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ABSTRACT: Monolayers of Ti;C,T, MXene and bilayer Monolayer Overlapping
structures formed by partially overlapping monolayer flakes MXene flake MXene flakes

exhibit opposite sensing responses to a large scope of molecular
analytes. When exposed to reducing analytes, monolayer
MXene flakes show increased electrical conductivity, i.e., an
n-type behavior, while bilayer structures become less con-
ductive, exhibiting a p-type behavior. On the contrary, both
monolayers and bilayers show unidirectional sensing responses
with increased resistivity when exposed to oxidizing analytes.
The sensing responses of Ti;C,T, monolayers and bilayers are
dominated by entirely different mechanisms. The sensing
behavior of MXene monolayers is dictated by the charge
transfer from adsorbed molecules and the response direction is consistent with the donor/acceptor properties of the analyte
and the intrinsic n-type character of Ti;C,T,. In contrast, the bilayer MXene structures always show the same response
regardless of the donor/acceptor character of the analyte, and the resistivity always increases because of the intercalation of
molecules between the Ti;C,T, layers. This study explains the sensing behavior of bulk MXene sensors based on multiflake
assemblies, in which this intercalation mechanism results in universal increase in resistance that for many analytes is seemingly
inconsistent with the n-type character of the material. By scaling MXene sensors down from multiflake to single-flake level, we
disentangled the charge transfer and intercalation effects and unraveled their contributions. In particular, we show that the
charge transfer has a much faster kinetics than the intercalation process. Finally, we demonstrate that the layer-dependent gas
sensing properties of MXenes can be employed for the design of sensor devices with enhanced molecular recognition.
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INTRODUCTION monolayer is stacked on top of it to form a bilayer structure,
offering exciting opportunities for materials engineering,

In this paper, we demonstrate another example of layer-
dependent properties of 2D materials. We studied materials
from the family of MXenes — 2D transition metal carbides,
nitrides, and carbonitrides with a general chemical formula of
M, X,T,, where M is a transition metal, X = C or N, n = 1-35,
and T, represents surface functional groups, such as —OH and
—F."*7'® We show that the monolayers and bilayers of
Ti;C,T,, which is the most popular MXene material,"*"* show
opposite gas sensing responses to a large scope of molecular
analytes. More specifically, when exposed to the same donor
molecules, monolayer MXene flakes show increased electrical

One of the notable attributes of two-dimensional (2D)
materials is that their properties often strongly depend on
the number of layers in 2D crystals. Examples of such layer-
dependent properties of 2D materials are very diverse,
attracting fundamental interest and offering numerous
technological applications. Many 2D materials, such as
graphene,"2 transition metal dichalcogenides (TMDs),> ™
phosphorene,”” and others, have layer-dependent energy
band gaps. For instance, monolayer graphene is a semimetal,
while an AB-stacked bilayer graphene has a band gap that can
be tuned by an electric field."”> Many TMDs also have
thickness-dependent photoluminescent properties—for in-
stance, a monolayer MoS, is a direct band gap semiconductor
that can emit light, but a bilayer MoS, has an indirect band gap
and exhibits no photoluminescence.”* Some 2D materials were
shown to have layer-dependent ferromagnetism®® and
ferroelectricity.'”'* Overall, these and other examples
demonstrate that physical properties observed in a monolayer
can often be significantly modified when a second identical
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Figure 1. Schematic representation of the duality in the gas sensing mechanism for monolayer and bilayer MXene flakes. (a) Scheme of an
electronic device based on monolayer Ti;C,T, flake. (b) Scheme of the same device as in (a) after the exposure to analyte molecules. If these
are reducing molecules, the device current increases (I, > I,), i.e., the channel resistance decreases (R, < R,), as shown in the scheme. (c)
Scheme of an electronic device based on two overlapping Ti;C,T, flakes that form a bilayer region in the middle of the channel. (d) Scheme
of the same device as in (c) after the exposure to analyte molecules. Regardless of whether this is an oxidizing or reducing analyte, because of
the intercalation of molecules between the layers (see the inset), the device current decreases (I, < I,), i.e., the channel resistance increases

(R4 > R3)-

conductivity, while bilayer flakes become less conductive.
Furthermore, we demonstrate that the sensing responses of
Ti;C,T, monolayers and bilayers are dominated by completely
different mechanisms.

The difference in the sensing responses of monolayer and
bilayer MXene flakes that we discovered in this work is
summarized in Figure 1. Figure la shows the scheme of an
electronic device based on a monolayer flake of Ti;C,T,, which
was used to probe the gas sensing properties of this MXene.
Electrical measurements of individual Ti;C,T, flakes have
previously shown their n-type transport behavior."’~*° When
an n-type channel is exposed to reducing molecules, such as
alcohols, its resistance is expected to decrease (Figure 1b),
while oxidizing molecules, such as NO,, should increase its
resistance.”’ Our studies that are disclosed in this paper
confirm this behavior of an individual monolayer Ti;C,T, flake.
However, when bilayer TiyC,T, flakes (Figure Ic) are
subjected to the same experiment, their gas sensing behavior
is dominated by a different mechanism, which is based on the
intercalation of the analyte molecules between the MXene
layers (Figure 1d). Regardless of the donor or acceptor
character of the analyte molecules, they all result in a larger
channel resistance as the electrical contact between the layers
becomes impaired due to the increased interlayer distance; see
the inset in Figure 1d. Therefore, as illustrated by Figure 1,
when exposed to the same reducing analyte, monolayer
Ti;C,T, flakes exhibit an n-type response with a decreased
resistance while bilayer Ti;C,T, flakes show an opposite,
effectively p-type response with an increased resistance.

This study does not only facilitate engineering of sensing
responses of MXene materials but also clarifies some of the
previous results reported for MXene-based gas sensors. The
field of MXene gas sensors has been very active in recent years,
as evidenced by hundreds of experimental and theoretical
publications as well as numerous topical reviews.””>* These
studies are motivated by many attractive characteristics of

MXene gas sensors, including their high sensitivity down to
ppb levels, low noise, and tunability of properties enabled by
the large compositional space of MXene materials that can be
further expanded via possible functionalization and thermal
treatment.”>**** Importantly, all of the previous experimental
studies of MXene sensors have been performed on multiflake
assemblies, such as spin-coated or drop-cast films. Because of
the complex interplay of charge transfer (Figure la,b) and
intercalation effects (Figure lc,d) in sensing experiments
performed on multiflake MXene assemblies, the data
interpretation could be complicated. In particular, it was
difficult to reconcile the p-type sensing response (resistance
increase) reported for gas sensors based on films of Ti;C,T,
flakes to reducing-type analytes’”*°™*° with the n-type
behavior observed in electrical measurements of individual
Ti,C,T, flakes.'” > Some sensor studies even discussed
Ti,C,T, as a p-type material.”® It has been reported that the
film thickness**”*" and intercalant history’' >’ may be
important parameters when considering the design of MXene
gas sensors, suggesting that the mechanism of electrical
modulation in the film may be nontrivial compared to both
semiconducting oxide gas sensors’’ and the current under-
standing of 2D gas sensors.”’ Various mechanistic solutions
have been proposed to interpret the available data including a
metallic conductor-type mechanism®**"** as well as an
interflake swelling mechanism®>*”*"** that considers the
contact resistance between neighboring flakes. In this study,
by scaling MXene sensors down from multiflake to single-flake
level, we disentangled the charge transfer and intercalation
effects of analytes and studied them separately. We
demonstrate the intrinsic n-type sensing response of individual
Ti;C,T, flakes and explain that the bulk assemblies of n-type
MXene sheets can exhibit an effective p-type behavior because
of intercalation of analyte molecules between flakes.
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In order to separately investigate the charge transfer and
intercalation effects in gas sensing experiments, we fabricated
two-terminal devices based on both monolayer Ti;C,T, flakes
and pairs of overlapping monolayer flakes, as schematically
shown in Figure la,c, respectively. For the device fabrication,
we prepared high-quality Ti;C,T, MXene flakes following
recent synthetic advances.*”** Similar flakes were used in our
recent study of the temperature-dependent electrical con-
ductivity of Ti;C,T,,” which provides detailed materials
characterization of this MXene material by X-ray diffraction, X-
ray photoelectron spectroscopy, and various microscopic
techniques. The results of these analyses, which are discussed
in detail in ref. 20, demonstrate the large size (>10 ym in
lateral dimensions), uniformity, and structural quality of
Ti;C,T, flakes prepared following the procedures reported in
refs. 44,485.

While the detailed synthesis of these Ti;C,T, flakes is
described in ref. 20, here we briefly summarize several
considerations that were taken into account for the preparation
of a high-quality MXene material. First, we followed the
optimized procedure for the synthesis of the precursor Ti;AlC,
MAX phase, which employed an excess of Al in the precursor
mixture of TiC/Al/Ti compared to the stoichiometric ratio. !
The resulting Ti;AlC, MAX phase was previously shown to
have fewer defects, which is beneficial for the synthesis of high-
quality MXene.** Second, we employed the minimally invasive
layer delamination (MILD) method for the etching of Ti;AlC,
to produce Ti;C,T,."” The MILD method employs a mixture
of LiF and HCI for the etching of Ti;AlIC,, which is less
aggressive than the concentrated HF,"**” and produces a
MXene material of higher quality.'”*® Finally, for the
delamination of the etched MXene product into individual
flakes, we followed the guidelines by Shekhirev et al,®
avoiding any unnecessary agitation of a suspension to prevent
tearing of large MXene sheets into smaller flakes.'” Only a very
mild shaking was used for the delamination of MXene particles
ina suspension.48

The resulting flakes that were deposited on a Si/SiO,
substrate are shown in the optical photographs in Figure
2a,b. Since the MXene suspension was minimally disturbed,**
many of the etched MXene particles were not fully
delaminated, and the layers in such particles only slid relative
to each other, forming multiple stacks of partially overlapping
monolayers on a substrate. Such stacks of partially overlapping
monolayers are very typical for the samples of MXenes
produced by the soft delamination approach,® as illustrated by
Figure 2a,b, where we show multiple unusually shaped flakes
with a hole in the center, all of which originated from the same
MAX phase particle. Figure 2c shows a representative
transmission electron microscopy (TEM) image of an
individual MXene monolayer. The flake was imaged on a
lacey carbon TEM grid, which is seen as a dark weblike
structure, and it was colored in blue for better visibility. In the
case of partial oxidation of Ti;C,T, flakes, microscopy analysis
often reveals pinholes and elongated TiO, particles, which are
typically observed along the flake edges.”>*’ In our case, the
imaged flake has a uniform surface and does not display
pinholes or foreign particles, which suggests the high quality of
the MXene material. The high quality of the MXene flake is
further confirmed by the hexagonal selected-area electron
diffraction (SAED) pattern (Figure 2d), which is consistent
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Figure 2. Microscopic characterization of MXene flakes produced
by the soft delamination method. (a,b) Optical photographs of
Ti;C,T, flakes deposited on a Si/SiO, substrate. (c) False-color
TEM image of a monolayer MXene flake on a lacey carbon grid.
The flake is colored in blue for clarity to distinguish it from the
lacey carbon support. (d) SAED pattern of the monolayer Ti;C,T,
flake shown in panel (c).

with the structure of Ti;C,T,. The large size of MXene flakes
produced by the soft delamination approach™ as well as their
tendency to form not only individual monolayers on substrates
but also stacks of partially overlapping flakes (Figure 2a,b)
makes such samples well suited for this study. We selected
several pairs of partially overlapping MXene monolayers for the
fabrication of bilayer Ti;C,T, devices schematically shown in
Figure lc. We also fabricated several devices based on
individual monolayer Ti;C,T, flakes, as illustrated by the
scheme in Figure la.

Representative devices based on monolayer and bilayer
Ti;C,T, flakes are shown in Figure 3. One of the monolayer
MXene devices fabricated in this study is shown in the optical
microscopy image in Figure 3a. To confirm the monolayer
thickness of this flake it was studied by atomic force
microscopy (AFM), as shown in Figure 3b. The AFM height
profile measured along the blue dashed line in Figure 3b shows
a step height of about 2.4 nm, see Figure 3c, which is
consistent with the previous AFM measurements of monolayer
TiyC,T, flakes on Si/SiO, substrates.'””>*" The increased
height of Ti;C,T, flakes on Si/SiO, compared to the
theoretical monolayer thickness of 0.98 nm’"** can be
explained by the presence of surface adsorbates, such as
water molecules.'”*>>°

Figure 3d shows an optical photograph of a representative
device based on overlapping Ti;C,T, monolayers. The gold
electrodes were fabricated on the monolayer regions of two
flakes, away from the overlapping bilayer region in between. In
this device configuration, the channel current must pass from
one flake to the overlapping region and then to the other flake,
thus probing the effect of the interflake interface on the
electronic and sensor properties of MXenes. AFM image of the
channel of this device is shown in Figure 3e. The AFM height
profile (Figure 3f) measured along the red dashed line in
Figure 3e confirms the monolayer character of the individual
flakes, as well as the larger thickness of the overlapping region
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Figure 3. Electrical measurements and characterization of Ti;C,T, devices. (a) Optical photograph of a device based on a monolayer MXene
flake. Scale bar is 5 pm. (b) AFM image of the central portion of the channel of the device shown in panel (a). Scale bar is 3 pm. (c) AFM
height profile measured across the monolayer MXene flake along the blue dashed line in panel (b). (d) Optical photograph of a device based
on overlapping MXene flakes. Scale bar is S gm. Monolayer (1L) and bilayer (2L) regions of the device channel are marked by the arrows.
(e) AFM image of the central portion of the channel of the device shown in panel (d). Scale bar is 3 gm. (f) AFM height profile measured
along the red dashed line in panel (e) showing the height steps corresponding to the monolayer and bilayer regions of the device channel.
(g) In-Vps dependences for the monolayer (1L, panel (a)) and bilayer (2L, panel (d)) MXene devices. (h) I,-V dependences for the
monolayer (1L, panel (a)) and bilayer (2L, panel (d)) MXene devices. The measurements were performed at Vpg = 0.1 V.

of about 4 nm. This thickness is consistent with the results of
previous AFM measurements of bilayer Ti;C, T, flakes."”"”
The electrical measurements of the MXene devices were
performed using the lithographic gold contacts as source (S)
and drain (D) electrodes and the p-doped silicon substrate as
the gate (G) electrode. The silicon substrate was covered with
a 90 nm-thick layer of SiO,, which served as a gate dielectric.
We measured both monolayer and bilayer devices and
compared their room-temperature dependences of the drain
current (Ip) on the drain-source voltage (Vpg) at the gate
voltage Vi = 0, see Figure 3g. Interestingly, we did not observe
a significant difference in the conductivities of monolayer and
bilayer devices. The device based on overlapping Ti;C,T,
flakes shows a linear I-Vpg curve, similar to the monolayer
device (Figure 3g). While the in-plane current in the bilayer
device (Figure 3d) was smaller than in the monolayer device
(Figure 3a) by a factor of about 2, the bilayer device had a
considerably larger source-drain distance (7.32 ym versus 4.5
um for the monolayer device), so that when the geometrical
parameters of the devices were taken into account, both
devices exhibited comparable electrical conductivities of about
4000 S/cm, which is similar to our previous reports for
monolayer Ti;C,T, flakes."”'”*>* This result suggests that
the electrical contacts between the Ti;C,T, flakes are very
good and do not cause a precipitous drop in electrical
conductivity compared to the single-flake devices.'”~*° Overall,
the topic of contact resistances between flakes is of significant
importance for many applications of MXenes, such as
conductive thin films*” and energy storage,”" and thus requires
a separate investigation. Yet, the good electrical contact
between the flakes suggested by the data in Figure 3g is
consistent with the fact that the reported electrical
conductivities of Ti;C,T, films consisting of multiple over-
lapping flakes*”' were often comparable to the results of

26254

. g . 17,19,20,45
electrical measurements on individual Ti;C,T, flakes, " "

which would not be possible if the interflake contact
resistances were high.

Figure 3h shows I,-V; dependences for both monolayer and
bilayer MXene devices. Both dependences are linear and have a
positive slope, which is consistent with the previously reported
n-type behavior of Ti;C,T,."”"*”*> While the MXene devices
tested in this study showed a larger modulation of the I in
response to Vg compared to our previous reports,17’19’20 this is
primarily due to the fact that here we used a thinner gate
dielectric (the thickness of SiO, was 90 nm as opposed to the
usual 300 nm). The calculated electron mobilities for the
tested devices were in the range of 3—5 em? V7' 571 which is
consistent with our previous measurements of Ti;C,T,
flakes.'”'”*° The n-type behavior of both monolayer and
bilayer structures (Figure 3h) is seemingly inconsistent with
the previously reported p-type sensing response of Ti;C,T,,
when reducing analytes, such as low-molecular-weight alcohols,
acetone, ammonia and others, were shown to cause an increase
in resistance when adsorbed on multiflake Ti;C,T, sen-
sors.”*~*7*%% Thus, we performed gas sensing experiments on
the fabricated devices (Figure 3) to elucidate how reducing
analytes could induce a seemingly p-type response in an n-type
Ti;C,T,, if the MXene material was tested in a bulk form.

For the sensing measurements, the devices were wire
bonded to a chip carrier, as shown in Figure S1; additional
information on the chip carrier and the measurement setup can
be found in the Experimental section. Figure 4a shows the
sensing responses to a reducing (ethanol) and oxidizing (NO,)
analyte for both types of devices. Here, the response is defined
as (R,—Ry)

b
device under analyte and baseline (nitrogen) atmospheres,
respectively. We first discuss the behavior of monolayer

X 100%, where R, and R, are the resistances of the
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Figure 4. Layer-dependent gas sensing mechanism of Ti;C,T, MXene. (a) Responses of monolayer (1L; blue) and bilayer (2L; red) devices
to a reducing gas (ethanol, 1460 ppm) and an oxidizing gas (NO,, 1 ppm) showing qualitatively different responses. (b) Reproducibility of
the opposite responses of monolayer (1L; blue) and bilayer (2L; red) devices to water at different concentrations. In panels (a) and (b), gray
vertical stripes correspond to analyte dosing while white vertical stripes correspond to N, purging. (c) Histogram of averaged responses of
several monolayer (1L; blue) and bilayer (2L; red) devices to selected oxidizing (1 atm dry air (0,); NO, (1 ppm)) and reducing analytes
(1-butanol (165 ppm); 1-propanol (585 ppm); ethanol (1460 ppm); methanol (7390 ppm); H,O (1375 ppm); NH; (10 ppm)). These
molecules had different concentrations (see the Experimental section for details) and therefore the histogram presents a qualitative
comparison between the groups of analytes with donor and acceptor properties rather than a quantitative comparison between specific
analytes. It should also be noted that the responses of devices based on overlapping flakes to various analytes should depend on their
geometrical parameters, such as the ratio of 1L and 2L regions. While this histogram qualitatively shows the difference in the behavior of 1L
and 2L devices, the magnitudes of the red bars may change for a different set of 2L devices.

Ti;C,T, devices. Figure 4a shows that unlike the previous
reports on bulk Ti;C,T, sensors,””*®*” which exhibited
increased resistance (i.e., a p-type response) upon exposure
to reducing gases, such as ethanol, here the monolayer devices
show the expected n-type sensing response to ethanol with
decreased resistance. Furthermore, when monolayer Ti;C,T,
devices are exposed to an oxidizing gas, such as NO,, they also
show the expected n-type sensing response, as the resistance
increases. Thus, by performing gas sensing experiments on
individual MXene monolayers, we demonstrate the intrinsic n-
type sensing behavior of Ti;C,T,. In fact, we show that
monolayer Ti;C,T, behaves in the same way as other
monolayer 2D materials with sensing responses induced by
the charge transfer from molecules with donor or acceptor
character. For example, monolayer MoS,, which is also an n-
type material, similarly shows decreased resistance in response
to reducing gases and increased resistance in response to
oxidizing gases.56

The fact that Ti;C,T, monolayers with metallic con-
ductivity”® show a sensing response through a charge transfer
mechanism is related to their extreme thinness. A bulk piece of
a metal contains too many free electrons for charge transfer
from adsorbed molecules to make a noticeable change in
electrical conductivity. However, a Ti;C, monolayer without
the surface groups has a thickness of only about 1 nm.>">*

Therefore, given that Ti;C,T, has a carrier concentration of
about 102 cm™>, as shown in several studies,"®***” and
assuming that an adsorbed analyte molecule has a footprint of
about 1 nm’ (all the tested molecules in this study were
actually smaller), the corresponding volume of a MXene
monolayer (1 nm?) contains only about 10 electrons; see
Figure S2. Given that this number is relatively small, an
adsorbed electron-donating molecule can produce a noticeable
increase in electrical conductivity, in accord with the n-type
sensing behavior. The extreme thinness of MXene monolayers
is also the reason why they can be gated in field-effect
measurements (Figure 3h) showing n-type behavior," >’
despite the metallic nature of Ti;C,T,.

The sensing behavior of the devices radically changes with
the addition of a single MXene monolayer, creating an
overlapping structure. Regardless of the donor/acceptor
character of molecules, the resistance of bilayer devices always
increases upon the exposure to the analyte, as shown in Figure
4a for both ethanol and NO,. These results are consistent with
the previously reported behavior of bulk Ti,C,T, sensors based
on films of overlapping flakes.”****” Since a MXene monolayer
is shown to exhibit an n-type behavior, the change in the
sensing response when two such monolayers are stacked in a
bilayer structure should be related to the emergence of an
interlayer spacing between the overlapping flakes. Given that
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various molecular species are known to intercalate between
stacked MXene flakes,””® it is most plausible that such an
intercalation process is responsible for the universal increase in
resistance of bilayer devices in response to all analytes. As
schematically shown in the inset in Figure 1d, the molecular
intercalation between the flakes increases the interlayer
distance and thus the interflake contact resistance regardless
of the donor or acceptor character of the analyte. While for
bilayer devices there should be a competition between the
charge transfer and intercalation mechanisms, the fact that for
reducing analytes the sensing response completely reverts
compared to monolayer devices suggests that the intercalation
mechanism is dominant. Correspondingly, in the previously
reported bulk MXene sensors”*~>” based on overlapping flakes
there were multiple interlayer spaces for molecular intercala-
tion,” and this intercalation mechanism (Figure 1d) was
responsible for the observed universal resistance increase,
masking the charge transfer interactions between the analytes
and MXene materials.

While we first illustrated the duality in the gas sensing
mechanism for monolayer and bilayer MXene flakes (Figure 1)
using a pair of ethanol, a reducing analyte, and NO,, an
oxidizing analyte (Figure 4a), the same behavior was observed
for a variety of other molecular species. For example, Figure 4b
shows the responses of monolayer and bilayer devices to water,
again demonstrating their opposite behaviors. Similar to
ethanol, exposure of MXene sensors to water molecules
decreases the resistance of monolayer devices because of the
charge transfer (Figure lab) and increases the resistance of
bilayer devices because of the molecular intercalation between
the flakes (Figure lc,d). It should be noted that the
intercalation of both ethanol and water molecules between
the Ti;C,T, layers is facilitated by the hydrogen bonding
interactions between the analyte and the MZXene surface
functional groups, and the resistance of the channel increases
as a result of this separation. We also demonstrate that these
opposite responses are very reproducible and observed at
different analyte concentrations (Figure 4b).

The responses of the tested devices (four pairs of
overlapping flakes and four monolayer flakes) to multiple
analytes are summarized in Figure 4c showing that the
described behavior (Figure 1) is reproducible. The response of
devices with overlapping flakes is always positive, with an
increase in resistance on exposure to all analytes. In contrast,
the monolayer devices show negative response to five
reducing-type vapors (1-butanol, 1-propanol, ethanol, meth-
anol, water), but positive response to two oxidizing-type vapors
(NO, and O,). The pristine Ti;C,T, sensor should have an
affinity for H,O according to both mechanisms because of the
hydrophilicity of the surface functional groups facilitating both
adsorption (charge transfer) and intercalation.

Further evidence for the dual sensing mechanism is given by
Figure 5. Figure Sa shows multiple sensing cycles of
representative monolayer and bilayer Ti,C,T, devices to
ethanol. As ethanol is a reducing gas, the devices show
opposite sensing behaviors. Both responses are shown on the
same resistance scale, and the response magnitude for the
bilayer device is visibly larger than for the monolayer device,
again demonstrating that the molecular intercalation is the
dominant mechanism. Furthermore, response time to ethanol
is more than an order of magnitude faster for the monolayer
device compared to the overlapping flakes (Figure Sb,c). Since
the response of the monolayer is based solely on adsorption
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Figure S. Kinetics of responses of monolayer and bilayer Ti;C,T,
devices to ethanol. (a) Reproducibility of the opposite responses
of monolayer (1L; blue) and bilayer (2L; red) devices to ethanol at
a concentration of 1460 ppm. Both responses are shown on the
same resistance scale. Gray vertical stripes correspond to analyte
dosing while white vertical stripes correspond to N, purging. (b)
One of the sensing cycles from panel (a) for a bilayer device
showing relatively long response (162 s) and recovery (482 s)
times, which were measured at 90% of the resistance change. (c)
One of the sensing cycles from panel (a) for a monolayer device
showing much shorter response (22 s) and recovery (76 s) times
compared to a bilayer device.

and charge transfer to the available surface, the dynamic
equilibrium is established quickly at a given concentration. In
contrast, the response of the overlapping flakes is diffusion
limited, and therefore the device responds much slower as
molecules require time to intercalate between the layers. The
same relationship is seen for the desorption/deintercalation,
however the time is increased in both cases due to the
spontaneous nature of ethanol adsorption on the MXene
sensing substrate (ie., negative adsorption energy).59

The difference in the kinetics of the two competing sensing
mechanisms is further illustrated by Figure S3. As we discussed
above, the intercalation mechanism has a stronger effect on the
resistance of a bilayer device but is also much slower than the
charge transfer mechanism. As a result, for certain bilayer
devices exposed to reducing analytes it is possible to observe
that the resistance would first decrease due to the charge
transfer effect in the top surface of the channel, but then when
sufficient time passes for the molecules to intercalate between
the flakes, the resistance would increase (Figure S3).
Correspondingly, a purging of such devices with nitrogen
would quickly desorb analytes from the top surface, causing a
temporary increase in resistance, but then with the progression
of a slower deintercalation process the resistance would
decrease. For most bilayer devices tested in this study, the
intercalation mechanism dominated the sensing response, and
these signatures of the charge transfer mechanism were not
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observed. However, the 2L device shown in Figure S3 clearly
exhibits these spikes in resistance in the beginning of the
exposure and purging cycles, providing more evidence for the
competition of two sensing mechanisms. One of the factors
affecting the presence of these spikes could be the ratio of 1L
and 2L areas in bilayer devices. In this light, a possible future
study may focus on quantifying the contributions of each
mechanism based on the areas of both the exposed surfaces
and the interface as well as the interflake separation distance.

The fact that a MXene material can show different responses
to the same analyte depending on the number of layers in a
sensor offers exciting opportunities for engineering discrim-
inative sensing devices. A possible simple and practical sensor
architecture is presented in Figure 6a, which shows a device
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Figure 6. A concept of a compact MXene-based device for
discriminative gas sensing. (a) Scheme of a proposed selective
MXene sensor device comprising a monolayer (1L) and a bilayer
(2L) segment. (b) Two-dimensional response plot showing easy
segregation of analytes. The alcohols are labeled as follows: red =
1-butanol (60—180 ppm); orange = 1-propanol (175—875 ppm);
yellow = ethanol (228—2280 ppm); green = methanol (683—6830
ppm). Other concentrations include 170—575 ppm for water and 1
ppm for NO,. The data for dry air and 2—4 ppm of NO, are in the
same quadrant of oxidizing gases but outside the scale.

composed of two sensing channels—one that collects the
surface response, and another that monitors an area of
overlapping MXene flakes. The advantage of such sensor is
that the signals in the 1L and 2L channels are induced by
entirely different mechanisms, charge transfer and intercala-
tion, respectively. In turn, these mechanisms depend on
different parameters of the analyte molecules, i.e., the charge
transfer properties depend on the molecular structure and
atomic electronegativities, while important parameters for the
intercalation include the size of molecules and their affinity to
MXene sheets. In other words, it would be unlikely for two
different molecules to produce identical both charge transfer
effect on the monolayer channel and intercalation effect on the
bilayer channel. This idea is illustrated by Figure 4c, which

shows that all eight analytes have different & = Resp.(2L)/ Resp.
(1L) ratios, where Resp.(1IL) and Resp.(2L) are the sensing
responses of the monolayer and bilayer MXene devices when
exposed to an analyte at the same concentration (both Resp.
(IL) and Resp.(2L) are concentration dependent). For
oxidizing molecules @ > 0, for reducing molecules a < 0,
and within each group of analytes in Figure 4c all o values are
visibly different.

Another way to visualize the selectivity of a two-channel
MXene sensor (Figure 6a) is to construct a 2D plot of the
monolayer-type response versus overlapping-type response
space, as shown in Figure 6b. Each data point in this plot
represents a Cartesian coordinate pair of (Resp. (2L), Resp.
(1L)) when the 1L and 2L channels are exposed to the same
analyte at a certain concentration. As different molecules are
characterized by different a values, the analytes visibly
segregate in different areas of the plot, enabling their
recognition. For example, it is possible that water and ethanol
taken at certain concentrations would produce comparable
intercalation effects on the bilayer (x-axis) channel, resulting in
sensing responses of about 0.04%. In this case, these analytes
will be discriminated by the monolayer (y-axis) channel, which
would show responses of about —0.02% for ethanol and about
—0.04% for water. While a more comprehensive screening of
additional analytes and concentrations will reveal the selectivity
limits for this two-channel device, the plot in Figure 6b, which
demonstrates a larger data set than that displayed in Figure 4c,
already shows the promise of this 2D representation approach
for discriminative gas sensing. One notable advantage of this
representation is the visibility of the concentration depend-
ence. Within the subset of data points corresponding to each
analyte (see the color information in the description of Figure
6b), the response to lower concentrations is closer to the
origin, while the response to higher concentration is further.
The slope of this curve for each analyte is related to the
parameter a. The dependences are mostly linear across the
tested concentration ranges, although this linearity is not
expected to continue as the device becomes saturated with
high analyte concentrations.

CONCLUSIONS

In summary, we have reported layer-dependent gas sensing
properties of Ti;C,T, MXene. We have also demonstrated the
intrinsic n-type response from gas sensors based on pristine
Ti;C,T, by fabricating devices at the monolayer limit and
investigating their response to various oxidizing and reducing
gases. We confirmed that monolayer Ti;C,T, responds to the
adsorbed gas based on the accepted charge transfer mechanism
of 2D material gas sensors. We also expanded on the current
understanding to include the effect of layer separation in
bilayer and multilayer MXene structures as a competing
mechanism of response. The demonstrated approach of
comparing the sensing responses of individual and overlapping
flakes can be applied to many different MXene systems beyond
the conventional Ti;C,T,, including other MXene composi-
tions'*'%*"*” a5 well as MXenes with different surface
terminations,””’ intercalants,>**° and various composite
structures.””***”*’ Since the intercalation of the tested analyte
molecules between layers is facilitated by the abundance of
hydrophilic surface terminations on MXene, the effect of flake
separation is emphasized, but similar processes should be
entertained when discussing the sensing mechanism of 2D
film-based chemiresistive gas sensors in general. Of particular
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relevance are similarly terminated materials like graphene oxide
and reduced graphene oxide’>®! and sensors based on a drop-
cast or film morphology where electron transport between
homojunctions is necessary to form a closed circuit. For an n-
type conductor, the competition between these mechanisms
has been demonstrated in this work on adsorption to reducing
gas. Interestingly, for a true p-type conductor, it should be
expected that these mechanisms would compound each other,
and the resulting response would be the sum of both effects.
This work not only clarifies the sensing mechanism of
MXene gas sensors, but also has far-reaching implications for
the application of 2D materials, particularly MXenes, for gas
sensing. We demonstrate that the layer-dependent gas sensing
properties of MXenes can be employed for the design of sensor
devices with enhanced molecular recognition. In particular, we
show that monolayer and bilayer/multilayer MXene devices
can be combined into a two-channel sensing structure, for
which a 2D representation of the channel responses enables a
very straightforward analyte discrimination. We expect that the
results of this work will facilitate the directed design of
functional devices and enable interesting device architectures
that take advantage of the layer-dependent gas sensing
mechanism in MXenes and possibly other 2D materials.

EXPERIMENTAL SECTION

Device Fabrication and Electrical Measurements. Ti;AlC,
MAX phase and Ti;C,T, MXene were synthesized according to our
previous report,”® which also contains details of the structural and
spectroscopic characterization of both materials. The synthesis
resulted in a dark green aqueous solution of MXene flakes that was
used for the device fabrication. The flakes were drop-cast onto a
heavily p-doped Si substrate covered with a 90 nm-thick layer of SiO,
(Wafer University) and some of them were selected for the device
fabrication using optical microscopy. A Zeiss Supra 40 field-emission
scanning electron microscope and a Raith pattern generator were used
for electron beam lithography to pattern electrodes on MXene flakes.
Metal contacts comprising layers of Cr (S nm; deposition rate of 0.2
A/s) and Au (50 nm; deposition rate of 0.8 A/s) were deposited with
an AJA International ATC-2000F plasma sputtering system using a
DC power source. The I-Vpg and I-V; characteristics of the freshly
prepared MXene devices were measured in a Lake Shore TTPX
cryogenic probe station at a base pressure of about 2 X 107 Torr.
After the evacuation, the devices were stored in vacuum for at least 2
days before the measurements to minimize the effect of surface
adsorbates on the electronic characteristics.

After the In-Vpg and Ip-Vg characterization, the devices were
bonded to a sensor chip carrier (Figure S1), that was similar to those
used in our previous studies of sensing and electronic properties of 2D
materials.”>®"*> The wire bonding was performed using a West Bond
7400E manual wedge bonder and 0.001” Au wire (99.99% Au, SPM)
without substrate heating to preserve the quality of Ti;C,T,. After the
wire bonding, the electrical conductivity of the MXene devices was
checked to confirm that they did not degrade.

Sensor Measurements. Sensor experiments were performed in a
home-built sensor test system that is described in detail in our
previous works.""*> The system allows for the generation of ppm
analyte vapors in a carrier gas by evaporation from diffusion vials and
dilution with N,. We used diffusion vials for dosing most of the
analytes used in this study (1-butanol, 1-propanol, ethanol, methanol,
and water). The concentration of these vapors in the mixture was
determined gravimetrically after each experiment by performing mass
measurements of the remaining liquids to an accuracy of 0.1 mg. NO,
(1 ppmin N,) and NH; (10 ppm in N,) were dosed from commercial
calibration gas cylinders (Airgas). Dry air (N,/O, mixture) was dosed
from a compressed air cylinder (Matheson). Continuous flow through
the sensor test system was governed by three MKS thermal mass flow
controllers calibrated to N, with various full range scales (50—500

sccm). A Keithley 2401 source meter was used for both applying an
electrical bias and measuring the resulting current flow through each
two-terminal device, and a Keithley 7001 switch system enabled the
measurement of all devices in parallel. The system was controlled by a
LabVIEW program that was written specifically for this experiment.
The sensor measurements were taken continuously for 2 weeks
following the initial device fabrication, and the Ti;C,T, devices were
kept under inert N, atmosphere through the entire experiment to
minimize unwanted oxidation of the MXene flakes. Before the
measurements, the chip was purged with nitrogen for 2 days to ensure
desorption of atmospheric oxygen and water adsorbates from the
MXene surface (Figure S4).

Materials Characterization. TEM and SAED of MXene flakes
were performed using a FEI Tecnai Osiris scanning transmission
electron microscope equipped with a HAADF detector and a X-FEG
high brightness Schottky field emission gun. The accelerating voltage
was 200 kV. SEM was performed using a Zeiss Supra 40 field-
emission scanning electron microscope at the accelerating voltage of S
kV. AFM was performed using a Bruker Dimension Icon atomic force
microscope.
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