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Abstract: Nanomaterial-based humidity sensors hold great promise for water vapor detection be-
cause of their high sensitivity and fast response/recovery. However, the condensation of water in
nanomaterial films remains unclear from a physicochemical perspective. Herein, the condensation of
water vapor in silica nanoparticle films was physicochemically analyzed to bridge the abovemen-
tioned gap. The morphology of surface-adsorbed water molecules was characterized using infrared
absorption spectroscopy and soft X-ray absorption spectroscopy, and the effect of RH on the amount
of adsorbed water was observed using a quartz crystal microbalance. The adsorbed water was found
to exist in liquid- and ice-like states, which contributed to high and low conductivity, respectively. The
large change in film impedance above 80% RH was ascribed to the condensation of water between
the nanoparticles. Moreover, RH alteration resulted in a colorimetric change in the film’s interference
fringe. The obtained insights were used to construct a portable device with response and recovery
times suitable for the real-time monitoring of water vapor. Thus, this study clarifies the structure of
water adsorbed on nanomaterial surfaces and, hence, the action mechanism of the corresponding
nanoparticle-based sensors, inspiring further research on the application of various nanomaterials to
vapor sensing.

Keywords: humidity sensor; water vapor; capillary condensation; Kelvin equation; impedance;
infrared absorption spectroscopy; X-ray absorption spectroscopy; quartz crystal microbalance; optical
surface imaging; nanoparticle film

1. Introduction

In the field of improving industrial, agricultural, and human activities, much attention
has been drawn to the monitoring of water evaporation dynamics, which typically involves
the real-time detection of moisture [1]. The performance of humidity sensors, e.g., their
responsiveness to water vapor, can be enhanced through the use of humidity-sensitive
nanomaterials [2-5], particularly in the form of films with large surface-to-volume ratios.
Among the several types of humidity sensors, impedance-type ones are easily incorporated
into conventional electronic circuits and have therefore been most widely studied and used
in portable devices [6-12]. In our previous studies, insulator nanoparticles were used as
humidity-sensitive materials to fabricate sensors exhibiting rapid exponential impedance
changes in response to humidity variation [13,14]. This sensing mechanism was appropriate
to detect high humid air because a high impedance ratio regarding high (95%) versus low
(40%) humidity (Znigh/ Ziow = 102 using 1 Hz ac voltage [14]) was obtained. However, the
physicochemical origin of this dependence has not yet been elucidated experimentally.
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Proton hopping through water layers on nanomaterials was suggested to become dominant
at high humidity [7-9], although the detailed chemical morphology of water in such layers
has not been studied.

Capillary condensation is an important phenomenon affecting the behavior of nanomaterial-
based humidity sensors. According to the theory of capillary effects (Kelvin equation), water
droplets can form between particles with sizes of several nanometers in air with <100% relative
humidity (RH) [5,15-17]. For example, Baumgartner et al. demonstrated the presence of
capillary-condensed water in mesoporous silica with pore diameters of 5-13 nm using infrared
(IR) spectroscopy [18]. Cappelli et al. described the operation of semiconductor TiO, nanoparticle-
based humidity sensors by examining water adsorption on the nanoparticle surface with the
capillary effect [19]. Asay et al. examined the effect of environmental humidity on the formation
of water layers on flat silicon oxide surfaces using IR spectroscopy [20-22], revealing that ice-like
structures with approximately three molecular layers were produced below 30% RH, whereas
a liquid-like structure began to form for RH above 60%. Seo et al. showed that the electrical
conductivity of flat silicon oxide substrates was dependent on the phase of the water layers and
used this dependence to rapidly detect humid breath air [23]. In our previous work, movable
water molecules began to adsorb on the flat surface of a galvanic action-based humidity sensor
for RH concentrations higher than 60% RH [12]. The abovementioned insights can help us
better understand the behavior of nanomaterials exposed to humid air and improve moisture
gas detection.

Herein, to shed light on the detailed chemical morphology of water adsorbed on
insulator nanomaterials, we investigated the condensation of water vapor in nanoparticle
films by physicochemical methods. The presence and structure of capillary-condensed
water in these films were evaluated using Fourier-transform infrared (FI-IR) spectroscopy
and soft X-ray absorption spectroscopy (XAS) in ambient air and in dry He gas. A quartz
crystal microbalance (QCM) and impedance analysis were used to evaluate the effects
of humidity on the mass of adsorbed water and film impedance, respectively. Moreover,
we examined the evolution of the film surface with the change in impedance to correlate
impedance variation with water condensation in the film, and simultaneously reveal the
dynamics of the condensation in real time. Cappelli et al. investigated a physicochemical
sensing mechanism of semiconductor TiO, nanoparticle-based humidity sensors using
QCM [19]. In this study, we used an insulator SiO; nanoparticle-based humidity sensor
to focus on the effect of capillary-condensed water. Proton hopping in physisorbed water
and condensed water was elucidated since the current through the SiO, nanoparticles was
negligible. The simultaneous observation of sensor output and optical surface imaging
proved to be useful for determining the relationship between impedance change and
macroscopic water condensation [12]. Finally, we constructed a nanofilm-based system
for detecting water vapor in real time, demonstrating that its response and recovery times
allowed for rapid vapor detection.

2. Materials and Methods
2.1. Theory

Figure 1a illustrates the response of a humidity sensor to an increase in RH and its
subsequent recovery upon the restoration of the initial conditions. The response time
(t9p) is defined as the time required to reach 90% of the total sensor output after the RH
increases [4], and the recovery time (1) is defined as the time required for the output to
drop by 90% upon the restoration of the original RH.
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Figure 1. (a) Response and recovery of humidity sensor. (b) Theoretical relationship between pore
size of nanoporous material and relative humidity (RH) corresponding to onset of water vapor
condensation at 25 °C. (c) Illustration of water vapor condensation in nanoparticle array between
two electrodes. At RH < threshold RH (RH;), voids between nanoparticles are partially filled, and
condensation occurs at points where nanoparticles contact each other. At RH > RHy, voids are fully
filled with condensed water.

In this study, we pay attention to the condensed water in the nanoparticle film and
investigate the electrical conductivity of the water directly. In the field of humidity sensors,
semiconductor nanoparticles such as TiO; [19,24,25] and SnO, [26] are widely used. This
solution uses an electronic modulation of adsorbed molecular water on the semiconductors,
which is used to detect low humidity. In this case, it is difficult to separate the conduction
of the condensed water from that of semiconductor nanoparticles. Since the semiconductor
gives sufficient conduction, the electrical conduction of the condensed water is unseparated.
To see the effect of the capillary condensed water on conductivity, we chose a nonporous
insulator nanoparticle thin film as a humidity-sensitive material. This solution allows us to
see the electrical conductivity of the condensed water directly.

According to the Kelvin equation, nanopore capillaries become spontaneously filled
with condensed water at RH < 100% [15,17,27] when the following condition is satisfied:

P\ _  2yVmcost
n(5e) =R g

Here, p is the partial pressure of water vapor, py is the pressure of water vapor at satura-
tion at temperature T, -y is the surface tension of liquid water at temperature T (72.0 mN/m
at 25 °C), Vy, is the molar volume of water (1.8 x 1072 m®/mol), 6 is the contact angle of
water on the nanopore material, R is the universal gas constant (8.31 J /(K mol)), and r is the
radius of the meniscus curvature. At T =25 °C and 6 = 0° (highly hydrophilic nanopores),
the equation is reduced to:

1.05x 1077

in(5)

If the pore size is assumed to be roughly two times 7, the critical pore size providing
condensation equals —2.1 x 10~?/In(p/py). Figure 1b shows the dependence of the critical
pore size (2r) on relative humidity (p/po) at 25 °C and presents the threshold humidity
(RHy) at which capillary condensation occurs in nanoscale voids.

Another key parameter is the nanoparticle diameter D. According to Hudson [28],
simple trigonometric analysis suggests that vapor condensation occurs at a critical meniscus
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radius 7. of 0.22475 (D/2) for the closest hexagonal packing model and at 0.4142 (D/2)
for the cubic packing model. For a nanoparticle film with D = 50 nm, 7. roughly ranges
from 5.6 to 10.4 nm, i.e., the critical pore size equals 11.2-20.8 nm in the ideal case and
is expected to be randomly distributed in this range in the case of a real nanoparticle
film. According to Figure 1b, a critical pore size of 11.2 nm corresponds to RH; = 83%.
At RH < 83%, the condensation of water vapor occurs only at points where nanoparticles
contact each other [29]. The nanoscale voids are partially filled with small liquid clusters. In
this case, no large current is expected to flow between the electrodes upon the application
of a bias voltage. On the contrary, the voids are completely filled with condensed water
at RH > 83%. At this point, conductance is expected to sharply increase because of ion
conduction through the condensate. This phenomenon is similar to the percolation of
conductive filaments in conductive and insulator composites [30]. Figure 1c illustrates
condensation in nanoparticle films. For a nanoparticle film with D = 10 nm, the critical
pore size is 2.4—4.2 nm. For a pore size of 2.4 nm, water vapor condensation is expected to
start at RH; = 42%.

2.2. Experimental Methods

In the present study, we adopted a nonporous silica nanoparticle as an insulating
structure to condense water vapor. A colloidal solution of silica nanoparticles (50 nm
diameter particle: Sigma-Aldrich (St. Louis, MO, USA) and 10 nm diameter particle:
Micromod Partikel Technology, Rostock, Germany) was diluted in ethanol (Fujifilm, Tokyo,
Japan), with a proportion 10 times higher, and filtered through a syringeless filter with a
pore size of 0.45 um (Whatman, Maidstone, UK) to remove agglomerated particles. For IR
spectroscopy and XAS measurements, a dispersion of 10 nm nanoparticles was spin-coated
on a gold-coated silicon substrate to increase the amount of condensed water on the surface.
Since the spectroscopic measurements were carried out under constant humidity, hysteresis
effect was not discussed in these results. For impedance measurements, it was important to
consider the hysteresis effect on humidity changes. In our previous work [14], we found
that the hysteresis effect in the 50 nm nanoparticle device was smaller than that in the
10 nm one. Thus, we used 50 nm nanoparticles coated over interdigitated electrodes for the
impedance measurement.

FT-IR absorption spectra were recorded under ambient conditions (25.5 °C and 50%
RH) using a FT-IR microscope (LUMOS, Bruker, Billerica, MA, USA) in reflection mode.
The IR path was dehumidified using molecular sieves to prevent absorption loss due to
ambient vapor. The acquired spectra were deconvoluted using the Gaussian function fit
implemented in OriginPro 2023 software (Version 10.0.0.154, OriginLab).

The presence of water molecules on the nanoparticle film was further confirmed by
soft XAS, which can detect surface adsorbates with high sensitivity, as the escape depth of
excited electrons is of the order of several nanometers. XAS measurements were performed
in vacuum (~10~° Pa) and He gas (ambient pressure, G1 purity) using a BL19B beamline
at the Photon Factory of KEK (Tsukuba, Japan). Incident X-rays were generated using
synchrotron radiation. An APPLE-II-type undulator (2.5 GeV maximum electron energy)
with a variable included angle Monk-Gillieson monochromator and varied-line-spacing
gratings was used. The beam size was approximately 200 pm x 50 um. The beam intensity
was 2.4 x 10" photons/s at 400 eV. Measurements were conducted in fluorescence mode
using a silicon drift detector (SDD with C2 window, Amptek, Bedford, MA, USA) placed
at an angle of 45° relative to the incident beam. A SiN window was placed between the
beamline and the measurement chamber. Acquisition was performed within an energy
range of 520-560 eV using an energy step of 0.1 eV and a dwell time of 0.5 s.

To correlate the film impedance with the amount of adsorbed water, we used QCM
and impedance sensors (Figure 2a,b). The abovementioned solution was spin-coated on (i)
a bare QCM sensor (SEN-20E-H-10, TAMADEVICE Co., Ltd.; resonant frequency = 20 MHz,
diameter = 8 mm) and on (ii) interdigitated gold electrodes on a thermally oxidized silicon
substrate. The interdigitated electrodes were designed and fabricated using standard
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photolithographic techniques. The impedance sensor size was 10 mm x 10 mm, and the
insulating oxide layer on the substrate had a thickness of 1 um. The line spacing of the
interdigitated electrode was 10-20 um. Figure 2c shows an optical microscopy image of
the top surface of the impedance sensor. As the nanoparticle film had a thickness smaller
than 1 pm, it was almost transparent to visible light. Optical reflection at the interface
(air/nanoparticle film/bulk SiO,) resulted in the emergence of interference fringe, which
was an important feature for determining the presence of condensed water between the
nanoparticles. Figure 2d shows a cross-sectional image of the silica film on the silicon
substrate, revealing that the nanoparticles (D = 50 nm) were randomly packed.

(a) (b)

Nanoparticle
DI Gold
JJJ‘JJ“QJA\JX)J‘_ electrode
Gold SiO,/Si
QCM chip electrode substrate Impedance chip

500 nm
— Substrate

Figure 2. Schematic illustration of (a) quartz crystal microbalance (QCM) and (b) impedance sensors.
(c) Optical microscopy image of impedance sensor surface. (d) Cross-sectional scanning electron
microscopy image of thin silica nanoparticle film on silicon substrate.

We carried out the evaluation of the sensor response to humidity changes in an
environment-controlled chamber (SH-222, ESPEC, Osaka, Japan). The resonant frequency
shift of the QCM sensor was measured by a portable measurement system (THQ-100P-SW,
TAMADEVICE Co., Ltd., Kawasaki, Japan). The sampling time of the frequency was 1 s.
The impedance of the nanoparticle films was monitored by an LCR meter (ZM 2376, NF
Instruments, Yokohama, Japan) controlled by LabVIEW software (National Instruments,
Austin, TX, USA). The amplitude and frequency of the applied voltage were 1.0 V and
0.2-10 kHz, respectively. A portable measurement system with an impedance-type sen-
sor was developed for rapid vapor detection. The system with a portable data logger
(MetaWearC, MbientLab, San Francisco, CA, USA) and a voltage divider comprising a resis-
tor (10 or 100 M(Q) remotely monitored the changes in the film resistance via a custom-made
Android APL

Simultaneous monitoring of the sensor surface and impedance was performed as
follows. The impedance sensor was mounted on an aluminum block cooled using a chiller
(UC180, Solid-State Cooling Systems, Wappingers Falls, NY, USA), and placed under an
optical microscope (VHX-7000, Keyence, Osaka, Japan). The environmental humidity on
the surface was adjusted by controlling the temperature of the sensor using a thermo-
controller. The temperature and RH of the ambient air were 23-24 °C and 30%, respectively,
corresponding to a dew point of 34 °C. Once the temperature of the sensor decreased to
3 °C, the effective environmental humidity around the sensor surface increased to 100%
RH. During cooling, the sensor surface was observed by the optical microscope, and the
voltage was recorded by the portable measurement system as explained above.
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For the demonstration of water vapor detection, we used water vapor naturally
generated from liquid water in a beaker. The impedance sensor was intermittently exposed
to the water vapor to obtain the transient sensor response in voltage. The sensor position
was mechanically controlled by a solenoid-based linear actuator. The height of the sensor
over the beaker was 2 cm from the edge. The water was mildly warmed at 60 °C to generate
vapor. The temperature and relative humidity in the ambient air were 24 °C and 54%,
respectively.

3. Results and Discussion
3.1. IR Spectroscopy and XAS Measurements

The critical pore size of the 10 nm silica nanoparticle film was 2.4 nm. Hence, at 50%
RH, the voids of this film were expected to be filled with capillary condensed water, as
shown in Figure 1b. To prove the applicability of the Kelvin equation to our nanoparticle
film, we recorded its IR absorption spectrum. The IR absorption spectrum of the 10 nm
silica nanoparticle film on the gold surface (Figure 3a) featured water-related peaks at
1645 (bending mode) and 3400 cm ! (symmetric and asymmetric modes) [22,29]. Previous
studies have shown that the broad O-H stretching band at 3000-3700 cm ™! can be decon-
voluted into the peaks of liquid-like (around 3400 cm 1) and ice-like (around 3200 cm™1)
water [20,21,31-33]. The difference between these forms can be explained by the strength
of hydrogen bonding between their water molecules, which is larger for ice-like water [22].
The broad peak around 3400 cm ™! in Figure 3b has a shape different from that of the bulk
water peak (dotted line). Moreover, compared to that of bulk water, the peak was shifted to
lower wavenumbers, indicating that the condensate formed in the nanoparticle film may
have a larger content of ice-like water and thus implies the presence of more ordered water
molecules on the film surface [22].

(a) (b)
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IR light 25.5°C, 2 0.05 Bulk water (x1/5)
m o | \ T
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Figure 3. (a) Infrared absorption spectrum of 10 nm silica nanoparticle film recorded in air at 25.5 °C
and 50% RH. (b) Results of water peak deconvolution. Black dots, dashed lines, red solid line, and
dotted line represent experimental data, deconvoluted peaks, deconvoluted peak sum, and bulk
water peak (downscaled five-fold), respectively. (c) Illustration of liquid and ice-like water between

nanoparticles.

The electrical conductivity of the nanoparticle film (¢) is determined by the number of
charge carriers and their mobility in transfer channels. Figure 3c illustrates the proposed
conformation of water molecules in the nanoparticle film. The presence of the liquid-like
water peak (3445 cm ') suggested that water condensation occurred in the voids between
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the nanoparticles. Liquid-like water is well suited for the transfer of hydronium (H3O0")
and hydroxide (OH™) ions, thus providing high conductivity [34,35]. The elevated number
of ions involved in charge transport can also account for high conductivity. When liquid
clusters are macroscopically connected between the electrodes (Figure 1c), a sufficient
current is obtained in response to the applied voltage. Therefore, condensed water causes a
large change in sensor impedance. In contrast, water molecules physisorbed on the surface
(up to three monolayers [20]) has an ice-like structure (3240 cm 1) the water molecules are
weakly hydrogen-bonded each other. The first layer of the water molecules is also bonded
to the silicon oxides. In this case, proton transfer through the water molecular network
(Grotthuss mechanism) plays a major role in electrical conduction [34,36-38]. Given the
limitations of this transfer pathway and the small number of free protons, ice-like water
contributes to small ¢.

Figure 4a shows the oxygen K-edge spectrum of the 10 nm nanoparticle film recorded
in He gas. The strong peak at 537-538 eV was ascribed to oxygen in silica nanoparticles,
while the weak peak at 534 eV was attributed to oxygen in water molecules. Notably,
the latter peak was located at a lower energy than that of bulk water (535 eV [39-41]),
which indicates that several molecular water layers with an ice-like structure were still
present in an atmosphere of dry He gas. On the contrary, no peak of water molecules
physisorbed on the surface was observed in vacuum (10~ Pa), as these molecules were
forcibly removed by vacuum pumping. The thermogravimetric analysis of Zhuravlev
showed that water multilayers on a silica surface can be transformed into a single molecular
layer by vacuuming at 25 °C [42]. Thus, chemisorbed water molecules possibly remained
on the surface in vacuum. Figure 4b illustrates the abovementioned results.

normalized xp(E)

From He_No2
| | Soft X-ray _nanoparticle 4
r A In vacuum In He gas
S:bZISIWaIer s
So 8, e QA,\A-\AH,Q
In vacuum
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water | /i | water only water
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Energy (eV)

Figure 4. (a) Oxygen K-edge X-ray absorption spectra of 10 nm silica nanoparticle film recorded in
He gas (blue) and under vacuum (red). (b) Schematic illustration of water physisorbed in void space
between nanoparticles under vacuum and in He gas.

3.2. QCM and Electrical Sensor Measurements

Figure 5a shows the frequency shift (Af) of the QCM sensor in response to a change in
RH from 35% to 95% and then back to 35% in steps of 5%. The mass of water adsorbed on
quartz (Am) was calculated using the Sauerbrey theory as

A
- Af,
2.26 x 106f2

Am 3)

where A is the area of the sensor surface, and f is the resonant frequency of quartz [11,43]. In
this study, A equaled 0.196 cm? (5 mm disk), and f( equaled 20 MHz (Am/Af = 0.22 ng/Hz).
The mass of the sensing film was estimated to be 400 ng according to the change in the QCM
frequency before and after the film deposition. Figure 5b shows Am as a function of RH together
with the corresponding fit with a quadratic function, revealing that this function well modeled
the evolution of Am. The ratio of the adsorbed water to the sensing film was roughly 0.5 at
80% RH and 0.8 at 95% RH.
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Figure 5. (a) Dynamic frequency shift of QCM sensor upon RH change from 35% to 95% and back to
35%. (b) Mass of adsorbed water as a function of RH for QCM sensors coated and not coated with
50 nm nanoparticles. Red dashed line presents quadratic fit for nanoparticle-coated sensor.

According to other literature measuring nanoparticle-based sensors by QCM, the QCM
sensor response as a function of humidity typically showed two regimes: linear response
in lower humidity and exponential increase in higher humidity [19,33]. In Figure 5b, the
threshold relative humidity in the transition is around 60% RH. From the Kelvin equation
in Figure 1b, the void between the nanoparticles was filled with the condensed water at
83% RH. This indicates that the large increase in mass above 75% RH can be attributed to the
capillary condensation in the void and physisorbed water molecular networks are formed.
It should be noted that a chemisorption of water molecules on SiO; nanoparticles occurred
in lower humidity than 60% RH because a detectable current due to proton conduction
through the molecules was not observed as shown later. The mass increase observed for
the QCM sensor without nanoparticles (control) at any given RH was roughly nine times
lower than that observed for the sensor coated with the 50 nm nanoparticle film.

Figure 6a shows the dependence of the sensor impedance on frequency at different
RH. The impedance in the lower-frequency region decreased with increasing RH. This
indicates that the adsorption of water molecules reduced the impedance. The impedance
at a lower frequency than 10 Hz in 60% RH is attributed to the proton transfer, which
corresponds to the resistive component of the impedance. As increasing the humidity, the
resistive component of the impedance was reduced, and the plateau plots were extended
to a higher frequency region. Considering the impedance as a function of frequency, we
used impedance at 5 Hz to detect water vapor in the nanoparticle film. In this frequency, a
resistive component was dominant on the electrical conduction. We noted that a detectable
current due to proton conduction was not observed in lower than 60% RH: a physiosorbed
molecular network over the nanoparticles was too thin to transfer mobile protons.

Molecular
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. 1
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o—60%RH

70%RH 1 300
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Figure 6. (a) Impedance as a function of frequency at different RH. Dotted line represents inverse
relationship between impedance and frequency. (b) Effects of RH on mass of water adsorbed on
nanoparticle film and impedance at 5 Hz.
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According to the work of Cappelli [19], the electrical model for nanoparticle films in
humid environments ideally includes three capacitance components: non-ideal capacitance
in electrode/film interface (Cg), nanoparticle-film capacitance (Cr), and fixed parasitic
capacitance (Cp). In this work, the effects of Cg and Cp, appear as follows.

The impedance dominated by Cg is observed in the plot of 95% RH around 1 Hz. The
value of the capacitance is 800 nF using the equation C = 1/27fZ where the impedance Z is
200 kQ atf =1 Hz at 95% RH (noted by the square in Figure 6a). The electrode surface under
the nanoparticles S is approximately 0.10 cm?. If we assume that the relative permittivity e
of water is 80 and the vacuum permittivity e is 8.85 x 10~ F/cm, we roughly estimate
the thickness of the electric double layer d = €pS/C = 8.9 x 1077 cm = 8.9 nm. The effect
of the capacitance is dependent on humidity and the capacitance gradually decreases (i.e.,
impedance increases) as the humidity is reduced. Thus, it is reasonable that the origin of
Cg is the electrical double-layer capacitance formed by a thin film of condensed water.

The impedance at a higher frequency than 10 Hz in 60% RH is due to Cp. The origin
of the parasitic capacitance is the silicon substrate. The top electrode area including pad
electrodes S is approximately 0.12 cm?. The thickness of the thermally oxidized silicon
in the substrate d is 107% cm (=1 um). A silicon layer used in the base of the substrate
works as the other side of the electrode. The relative permittivity of SiO; € is 3.9 and the
vacuum one € is 8.85 x 10714 F/cm. According to the calculation of a capacitance in a
parallel plate (C = e€gS/d), we obtain C = 0.4 nF. When we assume the ac frequency is
10 Hz, the impedance due to C is 40 M(). This value corresponds to the triangle in Figure 6a
on the curve. Since the capacitance is not dependent on humidity, we conclude that this
capacitance is parasitic, not an electric double layer one.

Figure 6b shows the effects of RH on impedance at 5 Hz (filled circles) and the mass
of adsorbed water (open circles), revealing that impedance exponentially decreased from
28 MQ) at 70% RH to 0.06 M(Q) at 95% RH. As in the case of the QCM sensor, condensed
water contributed to an increase in electrical conductivity at over 80% RH. The change in
impedance at smaller than 80% RH was mainly ascribed to the molecular layers of ice-like
water formed on the nanoparticles. Notably, the electrical conductivity of liquid water is
three orders of magnitude larger than that of ice-like water because of the higher mobile
ion concentration of the former [44]. It should be noted that the impedance at lower than
60% RH is much larger than 100 MQ) because the water molecular layers are too thin for
protons to percolate in. In this study, we focus on the formation of the water molecular
network.

3.3. Water Vapor Detection by Portable System

Figure 7a shows the circuit of the portable system used for rapid water vapor detection.
Here, a 100 MQ) resistor was serially connected to the sensor, and the partial voltage at
the midpoint was monitored using the GPIO pin of the portable data logger. Figure 7b
shows the effects of RH on the GPIO output, revealing that the developed system was well
suited for the detection of highly humid air. When the sensor resistance is much larger than
100 MQ) (RH < 60% in this device), the circuit shows a constant value of approximately zero
of the GPIO output.

Subsequently, we tested the ability of our portable system to monitor water conden-
sation in ambient air. Figure 8a shows the effects of RH alteration on the GPIO output.
RH was varied in the range (70-95%) where the sensor had sufficient sensitivity. With
increasing RH, the resistance of the sensor decreased, and the sensor output therefore
increased. Figure 8b shows the optical images of the sensor surface captured at different
RH. According to the Kelvin equation (Figure 1b), water molecules were physisorbed on
the nanoparticle surface at 70% RH, and liquid water formed by capillary condensation
inside the voids between the nanoparticles at above 80% RH. Notably, no macroscopic
water droplets were detected across the electrodes (10-20 pum). After dehumidification to
25% RH, the condensed water re-evaporated, and the sensor output recovered to its initial
state. Figure 9a-c show the optical images of the sensor surface captured at 70, 95 and 100%
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RH. At 100% RH (saturation), the condensed water could be macroscopically formed as
dew droplets on the nanoparticle film. The line and spacing of the electrodes were 20 um
in this case. When the water droplets grew over the size, the resistance largely decreased to
10° Q. The size of the water droplets in Figure 9c is approximately 10 to 20 pm, which can
be observable in the optical microscope. It should be noted that the photo in Figure 9c is the
snapshot of the growing water droplets. If we wait for a long time at 100% RH, the droplets
are gradually coalesced, and the surface will be covered with a large amount of water.

(a) (b)

33VO

GPIO
100 MQ |pin

GNDJ

-O~-GPIO output

GPIO output (count)
w
o
o

100

55 60 65 70 75 80 85 %0 95 100

Relative humidity (%RH)
Figure 7. (a) Circuit design of portable system used to monitor water vapor. (b) Effects of RH on
GPIO output.
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M | [ | [ |

| 0% RH o] | 80% RH S| | 0% RH ]

F 929% RH ——f{ | 95% RH F 25% RH

Figure 8. Simultaneous monitoring of sensor output and surface. (a) Change in sensor output in
response to humidity changes over 50 nm nanoparticle surface. (b) Optical microscopy images of

sensor surface captured during humidification and dehumidification. The scale bar is 100 pum.

Owing to the emergence of interference fringe, the visible color in Figure 8b changed
with increasing humidity, which was qualitatively explained by considering the change in
the refractive index. The refractive index of a composite of multiple materials is defined by
the composition ratio v and component refractive indices n. In a nanoparticle film, the total
refractive index depends on the composition of voids between nanoparticles. When the
voids are filled with liquid water, the refractive index increases because of the exchange
of air (n = 1) for water (1 = 1.33). This mechanism forms the basis of a method previously
proposed for the colorimetric detection of humidity changes [4,45,46]. The abovementioned
result indicates that our system allows for humidity sensing based on both optical and
electrical measurements.
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Figure 9. Monitoring of macroscopic water condensation. Optical microscopy images of nanoparticle
surface at (a) 70, (b) 95, and (c) 100% RH and illustration of condensation on film surface. The scale
bar is 100 um.

Physisorbed molecules on surface

Finally, we carried out a feasible study to evaluate the sensor response to water vapor.
Water vapor (i.e., 100% of relative humidity) was naturally generated from liquid water
as well as wet materials. Figure 10a shows a photograph of the portable system used for
detecting water vapor. The sensor with the portable logger was intermittently exposed
to water vapor generated from water in a beaker as shown in Figure 10b. Water vapor
was cyclically applied to the sensor for ~1 s. In this experiment, the sensor detected water
vapor (nearly 100% RH) and relatively dry ambient air (54% RH) alternately. A 10 MQ
resistor was used for monitoring the sensor output. In Figure 10c, the sensor output
voltage rapidly changed during response and recovery. The response (t99) and recovery
(t10) times were determined as described in Section 2.1 and equaled 0.17 s on average, with
the corresponding histogram shown in Figure 10d. In Figures 5 and 8, the sensor response
includes an environmental humidity change over the sensor surface (extrinsic response
time [47,48]) as well as an intrinsic sensor response (resistance change by the environmental
humidity change). The response time corresponds to the intrinsic response because humid
air is directly applied to the sensor surface. The extrinsic response time is ideally negligible.
The limitation of this demonstration is that we could not control humidity of air. Evaluation
of response time depending on humidity of air is in our future study. We only did the
calculation of the Kelvin equation and the porosity in the nanoparticle film has not been
investigated experimentally. The evaluation of the porosity is important to support our
discussion in further study.

(a) (b) Linear

¥ Impedance actuator Logger Sensor
. sensor =

‘ cm
IVapol; .

Under ambient air Water (60 °C)

(24°C, 54%RH) in beaker
(c) (d)
2 T T T T T T T T T 7
Vapor 6 1 Average 0.17 s m Response time
g 9| (=100 %RH) 5 | = Recovery time
g .
31k *
o 3
=
3 2 4
&
) "
L Air 0 -
(54%RH)
Y . O M F P PP TP P

Time (s)

Time (sec)
Figure 10. Demonstration of water vapor detection. (a) Portable water vapor monitor. (b) Schematic
of the measurement. (c) Cyclic response of sensor to water vapor. (d) Histogram of response and
recovery times determined by analyzing responses to water vapor.
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4. Conclusions

The condensation of water vapor in silica nanoparticle films was physicochemically
analyzed to shed light on the chemical morphology of water adsorbed on nanomaterials in
nanoparticle-based impedance-type sensors. By using IR and XAS, we found that water
vapor in the air was capillary-condensed in the voids between 10 nm nanoparticles at 50%
RH, and residual ice-like water was detected on the nanoparticles in an atmosphere of He,
whereas no ice-like water layers remained present after exposure to vacuum. The value
of RH was correlated with the mass of water adsorbed on the nanoparticle film, and a
large change in film impedance was observed above 80% RH, which was ascribed to vapor
condensation. The continuous optical observation of the nanoparticle film surface revealed
a colorimetric change in the interference fringe with increasing humidity in the near-surface
region. A portable sensor featuring a silica nanoparticle film was designed to detect water
vapor. The response/recovery times (0.17 s each) were sufficiently small for the real-time
monitoring of water vapor in automated systems. Thus, this study bridges an important
knowledge gap, revealing the importance of the capillary condensation of water vapor for
the operation of nanoparticle-based sensors, and is expected to inspire further research on
the application of various nanomaterials to vapor sensing.
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