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Abstract: In this series of two papers, the humidity sensing of a carbon nanotube (CNT) network-
based material is transduced and studied through quartz crystal microbalance (QCM) measurements.
To this aim, quartzes functionalized with different amounts of sensing material were realized, exposed
to different humidity levels, and characterized. In this second paper, the experimental results are pre-
sented and discussed. The sensing mechanisms are elucidated exploiting the theory presented in the
first paper of this series. The presented results show that the investigated material functionalization
induces a large response of QCM to humidity in terms of resonant frequency even at low RH levels,
with a sensitivity of about 12 Hz/%RH (at RH < 30% and room temperature and 10 ug of deposited
SWCNT solution) and an increase in sensitivity in the high RH range typical of nanostructured
film. Regarding the response in terms of motional resistance, a large response is obtained only at
intermediate and high humidity levels, confirming that condensation of water in the film plays an
important role in the sensing mechanism of nanostructured materials.

Keywords: QCM; humidity sensors; CNT water absorption; CNT-based humidity sensors; QCM
humidity; carbon-based sensing film

1. Introduction

The need to develop RH sensors is boosted by many different application demands;
therefore, a lot of research in this field concerns the exploitation of novel materials for
this sensing application [1]. In recent years, a great deal of attention has been devoted to
nanostructured materials since they are in principle the most performant in the field of
gas or RH sensing due to their unique enormous surface to volume ratio, which greatly
amplifies their adsorption capabilities [2-4]. Among these materials carbon-based ones,
and specifically carbon nanotube networks, have shown great potential due also to their
low cost and ease of preparation [5-7]. Until now, these materials have shown very good
performance in terms of sensitivity, but also some issues when used at high humidity levels,
which are mainly related to non-linear behavior and poor stability [8]. These problems
can be explained by water condensation in the micro- and nano-voids or empty spaces,
which are typical of nanostructured materials and more specifically of the investigated
carbon nanotube networks. In this series of two papers, the RH-sensing properties of
films consisting of disordered networks of single-wall carbon nanotubes (SWCNTs) are
transduced and studied by means of quartz crystal microbalance (QCM) measurements.
QCMs are usually considered mass sensors, able to measure the mass deposited on the
surface of the quartz resonant system due to the adsorption of a target substance, water
vapor in our case.
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In fact, the response of a QCM in terms of resonant frequency and of motional resis-
tance (which describes the dissipative phenomena) does not depend solely on the adsorbed
mass, as clarified in the first part of this paper [9], but can also be related to the nature of
the adlayer; this can be used to throw some light on the adsorption mechanisms involved
in the water adsorption and on the advantages and limitations of SWCNT networks as
RH-sensing layers.

In this second paper in the series, the sensing phenomena are investigated through
experiments and discussed on the basis of the results presented in the previous paper [9].
In particular, this paper provides the static and dynamic characterizations of SWCNT
networks obtained depositing a solution of SWCNT on AT-cut quartzes, which thus forms
a functionalization layer over one of the quartz surfaces. The quartz and the deposited
SWCNT network therefore compose a resonant system, whose behavior changes upon
adsorption of water vapor. The way in which water molecules are bound to the network
causes different responses of the QCM system, affecting differently its resonant frequency
and its motional resistance (or Q-factor), and this allows for recognition among different
adsorption mechanisms. Indeed, the designed measurement system exploits an oscillator
circuit developed ad hoc, which guarantees the possibility of evaluating in real time both
the resonance frequency and the motional resistance of the system, with high accuracy. This
is an important aspect for deepening the investigation of the water absorption mechanism
with particular reference to the formation of condensed water in CNT networks and
more generally in nanostructured materials, since the motional resistance provides the
possibility of discriminating between mass and viscoelastic changes occurring in the sensing
film [10-12].

In summary, this paper provides a novel insight into RH sensing with nanostructured
layers, through the interpretation based on the theoretical study provided in the first part
of this paper [9] and into the application of an ad-hoc measurement system based on QCM
monitoring.

The paper is organized as follows: in Section 2, materials and methods are described.
First, the sensing material and layer preparations are described; then the methods for the
sensing material characterization are presented; finally, some details concerning the QCM
measurement systems are given, and finally this section describes the measurement system
capability of simultaneously monitoring in real time the quartz resonant frequency and
its motional resistance. Section 3 reports the experimental results concerning the material
characterization and sensing properties of the investigated sample; a concluding section
closes the paper.

2. Materials and Methods
2.1. Sensing Layer and QCM Preparation

Single-wall carbon nanotubes (SWCNTs) were purchased from Sigma-Aldrich (Co-
MoCat SG65i®, with a purity of 95% and a CAS number of 308068-56-6) and utilized
in the same form in which they were received. The CNTs have an average diameter of
0.78 = 0.1 nm, a percentage of semiconducting tubes that is less than or equal to 95 %,
and a portion less than 40% with (6,5) chirality. Following the same dispersion method
used and well described by the authors in [13], a 1% solution of the surfactant sodium
do-decyl-benzenesulfonate (SDBS) in deionized water was used to disperse 0.01 weight
percentage of the SWCNTs. The dispersion was made by combining 7 mg of SWCNTs
with 10 mL of the SDBS aqueous solution. After magnetically stirring the SWCNTs/SDBS
solution for a few minutes, the mixture was then sonicated at 25 °C for 45 min using a
spherical tip. This was done to ensure the SWCNTs were evenly distributed throughout
the liquid phase. A Bandelin Solopuls HD 3200 (20 W) was utilized to apply sonication at a
power level of 30 % of the total power with square pulses with 50% of duty cycle.

The quartz used during the experimental test is an AT-cut crystal with a nominal
resonance frequency of approximately 10 MHz and two gold electrodes having a diameter
of 6 mm.
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The as-prepared SWCNT solution was deposited on one surface of the quartz by
drop-casting and dried at room temperature (RT) for 8 h.

2.2. Material Characterization

A small drop of the SWCNT solution was dispersed on a silicon substrate and spin-
coated at 4000 rpm for several minutes to ensure a good dispersion. The obtained film
was measured by atomic force microscopy (AFM) imaging using a 5600LS Atomic Force
Microscope System (Keysight Technologies, Santa Rosa, CA, USA) in tapping mode.

TEM analyses were performed by a JEOL 2010 microscope, working at 200 kV, LaB6
source and with an ultra-high resolution (UHR) pole piece, allowing point-to-point resolu-
tion of 0.19 nm. The microscope is equipped with a semi-STEM control and ultra-thin win-
dow energy dispersive spectrometer (EDS ISIS Oxford, Oxford, UK). Data were recorded
by an Olympus Tengra CCD camera. The obtained carbon-based solution was kept in
ultrasonic treatment for approximately 5 min and subsequently deposited on a tailored
carbon-coated mesh grid for the investigation.

2.3. Assessment of the RH Sensing Properties

The humidity-sensing performance of the prepared CNT-based film was characterized
by means of an automated measurement system as schematically reported in Figure 1. The
system is composed of a sealed gas measurement chamber with a volume of approximately
3200 mm?, suitable for housing the quartz crystal during transient gas, ad-hoc designed
front-end electronics and an automated measurement system realized with a LabView
interface capable of managing the measurement of the oscillating response and the oper-
ating humidity conditions. In addition, the temperature in the measurement chamber is
monitored with a PT 100 class I temperature sensor and all the measurements shown in
this paper are conducted in the temperature range 21-24 °C.

Flow meter system

B Ultrapure
,\ 7 -
““Bubbler Air
Gas out Gasin
(constant flow: 200ml/min)
Excitation

| Oscillator ——m -
circut |~ Reading

electronics -

chamber
(Volume: 3200mm?d)

Figure 1. Measurement system setup.

The different humidity levels in the measurement chamber are obtained by mixing, in
different concentrations, a dry air flow with a humid one deriving from a bubbler, where
dry synthetic air is saturated. The setting of the gas flow is managed by an accurate flow
controller system, and precisely by using BronkHorst F-201C flow controllers, granting an
accuracy of +/— 5% of the set-point when the flow rate of 200 mL/min is set. The latter are
also remotely managed by a PC through the designed LabView interface. During measure-
ments, the total flow entering the measurement chamber is kept constant at 200 mL/min
and the different RH concentrations are set by the flow meter system.

The front-end electronics is based on a QCM oscillator circuit exploiting a Meacham
bridge topology whose selection was led by the need to operate with a grounded quartz,
oscillating at its zero-phase frequency f(-, at which the quartz operates as a pure resistive
element. This represents an important aspect when, in addition to the measurement of the
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resonance frequency, the evaluation of the quartz impedance is also considered. In fact, the
value of the quartz impedance operating at f; gives a good estimation, especially for QCM
in gas measurements, of the motional resistance of the system, which is a crucial parameter
for characterizing the viscoelastic properties of the sensing film, rigidly deposited on the
QC surface [14,15].

The front-end electronics is composed of the oscillator circuit and a section embedding
a mixer and a low-pass filter, used to process the oscillator output signal in order to
properly downshift its frequency, and to exploit a reference signal generated by a waveform
generator (AG33220A in this work). Moreover, the oscillator circuit has been designed to
perform an automatic gain adjustment of the oscillating signal. The feasibility of this task is
granted by the use of a wide-band differential amplifier with variable gain, described in
detail by the authors in [16]. This strategy provides the possibility to maintain the necessary
conditions for the quartz oscillation, even for large excursions of the system working point.

The amplitude and frequency of the oscillating output signal are acquired by a 16-bit
DAQ board with 333 kS/s as the maximum sampling rate (NI PCI 6052E) and assuming
an acquisition time of 150 ms. The acquired signal was processed in real time by means
of the ad hoc-realized LabVIEW virtual instrument and assuming a measurement time of
2's, during which the measurement of the frequency fy- and the estimation of the motional
resistance Rtor (as defined in [9], which is intended as part 1 of this paper) are performed.

3. Experimental Results and Discussion
3.1. Material Characterization

The dispersion quality of the prepared sensing solution, as well as the morpholog-
ical and structural characteristics of the thin film, was investigated using atomic force
microscopy (AFM) imaging. In Figure 2, a continuous coating of the film and a well-
distributed network of individual and bundles of tubes can be observed. The height
assessment indicates that the bundles have a roughness of approximately 72 nm, indicative
of a large surface area and porosity, especially at the voids between the bundles.

71.47 nm

0.00 nm

Figure 2. AFM images of the SWCNT analyzed sample.

TEM analysis was performed on two different grids with variable powder charge,
showing completely equivalent results. The results show the presence of randomly oriented
C nanocrystals in two main habits: tubular-like and concentric onion-like habits as reported
in Figures 3 and 4, respectively.
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Figure 3. TEM images of the SWCNT analyzed sample with scale bar 20 nm (a) and 3 nm (b) and
(c). The inset in (a) shows a representative SAED pattern with ring-shaped diffraction effects, due to
randomly oriented nanocrystals.

Figure 4. TEM images of the SWCNT analyzed sample with scale bar 10 nm (a) whereas (b) reports a
magnification detail highlighting the bent and irregular C lattice fringes.

Figure 3a reports a relatively low magnification image, showing variably oriented C
nanotubes (as highlighted by the white lines); the inset reports the corresponding selected-
area electron diffraction (SAED), characterized by a weak, diffuse and ring-shaped diffrac-
tion pattern, testifying to low crystallinity and random orientation. Figure 3b (an enlarge-
ment of the previous image) shows randomly oriented C-nanotubes, each formed by up
to a maximum of 8-10 lattice fringes with typical d-spacing of~3 A. A further detail of a
relatively well-crystallized C nanotube is shown in Figure 3c, where the orientation of the
nanotube is emphasized by the white line.

In the same investigated sample, we also observed onion-like concentric arrangements
of C lattice fringes, as shown in Figure 4a. Lattice fringes are commonly bent and irregular,
as evident in the high magnification image in Figure 4b. Locally, C lattice fringes may
also show a partially polygonalized arrangement, with sharp angular changes in lattice
fringe orientation.

3.2. Adsorption-Desorption Experiments: Sensing Properties of the SWCNT Network

In this subsection, the behavior of the different SWCNT networks, obtained by the
deposition of different quantities of the base solution, was analyzed by means of adsorp-
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tion/desorption experiments. The behavior of the sensing films was observed during
experiments in which the RH value was slowly increased (10% RH/30 min) from 0% to 80%
and then decreased from 80% to 0%. The response of the sensor was measured in terms of
frequency shift with respect to the resonant frequency baseline in a dry environment, and

of motional resistance, as assessed by the used oscillator.
Figure 5 shows the sensing film responses as a function of the RH value, maintaining

a constant air flow whose RH level is set by controlling the fractions of flow of dry and
water-saturated air entering the chamber, as described in Section 2.

300 -
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Figure 5. Measured responses of the functionalized QCMs as a function of the RH value. The tested
QCMs are identified in the legend on the basis of the SWCNT deposited mass; (a)—frequency shift of

the oscillator frequency with respect to frequency measured in dry air; (b)—motional resistance as

-4500
0 20 30

measured by the adopted oscillator circuit.
It can be seen that the response to humidity in terms of frequency shift is satisfactorily
large for all the tested sensing films. And, as expected, the sensitivity increases as the
active area increases, i.e., increasing the SWCNT solution doses. For humidity lower than
30%, all the films appear to behave as “solid elastic” films, characterized by small motional
resistances whose values change very little with respect to the ones obtained in dry gas.
Except for the film obtained casting 9.1 ug of solution, the motional resistance of the dry
film increases slightly with the SWCNT-deposited mass. Therefore, in this low RH range, it
appears that the mechanical load provided by the water uptake causes pure mass loading
of the solid film, which can be modeled by an increase of the film density due to the filling
of void regions (the inner part of the single tube and the inter-grain regions) related to
the water adsorption of OH™ groups (first chemosorbed layer) [17,18] and of bound water

molecules (upper physiosorbed layers).

This behavior allows for the use of the Sauerbrey equation to describe the relationship
between the frequency shifts and the mass increases. Exploiting this relationship, for the
used quartz, a shift of 100 Hz corresponds to a mass increase of 125 ng and to a layer of
adsorbed water molecule fully covering an area of about 203 mm?. Considering that the
electrode area is about 28 mm?, this shows the improvement in terms of equivalent area

brought about by the studied functionalization. Clearly, this large gain is provided both
by the increased active area characteristic of the SWCNT network morphology and by the

tendency of water to adsorb in multilayer structures.
Since multilayer adsorption for water on solid surfaces [8] predicts a linear relationship

between the adsorbed mass and the water vapor concentration, it can be expected that
the sensing system behaves linearly as far as the frequency shift is concerned in this RH
range. This is in fact confirmed by the measurements (see Figure 5b); up to 30% RH of all
the tested films show constant sensitivities proportional to the SWCNT mass, going from

1.9 Hz/%RH for the lighter film up to 12 Hz/%RH for the heavier film.
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In the low RH range, a reduction in the motional resistance with increasing humidity
is observed in some cases. This can be explained by the reduction of the attenuation of
the acoustic wave occurring while voids in the SWCNT network are filled with adsorbed
water [19-21]. This phenomenon can be more or less important depending on the random-
ness of the network structure, but is more visible for less dense networks: those obtained
with a smaller quantity of deposited material and in particular in the case of the QCM
functionalized with 4 ug. This QCM is also the one with the largest baseline resistance
explainable by a very porous, less compact film structure: accordingly, it appears the one
showing the more marked motional resistance decreases.

At high humidity levels, a large increase in the motional resistance is observed (see
Figure 5 again), which can be explained by the appearance of condensed water in the
micropores or voids in the network microstructure and can continue until an almost
continuous water film forms [8]. This is normally accompanied by a different behavior of
the sensing layer in which a pure mass load and the Sauerbrey equation are not sufficient
to explain the variations in the measured parameters, but on the contrary, they need to be
interpreted using the theory concerning viscous or liquid films.

Moreover, the behavior that is observed for the SWCNT networks at high RH levels is
very similar to that of other nanostructured sensing layers observed for instance in [8,22]:
as the amount of material used to make the film increases, we see that the evidence of
water condensation occurs at lower humidity; that is, it manifests itself more easily. For
the heavier layer it already starts at RH = 30%, while the sensor obtained by depositing
2.5 pug of SWCNT solution (lower used amount) practically shows no evidence of significant
condensation up to 80% RH. The behavior of films obtained with large doses of material
has already been explained by the presence of a greater number of micro-pores or voids
that behave like capillaries and favor the condensation of water, even at humidity levels
well below that corresponding to saturated vapor [8].

Furthermore, Figure 5 shows that the formation of condensed water is accompanied by
hysteresis in the response, which is more evident in sensors with more deposited material.

The frequency shift response deviates from linearity before the resistances start increas-
ing, and this happens for intermediate RH levels going from 30% up to 70%, depending on
the film mass. This could be explained by a simultaneous increase in density and thickness
of the film due to the large amount of adsorbed water.

Overall, the steady state responses obtained in the adsorption/desorption experiments
are consistent with those obtained from simulation by applying the sensing behavioral
model described in part 1 of this paper [9] (compare experimental data with those shown
in Figures 5 and 6 of [9]).

Moreover, the behavior of the sensor realized with a fairly large quantity of the base
solution (see Figure 6, where the response of the 4 ug sensor up to RH = 100% humidity
is plotted) shows the same non-monotonic behavior predicted by the theory for large
humidity levels. In Figure 6, together with the plots of the measured parameters in steady
state conditions as a function of the RH levels, the transient behavior obtained with step
changes in the humidity as a function of time is shown.

The comparison of these results with those predicted by the modeling of the previous
paper corroborates the theoretical interpretation of the measured frequency (foe). The non-
monotonous behavior, as explained in [9], is due to the presence of a very large motional
resistance, which causes the zero-phase frequency fyoc of the QCM impedance to behave
differently from the series resistance [14].
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Figure 6. Response of functionalized QCM by 4 ug of solution by varying humidity up to RH = 100%.
(a)—measured parameters in steady state conditions as a function of the RH levels; (b)—the transient
behavior obtained with step changes in the humidity as a function of time (the duration of each RH%
step is 4 min).

Figure 7 shows that the measured frequency shifts are linearly related to the SWCNT
deposited mass not only for low humidity, where it is expected from the adsorption theory,
since the increase in SWCNT is related to an increase in the active sensing area, but also for
high humidity levels where this result is less obvious. The mass of the deposited network
of SWCNTs used for this plot is obtained from the frequency shift measurements in dry air
of the pristine and functionalized quartz and exploiting the Sauerbrey equation:

_ L, £
Af = -2 ququ @™

where p; and p; are the quartz density and shear modulus, respectively, A is the area of the
electrodes, f; the modal frequency of the quartz and Am the mass variation on the quartz
surface due to the water adsorption.
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Figure 7. Measured frequency shifts in the SWCNT-deposited mass. The mass is obtained from the
frequency shift measurements in dry air of the pristine and functionalized quartz and exploiting
Equation (1) as in [9], intended as part 1 of this paper.
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3.3. Transient Responses

To evaluate the dynamic behavior of the materials under study, tests with RH pulses
and RH steps (staircase) covering the RH range 0-80% were performed and some results
are reported in Figure 8a,b, respectively.

300 400
S 200 g
: § 200
o 100 o
0 0 T T ) L ! ) n T
0 20 40 60 80 0 10 20 30 40 50 60 70 80
time (min) time (min)
0 ——— 2000
=-2000F | 1569
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Figure 8. Dynamic response of the realized sensors in time by varying RH with pulses of 10% (a) and
steps of 10% (b, staircase) covering the RH range 0-80%.

The dynamic response behavior can be explained by the superimposition of the
adsorption/desorption kinetics, which is quite fast (response/recovery times in the order
of about one minute), responsible for the behavior of the sensing films at low RH levels, and
of capillary condensation, which is slower, and becomes relevant especially at high RH and
is responsible particularly for the response in terms of motional resistance. Condensation
causes slow transients of the sensor responses, which are more relevant for large RH
discontinuities and sometimes do not vanish at the end of the RH cycle.

In detail, comparing the results shown in Figure 8a,b, it can be seen that small steps
in the RH value are accompanied by a reduced contribution in the slow increase of the
motional resistance and of the magnitude of the frequency shift, probably due to the fact
that the pores and the voids are already partially filled with condensed water. On the other
hand, for large variations of RH, as in the case of the RH pulses shown in Figure 8b, it can
be seen that the effects attributed to condensation are more evident.

The response (10% to 90%) and recovery times (90% to 10%) of the frequency shift,
measured with the staircase experiments shown in Figure 8b, have been evaluated. We
use the definition of response time (tresponse) s the time taken for the sensor response to
pass from 10% to 90% of the response step height (initial state to steady state) due to a step
humidity change; in the same way, the recovery time (trecovery) is defined as the time the
sensor needs to recover from 90% to 10% of the response step (from initial to steady state)
after the removal of the humidity. As can be observed in Figure 9, they are all shorter than
one minute for the RH value higher than 40%.
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Figure 9. The response (tresponse) and recovery times (trecovery) of the frequency shift measured with
staircase experiments shown in Figure 8b.

The films characterized by a smaller mass are slightly faster than those with a larger
one. For lower humidity the response becomes slower, and increases with decreasing
RH, reaching a rise time of about 5 min for RH = 10%. In the RH pulse experiments, the
condensation phenomena take a major role, especially as far as the resistance is concerned,
whose importance depends also on the random SWCNT network morphology, which is
scarcely predictable. In general, and in all conditions the larger the SWCNT mass, the
slower and the larger is this contribution. It is remarkable instead that in these experiments
too, the recovery time appears less variable with the RH value and far shorter than the
response time: therefore, fast evaporation occurs in the tested condition, i.e., under a flow
of 200 mL/min.

4. Conclusions

The work shows the possibility of realizing a simple humidity sensor based on SWC-
NTs networks and QCMs. The mass balance was used to monitor the interactions of water
molecules with the sensing material at a nanoscale level by measuring the changes in the
resonance frequency and the motional resistance of the coated quartz. The measurement
system is based on an ad hoc-designed oscillator circuit able to monitor in real time both the
resonant frequency and the motional resistance of the quartz with an evaluated accuracy of
approximately 1 Hz and tenth of Ohms, respectively. The interaction mechanism between
water molecules and the sensing material was thoroughly investigated and characterized,
exploiting the model presented in [9], intended as part 1 of this paper. Accordingly, both
the water absorption mechanism and the physical change in the material at the quartz
interface were taken into account and used to explain the observed sensor response, thus
furthering knowledge concerning water absorption and its interaction with nanostructured
carbon-based materials.

The investigated material showed a high response to humidity, in terms of resonant
frequency, and response and recovery times of a few minutes even in the low humidity
range; moreover, the non-linear behavior of the sensor response versus RH typical of
nanostructured sensing materials was observed, which was explained by the formation
of condensed water in the empty spaces and pores of the film. For sensors realized with
the largest quantity of the sensing materials, the non-linear behavior can be noted already
in the intermediate RH range (RH > 40%). This assumption is supported by the observed
increase in the motional resistance at high RH levels, which reaches very large values
(larger than 200 ) typical of viscous fluids. The large response of the SWCNT network,
which corresponds to large adsorbed water masses (up to micrograms) is justified by a
large active area.
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