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Covalently Functionalized MXenes for Highly Sensitive

Humidity Sensors

Iwona Janica, Verénica Montes-Garcia, Francesca Urban, Payam Hashemi,
Ali Shaygan Nia, Xinliang Feng, Paolo Samori,* and Artur Ciesielski*

Transition metal carbides and nitrides (MXenes) are an emerging class of 2D
materials, which are attracting ever-growing attention due to their remarkable
physicochemical properties. The presence of various surface functional
groups on MXenes’ surface, e.g., —F, —O, —OH, —Cl, opens the possibility to
tune their properties through chemical functionalization approaches.
However, only a few methods have been explored for the covalent
functionalization of MXenes and include diazonium salt grafting and silylation
reactions. Here, an unprecedented two-step functionalization of Ti;C,T,
MXenes is reported, where (3-aminopropyl)triethoxysilane is covalently
tethered to Ti;C,T, and serves as an anchoring unit for subsequent
attachment of various organic bromides via the formation of C—N bonds. Thin
films of Ti;C, T, functionalized with linear chains possessing increased
hydrophilicity are employed for the fabrication of chemiresistive humidity
sensors. The devices exhibit a broad operation range (0-100%

relative humidity), high sensitivity (0.777 or 3.035), a fast response/recovery
time (0.24/0.40 s AH™, respectively), and high selectivity to water in the
presence of saturated vapors of organic compounds. Importantly, our
Ti;C,T,-based sensors display the largest operating range and a sensitivity
beyond the state of the art of MXenes-based humidity sensors. Such
outstanding performance makes the sensors suitable for real-time monitoring
applications.

1. Introduction

Humidity sensors have become indis-
pensable for many applications includ-
ing agriculture,*2] medicine,®! or food
industry¥ as well as for our living
comfort.’] The fields of applications are
fast expanding, together with a gigan-
tic demand for devices capable of mon-
itoring and controlling the relative hu-
midity (RH) level in very specific con-
ditions (i.e., certain operation range,
sensitivity, response/recovery time, en-
vironment, etc.). The current market-
dominating sensing elements include
ceramics,'®) metal oxides,I’! and conduct-
ing polymers!®® which exhibit some un-
avoidable drawbacks, such as long re-
sponse and recovery times, low sen-
sitivity, high hysteresis, and low long-
term stability. Therefore, the develop-
ment of smaller, more reliable, and
better-performing humidity sensors is
highly sought-after.

Two-dimensional materials
(2DMs) 11 have emerged during
the last decade as the ideal components
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for the next generation of highly efficient humidity sensors due to
their high surface area-to-volume ratios, ultrahigh surface sensi-
tivity to the environment, and superior optoelectronic properties
combined with their excellent mechanical characteristics, such
as robustness and flexibility.">"'*) Among the plethora of avail-
able 2DMs, graphene oxide (GO)!*®! and reduced graphene oxide
(rGO)%] are the most extensively studied materials due to their
large-scale and straightforward production, relatively low cost of
starting materials, and chemical stability.l'*] The presence of var-
ious oxygen-containing groups, such as epoxy, hydroxyl, and car-
bonyl groups, on the basal plane and edges of GO, endows it with
a hydrophilic character, enhancing its interaction with water.!’]
For instance, an impedimetric humidity sensor based on solely
GO as sensing material displayed an unprecedented response
speed (~30 ms response and recovery times).">] However, due
to its low conductivity,*®! either electrochemical impedance spec-
troscopy (EIS) needs to be used as a readout, which is not suitable
for practical applications, or high potentials need to be applied
in order to reach readable currents, hence increasing the power
consumption.[') In addition, at high RH levels, GO usually dis-
plays large hysteresis and poor stability/reusability.['”) Contrary,
rGO exhibits significantly higher conductivity and stability than
GO,2%-211 but due to the reduced amount of oxygen functional
groups, it has a hydrophobic nature, leading to a lower respon-
sivity to humidity.[1322]

Recently, MXenes, early transition metals carbides and/or ni-
trides, with the general formula M, ., XT, (M - an early tran-
sition metal, X is C and/or N, T, — surface-terminating func-
tional groups, e.g. —F, -0, “OH, —Cl, etc.)[?*] are attracting great
attention in various fields of research. MXenes provide solu-
tions for the drawbacks of GO and rGO as they possess a hy-
drophilic nature due to the presence of oxygen-containing groups
on their surface as well as high electrical conductivity (215 000
S cm™!) that enables the fabrication of low-power devices. In
only one decade, over 30 different MXenes have been already
prepared, such as Ti,C, T, [*Y V,CT_ [ Nb,CT,,12] Zr,C,T,,1?"]
Mo,CT,® or (Mo, Ti,)C,T,.[*! Although this family of mate-
rials is still in its infancy, its high potential has been already
demonstrated in few applications such as in energy storage, 303!
catalysis,[**7] and chemical sensing of various gases, such as
NO, or CO,,[*¥#0 biological compounds, e.g., dopamine or
urea,[*17*2] ag well as strain or pressure sensors.[1143-#4]

Since the first MXene-based humidity sensor demonstration
in 2017,%! different strategies have been explored to boost
the performance of MXene as active material in sensors. lon
intercalation®! (e.g., K¥, Mg?*, or Na*) in the pristine MX-
enes structures has been used to promote the diffusion of wa-
ter in the material, improving its sensitivity toward moisture.
Hybridization with Ag nanowires,!*! titanium dioxide (TiO,),!*”]
K,Ti, Oy nanowires,*®! and water-sensitive polyelectrolytes such
as poly(vinyl alcohol) (PVA),*! poly(dopamine) (PDA),>® or
poly(diallyldimethylammonium chloride) (PDAC)P! has been
employed to increase the responsiveness (i.e., response and re-
covery time) of pristine MXenes. The intercalation of TiOF,
nanospheres®? in the pristine MXenes, or their hybridization
with sodium ascorbatel®®! or sodium alginatel®* showed im-
proved long-term stability. Noteworthy, the interaction of MXenes
with water usually leads to the formation of TiO, and the loss
of the high electrical conductivity of MXenes,!*! leading to poor
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reusability/cyclability. Finally, pristine MXenes show poor selec-
tivity for water, as Ti;C,T, has proved being sensitive to rather
low concentrations of ketones (< to 50 ppb),**-”! alcohols (< to
100 ppb),1*® and ammonia (< to 100 ppb)©*°! vapors at room tem-
perature. Although some progress have been made, the overall
performance of MXene-based humidity sensors still needs to be
improved in terms of sensitivity, responsiveness, reusability, and
selectivity for true practical applications.

Fortunately, all these problems can be overcome through
the covalent functionalization of MXenes with small organic
molecules exhibiting high affinity for water, which not only can
increase the MXenes stability and boost their sensitivity via the
increase of interlayer separation, but also guarantee a selective
and fast interaction with moisture.[?’) The main two strategies
followed for the covalent functionalization of MXenes with small
molecules rely on diazonium salts(®] and silylation reactions.[°!]
Although these approaches allow the tuning of MXene’s stability
and their electrical properties, a more versatile strategy is needed
to provide MXenes with on-demand functionality.

Here, we report the synthesis of Ti;C,T, MXenes through a
fluoride etching process and their covalent functionalization via a
two-step reaction. First, (3-aminopropyl)triethoxysilane (APTES,
F1) (28] is anchored via a silylation reaction and then a secondary
modification is performed through the formation of a C-N cova-
lent bond between F1 and small organic molecules chosen based
on their very different affinity towards water molecules, i.e., 1-
bromohexane (F2), 1-bromo-2-(2-methoxyethoxy)ethane (F3), or
6-bromo-1-hexanol (F4). Thin films of pristine and functionalized
Ti;C,T, are then employed as active layers in chemiresistive hu-
midity sensors. We evaluate the main key performance indicators
(KPIs) of pristine and functionalized Ti,C, T, sensors in terms of
operation range, sensitivity, response/recovery time, selectivity,
and temperature dependence. X-ray diffraction analysis at differ-
ent RH levels is performed to shed some light on the humid-
ity sensing mechanism of functionalized Ti;C,T, sensors. As a
proof of concept, we showcase the performance of our sensor in
a practical application, as humidity sensors in smart diapers.

2. Results and Discussion

2.1. Preparation of Functionalized Ti,C,T,

The schematic representation of the preparation of Ti,C,T, MX-
enes and their functionalization is presented in Figure 1. First,
Ti;AlC, MAX is etched using a mixture of hydrofluoric acid:
deionized water: hydrochloric acid with the ratio 1:3:6 v/v first
at 0°C for 60 min and then at 35°C for 24 h (see the Experimen-
tal Section for details). MXene particles are washed by succes-
sive steps of centrifugation and then exfoliated at 25°C for 24 h
employing lithium chloride (LiCl) solution, which acts as an in-
tercalating agent during sonication process, leading to Ti,C,T,.
Prior to functionalization Ti,C,T, MXenes are thoroughly pu-
rified via multiple centrifugation steps. Subsequently, amino-
functionalized Ti,C, T, is prepared by the covalent functionaliza-
tion of Ti, C, T, with (3-aminopropyl)triethoxysilane (APTES, F1)
at room temperature for 2 days. Ti,C,T,-F1 is obtained as a re-
sult of the covalent bond formation between the silanol groups
of the silanol coupling agent, after the hydrolysis reaction, and
the hydroxyl groups present on the surface of Ti,C,T,. The
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Figure 1. Schematic representation of the production of functionalized Ti; C,T,.

second functionalization step with 1-bromohexane (F2), 1-
bromo-2-(2-methoxyethoxy)ethane (F3), or 6-bromo-1-hexanol
(F4) is then performed through the covalent C-N bond forma-
tion between F2, F3, or F4 and F1 at room temperature for
2 days. Finally, Ti,C,T,-F1+F2, Ti,C,T,-F1+F3, and Ti,C,T,-
F1+4F4 are obtained. After the two-step functionalization, the con-
centration of the solutions in ethanol is ~1.5 mg mL™! in all
cases. The optical images of MXene-based solutions before and
after functionalization are presented in Figure S1 (Supporting
Information).

The average zeta potential for the pristine MXene, Ti;C,T,, is
negative, —42.71 mV, due to the presence of numerous negative
groups on the surface of Ti,C,T,, such as F~ or OH™.[®?] After
the functionalization with F1, the zeta potential value increases
to +55.06 mV, while after subsequent modification with bromi-
nated compounds F2, F3, or F4, the value increases to +65.53,
+76.63, and +75.52 mV, respectively, which provides the first in-
dication of successful functionalization of Ti;C,T,.

In order to gain insight into the material's composition
changes, X-ray photoelectron spectroscopy (XPS) analysis is per-
formed. After the initial functionalization of Ti;C,T, with F1, as
can be seen in the survey spectra (Figure S2, Supporting Informa-
tion), the intensity of oxygen, carbon, and nitrogen elements con-
siderably increases (titanium peak serves as the reference), and
silicon element can be also observed. After the second functional-
ization step using F2, F3, or F4, the O1s/Ti2p and C1s/Ti2p ratios
(Table S1, Supporting Information) are notably different from
Ti,C,T,-F1 suggesting further compositional rearrangements.
The high-resolution Si2p spectra (Figure S3, Supporting Infor-
mation) display the most intense peak is at 102.7 eV, which can
be attributed to the Si—-O—-Si bond between neighboring F1 com-
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pounds due to condensation reaction, but also to the Si-O-Ti
covalent bond formation between F1 and Ti;C,T,.[®?] This peak
remains unaltered after the functionalization of Ti,C, T,-F1 with
F2, F3, or F4. The analysis of the high-resolution C1s spectra (Fig-
ure S4, Supporting Information) reveals an increase in the peak
intensity at ~286.5 eV from C-O chemical bond,®*] as well as the
appearance of a new peak at 285.5 eV, corresponding to the C-N
chemical bond.[**l At the same time, the high-resolution spectra
of O1s (Figure 2) after functionalization reveal the significant in-
crease in the intensity of the peaks at ~532 and ~533.4 eV due
to the presence of additional chemical bonds at these regions,
namely Si—O-Ti chemical bond, that confirms the formation of a
covalent bond between compound F1 and Ti,C,T,, as well as C-O
chemical bond from F2, F3, and F4 organic compounds.[®°] More-
over, a new peak at #532.7 eV is observed on the high-resolution
Ols spectra corresponding to Si—-O-Si chemical bond!®®] that also
confirms the condensation of compound F1. On the other hand,
the high-resolution Ti2p spectrum (Figure S5, Supporting In-
formation) remains unaltered after the two-step functionaliza-
tion, suggesting no involvement of the titanium element in the
Ti,C, T, functionalization.

The crystalline structures of pristine and functionalized
Ti,C,T, are characterized by X-ray diffraction (XRD) (Figure 3a).
Ti,C, T, exhibit an intense diffraction peak at 26 = 6.6°, attributed
to the 002 plane, which originates from the spacing between
the layers (d = 1.34 nm, calculated using Bragg’s law) as pre-
viously reported, %] as well as other small diffraction peaks
at 20 = 19.7°, 26.5°, 33°, and 40°, respectively, attributed to the
004, 006, 008, and 104 basal planes. Upon functionalization of
Ti,C,T, with F1, the peak attributed to the 002 plane is shifted
toward lower angles, 20 = 5.25°, which is connected with the

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 2. High-resolution O1s XPS spectra of: a) Ti3C,T,, b) Ti;C,T,-F1, ¢) Ti;C,T,-F1+F2, d) Ti;C,T,-F1+F3, and e) Ti3C,T,-F1+F4.
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Figure 3. a) XRD diffractograms and b) FT-IR spectra of: Ti;AlC,, Ti;C,T,, TisC,T,-F1, TisC,T,-F1+F2, TisC, T,-F1+F3, and Ti;C,T,-F1+F4.

Ti,C,T, interlayer distance increase (d = 1.68 nm). Accordingly,
after the second functionalization step with the compounds F2,
F3, and F4, the interlayer distance of Ti;C, T, is further increased
to d~1.75 nm in the three cases, which further indicates the suc-
cessful functionalization of Ti;C,T,-F1.

To gain additional information on the chemical composition
of all Ti,C,T,-based materials, Fourier transform infrared (FT-
IR) analysis is performed (Figure 3b; and Figure S6, Supporting
Information). In the starting material, Ti,C,T,, the most pro-
nounced peaks are located at 640 and 580 cm™! and can be as-
signed to Ti-O and Ti—C out-of-plane vibrations (twisting or rock-
ing), respectively (Figure S6a, Supporting Information).[®! More-
over, in Ti,C, T, spectrum, there is a peak centered at 1672 cm™!
that can be assigned to a stretching mode of C=0 bond,”®) and
the band around 3450 cm™! can emerge from both —~OH surface
terminations and entrapped water molecules.!®?]
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The reduction of the intensity of the peaks corresponding to
—-OH, Ti-O, and Ti-C as well as the appearance of new peaks
at #2900, at #1633 cm™!, and between 1150-1000 cm~! demon-
strate the successful functionalization with F1. After the first
functionalization step, two new peaks appear at 2939 and 2877
cm™! that are attributed to symmetric and asymmetric vibrations
of C-H bonds, respectively, in the alkyl chain of APTES.[®?] At
the same time, the presence of the new intense peak at 1149
cm™! indicates the occurrence of Si—-CH, band!”!] as well as it can
be assigned to the stretching mode of C-N bond!”?! and Si-O-Si
bond, %! while the peak centered at 1012 cm™ is attributed to a
stretching Si—O-Ti bond.[%*] The peak centered at 1672 cm™ is
shifted to 1633 cm™, which is attributed to a bending mode of
N-H bond in amines as well as the peak centered at 1520 cm™.
Importantly, the small peaks at 1750 and 1800 cm™ can also be
assigned to C=0 bonds.["?!

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 4. Representative STEM images of: a) Ti3C,T,, b) Ti;C,T,-F1, and ¢) Ti3C,T,-F1+F3.

After the functionalization of Ti;C,T,-F1 with F2, there is a
small increase in the intensity of the peak at 1470 cm™! that can
be attributed to the increase in the amount of CH, groups. More-
over, the shoulder of the peak at ~3450 cm™! from the right side
is shrunk, likely indicating the formation of secondary amine
which has only one peak at #3300 cm™!, while primary amines
are characterized by two peaks, at #3400 and ~3300 cm™!, as in
the case of Ti;C, T,-F1. Furthermore, in Ti;C,T,-F1+F3, a shoul-
der of the peak centered at 1149 cm™! from the left side is more
pronounced, while in Ti;C,T,-F1+F4, a new peak is observed at
1225 cm™! that can be assigned to the stretching mode of C-O
band!”®! confirming the presence of C-O—C and C-OH bonds in
Ti,C,T,-F1+4F3 and Ti,C, T -F1+F4, respectively.

Scanning transmission electron microscopy (STEM) analysis
is then performed to provide qualitative information on the mor-
phology of Ti,C, T, -based materials. According to the STEM im-
ages (Figure 4), pristine Ti,C, T, as well as materials obtained af-
ter the functionalization consist of ultrathin pm-sized flakes of ir-
regular shapes. Upon functionalization, no clear changes in mor-
phology are observed. Besides, no impurities are detected thanks
to the thorough centrifugation steps both after the etching and ex-
foliation as well as after the subsequent functionalization steps.

2.2. Humidity Sensing Performance

Once the successful functionalization of Ti,C,T, is confirmed,
pristine and functionalized Ti;C,T, films are deposited via dry
transfer onto Si/SiO, substrates bearing eight pairs of interdig-
itated electrodes (IDEs) (Figure S7, Supporting Information).
Scanning electron microscopy (SEM) reveals film thickness of
~1-2 um in all cases (Figure S8, Supporting Information). Three
different devices of Ti,C,T, and Ti;C,T, -F1+F3 are fabricated
to prove the reproducibility of the dry-transfer process (Figures
S9 and S10, Supporting Information). As can be seen in Figures
S9 and S10 (Supporting Information), in all cases the thin films
are highly homogeneous and the thickness amounts to ~1-2 ym.
Moreover, the I-V curves of the 8 devices belonging to one sub-
strate are presented in Figure S11 (Supporting Information). The
average resistance of Ti,C,T, and Ti,C, T, -F1+F3 films amounts
to 150.87 + 17.69 and 359.41 + 25.56 Q, respectively. The RSD is
below 10%, confirming the high reproducibility of the device fab-
rication process. The hydrophilicity of the different films is quan-
tified by water contact angle (C.A.) measurements (Figures S12
and S13, Supporting Information) between 1 and 300 s. The av-
erage C.A. of Ti;C,T,-based films gradually decreases in time,
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being Ti,C,T,-F1+F3 always the most hydrophilic sample. In
agreement with previous reports, the C.A. of Ti;C,T, is 61.5° +
1.85°, which after F1 functionalization increases to 68.1° + 0.68°.
Among the three films prepared with Ti,C,T,-F1 functionalized
with F2-F4, Ti;C,T -F1+F2 films display the most hydropho-
bic profile (C.A. 90.9° + 0.91°), then Ti,C,T,-F1+F4 films are
found to be more hydrophilic (C.A. 76.2° + 0.76°) and Ti,C,T,-
F1+F3 results in being the most hydrophilic film (C.A. 53.7° +
0.54°). We foresee that, although the use of F2-F4 molecules for
the functionalization of Ti;C,T,-F1 yields in the same interlayer
spacing (i.e., d ~#1.75 nm), the major difference in hydropho-
bic/hydrophilic character will result in a very different response
to moisture.

The first key performance indicator (KPI) to assess the humid-
ity sensing performance is the sensitivity of the device. We deter-
mine the sensitivity of the different Ti,;C,T,-based films via di-
rect current (DC) and alternating current (AC) measurements.
For the DC measurements, I-V curves are obtained by apply-
ing a constant bias of 50 mV. First, the I-V curves of the bare
substrate show an important hysteresis and minimal response
to the RH level. Differently, the I-V curves of Ti,;C,T,-based de-
vices (Figure S15, Supporting Information) reveal no hysteresis
and an Ohmic behavior. From the I-V curves, the device’s re-
sponse can be calculated as AR/R, (%), being R the device’s re-
sistance at a certain relative humidity (RH) level and R, the de-
vice’s resistance at 0% RH. Figure 5a,b displays the device’s re-
sponse of the different Ti;C,T,-based materials, as a function
of the RH level. The response of all the pristine and function-
alized Ti;C,T, devices vary linearly with the RH level and two
different linear ranges are found, from 0% to 70% RH and from
70% to 100% RH. The sensitivity of each material is calculated
from the slope of the linear fitting for both RH ranges (Fig-
ure S16, Supporting Information). As predicted from their high-
est hydrophilic character, the Ti,C,T,-F1+F3 films exhibited the
highest sensitivity in both RH ranges, being 0.777 and 3.035,
respectively.

Additionally, electrochemical impedance spectroscopy (EIS),
without applied bias, is also used to calculate the sensitivity of
Ti,C,T,-based films (Figure S17, Supporting Information). As
can be seen in Figure S17 (Supporting Information), the Nyquist
plots of Ti;C,T,-based devices reveal a semicircle shape, whose
diameter is dependent on the RH level. The electrical circuit
model used for fitting the Nyquist plots can be seen in Figure
S18a (Supporting Information). The charge transfer resistance of
the Ti,C, T, -based films is used to calculate the device’s response
and the sensitivity of each material in an analogous manner to the
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Figure 5. Humidity sensing performance of Ti;C,T,-based devices. a—c) Response of Ti3C,T,-based devices between a) 0-70% RH and b) 70-100% RH,
and c) upon cycling between 0% and 100% RH for 10 times. d—f) Response of Ti;C, T,-F1+F3 devices: d) when they are exposed to 50 cycles of humid
air during the application of a constant bias of 50 mV, e) when they are exposed to saturated vapors of different interfering compounds, and f) for the

real-time monitoring of an infant diaper’s wetting.

DC measurements (Figure S18, Supporting Information). In full
agreement with DC measurements, Ti;C, T, -F1+F3 films exhibit
the highest sensitivity, 1.218 and the same trend in sensitivity is
obtained for the other Ti,;C, T, -based films.

Although in the present case we find a linear dependence of
the sensor response with the RH level, some sensors do not ex-
hibit a humidity response with a well-defined trend (e.g., linear,
logarithmic, exponential). In those cases, the sensor sensitivity
is usually defined as the maximum AR/R, (%) achieved or sim-
ply as R/R,. For a better comparison with state-of-the-art MXene-
based humidity sensors, we calculate the sensitivity of Ti,C,T,-
based films using the three different methodologies (Table S3,
Supporting Information). As can be seen in Table S3 (Support-
ing Information), if sensitivity is calculated using the R/R; ap-
proach, some of the capacitive MXene-based sensors as well as
those where MXenes have been blended with polymers outper-
form Ti;C,T,-F14F3 films. However, the performance of those
systems is not quantifiable as we discussed above. Importantly,
if the sensitivity is calculated from the slope of the linear fitting
or from AR/R, (%), Ti;C,T,-F14F3 films exhibit a performance
beyond the state of the art.

Ti,C,T,-based devices are then cycled between 0% and 100%
RH for 10 times to assess their reusability (Figure 5c¢; and Fig-
ure S19, Supporting Information). Figure 5c displays that all the
devices retain a stable response between 0% and 100% RH even
after 10 consecutive cycles. To prove the stability of our devices,
the film resistance is monitored in time while applying a bias of
50 mV. As can be seen in Figure S20 (Supporting Information),
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the variation of resistance of all the devices is minimal after 140
s of continuous measurement.

Response and recovery time are then obtained by cycling the
devices between low and high RH and plotting continuously the
change in response over time (Figure S21, Supporting Infor-
mation). For equitable comparison with state-of-the-art MXene-
based humidity sensors, we use the “time per RH range tested”
(having units of s RH™!) introduced by An et al.,>!] as a figure of
merit with the assumption that humidity response is linear (Ta-
ble S3, Supporting Information). Significantly, Ti;C,T -F1+F3
devices respond in just 0.24 s RH™! and fully recover in 0.40 s
RH™'. Conversely, the response time of Ti;C, T, sensor exhibits a
twofold increase in the response but faster recovery (0.42 and 0.14
s RH™', respectively). The response and recovery time of the other
three systems is comparable, Ti;C,T,-F1 (0.37 and 0.49 s RH™!,
respectively), Ti,C,T,-F1+F2 (0.35 and 0.49 s RH™!, respectively)
and Ti,C,T,-F14+F4 (0.41 and 0.62 s RH™, respectively).

Figure 5d portrays the response of Ti;C,T,-F1+F3 devices
once exposed to a series of 50 humidity pulses. It shows that the
response is almost constant for the Ti,C,T,-F1+F3 device, even
after 50 pulses and the small variations are more likely caused
by the rough approach employed to provide the humid pulses. In
addition, the response and recovery time for such short pulses
are 500 ms and 2.5 s, respectively (Figure S22, Supporting In-
formation), making Ti;C,T,-F1+F3 devices compatible with real-
time monitoring applications. To assess the long-term stability of
Ti,C,T,-F3 devices, two devices are stored under extreme condi-
tions of humidity (i.e., one at 10% RH and other at 80% RH)
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and their resistance is followed during 10 consecutive days (Fig-
ure S23, Supporting Information). As can be seen in Figure S23
(Supporting Information), the resistance of Ti;C,T,-F3 sensors
remains nearly constant (changes < 5%) for both humidity levels
for 10 days, indicating the improved stability of pristine Ti,C,T,
MXenes upon functionalization.

The selectivity of the Ti;C,T,-F1+F3 devices in the presence
of vapors of volatile organic compounds (VOCs) is also evalu-
ated. In particular, the sensitivity toward ethanol, acetone, iso-
propanol, and chloroform is tested by recording the response of
the devices in time, while exposing them subsequently to the
equilibrium vapor pressure of the selected VOCs (Figure S24,
Supporting Information). The maximum response achieved for
each VOC can be seen in Figure 5e. It unambiguously shows that
the response of Ti;C,T,-F1+F3 to all of the VOCs is much lower
(i.e., AR/R, = —9.45% for acetone) than the response to moisture
(AR/R, = 146.77%). The reusability of Ti,C,T,-F1+F3 devices is
also demonstrated as can be seen in Figure S24 (Supporting In-
formation), where the device’s initial response is fully recovered
after their exposure to each VOC.

The effect of temperature on the resistance of pristine and
functionalized Ti,C,T, films is also evaluated by keeping con-
stant the humidity at 0% RH and varying the temperature from
—23 to 67°C (Figure S25, Supporting Information). The resis-
tance versus temperature plots display a metallic behavior for
the systems with slightly different temperature coefficients (a)
upon the Ti;C, T functionalization, ranging from 0.128 (pristine
Ti,C,T) to 0.199 (Ti,C,T,-F1+F3).

Benefiting from the superior performance of the Ti,C,T,-
F1+F3 devices, we explore its functional application as a humid-
ity sensor in smart diapers. Intelligent or smart diapers represent
a technology already available on the market that is gaining much
attention as the sensor sends diaper change alerts to the care-
giver instantly via an app, providing parents with peace of mind.
As shown in Figure 5f, 10 mL water is used to simulate infant
enuresis, the Ti;C,T,-F1+F3 device attached to the diaper gener-
ates a spontaneous response as the ambient humidity increases,
illustrating its compatibility with a practical application.

The changes in AR at different RH levels are commonly at-
tributed to three different effects: i) electronic decoupling of
individual MXene layers due to interlayer space increase (i.e.,
swelling mechanism), ii) charge depletion in the presence of ad-
sorbed moisture (i.e., electron transport mechanism), and iii)
water-induced chemical modification of the MXene surface (i.e.,
electron transport mechanism). Besides, depending on the or-
ganic molecule, other mechanisms, such as proton conduction
can be found. However, for the proton conduction mechanism, a
decrease in resistance is obtained when the RH level is increased
and therefore is not the present case. To shed some light on the
humidity sensing mechanism of Ti;C,T,-based films, an in situ
XRD characterization at different RH levels is performed (Fig-
ures S26 and S27, Supporting Information). The XRD spectrum
of the empty chamber is included (Figure S26, Supporting Infor-
mation) where two peaks are obtained at 20 = 44.2° and 20 =
51.5°. The XRD spectra recorded in situ by systematically chang-
ing the RH provided information about the structure and the
stability of Ti,C,T,-based films under humidity exposure (Fig-
ure S27, Supporting Information). The variation of the interlayer
distance with the RH level calculated from the XRD spectra us-
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ing Bragg’s law can be seen in Figure S28 (Supporting Informa-
tion). In the three cases of Ti;C,T,-F1+F2, Ti;C, T -F1+F3, and
Ti, C,T,-F1+F4, the negligible variation of the interlayer distance
with the RH level (< 0.11 nm) are monitored, which is attributed
to initial water intercalation. Furthermore, negligible changes in
the crystallinity of the materials are observed upon exposure to
high levels of RH, and the chemical modification of the MXene
surface is also discarded. In the present case, the humidity sens-
ing mechanism can be fully attributed to the charge depletion
caused by the adsorbed moisture.

3. Conclusions

In summary, we performed the synthesis and functionaliza-
tion of Ti;C,T, MXenes via an unprecedented two-reaction pro-
cess. First, F1 was covalently linked to Ti;C,T, through a sily-
lation reaction and then used as an anchoring point for the
covalent post-functionalization Ti,;C,T,-F1 with various organic
bromides (1-bromohexane, 1-bromo-2-(2-methoxyethoxy)ethane
and 6-bromo-1-hexanol) via the formation of a C-N bond between
the latter and F1.

Although the functionalization of Ti;C,T,-F1 with F2, F3 and
F4 resulted in the same interlayer distance, confirmed by XRD,
their different hydrophilic/hydrophobic nature resulted in a very
different sensitivity to moisture, being Ti,C,T,-F1+F3 the most
hydrophilic and sensitive system. As KPIs, Ti;C,T,-F1+F3 de-
vices can be used in a broad operation range (0-100% RH), high
sensitivity, 0.777 (first linear range 0-70% RH) and 3.035 (sec-
ond linear range 70-100% RH), fast response/recovery time (0.24
and 0.40 s AH™!, respectively), high selectivity in the presence
of other volatile organic compounds (e.g., acetone, ethanol, iso-
propanol or chloroform). Besides, a proof of concept humid-
ity sensors compatible with smart diapers application was fab-
ricated.

This study is of great importance as it presents a promising
strategy for the covalent functionalization MXenes, paving the
way towards their further functionalization with other organic
compounds to improve and extend their properties for practi-
cal applications in (opto)electronic devices or other chemical sen-
sors.

4. Experimental Section

Materials:  Ti;AIC, was purchased from (Carbon-Ukraine Ltd.). Hy-
drofluoric acid (HF) was purchased from Alfa Aesar, while hydrochlo-
ric acid was purchased from VWR. Lithium chloride (LiCl), (3-
aminopropyl)triethoxysilane (APTES, F1), 1-bromohexane (F2), 1-bromo-
2-(2-methoxyethoxy)ethane (F3), 6-bromo-1-hexanol (F4) and ethanol
were purchased from Sigma Aldrich. All reagents were used as received.

Preparation of Ti3C,T,: 5 g of Ti3AIC, was gradually added to 50 mL
acidic solution of hydrofluoric acid (27-29 M, 48-51 wt.%): deionized wa-
ter: hydrochloric acid (12 M, 37 wt.%) with the ratio 1:3:6 v/v in a 125 mL
propylene bottle at 0°C and stirred at 500 rpm for 60 min. Thereafter, the
reaction mixture was stirred at 35°C for 24 h at 500 rpm. The etched mul-
tilayer MXene particles were washed by successive steps of centrifugation
at relative centrifugal force (RCF) of 2493 g at 10 °C for 10 min and re-
dispersion in deionized water, until the neutral pH was obtained. The col-
lected MXene particles were added to 100 mL aqueous solution of 5% g/v
lithium chloride and stirred at 25°C for 24 h at 500 rpm. The reaction mix-
ture was then washed by successive steps of centrifugation (RCF of 2493 g
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at 10 °C for 10 min) and redispersion of the precipitate in fresh deionized
water until a very dark black supernatant, containing delaminated MX-
ene flakes, was formed. From this point onward, after each centrifugation,
the black supernatant was collected and combined. The procedure contin-
ued until the supernatant color turned semi-transparent dark green. The
collected solution of delaminated MXene flakes was centrifuged at RCF
9420 g for 20 min. The transparent green supernatant was discarded and
the collected precipitate was re-dispersed in 200 mL of fresh deionized wa-
ter and shaken by a vortex mixer to form a uniform aqueous dispersion of
delaminated MXene flakes with a concentration of 12.5 mg/mL, as mea-
sured by gravimetric vacuum filtration.

Preparation of Ti;C,T, Functionalized with Compound F1 — Ti3C,T,-F1:
Under a neutral atmosphere, 200 mg of Ti;C,T, with a concentration of
130 mg/mL was put in a Schlenck tube. After the addition of 6 mL of
ethanol, 2 mL of Millipore water (18.2 MQecm in 25°C) and 0.4 mL of F1,
the dispersion was sonicated for 3 min and then stirred for 2 days at room
temperature. Then, the obtained functionalized material was centrifugated
at RCF 15 557 g for 15 min, 5 times in ethanol to remove the excess of F1.
Each time, a new portion of ethanol was added to a precipitate (8 mL).
The final functionalized material was kept in ethanol (1.5 mg/mL) under
a neutral atmosphere at 4°C.

Preparation of Ti;C,T,-F1 Functionalized with Compound F2, F3, or F4
— TiyC,T-F1+F2, Ti;C,T-F1+F3, and Ti;C,T,-F1+F4:  Under neutral at-
mosphere, 8 mL of Ti; C, T, in ethanol with the concentration of 1.5 mg/mL
was put in a Schlenck tube. Subsequently, 0.4 mL of compound F2, F3 or
F4 was added to the dispersion and then stirred for 2 days at room tem-
perature. Next, the obtained functionalized material was centrifugated at
RCF 15 557 g for 15 min, 5 times in ethanol to remove the excess of com-
pound F2, F3 or F4. The final functionalized material was kept in ethanol
(1.5 mg/mL) under a neutral atmosphere at 4°C.

Substrate Fabrication: Bottom contact IDEs on Si/SiO, with 20 um
channel length were patterned by photolithography (AZ1505 photoresist
and MIF726 developer, Micro Chemicals) using a Microtech LW405B laser
writer. 5 nm Cr and 40 nm thick Au were thermally evaporated with Plassys
MEB 300 following a lift-off process. Every chip contains 8 pairs of IDEs
and a total number of 22 fingers. The electrodes’ width and spacing were
20 um.

Thin Films Fabrication: We deposited Ti;C,T,-based films on the sub-
strates via dry-transfer from a 0.45 um polytetrafluoroethylene (PTFE) Om-
nipore™ membrane filter (® = 25 mm). After filtering T mL of Ti;C,T,-
based dispersion at 1.5 mg/mL, the filters were pressed against the sub-
strates for 1h, with a laboratory manual press. In order to prevent the con-
tact of the pads with the Ti; C,T,-based films, they were previously covered
with blue tape. After the film transfer, the tape was peeled off gently (Figure
s7).

Characterization Techniques: ~ Zeta potential measurements of Ti;C, T,
TiyCT,-F1, TiyCT,-F14F2, Ti3C,T,-F1+F3, and Ti3C,T,-F1+F4 disper-
sions were recorded on Zetasizer Lab DLS instrument (Malvern Panalyt-
ical). X-ray photoelectron spectroscopy (XPS) analyses were carried out
using a Thermo Scientific KAlpha X-ray photoelectron spectrometer with
an aluminum X-ray source (energy 1.4866 keV) and working at pressure
of 1078-10% mbar in the main chamber. The X-ray spot size was settled
at 400 um. Survey spectra were recorded as result of 20 scans with a pass
energy of 200.00 eV and a step size of 1 eV, while high-resolution spectra
were an average of 30 scans with a pass energy of 50.00 eV and a step
size of 0.1 eV. The samples were prepared by attaching Ti;C,T,, Ti;C,T,-
F1, TiyC,T,-F14F2, Ti;C,T,-F1+F3, and Ti;C,T,-F1+F4 solids to a cop-
per tape. Morphological characterization was performed using a scanning
transmission electron microscope (STEM) with focused ion beam FEI He-
lios NanoLab 66. The samples were prepared by drop-casting of 60 uL of
dilute solution of starting material and after functionalization on a lacey
carbon copper grid, followed by solvent evaporation. Scanning electron
microscopy (SEM) analysis was performed to determine the film thickness
with a FEI Quanta 250 FEG instrument, operated in high vacuum mode
(pressure in 107# Pa range) with accelerating voltages of 30 kV for the inci-
dent beam. The samples preparation for SEM analysis is described in thin
films fabrication (above). The X-ray diffraction (XRD) measurements were
carried out on a D8 Advanced Bruker diffractometer in the Bragg-Brentano
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geometry. The diffractometer was equipped with a front monochromator
(Cu Ka1 wavelength 4 = 0.154 056 nm) and a LynxEye_2 detector (1D
mode). The X-ray beam was nickel-filtered to reduce the intensity of the
Cu KB X-rays. XRD data were collected from 4° to 60° (20) with a step size
of 0.01° at a scanning rate of 0.1 s/step. The sample was placed inside a
Cryo & Humidity Chamber CHC plus+ Anton Paar mounted on the Bruker
diffractometer. The atmosphere in the CHC plus+ Chamber is controlled
by a CCU 100 combined Control Unit and a MHG-32 Modular Humidity
Generator. Analysis was performed at 25°C in air with controlled relative
humidity varying between 10 and 85%. The water contact angle (C.A.) mea-
surements were performed with a Kriiss DSA100S instrument by deposit-
ing on Ti; C,T,-based films, sessile drops (2 uL) of water (5 different drops
per sample). For each sample, the drop images at 1, 30, 60, 150, and 300
s were fitted by the Ellipse (Tangent-1) method and the mean values and
standard deviation were reported.

Humidity Sensing Performance: The performance of humidity sensors
has been investigated by direct current (DC) and alternating current (AC)
electrical measurements. DC measurements were performed measuring
the two-terminal device resistance at a constant bias of 50 mV. All DC
electrical measurements were carried out in a probe station in ambi-
ent conditions by using a Keithley 2612B Source Meter unit (SMU). AC
measurements were performed by means of Electrochemical Impedance
Spectroscopy (EIS) employing a Metrohm Autolab PGSTAT204 poten-
tiostat/galvanostat. The two-terminal EIS was recorded from 10* to
5 x 10° Hz, swept from high to low frequencies, with a sine-wave volt-
age signal amplitude of 50 mV (root-mean-square, RMS) and no applied
bias.

Sensitivity:  To measure the sensitivity, the devices were connected to
the SMU or potentiostat in a closed chamber (Figure S14, Supporting In-
formation). The RH level inside the chamber was controlled by filling it
with dry nitrogen or humidity produced via a humidifier. The response of
the devices was calibrated by reading the resistance and the corresponding
RH values registered by two independent commercial hygrometers, while
the level of humidity inside the chamber was increased from RH = 0% to
100% and vice versa.

Reusability and Stability:  The stability over time and the cyclability of
the devices were gauged alternating for 10 times the RH in the chamber
between 0% and 100% and recording the resistance. Besides, the resis-
tance of the devices was continuously monitored for 140 s while applying
a constant bias of 50 mV.

Response and Recovery Time: The response of the devices was mon-
itored in time while alternating the RH level from 0% to 100% RH and
vice versa. The response and recovery times were calculated as the time
interval between 0% and 100% RH and between 100 and 0% RH, respec-
tively. The values of response and recovery time reported in the text are
the arithmetic mean of five different pulses.

Humidity Pulses:  To perform consecutive humidity pulses a glass stop-
cock connected to a balloon filled with humid air and fixed at 10 cm from
the sample, was cyclically and manually opened.

Selectivity: The calibration of the sensitivity to different vapors
(ethanol, acetone, isopropanol and chloroform) was performed inside a
closed chamber at ambient RH (i.e., 40% RH). 200 uL of each analyte
(ethanol 17.14 m, acetone 13.50 M, isopropanol 13.08 M, and chloroform
12.48 m) was deposited into the chamber and the chamber was immedi-
ately closed. We monitored changes in device response in real-time until
the closed chamber was saturated with analyte vapors. When the response
began to decline, we opened the chamber and continued to monitor the
response until the initial response was recovered.

Temperature Calibration: The electrical devices were measured in a
two-probe configuration in a customized Janis cryogenic probe station,
connected to a semiconductor parameter analyzer (Keithley 4200A SCS).
A Sumitomo RDK-408D2 cryogen-free closed cycle is thermally anchored
to the copper sample holder and the temperature measurements are per-
formed within the T range 340-250 K. The device current (1) is recorded by
sweeping the voltage (V) from 50 to —50 mV. The resistance is calculated
at the maximum voltage bias (50 mV) for the three systems.

Practical Application:  For testing the humidity sensing performance in
smart diapers a device was placed inside a diaper and the response was
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monitored in time. After 5 s, 10 mL of water was added over the diaper
emulating an infant diaper’s wetting.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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