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Abstract

Two-dimensional (2D) nanomaterials are promising for many different applications. Therefore, detailed characterization
and knowledge of their properties are needed. This work focused on graphene oxide (GO) and a new 2D nanomaterial,
MXene, type Ti;C,T,. The spray coating method was used to create thin GO and MXene films on a glass substrate. Their
composition was characterized by X-ray photoelectron spectroscopy. Scanning probe microscopy (SPM) imaging and sur-
face free energy calculation confirmed the homogenous coating of the substrate. The mechanical properties of the prepared
films were measured by nanoindentation. The elastic modulus was independent of the film thickness; it was approximately
89 GPa for the MXene samples and approximately 100 GPa for the GO samples. Lower hardness values were determined
for thicker films: 10.5 GPa for 5-layer MXene vs. 7.5 GPa for 10-layer MXene and 13.0 GPa for 5-layer GO vs. 9.8 GPa
for 10-layer GO. Contact angle measurements and surface energy calculations were performed for all prepared films with
5 or 10 layers. MXenes oxidize on air over time, and the highly conductive Ti;C,T, structure changes to less conductive
titanium oxides. The aging of MXene was studied by monitoring the MXene film conductivity within two months, which
showed a decrease, but the 10-layer films were more stable than the thinner 5-layer films.

Keywords Ti;C,T, MXene - Graphene oxide - Nanoindentation - Surface properties - Mechanical properties

1 Introduction especially critical for applications such as 2D nanodevices

[1].
Two-dimensional (2D) materials have attracted global Graphene oxide (GO), an oxidized graphene derivative,
interest due to their exceptional electrical, thermal, and  was first synthesized by Benjamin Brody in 1859 [2]. Mod-
mechanical properties. Their mechanical characteristics are ~ ern GO synthesis leverages graphite’s ability to intercalate
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atoms, expanding interlayer distances and enabling chemical
oxidation into single-layer GO. The widely used Hummers-
Offeman method employs H2SO4, NaNOs, and KMnOs4, pro-
ducing GO suspensions with high yield and efficiency [3].
The oxygen atoms in GO are located on the basal planes
and sheet edges. Its structure has been extensively studied
using techniques such as transmission electron microscopy
(TEM) [4, 5], scanning electron microscopy (SEM) [6],
X-ray photoelectron spectroscopy (XPS) [7] and many oth-
ers. These analyses revealed an uneven oxygen distribution,
with a higher concentration on sheet edges (Fig. 1). This
structure significantly influences GO’s properties: oxygen
atoms enhance hydrophilicity, alter electrical conductivity,
and increase chemical reactivity. These features make GO
useful in sensors, catalysts, and drug delivery systems. In
many applications, it serves as a filler in composites, requir-
ing excellent mechanical performance. Therefore, under-
standing the mechanical behavior of isolated GO layers is
essential for such use. Alejandra Huitrén Segovia et al. [§]
reviewed several studies and reported a wide range of elastic
moduli for GO papers and films from 6 to 42 GPa, and up
to 200 GPa for few-layer films. Mechanical properties also
depend on surface roughness, chemical composition, and the
type of functional groups present. GO is electrically insulat-
ing due to a disrupted sp? network [9, 10]. One of its most
promising applications is in polymer nanocomposites [9].

MXenes, a newer class of 2D materials discovered in
2011 [11] have rapidly expanded to over 30 synthesized
variants. The first MXene, TisC., was obtained by etch-
ing TisAlC: with hydrofluoric acid, later improved via the
MILD method using LiF/HCI [12]. Although MXenes are
still relatively new materials, only a few publications have
focused on experimental studies of their mechanical prop-
erties. These publications are focused on the mechanical
properties of a single sheet of MXene, where the reported
Young’s modulus of a single layer of Ti,C,T, is approxi-
mately 330 GPa [13]. The mechanical properties of MXenes
depend on the thickness of single sheets, which increases
with their chemical composition. MXene Ti;C,T, is made
up of a titanium carbide (Ti;C,) layer with a hexagonal lat-
tice and surface functional groups (T,) that can be oxygen
(0), fluorine (F), or hydroxyl (OH). The Ti;C, layer is com-
posed of three layers of titanium atoms and two layers of
carbon atoms, and the T, functional groups are bonded to
the Ti;C, layer through covalent bonds (see Fig. 2). The
structure of MXene Ti;C,T, has been studied extensively
using a variety of techniques, including transmission elec-
tron microscopy (TEM) [14, 15], small-angle neutron scat-
tering (SANS) [16], and X-ray photoelectron spectroscopy
(XPS) [17]. These studies have revealed that the Ti;C,T,
layer is typically approximately 1 nm thick, and the T, func-
tional groups are typically approximately 0.5 nm thick.




Emergent Materials

Fig.2 Schematic diagram of the atomic structure of MXene: Ti;C,T,

Simulations of free-standing films revealed that the
mechanical behavior of MXene films is predominantly
influenced by their interlaminar shear strength and in-plane
stiffness [18]. MXenes are one of the most conductive nano-
materials, reaching almost metallic conductivity. The con-
ductivity of monolayer Ti;C,T, MXene up to 11 000 S/cm
was reported [19]. However, MXene films containing many
layers can exhibit lower conductivities, even by several
orders of magnitude [20]. This phenomenon is attributed to
contact resistance between flakes, which cannot be elimi-
nated. In addition, the MXene surface can be chemically
modified by different functional groups without a significant
loss of conductivity. These properties predetermine the suit-
ability of MXenes for use in various applications.

MZXenes are new materials with impressive properties,
primarily electrical and mechanical. In the future, they
could replace graphene and GO in many applications.
MXenes and graphene particles are also used for polymeric
composite preparation. Tarasovs and Aniskevich [21] stud-
ied the effect of clusterization on the effective properties of a
composite material using the representative volume element
(RVE) method.

Although monolayers are well-studied [ 13, 22—-24] direct
comparisons of spray-coated Ti;C,T, MXene and GO films
remain rare. These sprayed films differ structurally from
monolayers and their mechanical properties depend on
layer alignment, thickness, and substrate interactions. Spray

coating supports nanoflake alignment [25], though less
orderly than vacuum filtration.

The differences in mechanical properties between
sprayed and vacuum-filtered films are primarily due to the
differences in their layer thickness. Sprayed films are typi-
cally thinner than vacuum-filtered films, which results in
weaker interlayer interactions [26, 27].

The comparison of mechanical properties between
sprayed and vacuum-filtered Ti;C,T, MXene and graphene
oxide films is important for understanding the impact of
fabrication methods on material properties. Spray coating
offers several advantages over vacuum filtration, including
scalability, cost-effectiveness, and the ability to produce
patterned films. And the thinner layer thickness of sprayed
films can lead to higher mechanical properties.

Further research is warranted to systematically investi-
gate the mechanical properties of sprayed Ti;C,T, MXene
and graphene oxide films across a range of parameters,
including film thickness, morphology, and additive compo-
sitions. This knowledge will pave the way for the devel-
opment of advanced materials with tailored mechanical
properties for applications in electronics, energy storage,
and catalysis.

In this study, for the first time, the physical properties
of Ti;C,T, MXene and GO films prepared using the same
spray coating method on glass substrates are compared,
addressing a gap in current knowledge. This technique
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enables coating of large substrate areas with uniform, thin,
and smooth films. Spray coating offers several advantages
over traditional methods, including high deposition effi-
ciency and rate, minimal masking, and the ability to form
dense coatings with strong substrate adhesion. Cold spray
eliminates the need for grit blasting, reducing substrate dam-
age, and provides coatings with minimal thermal input, high
bond strength, compressive residual stress, and excellent
corrosion resistance, strength, and conductivity. It avoids
phase changes, oxidation, and grain growth. The resulting
films exhibit good long-term stability, making them suit-
able for various demanding applications [28] Cold spray
is a valuable coating method for a variety of applications,
including aerospace, automotive, manufacturing, and medi-
cal industries [29].

The chemical structure of all samples was analyzed using
X-ray photoelectron spectroscopy. Surface morphology and
homogeneity were assessed via scanning probe microscopy
(SPM). Wettability and surface free energy of the hydrophilic
2D films were evaluated through contact angle hysteresis.
Mechanical properties were determined by nanoindentation,
enabling a consistent comparison of both materials. Ti;C,T,
MXene film conductivity was monitored over two months
to assess film aging at different thicknesses.

2 Materials and methods

Ti;C,T, MXene was prepared by etching MAX phase
Ti;AlC, (MRC, Ukraine) using the modified MILD method
[30]. Briefly, the MAX phase was slowly added to the HCI/
LiF mixture and stirred overnight to remove the Al layer
from the structure. The prepared MXene was next delami-
nated with LiF and centrifuged to obtain a single layer
MXene solution with a concentration of 2.58 mg/ml [31].

GO was synthesized from bulk graphite (particle size
of 5 pm) using a modified Hummers and Offeman method
[3]. The resulting solution was purified and monolayer GO
was selected through multiple centrifugation and sonication
steps, achieving a final concentration of 3.00 mg/ml.

Films of 2D nanomaterials were prepared by spray coat-
ing onto a cleaned glass substrate. All glass substrates were
cleaned in an ultrasonic bath following the procedure:
5 min in DI water with detergent, 5 min in pure DI water,
and 5 min in ethanol. Next, the samples were dried in air.
Before spraying, glass plates were treated by air plasma
in a plasma generator at 40 kHz and 100 W under an air
pressure of approximately 0.2 mbar. A water suspension of
Ti;,C,T, MXene or GO was sprayed by hand from a distance
of approximately 20 cm using a spray gun with airflow at a
pressure of 1 bar. After spraying one layer, the samples were
dried in an oven at 35 °C for 30 min, and the next layer was
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sprayed. Five-layer and ten-layer films were prepared and
characterized.

GO was coated on a glass substrate by the same proce-
dure as that used for MXene. GO contains various polar
functional groups similar to Ti;C,T, MXene, creating films
with similar bonding between their single sheets.

The term “layers” in this manuscript refers to the number
of spray-applied layers, not to the number of MXene of GO
monolayers.

The mechanical properties of the prepared films were
evaluated using a Nanoindenter TI 750 Ubi (Hysitron,
USA) with a Berkovich diamond probe with a tip radius
of approximately 150 nm was used. An area of size 60 x 60
pum? was scanned at a rate of 0.25 Hz and a setpoint of 2
uN. Temperatures during all experiments ranged from 22 to
25 °C, with relative humidity between 29.2 and 33.6 RH%.
This technique also enabled surface topography analysis
through its Scanning Probe Microscopy (SPM) mode. SPM
scans were visualized and analyzed by the software Gwydd-
ion 2.53.

Nanoindentation helps to obtain values required for the
study of wetting behavior. A Young contact angle is neces-
sary for further surface energy calculation using the most
stable contact angle obtained by contact angle measure-
ment. For calculation of the Young contact angle, it is nec-
essary to know the roughness ratio », which is defined as the
ratio between the real area (4,.,) and the geometrical area
(Ageom)- These values can be obtained from nanoindentation
measurement reports.

A’real
e (M

Ageom

In Gwyddion are computed by simple triangulation and
shown in Hybrid statistical values as the “Projected surface
area” Ay, = 3600 um? for all samples and the “Surface
area” A4, calculated for each sample.

The morphology of the 2D particles was characterized by
an EVO® 40 Series scanning electron microscope (JEOL,
Japan). The XPS signals were recorded using a K-Alpha
XPS system (Thermo Fisher Scientific, UK), equipped
with a microfocused, monochromatic Al K-o X-ray source
(1486.68 ¢V) and an X-ray beam size of 400 um. Spectra
were acquired in constant analyzer energy mode, with a pass
energy of 200 eV for surveys and 50 eV for narrow regions.
Charge compensation was achieved via the system’s flood
gun. Depth profile analysis was conducted with an Ar ion
gun at an etching rate of approximately 0.29 nm/s. Data
acquisition and processing were performed using Thermo
Scientific Avantage software, version 5.9931. Spectral cali-
bration was conducted using an automated routine with
internal Au, Ag, and Cu standards provided by the K-Alpha
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system. Surface compositions (in atomic %) were deter-
mined from integrated peak areas of detected atoms and
corresponding sensitivity factors.

The electrical properties of the films were character-
ized using a Four-Point Probe System (Ossila, UK). Con-
tact angle measurements were conducted on an OCA 25
device (Dataphysics, Germany), utilizing a syringe needle
with an outer diameter of 0.31 mm and an inner diameter of
0.16 mm. Advancing and receding contact angles were mea-
sured by varying the drop volume at a constant volumetric
flow rate using a motorized syringe. An ellipsoid method
was used to fit the experimental data. Laboratory humidity
was maintained between 20 and 30%, and experiments were
performed at temperatures of 23-25 °C. For contact angle
measurements, diiodomethane (CH,l,, purity 99%) was
sourced from Sigma-Aldrich Co. (USA), ethyl anthranilate
(purity>99%) was provided by Tokyo Chemical Indus-
try Co., Ltd. (Japan), and ultrapure water (18.2 MQ-cm)
was obtained from an AquaPro ultrapure water production
system.

3 Results and discussion

Solutions of 2D nanomaterials, Ti;C,T, MXene and GO,
were used for the preparation of compact films using spray
coating on a glass substrate. For the comparison of physi-
cal properties, GO was chosen, not graphene, because a
water-soluble material is needed for the spray coating onto
the glass substrate, and graphene is hydrophobic and not
water-soluble.

3.1 X-ray photoelectron spectroscopy investigation

The chemical composition of the prepared structures was
checked and compared using X-ray photoelectron spec-
troscopy (XPS, Figure S6). Table 1 summarizes the appar-
ent surface chemical composition of the Ti;C,T, MXene
5-layer film (MX-5 L) and 10-layer film (MX-10 L), gra-
phene oxides in the form of a 5-layer film (GO-5 L), and GO
as a 10-layer film as determined by XPS.

Ti,C,T, MXene films showed only minor oxidation at the
Ti structure, and typical peaks for Ti;C, were detected (Ti2p
at ~455.2 eV, see Fig. 3A). Signals of Ti>" at ~456.1 eV
(labeled as “Ti** <) and Ti*" at ~456.9 eV (labeled as “Ti**)
on the surface in addition to some oxidation (C-Ti-O, and
some suboxides TiO,) might also be correlated to binding
with fluorine, which is also present on the surface.

The Ols XPS spectra of the 10-layer MXene film pre-
sented in Fig. 3B can be deconvoluted into four components
at 529.9 eV, 531.9 eV, 533.7 eV, and 534.9 e¢V. The most
intense peak at 529.9 eV comes from the oxide species
and oxygen bonded to titanium. The peaks at 531.9 eV and
533.7 eV come from the presence of oxygen bound to car-
bon in surface contamination. Fls signal showed the Ti-F
termination groups (F1s at ca. 685 eV, Fig. 3D).

The stoichiometry calculated from the XPS results of
the five-layer Ti;C,T, MXene sample is Ti;C, ¢F; ;0 50,
and that for the ten-layer sample is Ti;C, g3F 50, 47. These
results confirm the presence of non-oxidized Ti;C,T,
MXene layer with -F and -O termination groups [32].

Figure 3C shows the C1s XPS spectra of 10-layer Ti;,C, T,
MXene films and reveals three main peaks occurring at

Table 1 Apparent surface chemi-  gyrface Samples

cal composition as determined chemical MZXene 5 layer film MZXene 10 layer film GO 5 layer film 5 L-GO GO 10 layer

by XPS composition 5 L-MX 10-LMX film 10 L-GO
(at%)
Cls 30.9 35.4 55.3 58.5
I/sp*/sp®/  15.2/1.9/4.4/5.0/2.9/-  14.3/2.7/6.4/6.3/3.4/- —/— —/-
CO/C=0/ /1.5/- 12.4/— /9.0/30.2/7.8/6.9/1.2/0.3 /11.3/30.6/4.9/
OCO/n- n* 10.1/1.4/0.3
Ols 20.6 19.2 12.7 11.6
ox/C=0/C-0/ 8.2/4.3/7.1/1.0 7.7/4.6/5.6/1.3 —/3.9/7.7/1.0 —/4.6/6.1/0.9
cocC
Ti2p 29.6 28.2 — —
TiC/Ti*"/ 12.2/8.3/6.3/2.8 11.9/7.9/8.0/0.5
Ti*H/Ti*
Fls 12.2 11.6 — —
F/TiF/ 0.2/9.6/1.8/0.6 0.1/9.3/1.6/0.6
TiF,/C-F
Nls (N7) 1.9(0.5) 2.2(0.6) 6.1 (4.3) 6.2 (4.7)
Cl2p 22 22 13.7 13.7
Si2p/Zn2p/ 2.7/-1-/-1- 1.2/~/-/-/- 1.8/7.5/1.1/1.0/ —/8.0/1.1/0.4/0.6
S2p/Nals/ 0.8

Cls: I, II=carbide Cu2p

Springer
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Fig.3 XPS of 10-layer MXene film (MX-10 L) of (a) Ti2p, (b) Ols, (¢) Cls, (d) F1s region

~281.4, =284.6, and =287.8 eV, which may originate from
Ti—C, C—C, and C-O structures, respectively. The presence
of C-O may arise from Ti;C,T, MXene oxidation, resulting
in the formation of TiO, and carbon atom networks or it is
consequence of adventitious carbon presence.

The Ols and Cls XPS spectrum of the GO-10 L film
is presented in Fig. 4. Ols showed mainly organic oxygen
functionalities of C=0 and C-O. Cls can be exhaustively
described by chemical shifts of carbon—carbon bonds due
to sp® (signal at ~284.4 eV) and sp’ (=285.0 ¢V) hybrid-
ization and three chemical shifts corresponding to hydroxyl
C-0 (=286.1 eV), carbonyl C=0 (=287.3 eV) and carboxyl
0=C-0 (=289.2 ¢V) bonds [33, 34].

@ Springer

3.2 SEM study

SEM images confirmed that using a MILD method for
MAX phase etching, single-layer sheets of Ti;C,T, MXenes
were prepared. Figure 5a shows a good visible Ti;C,T,
MXene single sheet with a diameter of approximately 3 pm,
and Fig. 5b shows a GO particle cluster with a diameter of
approximately 2 pm.

3.3 Nanoindentation

SPM scans made with nanoindentor shows, then the ten-
layer samples (Figs. 6A and C) were smoother than five-
layer samples (Figs. 6B and D). The reason may be the
ability to self-organize the layers during the successive
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Fig.4 XPS of 10-layer GO film (GO-10 L) of (a) Ols, (b) Cls region
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Fig.5 SEM images of Ti;C,T, MXene single sheets with a diameter of approximately 3 um on sample MX-5 L (a) and GO particle clusters with

a diameter of approximately 2 um on sample GO-5 L (b)

application, and this evens out the individual irregularities
arising on the surface.

The thicknesses of the prepared films were calculated
from SPM scans on the interface stage between the films
and glass substrate (see Supplementary Information Figure
S1). For the 5-layer Ti;C,T, MXene samples, the thickness
was calculated from 35.72 to 37.87 nm (average 36.80 nm),
and for the 10-layer Ti,C,T, MXene sample, the thickness
was calculated from 45.95 to 54.44 nm (average 50.62 nm).
For the 5-layer GO sample, the thickness ranged from
15.45 to 34.49 nm (average 23.11 nm), and for the 10-layer
GO sample, the calculated thickness ranged from 44.32 to
56.75 nm (average 50.63 nm).

The XRD analysis results are typical for 2D materials as
shown in Figure S4. That is a peak at small angles due to
the periodic layering of basal monolayers of GO or Ti;C,T,
MXene, where the position of the peak indicates the dis-
tance between neighbouring monolayers (repeat period). In
Ti;C,T, MXenes samples, it takes on a value of 1.51 nm,
which is also consistent with the literature [16]. In GO
(see Supplementary information Figure S5), it takes on a
value of 1.24 to 1.31 nm, which is also in agreement with
the literature [35]. By dividing values the thickness of the
sprayed films obtained from SPM scans by these values,
we would obtain the following numbers of monolayers:
for 5-layer MXene samples~24 monolayers, for 10-layer

@ Springer
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Fig. 6 SPM surface images of (A) MX-10 L (4,,,, = 3607,40 pm2=1.0020 5), (B) MX-5 L (4,,,, = 3601,75 pm2r=1.000486 T), (C) GO-10 L
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(4, = 3610,29 um2r=1.002858 3), and (D) GO-5 L (4,,,, = 3625,11 um2r=1.006975)
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MXene sample~33 monolayers, for the 5-layer GO sam-
ple~18 monolayers, and for the 10-layer GO sample~40
monolayers.

The nanoindentation technique was used to measure the
mechanical properties of the prepared films using the same
Berkovich diamond probe with a tip radius of approximately
150 nm. For indentation, partial load-unload curves with 50
segments and a maximal load of 1 mN were used, as shown
in Figure S2.

For the determination of elastic modulus and hardness,
Oliver — Pharr’s theory [36] implemented in the software
Triboscan 10.0.0.1. was employed. The values in Table 2

Table 2 Mechanical properties determined by nanoindentation

Elastic modulus Hardness

[GPa] [GPa]
Glass 86.73+10.07 9.19+2.42
MX-5L 89.81+11.76 10.50+2.70
MX-10L 89.43+21.26 7.46+2.73
GO-5L 117.98+20.22 13.04+3.12
GO-10L 97.97+13.45 9.80+£2.90

@ Springer

were calculated as an average of results measured on at least
9 different places on each sample. Figure S3 presents the
elastic modulus and hardness of the samples measured by
the nanoindentation technique. The elastic modulus of the
glass substrate was measured for comparison, and the value
was 86.73+£10.07 GPa.

For the Ti;C,T, MXene samples, almost the same elastic
modulus was observed, approximately 89 GPa for both films
composed of 5 and 10 layers. The value was approximately
100 GPa for GO samples composed of 5 or 10 layers. In both
cases, the hardness was lower for the 10-layer samples. Kar-
iper [37] stated that there is a negative relationship between
thickness and hardness, meaning that thinner films tend to
be harder than thicker films. This is because thinner films
have fewer grain boundaries, which can act as stress concen-
trators and weaken the material. Additionally, the increased
strain from the indenter can more easily cause dislocations
to move and plastically deform the material in thinner films.
The author also provided evidence of this relationship by
citing a study that found that the hardness of Mn,V,0; thin
films decreased with increasing thickness. The study also
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found that the hardness of the films was correlated with the
average grain size, with films with smaller grain sizes being
harder than films with larger grain sizes. Finally, the author
suggested that the relationship between thickness and hard-
ness is affected by the deposition method. They stated that
films deposited using sputtering tend to have a more pro-
nounced decrease in hardness with increasing thickness than
films deposited using evaporation. This is because sputtered
films tend to have larger grain sizes, which can act as stress
concentrators and weaken the material. The tensile test of
Ti,C, T, films with various thicknesses (2—17 um) prepared
by he vacuum filtration showed the relative sliding between
Ti,C,T, flakes as the dominant deformation mechanism of
Ti;,C,T, films [38]. The mechanical properties of Ti;C,T,
films were thickness dependent. Elastic modulus decreased
from 17 to 8 GPa, when the film thickness increases from
2.3 to 17 um [38]. Overall, the author concludes that there is
a complex relationship between thickness and hardness, but
that thinner films tend to be harder than thicker films. These
conclusions can also be observed in our results.

In the literature, the mechanical properties of GO in
paper-like form or as single- or few-layer sheets are primar-
ily reported [22, 23]. The GO paper is a self-supporting thin
film that consists of aligned GO nanosheets. The ordered GO
paper exhibits a wide range of elastic modulus values from
6 to 42 GPa [8]. The GO paper has a layered structure and is
composed of individual, well-organized 100-200 nm thick
sheets [39]. When the thickness of GO sheets decreased to
a few layers, its elastic modulus increased, and values of
approximately 200 GPa [24, 40] were found. In our case, the
thickness of the prepared films is between the values for GO
papers and GO single sheets, and the elastic modulus values
are between the values for papers and single sheets.

The situation is similar to that of Ti;C,T, MXenes. In
the existing literature, there is a greater focus on measur-
ing the mechanical properties of monolayers of Ti;C,T,
MXenes [13, 24]. The reported results for mechanical prop-
erties are obtained from single sheets of Ti;C,T, MXenes
or blade coating produced films with a thickness of almost
1 pm. Such results cannot be directly compared with the
measurement of sprayed layers. During spraying, the lay-
ers are randomly arranged, which can change the overall
behavior and also influenced the elastic modulus of the final
films. In a recent study by Wang et al. [27], the properties
of Ti;C,T, MXene films prepared using Vacuum-Assisted
Filtration (VAF) were investigated. The Young’s modulus
measured by Wang et al. ranged from 14 to 28 GPa. In con-
trast, our experimental measurements of sprayed Ti;C,T,
MXene films yielded significantly higher Young’s moduli,
reaching up to 90 GPa. However, the VAF-prepared films
were approximately 1,000 times thicker than the sprayed
films, with thicknesses of 45 pm and 35 nm, respectively.

This thickness difference is a crucial factor influencing the
elastic modulus of Ti;C,T, MXene films, as the interlayer
sliding becomes more pronounced in thicker films. The ten-
sile strength of films fabricated through spray coating can
reach up to 707 MPa, significantly higher than the 87 MPa
observed in those made using vacuum-assisted filtration
[25]. A single layer of Ti,C,T, exhibits an elastic modu-
lus of 330+30 GPa [13]. Recently, theoretical calculations
predicted even higher values of the elastic modulus for
different types of MXenes [41, 42]. An elastic modulus of
20.6+3.1 GPa for Ti;C,T, films produced by blade coating
was reported [43]. Our values for spray-coated films with
thicknesses of approximately 36—50 nm are between these
reported elastic modulus values.

Since both 2D materials in our study were prepared by
comparable methods, the presented comparison of their
properties is more reliable.

3.4 Contact angle measurement and surface energy
calculation

To investigate the wetting properties of both the Ti;C,T,
MXene and GO films, contact angle hysteresis measure-
ments were performed. Surface energy was calculated using
3 liquids with different polarities - water, dilodomethane
(DIO), and ethyl anthranilate (EA) (Supplement Table S1),
and the Owens-Wendt method was used. Owens-Wendt is
one of the most commonly used surface free energy theo-
ries. It divides the interfacial interactions into two parts:
polar y*°" and dispersive yP*.

Ys =7+ 2

Calculation of the surface free energy with this model
requires the measurement of the contact angle with at least
two known liquids, and the surface energy components can
be obtained by simultaneously solving two equations of the

type (3).

v (1 + cosh) o POI s
L2 Vo 7§ Dm 78 (3)

The contact angle values used for surface energy calcula-
tions were not obtained using the common static contact
angle measurement approach. This is because, on real sur-
faces with surface roughness and possible chemical hetero-
geneity, the droplet can settle in a local energy minimum
within the range of contact angles, a phenomenon known
as contact angle hysteresis [44]. This method has been criti-
cized for two main reasons: (1) the reproducibility of these
‘intermediate’ contact angles is questionable, and (2) surface
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Table 3 Advancing, receding, and most stable contact angles of water, DIO, and EG

0,0) 0, () Os () 0, 0; ()
DIO 50.8 + 1.2 30.8 + 35 41.8 20.0
MX-5L Water 59.2 + 2.7 12.9 + 1.8 42.0 46.3
EA 27.0 + 2.1 10.1 + 1.3 20.3 16.8
DIO 51.6 + 1.3 299 + 2.3 419 21.7
MX-10L Water 58.6 + 2.6 14.1 + 1.4 41.8 445
EA 26.6 + 1.7 11.2 + 0.7 20.3 154
‘Water 40.7 + 1.7 11.2 + 0.9 29.6 29.5
GO-5L EA 14.9 + 1.1 10.1 + 14 12.8 4.8
DIO 50.5 + 0.8 279 + 2.0 40.5 22.5
Water 38.6 + 1.8 114 + 0.8 28.2 27.2
GO-10L EA 14.4 + 1.0 11.6 + 0.5 13.1 29
DIO 54.0 + 0.9 24.7 + 1.4 41.6 29.3

energy calculations require a contact angle corresponding
to the global Gibbs free energy minimum [45]. However,
direct measurement of the global Gibbs free energy mini-
mum is feasible only in a limited number of laboratories
worldwide [44, 46]. Therefore, an advancing @, and reced-
ing @y contact angle measurement was chosen to estimate
the most stable contact angle using the approximation sug-
gested by Andrieu et al. [47]. The advancing and receding
contact angles are considered reproducible [44]. A protocol
for reproducible advancing and receding contact angle mea-
surement, which served as a guide for our measurements,
was published recently [48].

cosf A + cosf r

. @

cost s =

The Young contact angle was calculated using the Wenzel
equation according to the recommendation published by
Marmur et al. [45, 49].

cost w = rcost y 5)

The advancing and receding contact angle values, as well
as the estimated equilibrium contact angle for both Ti;C,T,
MXene and GO layers on the glass surface, are summarized
in Table 3. The most stable contact angles of water on both
nanomaterials calculated by formula given in Eq. (2) con-
firm the significant hydrophilic character for both Ti;C,T,
MXene (41.8-41.9°) and GO (28.2-29.6°). Additionally,
very small differences in contact angles were observed for
5 and 10 prepared layers, indicating a very good shielding
effect, which was demonstrated previously for both Ti;C,T,
MXene [48] and graphene [50]. The results show a giant
contact angle hysteresis of water for both nanomaterials.
The most common factors increasing the contact angle hys-
teresis are surface roughness and chemical heterogeneity
[45, 46, 49]. Considering that the surface roughness ratio
value remains close to 1 (see Fig. 6), there is no indication
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that contact angle hysteresis can be induced by surface
roughness. We recently reported that for Ti;C,T, MXene,
the contact angle hysteresis could be attributed to the chemi-
cal heterogeneity resulting from the presence of F, O, and
OH terminal groups [48]. However, different functional
groups (O, OH, and COOH) on the GO surface could be the
main reason for such high contact angle hysteresis values of
GO layers. High contact angle hysteresis for chemically het-
erogeneous systems has been reported previously [51-53].
Tailoring the functional groups of Ti;C,T, MXene signifi-
cantly impacts its wettability. For example, functionaliza-
tion with —OH, —O, and —F groups results in a hydrophilic
surface (contact angle~39°), while introducing larger, less
hydrophilic groups like iodine increases the contact angle to
99°, making the surface more hydrophobic [54].

The surface energy values calculated using contact angle
values from 3 different liquids (see Table 3) are listed in
Table 4, including dispersive and polar parts.

Our obtained surface free energy values for GO do not
differ significantly from previously reported results for thin
GO films (51 mJ/m? [55] and 62.1 mJ/m? [56]). For Ti,C, T,
MXene, the surface energy values vary in the range of 45
to 62 mJ/m? [48, 57, 58], and the value we determined is
also in this range. These values may depend on drying and
storage conditions [57], and we recently reported a possible
dependence on several factors including Ti;C,T, MXene
dispersion preparation and the quality of the preparation
process or contact angle measurement approach and sur-
face energy calculation method [48]. Since the GO surface
also contains different surface functional groups, it can be

Table 4 Surface free energy components were calculated according to
the OWRK model

Substrate v (mJ/m?) ¥P' (mJ/m?) v (mJ/m?)
MX-5L 53.18 21.77 31.41
MX-10 L 53.73 20.93 32.80
GO-5L 61.89 19.76 42.13
GO-10L 63.01 18.89 44.14
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expected, that differences in the literature values can be due
to factors affecting the surface chemistry of GO.

3.5 Electrical conductivity of Ti;C,T, MXene films

The sheet resistances (Rg) of the prepared samples were
regularly measured by the four-point method for more than
two months. The probes in this system are in one line with
a spacing of 1.27 mm. We set the target current to 0.002 A,
and the voltage increment was 0.01 V. The results for
Ti,C,T, MXenes were measured because GO samples were
not conductive when using this method. Sheet resistances as
a mean value from 5 points were measured in each sample,
and later, when the thicknesses of films (7) were calculated,
sheet resistances to conductivities (o) were recalculated
with Eq. 6:

1
g =
Rset

(6)

The conductivities one day after the preparation of the
samples were 505+ 80 S/cm for the 5-layer MXene film and
1086+ 64 S/cm for the 10-layer MXene film. As reported
by Y. Peng et al., electrical conductivity values were mea-
sured by a four-point probe in the range of 778-2508 S/
cm, depending on the Ti;C,T, MXene sheet size [59]. Two
main effects can have the greatest influence on conductivity:
sheet-to-sheet contact resistance and defects causing more
electrical resistivity.

The conductivities of the 5-layer MXene sample and
10-layer MXene sample decrease by approximately 50% and
40% after two months, respectively, as depicted in Fig. 7.
Table S2 presents the results of the measurements of conduc-
tivities measured every week for two months. In our previ-
ous study, XPS and TEM in multiple modes were employed
to investigate the chemical and morphological changes in 2D
MXene exposed to air over a period of several months. The
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Fig.7 Time dependence of the conductivity of Ti;C,T, MXene samples

study revealed the progressive development of the Ti*" state
and the formation of TiO,, which contributed to the gradual
disintegration of 2D MXene nanosheets and the generation
of additional defects. Nevertheless, the overall morphology
and crystalline structure of the Ti;C,T, MXene nanosheets
remained intact for several months [60]. Recent studies sug-
gest that the decline in electrical conductivity is mainly due
to water intercalation between hydrophilic Ti;C,T, MXene
layers, causing partial delamination and defect forma-
tion rather than irreversible oxidation. Heating at 200 °C
effectively removes interlayer water, restoring conductiv-
ity and reducing degradation. Advances in synthesis, such
as minimizing chlorine terminations or residual aluminum
and utilizing vacuum drying, have further enhanced Ti,C,T,
MXene stability, with films retaining up to 90% conductivity
after 5 years of storage [61].

4 Conclusions

The spray coating method proved to be an efficient and ver-
satile approach for fabricating thin, uniform, and mechani-
cally stable TisC.Tx MXene and GO films. Both materials
exhibited comparable mechanical properties (elastic modu-
lus~89 GPa for Ti;C.Tx MXene and ~ 100 GPa for GO) and
hydrophilic character, with contact angles between 28.2°
and 41.9°. SPM imaging confirmed homogeneous surface
coverage, and film thicknesses ranged from ~23 to 50 nm,
corresponding to 18—40 monolayers based on XRD analysis.

Surface energy values (45—62 mJ/m? for Tis:C.Tx MXene,
51-62 mJ/m? for GO) suggest similar affinities to polar
environments. Despite minor oxidation and fluorine termi-
nations observed in TisC.Tx MXene (confirmed by XPS),
films exhibited good chemical quality. GO films showed
characteristic peaks (284-289 eV) consistent with high
purity.

Electrical conductivity reached 505 S/cm (5 layers) and
1086 S/cm (10 layers) in TisC.Tx MXene films but dropped
by ~50% and ~40%, respectively, after two months due to
oxidation. These findings underscore the need for optimized
storage—e.g. inert atmosphere or refrigeration—and the
potential use of protective polymer layers for stability in
ambient conditions.

This study offers the first direct comparison of TisC>Tx
MZXene and GO films produced under identical spray coat-
ing conditions, providing new insights into their structural,
mechanical, and surface properties. Developing strategies
to mitigate TisC.Tx MXene oxidation is crucial for realizing
the full potential of these materials in various applications.
This may involve capping agents or protective coatings
to prevent oxygen exposure and maintain their electrical
conductivity.
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