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ABSTRACT: The rapidly growing fields of noncontact
medical diagnosis, noninvasive epidermal sensing, and
environmental monitoring bring forward the need for fast
humidity sensors. However, achieving a rapid response to
dynamic changes in humidity, such as for human respiration,
is challenging. This is because the response can be limited by
the diffusion of water, the sorption of water in the material,
and the sensing method itself. Here, the water sorption and
response mechanism for multilayer assemblies made from
MXene nanosheets and polyelectrolytes for ultrafast humidity
sensing are described. MXenes are a class of two-dimensional
transition metal carbides (e.g, Ti;C,) possessing hydro-
philicity and metal-like conductivity. Herein we show that

MZXene/polyelectrolyte multilayer films prepared using layer-by-layer (LbL) assembly exhibit response and recovery times
exceeding those of most humidity sensors. Quartz crystal microbalance and ellipsometry support the mechanism that, upon
changing humidity, water molecules intercalate into (or deintercalate from) the MXene/polyelectrolyte multilayer, resulting in
an increase (or a decrease) in the thickness and sheet-to-sheet distance, which then changes the tunneling resistance between
MXene sheets. The ultrafast response was further demonstrated by monitoring real-time human respiration using a portable

microcontroller for wireless sensing.
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Humidity sensing is significant in a wide range of
applications in electronics, chemicals, foods, cosmetics,
pharmaceuticals, metallurgy, and climatology.l_12 Recently,
humidity sensors with fast response have been desired for
emerging technologies, such as wearable health monitoring
devices and artificial skin.">™"> Although there are many
reported humidity sensors using optical,'®"” gravimetric,"®"”
capacitive,zo’21 resistive,1 piezoresistive, and magnetoe-
lastic”® methods, many of these methods are still challenged by
the response and recovery times.

We hypothesized that two-dimensional metal carbides
(termed MXenes, or M,,,X,T, where M is an early
transitional metal, X is either carbon or nitrogen, and T is a
surface terminal group, such as —F, —OH, —O, and —Cl)
would be promising materials for humidity sensing due to their
hydrophilicity and metal-like conductivity (2 X 10° $/m).*
Dillon et al. demonstrated changes in sheet conductance of
spin-cast MXene films for dry versus wet nitrogen,”” and
Shpigel et al. demonstrated water sorption in MXene
electrodes immersed in different electrolytes.”® However, the
response rate, detection range, reversibility, and humidity
response mechanism were not discussed or understood.
Recently, we demonstrated highly stretchable MXene/
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polyelectrolyte multilayers assembled using the layer-by-layer
(LbL) assembly technique as strain sensors in which resistance
was correlated to in-plane tensile strain.*® We here
hypothesized that MXene/polyelectrolyte multilayers might
be responsive to humidity by a mechanism where water
sorption increases the sheet-to-sheet distance and consequen-
tially increases the resistance of the bulk electrode.

We first prepared MXene/polyelectrolyte multilayers using
LbL assembly, which consisted of the alternate adsorption of
negatively charged MXene sheets and positively charged
polyelectrolytes each for 15 min of adsorption time (Figure
la). Ti;C,T, MXene sheets were derived from the parent
Ti;AlC, MAX phase® and had a lateral sheet size of ~1 pm
(Figure S1). The MXene nanosheets were negatively charged
(=32 mV by zeta potential) in water at pH S, while
poly(diallyldimethylammonium chloride) (PDAC) at pH $
was used as the complementary positively charged species
(+18 mV) for assembly. As the number of layer pairs (or LbL
cycles) increased from zero to five, the color of the film
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Figure 1. Characterization of MXene/polyelectrolyte multilayers assembled using the LbL technique. (a) Schematic of the PDAC/MXene
assembly. (b) A digital image of MXene/polyelectrolyte multilayer films of varying layer pair numbers (0, 2, 3, and S) on glass, prepared by the
sequential adsorption of PDAC and MXene for 15 min each. (c) A top-down and (d) a cross-sectional SEM image of MXene/polyelectrolyte
multilayer films (10 layer pairs). (e) UV—vis absorption spectra of the MXene/polyelectrolyte multilayer films. An inset image shows absorbance
values at 770 nm versus number of layer pairs. (f) Thickness as a function of MXene/polyelectrolyte layer pair number. (g) Root-mean-square
roughness as a function of layer pair number. Thickness and roughness are measured using profilometry.
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Figure 2. Humidity sensing properties for MXene/polyelectrolyte multilayers (five-layer pairs). (a) Schematic of the patterned MXene/
polyelectrolyte multilayer film on PET with copper wire connections. (b) Normalized resistance (R/R,qy) versus wet—dry cycles for multiple
humidity values ranging from 10% RH to 70% RH. (c) Cycling performance alternating between 30% RH and 40% RH at room temperature. (d)
Hydrated film mass from QCM and (e) ellipsometric thickness change to demonstrate water sorption into the MXene/polyelectrolyte multilayers
at various relative humidity values. (f) Adsorption isotherms of water for a five-layer-pair MXene/polyelectrolyte multilayer at 294 K normalized
against the film mass at 10% RH. The Freundlich isotherm equation is described as follows: In(Am/m,gy) = In K¢ + In(RH)/n where mq, is the
MXene/polyelectrolyte multilayer mass at 10% RH, Am is the absorbed water mass, K; is a Freundlich affinity coefficient, RH is relative humidity
(the ratio of the partial pressure of water vapor to the equilibrium vapor pressure of water a given temperature), and # is a dimensionless number.

became visibly darker (Figure 1b), which indicated the
successful assembly of MXene/polyelectrolyte multilayers.
We expect the immersive LbL process to yield MXene
multilayers having a mixed layer structure.’*~>*

Note that we tried or evaluated other processing methods
(ie, casting, spin-coating, and vacuum-assisted filtration).
Upon simple mixing, MXenes and PDAC precipitated, which

made it difficult to process by spin-casting or solution-casting.
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Vacuum-assisted filtration MXene—polymer papers have been
reported.>® For example, MXene sheets were mixed with
polyvinyl alcohol (PVA) or PDAC in water and then filtered to
produce a free-standing paper; however, this technique cannot
produce a thin nanometer-scale coating. However, we chose
layer-by-layer assembly here because it fulfills the multiple
requirements of sensor coatings: (1) meticulously controlled
material structure, (2) coating uniformity, (3) conformal
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coatings even on complex surfaces, and (4) balance between
multiple functional properties.

We next examined the morphology and structure of the
MXene/polyelectrolyte multilayer in the early stages of growth
to determine the minimum number of layer pairs needed to
achieve in-plane percolation. Scanning electron microscopy
(SEM) confirmed dense coverage of the MXene sheets on the
surface and parallel arrangement of the MXene sheets in a
brick-and-mortar-like fashion (Figure 1c,d). UV—vis spectra of
the MXene/polyelectrolyte multilayers show a broad adsorp-
tion feature at 770 nm assigned to MXene nanosheets***° that
increased with the number of layer pairs (Figure le). Similarly,
the film thickness increased linearly as 9.5 nm per layer pair (or
LbL cycle) (Figure 1f). With the assumption that the coated
polymer thickness is negligible and that the major contribution
to thickness comes from MXene sheets (the average thickness
of a MXene sheet: ~1 nm),””** about 9—10 layers of MXene
sheets were deposited during each MXene adsorption step.
The root-mean-square roughness was lower than 20 nm, as
measured by profilometry (Figure 1g). These results confirm
that linear growth occurs even in the early stages of growth and
complements our early findings that show linear growth
continues up to 40 layer pairs.2

Table S1 shows the conductivity for MXene/polyelectrolyte
multilayers of two, three, and five layer pairs for which the
PDAC and MXene adsorption times were 15 min. A three-
layer-pair multilayer had a conductivity of 21 S/cm, which
increased slightly to 27 & 2 S/cm for five-layer pairs. A two-
layer-pair multilayer’s conductivity was not measurable because
of insufficient percolation of the MXene sheets. Similar results
were obtained for MXene/polyelectrolyte multilayers with
reduced PDAC adsorption times of S and 10 min, in which the
highest conductivity was 47 + S S/cm for a five-layer pair
multilayer with 5 min PDAC adsorption time. On the basis of
these results, we conclude that a minimum of three layer pairs
is needed to achieve in-plane percolation of MXene sheets and
that reduced PDAC content enhances conductivity.

We next examined how resistance changed with varying
relative humidity for the MXene/polyelectrolyte multilayer for
which the PDAC and MXene adsorption times were 15 min.
For a patterned MXene/polyelectrolyte multilayer on PET
(Figure 2a), resistance increased by $2% as relative humidity
(RH) increased from 10% to 70% (Figure 2b). This resistance
reversibly recovered upon decreasing the relative humidity
back to 10% (Figure 2b). In addition, the MXene/
polyelectrolyte multilayer films showed a stable resistance
response over the course of 100 cycles (or 3 h) of switching
from 30% RH to 40% RH. (Figure 2c). This result indicates
that the reversible resistance change is due to water adsorption,
not oxidation of MXene sheets.”” As shown in Figure S2, a
long-term stability test showed that sensors stored in ambient
conditions still responded to humidity but showed a gradual
increase in resistance, indicating probable MXene oxida-
tion.*™*" For all other experiments, we stored samples in
hermetically sealed argon-filled vials at 5 °C before any tests to
prevent oxidation.*

To understand the underlying mechanism of the reversible
and repeatable resistance change, we investigated water
sorption and film thickness at varying relative humidity values.
Measurements using quartz crystal microbalance (QCM)
confirmed that water molecules were reversibly adsorbed and
desorbed into the MXene/polyelectrolyte multilayers, which
followed a Freundlich isotherm model*** (Figure 2d,f, and
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analysis shown in the Supporting Information). Ellipsometry
measurements also verified the reversible change of film
thickness upon water adsorption/desorption cycling (Figure
2e), explaining the reversible and stable resistance change in
Figure 2b,c. Shpigel et al reg)orted that Ti;C, electrodes
contain 0.75 g/cm® of water.”® A quarter of the water was
trapped in the interspaces between MXene nanosheets, and
three-quarters was movable water placed in the interparticle
pores and interlayer gaps.”® Our MXene/polyelectrolyte
multilayers had lower water sorption (0.37 g/cm’® at 70%
RH) than that of the Ti,C, electrodes reported by Shpigel et
al. Different here, our electrodes are not fully immersed in
water and our electrodes contain polyelectrolyte. Also, the
reported contact angle of MXene nanosheets is 35°.>* PDAC
finished (or covered) LbL films bear a contact angle of ~25°.%6
The proposed humidity response mechanism is shown in
Figure 3a. Upon increasing humidity, MXene interlayer
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Figure 3. (a) Schematic illustrations showing the proposed humidity
response mechanism of the MXene/polyelectrolyte multilayers.
Schematic diagrams of MXene/polyelectrolyte multilayers and the
corresponding electrical circuit models for (b, c) low and (d, e) high
humidity, which explain electrical interconnections of three adjacent
MXenes (dark gray in parts b and d). R;, R,, and R, are MXene
nanosheet resistance, and R,; and R, are tunneling resistances at the
junctions. (f) Response of the multilayer to the varying relative
humidity by experimental measurements and numerical modeling (for
a detailed analysis, see the Supporting Information).

distance (or sheet-to-sheet distance) increases, which increases
the tunneling resistance (Figure 3b—f and analysis shown in
the Supporting Information). Upon lowering the humidity, the
interlayer distance decreases, and the resistance recovers. A
similar mechanism has been observed elsewhere for silver
nanowire strain sensors and for carbon nanotube/reduced
graphene oxide humidity sensors.*>*” Another possible
contribution to the mechanism is a reduction in conductivity
caused by interaction of a polar molecule with the MXene’s
surface terminal group (—OH), thus changing the electronic
structure of the MXene itself™® On the basis of the studies
below, it appears that the dominating mechanism is the change
in interlayer spacing.

To prove this proposed mechanism, we varied the interlayer
spacing between MXene layers by adjusting the PDAC
deposition time (S, 10, or 1S min) while keeping MXene

DOI: 10.1021/acsanm.8b02265
ACS Appl. Nano Mater. 2019, 2, 948—955


http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b02265/suppl_file/an8b02265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b02265/suppl_file/an8b02265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b02265/suppl_file/an8b02265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b02265/suppl_file/an8b02265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b02265/suppl_file/an8b02265_si_001.pdf
http://dx.doi.org/10.1021/acsanm.8b02265
http://pubs.acs.org/action/showImage?doi=10.1021/acsanm.8b02265&iName=master.img-003.jpg&w=239&h=190

ACS Applied Nano Materials

a =PDAC | b ~smn| C 4
Nﬂz-s-MXene 16 w4 [wiomn Sl
£ 2 Eo0s
_ w
S1s ﬁo.e
21 504 2
0
=05 F0210
o 0.0
5 10 1 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
PDAC deposition time (min) Wet-dry cycles Cycle number
d e= f=
5 min 220ms E 24 ﬁ 0.10
1.0/= 10 min <15] =
14 -+ 15 min| G 1 B LE
E % % 1? *eil g o311 @27
Sos g 7, . 2005 ¥ ew
E '~‘—052 X .15 sl = *32
4 5 -'ﬂ ! g ar ® 26
58 i §0 @i ..15.,4 "'m §0.0 l'-——'l’llls study
00 05 10 15 20 25 x 00 05 10 15 20 ' 0.00 .05 0.10
Time (sec) Response time (sec/ARH) Response time (sec/ARH)

Figure 4. Humidity sensing behavior of the MXene/polyelectrolyte multilayer films processed with different PDAC deposition times of S, 10, and
15 min. (a) MXene/polyelectrolyte multilayer film composition. (b) Normalized resistance and (c) thickness versus wet—dry cycles, where the
percentages are the relative humidity values. (d) Normalized responses for MXene/polyelectrolyte multilayers with different PDAC deposition
times. The dashed lines indicate the response and recovery times. (e, f) Comparison of recovery and response times between the MXene/
polyelectrolyte multilayers from this study and other humidity sensors reported in the literature, where the recovery and response times are
normalized by the relative humidity interval investigated. Part f shows the dashed box in part e. See Table S3 for references.

deposition time at 15 min (Figure S3a—h). In essence, this
adjusts the PDAC content, which, in turn, affects the interlayer
spacing and the sheet-to-sheet tunneling resistance response.
QCM confirmed that as PDAC deposition time increased, the
multilayer’s PDAC composition increased (6.1 wt % for S min,
7.8 wt % for 10 min, and 9.3 wt % for 15 min, Figure 4a, Figure
S3i, and Table S2). Increasing the PDAC deposition time led
to an increase in the mass of PDAC deposited, which probably
led to an increase in the sheet-to-sheet distance (or interlayer
spacing), as suggested by changes in the X-ray diffraction
(XRD) pattern (Figure S4). As shown in Table SI, the
conductivity decreased with increasing PDAC deposition time
(e.g., 47 and 27 S/cm for a five-layer pair multilayer with S and
15 min PDAC deposition, respectively). As PDAC deposition
time increased from 5 to 15 min, the sensitivity to humidity
increased by 46% (comparing R/R,q, at 70% RH, Figure 4b)
and the thickness change increased by 33% (Figure 4c). These
results indicate that the humidity response is dependent on the
PDAC content within the multilayer, which affects the
tunneling resistance response. This supports our hypothesis
that reversible water insertion into their interlayer gaps results
in changing their interlayer distance and electrical resistance.
We speculate that the response bears dual contributions from
the polymer and the MXene, but these cannot be decoupled at
present.

The response and recovery times of the three different
MZXene/polyelectrolyte multilayers were evaluated (Figure 4d)
using an electric fan that periodically interrupted the flow of
humid air at a frequency of 1/3 Hz. It should be noted that
many humidity sensors measured response time test (or
recovery time test) with widely different RH
ranges.' ' *#*>**75% For equitable comparison, we introduce
the “time per RH range tested” (having units of s RH™') as a
figure of merit with the assumption that humidity response is
linear. All three samples (with S, 10, and 15 min PDAC
deposition) showed short response and recovery times of 110
and 220 ms, respectively, corresponding to response and
recovery times per RH of 0.005 s RH™' and 0.01 s RH™},
respectively. These fast response and recovery times are
comparable to ultrafast humidity sensors using graphene,®
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carbon nitride,”” silicon nanocrystals,'* and graphene oxide'
as well as a commercially available ultrafast sensor’® (Figure
4e/f and Table §3'37192072249-69)

To gain insight into the kinetics of the humidity response,
the rate constants were calculated as the resistance change due
to water (de)sorption’*~"* (Figure S5) as follows: In((R, —
Ro)/(Ry = Ry)) = kgt Or kyesorpty Where R; is the final
resistance of the MXene/polyelectrolyte multilayers, R is the
initial resistance, R, is the resistance at time t, and ki, and
Kiesorp are the rate constants at increasing and decreasing
humidity, respectively. As the PDAC deposition time
increased, ki, decreased as 17.4, 10.2, and 9.5 s7! for §, 10,
and 1S min PDAC deposition time, respectively. A similar
result was obtained for kgeerp (7.3, 7.0, and 5.2 s,
respectively). This indicates that increased deposition time
and increased PDAC content leads to markedly different rate
constants, which indicates that PDAC plays a major role in
sensing. As PDAC sorbs and desorbs water, it likely adjusts the
interlayer or flake spacing and overall film thickness (indirectly
evidenced in Figure 2e).

The observed ultrafast humidity response suggests that the
MZXene/polyelectrolyte multilayers could be used as human
health sensors to monitor human respiration. For demon-
stration, a sensor was fabricated using a patterned MXene/
polyelectrolyte multilayer on PET and an Arduino micro-
controller (Figure Sa,)b and Figure S6). The sensor successfully
monitored human respiration by changes in humidity due to
inhalation and exhalation (Figure Sc and Movie S1). Because
of the rapid response time, real-time monitoring was achieved,
(Figure Sd—h). The volunteer walked for 90 s, ran for 90 s, and
then walked again. As the volunteer ran, the respiration rate
increased from 15 to 23 min~' (Figure Sef). When the
volunteer walked once more, the respiration rate was 31 min™"
because the volunteer had shortened breath (Figure Sg). After
a minute, their respiration renormalized (15 min™") (Figure
Sh). Similar profiles were observed in ultrafast humidity
sensors using cellulose’”> and silicon nanocrystals."* In
summary, these results demonstrate that thin MXene/
polyelectrolyte multilayers can detect changes in humidity
with ultrafast response and recovery and excellent reversibility.
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Figure S. Demonstration of MXene/polyelectrolyte multilayers as a
human respiration sensor. (a) A schematic and (b) a digital image of
the human respiration sensor using a smartphone. (c) Response of the
sensor (MXene/polyelectrolyte multilayer, 15 min PDAC deposition,
five-layer pairs) to breathing of the subject in a resting state. (d—h)
Response to breathing while walking, running, and walking.

This concept may be applicable to various applications in many
medical or environmental applications, where the humidity
may change dynamically and rapidly.

We found that MXene multilayers have trade-offs between
increased conductivity and decreased sensitivity. As con-
ductivity decreased (e.g, 47 and 27 S/cm for a five-layer pair
multilayer with S and 1S min PDAC deposition, respectively),
the sensitivity to humidity increased by 46% (comparing R/
Ryp at 70% RH, Figure S7). In contrast, as conductivity
decreased, the kinetics (i.e., rate constants) of the humidity
response decreased. For example, as the PDAC deposition
time increased, ksorP decreased as 17.4, 10.2, and 9.5 s™! for 3,
10, and 1S min PDAC deposition time, respectively. These
results suggest that increasing conductivity did not improve all
aspects of humidity sensing properties in our system.

On the other hand, Jung et al. explored the change in
resistance of (pure) MXene papers in response to various gas
vapors.*® They found that the MXene papers had a high
conductivity (3250 S/cm vs 47 S/cm for this work,
respectively) and that the high conductivity led to an
exceptional sensitivity toward polar gas vapors. The present
work herein has lower sensitivity because of PDAC’s insulating
nature. Yet, PDAC, because it participates in the humidity
sensing mechanism, has a significant and observable response
toward humidity.

Looking forward, the humidity response might be further
modulated or amplified using highly water-sensitive polymers.
The modeling of the tunnel resistance changing with MXene
distance indicates that even stronger responses are possible
with polymer layers that can switch between a highly expanded
coil state and collapsed state. This also points to the possibility
of MXene/polymer sensors based upon changes in resistance.
For example, pH- or temperature-responsive polymers would
also adjust the MXene sheet spacing, thus changing tunneling
resistance.
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B EXPERIMENTAL SECTION

Materials. Poly(diallyldimethylammonium chloride) (PDAC, MW
= 200000—350000 g mol™!, 20 wt % in water), hydrochloric acid
(HCl, ACS reagent, 37% w/w), and dimethyl sulfoxide (DMSO,
ReagentPlus, >99.5%) were obtained from Sigma-Aldrich. Ti (44 ym
average particle size, 99.5% purity), Al (44 um average particle size,
99.5% purity), TiC powders (2—3 um average particle size, 99.5%
purity), and lithium fluoride (LiF, 98+% purity) were purchased from
Alfa Aesar. Substrates for layer-by-layer deposition included slide glass
(VWR) and PET (Melinex STS0S, Tekra).

Synthesis of Ti;AlC, MAX Phase. Commercial Ti, Al, and TiC
powders were used as starting raw materials to synthesize the Ti;AIC,
MAX phase. To prepare homogeneous powder mixtures, Ti, Al, and
TiC powders were first weighed to achieve the Ti:Al:C = 3.0:1.2:1.8
ratio and mixed together using ball-milling with zirconia beads in a
glass jar at the speed of 300 rpm for 24 h. Then, the bulk high-purity
Ti;AIC, samples were sintered at temperature of 1510 °C for 15 min
with a loading of 50 MPa using a pulsed electric current system
(PECS). To fabricate high-purity Ti;AIC, powder, the PECSed
sample was first drill-milled and sieved to obtain powder with particle
sizes below 44 pm.

Synthesis of Ti;C,T, MXene Clay. Ti;C,T, MXene clay was
synthesized by etching aluminum from the MAX phase using the
technique described by Ghidiu et al.*” Concentrated HCI (37% w/w)
was diluted with deionized (DI) water to obtain 30 mL of 6 M HCI
solution. This solution was transferred to a polypropylene (PP)
beaker, and 1.98 g of LiF was added to it. This dispersion was stirred
for S min using a Teflon (PTFE) magnetic stirrer at room
temperature. Ti;AlC, MAX phase powder was slowly added to the
HCI + LiF solution to prevent overheating as the reaction is highly
exothermic. The PP beaker was capped to prevent evaporation of
water, and a hole was made in the cap to avoid buildup of gases. The
reaction mixture was stirred at 40 °C for about 45 h. The slurry
product was filtered and washed with DI water in a poly(vinyl
difluoride) (PVDF) filtration unit with pore size of 0.22 pm
(Millipore SCGVU10RE Stericup GV) to remove the unreacted HF
and water-soluble salts. This washing process was repeated until the
pH of the filtrate reached a value of ~6. The reaction product
collected over the PVDF filter was extracted as Ti;C,T, MXene clay.

Intercalation and Delamination of Ti;C,T, MXene Clay.
Ti;C,T, MXene clay was intercalated with DMSO and subsequently
bath sonicated to obtain a dispersion of delaminated Ti;C,T,
MXenes. DMSO was added to Ti;C,T, MXene clay (dried in a
vacuum oven for about 24 h at 40 °C) to form a 60 mg mL™'
suspension followed by about 18 h of stirring at room temperature.
After intercalation, excess DMSO was removed by several cycles of
washing with DI water and centrifugation at S000 rpm for 4 h. The
intercalated Ti;C,T, MXene suspension in DI water was bath
sonicated for 1 h at room temperature followed by centrifugation at
3500 rpm for 1 h to separate the heavier components. The
supernatant contained the stable Ti;C,T, nanosheet dispersion.

Preparation of MXene/Polyelectrolyte Multilayers. The
PDAC and MZXene sheets were diluted to a concentration of 1.0
mg mL™" in deionized water (18.2 MQ). The pH values of the PDAC
solution and MXene dispersion were 5.0 and 5.0, respectively, and
both solutions were used without adjusting the pH. For layer-by-layer
deposition onto pure PET, a PET sheet was cut into 12.5 mm X 50
mm and then cleaned with isopropyl alcohol and water. After washing,
the PET was dried with nitrogen. To make a U-shaped pattern, 1 mm
wide tape was placed on PET substrate prior to layer-by-layer
assembly. Plasma treatment (Harrick PDC-32G) was conducted for 5
min. Plasma-treated PET substrates were immersed in PDAC solution
for 15 min and rinsed with deionized water for 2, 1, and 1 min each.
Then, the substrates were immersed in MXene dispersion for 15 min
and rinsed with deionized water for 2, 1, and 1 min each. The same
procedure was repeated until the desired thickness was obtained. To
prepare the MXene/polyelectrolyte multilayers with different PDAC,
we have varied PDAC deposition time (S, 10, and 15 min) while
keeping MXene deposition time for 15 min. Each cycle is termed as a
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“layer pair”. After layer-by-layer coating, the films were cut into 3.13
mm X S0 mm, and then the tape was removed. Copper wires were
connected to both ends of the U-shaped patterned layer-by-layer film
(Figure 2a) using silver paste followed by drying under vacuum for 4
h. For humidity sensing, the copper wires of the sensors were
connected to a multimeter.

Characterization. Scanning electron microscopy (SEM, JEOL
JSM-7500F) was used to investigate morphologies of the multilayer
films. Three nanometers of platinum/palladium alloy was sputter-
coated onto samples prior to imaging. Profilometry (P6, KLA-
Tencor) was used to measure the thickness of the MXene-based
multilayer in at least five different locations. A manual four-point
resistivity probe (Lucas Laboratories $-302-4) was used to measure
and calculate the conductivity of the multilayer. UV—vis spectroscopy
was conducted using a Shimadzu UV-2401 PC spectrometer over a
wavelength range of 300—900 nm. Ellipsometry (Gaertner LSE Stokes
ellipsometer) was used to measure the thickness of MXene/
polyelectrolyte multilayers on a silicon substrate. The mass
composition of the multilayer was measured using quartz crystal
microbalance (QCM) (Inficon, Maxtek RQCM). First, plasma
treatment (Harrick PDC32G) was performed on a S MHz Ti/Au
quartz crystal for 5 min. The multilayer was deposited onto the quartz
crystal using the layer-by-layer assembly procedure described above.
The composition of the multilayer was determined by monitoring the
frequency changes during each layer deposition from 0 to 5 layer
pairs. Mass was calculated from the measured frequency using the
Sauerbrey equation.”*

The humidity response of the MXene/polyelectrolyte multilayer
was measured in a home-built chamber. All sensing experiments were
conducted at 22—23 °C. Humidity in the box was controlled by
bubbling dry air (~0% RH) in distilled water. Relative humidity in the
box was simultaneously recorded using a commercial humidity sensor
(Willhi WH1436H). The accuracy of the commercial sensor was
+1%. The resistance of the MXene film during the humidity test was
measured using a multimeter (Peakmeter PM8236 digital multi-
meter). Ellipsometry and QCM were used to measure the film
thickness and mass, respectively, as a function of humidity. As for
evaluation of response and recovery time, flowing humid air was
modulated by passing it through a home-built electric fan using an
Arduino Uno R3 (Elegoo) and a stepper motor (Elegoo 28BY]-48).
The RH range for the response and recovery time tests was 20—40%
RH. For the long-term stability test, we stored MXene multilayer
samples in ambient conditions and conducted humidity sensing as a
function of time.

As for real-time monitoring of human respiration, the sensor was
originally under ambient conditions with relative humidity around
25%. The resistance of the sensor was recorded using an Arduino Uno
R3. Note that direct contact with PDAC may be harmful and cause
skin irritation.
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