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Multi-modal, ultrasensitive, wide-range humidity
sensing with TizC, film+i

Eric S. Muckley,  *2 Michael Naguib @ ° and llia N. lvanov { *2

Gravimetric, direct-current electrical, and electrical impedance sensing modes were used to measure
response of high surface area 2D TizC, MXene film to water vapor pressures spanning 3 orders of magni-
tude (20 mTorr—20 Torr). The TizC, film exhibited reproducible reversible response in 0.1%—-95% relative
humidity (RH) range with a detection limit of <20 mTorr H,O partial pressure (<0.1% RH). DC electrical
current-based sensing with 3 mV operating voltage and 0.8 pW power consumption was demonstrated.
The highest normalized sensitivity was shown for gravimetric sensing modalities which scale with the
overtone number, reaching highest sensitivity of about 12 Hz/% RH at the 9% crystal overtone (45 MHz

rsc.li/nanoscale oscillation).

Introduction

A new class of two-dimensional (2D) transition metal carbides
and carbonitrides termed MXenes is being explored for use in
a wide range of electrochemical applications." Because of high
surface area and tunable terminations/ion intercalants,
MXenes have been investigated for chemical sensing of
sodium nitrite,”> ammonia,® glucose,” and hydrogen peroxide.”
The most widely-studied MXene to date, Ti;C,, exhibits strong
hydrophilicity and high electrical conductivity.® Experimental
and computational studies have confirmed the presence of
mixed -OH, -0, and -F terminations in Tiz;C, films which
provide hydrophilic sites for water adsorption.”” > Although
these properties make Tiz;C, MXene well-suited for relative
humidity (RH) sensing, much research on the H,O response of
Ti,;C, has been limited to studies of ion-intercalated Ti;C,.>"*
Ghidiu et al. reported on effect of water on Ti;C, structure but
did not correlate mechano-structural response to electrical or
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functional response.'® Come et al. showed that adsorption of
water can lead to stiffening of Ti;C, film due to formation of
highly ordered water layers between Ti;C, sheets'® but did not
relate this effect to sensing performance. Romer et al. reported
a linear increase in Ti;C, resistivity as RH increased from
15-80%."°

Ghidiu et al. showed that K', Na', Li*, Ca*"-intercalated
Ti;C, undergoes an increase in basal spacing during water
intercalation between 2D Ti;C, sheets, and the amount of
adsorbed water, referenced to the molecular weight of ion-
intercalated T;C,Ty, does not depend on the nature of interca-
lated ion.® Shpigel et al reported negligible viscoelastic
changes of Ti;C, film in air under low humidity conditions."”
However, it remains unclear how adsorbed water influences
viscoelastic behavior of Ti;C, films, and dynamic range and
detection limits for TizC,-based humidity sensors have not
been thoroughly investigated. We showed previously that K
and MgZ+ ion intercalated Ti;C, film exhibited electrical and
gravimetric response to water vapor between 20% and 80%
RH."® However, dynamic range, detection limits, reversibility,
and long-term stability and repeatability of non-intercalated
Ti;C,-humidity sensors were not investigated in detail. Here
we present the results on correlation between gravimetric and
electrical response of Ti;C, films to humidity, addressing
important question of detection limits, operable range, reversi-
bility, and long-term stability/repeatability of Ti;C,-based gravi-
metric and electrical RH sensors. As evidenced by modeling of
multi-frequency gravimetric response, TizC, film exhibits a
gradual transition from rigid to viscoelastic behavior as
humidity increases.

Other 2D materials including VS,,"® MoS,,"® black phos-
phorus nanosheets*® and graphene®' exhibit strong response
to water vapor but their operable range as RH sensors is tested
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only for RH > 10% (corresponding to ~3000 ppm H,O partial
pressure). Response to 1% RH has been observed in gra-
phene,*! but sub-1% RH detection limits are seldom reported.
In this study, we demonstrate gravimetric response of Ti;C, to
0.1% RH, corresponding to ~30 ppm H,O partial pressure. We
investigated the humidity range under which Ti;C, film may
be used for reversible RH sensing and probed detection limits
for both gravimetric and electrical sensing modes. We used
multi-harmonic quartz crystal microbalance with dissipation
monitoring (QCM-D) to correlate Ti;C, sensor response with
viscoelastic behavior in the Ti;C, film.

Experiment

Details of TizAlC, synthesis were described elsewhere by
Naguib et al*®* For synthesis of Ti;C, used in this study,
Ti3AlC, was etched using a solution of LiCl dissolved in
10 wt% HF (1 g Ti;AlC,/10 mL of etching solution and TizAIC,/
LiCl ~ 1:5 molar ratio) at room temperature for 24 hours.
After etching, the mixture was centrifuged, the top liquids
were decanted, fresh deionized water was added to the settled
powder, then centrifuged, and the top liquids were decanted.
The washing steps were repeated until the pH of the top
liquids reached values >5. Settled powder was then rinsed with
37% HCI (30 mL of 37% HCl: 1 g of powder) then centrifuged.
Liquids were decanted and the rinsing process using HCI was
repeated four times to remove extra salts from the etching
process and to remove any intercalated Li ions and replace
them with protons. This was followed by rinsing with de-
ionized water. The wet powder was vacuum filtered to dry. Dry
Ti;C, was mixed with deionized water to produce 34% Ti;C, by
weight solution. For gravimetric and viscoelastic measure-
ments, 1 pL of solution was drop-cast on pre-cleaned 5 MHz-
resonant frequency AT-cut gold-coated quartz crystal microba-
lance (QCM) crystals. For electrical measurements, 1 pL of
solution was drop-cast on undoped SiO, substrates with pre-
patterned 2 pm-spaced gold interdigitated electrodes (for resis-
tivity and passive sensing experiments) and pre-patterned
1 cm-spaced gold electrodes for impedance spectroscopy
measurements. Deposition of TizC, film resulted in a porous
network of conductive pathways with up to ~5 pm thick (see
Fig. S11). All synthesis, preparation and experiments were con-
ducted at room temperature.

For testing, Ti;C,-coated QCM and pre-pattered electrodes
were placed under 10~* Torr (1.33 x 107 bar) vacuum for
12 hours before exposure to water vapor. Fundamental QCM
frequency shift was recorded using an openQCM Pierce oscil-
lator circuit.>® DC resistivity and passive current measurements
were performed using a Keithley 2420 source-meter with
20 mV and 3 mV bias respectively. Electrochemical impedance
spectroscopy (EIS) was performed using a Zahner IM6 electro-
chemical workstation. Humidity was controlled by injecting
water vapor into the vacuum chamber at 20 cm® min™" flow
rate using a mass flow controller at. A LabVIEW program was
used to control the H,O flow and record resistivity of the film
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and frequency shift of the QCM during the experiment. For vis-
coelasticity measurements, frequency and dissipation were
recorded at 1%, 3™, 5™ 7™ and 9™ crystal harmonics for a
TizC,-coated 5 MHz QCM crystal inside a KSV QCMZ-500
liquid flow cell while humidity was varied using an L&C
RH-200 humidity generator with dry N, as a carrier gas.

Results and discussion
DC resistive and gravimetric sensing modalities

Electrical resistance of TizC, film (AR) and fundamental fre-
quency shift (Af) of Ti;C,-coated QCM were measured under
changing RH conditions. When RH was increased from ~0%
to 95%, frequency shift of the Ti;C,-coated QCM was ~50
times higher than that of the bare Au reference QCM (Fig. 1a),
indicating selective adsorption of H,O on Ti;C, likely due to
its relatively high surface area (10-20 m> ¢™') and hydrophilic
surface-terminating functional groups (OH, O, and H).! Values
of Af and AR were observed under H,O partial pressures span-
ning a range of 3 orders of magnitude (20 mTorr-20 Torr)
(Fig. 1(a) bottom panel). Gravimetric (Af) and resistive (AR)
responses decreased exponentially with RH (Fig. 1(b)), indicat-
ing that the strongest RH response of Ti;C, occurred under dry
(<20% RH) conditions. Previous experimental and theoretical
results showed that adsorption of ~2 H,O molecules per unit
cell in ion-intercalated Ti;C, resulted in significant structural
and electrical changes.'®> The small electrical resistance
change (~1.75 Q) from 0-95% RH was ~0.8% of the total resis-
tance of the film (~200 Q), indicating that conductive TizC,
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Fig.1 (a) Top panel: Fundamental frequency shift (Af, left axis) of

TizC,-coated QCM and bare Au-coated QCM during exposure to water
vapor partial pressures spanning over 3 orders of magnitude (bottom
panel). Right axis of top panel shows DC electrical resistance change
(AR) of TisC, film. Water concentration in bottom panel is shown in
terms of relative humidity (RH) and H,O vapor pressure. (b) Fundamental
frequency shift (black, left axis) and electrical resistance change (blue,
right axis) measured from 0-95% RH after 3 hours of exposure to each
RH level. (c) Frequency shift and resistance change during exposure to
single H,O vapor pulse (bottom panel) corresponding to ~25 mTorr
H,O vapor pressure (0.1% RH). Solid dark lines show response after
50-point adjacent averaging.
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with small electrical response can still be effective as a wide-
range RH sensing material.

To estimate detection limits of gravimetric- and resistive-
Ti;C, sensors, 30 seconds integration time was used to
decrease signal to noise ratio (SNR). Increasing the integration
time without loss of important temporal information was poss-
ible due to the slow H,O response kinetics shown in Fig. 1c.
Upon exposure to a ~25 mTorr H,O vapor pulse (corres-
ponding to ~0.1% RH) (Fig. 1(c) bottom panel), Ti;C,-coated
QCM exhibited fundamental frequency shift of ~1.3 Hz cm™>
corresponding to mass change of ~23 ng cm > under
Sauerbrey conditions,** and electrical resistance of the Ti;C,
film increased by ~140 mQ. Although the frequency shift and
resistance change are small compared to those reported for
typical thin film resistive and QCM-based RH sensors,”> % Af
and AR exhibited signal-to-noise ratios SNRs of ~5 in response
to the 0.1% RH pulse which demonstrates that Ti;C, may be
used as a RH sensing material under an extremely broad range
of humidity levels (0.1%-95% RH). While Af and AR kinetics
occurred over the scale of ~1 hour at RH > 20% (Fig. 1(a)),
change in Af occurred over 1-2 hours and change in and AR
occurred over a period of over 5 hours when RH was increased
from 0.01% to 0.1%. This suggests that at low water vapor
partial pressure, capillary action which drives H,O diffusion
between individual 2D Ti;C, layers is severely limited."?

To probe long-term sensor stability and reproducibility,
gravimetric response of the Ti;C, film was recorded during
repeated cycling from 20% to 80% RH. After 20 cycles over a
duration of 18 hours (Fig. S2(a)f), the film showed repeatable
response within 6% (Fig. S2(b)i). Long-term stability of the
film was probed by exposing sensor to constant RH level for
12 hours steps and recording resonant frequency of the Ti;C,-
coated QCM. Gravimetric response of the film was stable to
within 6% over a period of 12 hours (Fig. S2(c)).

Frequency-dependent electric sensing modality

To investigate the mechanism of electrical response of Ti;C, to
water, electrical impedance spectroscopy (Z) was measured
from 100 Hz-4 MHz using 20 mVAC excitation with 0 VDC bias
at 0, 5, 20, 40, 60, 80, and 95% RH. The effect of RH on impe-
dance was most pronounced at low frequency (100 Hz)
(Fig. S3(a)1), followed a roughly exponential increase with RH
(Fig. S3(b)}), and showed ~100% reversibility after water vapor
was removed (Fig. 2(a)) from the measurement chamber, in
agreement with RH-dependent DC resistivity measurements.
The semi-circle in the Nyquist plot (Fig. 2(b)) is a signature of
combined effects of resistive (R) and capacitive (C) elements,
which may be modeled by an equivalent double RC circuit
(shown in inset of Fig. 2(b)) composed of contact resistance
(R¢), resistance and capacitance associated with conduction
through Ti;C, grains (Rg and Cg respectively), and resistance
and capacitance associated with conduction across grain
boundaries (Rgs and Cgy respectively).?® The dominance of a
single semi-circle in the Nyquist plot, along with the high con-
ductivity of TizC,,>° suggests that the majority of resistance
and capacitance is associated with conduction across grain

This journal is © The Royal Society of Chemistry 2018
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exposure to 0, 5, 20, 40, 60, 80, 95% RH (blue, right axis). (b) Nyquist
representation of impedance of TizC, film (black points) fitted to double
RC equivalent circuit (blue line). Inset shows equivalent circuit model
composed resistance and capacitance in bulk grains (Rg, Cg), resistance
and capacitance at grain boundaries (Rgg, Cgp), and resistance at con-
tacts (R¢). (c) Values of Rgg and Rg extracted from equivalent circuit fits.
(d). Values of Cgp and Cg extracted from equivalent circuit fits. Error
bars correspond to uncertainty introduced during fitting of equivalent
circuit model.

boundaries while bulk Ti;C, grains contribute insignificantly
to the film impedance. The resistive (Fig. 2c) and capacitive
(Fig. 2d) values of equivalent circuit parameters demonstrate
that while impedance of the conductive bulk grains changed
insignificantly during RH exposure, both Rgg and Cgp
increased with RH. RH-dependence of Rgg and Cgg closely
resembled that of Z and DC electrical resistance which
suggests that water accumulation near gain boundaries is the
primary mechanism underlying Ti;C, electrical response to
water. The value of Rc which is generally associated with con-
duction at film domain-electrode junctions®' showed a slight
increase with RH (Fig. S3c}), indicating a voltage drop due to
accumulation of adsorbed water at gold-Ti;C, junctions. X-ray
diffraction patterns (not shown) revealed no significant differ-
ence between dry Ti;C, and Ti;C, exposed to water, suggesting
that H,O molecules did not intercalate between individual 2D
Ti;C, sheets, as expected.

Low-power current sensing modality

Low electrical resistivity (~20 Q cm) and strong response to
water vapor enabled passive Ti;C,-based RH sensing with neg-
ligible power consumption. We applied constant 3 mV DC bias
across Ti;C, film and monitored picoamp-scale changes in
electrical current (AI) under changing RH conditions
(Fig. 3(a)). Current decreased by ~260 pA when RH increased
from 0-95% and showed reversible, reproducible response to
changing RH conditions as RH was cycled from 0, 40, 95%
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Fig. 3 (a) Change in current (Al) measured across TizC, film under
3 mV DC bias. Gray points show measured current, black line shows
current after smoothing by 50-point adjacent averaging. Blue pulses
(right axis) correspond to 0, 40, and 95% RH. (b) Current change
showed roughly double exponential trend with RH (blue line). Error bars
represent amplitude of noise in current signal. Inset: TizC; film showed
linear current—voltage characteristics from —1 to 1 VDC bias.

and back to 0%. SNR in electrical current response is ~5
during response to 40% RH and ~7 during response to 95%
RH, which enable ~10% RH resolution by passive (~3 mV)
sensors in the 0-95% RH range. The value of A7 followed a
roughly double exponential trend with RH (Fig. 3(b)), in agree-
ment with low-frequency impedance and DC electrical resis-
tance measurements. The 3 mV operational voltage is small
enough to be supplied by entirely passive energy-harvesting
devices including radio-frequency identification (RFID) anten-
nas,** vibrational micro-generators,* and piezoelectric fabrics
and textiles.** Total power consumption of the 3 mV x 260 pA
sensor is ~0.8 pW which is roughly the average power con-
sumption of a human cell. The inset of Fig. 3(b) shows that
current-voltage characteristics of the Tiz;C, film from —1to 1V
DC bias are linear, which suggests that passive RH sensors
which rely on ambient energy harvesting devices may maintain
linear current response even under variable power conditions.

Mechanism of gravimetric response to water vapor

We used quartz crystal microbalance with dissipation monitor-
ing (QCM-D) for probing frequency shift (Af) and dissipation
change (AD) of Ti;C,-coated QCM at 1%, 3™, 5™ 7™ and 9™
crystal harmonics to investigate whether exposure to high
humidity conditions caused any observable viscoelastic
changes in the sensing film. A thin homogenous film rigidly-
bound to the QCM surface undergoes frequency shift which is
proportional to mass change in accordance with the Sauerbrey
equation.?® Under Sauerbrey conditions, Afand AD are harmo-
nic-independent and thus show negligible variation between
harmonics after normalization to harmonic number.>® This
was observed in QCM-D measurements performed on a bare
Au-coated QCM from 5%-90% RH (Fig. S41), which indicated
that changes in resonant frequency of the bare Au crystal were
strictly a result of mass loading of the resonator.

The QCM coated with Ti;C, film exhibited significant har-
monic-dependent frequency shift and dissipation change in
response to changing RH (Fig. S5%), indicating viscoelastic
change in the Ti;C, film.** The frequency shift and dissipation
change during H,O adsorption on bare Au were subtracted
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from Afand AD values measured on the Ti;C,-coated crystal to
remove the effects of changing density and viscosity of humid
air and to isolate the effect of water on viscoelastic response of
TizC,. Normalized Af/fn and AD/n (where n is harmonic
number) shown in Fig. 4(a) and S5} respectively exhibited har-
monic-dependence which increased with increasing RH. The
slope AD/Af was used to estimate energy dissipation per unit
mass of the Ti;C, film*® (Fig. S6). Significant deviations from
the linear relationship between AD and Af generally occurred
near 50% RH (Fig. S61), which suggests the onset of structural/
conformational changes, viscoelastic changes, or interface slip
between Ti;C, film and the gold electrode.”>**3%3!

The simplest way to account for nonlinear mass loading of
the resonator is to treat the film/water adlayer as a viscous
liquid using the Kanazawa-Gordon equation:®” Af = f,**(pn/
Tpepq)'’, where p and 5 are density and absolute viscosity of
the effective liquid and 4 and pq are shear modulus and
density of the quartz resonator. We used frequency shift of the
fundamental resonant frequency (Af;) to estimate the corres-
ponding Sauerbrey frequency shifts at higher harmonics by
scaling Af; linearly with harmonic number.*> The deviation
between Sauerbrey frequency shift (Afs) and experimentally-
measured frequency shift (Afe,) was used to estimate the fre-
quency shift resulting from viscoelastic changes in the adlayer
film as described by Kanazawa (Afy), so that Afe, = Afs + Afi
(Fig. S81). Using Afk and the Kanazawa-Gordon equation, we
obtained estimates for Azp, the change in product of effective
viscosity and density of the Ti;C, adlayer film under changing
RH conditions (Fig. 4(b)). The value of Anp increased with RH
as water filled in pores in the Ti;C, film and increased the
average density. It is expected that the effective viscosity of the
Ti;C, adlayer increased with RH due to softening of the film
by water. Water accumulation near Tiz;C, surfaces may disrupt
van der Waals interactions between adjacent Tiz;C, domains,
decreasing rigidity of the film and contributing to energy
damping observed in measurements of AD. The ratio Afi/Afs
which compares the importance of viscoelastic effects to mass
loading effects generally increases with RH (Fig. S9%). Higher
order harmonics typically probe regions of the adlayer film

a. o b. _,]§ ——1
80z =3
& -100 t ——5
§ —1 60 = & 94 —~7
N 200{ —e—3 * g
L —a—5 T <6
€ 300] ——7 ox Z
3 ——9 =
-400 20 2 3
[
»n
-500 0 0
0 10 20 30 40 50 0 20 40 60 80 100
Time (hours) RH (%)
Fig. 4 (a) Frequency shift normalized to harmonic number (Af/n) of

TizC,-coated QCM during exposure to increasing RH levels (blue, right
axes). Values of Af/n for bare Au QCM (Fig. S4i) were subtracted to
remove effects of water adsorption on Au and drag forces arising from
changing density and viscosity of humid air. Legend shows crystal har-
monic number. (b) Sensitivity of TizC; film to humidity (gravimetric) esti-
mated as a ratio of normalized frequency shift of 1, 39, 5 7th and 9t
harmonics over change in RH%.
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Fig. 5 Normalized sensitivity of each sensing mode. Normalized sensi-
tivity = S/Smax. Where S is sensitivity in units shown in (b), and Sax is
maximum sensitivity achieved for a given sensing mode.

which are closer to the crystal surface, since penetration depth
of the acoustic wave into the adlayer film scales as \/1/f.*® We
performed additional viscoelastic modelling of the Ti;C, film
using the approach of Voinova et al.*® as described in the ESL
The results suggest that viscoelastic effects are most pro-
nounced close to the Ti;C,/crystal interface. This is consistent
with results from electrical impedance modelling which
suggest that water accumulation at TizC,/crystal interface led
to changes in charge transfer resistance. Notably, observed
viscoelastic change in the Ti;C, film did not result in unpre-
dictable behavior in gravimetric or electrical response of Ti;C,
to water, which suggests that Ti;C, film may be used for wide-
range RH sensing even under extreme RH conditions which
induce viscoelastic changes in the film.

We compared sensitivity of all modalities using normalized
sensitivity approach (Fig. 5). Sensitivity of each sensing
modality was first estimated as a slope of response over a given
RH change and plotted against relative humidity, Fig. S12.}
Then, the sensitivity was normalized to maximum of sensi-
tivity for each modality. Majority of sensing modalities have
similar normalized sensitivity for low range of humidifies and
smaller for mid and high humidity. The advantage of gravi-
metric over other sensing modalities is apparent and the 7
harmonic showing the best sensitivity over full humidity
range.

Conclusions

We tested several reversible water sensing modes using Ti;C,
thin film. These modalities include multi-frequency gravi-
metric, DC-resistive, and frequency-dependent electrical
response to adsorption of water from 20 mTorr H,O partial
pressure (0.1% RH) to 95% RH. Modelling of electrical impe-
dance revealed that the primary mechanism behind electrical
response of Ti;C, was related to charge transfer resistance of

This journal is © The Royal Society of Chemistry 2018
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the film due to adsorbed water at Ti;C,-electrode interfaces.
Low power DC resistance sensing modality was demonstrated
at 3 mV operating voltage that could potentially be supplied by
a passive energy-harvesting device. Using multi-harmonic
QCM-D and modelling of Ti;C, viscoelastic RH response, we
showed that density and/or viscosity of the film increased
during adsorption of water. Changes in viscoelastic properties
of the film did not prevent reversible RH sensing behavior
under the wide range of H,O partial pressures which were
probed. Among all tested modalities, the highest normalized
sensitivity was shown for gravimetric sensing modalities.
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