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Abstract―As part of the study, we have developed a method for obtaining a single-layer Ti2CTx MXene by
the interaction of Ti2AlC with a mixture of hydrochloric acid and sodium fluoride followed by delamination
using a tetramethylammonium hydroxide solution and ultrasonic exposure. The obtained stable aqueous dis-
persion of Ti2CTx has been applied by microplotter printing onto a specialized sensor chip, which has been
dried at a temperature of 150°C under reduced pressure. The coating has been studied using modern physi-
cochemical methods of analysis. According to the data of X-ray spectral elemental microanalysis, the ratio
n(Ti) : n(F + Cl) = 2 : (0.82–0.85), n(F) : n(Cl) ≈ 6 : 4; aluminum impurity does not exceed 1.5–2.0%. Data
have been obtained on the local electrophysical properties of the Ti2CTx coating: on the value of the electron
work function from the surface of the material, the distribution of charge carriers, and the capacitance gradi-
ent of the “probe tip–sample microregion” capacitor. For the first time, at an operating temperature of 30°C,
extremely high chemoresistive responses of the Ti2CTx receptor layer to the content of 1 and 5% oxygen in
nitrogen have been determined, which amounted to 8.6 and >276, respectively.
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INTRODUCTION

At present, such a relatively new and wide class of
two-dimensional nanomaterials as MXenes is of high
scientific and technological interest. As is known, the
general formula of these substances is Mn + 1XnTx, in
which M is a transition metal, X is carbon or nitrogen,
T are surface functional groups (most often F–, OH–,
Cl– or oxygen), and n is 1, 2, and 3 [1–4]. Due to the
large variability of the compositions and structure of
MXenes, their practically significant properties can be
directed to change; however, among the general char-
acteristics, it is necessary to note the high electrical
conductivity, the ability to harden when they are intro-
duced into composite materials of various nature due
to the large specific surface area [5–9], as well as the
possibility of intercalation between layers of different
ions [10–12].

Most attention is focused on the use of MXenes in
energy generation and storage devices, such as lith-
ium/sodium-ion batteries and supercapacitors [13–
19], and fuel cells [20, 21]. However, they are also
widely used as a material for transparent conductive
coatings, and in optoelectronics [22, 23], photo- and
electrocatalytic processes (purification of industrial
waters, hydrogen production, CO2 reduction, electro-

catalytic reduction of nitrogen with the formation of
ammonia, etc.) [24–26].

The unique electrical characteristics inherent in
MXenes, the possibility of their directed transforma-
tion by changing the chemical composition and struc-
ture, and the high specific surface area characteristic
of 2D nanomaterials are also in demand in the devel-
opment of gas sensors [27–33]. Of particular interest is
the problem of creating efficient portable devices [27]
operating at a minimum (optimally, room) tempera-
ture [34]. MXene Ti3C2Tx historically obtained first
[34–37] is mainly tested as a receptor material, while
for another representative of titanium-containing car-
bide MXenes, Ti2CTx, information on possible che-
moresistive properties is practically absent in the liter-
ature. The available studies are mostly computational,
while experimental works are sporadic and have been
performed for a limited number of gaseous analytes.
Thus, using the example of M2CS2 (M = Ti, Zr, Hf)
with sulfide surface groups, the prerequisites of this
material for increased gas sensitivity with respect to
nitrogen oxides NOx were theoretically shown [38]. In
the computational studies [39–41], using the DFT
method, conclusions were made about the prospects
of single-layer Ti2CO2 MXene as a chemosensor mate-
rial for gaseous ammonia. In the study [42], based on
1838
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the data of quantum chemical calculations for MXene
phases with different surface groups (Ti2C, Ti2CF2,
and Ti2C(OH)2), a high potential is predicted for the
detection of phosgene, especially for the latter
hydroxo-substituted compound.

In [43], for a multilayer Ti2CTx exhibiting p-type
semiconductor properties, the possibility of detecting
at room temperature and photoexcitation with visible
light such an explosive analyte of practical importance
as methane was experimentally shown: the response to
1% CH4 was 142%, and the response to 1000 ppm was
68% with moderate response and recovery times (38
and 47 s, respectively).

The purpose of this work is the synthesis and com-
prehensive study of the gas sensitive properties of
MXene Ti2CTx when using it as a material for a che-
moresistive gas sensor.

EXPERIMENTAL
For the synthesis of MXene Ti2CTx, we used pow-

der MAX phase Ti2AlC, the synthesis procedure of
which was described in detail [44]. The content of the
main substance was 86%; 1.6% TiC was found as crys-
talline impurities, as well as intermetallic compounds
Ti3Al (3.8%) and TiAl (8.6%). Ti2AlC was synthesized
based on metal and graphite powders in the ratio n(Ti) :
n(Al) : n(C) = 2 : 1.2 : 0.8 at a temperature of 1000°C
in air in a protective KBr melt [45, 46].

Preliminary experiments on the removal of an alu-
minum layer from the Ti2AlC composition by etching
in an HF solution described in [45, 47–50] showed
that these approaches are not efficient enough to
obtain Ti2CTx MXene. In this regard, the efficiency of
selective aluminum etching was studied using hydro-
gen fluoride released in situ during the interaction of a
hydrochloric acid solution and an alkali metal f luoride
(Fig. 1a). In most sources, it is proposed to use LiF for
these purposes [43, 51, 52]; this system is quite effec-
tive for most MAX phases, for example, Ti3AlC2.
However, in the present experiment, in order to avoid
contamination of the product by the poorly soluble
LiF in water, we proposed to use NaF (special purity
grade 9-2, Reakhim, Russia), which was previously
used for less reactive MAX phases of the M2AlC com-
position, for example, in order to obtain MXene
V2CTx [53–57], which is synthesized under more
stringent conditions. To obtain Ti2CTx, a weighed por-
tion of 1 g of sodium fluoride was dissolved in 20 mL
of a 6 M hydrochloric acid solution (>99%, Sigma
Tech, Russia). The Ti2AlC MAX phase (1 g) synthe-
sized earlier was added in parts to the obtained solu-
tion. After that, the reaction system was placed in a
water bath and kept under stirring at a temperature of
40 ± 5°С for 24 h. The resulting dark suspension was
centrifuged at 3500 rpm for 60 min, the swamp-green
supernatant was decanted, and the solid reaction
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product was repeatedly washed with distilled water
separating the solid phase by centrifugation until pH
~5–6 was reached.

Delamination of the resulting multilayer MXene
was performed with a solution of tetramethylammo-
nium hydroxide (CH3)4N(OH) (25%, aqueous solu-
tion, Technic, France) under ultrasonic action [58–
60] (Fig. 1a). Then, the residual solid phase was sepa-
rated by centrifugation followed by washing with deox-
ygenated water to pH ~6–7 in the resulting dispersion
of MXene.

To create MXene coatings, a sample of an aqueous
dispersion was used, which, after synthesis and delam-
ination, was stored in the dark and at a low tempera-
ture for 15 days. Ti2CTx MXene layers were deposited
on the surface of a glass plate and a specialized chip by
microplotter printing using a three-coordinate posi-
tioning system and a glass capillary with an outlet
diameter of 150 μm. The formation of a coating with
lateral dimensions of 5 × 3 mm on the front surface of
the chip, which is a plate of Al2O3 (Ra = 100 nm) with
deposited platinum interdigital electrodes and a
microheater on the reverse side, was carried out
according to a given program at a rate of 100 mm/min.
The coatings were dried at a temperature of 150°C
under reduced pressure for 30 min.

X-ray diffraction patterns of the initial Ti2AlC
MAX-phase sample, as well as layers of Ti2CTx
MXene on glass and a specialized sensor, were
recorded on a Bruker D8 Advance X-ray diffractome-
ter (CuKα radiation, resolution 0.02° with signal accu-
mulation at a point for 0.3 s). X-ray powder diffraction
was performed using MATCH!—Phase Identification
from Powder Diffraction, Version 3.8.0.137 (Crystal
Impact, Germany), Crystallography Open Database
(COD), supplemented with data for the Ti2AlC hexag-
onal phase.

The microstructure of the resulting Ti2CTx MXene
was studied using transmission electron microscopy
(TEM, Jeol JEM-1011 instrument with Orius
SC1000W digital camera) and scanning electron
microscopy (SEM, NVision 40 three-beam worksta-
tion, Carl Zeiss). The elemental composition of the
samples was assessed in areas of 45 × 60 μm using an
EDX Oxford Instruments X-MAX 80 X-ray elemental
microanalysis attachment.

The resulting films of Ti2CTx MXene were studied
by atomic force microscopy (AFM) on a Solver Pro-M
scanning probe microscope (NT-MDT) using
ETALON HA-HR probes with a conductive coating
based on W2C (resonant frequency ~367 kHz, round-
ing radius <35 nm). The measurements were per-
formed using both AFM with recording of the material
surface topography and Kelvin probe force micros-
copy.

The gas sensitive properties were measured on a
special precision setup using a model sensor substrate
l. 67  No. 11  2022
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Fig. 1. (a) Scheme of the production of Ti2CTx MXene and (b) X-ray diffraction patterns of the initial Ti2AlC MAX phase and
layers of the resulting product Ti2CTx on glass and sensor substrates.
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[61–65]. The gaseous medium was created in a quartz
cell using two Bronkhorst gas f low controllers with a
maximum throughput of 100 and 200 mL/min. The
temperature of the sensor element was controlled
using a platinum microheater on the reverse side of the
sensor. The resulting film was studied for sensitivity to
various analyte gases: H2, CO, NH3, NO2, benzene
(C6H6), acetone (C3H6O), ethanol (C2H5OH), and
O2. The resistance of the receptor materials was mea-
sured using a Fluke 8846A digital multimeter
(6.5 Digit Precision Multimeter) with an upper limit
RUSSIAN JOURNAL OF
of 1 GΩ. Nitrogen (99.9995%) was used as a reference
gas for oxygen detection, and synthetic air was used for
other analyte gases.

Responses (%) to H2, CO, NH3, NO2, C6H6,
C3H6O, and C2H5OH were calculated using the for-
mula:

(1)

where Rg is the resistance at a given analyte gas con-
centration; Rair is the air resistance.

g air air– 100 ,S R R R= ×
 INORGANIC CHEMISTRY  Vol. 67  No. 11  2022
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The responses (relative units) to O2 were calculated
using the formula:

(2)

where   is the resistance at a given oxygen concen-
tration; R is the resistance in nitrogen atmosphere.

RESULTS AND DISCUSSION
X-ray powder diffraction studies showed (Fig. 1b)

that, after exposure to a mixture of hydrochloric acid
and sodium fluoride, the coatings of the Ti2CTx prod-
uct contain no impurities of the initial MAX phase, as
well as usually difficult-to-separate aluminum fluo-
rides and highly dispersed titanium carbide. The
impurities of intermetallic compounds Ti3Al and TiAl
present in the initial Ti2AlC were also not found. The
characteristic shift of reflection (002) towards smaller
angles (2θ = 7.3°–7.5°) indicates a significant increase
in the interlayer distance in the Ti2CTx coatings both
on glass and on the Al2O3 ceramic substrate (Fig. 1b,
red and green curves) as a result of the removal of the
interlayer of aluminum atoms in the composition of
the Ti2AlC MAX phase, its replacement by –F, –Cl,
and –OH surface groups, and delamination.

According to TEM data (Fig. 2), the resulting
Ti2CTx is single layer, which is typical of etching prod-
ucts with HCl + MF systems, where M = Li+, Na+,
K+, , followed by their delamination with quater-
nary amine hydroxides. In this case, plates with a
length of ~200–500 nm (up to 1 μm) are formed, in
which defects occur. Agglomerates of fine elongated
particles (diameter 3–5 nm, length 6–20 nm) are
formed at the edges of the MXene plates: probably, as
the dispersion is stored, even in the absence of light
and at low temperatures (~5–10°C), they are sub-
jected to degradation by dissolved in water with oxy-
gen, as stated in the literature [66]. This process is also
expressed in the loss of aggregative stability of the dis-
persion and the formation of curdy precipitate during
storage, which is practically not amenable to redisper-
sion in water. Nevertheless, even after 45 days of stor-
age at a temperature of 4–6°C in the dark, some of the
Ti2CTx MXene layers still remain in the samples (Fig. 3).

To study the elemental composition and micro-
structure of the Ti2CTx MXene coating, an aqueous
suspension was applied to the surface of a specialized
ceramic sensor followed by drying in vacuum at a tem-
perature of 150°C. According to the SEM data (Fig. 4),
during the formation of the coating, individual layers
of MXene are oriented along the plane of the substrate
and form a continuous film with a folded relief. Glob-
ular particles ~50–100 nm in size observed can be
attributed to impurities of both AlF3 and the initial
MAX phase.

Using EDX analysis, it was found that the content
of residual aluminum does not exceed 1.5–2.0%. In

2O ,S R R=

2OR

4NH+
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this case, the number of halide surface groups varies
depending on the studied area in accordance with the
ratio n(Ti) : n(F + Cl) = 2 : (0.82–0.85), while the ratio
of the amounts of F– and Cl– is approximately 6 : 4.

For the resulting coatings of the Ti2CTx MXene,
the AFM method recorded the topography of the sur-
face of the material (Fig. 5), and using the Kelvin
probe force microscopy method, data were obtained
on local electrophysical properties, such as the work
function of an electron from the surface of materials,
the distribution of charge carriers, and the capacitance
gradient of the “probe tip–microregion sample.”

AFM studies are in good agreement with the data
obtained using SEM and TEM. From the topographic
image shown in Fig. 5a, it is clear that there are many
elongated formations on the surface of the material,
rising ~200 nm above the surrounding surface. Layers
no thicker than 40–50 nm are clearly distinguished in
these formations. Most likely, these are vertically
arranged folds of MXene sheets. Between these folds,
there are fairly even sections of the horizontal surface
covered with elongated nanoparticles up to 80 nm long
and up to ~30 nm wide, which are clearly visible in the
image obtained by scanning such a surface area in the
phase contrast mode (Fig. 5b). Similar particles are
present in the TEM micrographs and most likely
belong to the aggregates of Ti2CTx degradation prod-
ucts.

In addition to topography, maps of the distribution
of the surface potential (the Kelvin probe force
microscopy mode, Fig. 5c) and the capacitance gradi-
ent “probe tip–sample microregion” (SEM mode,
Fig. 5d) were obtained as a result of AFM. When con-
sidering the results of Kelvin probe force microscopy,
we can conclude that the surface potential is not com-
pletely uniformly distributed over the area of the sam-
ple and there are regions that differ markedly in its
value. Folds of MXene sheets are characterized by the
highest contact potential difference (the lightest areas
in Fig. 5c), while the surface areas covered with
nanoparticles differ from each other: the contact
potential difference in such a surface area located in
the center varies in the range of 570–580 mV, while in
the lower right corner, regions with a difference of
549–555 mV are distinguished. Most likely, this differ-
ence can be explained by the different oxygen content
in the Ti2CTx degradation products in different parts
of the sample. The SEM results show that the gradient
takes a smaller value in the folds of the MXene and the
largest one in the depressions and at some boundaries
between the folds of the sheets and the areas covered
with degradation products, which indicates a shift of
charge carriers to these areas. Dark lines are visible,
especially in the lower right part of Fig. 5d, on which
the gradient also decreases. Some of these lines are
also present at some boundaries between the folds of
MXene sheets and the surface covered with Ti2CTx
decomposition products. It is possible that these lines
l. 67  No. 11  2022
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Fig. 2. Microstructure (according to TEM data) of Ti2CTx particles, storage of an aqueous dispersion at a temperature of 5–10°C
in the dark for 15 days.
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show the localization of the AlF3 impurity, which dif-
fers significantly in electrical conductivity, or mark the
boundaries between different phases; however, in gen-
eral, its nature is not completely clear. The lower right
part of Fig. 5d also shows a region with a strongly
reduced gradient value in almost the same area as in
Fig. 5c, where a reduced contact potential difference is
observed, which indirectly confirms the assumption
about the difference in the composition of the prod-
ucts of MXene degradation in different parts of the
sample.

The work function for the sample was calculated
based on the data obtained using Kelvin probe force
microscopy. The obtained value of 4.32 eV is lower
than that observed for Ti2CTx with a surface modified
with f luoride or f luoride and hydroxyl functional
groups, namely, 4.98–5.00 eV [67, 68]. A higher work
function should also be observed in the case of Ti2C
without any functional groups, about 4.5 eV [68].
Unfortunately, in [67], where the work function of
MXene Ti2C(OH)xFy was experimentally determined
using Kelvin probe force microscopy, it was not indi-
cated whether the work function was determined (in
air or in vacuum), which is very important, since often
RUSSIAN JOURNAL OF
a layer of moisture formed on the surface material
reduces the measured value of the work function.
Thus, it can be assumed that, in this case, the reduced
work function can be explained by the presence of a
surface layer of air moisture or an increased amount of
hydroxyl groups on the surface of the sample, as well
as the presence of AlF3 impurities and products of
decomposition of the MXene.

The screening of the chemoresistive properties of
the resulting Ti2CTx film was performed on the follow-
ing series of gaseous analytes: 100 ppm CO, 100 ppm
NH3, 500 ppm H2, 100 ppm NO2 and 100 ppm C6H6,
100 ppm C3H6O, and 100 ppm C2H5OH, among
which ammonia and nitrogen dioxide can be noted,
for which such sensitivity was predicted in theoretical
works ([38, 69] for NOx and [39–41] for NH3). It has
been preliminarily determined that the electrical con-
ductivity of the coating in an atmosphere of dry air
with an increase in temperature from 30 to 50°C
sharply increases from 9.3 to 450 MΩ, which indicates
the metallic nature of the conductivity of the sample.
Figure 6 shows the responses to these gases measured
at detection temperatures of 30 and 50°C. It can be
seen that at an operating temperature of 30°C, the film
 INORGANIC CHEMISTRY  Vol. 67  No. 11  2022
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Fig. 3. Microstructure (according to TEM data) of Ti2CTx particles, storage of an aqueous dispersion at a temperature of 5–10°C
in the dark for 45 days.
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is not sensitive to all gases except NO2. The response
to NO2 was about 6%, and the baseline resistance
increased irreversibly after the cessation of gas puffing,
which may indicate irreversible processes on the sur-
face of the receptor material and/or high adsorption
energy.

With an increase in the operating temperature to
50°C (Fig. 6b), a significant increase in the resistance
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
of the Ti2CTx coating is observed, as noted above, and
a significant increase in noise during signal pickup is
detected. The response to H2, CO, NO2, C6H6,
C3H6O, and C2H5OH is commensurate with the noise
and does not exceed 5–6%. The highest response
(13%) at 50°C is observed for NH3. Moreover, in this
case, there is no rapid return of the resistance value
when pure air is admitted, which may be due to the
l. 67  No. 11  2022
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Fig. 5. Results of AFM of the Ti2CTx film: (a) topography, (b) phase contrast, (c) surface potential map, and (d) capacitance
gradient map “probe tip–sample microregion.”
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strong adsorption interactions between MXene, espe-
cially containing hydroxide surface groups, and the
ammonia molecule noted in theoretical works [39–41].

The most interesting were the results of detection
of oxygen by the obtained receptor material in com-
parison with individual nitrogen. Figure 7 shows the
kinetic curves of the change in the resistance of the
coating during the puffing of the gas mixture and the
corresponding responses to 1 and 5% O2 (in rel. units,
calculated in accordance with Eq. (2)). When 1 and
5% O2 are injected, a significant increase in resistance
is observed, the response to 1% O2 is 8.6, and the
response to 5% O2 it is significantly higher than 276. It
was not possible to accurately determine the last value,
since when 5% O2 is injected, the resistance increases
above 1 GΩ. It should be noted that after the oxygen
supply is stopped, the resistance returns to its original
RUSSIAN JOURNAL OF
values, which indicates the reproducibility of the sig-
nals. With a further increase in the operating tempera-
ture in a nitrogen atmosphere, a significant increase in
resistance is observed, which prevents the determina-
tion of the response to the oxidizing gas even at a tem-
perature of 50°C.

CONCLUSIONS
Here, a method was developed for obtaining a sin-

gle-layer Ti2CTx MXene as a result of the interaction
of Ti2AlC with a mixture of hydrochloric acid and
sodium fluoride followed by delamination in a
tetramethylammonium hydroxide solution and under
ultrasonic exposure. The shift of reflection (002)
towards smaller angles (to 2θ = 7.3°–7.5°) observed in
the X-ray diffraction patterns of coatings deposited
from the resulting aqueous dispersions on glass and a
 INORGANIC CHEMISTRY  Vol. 67  No. 11  2022
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Fig. 6. Screening results for the gas sensitivity of the Ti2CTx coating to various analytes at (a) 30 and (b) 50°C.

0

1

2

3

4

5

6

7

8

0 100 200 300 400

2

4

6

8

10

12

14

16

18

20

0
Time, s

100 200 300 400
Time, s

R
es

po
ns

e,
 %

R
es

po
ns

e,
 %

Gas on Gas on Т = 50°СТ = 30°С 100 ppm CO

100 ppm NH3

100 ppm NO2

100 ppm C6H6

100 ppm C3H6O
100 ppm C2H5OH

500 ppm H2

(а) (b)

Fig. 7. (a) Change in the resistance of the receptor material of the Ti2CTx coating when puffing gas mixture with 1 and 5% O2 and
(b) the corresponding responses in rel. units /R; operating temperature 30°C. 

0

200

400

600

800

1000

1200

0 200 400 600 800 1000 1200 1400

0

10

20

30

40

200 400 600 800

Time, s

Time, sR
, M

Ω

R
, M

Ω

0

50

100

150

200

250

300

350

0 200 400 600 800 1000 1200 1400

0

2

4

6

8

10

12

200 400 600 800

Time, s

Time, s

R
es

po
ns

e,
 re

l. 
un

its

R
es

po
ns

e,
 re

l. 
un

its

Т = 30°СТ = 30°С

1% О2
1% О2

5% О2
5% О2

(а) (b)

2OR
specialized sensor ceramic substrate indicates a signif-
icant increase in interlayer distance between Ti2CTx
layers after removal of aluminum from the interlayer
space and its replacement by –F, –Cl, and –OH sur-
face groups. The ratio n(F) : n(Cl) determined using
X-ray elemental microanalysis of the coating on the
sensor is approximately 6 : 4, and n(Ti) : n(F + Cl) =
2 : (0.82–0.85). The content of residual aluminum
does not exceed 1.5–2.0%. It has been shown by TEM
that for the resulting Ti2CTx MXene, the size of the
wafers is ~200–500 nm (up to 1 μm). During storage,
even at a low temperature and in the dark, degradation
of this MXene occurs: agglomerates of oblong
nanoparticles (diameter 3–5 nm, length 6–20 nm) are
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
formed at the edges of the layers. However, even
during long-term (up to 45 days) storage, the amount
of MXene particles remains significant.

For the Ti2CTx MXene coatings deposited on the
sensor chip, data were obtained on local electrophysi-
cal properties: on the work function of an electron
from the material surface, the distribution of charge
carriers, and the capacitance gradient of the “probe
tip–sample microregion.”

Screening of the chemoresistive properties of the
resulting Ti2CTx film showed an increased gas sensi-
tivity to NO2 (at an operating temperature of 30°C)
and NH3 (at 50°C) in air with an irreversible increase
in resistance or with too long sensor recovery time.
l. 67  No. 11  2022



1846 SIMONENKO et al.
A study of sensitivity to oxygen (1 and 5% O2 in
nitrogen) resulted in extremely high responses at a
detection temperature of 30°C close to room tempera-
ture. When 1% O2 was puffed, the response was 8.6
( /R); the response to 5% O2 significantly exceeded
276. The mechanism of oxygen detection by chemore-
sistive gas sensors has not been reliably studied at pres-
ent and requires additional experiments. The complex
shape of the 1% O2 sorption curve obtained in this
work indicates the possibility of multistage surface
interactions, the nature of which can be significantly
affected by the chemical composition of Ti2CTx sur-
face substituents (the presence and quantitative ratio
of F–, Cl–, and OH– groups, which is determined by
the method of substance synthesis and the mode of
application of receptor layers), as well as the degree
and products of degradation of the MXene planes.
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