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Abstract: We report the relative humidity (R.H.) sensing response of a resistive sensor, employing sensing
layers based on a ternary nanohybrid comprising holey carbon nanohorns (CNHox), potassium chloride (KCl),
and polyvinylpyrrolidone (PVP) at mass ratios 7/1/2, 6.5/1.5/2, and 6/2/2 (w/w/w/w). The sensing structure
comprises a silicon substrate, a SiO2 layer, and interdigitated transducer (IDT) electrodes. The sensing film is
deposited on the sensing structure via the drop-casting method. The sensing layers' morphology and
composition are investigated through Scanning Electron Microscopy (S.E.M.) and RAMAN spectroscopy. The
ternary hybrid-based thin film resistance increases when the sensors are exposed to R.H., ranging from 0% to
100%. The manufactured devices show a room temperature response comparable to a commercial capacitive
R.H. sensor and are characterized by excellent linearity, rapid response time, and good sensitivity. The
presented sensors exhibit superior performance in terms of sensitivity compared to other similarly
manufactured and tested sensors that employ a CNHox-based sensing layer. We explain the sensing role of
each constituent of the ternary hybrid nanocomposites based on their chemical and physical properties,
electronic properties, and affinity for water molecules. Different alternative sensing mechanisms are
considered and discussed, such as the decreasing number of holes in the holey CNHox at the interaction with
water molecules, proton conduction, and PVP swelling.

Keywords: holey carbon nanohorns (CNHox); potassium chloride (KCl); polyvinylpyrrolidone
(PVP); nanohybrid; resistive R.H. sensor

1. Introduction

Humidity is an important environmental variable that plays a significant role in daily life.
Consequently, humidity monitoring has become an essential issue in a large variety of residential,
industrial, and commercial applications such as controlling and sensing humidity in offices and
homes for human comfort, medical field (gas supply infrastructure, respiration monitoring,
incubators, infusion pumps, ventilators, sterilizers), pharmaceutical industry (packaging, storage),
food/beverage quality monitoring, cosmetics. Furthermore, the utilization of R.H. sensors is vital in

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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electronic manufacturing (semiconductor fabrication plants), the chemical industry (dehumidifiers,
dryers), metallurgy, the textile and paper industry, agriculture (soil moisture detection), climatology,
textile and paper industry, automotive industry (engine tests beds), etc. [1-5]. Therefore, the R.H.
sensors market has experienced substantial growth in the last decades [6], and it is expected to reach
an overall value of more than 8,7 bn USD by 2029 [7]. Within this market, the family of resistive R.H.
sensors has several advantages, making them the preferred choice when addressing specific
requirements of the applications translated into: a. cost-effective, b. a more straightforward design, c.
a wider operating range, d. a fast response time and e. low power consumption. These advantages
come with some limitations — lower accuracy and stability, a non-linear response, and a shorter
lifespan — among the most important ones.

Apart from the sensing principle (electrochemical, optical, gravimetric, capacitive,
piezoresistive, or resistive), fabrication technologies, and sensor design, the materials selected as the
sensing layer appear critical in developing R.H. sensors with superior performances [8]. So far,
several materials have been investigated as sensing layers within the design of humidity sensors:
mesoporous silica [9], CdS [10], macroporous silicon [11], metal oxide semiconductors [12-14],
ceramics [15] conducting polymers [16,17], polyelectrolytes [18], porphirins [19], black phosphorus
[20], 2D MXene [21].

Moreover, many carbon-based materials are extensively used as sensing layers within the
design of the R.H. sensors. Their large specific surface area, ability to work at room temperature, high
mechanical strength, high chemical inertness, and facile hydrophilization of carbonic film through
covalent functionalization make these materials interesting candidates for sensitive coatings for
resistive humidity monitoring. Carbon nanofibers [22], carbon nanosheets [22], carbon mesoporous
[24], amorphous carbon [25], carbon dots [26], N- doped hydrogenated amorphous carbon [27],
nanodiamond [28], carbon nanocoil [29], carbon nanotubes and their nanocomposites [30], graphene
oxide [31], reduced graphene oxide [32], fullerenol [33], and fullerenes [34] are some of the carbonic
nanomaterials studied for R.H. sensing applications.

In particular, thanks to their outstanding physical, chemical, and electrical properties, CNHs-
based materials have been widely used for R.H. sensing applications in the last few years. Several
types of C.N.H.s and their nanocomposites were used as sensing layers within the design of
chemoresistive R.H. sensors: pristine C.N.H.s [35], oxidized carbon nanohorns (CNHox) [36], binary
nanocomposites, such as CNHs-PVP [37], CNHox-PVP [38], CNHox-poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) [38] and ternary nanocomposites, such as GO-
CNHox-PVP [39]. Furthermore, several nanohybrids, such as CNHox/SnO2/ZnO/PVP [40],
CNHox)/TiO2/PVP [8], and CNHox/ ZnO/PVP [41], were also used as sensing layers for R.H. resistive
monitoring. Last but not least, alkali ions, such as K+ [42-45], Li*[46,47], or Na*[48], were often used
in fabricating R.H. sensors as dopants to improve the sensing parameters.

This paper presents the R.H. sensing response of a resistive sensor employing a sensing layer
based on a ternary nanohybrid comprising CNHox/KCIl/PVP at mass ratios 7/1/2, 6.5/1.5/2, and 6/2/2
(w/w/w/w). The study emphasizes the R.H. sensing capabilities of the newly CNHox-based
nanohybrid operating at room temperature (R.T.).

2. Materials and Methods

2.1. Materials

All the materials used in the R.H. measurements were purchased from Sigma Aldrich (Redox
Lab Supplies Com, Bucharest, Romania). Holey CNHox, with the structure shown in Figure 1a, is
characterized by lengths between 40 nm and 50 nm, diameters between 2 nm and 5 nm, and a specific
surface area of around 1300-1400 m?/g. According to the supplier, CNHox used in experiments has
no metal contamination, and graphite is the main impurity (around 10 % w/w). The PVP employed
has the structure depicted in Figure 1b and an average molar weight of 40,000 g mol-1. The KCl used
in the experiments has 99,99 % purity (with impurities <15.0 ppm - trace metal analysis). Isopropyl
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alcohol ((CHs)2CHOH) is a solution 70 % w/w in water. All reagents were used as received without
further purification.

(a) (b)
Figure 1. The structure of (a) holey CNHox, (b) PVP.

2.2. Preparation of the Quaternary Organic-Inorganic Holey CNH-Based Hybrid Sensing Films and
Experimental Setup

For the investigation of the R.H. sensing capabilities of the ternary nanohybrid, the following
chemical compositions of the sensing films were designed, synthesized, and tested:
CNHox/KCl/PVP=7/1/2, CNHox/KCl/PVP=6.5/1.5/2, CNHox/KCl/PVP=6/2/2, all being expressed as
mass ratios (w/w/w/w). The mixture was homogenized in isopropyl alcohol using a mild sonication
bath (FS20D Fisher Scientific, Dreieich, Germany), working at 42 kHz (output power of 70 W). This
process provides a relatively uniform dispersion of the CNHox and KCl in the PVP network.

The synthesis of the sensing films based on CNHox, KCl, and PVP with different weight ratios
was performed by applying a five-step procedure. First, the PVP solution was prepared by dissolving
2 mg hydrophilic polymer in 10 mL isopropyl alcohol under stirring in the ultrasonic bath for 10
minutes. Then, a holey CNHox (7 mg, 6,5 mg, and 6 mg, respectively) was dispersed in the previously
manufactured PVP solution and stirred in the ultrasonic bath for 6 hours at R.T. Afterward, KCl
powder was added to the resulting suspension according to the desired mass ratios (1 mg, 1.5 mg,
and 2 mg KCl), and a continuous stirring was performed in the ultrasound bath for another 6 hours,
also at R.T. In the end, the sensing layer was obtained by the drop-casting method, depositing the
annealed mixture on the support structure, while its electrical contact areas were masked before the
addition of the sensing dispersion. All samples were dried at 373 K for 60 minutes before electrical
measurements were performed.

The sensing support structure consists of a metallic interdigitated electrodes (IDE) dual-comb
structure fabricated on a Si substrate (470 um thickness), covered by a SiO2 layer (1 um thickness)
(Figure 2). The metal stripes of the IDE comprise chromium (10 nm thickness) and gold (100 nm
thickness) [39-41,49].

Sensing area of IDT:
4.5 x 4 mm?

IDT with 100 pairs of digits
digit width =10 um
digit spacing =10 pm

sped
Buiiaplog

sydp pue
SIpPOIII[A IDH/MY

Bus-bar

Figure 2. The layout of the IDE sensing structure.
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The R.H. monitoring tests were performed in an appropriate experimental setup (Figure 3). The
dry nitrogen was injected through recipients arranged in series containing deionized water
(conductivity below 1 uS/cm) so that a controlled variation of the R.H. in the testing chamber was
obtained from 0 % to 100 % R.H.. The testing chamber included two sensors: one capacitive R.H.
commercial sensor (C.O.M.) as reference and the new resistive sensing structure (abbreviated as S.U.L
- "sensor under investigation"), having as sensing layers the nanocomposite mixtures of
CNHox/KCI/PVP at different w/w/w ratios. The roles of the reference sensor (C.O.M.) were, on the
one hand, to validate the R.H. level indicated by the mass flow controller and, on the other hand, to
provide an objective comparison of the data measured on the S.U.L Positioning the two sensors near
each other and close to the gas inlet was ensured to expose them to identical gas flow and quasi-
similar experimental conditions.

A Keithley 6620 current source (Keithley Instruments GmbH, Germering, Germany) provided a
direct current variation between 0.01 — 0.1 A. The data were collected and analyzed with a PicoLog
data logger (PICO Technology, Neots, Cambridgeshire, United Kingdom). All the measurements
were performed at R.T.

way I
= Testing
chamber
dry N,=
way 11 COM
MFC SuUL —], '
Picolog
Liquid source ST T

for evaporation

Figure 3. Experimental setup employed for R.H. measurements.

The R.H. sensing capability of each ternary nanohybrid-based sensing layer was explored by
applying a current between the two electrodes and measuring the voltage difference when varying
the R.H. from 0% to 100%. To simplify the analysis, the following abbreviations will be used:

- Sensor K1 is the resistive sensor that employs a sensing layer based on CNHox/KCI/PVP at a
7/1/2 mass ratio.

- Sensor K2 is the resistive sensor that employs a sensing layer based on CNHox/KCI/PVP at a
6.5/1.5/2 mass ratio.

- Sensor K3 is the resistive sensor that employs a sensing layer based on CNHox/KCI/PVP at a
6/2/2 mass ratio.

The Raman spectra have been collected at R.T. with a Witec Raman spectrometer (Alpha-SNOM
300 S, WiTec. GmbH, Germany) using 532 nm as an excitation. The 532-nm diode-pumped solid-state
laser has a maximum power of 145 mW. The incident laser beam with a spot size of about 1.0 pm was
focused onto the sample with 6 mm working distance objective attached to a Thorlabs MY100X-806
microscope. The Raman spectra were measured with an exposure time of 20 s accumulation, and the
scattered light was collected by the same objective in back-scattering geometry with 600 grooves/mm
grating. The calibration of the Raman systems was carried out using the 520-cm~1 Raman line of a
silicon wafer. The spectrometer scanning data collection and processing were done by a dedicated
computer using WiTec Project Five software.

Scanning electron microscopy (S.E.M.) investigated the sensing films' surface topography. A
field emission gun scanning electron microscope, FEG-SEM-Nova NanoSEM 630 (Thermo Scientific,
Waltham, MA, US.A.) (F.E.L), was used for surface visualization with superior low voltage
resolution and high surface sensitivity imaging. The samples were investigated directly (i.e., no
sample preparation was needed). The current during the measurements was 1 nA.
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Atomic force microscopy (A.F.M.) analysis was performed using Witec alpha 300S Gmbh
Germany system in tapping mode with a SisN4+ A.F.M. cantilever (125 um long, force constant of 40
N/m and frequency 300 kHz). The surface parameters were calculated using Project FIVE 5.0 Witec
software.

3. Results

3.1. Surface Topography

Scanning electron micrographs show that the surface morphology of the coating mixture is
relatively homogenous in all the cases (Figures 4-6). At the same time, particles of much larger
dimensions (> 100 nm) can be observed due to the aggregation of particles of various sizes and
crystallographic orientations.

ey

| det | mag HY
%2 TLD| 150 000 x| 15.0 K

Figure 5. SEM of the K2’ sensing layer at: (a) x 300,000 magnification; (b) x 150,000 magnification.
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Figure 6. SEM of the K3’ sensing layer at: (a) x 300,000 magnification; (b) x 160,000 magnification.

3.2. Raman Spectroscopy

The Raman spectra of the ternary nanohybrids CNHox/KCl/PVP are presented in Figure 7a—c.
In Figure 7d, spectra p1-p3 are three acquisition points per sample (sample K3). In the p2 (grey) and
p3 (black) spectra, between 0-1000 cm! are the vibration modes of Si combined with PVP, and above
2700 cm™ is a vibration mode specific to PVP. Blue spectrum is pure PVP spectrum. The Raman
spectrum of powder PVP, for wavelengths below 1000 cm-1, includes vibration lines associated with
groups N-C=0 (560 cm) and C-C (758 cm™, 851 cm™, and 934 cm)

It can be observed that three active Raman bands (D, G, 2D) were recorded at the wavenumbers
of 1,332, 1,587, and 2,660 cm™', which are typical for sp?-defected carbon nanomaterials. According to
the Raman spectrum of pure PVP, the weak band at 2990 cm™ can be attributed to PVP [50].
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Figure 7. Raman spectra of ternary nanocomposite CNHox/KCI/PVP.

3.3. R.H. Monitoring Capability of the Ternary Nanocomposite

The present R.T. resistive R.H. sensor has an organic-inorganic sensitive layer containing
oxidated carbon nanohorn (CNHox) with a concentration higher than the percolation threshold of
the solid-state nanocomposite [55]. This chemical design of the nanocarbonic component assured a
reasonably low value of the electrical conductivity of the sensing layer and simple, functional device
measurability.

The R.H. sensor response of the manufactured sensors is presented in Figures 8—-10. As shown
in Figures 8-10, the resistance of the ternary nanohybrid-based thin film increases when R.H.
increases. A notable characteristic of these sensors is their low power consumption, below 2 mW.

Resistance vs Relative humidity
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Figure 8. Resistance versus R.H. for the K1 sensor in several operating sequences.
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Figure 9. Resistance versus R.H. for the K2 sensor in several operating sequences.
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Figure 10. Resistance versus relative humidity for the K3 sensor in several operating sequences.

At the same time, the overall linearity of the ternary nanohybrid-based resistive sensors—in
humid nitrogen when varying R.H. from 0% to 100% —is excellent, as shown in Figure 11. In terms
of linearity, all the manufactured sensors show superior performances (R2> 0.99) for operating cycles
2-6 and an excellent baseline drift, but for R.H., values up to 80%. It is interesting to note a different
behavior in the first operating cycle compared to other operating cycles. At R.H. higher than 80%, a

sharp increase in resistance with R.H. can be observed.
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Figure 11. The transfer function of the sensor: (a) K1 - 1st cycle, (b) K1- 2nd to 6th cycles, (c) K2 - 1st
cycle, (d) K2- 2nd to 6th cycles, (e) K3 - 1st Cycle, (f) K3 - 2nd to 6th cycles in humid nitrogen (RH =
0%- 100%).

Figure 11e,f present the transfer function for the sensor K3. It is noticeable that after the first
cycle, there is a reduction in the resistance at R.H.=0, from 710-715 Q to 630-635 Q. The same behavior
is registered also for the sensor K1 (Figure 11a,b), with a decrease of resistance (for R.H.=0) from 970
Q (first cycle) to 910 Q and 930 Q (subsequent cycles).

The calculation of sensitivity was made using the equation:

ARy _ Ry—Rg
" ARHy  RHy ' )

where: Rx is the resistance of the sensitive layer measured in the test chamber for the [x - %] R.H.
value indicated by the commercial sensor (measured with + 2% accuracy as the producer indicates
it). Ro is the value of resistance calculated from the linear function established from the graph of
resistance = f (relative humidity) by extrapolation for the value at 0% R.H. The calculated relative
sensitivity values for each humidity jump are presented in Figure 12a—c.
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Figure 12. Sensitivity calculated for each humidity jump for sensors: (a) K1, (b) K2, and (c) K3 in
humid nitrogen (R.H. = 0%- 90%);.

A simple comparison between the calculated sensitivities for K1, K2, and K3 sensors and other
similarly manufactured and tested sensors that employed holey CNHOx-based sensing layers
reveals interesting results (Table 1). As one can see, K1, K2, and K3 sensors exhibit superior
performances in terms of sensitivity in comparison with other reported sensors. The high
hydrophilicity of the alkali salt has a significant contribution, increasing the number of active sites
towards water molecules. In addition, the enhanced sensing layer porosity and its associated high
specific surface area can also contribute to this result.

Table 1. Comparison between different CNHox-based RH sensing layers and sensing performances
for similarly manufactured and tested sensors.

, , Sensitivity (S = —)
Sensing layer (mass ratio) ARH Reference
(©/%RH)

CNHox 0.013-0.021 [35]
CNHox/PVP 1/1 0.020-0.058 [37]
CNHox/PVP 1/2 0.017-0.025 [37]

CNHox/GO/PVP 3/1/1 0,043-0, 051 [38]

CNHox/GO/ SnO2/ PVP 0.75/0.75/1/1 0.548-0.770 [49]

CNHox/G.O./SnO2/PVP 1/1/1/1 0.798-0.980 [49]
CNHox/KCIl/PVP 7/1/2 (K1) 0.200-1.245 This work
CNHox/KCI/PVP 6.5/1.5/2 (K2) 0.300-0.950 This work
CNHox/KCI/PVP 6/2/2 (K3) 0.650-1.940 This work

An important parameter, such as response time (t:), was calculated
for all manufactured R.H. resistive sensors. If R(t) is the response of the
device in time, tr can be calculated as:

tr = tgo — t10/ (2)

where too and tio represent the moments when the response R(t) reaches 90% and 10%, respectively,
from the total variation of the sensor's resistance due to a change in the R.H. value (as in the example
presented in Figure 13).
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Figure 13. Example of calculating the response time.

Figure 14 presents graphical representations of the ratios between the response time of the
investigated sensors and that of the reference sensor (C.O.M.) calculated for each R.H. jump: a) K1,
b) K2, and c) K3 in humid nitrogen (R.H. = 0%- 100
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Figure 14. Graphical representations of the ratios between the response time of investigated sensors
and the response time of C.O.M. calculated for each humidity jump: (a) K1, (b) K2, and (c) K3 in
humid nitrogen (R.H. = 0%- 100%).

The reference sensor has a response time of 60 s +/- 10 s for R.H. below 70%. The response time
for R.H.> 70% increases to approximately 90 s +/-10 s. Water molecules permeate the hydrophilic
nanohybrid sensing film. The hybrid nanocomposite film adsorbs/absorbs a substantial amount of
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water (related to the sensing film's mass). Finally, some water molecules can condense in the
proximity of hydrophilic groups, thus blocking the active sites.

4. Analysis of the Sensing Mechanism

All constituents of the ternary nanohybrid used as a sensing layer in resistive monitoring of R.H.
have some outstanding chemical and physical properties. CNHox shows increased conductivity (p-
type semiconductor behavior), a remarkable and controllable surface area (1300 to 1400 m?/g), high
porosity, hydrophilicity, as well as a rapid variation of the electrical resistance in contact with a water
molecule in the 0% R.H. to 100% R.H. range. Furthermore, low-cost synthesis of CNHox via oxygen
plasma treatment of the pristine C.N.H.s is a simple, clean, and fast procedure. Last but not least,
the functionalization of the C.N.H.s in oxygen plasma has the advantage (by varying the exposure
time as well as its power) that it can provide an optimal C:O ratio for superior sensitivity towards
water molecules [51].

At the same time, PVP is a hydrophilic polymer with excellent binding and dispersion
properties. The addition of alkali ions. such as K*, ensures more active sites for water molecules.

Given the attributes of the above-mentioned constituents of the sensing layer, three distinct
sensing mechanisms are considered. The first analysis is related to the p-type semiconducting
behavior of the CNHox. When interacting with the CNHox, the water molecules donate their electron
pairs, thus decreasing the number of positive charge carriers (holes) in the nanocarbonic material.
Therefore, the humidity-sensing film becomes more resistive. Several reviews reported in the
literature confirm this interpretation [52].

The second sensing mechanism considers the dissociation of water. Due to the strong
electrostatic field and high local charge density, the adsorbed water molecules on the CNHox
hydrophilic surface and mesopores may dissociate to H*and O.H.- ions. The protons generated by
the water dissociation process may tunnel from one water molecule to another through hydrogen
bonding, thus increasing the overall electrical conductivity of the sensitive film [53].

PVP is a dielectric polymer with hydrophilic properties, which swells after interaction with
water molecules and has a negligible change in resistance in response to R.H. variation, as shown in
literature for the presented composites [54-56]. Based on these properties, a third sensing mechanism
can be discussed. The swelling of PVP leads to the displacement of CNHox, increases the distance
between nanocarbon particles, and lowers the number of electrically percolating pathways.
Accordingly, the device resistance increases upon exposure to a higher level of R.H. because more
water molecules penetrate the bulk of the sensing layer.

Finally, the contribution of KCl to the sensing mechanism can be interpreted from two
perspectives. Firstly, according to the Hard-Soft Acid Base (HSAB) theory, the K+ ion is classified as
a hard acid and can electrostatically interact with water molecules, which are classified as hard bases
(electron donors) [57,58]. Thus, adding potassium salt can provide more active sites for humidity,
increasing the local concentration of water molecules in the sensing layer. Due to the p-type
semiconducting behavior of CNHox and the PVP swelling, a higher number of water molecules leads
to a significant increase in resistance. At the same time, once the local concentration of water
molecules increases, KCl is dissolved, the ions can move freely, and the conductivity of the sensing
layer increases.

In conclusion, as described above, the interaction of the sensing layer with water molecules has,
theoretically, antagonistic effects on its resistance variation. Since the measured resistance of the
sensing film increases when R.H. increases from 0% to 100%, one can assume that the cumulative
effect of the p-type semiconductor behavior of the CNHox and the swelling of PVP is the dominant
cause that leads. Therefore, without completely excluding the impact of both the proton-tunneling
mechanism and ionic conduction through K+ and Cl- ions, the interaction of the CNHox-PVP tandem
with water has a pivotal contribution to the variation of the resistance of the sensing layer with R.H.

As one can see, for all studied sensing layers, the thin film's resistance decreases after the first
operating cycle of the sensor. The higher the percentage of KCI in the sensitive layer, the more
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significant the decrease in resistance. This experimental result agrees with the idea that the ionic
conduction mechanism is predominant in the first operating cycle.

5. Conclusions

In this study, the R.H. sensing response of an R.H. detection structure employing, as a sensing
layer, a ternary nanohybrid comprising holey CNHox (with concentration levels above the
percolation threshold), KCl, and PVP at mass ratios 7/1/2, 6.5/1.5/2, and 6/2/2 (w/w/w/w), were
reported.

The sensing structure comprises a silicon substrate, a SiO:z layer, and an IDE. The sensing film
was deposited on the sensing structure via the drop-casting method. The sensing layers' morphology
and composition were investigated through S.E.M. and RAMAN spectroscopy. The manufactured
sensors showed good room temperature response comparable to a commercial capacitive R.H.
sensor. They were characterized by excellent linearity, rapid response, and good sensitivity. At the
same time, they exhibited superior performances in terms of sensitivity in comparison with other
similarly manufactured and tested sensors that employed holey CNHox-based sensing layers.

The role of each component of the ternary nanohybrid used as sensing film was explained based
on their electrical, chemical, and physical properties. Three distinct sensing mechanism types were
considered and discussed. Based on the sensing results, the p-type semiconductor behavior of
CNHox, in conjunction with the swelling of the hydrophilic polymer used (PVP), was shown to
prevail and lead to the overall increase of the resistance of the sensing films with R.H. for all the
manufactured sensors.

The low power consumption of the manufactured sensors, below 2 mW, their sensing
performances at room temperature, and their manufacturing simplicity are the essential benefits of
the presented sensors.

6. Patents

Bogdan-Catalin Serban, Octavian Buiu, Marius Bumbac, Cristina Mihaela Nicolescu,
Nanohibrid ternar pentru monitorizarea rezistiva a umiditatii relative, Romanian patent Application,
The official bulletin of industrial property, OSIM, 137854A2, 29.12.2023.
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