the experimental results for the samples saturated with oxygen and kept
under oxygen atmosphere tell the opposite; degradation kinetics do not correlate with the
solution concentration of oxygen, and instead it is clearly sensitive to the presence of water,
regardless of oxygen (see Figures S3 and S4, where the environment was a mix of 20 vol

% iso-propanol and 80 vol % water).
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Figure 7. Stability of TisC.Tx colloidal solutions in different environments over time.
Solid lines represent fits to eq 1.
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Figure 8. Raman spectra of (a) freshly made Ti>CTx in water and iso-propanol; (b)
Ti2CTx—water/O., TioCTx—water/Ar, Ti2CTx—iso-propanol/O, and Ti.CTx—iso-
propanol/Ar after 3 days; (c) freshly made TisC,Tx in water and iso-propanol; (d)
TisCoTx—water/Oz, TisCoTx—water/Ar, TisCoTx—iso-propanol/O., and TizCaTx—iso-
propanol/Ar after 1 month.

Therefore, the main reaction in MXene degradation processes, at least for TisCaTx
and Ti.CTy, is hydrolysis and not direct oxidation by oxygen. Accordingly, to prevent fast
and complete degradation, Ti-based carbide MXenes should be isolated from water in the

first place, and not from oxygen, as deemed before; using deaerated water is less helpful in
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this respect than using aerated anhydrous organic solvent, such as iso-propyl alcohol or
others [22]. The final formation of TiO. in the process of MXene degradation in the
presence of water is most likely a result of several processes, including formation of
amphoteric amorphous titanium hydroxide due to hydrolysis of the MXenes with water
first (similar to what has been proposed by Avgustinik et al. for hydrolysis of bulk TiC
[29]), followed by its polymerization and conversion through several equilibrium steps and
intermediates into TiO> particles. The fate of the MXene carbon atoms during these
transformations still remains unclear. Most likely, carbon atoms of MXenes also undergo
chemical reactions as evidenced by the color of colloids after hydrolysis of MXenes (Figure
3). We have not observed any noticeable release of gas or pressure build-up in the sealed
vials over time. We believe that the carbon is either converted into CO; and stays dissolved
in the liquid phase, partially in the form of carbonic acid HCOs or carbonates, or may form
some more complex organic molecules, such as hydrocarbons, etc. The net hypothetical

chemical reactions can be represented by the following equations:

2Ti5C,0, + 11H,0 = 6Ti0, + CO + CO, + 2CH, + 7H, )
or
2Ti3C,(0OH), + 11H,0 = 6Ti0, + CO + CO, + 2CH, + 9H, ©)

for TisCoTx with two possible types of T. An experimental evidence supporting formation
of CO. and H2COzs is provided by acidification of the MXene aqueous colloids in Oz or Ar
atmosphere that progressed in parallel to MXene degradation (Figure S5). In the reactions
of MXenes with water and isopropanol we cannot exclude formation of more complex

organic molecules, such as aldehydes, alcohols, esters, etc. These reactions can be quite
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complex, taking into account that MXenes may potentially also act as catalysts. Their

detailed analysis is beyond the scope of this study.

5. CONCLUSIONS

In summary, we have studied the stability of TisC2Tx and TioCTx MXenes in water
and water-less colloidal solutions saturated with Oz or Ar, using UV—vis and Raman
spectroscopy. When water and O2 were present together, both MXenes oxidized at an
extremely fast rate with time constants at ~5 days for TisC2Tx and ~7 h for Ti.CTx. When
water or Oz were present separately, the degradation rates decreased, as evidenced by larger
time constants of ~41 days for TisCoTx—water/Ar, ~2026 days for TisCoTx—iso-propanol/
0O, ~2 days for Ti.CTx—water/Ar, and ~7 days for TiCTx—iso-propanol/O.. Presented
data and analysis clearly show that water, and not Oz, plays a key role in the reactions
leading to MXene degradation, and it is water rather than oxygen that MXenes need to be
protected from. These results will have important implications for MXene manufacturing
and storage methods. Moreover, this study indicates the complexity of MXene chemistry,
which still largely remains terra incognita but will certainly play a central role in
developing MXenes for catalysis and adsorption, as well as biomedical, optical,

mechanical, sensing, and electrochemical applications.
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SUPPORTING INFORMATION

Figure S1. Photographs of synthesized TisAIC2 and Ti2AIC MAX phases.
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Figure S2. XRD patterns of synthesized TisAIC, and Ti2AIC MAX phases.
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ABSTRACT

MXenes, a large family of two-dimensional materials that are intensely investigated
for a broad range of applications, are unstable in water, spontaneously forming TiOo.
Several hypotheses have been proposed recently to explain the transformations of MXenes
in aqueous environments based on characterization of solid products and measurements of
solution pH. However, no studies of the gaseous products of these reactions have been
reported. In this work, we demonstrate the use of Raman spectroscopy and gas
chromatography techniques to study the gaseous reaction products of Ti>C, TisC>, TisCN,
and Nb>C MXenes in aqueous environment. Based on the analysis of gases, the reactivities
of MXenes with different monolayer thickness and chemical composition have been
analyzed. We demonstrate the analysis of gases produced during MXene transformations
as a powerful technique that can be used for better understanding of their non-trivial

chemistry.
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1. INTRODUCTION

Two-dimensional (2D) materials have raised significant interest due to their many
outstanding properties. MXenes are a large family of two-dimensional early transition
metal carbides/nitrides discovered in 2011 [1, 2]. MXenes are produced by selective
extraction of group A element atoms (typically Al) from bulk precursor MAX phases using
fluorine-containing etchants. MXenes have a general formula Mn+1XnTx, where n=1-4, M
represents an early transition metal, X is carbon or nitrogen, and T stands for surface
terminations (-OH, -F and -O-) whose fraction in the formula is usually unknown (x) [3].
Because of their 2D structure and outstanding combination of properties [2, 4], MXenes
have demonstrated promise in various applications, such as optoelectronic devices [5],
lasers [6], sensors [7-9], THz wave transmission and communication technology [10, 11],
etc. Although the interest in using MXenes for a broad range of applications is quickly
growing, their basic chemical properties remain largely unexplored. This is particularly
worrying since MXenes, especially in their most commonly used aqueous colloidal state,
are known to be unstable, spontaneously transforming into the corresponding M element
oxides over time, resulting in structure degradation and loss of properties [12-14]. Not
surprisingly, attempts have been reported to protect MXenes against oxidation, particularly
in aqueous solutions [15-17]. However, in most of these reports, only an indirect evidence

(such as electrical conductivity or electrochemical performance) was used to demonstrate
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the suppression of MXene degradation. Although important from practical standpoint,
these indirect evidences of prolonged MXene stability may not reflect the real degree of
chemical transformations in the system. Therefore, the question as to the extent of MXene
degradation, even in the situations when it was reportedly suppressed, still remains open.
Besides practical importance, direct studies of MXene transformations may shed more light
onto currently poorly understood chemistry of 2D transition metal carbides and nitrides.
Whereas the fate of transition metal atoms (most typically titanium) in the processes of
MXene degradation is more or less clear (they end up in the corresponding transition metal
oxides, e.g., titanium oxide), much less is known about the fate of carbon and nitrogen
atoms of MXenes. Some reports mention that the oxidative degradation of TizC> MXene
in aqueous solutions yields titanium dioxide and CO> [18], while other authors believe that
the final products of MXene degradation are TiO> and carbon [12, 13, 17, 19, 20]. And, to
our best knowledge, no reports on the degradation products of nitrogen containing MXenes
have been published so far.

As an example of complex chemistry of MXenes, we have recently shown that in
addition to oxidation, MXenes directly react with water in ambient conditions [21]. This
experimental observation of MXene reactivity towards water in ambient conditions differs
from chemistry of their bulk counterparts — transition metal carbides. The interactions of
bulk carbides with water and aqueous acid or base solutions have received mixed
representation in textbooks and papers. While reports and common inorganic chemistry
textbooks mention that titanium carbide is resistant to decomposition in water as well as
aqueous acid and base solutions [22-24], Avgustinik et al. [25] have reported long ago the

reaction between group IV metal carbides and water yielding hydrocarbons and hydroxides.
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Their results also showed that the extent of the attack by water is limited by 5-30 surface
atomic layers of the carbide, which for a bulk material was properly deemed to be
insignificant. However, such an attack will have dramatic consequences in case of 2D
forms of these carbides where the entire thickness of the monolayer is just several atomic
layers. Thus, traditional knowledge of chemistry of bulk carbides can be misleading if
transferred directly to carbide based MXenes.

Clearly, studying MXene reactivity is important for synthesis, storage, device
fabrication, as well as almost any of their applications. Water colloids are most commonly
used to synthesize, process, and store MXenes, as well as in device fabrication. Hence,
chemical reactivity of MXenes towards water is of great importance and should be studied
further. It is logical to speculate that carbon and nitrogen in the course of these
transformations will finally form gaseous species, probably CH4, CO, CO2, Ny, etc. [21].
However, no experimental confirmation of these products has been obtained whatsoever.

In this work we demonstrate gas analysis as a powerful technique to gain further
insights into chemical reactivity of MXenes. Gases produced during chemical
transformations of Ti,C, TizCo, TisCN, and Nb2.C MXenes in aqueous colloidal solutions
(UV-vis spectra and photographs of these solutions are shown in Figure S1) have been
collected and analyzed via gas chromatography (GC) and Raman spectroscopy. The
degradation rates of the MXenes in water were further investigated depending on their
monolayer thickness within the same chemical composition, as well as depending on

chemical composition of the materials within the same monolayer thickness.
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2. RESULTS AND DISCUSSION

Experiments of three types, referred hereafter as Experiment 1, 2, and 3 (Table 1,
further details are provided in Experimental section and Figure S2 in Supporting
Information), were conducted to collect and characterize the transformation products of
different MXenes in water. Figure 1a shows chromatograms of the corresponding gas
phases collected from Experiment 1 with different MXenes, as well as pure Hz, CO, COo,
and CHj4 gases used as references. Comparison of the retention times allows unambiguous
identification of CH4 as the main gaseous product of the transformations of all four studied
MXenes in water (retention time of CH4 reference in the conditions of our GC experiment
is ~5 min, see Supporting Information for gas analysis and materials characterization
details). This result indicates that carbon in all studied carbide and carbonitride MXene
structures ends up forming CHa during their transformations in water. Because our GC
instrument equipped with thermal conductivity detector is not particularly sensitive to CO>
(Figure 1a), we further investigated evolved gas composition using other techniques.

Raman spectra of the gas phase bubbles produced and collected in sealed glass vials
from Experiment 1 are shown in Figure 1b. The peak at 2331 cm™ represents the symmetric
stretching mode of N2, which probably originates from the small amount of air dissolved
in DI water,[26] while the peaks at 2918 and 3020 cm™ correspond to symmetric and
asymmetric C-H stretching modes in methane, respectively.[27] Surrounding series of
regularly spaced smaller peaks within 2850-3200 cm™ range represent rotational Raman
spectrum of CHgs, as confirmed by the bond length calculation provided in Supporting

Information (Figure S3). Thus, Raman spectroscopy provides further strong support to GC
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observations of methane evolution during the transformations of carbide and carbonitride
MXenes in water. In contrast to previously published hypotheses,[18, 21] no traces of CO
and CO were observed in our experiments either in GC or in Raman, although these

gaseous products would be expected in an oxidative degradation of our MXenes.
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Figure 1. (a) GC analysis of gaseous products of Ti>C, TisC», TisCN, and Nb,C MXene
transformations in water and standard Hz, CO, CO», and CH4 gases. The insets on the
right show enlarged areas of CH4 peak produced in Nb2C degradation and CO: peak of
reference CO; gas. (b) Raman spectra of gas bubbles collected and analyzed in sealed
vials in the course of Ti>C, TizCz, TisCN, and Nb2C MXene transformations in water.

An alternative hypothesis regarding the fate of carbide carbon during MXene
degradation expressed in literature is that it remains in the form of “carbon” [12, 13, 17,
19, 20]. To test this hypothesis and answer the question whether there is any solid carbon
left, we have analyzed solid products of complete MXene degradation from Experiment 2
using Raman spectroscopy. Obviously, the M elements in the final solid products are
anticipated to form the corresponding metal oxides in all our experiments. Accordingly,
Raman spectra of solid transformation products of Ti>C, TisC», and TisCN (Figure 2) show

a strong peak at 150 cm™ along with three other peaks at 395, 510, and 628 cm™,
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respectively, all of which can be assigned to the anatase form of TiO2 [19, 21]. The Raman
spectrum of solid transformation product of Nb.C shows peaks at 120, 231, 681, and 957
cmL, representative of Nb2Os [19, 28]. No peaks have been detected in the range of Raman
shift typical for carbon (1200-1700 cm?), thus ruling out the hypothesis of solid carbon
present in the transformation products of the MXenes. Furthermore, energy-dispersive X-
ray spectroscopy (EDS) also shows no traces of carbon or nitrogen in the solid degradation
products of different MXenes (Figure S4). Thus, we conclude that titanium carbide
MXenes in aqueous environment ultimately transform into TiO2 and CHa, while Nb,C
MXene transforms into Nb>Os and CHa, respectively. These final products are most likely
formed in multistage reactions and detailed mechanisms of their formation still remain
unknown.

Another interesting MXene with respect to its chemistry is carbonitride TizCN,
especially since chemical transformations of carbonitride MXenes have never been studied
before. Similar to carbon, nitrogen in the MXene structure is expected to form gaseous
products. Based on the high strength of the triple bond in N2, a priori there is a high chance
that nitrogen atoms from the MXene structure will form N2 gas. However, apart from CHa,
no accumulation of N2 (besides N2 from air) nor other gases were detected in the reactions
of TisCN with water, neither by GC nor Raman (Figure 1). Another possibility is the
formation of ammonia NHs, which further chemically interacts with water forming
NH4OH. Formation of ammonium hydroxide in the solution must result in the

corresponding increase of pH.
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Table 1. Description of experiments conducted in this study.

Name Brief Description Purpose

10 ml glass headspace vial fully
filled with MXene solution and
_ sealed, kept at 70 °C upside down
Experiment ] _ _ Collect enough volume of gas for GC
with a plastic needle inserted
1 ) measurements
through septum as outlet with the
other end of the needle

submerged in water

1. pH measurements over time
2. Separate supernatant from solid

_ 20 ml closed glass vial filled with | after complete degradation of TisCN
Experiment

5 10 ml solution kept at 70 °C in for ATR FTIR measurements

sand bath 3. Separate solid phases from MXene
solutions after their complete

degradation for Raman measurements

10 ml headspace vial filled with 6
Experiment | ml solution and sealed, then kept Raman measurements of gas phase
3 upside down in an oven at 70, 80, over the time of reaction

and 90 °C, correspondingly

Thus, Experiment of type 2 was conducted and pH values of the TisCN aqueous
solution were recorded over time during its transformation. The solution was kept in a 70
°C sand bath to accelerate the reactions. For comparison, pH values of Ti2C, TisCz, and

Nb.C MXene aqueous colloids were also monitored in same conditions. These pH
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monitoring experiments were repeated 3 times for each MXene and all collected data are
summarized in Figure S5 (Supporting Information). The average pH values shown in
Figure 3a initially drop with time over the first ~20 h in Ti2C, Ti3C2, and TizCN solutions,
perhaps due to release of the intercalated acidic species (HF or HCI) when MXene structure
degrades.[29] The rate of the drop in pH correlates with the MXene degradation rate
(compare curves for Ti>C and TizC in Figure 3a). There is no significant change of pH
during the degradation of Nb2C, perhaps indicating its lower reactivity (also manifested by
a lower rate of methane production, see Figure 4a below) or low concentration of Nb,C
colloidal solution. However, as the reaction progressed beyond 20 h, the pH trend of TisCN
solution turned from drop to growth (Figure 3a) in striking difference to other, carbide
MXene solutions. Therefore, the pH trends support the hypothesis of ammonia formation
during TisCN degradation in water. In the presence of anions ammonium will form the
corresponding ammonium salts, which can be discovered using spectroscopic techniques.
Indeed, bending (1450 cm™) and stretching (3051 cm™) modes[30] of N-H in NH4s" were
observed in addition to H-O-H bending (1645 cm™) and O-H stretching (3494 cm™)
vibrations of water[31] in the attenuated total reflection (ATR) FTIR spectrum of liquid
supernatant collected from TisCN solution after complete MXene degradation (Figure 3b).
These results confirm formation of NHs (or NH4*) during the transformation of TisCN in
water. Moreover, Raman spectrum shows only TiO: in the water rinsed solid degradation
products of TisCN (Figure 2), no solid carbon remains. Thus, the combination of results
from gas, liquid, and solid products analysis, leads us to conclude that the transformation

of the titanium carbonitride MXene in water produces TiO2, CH4, and NHa.
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Figure 2. Raman spectra of final solid transformation products of (a) Ti2C, (b) TisC>, (c)
TisCN, and (d) Nb.C MXenes in aqueous solutions. Dashed vertical lines mark peak
positions of TiO, anatase.
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Figure 3. (a) Averaged pH values of Ti>C, Ti3Cs, TisCN, and Nb.C MXene aqueous
colloidal solutions kept at 70 °C over time. Error bars indicate standard deviations in time
and pH values. (b) ATR FTIR spectrum of liquid supernatant from a fully degraded

TizCN solution.

One of the unique advantages provided by MXenes is that they allow to disentangle

the effects of material composition from the monolayer thickness effects on various
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properties (chemical and others) of 2D materials, thus offering a rare opportunity for
systematic fundamental studies of these effects in their most pure form.[21, 32] To
illustrate the effects of the monolayer thickness and chemical composition of a MXene
monolayer on reactivity of the material, we studied kinetics of transformations of different
MXenes in water using Raman spectroscopy of gaseous decomposition products,
comparing the rates of evolution of their common degradation product, CHg, collected in
conditions of Experiment 3 (Figure 4a, Table 1). Since the amount of air in the closed vials
was fixed and was same for all samples, and assuming that N2 will not react with MXenes,
the amount of CHa divided by the amount of N2 (from air in the vials) gives the relative
amount of CH4 formed in the reaction. Among two titanium carbide MXenes (Ti.C and
Ti3sC2) CHs was produced much faster from Ti>C than from TisC», indicating that the
transformation rate of the 3 atomic layer thick Ti-C MXene is higher than the 5 atomic
layer thick TisC> MXene. Similar relative reactivities of these MXenes have been reported
before.[21] This comparison gives a direct estimate of the effect of monolayer thickness
within the same chemical composition and bonding on the reactivity of the 2D material. In
contrast, both TisC2 and TizCN have 5 atomic layer thick monolayer, but compared with
TisCy, TisCN reacts faster as evidenced by a higher CH4 evolution rate (Figure 4a). In the
structure of this titanium carbonitride MXene N atoms randomly substitute C atoms in X
element sublattice,[33] thus either one acts as defects in the structure of another, and
defected 2D material, as expected, has higher reactivity, perhaps explaining why TisCN
reacts faster than TizC> MXene. This comparison gives a direct estimate of the effects of
composition and defects on chemical properties of 2D materials with the same monolayer

thickness. At this point we should also mention that other factors, such as MXene flake
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size and the extent of exfoliation, presence of M and X vacancies, distribution of surface
functional groups, etc. may also contribute to the differences in chemical reactivity. While
detailed analysis of all these factors is needed in future studies, here we focused on just
first of these factors, the relative differences in flake size and exfoliation extent of MXenes,
measured using Dynamic Light Scattering (DLS) for MXene solutions and Atomic Force
Microscopy (AFM) for dried MXene flakes on silicon (Supporting Information Figure S6
and S7, respectively). The results show that the thickness of our four MXenes is at a similar
level (4-5 nm or ~3 monolayers), while the lateral flake size of Nb,C is smaller compared
with other MXenes. DLS size measurements give consistently smaller diameter values
compared to lateral flake size measured by AFM. This is due to a known limitation of the
standard DLS (which represents particles of any shape by spheres) when it is used for plate-
like colloidal particles of 2D materials; however, the trends in size between our MXenes
extracted from DLS are consistent with the AFM data. With the flake size results in mind,
it is ever more interesting that Nb>C, which is three atomic layer thick monolayer but in
contrast to Ti2C is composed of Nb and C, demonstrates strikingly different degradation
kinetics compared to Ti>C (Figure 4a). In fact, although Nb,C flakes are the smallest, this
material shows the lowest degradation rate among the four studied MXenes, thus indicating
that the chemistry of 2D material not only depends on the monolayer thickness, but also
on its chemical composition and the type of bonding within the monolayer. In this regard,
again, MXenes provide an interesting opportunity for systematic studies of these effects in
their most disentangled form, which was not possible before with any other family of 2D

materials.
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To investigate the role of temperature in MXene transformations, we studied
kinetics of these processes at 70, 80, and 90 °C. The kinetic curves for each MXene at
different temperatures are shown in Supporting Information (Figure S8), while the curves
at the same temperature for different MXenes are shown in Figure S9. The rate constants
calculated from the slopes of the lines fitting the initial parts of the kinetic curves were
further used to produce the corresponding Arrhenius plots (Figure 4b). The activation
energies calculated from the slopes of the Arrhenius plots are 1.62, 5.72, 0.31, and 2.43

kJ/mol for Ti2C, TisCo, TisCN, and Nb2C MXenes, respectively.
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Figure 4. (a) Transformation kinetics of Ti2C, TisC2, TizCN, and Nb2C MXenes in
aqueous solutions at 70 °C. Solid lines represent fits to the corresponding color-coded

equations indicated in the graph. (b) Arrhenius plots for transformations of Ti>C, Ti3Co,
TisCN, and Nb.C MXenes in water.

3. CONCLUSIONS

In summary, analysis of gaseous products resulting from chemical transformations

of MXenes in aqueous environment was demonstrated as a powerful technique to study
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chemistry of these materials. In particular, a combination of GC and Raman spectroscopy
along with solution pH measurements was used as an efficient way to analyze the products
of transformations of four different MXenes, including carbides and a carbonitride.
According to experimental data, CH4 is formed during reactions of carbide MXenes in
water, whereas both CHs and NHsz are formed during transformations of the TisCN
carbonitride MXene in water.

We further illustrate how to use the fundamental advantages provided by MXenes
to disentangle and analyze the effects of monolayer thickness and composition on chemical
properties of 2D materials. Transformation rates of MXenes with common transition metal
in aqueous environment depend on the monolayer thickness and, additionally, are higher
for TiaCN carbonitride compared to pure carbide MXenes. However, two MXenes with the
same monolayer thickness but different transition metals in their structure (for example,
Ti>C and Nb2C) may have vastly different chemical reactivities, thus demonstrating that
chemical properties of 2D materials also depend on their chemical composition and type
of bonding within the monolayer when the monolayer thickness and structure are otherwise
same. In this context the effects of flake size are less important compared to the effects of
monolayer thickness and composition. These results will be important for fundamental
studies into chemistry of MXenes and other 2D materials and will also provide guidelines
for development of many practical applications of MXenes where their stability is of

paramount concern.
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4. METHODS

4.1. SYNTHESIS OF MAX POWDERS

Ti2AlC was synthesized by mixing TiC (typically 2 pm size powder, 99.5%, Alfa
Aesar), Ti (-325 mesh, 99.5%, Alfa Aesar), and Al (-325 mesh, 99.5%, Alfa Aesar)
powders in a0.85:1.15:1.05 molar ratio for 12 h , followed by heating at 10 °C/min to 1400
°C and holding at this temperature for 4 h under Ar flow. TisAIC, was synthesized by
mixing Ti, Al, and graphite (-325 mesh, 99%, Alfa Aesar) powders in a 3:1.1:1.88 molar
ratio for 12 h, followed by heating at 10 °C/min to 1550 °C and holding at this temperature
for 2 h under Ar flow. TisAICN was synthesized by mixing Ti, AIN (10 pm size powder,
98%, Sigma-Aldrich), and graphite powders in a 3:1:1 molar ratio for 12 h, followed by
heating at 10 °C/min to 1500 °C and holding at this temperature for 2 h under Ar flow.
NDb2AIC was synthesized by mixing Nb (-325 mesh, 99.8%, Alfa Aesar), Al, and graphite
powders in a 2:1.1:1 molar ratio for 12 h, followed by heating at 5 °C/min to 1600 °C and
holding at this temperature for 4 h under Ar flow. The resulting samples of MAX phase

ceramics were manually crushed by mortar and pestle.

4.2. SYNTHESIS OF MXENE AND SAMPLE PREPARATION

Synthesis of Ti>C and TizC2 MXenes was described before.[21] The as-synthesized
powder of a MAX phase (Ti2AIC or TizAIC», 0.5g, 325 mesh, particle size < 38 jum) was
slowly added to the etchant prepared by dissolving 0.5 g LiF (97%, Alfa Aesar) in 5 ml of
9 M HCI (36 wt%, Alfa Aesar) in a plastic centrifuge tube. The mixture was stirred for 36

h at 35 °C.
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TisCN MXene was synthesized from TizAICN MAX phase.[34] 0.5 g of TizAICN
powder (325 mesh, particle size < 38 jum) was slowly added to the etchant, prepared by
dissolving 0.8 g LiF in 10 ml of 9 M HCI in a plastic centrifuge tube. The mixture was
stirred for 18 h at 40 °C.

Nb2C MXene was synthesized from Nb>AIC MAX phase. 0.5 g of Nb2AIC powder
(325 mesh, particle size < 38 pm) was slowly added to the etchant, prepared by dissolving
1.0 g LiF in 10 ml of 12 M HCl in a plastic centrifuge tube. The mixture was stirred for 96
h at 60 °C.

After etching, the mixtures were washed with deionized water several times until
the pH of the supernatant reached ~6. MXene aqueous colloidal solutions were obtained
via 30 min room temperature bath ultra-sonication (Bransonic M2800H) followed by 1 h
centrifugation (Thermo Fisher Scientific Sorvall ST8 Centrifuge) at 3500 rpm. DI water
used in this study was not deaerated. The concentrations of the freshly prepared MXene
colloidal solutions were measured by weight after drying 5 aliquots (500 uL each) of the
solution on small pieces of weighing paper and averaging the results. The UV-vis spectra
and photographs of as prepared MXene colloids are shown in Figure S1. Each fresh as-
received MXene colloidal solution was used to carry out Experiments 1-3 as described
below.

For Experiment 1 (Figure S2a), three 10 ml headspace vials (Wheaton, 18mm
diameter) were fully filled with MXene colloidal solutions to the rim to ensure that no air
bubbles remained in the vial and sealed by a threaded cap with septum. A Metcal 22 gauge
polypropylene needle (to avoid potential hydrogen evolution due to reaction of metal

needle with the acidic aqueous liquid) was inserted into each vial through the septum and
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the vials were placed upside down into a large beaker partially filled with DI water so that
the open ends of the plastic needles were submerged into water for the entire duration of
the experiment to prevent air coming into the system while providing outlet for liquid
pushed out of the vials by the evolving gas. The whole setup was placed in a 70 °C oven to
accelerate the reaction. The initial concentrations of different MXenes used in this
experiment were 3.83, 2.80, 3.74, and 1.10 mg/ml for Ti>C, TizCpz, TizCN, and NbC,
respectively.

For Experiment 2 (Figure S2b), 10 ml of each MXene colloidal solution was
transferred into a 20 ml glass vial (Wheaton, borosilicate glass vial with polypropylene
foamed polyethylene lined screw cap) and kept in a 70 °C sand bath until complete
degradation. The pH of the solution was measured every day after the sample was cooled
down to RT. The vial was placed back into the sand bath immediately after pH
measurement. The measurements were carried out until pH of the solution became stable,
indicating complete degradation of the MXene, which was also evident visually. After that,
the dispersions were centrifuged at 4500 rpm for 20 min to precipitate the solids. The
sediment from degradation of each MXene was collected, rinsed with DI water, and
analyzed with Raman spectroscopy. In addition, the supernatant from TizCN degradation
was collected and analyzed in liquid form by ATR FTIR. The initial concentrations of
different batches of MXenes used in this experiment are shown in Figure S5 (Supporting
Information).

For Experiment 3 (Figure S2c), 6 ml of each MXene solution were transferred into
a 10 ml headspace vial, sealed, and placed upside down to prevent gas escape through the

cap. These vials contained around half volume of ambient air in addition to MXene
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colloidal solution. The vials were stored at 70, 80, and 90 °C, correspondingly, in an oven
and Raman spectroscopy was used to analyze gas phase directly through the walls of the
vials over time without opening them upon cooling to RT. After the measurement, the vials
were immediately returned back to the oven at the corresponding temperature until the next
measurement (typically on the following day except T.C MXene that was measured every
2 h). The initial concentrations of different batches of MXenes used in this experiment are

shown in Figure S8 and S9 (Supporting Information).
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Figure S2. Schematics of (a) Experiment 1, (b) Experiment 2 and (c) Experiment 3.

CHARACTERIZATION

Gas collected due to transformations of Ti2C, TizCz, TisCN, and Nb>C MXenes in
water from Experiment 1 was analyzed with a Thermal Scientific Trace-1300 gas
chromatograph equipped with a fused silica capillary column (Carboxen 1006 PLOT,
length 30 m, diameter 0.53 mm and 30 pm thickness) and a thermal conductivity detector
(TCD). Helium was used as the carrier and reference gas, with the flow rate 4 and 4.3
ml/min, respectively. Other parameters of GC analysis: purge flow 5 ml/min, oven, TCD
detector, and TCD filament temperatures 35, 230, and 280 °C, respectively. For each
measurement, 0.1 ml of gas was manually injected with 1 ml gastight syringe (Hamilton).

Raman spectroscopy was performed to analyze the gas phase composition in the
vials in Experiment 1 and 3 without opening the vials. Renishaw InVia confocal Raman
micro-spectrometer with 532 nm laser and a 1200 | mm™ grating was used for spectra

acquisition. 20x objective was employed to record spectra for Experiment 1 and 5x
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objective for Experiment 3. The laser beam travelling through the glass wall of the vial was
carefully focused inside the gas bubble using confocal microscope. The Raman spectra of
the gas were acquired with 20 s exposure time, 100% of laser power and 10 accumulations.
The Raman spectra of solid products collected from Experiment 2 were recorded with 532
nm laser, 100x objective and a 1200 | mm™ grating. The spectra of the solid products were
acquired with 10 s exposure time, 5% of laser power (to minimize their laser induced
damage) and 20 accumulations.

UV-vis spectra of Ti2C, TisCz, TisCN, and Nb2C MXene colloidal solutions were
recorded in a quartz cuvette (1 cm optical path length) in the wavelength range of 400—900
nm using a fiber optics QE Pro UV—vis spectrometer (Ocean Optics).

Elemental maps of the MXene solid degradation products were produced using
SEM-EDS. The SEM images and EDS maps were acquired with an FEI Helios Nanolab
Dual-beam microscope at 20 kV accelerating voltage and 5-8 mm working distance.

Attenuated total reflection (ATR) FTIR spectrum of dissolved degradation products
of TisCN MXene was recorded in the range 500-4000 cm™ from a drop of solution directly
applied on the surface of the ATR crystal using Nicolet iS50 FT-IR spectrum analyzer.

pH measurements were conducted using a METTLER TOLEDO S30 SevenEasy

pH meter equipped with a Fisher Scientific accumet (Catalog No. 13-620-631) electrode.

BOND LENGTH CALCULATION FROM ROTATIONAL RAMAN SPRCTRUM
OF GAS PHASE

The bond length of CH4 was calculated from Raman rotational spectrum (Figure
S3) using the moment of inertia of a spherical rotor and mass of H atom according to the

equation [35]:
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_8 2
where my is the mass of H atom in kg, R is the bond length of CH4 in m, I is the moment
of inertia of a spherical rigid rotor representing CHa, which can be calculated using the

equation:

—_n (2)

~ 8m2cl
where B is the rotational constant in m ™1 that is measured directly from the experimental
rotational spectrum where the peaks are spaced by the amount equal 4B, as shown in Figure
S3,[36] h is the Planck constant, and c is the speed of light.

Using this procedure, the calculated bond length is 1.09 x 1071% m, perfectly

matching the known C-H bond length in methane.[37]
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Figure S3. Raman spectrum of the gas phase collected from Ti>C colloidal solution in
water.
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Figure S4. EDS and SEM of solid degradation products collected from (a) Ti>C and (b)
Ti3CN aqueous colloidal solutions upon complete MXene degradation.
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Figure S6. DLS particle size (diameter) in (a) Ti2C, (b) TizCz, (c) TisCN, and (d) Nb2C
aqueous colloidal solutions.
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Figure S7. AFM images and line scan profiles for (a) Ti2C, (b) TizCz, (c)TisCN, and (d)
Nb>C flakes deposited from their freshly prepared aqueous colloidal solutions deposited
and dried on Si wafers. Scale bars are 1 jm.
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Figure S8. Degradation kinetics of (a) Ti2C, (b) TisCo, (c) TisCN, and (d) Nb2C MXenes
in aqueous solutions at 70, 80, and 90 °C. Solid lines represent fits according to the
corresponding linear or exponential fits. Initial concentrations of MXene solutions are
indicated for each experiment.
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Figure S9. Degradation kinetics of Ti>C, TizCz, TisCN, and Nb2C MXenes in agqueous
solutions at (a) 70 °C, (b) 80 °C, and (c) 90 °C. Solid and dash lines represent the
corresponding color coded linear (all MXenes) or non-linear (in case of TisCN) fits.
Initial concentrations of MXene solutions are indicated for each experiment.
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ABSTRACT

Two-dimensional transition metal carbides (MXenes) have attracted a great interest
of the research community as a relatively recently discovered large class of materials with
unique electronic and optical properties. Understanding of adhesion between MXenes and
various substrates is critically important for MXene device fabrication and performance.
We report results of direct atomic force microscopy (AFM) measurements of adhesion of
two MXenes (TisC2Tx and Ti2CTx) with a SiO2 coated Si spherical tip. The Maugis-
Dugdale theory was applied to convert the AFM measured adhesion force to adhesion
energy, while taking into account surface roughness. The obtained adhesion energies were
compared with those for mono-, bi-, and tri-layer graphene, as well as SiO> substrates. The
average adhesion energies for the MXenes are 0.90+0.03 Jm 2 and 0.40 +0.02 ] m™2 for
thicker TisC,Tx and thinner Ti>CTyx, respectively, which is of the same order of magnitude

as that between graphene and silica tip.
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1. INTRODUCTION

A large family of two-dimensional (2D) transition metal carbides and nitrides
(MXenes) have emerged over the past few years as a class of materials with superior and
highly tunable electronic and optical properties [1, 2]. These properties render MXenes
prospective materials for supercapacitors [3, 4], Li-ion and beyond Li-ion batteries [5, 6],
triboelectric generators [7], photonic diodes and Q-switched lasers [8], sensors [9, 10],
composites [11, 12], etc. More than 20 different MXenes have been synthesized by
selective A element extraction with fluorine-containing etchants from bulk ternary
compounds known as MAX phases [1, 13]. MXenes have a general formula Mn+1XnTy,
where M represents an early transition metal (Ti, Zr, V, Nb, Ta, Cr, Mo, Sc, etc.), X is
carbon or nitrogen, and n is an integer. T denotes the terminating functional groups
(fluorine, hydroxyl, and other oxygen-containing groups) attached to M Xene basal surfaces
during synthesis [14-16]. Among experimentally available MXenes, TisCoTx and
Ti,CTy are some of the most widely investigated. MXenes are intrinsically hydrophilic and
yet, they have demonstrated higher electrical conductivity than solution processed
graphene [17]. In addition, their exceptional electrochemical properties show great promise
for flexible electronics and planar devices [18]. There are studies on MXene dispersions in
organic solvents for incorporation into polymers, inks, etc [19]. As researchers move closer
to device fabrication, adhesion to different materials, as well as other mechanical properties
of MXenes become of greater importance. There is a handful of published data on the
mechanical behavior of MXenes. Theoretical calculations using molecular dynamics (MD)

have predicted the Young’s modulus of 597 GPa for bare Ti2C and 502 GPa for bare TizC>
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MXenes [20], whereas a recent experimental AFM indentation study of a single suspended
TisCoTx MXene flake reported the value of 333 +£30GPa [21]. Although no other
experimental data for TisCoTx or TioCTx are available for comparison, the agreement
between MD derived and experimental Young’s modulus is fairly good, taking into account
the defective structure and surface terminations in real MXene samples that have not been
captured in the simulations. MD modeling has also predicted a high bending rigidity of
MXenes compared to single atomic layer 2D materials like graphene and hexagonal BN
[22], an important result for the development of sensing applications of 2D materials.
However, to our knowledge, no theoretical or experimental studies of adhesive properties
of MXenes have been reported to date.
Nanoindentation has been widely used to characterize adhesion of thin films [23-
25]. In recent years, the adhesive interactions of monolayer and a few layer 2D materials
have been intensively investigated. One of the important questions is to understand how
the properties, in particular adhesive strength, change when transitioning from bulk to 2D
form of a material. Answering this fundamental question will require systematic studies of
the property (e.g., adhesive strength) while varying the thickness of a material without
changing its atomic composition or type of bonding within the material. From this
standpoint, the MXenes family represents another unique and still widely underutilized
advantage, allowing to systematically change the thickness of the monolayer without
changing the type of bonding or elemental composition of the material (e.g., going from
TioC to TisCo to TisCs, etc. within the same family of titanium carbide MXenes). Other 2D

materials have fixed monolayer thickness and thus would not allow the systematic study
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of a property as a function of their monolayer thickness disentangled from other variables,
such as elemental composition, chemical bonding, etc.

In this work, AFM was used to measure the adhesive properties of two MXenes
(TisC2Tx, TiCTy), as well as the mono-layer, bi-layer, and tri-layer graphene interacting
with the oxidized silicon tip. The force-displacement responses were evaluated and
compared. The measured adhesion force was converted into the adhesion energy using the
Maugis-Dugdale [26] theory and taking surface roughness into consideration. The
experimentally measured adhesion energy between TisC,Tx and SiOz is 0.90 +0.03 J m 2,
which is higher than that of Ti,CTx (0.40 +0.02 J m2), thus the monolayer thickness was
found to have a significant effect on the adhesion energy. However, in contrast to our
experimental data for graphene, the number of MXene monolayers in a stacked MXene

structure was found to have little impact on the adhesion energy.

2. RESULTS

2.1. SURFACE PROFILE

The surface roughness of the two types of MXene flakes was characterized using
AFM scans in tapping mode with a 3 nm radius tip as shown in Figure.1a. The RMS values
for the MXene flake (Figure. 1b) are almost same as for SiO; surface, indicating that
MXene flakes are very thin and conform closely to the substrate.

Typical line scans for MXene films of different thicknesses are shown in Figure.
2a for TisCoTx and Figure 2b for Ti.CTx. The sharp changes in height at both sides of the

line scans indicate the edges of the flakes. The horizontal length of the curves’ plateaus
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gives the average size of the MXene flakes between the two edges. The average RMS
values for TisCoTxand TiCTx films (excluding the potentially oxidized edges) with
different thicknesses were calculated and presented in Figure 2c, d, respectively. Compared
with the corresponding average thickness, the RMS values are relatively low (59-70 pm
for TizCaTx, 69-87 pm for Ti.CTyx) and within 5% of the corresponding thickness (compare
top and bottom panels in Figure 2), indicating relatively flat MXene surfaces. As follows
from Figure 2c, d, no clear thickness (i.e., the number of MXene monolayers) dependency
was observed for the measured RMS values of the MXene films. The average RMS values

were used in calculating the adhesion energies (below).
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Figure 1. (a) Schematic representation of AFM indentation experiment, (b) AFM image
and surface profile along the white line across the TizC>Tx flake deposited on SiO> coated
Si substrate.
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Figure 2. AFM line scans (a, b) and corresponding RMS values (c, d) for TizC,Tx and
Ti>CTx films of different thicknesses. Horizontal dash lines in bottom panels represent
the average RMS for TisC,Tx and Ti.CTyx, which were used in adhesion energy
calculations. Error bars represent standard deviations in RMS values.

2.2. FORCE-DISPLACEMENT RESPONSE

A typical force versus displacement response for tip approach and withdrawal
measured on 5-monolayer TisCoTx sample is shown in Figure 3a. At the start of the
experiment, the AFM tip was at a large distance from the sample surface. As the tip
approached the sample surface (I) (indicated by the black line starting from the left side of
the graph), a slowly increasing negative force (adhesion) was measured. At a certain

displacement value (II), the “jump-in”” phenomenon was observed resulting from sudden
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bending of the AFM cantilever towards the sample surface as the adhesion reached its local
maximum. After this, the AFM cantilever bending reduced with the continued
displacement of the cantilever towards the sample until there was no negative load on the
cantilever (at this point the cantilever is not bent) and the tip was in firm contact with the
surface—this corresponds to the zero-displacement point (111); from here the indentation
process begins upon further increase of displacement (IV). During the indentation stage,
the tip experienced a positive force on it since the cantilever bends out of the sample surface

(compare cartoons IV and I1).
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Figure 3. Force versus displacement graphs: (a) approach and withdrawal for 5-
monolayer TisC,Tx sample and cartoons illustrating relative positions of the tip and the
sample during different key stages of the AFM indentation
process, (b) approach, (c) withdrawal for different samples.
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In the withdrawal process starting from the rightmost part of the graph in Figure 3a
(indicated by the red line), the force on the tip reduced during the tip retraction. At 0 nm
displacement (i.e., zero-displacement point), there is now a pulling force acting on the tip,
which is balanced by its adhesion to the sample. When the displacement becomes slightly
negative upon further withdrawal, the tip still adheres to the sample, resulting in cantilever
bending towards the sample again (V). As the tip withdrawal continues, adhesion force
approaches its maximum value before the tip “jumps-oft” the sample surface (V to VI),
turning the force acting on the cantilever into zero. The maximum adhesion force measured
in point V (—1.11 uN in Figure 3a) was then used to calculate the adhesion energy between
the tip and sample surface.
For all samples, the adhesion forces measured during the tip approach (—0.02 to
—0.42 uN, Figure 3b) are generally lower than those recorded in the withdrawal stage (—0.5
to —1.56 uN, Figure 3c). The maximum adhesion force measured between the tip and
monolayer graphene is much lower than that for bi-layer or tri-layer graphene (Figure 3c).
However, in contrast to graphene adhesion, no number-of-monolayer dependency of the
maximum adhesion force was found for the MXene films. The maximum values of
adhesion force are higher for TisCaTx (1.07 uN) than those for Ti2CTx (0.53 uN). The
“jump-off” (V to VI) observed for graphene, as well as MXene samples describes adhesion
with a large interaction range, which may be a sign of the capillary force effect. Similar
findings were reported in the nanoindentation experiments conducted on the surface of
graphene [27]. The jJump-off instability is worth mentioning at this conjunction as it might
affect the accuracy of the measurements. However, this concern was eliminated by an

accuracy analysis comparing the cantilever stiffness with the adhesion gradient during the
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experiment (Supplementary Note 1 and Supplementary Figure 1). More force versus
displacement data are provided in Supplementary Figure 2. The average adhesion forces

along with standard deviations for all samples are plotted in Supplementary Figure 3a.

2.3. ADHESION ENERGY

The adhesion energy was calculated from the measured “jump-off” (or maximum

adhesion) force using the Maugis—Dugdale theory [28],

Fy
W=7 (1)

where W4, IS the adhesion energy per unit area, F,q, IS the maximum adhesion force
measured during the withdrawal stage, Ry, is the tip radius and 4 is an effective coefficient

that depends on the model and data used (A=1.613 for SiO., 1=1.587, 1.543, 1.543 for
mono-, bi-, and tri-layer graphene, correspondingly, 2=1.560, 1.558 for 1-monolayer and
15-monolayer TizC2Tx, and 1=1.602, 1.602 for 1-monolayer and 19-monolayer Ti>CTyx,
correspondingly, see Supplementary Note 2). To account for the roughness effect, the tip
roughness (RMS = 180 pm provided by the vendor, Novascan, Inc.) and the average surface
roughness of SiO- (65 pm), graphene (58 pm, 60 pm and 63 pm for mono-, bi- and tri-layer
graphene, respectively) and MXenes (64 pm and 78 pm for TisCoTx and TiCTy,
respectively), all shown in Supplementary Figure 3b, were employed using the modified
Rumpf model [28, 29]. The actual adhesion energy is:
(1) (1)

Fadn
Wadh:( , ) T
/Riip (1 Riip > +<1 +1‘48Rtip-RMS)_2

1.48R iy RMS Zy

)
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where Ry, is the RMS value for the sample surface, Ry, rvs is the RMS value for the tip

and Z, is the equilibrium separation of two surfaces. In our experiments, the equilibrium

separation Z, is defined as zero-force distance between the surface of SiO; tip and the

sample surface, which was estimated to be 0.3 nm [30]. All adhesion energies in this work

were calculated according to Eqg. (2). The histograms of the adhesion energy between all

sample surfaces including SiO2/SiO., graphene/SiO2, TizC,Tx/SiO2, and Ti2CTx/SiO> are

presented in Figure 4. Gaussian fitting was applied to obtain the average adhesion energy

and standard deviations for each specimen.
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We compare all measurements and plot the average adhesion for each type of
interactions in Figure 5. The average adhesion energy for SiO2/SiO2 (0.40+0.01 I m™2) is
fairly close to the value obtained for piranha solution treated Si wafer by Na, et al.

(0.33+£0.01 Jm2) [30].
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Figure 5. (a) Adhesion energy for all measured samples (since adhesion energy of
TisC. T« and Ti.CT, thin films is independent of the film thickness, MXene films with

different number of monolayers are represented by one symbol in the graph), (b) average
adhesion energies with error bars indicating standard deviations.

The adhesion energies of SiO2 with mono-layer, bi-layer, and tri-layer graphene are
0.58+0.02, 1.36+0.02, and 1.33+0.03 Jm2, respectively, indicating the number-of-
monolayer dependence. This experimental dependence shows that adhesion energy of
graphene with SiO; initially increases when going from mono-layer to bi-layer graphene
and then stays constant when the number of graphene monolayers in the stack is increased
to three. Similarly, a small increase in normal pull-off force that was more pronounced

when going from 1 to 2 stacked graphene layers and less pronounced for a larger number
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of layers, has been predicted by modeling [31]. However, this trend was “not observed in
experiments possibly due to the experimental uncertainty” [31]. Another relevant paper on
the number-of-layer effect on adhesion of graphene [32] mentions the opposite trend
(measured by blister method), which also ceases when the number of graphene layers
exceeds 2. There are also studies mentioning no number-of-layer effect on the pull-off
force of graphene [33]. This broad spectrum of literature results may indicate the
challenges associated with experimental measurements, as well as the differences between
the measurement techniques (for example, the blister method inevitably measures the effect
of shear force between the material and substrate along with adhesion), and differences in
graphene sample preparation (mechanically exfoliated versus CVD graphene) [32].
However, for the purposes of our study it is important that: (i) modeling predicts a slight
increase in the adhesion with a number of graphene monolayers [31], while it is not easy
to explain the trend in opposite direction [32]; and (ii) both modeling and experiments
(even those where oppositely directed trend was observed) converge on that the number-
of-layer trend for graphene ceases when this number exceeds 2-3, i.e., when the distance
between the top-most and the bottom-most graphene layers is ~0.7—1 nm.

The average adhesion energy of the monolayer graphene measured in this work
(0.58+0.02Jm™®) is close to the results of Jiang and Zhu (0.46 +0.02 Jm2) [23] and
Torres et al. (0.57 I m2) [34]. The small differences between these results are possibly due
to different methods of graphene synthesis or different measurement methods. Jiang and
Zhu measured graphene sample prepared by mechanical exfoliation, while CVD graphene
was used by Torres et al. Here, we use an AFM experiment similar to Jiang and Zhu [23],

while Torres et al. [34] measured using the nanoparticles method. Due to differences in
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sample preparation approaches, as well as adhesion energy measurement techniques, the
authors could not provide explicit or definite reasons for the slightly higher adhesion
measured in this work as compared to different literature data.

The average adhesion energy measured between SiO2 and 1-monolayer TizCoTx is
0.90+0.03Jm™2, which is about twice that between SiOzand 1-monolayer
Ti2CTx (0.40+0.02 J m2), and larger than that between SiO, and monolayer graphene. At
the same time, the average adhesion energy between SiO2 and 1-monolayer Ti.CTx is less
than between SiO. and monolayer graphene (Figure 5). Since surface chemistry of
TisCoTx and Ti2CTy is very similar as verified by the X-Ray photoelectron spectroscopy
(XPS) (Supplementary Note 3 and Supplementary Figure 4), we ascribe this result as
mostly due to the monolayer thickness differences between the two MXenes (0.94 nm for
TisC2Tx and 0.67 nm for Ti2CTy, respectively, calculated from X-Ray diffraction (XRD)
data in Supplementary Figure 5 and density functional theory optimized geometries in
Supplementary Figure 6). Although there was a clear monolayer thickness dependence of
adhesion between each of the two MXenes and SiO», we did not observe any number-of-
monolayer (or sample thickness) dependency (Figure 3b, ¢, Figure 5a and Supplementary
Figure 2c, d). Details of the variation of measured adhesion energies among MXenes with
different thickness and from different batches can be found in Supplementary Note 4,
Supplementary Table 1, Supplementary Figure 7, and Source Data. We hypothesize that
the absence of the number-of-monolayer dependence for MXene stacks may be due to a
large interlayer spacing (Supplementary Figure 5, 6), which is several times more than the
interlayer spacing in stacks of graphene. This large interlayer spacing in MXenes limits the

experimentally measured adhesion by only the topmost (closest to the tip) layer
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contribution, preventing adhesive interactions between the underlying MXene layers and
the tip. Referring to the above discussion on a number-of-monolayer dependence of
adhesion for graphene, which ceases after 2-3 graphene monolayers in the stack (see also
our experimental data in Figure 5), we find that the distance at which this dependence
ceases in case of stacked graphene is close to the thickness of either TisCyTx or
TioCTx monolayers. It is, therefore, not surprising that no number-of-monolayer trend was
observed here for the MXene samples, since their monolayer thickness and interlayer

spacing are larger than those of graphene.

3. DISCUSSION

The adhesion energies between SiO» coated Si tip and two types of MXenes were
measured for the first time using AFM with a spherical tip and compared to adhesion
energies between the same tip and mono-layer, bi-layer, and tri-layer graphene. The
measured values are 0.90 + 0.03 J m 2 and 0.40 + 0.02 T m 2 for TisC2Tx and Ti2CTx, which
are in the range of adhesion between SiO2 and graphene monolayer. A higher adhesion
energy between SiO, and TisC,Tx can be attributed to a thicker monolayer of this MXene
compared to that of Ti2CTx. This observation provides the first illustration of how MXenes
can be used to study the fundamental effects of monolayer thickness, disentangled from
other factors, on mechanical properties of 2D materials. In contrast to graphene, no
number-of-monolayers dependency was observed in this study for adhesion energy of
multilayer MXene stacks, which we ascribe due to a larger interlayer spacing and

monolayer thickness of the MXenes. The role of surface chemistry in adhesion interactions
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of MXenes with SiO2 and other substrates still remains unclear, but potentially it can be
used to control the adhesion in the future, provided we could better understand MXene

chemistry and tailor the functional groups terminating MXene surfaces.

4. METHODS

4.1. ATOMIC FORCE MICROSCOPY (AFM)

AFM (Digital Instruments Nanoscope I11A) was conducted under the ambient
conditions as illustrated in Figure 1a. Thin films of graphene and MXene were mounted on
the silicon substrate with a thin (~300 nm) layer of spontaneously formed silicon oxide.
Surface profiles were measured using the tapping mode with a 3-nm radius silicon tip. The
static eliminator (Static Sensing lonizer, Keyence®) was used to neutralize any interfering
electrostatic charges on the sample and/or AFM tip [35]. A 500-nm radius colloidal silicon
tip with silicon dioxide (SiO2) surface was used to measure adhesive behavior of the
samples. SEM images of the microsphere AFM tip are provided in Supplementary Figure
8. The probe was calibrated before and after each experiment using the AFM grating to
ensure that no damage to the probe occurred during the experiment. For each MXene flake,
three measurements were conducted on the grid areas as illustrated in Supplementary
Figure 9a. As for graphene, nine measurements were performed on one flake due to a larger
area of graphene flakes compared to MXene flakes. For further details and discussion of
between the samples variations see Supplementary Note 4, Supplementary Table 2, and

Source Data. The cantilever stiffness provided by the supplier (Novascan, Inc.) was
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~2 N'm™L. The force-displacement responses for the approach and withdrawal stages were
recorded and analyzed.

The typical adhesive interaction of thin films involves the van der Waals, capillary,
and electrostatic forces [36]. The capillary force is usually induced by water bridging the
sample and tip surfaces [37, 38]. We did check the effect of moisture by conducting AFM
experiments with TisC.Tx while varying the relative humidity (RH, Supplementary Figure
10). The maximum fluctuation of the adhesion force is within 5% of the average value for
TisCoTx. These results show no significant humidity effect when RH is lower than 24%.
We have also checked adhesion force versus time in air at room temperature to investigate
the effect of sample oxidation. Supplementary Figure 11a shows that the adhesion force
stays constant within the first 48 h. The corresponding AFM images (Supplementary
Figure 11b) do not show any changes in the MXene surface morphology. After 48 h, the
measured adhesion force drops dramatically accompanied by the visible changes in the
AFM images, demonstrating signs of MXene oxidation (formation of TiO; etc.). This
indicates that the drop in adhesion force for TizC2Tx after 48 h exposure to ambient air is
due to chemical changes of the MXene, emphasizing the need to work with freshly
prepared MXene samples, which was always properly taken care of in this study: all
MXene samples were measured within no more than 12 h from their preparation and

drying.
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4.2. SYNTHESIS OF GRAPHENE AND PREPARATION OF GRAPHENE
SAMPLES ON SILICON WAFERS

Large-area monolayer graphene was grown by chemical vapor deposition (CVD)
on 2 x 10 cm copper foils (Alfa Aesar, CAS: 7440-50-8, LOT No. P17D009). During this
process, gas species were fed into the reactor flow over the 25 um thick piece of copper
foil, where hydrocarbon precursors decomposed to carbon radicals at the copper surface
and then formed monolayer graphene [39].

To prepare the multilayer graphene, a copper foil with graphene on top was spin-
coated with a layer of polymethyl methacrylate (PMMA) (3000 rpm for 30 s) [40]. The foil
was then etched away in 0.2 mol L™ FeClz and 0.2 mol L™ (NH4)2S20s for 2 h [41]. The
remaining graphene/PMMA was cleaned with deionized water, transferred onto freshly
synthesized graphene on copper foil and heated at 50 °C in dry air to remove water. After
another copper foil etching process, the graphene/graphene/PMMA sample was obtained.
The tri-layer graphene was prepared by repeating this procedure. The graphene/PMMA,
graphene/graphene/PMMA and graphene/graphene/graphene/PMMA samples were then
transferred onto target Si (111)/SiO; substrates and baked at 120 °C for 15 min. Prior to
transfer, Si substrates were cleaned by 30 min bath sonication in acetone and hydrophilized
in piranha solution (3 mL 30% H202 slowly added to 9 mL 98% H2SO4) for 24 h, followed
by thorough rinsing with deionized water. Finally, PMMA was removed using acetone
solution, yielding a sample of graphene on the Si/SiO> substrate. The residue of polymer

film was etched away at 400 °C in hydrogen [27].
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4.3. SYNTHESIS OF MAX PHASES

TisAlIC, was prepared by pressureless synthesis method [42]. The initial powders
of titanium (-325 mesh, 99%, Alfa Aesar), aluminum (-325 mesh, 99.5%, Alfa Aesar), and
graphite (-325 mesh, 99%, Alfa Aesar) were ball-milled in 3:1.1:1.88 molar ratio in a
polyethylene jar for 12 h at 100 rpm. Afterwards, the mixture was sintered at 1550 °C for
2h in Ar flow in an alumina boat using a tube furnace (GSL-1800X -KS60-UL, MTI
Corporation). For Ti2AIC synthesis, the initial powders of titanium carbide (typically 2-
micron size, 99.5%, Alfa Aesar), titanium (-325 mesh, 99%, Alfa Aesar), and aluminum (-
325 mesh, 99.5%, Alfa Aesar) were ball-milled in a molar ratio of 0.85:1.15:1.05. The
mixture was then heated at 1400 °C for 4 h under Ar flow in an alumina boat. The resulting

ceramics were manually crushed into powders using mortar and pestle.

4.4. PREPARATION OF MXENE THIN FILMS ON SILICON WAFERS

TisC2Tx MXene was synthesized by selective etching of Al from TisAIC; [43]. The
etching was done by slowly mixing 0.3 g of TisAlC2 (-325 mesh, particle size <45 pm) to
the etchant, prepared by dissolving 0.3 g LiF in 6 mL of 6 M HCI in a 50 mL plastic
centrifuge tube. The mix was stirred for 24 h at room temperature, followed by repeated
washing with deionized water and centrifugation until the pH of supernatant reached 5.5—
6.0.

Ti3C2Tx aqueous colloidal solution was obtained via 5 min hand-shaking followed
by 1h centrifugation at 3500 rpm. Ti3C:Tx thin films on Si were prepared from the
concentrated TisC>Tx colloidal solutions via interfacial film deposition method [8]. In order

to prepare MXene thin films, 50-300 uL of TisC>Tx colloidal solution was mixed in 50 mL
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DI water together with 3-6 mL toluene added during 15 min of vigorous stirring. The
dispersion was then poured directly into a beaker filled with 400 mL DI water and with a
few pieces of pre-cleaned Si wafers placed at the bottom. After ~20 min standing still, the
TisCoTx film was self-assembled at the interface between water and toluene, and then the
pieces of Si wafers were slowly lifted up from the solution through the interface, catching
the interfacial MXene film. Finally, the MXene coated Si wafers were dried for 12 h in Ar
flow at room temperature to avoid oxidation. Ti2CTx colloidal solutions, as well as thin
films were obtained using same methods, except the MAX phase in this case was Ti,AlIC
(-325 mesh, particle size <45 pm) and the MXene (Ti2CTy) film drying time was 4 h in Ar
flow at room temperature.
By adjusting the concentration of MXene colloidal solution during sample
preparation, MXene films with different thicknesses were deposited ranging between 1.4
to 26.9 nm. The adhesion measurements were carried out immediately after the films were

dried.

4.5. MOISTURE AND OXIDATION EFFECTS

To investigate the moisture effect on adhesion measurements, three
TisC,Tx samples after initial drying (12 h in dry Ar flow) were placed into a closed chamber
with P20s, where RH was monitored with CECOMINODO046940 monitor (Hyelec). The
samples were removed for adhesion measurements when RH reached 24%, 21%, 18%,
15%, 12%, 9%, and 6% (Supplementary Figure 10). To investigate the effect of oxidation
on adhesion measurements, adhesion forces and AFM images were obtained for three

TisCoTx samples exposed to air for 24-96 h (Supplementary Figure 11).
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4.6. RAMAN SPECTROSCOPY CHARACTERIZATION

Raman spectroscopy was conducted using a Horiba LabRAM ARAMIS
spectrometer with 632.8 nm laser. Supplementary Figure 9b, ¢ show Raman spectra of
TisCoTx and TioCTx MXenes on Si and on cover glass. The peaks at 520 cm ™ recorded
from MXenes deposited on Si wafer belong to Si. The MXene samples show characteristic
Raman peaks of TizC2Tx at 206, 270, 374, 605, and 718 cm™* [44-46], and of Ti.CTx at 200,
300, 409, and 608 cm ™t [47], respectively. All the peaks originate from Ti—C bond
vibrations that are also present in the Raman spectra of respective parent MAX phases
published in literature [48].

Graphene is usually characterized by G band at ~1600 cm* and 2D band at
~2650 cm™t. Raman spectra of our graphene transferred samples exhibited typical
characteristics of high-quality graphene: for monolayer graphene the 2D/G intensity ratio
is ~2.21 and a full-width at half maximum (FWHM) of 2D band is ~27 cm™* [49]. The
2D/G ratio and FWHM for the bi-layer graphene are 1 and 52 cm™%, and for the tri-layer

graphene, these values are 0.5 and 63 cm* [50] (Supplementary Figure 9d).

4.7. X-RAY DIFFRACTION CHARACTERIZATION

The structures of TisC2Tx and Ti2CTx MXene thin films were characterized using
X-Ray Diffraction (XRD, PANalytical, Phillips MPD) with Cu K<o> radiation

(A=1.5406 A) at U=45 kV, =40 mA.
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4.8. X-RAY PHOTOELECTRON SPECTROSCOPY CHARACTERIZATION

X-Ray photoelectron spectroscopy (XPS) measurements of TisCoTx and
TioCTx MXene thin films were performed using a KRATOS AXIS 165 X-Ray

photoelectron spectrometer with a monochromatic Al X-Ray source.

4.9. CALCULATION OF THE NUMBER OF MXENE MONOLAYERS

The local number of MXene monolayers in our samples was calculated from a
combination of AFM and XRD data as follows. The (002) peaks for TizC,Tx and
TioCTy are at 20=5.9826=5.98°, and 6.48°6.48°, respectively (Supplementary Figure 5).
According to Bragg’s Law 2dsin0=nA2dsin6=nA, the corresponding d-spacing values are
1.48 nm and 1.36 nm [51, 52], which are sums of the thickness of MXene monolayer and
the interlayer spacing. Therefore, the number of MXene monolayers in different thin films
can be calculated as the local AFM measured thickness of the films (Figure 2) divided by

the corresponding d-spacing values (Supplementary Figure 6).

DATA AVAILABILITY

Data available on request from the authors.
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SUPPORTING INFORMATION

SUPPLEMENTARY NOTES

Supplementary Note 1: Accuracy Analysis of Adhesion Measurements. The
jump-off instability has been the main concern when using AFM to measure adhesion
forces. To avoid the unstable jump-off, the adhesive force gradient between the spherical

tip and sample surface should be much greater than the spring stiffness of the AFM
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cantilever [53]. Here, we calculated the force versus displacement and obtained the force
gradients for each type of specimen approaching the maximum adhesion. These values
were compared with the slope of the cantilever’s spring constant (2 N m™) to demonstrate
the accuracy of the adopted method.

The pairwise interaction energy between the atom on the tip and the atom on the
sample surface was assumed in the form of Lennard-Jones potential:

WLJ(’”):-%+%- (1)

Integration of Eq. (1) gives the interaction energy per unit area between the sample

surface and the tip, E (see supporting information of reference 2) [23]:

 Brz o1z
E=y [5 (%) -:(%) ] ’ (2)
where Z, is the separation between tip and sample surface, Z is the distance between the
sample surface and the spherical tip and y is the adhesion energy per unit area at Z,. The

corresponding adhesive traction (f) and force gradient (k,4w) can be obtained by taking the

negative first and second derivatives of E as follows:
dE_ 9y [(z\* [(z)\'0
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The adhesion force () can then be obtained by:
F=na*f, (5)
where a is the contact radius at “jump-off” obtained using Carpick’s solution [54] to the

Maugis-Dugdale model as:
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The parameter x is defined as:

16R)?

1/3
4=1.157 (M) , @)

u ranges between 0 and infinity, which correspond to the Derjaguin-Muller-Toporov
(DMT) and Johnson-Kendall-Roberts (JKR) models, respectively. R is the tip radius, y and

Z, are defined in Eq. (2), and K is the reduced elastic modulus:

_4 !
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where E;, v; and E,, v, are the elastic moduli and the Poisson’s ratios for the tip and
specimen, respectively. Since the specimen thickness is low, the elastic properties of
amorphous silicon dioxide (SiO2) were used in the analysis. The elastic properties for SiO-
were taken as Eg;p,=70 GPa, vg;0,=0.3 (See supporting information in reference 2) [23].
The equilibrium separation of the surface Z, was set as 0.30 nm based on the interaction
between graphene and SiO; [55], same value was assumed for MXene as well. The
maximum adhesive force can then be obtained at &,4w=0. The maximum force gradients
(Fy) for SiO,, graphene, and MXene are 68750N m™, 28640N m™?, and 13624N m™,
respectively, with £10% error. For comparison, the dashed straight lines with the slope of
the cantilever’s spring stiffness were plotted tangential to the curves at the maximum
adhesive force points in Supplementary Figure 1. These results demonstrate that the
measured adhesion is the maximum adhesion of the sample surfaces.

Supplementary Note 2: Determination of 1 in Maugis-Dugdale Theory for this
Experiment. For Eg. (1) in the main text, 4 is the coefficient ranging between 1.5 and 2.
The JKR theory and DMT theory describe two extreme contacts between spherical particle

and flat surface when /=1.5, and =2, respectively.
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An empirical fitting equation often used [54] to solve for the coefficient 1 is

employed:

7 1(4.044141
A: |-_+_( )| ! 9
4 4 \4.04u14+1 (9)

where u is defined in Eq. (7). The solved A varies for each case, depending on the jump-off
adhesion force. From the calculations, A=1.613 for SiO2, A=1.587, 1.543, 1.543 for mono-
, bi-, and tri-layer graphene, 2=1.560 and 1.558 for 1- and 15-monolayer TisC>Tx, and
1.602 and 1.602 for 1- and 19-monolayer Ti,CTx, respectively.

Supplementary Note 3: XPS Analysis of TisC2Tx and Ti2CTx MXene Samples.
We examined MXene surface chemistry by XPS. The commonly anticipated functional
groups on MXene flakes are -OH, -O- and -F. XPS survey for TizC2Tx MXene film shows
F/O atomic ratio 0.37 (Supplementary Figure 4), while for Ti.CTx MXene film it is 0.32
(Supplementary Figure 4). Thus, the results indicate almost same F/O ratio for both
MXenes (as expected). Hence, we conclude that surface chemistry is more or less same for
both TizCoTx and Ti2CTx MXenes. According to nuclear magnetic resonance studies [16],
the majority of O atoms for MXene samples produced by MILD method belong to bridging
Ti-O-Ti groups.

Supplementary Note 4: Statistical Variation in Measured Adhesion Energy.
The measured adhesion energy variation among different flakes can be found in Figure 5a.
For MXene flakes, experiment numbers 1-81 are from batch 1 (total of 9 different
thickness). Experiment numbers 1-9 are for thickness #1, 10-18 for thickness #2, 19-27 for
thickness #3, 28-36 for thickness #4 37-45 for thickness #5, 46-54 for thickness #6, 55-63
for thickness #7, 64-72 for thickness #8, 73-81 for thickness #9. Experiment numbers 82-

90 and 91-99 are from batch 2 and 3 individually. Experiment numbers 100-180 are from
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batch 4 (total of 9 thicknesses) and the numbers have same meaning as for batch 1.
Experiment numbers 181-189 and 190-199 are from batches 5 and 6 individually. For each
type of graphene flake (mono-, bi-, or tri-layer), experiment numbers 1-27 are from batch
1. 1-9 represent measurements for #1 graphene flake, 10-18 for #2, and 19-27 for #3
graphene flake. Experiment numbers 28-54 are from batch 2. 28-36 represent
measurements for #4 graphene flake, 37-45 for #5, and 46-54 for #6 graphene flake. The
maximum fluctuations of measured adhesion energy over the corresponding average values
for MXene samples are shown in Supplementary Table 1. The maximum fluctuation for
adhesion energy measured for TizC2Tx and Ti2CTx is within 12% of the average. Therefore,
there is no thickness dependency observed. The maximum fluctuations of measured
adhesion energy over the corresponding average values for graphene samples are shown in
Supplementary Table 2.

All adhesion measurements were performed using the same AFM tip. The tip was
found to be intact after each experiment under SEM and was calibrated before and after
each experiment. For each number of layers of graphene (mono-, bi-, and tri- graphene
samples), 6 flakes were chosen. 9 measurements were conducted on each flake. For each
thickness of TisC2Tx or Ti.CTx flake, 6 flakes were selected and 3 measurement were
conducted on the grid areas as illustrated in the Supplementary Figure 9a.

Samples from three separate batches were tested. The batch-to-batch variations in
measured adhesion energies are small: within 7% and 8% of the average values for TizC2Tx
and Ti.CTy respectively. The details of these measurements and comparisons are provided

in Supplementary Figure 7.



110
The calculation data on adhesion energies from all measurements are provided in

Source Data.

Table S1. Statistical variation of adhesion energy measurements for MXene

Experiment Number
Adhesion 1-9 10-18 19-27 28-36 37-45
Energy,J | Sample | (patch1, | (batchl, | (batchl, | (batchl, (batch 1,
m thickness | thickness | thickness | thickness thickness
#1) #2) #3) #4) #5)
Maximum 1 TicT | 394 455 5.48 2.70 167
fluctuation/
Average .
value,%/o Ti,CT, 7.68 9.47 6.15 4.68 8.97
Adhesion 46-54 55-63 64-72 73-81
Eneray. J Samole (batch 1, (batch 1, (batch 1, (batch 1, 82-90
m%y’ P thickness | thickness | thickness | thickness (batch 2)
#6) #7) #8) #9)
Maximum | Tj C T, 0.73 7.38 11.21 8.31 1.78
fluctuation/
Average .
value ?% TiL,CT, 9.47 5.46 11.68 9.15 6.00
100-108 109-117 118-126 127-135
Adhesion Samole 91-99 (batch 4, (batch 4, (batch 4, (batch 4,
Energy, J m P (batch 3) [ thickness | thickness | thickness thickness
#1) #2) #3) #4)
Maximum | TjC T 4.23 5.91 8.12 8.90 11.98
fluctuation/
Average value, .
%AJ TiL,CT, 6.21 7.68 9.47 6.15 4.68
136-144 145-153 154-162 163-171 172-180
Adhesion Samole (batch 4, (batch 4, (batch 4, (batch 4, (batch 4,
Energy, J m P thickness | thickness [ thickness | thickness thickness
#5) #6) #7) #8) #9)
Maximum | TjC T 5.16 8.22 0.92 10.18 11.21
fluctuation/
Average value,| .
%/0 TiL,CT, 8.97 9.47 5.46 11.13 9.15
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Table S1. Statistical variation of adhesion energy measurements for MXene (Cont.)

Adhesion sample 181-189 190-198
Energy, J m P (batch 5) (batch 6)
Maximum | Ti,C,T, 10.02 3.34
fluctuation/
Average value, ;
g ” Ti,CT, 8.00 7.75

Table S2. Statistical variation of adhesion energy measurements for graphene

Adhesion Experiment Number
E”i!%y' J | Sample 1-9 (batch 1, flake | 10-18 (batch1, | 19-27 (batch 1,
#1) flake #2) flake #3)
Maximum | Mono-layer 4.67 4.81 4.67
fluctuation/ ]
Average Bi-layer 3.20 1.50 2.72
0,
value, % [ 1y jayer 4.96 5.03 5.80
Adhesion Sample 28-36 (batch 2, flake 37-45 (batch 2, 46-54 (batch 2,
Energy, J m P #4) flake #5) flake #6)
Maximum Mono-layer 5.09 5.99 4.67
fluctuation/ | gy 4 ver 455 4.68 4.30
Average
0,
value,% | Tijjayer 2.00 3.03 3.29
a 1.5 7éi02 b sl | ‘Mono.\a,}er c 4 1-monolayer Ti,C,T,
Slope = k-cantilever “ -?-Ellaay;err . 15-monolayer TiaCsz
30.75 \ %:1 5 |“ Slope = k-cantilever %- 2l \I 1;T:2::;3;?%:;&
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Figure S1. Force curves for different samples used in this study. (a) SiO2/SiOz, (b)
SiO2/graphene and (c) SiO2/MXene.
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Figure S2. Force versus displacement responses for different interfacial interactions. (a)
Si02/Si0y, (b) SiO2/graphene, (c) SiO2/TizCaTx, (d) SiO2/TioCTx.
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Figure 8. SEM images of AFM SiO2 microsphere tip. (a) Top and (b) side view of the
microsphere tip attached to the cantilever.
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ABSTRACT

Two-dimensional (2D) materials have demonstrated unique friction and anti-wear
properties unmatched by their bulk (3D) counterparts. A relatively new, large and quickly
growing family of two-dimensional early transition metal carbides and nitrides (MXenes)
present a great potential in different applications. There is a growing interest in
understanding the mechanical and tribological properties of MXenes, however, no report
of MXene superlubricity in a solid lubrication process at the macroscale has been
presented. Here we investigate the tribological properties of TizC> MXene deposited on
SiO; coated Si substrates subjected to wear by sliding against a diamond-like carbon coated
steel ball counterbody using a ball-on-disc tribometer. We have observed that a reduction
of the friction coefficient to the superlubric regime (0.0067 +0.0017) can be achieved with
TisC2 MXene in dry nitrogen environment. Moreover, the addition of graphene to TisC>

further reduced the friction by 37.3% and wear by the factor of 2 as compared to TizC>
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alone, while the superlubricity behavior of the MXene remained unchanged. These results
open up new possibilities for exploring the family of MXenes in various tribological

applications.

1. INTRODUCTION

Efficiency and lifetime of machinery, which are affected by friction, lubrication,
and wear of materials, become increasingly crucial in modern society [1]. Concerns about
the increased consumption of non-renewable energy resources, such as coal and petroleum,
demand minimization of friction in transportation and industrial sectors [2]. Thus, the
discovery and development of excellent lubricant materials to combat friction and wear are
of great importance. Solid 2D lubricants such as graphene [2, 3], graphene oxide [4], and
molybdenum disulfide (MoS) [5] are now gaining much attention for this purpose because
of their superior mechanical properties and environmental benignancy compared with oil-
based lubricants. Many experimental and theoretical studies have investigated the
tribological behavior of 2D materials [6-12]. In particular, graphene has shown outstanding
tribological properties as promising lubricant, as well as excellent additive to compositions
for wear and friction reduction purposes. The possibility to achieve superlubricity in
various atmospheric conditions at the macroscale, utilizing graphene and other 2D
materials and their combinations, is another big step [13-16]. MXenes are a new class of
two-dimensional early transition metal carbides/nitrides discovered in 2011 [17, 18].
MXenes are produced by etching of the A layers from bulk MAX phases, where M

represents transition metal, A is a group I11A or IVA elemen, and X can be C, N or both
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[19]. As a relatively new, large and quickly growing class of 2D materials, MXenes have
been studied in various applications, such as supercapacitors [20]. Lasers [21], EMI
shielding and THz communication [22], batteries [23-26], sensors [27-30], etc. Thermal
stability [31] and mechanical properties [32, 33] of individual MXene flakes have been
studied computationally on a large scale, as well as experimentally [34], and their adhesion
behavior has also been investigated recently [35, 36]. MXenes are great candidates for
tribological applications because of their outstanding mechanical strength and bending
rigidity [32, 34, 37] and a possibility for precise control over the monolayer thickness [38-
40]. Yang et al. reported that the addition of 1.0 wt% TizC> MXene improved the anti-
friction properties of base oil [41]. In a similar study published by Zhang et al., 1.0 wt% of
10-20 nm TisC> nanosheets effectively improved the friction and anti-wear properties of
base oil [42]. Liu et al. reported a lower friction coefficient and ball wear volume achieved
with 0.8 wt% of highly exfoliated TizC, added to base oil [43].

TisC2 MXene is also a promising material for solid lubrication. Zhang et al. reported
on the synthesis of TisCo/ultra-high molecular weight polyethylene composites that
reduced the plow friction and adhesive wear [44]. Mai et al. designed TisC:
nanosheets/copper composites with a 19 times lower wear rate and a 46% reduction in the
coefficient of friction (COF) compared to the bare copper counterbody under dry sliding
[45]. Recently, Yin et al. created TisCz/nanodiamond composites that showed the ultra-
wear resistance when rubbed against a polytetrafluoroethylene ball at room temperature in
air. According to the authors, the combination of the rolling action of nanodiamond with
the slipping and intercalation of MXene provided the reduction in wear [46]. Hu et al.

reported TizCoTx/Al composites with COF 0.2 in dry sliding test, which is twice lower than
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that of bare Al [47]. Zhang et al. predicted using modeling that defects, such as Ti and O
vacancies in MXene structure, increase the COF through increasing its surface roughness.
And compared with the -O- terminated TisCz, the -OH terminations of TisC: further
reduced its interlayer COF [48]. Rosenkranz et al. verified that both surface terminations
and intercalated water in TisCoTx MXene reduced the interfacial bonding strength,
resulting in a lower frictional force under dry conditions on stainless steel surfaces [49].
Researchers have also demonstrated that TisC> MXene can act as solid lubricant on
different substrates at the nanoscale [36, 50, 51]. All these studies utilizing MXene alone
or in combination with other 2D materials have shown that MXenes have great potential
as solid lubricants, however, none of these studies reported superlubricity either using
MXene itself or in combination with other materials. Moreover, it should be noted that
MXenes may be quite reactive towards environment, in particular, water [52-55] and water
vapor, as well as other gaseous species [27] may result in MXene degradation or at least,
change its surface terminations. Therefore, it becomes important to conduct measurements
in an inert atmosphere.

In this work, we investigate the tribological properties of TisC, MXene as well as
MXene/graphene films on Si substrates coated with thin film of SiO2 (~300 nm thick SiOa,
from Silicon Valley Microelectronics, hereafter referred to as “Si substrates”) subjected to
wear by sliding against a diamond-like carbon (DLC) coated stainless steel ball using a
ball-on-disc tribometer operated in a controlled environment. We demonstrate that it is
possible to achieve superlubricity with MXene alone as well as in combination with

graphene, with an additional benefit of reduced wear in the latter case.
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2. EXPERIMENTAL DETAILS

2.1. PREPARATION OF TizC2 MXENE AND TisC2/GRAPHENE COATINGS ON
SILICON SUBSTRATES

TisAIC, MAX phase was synthesized by heating a mixture of Ti (-325 mesh,
99.5%, Alfa Aesar), Al (-325 mesh, 99.5%, Alfa Aesar), and graphite (-325 mesh, 99%,
Alfa Aesar) powders (3:1.1:1.88 molar ratio) at a rate of 10 °C/min from RT to 1550 °C
and holding at this temperature for 2 h. Heating and cooling were entirely conducted under
Ar flow. TizC, MXene was synthesized according to the published methods [53]. Briefly,
the etchant was prepared by adding 0.3 g LiF to 3 mL 9 M HCl in a plastic centrifuge tube
and stirring for 5 min. 0.3 g of TizAlIC2 MAX phase powder (-400 mesh, particle size < 38
pm) was gradually added to the etchant and left reacting for 36 h at 35 °C. The etched
powder was washed with deionized water until the pH of the supernatant reached ~6. The
Ti3C colloidal solution was then obtained by 5 min hand-shaking followed by 40 min
centrifugation at 3500 rpm.

Samples of TizCz on Si substrates (average flake size ~0.8 jm, Figure 1) were
produced by 20 min bath sonication of the as-prepared MXene colloidal solution and spray-
coated from ~1.5 mL of the diluted as-prepared aqueous colloidal solution (0.017 mg/mL
MXene). TizCa/graphene coatings were prepared by mixing diluted TizCx colloidal solution
(0.017 mg/mL) and graphene ethanol solution (0.010 mg/mL, Graphene Supermarket,
carbon content 99.99%, average flake size ~550 nm) in a 1:1 volume ratio followed by 20
min bath sonication. ~1.5 mL of this dispersion was spray-coated on the Si substrates. All

samples were dried in ambient environment for more than 24 h before testing. All Si
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substrates used in this work were treated overnight in piranha solution (concentrated

sulfuric acid: hydrogen peroxide = 3: 1) prior to film deposition.

Height (nm)

ST T T T T T T T
-02 00 02 04 06 08 10 12 14 16 18

Scan distance (um)

Figure 1. AFM images of TisC> coatings on Si substrates.

2.2. FRICTION AND WEAR TESTS

Friction and wear tests were conducted in dry nitrogen atmosphere (Dew Point
Temperature -40 °C, < RH 0.1%) at room temperature using a multifunctional ball-on-disc
type tribometer (MFT-5000, Rtec Instruments). The Si substrates with deposited films were
clamped on a sample platform and slid against a 9.526 mm diameter stainless steel ball
coated with DLC as described elsewhere [56, 57]. The applied normal load was controlled
at 2 N (maximum contact pressure 0.60 GPa) with 0.1 m/s linear velocity for a total running
time of 1 hour. Zero calibration of the machine was carried out automatically before each

test.
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2.3. CHARACTERIZATION

Raman spectroscopy was performed using Renishaw InVia confocal Raman micro-
spectrometer with 532 nm laser, 100x objective and a 1200 I/mm grating. The spectra were
acquired with 500 s exposure time, 0.5% of laser power and 1 accumulation.

Atomic force microscopy (AFM) was performed using Digital Instruments
Nanoscope I11A under ambient atmosphere. The AFM image of TisC, was recorded in

tapping mode with a silicon tip (App Nano, Tip radius < 10nm).

3. RESULTS AND DISCUSSION

3.1. TRIBOLOGICAL BEHAVIOR OF MXENE COATING

Friction tests were first conducted on the Si substrates vs DLC coated balls for
comparison. The experimental COFs for a Si substrate and TizC2 MXene against the DLC
coated ball are shown in Figure 2 where the dash-dotted line represents superlubric
threshold (COF = 0.01). The average measured COF for Si substrate against DLC in the
range 700-1800 s (before the failure point) is 0.0222 +0.0035, whereas the average COF
for TisC, against DLC in the range 700-3100 s, i.e., before the failure point, is in the
superlubricity range, 0.0067 £0.0017, as shown in Figure 2(b). The COF value for TisC>
is 3.3 times lower than for the Si substrate. Failure points at ~1800 s and 3100 s for the Si
substrate and TisC> coating, respectively (Figure 2(a)), are due to wearing out of DLC
coating on the ball as explained below based on the wear marks observed on the

counterbody after wear tests.
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Figure 2. (a) Tribological behavior of Si substrate and TizC2 on Si substrate against a
DLC coated steel ball and; (b) comparison of COF values demonstrating the onset of
superlubricity. Error bars represent standard deviations of the average COF values.

X-ray photoelectron spectroscopy (XPS) data for similar MXene samples published
before [22, 35] showed the presence of Ti, C, O, F, and CI elements, indicating that our
MXenes are terminated with different functional groups (T = -OH, -F, -O- and -Cl), in good
agreement with other literature data [58]. As hypothesized in prior studies, the surface
terminations may affect friction by changing the interlayer binding/adhesion energy of
MXenes resulting in a lower COF [49, 59]. However, in this case, we believe the inert
nature of the DLC counterbody as well as graphene like shearing of of MXene flakes was
mostly responsible for reducing the friction to superlubric regime. Since we did not
passivate MXene, it may react over time of the experiment, which may eventually degrade
the 2D nature of the MXene. When this happens, shearing becomes disturbed, which results
in high friction that wears down DLC and leads to a sudden increase of friction to very
high values towards the end of the tribo tests as shown in Figure 2(a). Optical microscopy

images of the wear tracks for the Si substrate and TisC, samples are shown in Figure 3(a,b).
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Raman spectroscopy was further conducted on the wear tracks of the samples. Figure 3(c,d)
show Raman spectra recorded from the wear tracks on the Si substrate and TisC, coatings,
respectively. Only Si peaks at 300, 520, and ~960 cm™* were observed in four representative
spots on Si substrate (Figure 3(c)) [60]. The TizCz sample showed superlubric COF after
700 s and high friction after 3100 s when DLC coating has worn out exposing the
underlying steel on the counterbody surface (Figure 2(a)). Raman spectra show only
crystalline and amorphous Si peaks for spots 2-4 within the wear track (Figure 3(d)) and
no signs of MXene. Figure 3(e,f) show the optical microscopy images of the balls worn
against the Si substrate and TisC», respectively. The DLC coatings were worn out in both
tests on the Si substrate and TizC. samples, clearly exposing the underlying steel surface
of the balls. Although in case of TisC. superlubricity was achieved, the wear was still high.
This could be due to a relatively sparse coverage exposing Si in gaps between the flakes,
as shown in AFM image (Figure 1), and leading to the intermittent contact between Si and
DLC, thus increasing the overall wear. However, this did not affect COF on average since
the flakes shear easily and are mobile within the wear track, thus despite the sparse nature
of the coating, TisC> maintained low friction over a long time. This behavior is similar to

that of graphene flakes observed previously on steel surfaces [2].

3.2. TRIBOLOGICAL BEHAVIOR OF MXENE/GRAPHENE COATING

From the experiments described above, TisC; reaches the superlubic regime but the
coating is worn out finally. To check if it is possible to maintain superlubricity and reduce
wear of the counterbody even further, we have also tried to fabricate a composite MXene-

graphene coating prepared from mixing solution-processed graphene with TizC, using
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sonication. A similar strategy, when MXene was combined with another 2D material, was
shown to improve mechanical properties of the resulting composite [61]. Another benefit
of adding graphene to MXene coating is to protect MXene from the effects of the
environment, where the hydrophobic nature of graphene may reduce exposure of MXene
to humidity that is detrimental to its structure [52, 53]. A recent high-resolution microscopy
study [62] also showed that the introduction of graphene nanosheets induces the formation
of the lubricating tribofilm, so that it can protect the contact surface. Figure 4(a, b) display
the friction test results of graphene, TisC», and TizCo/graphene coatings, respectively, on
Si substrate tested against DLC. The average friction coefficient for graphene versus DLC
was 0.0138 £0.0014 (700-3600 s), while for the TizCo/graphene (~37 wt% of graphene)
coating, it was reduced to 0.0042 £0.0011 (700-3600 s), which not only reached the
superlubricity range but indeed reduced the wear of the DLC ball significantly. The lower
friction coefficient of TisCo/graphene vs DLC could be attributed to the additional shearing
and covering of MXene by graphene during the sliding process thereby reducing wear on
the DLC side. It is also possible that graphene may have helped in passivating the reactive
surface of MXene during friction. However, while the addition of 37 wt% graphene to
MXene reduced the COF from 0.0067 £0.0017 to 0.0042 +0.0011, a 100 wt% graphene
coating yielded a higher COF of 0.0138 =+ 0.0014 indicating that a balance between
graphene and MXene concentrations must be maintained to achieve the best performance.
Thus, we experimentally demonstrated that a combination of TizC> MXene with graphene

provides the lowest friction coefficient and lower wear than TisC; alone.
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Figure 3. Top row: optical microscopy of the wear tracks on (a) Si substrate and (b) TisC>
samples; middle row: Raman spectra from representative spots on (c) Si substrate and (d)
TisC2 samples; bottom row: optical microscopy of the balls worn against (e) Si substrate

and (f) TizCz samples.
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Figure 4. (a) Tribological behavior of graphene, TizCo, and TisCz/graphene coatings
against DLC coated steel balls and (b) comparison of the corresponding COF values.
Error bars represent standard deviations of average COF values.

Optical microscopy and Raman spectra of the wear track on graphene coated Si
substrate are shown in Figure 5(a, c), respectively. Raman signature of graphene was
observed in spots 1, 2, and 4 in Figure 5(c) with an increasing intensity of D band,
indicating progressive amorphization when moving from the edges to the center of the wear
track. The Raman spectrum from spot 3 shows amorphous carbon, which might be part of
the transfer layer from DLC coating of the counterbody. Compared with TizC, (Figure
3(b)), the wear track on TizCz/graphene coating vs DLC after the test appears to be less
abrasive (Figure 5(b)).

Raman spectra from the wear track on TisCz/graphene sample showed amorphous
carbon originating either from graphene remaining in the track or from DLC coating on the
ball. In case of graphene, the wear is smaller according to Raman results (Figure 5) and
friction test (Figure 4). It is clear that neat graphene has more complete coverage and

therefore friction interface is mostly between DLC and graphene and not with the
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underlaying SiO., resulting in a lower wear rate of the DLC ball. In case of TizCz/graphene,
the coverage is sparse as can be deduced indirectly by looking at the intensity of the SiO>
peak in the Raman spectra of the wear track (Figure 5(d)) and comparing it with Raman
spectra shown in Figure 5(c). The higher intensity of SiO2 peak in case of TisCz/graphene
indicates that more SiO; is exposed and therefore the friction interface is mixed increasing
the likelihood of intermittent contact between DLC and SiO.. Although the overall friction
is dominated by DLC vs TisCz (hence the superlubricity is unchanged), the intermittent
contact with the SiO, must be responsible for the higher wear rate.

Images of the wear scars on the counterbody were also analyzed. For graphene and
TisCo/graphene coated samples, relatively small wear scars were observed after the tests

(Figure 5(e, f)). The ball wear volume was estimated using the equation:

v= () 5+ ) @

where h = r —/r?2 —d?/4 @)
d is the diameter of the ball wear cap, and r is the radius of the DLC coated ball (4.763
mm).

The ball wear rate was estimated using Archard’s equation [63, 64]:

Kp = = ©)

where V is the ball wear volume, S is the sliding distance (360 m in our study), and W is

the applied load.
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graphene and (d) TisC/graphene samples; bottom row: optical microscopy images of the
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The ball wear rates against the Si substrate, TizCz, graphene, and TizCz/graphene

coatings are summarized in Figure 6. The Si substrate showed the largest wear rate as
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expected. Although achieving superlubricity, TisC>, MXene also showed a high wear rate
(4.9%107 mm®/(N-m)). It is worth noting that after adding 37 wt% of graphene, the wear
rate of TisC, was reduced by a factor of 2, to 4.5x<10° mm?/(N-m), with COF further
reduced by 37.3%. Thus, graphene prolonged the running time of Ti3C> in the friction tests

by reducing abrasion while the superlubricity of MXene remained unchanged.
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Figure 6. Ball wear rate against Si substrate, TisCy, graphene, and TizC>/graphene coated
Si substrates.
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4. CONCLUSIONS

In summary, the tribological properties of TisC, MXene coatings on the Si substrate
have been investigated in a controlled environment. The ball-on-disk friction tests were
conducted against the DLC coated steel ball counterbody in dry nitrogen atmosphere and
the results show that the average measured COF for TisC> is 0.0067 +=0.0017, falling into
the superlubricity range. This COF value is 3.3 times lower than for the Si substrate.
Moreover, with the introduction of 37 wt% graphene to TisC», the COF was further reduced
by 37.3% (to 0.0042 +0.0011) compared with TizC», while the ball wear rate of TizC> was
reduced by a factor of 2. Thus, superlubricity against DLC can be achieved with MXene,
furthermore, with the addition of graphene to MXene, the superlubricity of the coating
remained unchanged while abrasion was further reduced. This work opens opportunities
for exploring the potential of MXenes and MXene/graphene coatings as novel solid

lubricants for various applications.

CREDIT AUTHORSHIP CONTRIBUTION STATEMENT

Shuohan Huang: Conceptualization, Investigation, Formal analysis, Validation,
Writing - original draft. Kalyan C. Mutyala: Conceptualization, Investigation, Supervision,
Writing - review & editing. Anirudha V. Sumant: Conceptualization, Supervision,
Resources, Project administration, Funding acquisition, Writing - review & editing. Vadym
N. Mochalin: Conceptualization, Supervision, Resources, Project administration, Funding

acquisition, Writing - review & editing



138

ACKNOWLEDGEMENTS

The authors acknowledge access to the Center for Nanoscale Materials, an Office
of Science user facility. This work was supported by the U.S. Department of Energy, Office
of Science, Office of Basic Energy Sciences, under Contract No. DE-AC02-06CH11357.
Part of this work was supported by the National Science Foundation under Grant No.

1930881 CMMI.

DATA AVAILABILITY STATEMENT

The raw/processed data required to reproduce these findings cannot be shared at

this time due to technical or time limitations.

REFERENCES

[1] K. Holmberg, A. Erdemir, Influence of tribology on global energy consumption, costs
and emissions, Friction, 5 (2017) 263-284.

[2] D. Berman, A. Erdemir, A.V. Sumant, Graphene: a new emerging lubricant, Mater.
Today, 17 (2014) 31-42.

[3] X. Zeng, Y. Peng, H. Lang, A novel approach to decrease friction of graphene, Carbon,
118 (2017) 233-240.

[4] H. Liang, Y. Bu, J. Zhang, Z. Cao, A. Liang, Graphene oxide film as solid lubricant,
ACS Appl. Mater. Interfaces, 5 (2013) 6369-6375.

[5] C. Donnet, J. Martin, T. Le Mogne, M. Belin, Super-low friction of MoS; coatings in
various environments, Tribol. Int., 29 (1996) 123-128.



139

[6] W. Guo, J. Yin, H. Qiu, Y. Guo, H. Wu, M. Xue, Friction of low-dimensional
nanomaterial systems, Friction, 2 (2014) 209-225.

[7] O. Penkov, H.J. Kim, H.J. Kim, D.E. Kim, Tribology of graphene: a review, Int. J.
Precis. Eng. Manuf., 15 (2014) 577-585.

[8] J. Lin, L. Wang, G. Chen, Modification of graphene platelets and their tribological
properties as a lubricant additive, Tribol. Lett., 41 (2011) 209-215.

[9] S.S. Kandanur, M.A. Rafiee, F. Yavari, M. Schrameyer, Z.-Z. Yu, T.A. Blanchet, N.
Koratkar, Suppression of wear in graphene polymer composites, Carbon, 50 (2012)
3178-3183.

[10] P. Zhu, R. Li, Study of nanoscale friction behaviors of graphene on gold substrates
using molecular dynamics, Nanoscale Res. Lett., 13 (2018) 34.

[11] P.C. Uzoma, H. Hu, M. Khadem, O.V. Penkov, Tribology of 2D nanomaterials: a
review, Coatings, 10 (2020) 897.

[12] A. Rosenkranz, Y. Liu, L. Yang, L. Chen, 2D nano-materials beyond graphene: from
synthesis to tribological studies, Appl. Nanosci., 10 (2020) 3353-3388.

[13] D. Berman, S.A. Deshmukh, S.K. Sankaranarayanan, A. Erdemir, A.V. Sumant,
Macroscale superlubricity enabled by graphene nanoscroll formation, Science, 348
(2015) 1118-1122.

[14] D. Berman, B. Narayanan, M.J. Cherukara, S.K. Sankaranarayanan, A. Erdemir, A.
Zinovev, A.V. Sumant, Operando tribochemical formation of onion-like-carbon
leads to macroscale superlubricity, Nat. Commun., 9 (2018) 1-9.

[15] D. Berman, A. Erdemir, A.V. Sumant, Approaches for achieving superlubricity in
two-dimensional materials, ACS Nano, 12 (2018) 2122-2137.

[16] D. Berman, K.C. Mutyala, S. Srinivasan, S.K. Sankaranarayanan, A. Erdemir, E.V.
Shevchenko, A.V. Sumant, lIron-nanoparticle driven tribochemistry leading to
superlubric sliding interfaces, Adv. Mater. Interfaces, 6 (2019) 1901416.

[17] M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon, L. Hultman, Y. Gogotsi,
M.W. Barsoum, Two-dimensional nanocrystals produced by exfoliation of TisAICo,
Adv. Mater., 23 (2011) 4248-4253.



140

[18] M. Naguib, V.N. Mochalin, M.W. Barsoum, Y. Gogotsi, 25th anniversary article:
MXenes: a new family of two-dimensional materials, Adv. Mater., 26 (2014) 992-
1005.

[19] M. Naguib, O. Mashtalir, J. Carle, V. Presser, J. Lu, L. Hultman, Y. Gogotsi, M.W.
Barsoum, Two-dimensional transition metal carbides, ACS Nano, 6 (2012) 1322-
1331.

[20] M. Ghidiu, M.R. Lukatskaya, M.Q. Zhao, Y. Gogotsi, M.W. Barsoum, Conductive
two-dimensional titanium carbide ‘clay' with high volumetric capacitance, Nature,
516 (2014) 78-81.

[21] J. Yi, L. Du, J. Li, L. Yang, L. Hu, S. Huang, Y. Dong, L. Miao, S. Wen, V.N.
Mochalin, Unleashing the potential of Ti.CTx MXene as a pulse modulator for mid-
infrared fiber lasers, 2D Mater., 6 (2019) 045038.

[22] G. Li, N. Amer, H. Hafez, S. Huang, D. Turchinovich, V.N. Mochalin, F.A.
Hegmann, L.V. Titova, Dynamical control over terahertz electromagnetic
interference shielding with 2D TizC.Ty MXene by ultrafast optical pulses, Nano
Lett., 20 (2019) 636-643.

[23] M. Naguib, J. Halim, J. Lu, K.M. Cook, L. Hultman, Y. Gogotsi, M.W. Barsoum,
New two-dimensional niobium and vanadium carbides as promising materials for Li-
ion batteries, J. Am. Chem. Soc, 135 (2013) 15966-159609.

[24] Y. Xie, M. Naguib, V.N. Mochalin, M.W. Barsoum, Y. Gogotsi, X. Yu, K.-W. Nam,
X.-Q. Yang, A.l. Kolesnikov, P.R. Kent, Role of surface structure on Li-ion energy
storage capacity of two-dimensional transition-metal carbides, J. Am. Chem. Soc,
136 (2014) 6385-6394.

[25] J. Jiang, W. Yang, H. Wang, Y. Zhao, J. Guo, J. Zhao, M. Beidaghi, L. Gao,
Electrochemical performances of MoO/C nanocomposite for sodium ion storage: an
insight into rate dependent charge/discharge mechanism, Electrochim. Acta, 240
(2017) 379-387.

[26] A. VahidMohammadi, A. Hadjikhani, S. Shahbazmohamadi, M. Beidaghi, Two-
dimensional vanadium carbide (MXene) as a high-capacity cathode material for
rechargeable aluminum batteries, ACS Nano, 11 (2017) 11135-11144.

[27] S. Chertopalov, V.N. Mochalin, Environment-sensitive photoresponse of
spontaneously partially oxidized TizC2 MXene thin films, ACS Nano, 12 (2018)
6109-6116.



141

[28] Y. Guo, M. Zhong, Z. Fang, P. Wan, G. Yu, A wearable transient pressure sensor
made with MXene nanosheets for sensitive broad-range human-machine interfacing,
Nano Lett., 19 (2019) 1143-1150.

[29] M. Mojtabavi, A. VahidMohammadi, W. Liang, M. Beidaghi, M. Wanunu, Single-
molecule sensing using nanopores in two-dimensional transition metal carbide
(MXene) membranes, ACS Nano, 13 (2019) 3042-3053.

[30] E. Lee, A. VahidMohammadi, Y.S. Yoon, M. Beidaghi, D.-J. Kim, Two-dimensional
vanadium carbide MXene for gas sensors with ultrahigh sensitivity toward nonpolar
gases, ACS Sens., 4 (2019) 1603-1611.

[31] V. Borysiuk, V.N. Mochalin, Thermal stability of two-dimensional titanium carbides
Tin+1Cn (MXenes) from classical molecular dynamics simulations, MRS commun.,
9 (2019) 203-208.

[32] V.N. Borysiuk, V.N. Mochalin, Y. Gogotsi, Molecular dynamic study of the
mechanical properties of two-dimensional titanium carbides Tin+1Cn (MXenes),
Nanotechnology, 26 (2015) 265705.

[33] G. Plummer, B. Anasori, Y. Gogotsi, G.J. Tucker, Nanoindentation of monolayer
Tin+1CnTx MXenes via atomistic simulations: The role of composition and defects on
strength, Comput. Mater. Sci., 157 (2019) 168-174.

[34] A. Lipatov, H. Lu, M. Alhabeb, B. Anasori, A. Gruverman, Y. Gogotsi, A. Sinitskii,
Elastic properties of 2D TisC,Tx MXene monolayers and bilayers, Sci. Adv., 4
(2018) eaat0491.

[35] Y. Li, S. Huang, C. Wei, C. Wu, V.N. Mochalin, Adhesion of two-dimensional
titanium carbides (MXenes) and graphene to silicon, Nat. Commun., 10 (2019) 1-8.

[36] Y. Guo, X. Zhou, D. Wang, X. Xu, Q. Xu, Nanomechanical properties of TizC>
Mxene, Langmuir, 35 (2019) 14481-14485.

[37] V.N. Borysiuk, V.N. Mochalin, Y. Gogotsi, Bending rigidity of two-dimensional
titanium carbide (MXene) nanoribbons: A molecular dynamics study, Comput.
Mater. Sci, 143 (2018) 418-424.

[38] Y. Dong, S. Chertopalov, K. Maleski, B. Anasori, L. Hu, S. Bhattacharya, A.M. Rao,
Y. Gogotsi, V.N. Mochalin, R. Podila, Saturable absorption in 2D TizC, MXene thin
films for passive photonic diodes, Adv. Mater., 30 (2018) 1705714.



142

[39] C. Li, S. Kota, C. Hu, M. Barsoum, On the synthesis of low-cost, titanium-based
MXenes, J. Ceram. Sci. Technol, 7 (2016) 301-306.

[40] P. Collini, S. Kota, A.D. Dillon, M.W. Barsoum, A.T. Fafarman, Electrophoretic
deposition of two-dimensional titanium carbide (MXene) thick films, J. Electrochem.
Soc., 164 (2017) D573-D580.

[41] J. Yang, B. Chen, H. Song, H. Tang, C. Li, Synthesis, characterization, and
tribological properties of two-dimensional TisC», Cryst. Res. Technol., 49 (2014)
926-932.

[42] X. Zhang, M. Xue, X. Yang, Z. Wang, G. Luo, Z. Huang, X. Sui, C. Li, Preparation
and tribological properties of TizC2(OH). nanosheets as additives in base oil, RSC
Adv., 5 (2015) 2762-2767.

[43] Y. Liu, X. Zhang, S. Dong, Z. Ye, Y. Wei, Synthesis and tribological property of
Ti3C,Tx nanosheets, J. Mater. Sci., 52 (2017) 2200-2209.

[44] H. Zhang, L. Wang, Q. Chen, P. Li, A. Zhou, X. Cao, Q. Hu, Preparation, mechanical
and anti-friction performance of MXene/polymer composites, Mater. Des., 92 (2016)
682-689.

[45] Y.J. Mai, Y.G. Li, S.L. Li, L.Y. Zhang, C.S. Liu, X.H. Jie, Self-lubricating TizC>
nanosheets/copper composite coatings, J. Alloys Compd., 770 (2019) 1-5.

[46] X. Yin, J. Jin, X. Chen, A. Rosenkranz, J. Luo, Ultra-wear-resistant MXene-based
composite coating via in situ formed nanostructured tribofilm, ACS Appl. Mater.
Interfaces, 11 (2019) 32569-32576.

[47] J. Hu, S. Li, J. Zhang, Q. Chang, W. Yu, Y. Zhou, Mechanical properties and
frictional resistance of Al composites reinforced with TizC2Tx MXene, Chin. Chem.
Lett., 31 (2019) 996-999.

[48] D. Zhang, M. Ashton, R.G. Hennig, S.B. Sinnott, D. Zhang, A. Ostadhossein,
D.A.C.T. van, Computational study of low interlayer friction in Tin+1Cn (n =1, 2, and
3) MXene, ACS Appl. Mater. Interfaces, 9 (2017) 34467-34479.

[49] A. Rosenkranz, P.G. Grutzmacher, R. Espinoza, V.M. Fuenzalida, E. Blanco, N.
Escalona, F.J. Gracia, R. Villarroel, L. Guo, R. Kang, F. Mucklich, S. Suarez, Z.
Zhang, Multi-layer TizCoTx-nanoparticles (MXenes) as solid lubricants - role of
surface terminations and intercalated water, Appl. Surf. Sci., 494 (2019) 13-21.



143

[50] A. Rodriguez, M. Jaman, O. Acikgoz, B. Wang, J. Yu, P. Grutzmacher, A.
Rosenkranz, M. Baykara, The potential of TisC2 nano-sheets (MXenes) for nanoscale
solid lubrication revealed by friction force microscopy, Appl. Surf. Sci., 535 (2020)
147664.

[51] X. Zhou, Y. Guo, D. Wang, Q. Xu, Nano friction and adhesion properties on Ti3C2
and Nb2C MXene studied by AFM, Tribol. Int., 153 (2021) 106646.

[52] S. Huang, V.N. Mochalin, Understanding chemistry of two-dimensional transition
metal carbides and carbonitrides (MXenes) with gas analysis, ACS Nano, 14 (2020)
10251-10257.

[53] S. Huang, V.N. Mochalin, Hydrolysis of 2D transition-metal carbides (MXenes) in
colloidal solutions, Inorg. Chem., 58 (2019) 1958-1966.

[54] X. Zhao, A. Vashisth, J.W. Blivin, Z. Tan, D.E. Holta, V. Kotasthane, S.A. Shah, T.
Habib, S. Liu, J.L. Lutkenhaus, pH, nanosheet concentration, and antioxidant affect
the oxidation of Ti3C2Tx and Ti2CTx MXene dispersions, Adv. Mater. Interfaces,
(2020) 2000845.

[55] V. Natu, J.L. Hart, M. Sokol, H. Chiang, M.L. Taheri, M.W. Barsoum, Edge capping
of 2D-MXene sheets with polyanionic salts to mitigate oxidation in aqueous colloidal
suspensions, Angew. Chem. Int., 58 (2019) 12655-12660.

[56] K.C. Mutyala, H. Singh, R. Evans, G. Doll, Deposition, characterization, and
performance of tribological coatings on spherical rolling elements, Surf. Coat.
Technol., 284 (2015) 302-309.

[57] K.C. Mutyala, H. Singh, R. Evans, G. Doll, Effect of diamond-like carbon coatings
on ball bearing performance in normal, oil-starved, and debris-damaged conditions,
Tribol. Trans., 59 (2016) 1039-1047.

[58] K. Li, X. Wang, X. Wang, M. Liang, V. Nicolosi, Y. Xu, Y. Gogotsi, All-
pseudocapacitive asymmetric MXene-carbon-conducting polymer supercapacitors,
Nano Energy, 75 (2020) 104971.

[59] T. Hu, M. Hu, Z. Li, H. Zhang, C. Zhang, J. Wang, X. Wang, Interlayer coupling in
two-dimensional titanium carbide MXenes, Phys. Chem. Chem. Phys., 18 (2016)
20256-20260.

[60] C. Glynn, O. Lotty, W. McSweeney, J.D. Holmes, C. O'Dwyer, Raman scattering
spectroscopy of metal-assisted chemically etched rough Si nanowires, ECS Trans.,
35 (2011) 73-86.



144

[61] T. Zhou, C. Wu, Y. Wang, A.P. Tomsia, M. Li, E. Saiz, S. Fang, R.H. Baughman, L.

Jiang, Q. Cheng, Super-tough MXene-functionalized graphene sheets, Nat.
Commun., 11 (2020) 1-11.

[62] X. Yin, F. Wu, X. Chen, J. Xu, P. Wu, J. Li, C. Zhang, J. Luo, Graphene-induced
reconstruction of the sliding interface assisting the improved lubricity of various
tribo-couples, Mater. Des., 191 (2020) 108661.

[63] J. Archard, Contact and rubbing of flat surfaces, J. Appl. Phys., 24 (1953) 981-988.

[64] K.C. Mutyala, Y.A. Wu, A. Erdemir, A.V. Sumant, Graphene-MoS; ensembles to
reduce friction and wear in DLC-Steel contacts, Carbon, 146 (2019) 524-527.



145

SECTION

2. CONCLUSIONS

In this dissertaion, we have studied stability of MXenes in water and water-less
colloidal solutions saturated with Oz or Ar, using UV—vis and Raman spectroscopy. We
demonstrated that water, rather than Oy, is the main factor leading to MXene degradation
in aqueous colloidal solutions. Analysis of gaseous products of MXene degradation in
aqueous environment by using GC and Raman further demonstrates that CHs, rather than
carbon oxides, is formed during the reactions of carbide MXenes in water, whereas both
CHs and NHs are formed during degradation of the TisCN MXene in water.

By investigating the degradation kinetics of different MXenes we have concluded
that within the same chemical composition (Ti.C and TisCz), TisC> with a thicker
monolayer is more stable than thinner Ti>C. Within the same monolayer thickness (TisC:
and TisCN — both having five atomic layer thick monolayers), TisC> with a more regular
structure is more stable than TisCN, in which X layer is heterogenous (stochastic mix of C
and N). However, two MXenes with the same monolayer thickness but different transition
metals in their structure (Ti>C and Nb.C — both having three atomic layer thick monolayers)
may have vastly different chemical reactivities, thus demonstrating that chemical
properties of 2D materials also depend on their chemical composition and type of bonding
within the monolayer when the monolayer thickness and structure are otherwise same.

These results will be important for fundamental studies into chemistry of MXenes and other
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2D materials and will also provide guidelines for development of many practical
applications of MXenes where their stability is of importance.

We have investigated the adhesion energies between SiO; and MXenes (Ti.C and
Ti3Cy) using AFM. The results show that the adhesion energies of MXenes with Si are in
the range of adhesion of monolayer graphene with Si. However, unlike graphene, no
number-of-monolayers dependence has been observed for MXenes. A larger measured
value of adhesion energy for TizC> (0.90 + 0.03 J/m?) than Ti>C (0.40 + 0.02 J/m?) can
be attributed to the thicker monolyer. The role of surface chemistry in adhesion interactions
of MXenes with SiO> still remains unclear, but potentially it can be used to control the
adhesion, provided we could better understand MXene chemistry and tailor the functional
groups terminating MXene surfaces.

Tribological properties of MXene (Ti3C>) films on Si have been studied in a dry N2
environment to suppress MXene reactivity towards oxygen and humidity. The ball-on-disk
friction test results show that the average measured COF for TisC, MXene against DLC is
0.0067 £+ 0.0017, falling into the superlubricity regime, but with a high ball wear rate.
With the addition of 37 wt% of graphene to MXene, the COF has been further reduced to
0.0042 + 0.0011, while the ball wear rate has been reduced by a factor of 2. These results
show a great potential of MXenes and MXene/graphene coatings performing as solid
lubricants, especially in oxygen- and water-deficient environments.

The fundamental chemical and mechanical properties that have been investigated
in this dissertation open new opportunities for rational desing of many applications for 2D

transition metal carbides and/or nitrides (MXenes).
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