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Abstract: This paper reports, for the first time, on the electrical percolation threshold in oxidized
carbon nanohorns (CNHox)–polyvinylpyrrolidone (PVP) films. We demonstrate—starting from
the design and synthesis of the layers—how these films can be used as sensing layers for resis-
tive relative humidity sensors. The morphology and the composition of the sensing layers are
investigated through Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), and
RAMAN spectroscopy. For establishing the electrical percolation thresholds of CNHox in PVP, these
nanocomposite thin films were deposited on interdigitated transducer (IDT) dual-comb structures.
The IDTs were processed both on a rigid Si/SiO2 substrate with a spacing of 10 µm between metal
digits, and a flexible substrate (polyimide) with a spacing of 100 µm. The percolation thresholds of
CNHox in the PVP matrix were equal to (0.05–0.1) wt% and 3.5 wt% when performed on 10 µm-IDT
and 100 µm-IDT, respectively. The latter value agreed well with the percolation threshold value
of about 4 wt% predicted by the aspect ratio of CNHox. In contrast, the former value was more
than an order of magnitude lower than expected. We explained the percolation threshold value of
(0.05–0.1) wt% by the increased probability of forming continuous conductive paths at much lower
CNHox concentrations when the gap between electrodes is below a specific limit. The change in
the nanocomposite’s longitudinal Young modulus, as a function of the concentration of oxidized
carbon nanohorns in the polymer matrix, is also evaluated. Based on these results, we identified
a new parameter (i.e., the inter-electrode spacing) affecting the electrical percolation threshold in
micro-nano electronic devices. The electrical percolation threshold’s critical role in the resistive
relative-humidity sensors’ design and functioning is clearly emphasized.

Keywords: oxidized carbon nanohorns (CNHox); polyvinylpyrrolidone (PVP); nanocomposite;
relative-humidity resistive sensors; electrical percolation threshold; size effects; swelling; Young
modulus elasticity
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1. Introduction

The transport properties of composite materials, particularly those related to electrical
transport, have been intensively investigated over the past 20 years. Conductive fillers
(such as carbon fiber, carbon nanotubes, carbon black, etc.), incorporated in an insulating
polymer can reduce the overall resistivity by several orders of magnitude by developing an
infinite conductive path throughout the nanocomposite [1–3]. The transition from an insu-
lating polymer to a conducting nanocomposite, as a function of the electrically conductive
filler concentration, is defined as percolation. Furthermore, the lowest filler concentration
value at which the insulating material is converted into a conductive composite is called
percolation threshold, ψc [4,5].

Thanks to their high electrical conductivity and outstanding mechanical properties,
the electrical percolation threshold of polymeric composites incorporating carbon nan-
otubes (CNTs) have received particular attention. This important characteristic of the
nanocomposite depends on many parameters; among them, one can mention: the CNT
type (SWCNT–single-walled carbon nanotube, MWCNT–multi-walled carbon nanotube),
the synthesis method (either chemical vapor deposition, arc discharge, or laser ablation),
the type of pre-chemical treatment (thermal oxidation, UV/O3, HNO3), functionaliza-
tion (NH2, polyphenylene ethynylene), size and geometry of aggregates, polymer class,
etc. [6–10]. Finally, the type of filler dispersion in the insulating matrix can influence the
value of the percolation threshold. Fast stirring leads to statistical percolation (a process
associated with a random distribution of the electrically conductive filler particles). In
contrast, slow or medium stirring yields kinetic percolation (the particles are free to move
and thereby can form a conducting network at much lower particle concentrations) [11].

In particular, the electrical threshold percolation is of great practical interest for
applications directed to gas sensing [12].

Single-walled carbon nanohorns (SWCNHs), a kind of 0D carbon nano-allotrope
consisting of flower-like architecture with sp2-hybridized carbon, were first reported by
Iijima in 1999 [13]. These nanostructures exhibit remarkable properties: a simple synthesis
procedure, excellent electrical conductivity (from 10 S/m to several hundred S/m), avail-
ability for covalent and noncovalent functionalization, fast mass transport, large specific
surface area, and high porosity [14]. Based on these outstanding properties, the SWCNHs
have been considered for different applications, such as drug-delivery system carriers,
capacitors, composite materials, and gas adsorption [15–19]. However, little information
about the gas-sensing capabilities of SWCNHs and their nanocomposites is available [20].

In the last years, sensing layers based on carbon nanohorns, oxidized carbon nanohorns,
and their nanocomposites were also considered for the design and development of resistive
sensors for ammonia [21], relative humidity [22–27], and ethanol [28–32] detection.

Even though the addition of CNHs to dielectric or conductive polymers significantly
increases the conductivity of the matrix nanocomposite [33], the information in scientific
literature regarding the electrical percolation threshold of carbon nanohorns and their
derivatives in different nanocomposites is scarce [34].

Bera et al. reported the preparation of nanocomposites based on carbon nanohorns
(CNHs)/graphene nanoplates (GNP)/polystyrene (PS). These nanocomposites were syn-
thesized through a two-step process: (a) in situ bulk polymerization of styrene monomer
in the presence of CNHs, followed by (b) the addition of suspension polymerized GNP/PS
bead during polymerization of styrene. The formation of continuous GNP–CNH–GNP,
CNH–GNP–CNH, or CNH–CNH conductive paths, throughout the polystyrene matrix,
was found at an exceptionally low loading of CNH (1.0 wt%) and GNP (0.15 wt%) [35].

A CNHs/epoxy nanocomposite was synthesized by Montes et al. The procedure
involved mixing different amounts of the carbon conductive filler through the insulating
polymeric matrix (from 2 to 10% w/w in CNHs). Percolation threshold was found at 5.5%
CNH loading (w/w) [36].

Sedelnikova et al. explored the electromagnetic properties of polystyrene composites
filled with CNHs. They observed percolation-like critical behaviors for low-frequency
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permittivity and conductivity, as well as for the microwave electromagnetic response of
composites [37].

Fraczek-Szczypta et al. showed that 1 wt% amount of SWCNHs could form the
electrical conductivity mesh in a polyacrylonitrile matrix [38].

The addition of a conductive filler in an insulating matrix affects their mechanical
properties, also [39]. For example, Reffaee et al. studied the electrical and mechanical
properties of nanocomposites based on linear low-density polyethylene/high abrasion
furnace black and acrylonitrile rubber/high abrasion furnace black with a different fraction
of electrically conductive filler to find out the percolation thresholds. The mechanical
properties for both nanocomposites indicated a sharp increase at the same concentration of
conductive filler found in the case of electrical measurements [40].

This paper investigates the electrical statistical percolation threshold, ψc, for an oxi-
dized carbon nanohorns (CNHox)-polyvinylpyrrolidone (PVP) nanocomposite. The statis-
tical percolation threshold is a critical parameter needed to investigate and further optimize
this nanocarbon matrix’s resistive sensing capabilities towards water molecules. Moreover,
the mechanical properties of nanocomposites at the percolation threshold are discussed.

2. Materials and Methods

The oxidized carbon nanohorns (CNHox powder, 0% metallic compounds, 10%
graphite), with a diameter 2–5 nm (TEM) and a length of 40–50 nm, having a specific surface
area around 1300–1400 m2/g (BET), were purchased from Sigma Aldrich (Sigma-Aldrich,
Taufkirchen City, Germany) [41] and are depicted in Figure 1a. Polyvinylpyrrolidone (PVP)
with an average molecular weight of 360,000 (see Figure 1b) and isopropyl alcohol (IPA)
were purchased from Sigma Aldrich, also. Both reagents were of analytical grade and used
“as received” without further purification.

Figure 1. The structure of (a) oxidized carbon nanohorn (CNHox) and (b) polyvinylpyrroli-
done (PVP).

For the investigation of the electrical percolation threshold, we used Inter Digitated-
Transducer (IDT) structures fabricated both on a rigid (Figure 2a) and flexible substrate
(Figure 2b).

The rigid IDT dual-comb structures were manufactured on a Si substrate (470 µm
thickness), covered by a SiO2 layer (1 µm thickness). The metal stripes of IDT comprised
Cr (10 nm thickness) and Au (100 nm thickness). The width of the metal digit was 10 µm,
with a 0.6 mm separation between the collecting electrodes (bus-bar with a width of
0.2 mm) (Figure 2a). The authors purchased the flexible IDT dual-comb structures (gold
interdigitated electrodes made of transparent flexible polyimide plastic substrate with
digit width and spacing equal to 100 µm) from Dropsens (Metrohm DropSense, Oviedo,
Spain) [42].
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Figure 2. The geometry of: (a) interdigitated transducer (IDT) on rigid substrate (Si/SiO2) and (b) IDT on flexible substrate
(polyimide).

The nanocomposite films were synthesized according to the following procedure [43]:
CNHox/PVP dispersions were prepared in water–isopropyl alcohol mixtures (1/1, v/v).

The homogenization of the dispersions was achieved by employing a mild sonication bath
(FS20D Fisher Scientific, Dreieich, Germany), at 42 kHz (output power 70 W), for 30 min.
This process ensured a uniform dispersion of the CNHox in the PVP matrix, suitable for a
statistical percolation approach.

The obtained dispersion was deposited on both the rigid substrate (Figure 2a) and the
flexible substrate (Figure 2b) by the drop-casting method. The dispersions were prepared
so that the concentration of CNHox in the matrix nanocomposite deposited on the substrate
varied between 0.1 wt% and 10 wt%.

The Raman spectra have been collected at room temperature with a Witec Raman
spectrometer (Alpha-SNOM 300 S, WiTec. GmbH, Germany) using the 532 nm line, with a
maximum power of 145 mW. The incident laser beam with a spot-size of about 1.0 µm was
focused onto the sample with a 100× long-working distance microscope objective. 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 Raman systems’ calibration was carried out using the 512 cm−1 Raman line
of a silicon substrate (Figure 6-black line spectra), which corresponds to the longitudinal
optical-transverse optical (LO-TO) phonon. The spectrometer scanning data collection and
processing were carried out by a dedicated computer using WiTec Project Five software.

The Scanning Electron Microscopy (SEM) was performed on TESCAN VEGA II LMU-
General Purpose equipment (resolution: 3 nm at 30 kV, accelerating voltage 200 V–30 kV,
electron gun source: tungsten filament, magnification: 13×–1,000,000×, detectors: SE, BSE,
LVSTD) (TESCAN ORSAY HOLDING, a.s., Brno, Czech Republic).

The AFM measurements were performed using a NanoSurf EasyScan series 2 instru-
ment (Nanosurf AG, Liestal, Switzerland).

3. Results
3.1. Morphological and Compositional Characterization of the CNHox and PVP Nanocomposite

Figures 3 and 4 present the AFM topography of the thin films of the PVP/CNHox
nanocomposite, as follows: with 1 wt% CNHox mass concentration (Figure 3) and 2 wt%
CNHox (Figure 4). For both cases, the scanned area was 5 × 5 µm2.
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Figure 3. Atomic Force Microscopy (AFM) images of 1 wt% oxidized single-walled carbon nanohorns (ox-SWCNHs) in the
PVP matrix: (a) top view and (b) perspective view.

Figure 4. AFM images of 2 wt% ox-SWCNHs in the PVP matrix: (a) top view and (b) perspective view.

Figure 5a,b show the SEM images for the same nanocomposites with 1 wt% concen-
tration of oxidized single-walled carbon nanohorns (ox-SWCNHs) in PVP (Figure 5a) and
2 wt% ox-SWCNHs in PVP (Figure 5b). As expected, for these relatively small differences
in the amounts of CNHox incorporated in the PVP matrix, minor texture differences can
be identified in the AFM and SEM images, as a function of carbonic loading.

Figure 5. The film’s Scanning Electron Microscopy (SEM) image containing: (a) 1 wt% CNHox in PVP and (b) 2 wt%
CNHox in PVP.
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The measured Raman spectrum of the CNHox–PVP nanocomposite (2 wt%) is de-
picted in Figure 6 top. Figure 6 bottom presents the Raman of CNHox measured on test
samples, while Figure 6 middle illustrates the Raman spectrum for PVP.

Figure 6. The Raman spectra for (top to bottom): (top) 2 wt% of ox-SWCNH in the PVP matrix;
(middle) PVP on Si; (bottom) ox-SWCNH.

The recorded spectrum exhibited the typical D (~1329 cm−1), G (~1577 cm−1), and
2D (~2651 cm−1) modes, which are characteristic of carbon nanomaterials. The G mode
corresponds to the graphite mesh’s tangential atomic vibrations, while the D mode reveals
defect carbon states different from the graphite mesh. The spectrum for the synthesized
CNHox/PVP showed Raman shifts due to the formation of hydrogen bonds between
ox-SWCNH (D (~1315 cm−1), G (~1590 cm−1), and 2D (~2616 cm−1), D+G (2984 cm−1),
and PVP modes [22]. Therefore, these Raman band shifts indicated the chemical interaction
of the two materials inside the nanocomposite, thus formed, proving that we have indeed
more than a mechanical mixture.

3.2. Determination of Electrical Percolation Threshold ψc for CNHox–PVP Films Deposited on a
Rigid Substrate

CNHox–PVP films with concentration levels of the CNHox in the PVP matrix ranging
from 0.01 wt% to 10 wt%, were deposited by drop-casting on the SiO2/Si rigid substrate
IDT dual-comb structures with metal digits width and interdigit spacing of 10 µm. The
films’ drying process was performed at room temperature for 24 h, and then the electrical
resistance was measured. The experimental data revealed a significant decrease in the
resistance that occurred at a concentration of 0.05 wt% of CNHox in the PVP matrix, which
indicated that the nanocomposite’s percolation threshold (ψc) was reached.

To investigate the annealing effects on the percolation threshold, the same samples
were exposed to a heat treatment for 60 h at 110 ◦C and a pressure of 1 mbar. The samples’
electrical resistance was measured again, and the results are included in Figure 7. No
change in the percolation threshold was recorded.
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Figure 7. The electrical resistance of composite film deposited on rigid Si/SiO2 substrate versus mass
concentration of ox-SWCNH in PVP matrix: in blue—data for “as dried” film; in red—data after
annealing.

3.3. Determination of Electrical Percolation Threshold ψc for Oxidized Carbon Nanohorns–PVP
Films Deposited on a Flexible Substrate

The CNHox–PVP nanocomposite films were deposited on a flexible, plastic substrate
containing IDT with metal digits width and spacing of 100 µm. The electrical resistance
measurements for the “as dried” films (Figure 8) indicated a percolation threshold cor-
responding to a concentration of 3.5 wt% of the oxidized carbon nanohorns in the PVP
matrix. After the heat treatment of the samples (110 ◦C, 1 mbar, 60 h), it was observed that
the percolation threshold remained unchanged. These percolation results agree with the
value of the electrical percolation threshold resulting from the geometry of oxidized carbon
nanohorns, as explained below.

Figure 8. The electrical resistance of composite film deposited on a flexible substrate versus mass
concentration (%) of ox-SWCNH in PVP. In blue–data for “as dried” film; in red—data after annealing.

4. Discussion

According to the literature data [1], for a statistical distribution of oxidized carbon
nanohorns, ψc ≈ 1/η, where ψc is electrical percolation threshold and η is the aspect ratio
(the length-to-diameter ratio of CNHox), at a length of 50 nm and a diameter of 2 nm
(“aspect ratio” = 25), the degree of percolation should be around 4 wt%, a value which is
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close to ψc = 3.5 wt%, which we have experimentally obtained for an IDT test structure
with digit width and spacing of 100 µm.

On the other hand, the percolation threshold (ψc = (0.05–0.1) wt%) for the CNHox
in PVP film deposited on IDT of a rigid substrate was more than one order of magnitude
smaller than the 1/η value. This result could be explained by the higher probability of
CNHox forming percolating paths between two electrodes when the distance between
them is so drastically reduced (digit width and spacing was, in this case, 10 µm, one order of
magnitude lower than in the case of the flexible substrate). To the best of our knowledge, it
is for the first time when the spacing between electrodes is identified as a critical parameter
determining the percolation threshold value. This parameter plays an essential role in the
design and fabrication of the micro-nano-electronic devices (in particular, for the resistive
sensors), for which the operation is closely related to the percolation threshold of the
carbonic materials within a polymeric matrix.

We also compared the experimental results we have obtained with a recent series
of percolation threshold studies utilizing different nanocomposites polymers—carbon
nano-allotrope-based conducting fillers, as shown in Table 1. As can be seen, the dispersion
of the reported percolation threshold values is large (7 wt% to 0.006 wt%); at the same time,
the information available about the specific design of the test structures employed is not
sufficiently detailed.

Table 1. Comparison of percolation threshold in different nanocomposites based on carbonic filler embedded in a polymeric
matrix, as a function of the synthesis method.

Conductive Carbonic
Filler Inert Polymeric Matrix Synthesis Method Percolation Threshold

(wt%) Reference

SWCNT Epoxy Dispersion
(sonicated, heat sheared) 0.05 [44]

Large-area reduced
graphene oxide (LrGO) Polyvinyl alcohol (PVA) Dispersion (stirred at 98 ◦C

for 30 min) 0.189 [45]

Carbon nanotubes High-density polyethylene Melt processing technique 4 [46]

MWCNT Polystyrene latex
Dispersion in water

(sonication for 30 min at
room temperature)

4 [47]

MWCNT PVC
Dispersion

(stirred, grinded,
hot-pressed)

0.094 [48]

MWCNT P3HT/PMMA

Dispersion in
trifluoroacetic

acid/tetrahydrofurane
(sonicated)

0.006 [49]

MWCNT PET Coagulation method 0.9 [50]

MWCNT PS-latex Dispersion in water,
sonicated 0.36 [51]

Thermally reduced
graphene oxide

High-density polyethylene-
polypropylene Melt compounding method 3 [52]

Surfactant exfoliated
graphene

High-density polyethylene-
polypropylene Melt compounding method 7 [52]

The experimental study presented above has relevance on its own. Still, it was also
motivated by the need to answer the following question: why is the identification of the
electrical percolation threshold such a critical parameter in the evaluation of the resistive
sensing capabilities of ox-SWCNH-PVP composite toward water molecules? To answer this
question, one needs to explain the choice of this particular nanocomposite as a potential
resistive sensitive layer for relative humidity (RH) detection. Both components of the
nanocomposite appear to have appropriate properties for this purpose.

Firstly, oxidized carbon nanohorns are nanocarbonic materials with hydrophilic prop-
erties, uniform size, high conductivity, and large surface area. Secondly, PVP is an electri-
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cally insulating polymer, but that may become conductive, through percolation, by adding
oxidized carbon nanohorns. Moreover, PVP is highly hygroscopic, film forming, and swells
when absorbing moisture in humid environments. If the concentration of oxidized carbon
nanohorns is only slightly higher than the percolation threshold, a small amount of swelling
may cause a considerable change in sensor resistance (Figure 9) due to the increase of the
width of the energy barrier for the tunneling of the charge carriers from one nanohorn to
the near neighbor. Therefore, the sensors’ high sensitivity is achieved in the concentration
range of oxidized carbon nanohorns corresponding to the percolation threshold.

Figure 9. Swelling of hydrophilic CNHox–PVP nanohybrid around the electrical percolation threshold.

If the concentration of conductive filler substantially exceeds the percolation threshold,
the change in resistance (for different RH levels) can be described more or less by a linear
expression. While these resistive sensors’ fabrication reproducibility is much better, the
sensitivity is significantly lower [53–55].

Given the high relevance of carbon allotropes-based nanocomposites for various
applications, such as sensing [34,36], energy storage [56], development of protective coat-
ings [57], and membranes for wastewater treatment [58], there is an increased interest in the
community in correlating the specific functional properties with the electrical and mechani-
cal properties of the nanocomposite, while considering the type and specific geometrical
properties of the constituents [59–61].

Our research is overall focused on the realization of RH sensors on both solid and
flexible substrates; within this scope of work, the sensing layer might be realized through
successive deposition steps (employing the “drop-casting” method), aiming at optimizing
both the electrical transport properties and the thermomechanical ones. Following on our
previously reported results [62], we concentrate in this paper on the correlation between the
electrical percolation level and the change in the mechanical properties of the oxCNs–PVP
nanocomposite films.

Several micromechanics models can be used to estimate the effective thermoelastic
properties of the nanocomposite material. Among them, one could mention the Halphin–
Tsai [63,64] and the modified Halphin–Tsai [65] models. The original Halphin–Tsai model
(valid for isotropic constituents [66]) assumes that Young’s longitudinal module of the
composite (El

c) is the weighted sum of two distinct contributions, coming from the “matrix
material” (Em) and the “filler material” (E f ):

El
c = E f v f + Emvm (1)
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where v f and vm are the volume fractions for the “filler material” and “matrix material,”
respectively. The transversal component of Young’s module of the composite (Et

c) can be
written as:

Et
c = Em

1 + ξηv f

1 − ηv f
(2)

where ξ is called the reinforcing factor. Reference [66] also indicates how this reinforc-
ing factor can be calculated for various geometries and a given type of elastic module
(transversal or longitudinal). In particular, for a circular or rectangular fiber, characterized
by a length L in one direction and thickness or a diameter T or D, the reinforcing factor is
provided by the formula:

Et
c = Em

1 + ξηv f

1 − ηv f
(3)

While η can be calculated as follows:

η =

(
E f /Em

)
− 1(

E f /Em

)
+ ξ

(4)

The term provided by Equation (3) is obviously an “aspect ratio” factor, which is also
taken into account in reference [60], which suggests an inverse connection between the
percolation threshold (ϕp) and the aspect ratio of CNTs (α = L/d), where L is their length
and d is the diameter of CNTs, respectively. By neglecting the geometrical factors related
to the matrix, the elastic moduli of the carbon nanocomposite can be written as [66]:

E =
3
8

EL +
5
8

ET (5)

where the two components (longitudinal—EL and transversal—ET) can be calculated
as follows:

EL = Em
1 + 2αηL ϕ f

1 − ηL ϕ f
(6)

ET = Em
1 + 2αηT ϕ f

1 − ηT ϕ f
(7)

And ϕ f is the volume fraction of modifier (i.e., the carbon allotrope) within the
matrix. The longitudinal and transversal factors (ηL and ηT) can be calculated based on the
following equations:

ηL =

( E f
Em

− 1
)

( E f
Em

+ 2α
) (8)

ηT =

( E f
Em

− 1
)

( E f
Em

+ 2
) (9)

where E f is the elastic moduli of the nanoparticles, while Em is the elastic moduli of the
polymer matrix. One crucial observation; it can be seen that only the longitudinal coefficient
ηL depends on the percolation threshold (ϕP). Based on the above formulas, one can calcu-
late the longitudinal component of the elastic module (EL) for the nanocomposite, based
on the elastic properties of the constituents, the experimentally determined percolation
threshold, and the volume fraction of the oxidized carbon nanohorns:
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To quantify the change in the elastic module of the polymer matrix due to the presence
of a certain quantity of oxidized carbon nanohorns, one has to address a couple of issues,
as follows:

A. The elastic module of the carbon nanohorns.

A vast majority of the papers published suggest that the mechanical properties of the
carbon nanohorns should be considered as very similar to those of the carbon nanotubes
(CNTs). Kumar et al. [67] developed a computational methodology and calculated the
elastic module as a function of the aspect ratio and the apex angle of the carbon nanohorn
(where carbon nanotubes can be seen as a particular case of a carbon nanohorns with
zero conical apex angle). The obtained values varied between 375 GPa (for a 19.2◦ angle)
and 250 GPa (for a 60◦ angle) for a carbon nanohorn with a diameter of 2.4 nm and an
aspect ratio (length/radius) equal to 6. How does this compare with the published data
on CNTs? Treacy et al. [68] report an average value of 1800 GPA for the elastic modulus;
in a more recent contribution, Deng et al. reported an effective elastic module ranging
between 530 and 700 GPa for single-walled carbon nanotubes [69]. The authors claimed
that these values—much lower than those previously reported—were due to bundling and
finite-length effects. A study employing molecular dynamics for studying the temperature
effects upon the elastic properties of SWCNTs reported a value of 401 GPa for the Young
module [70]. In Yakobson’s and Avouris’s work, a review of the experimental results
related to carbon nanotubes’ mechanical properties was conducted, also indicating how the
Young module should scale with regards with the single-wall carbon nanotube diameter,
d: E = (1.36 − 1.76) TPa nm/d [71]. If one considers the diameter range for the oxCNHs,
indicated by the supplier (i.e., 2–5 nm), this results in an elastic module ranging from
272 GPa to 880 GPa.

B. The elastic module of the polymer (PVP) matrix.

PVP-based films were investigated as potential binders for tableting films; the me-
chanical properties of such films were investigated, and significant dependence of the
elastic module on the humidity level was reported: from 0.93 to 0.46 GPa, for a relative
humidity variation from 20% to 65% [72]. PVP fibers were also synthesized to develop fiber-
oriented membranes [73], and an elastic module varying between 165 MPa and 71 MPa
was reported.

C. Finally, we will assume that the conversion between the concentration (at threshold),
which is expressed in weight %, and the volume % associated with a particular filler
concentration, is used in [1], i.e., vol% = wt% for single-wall nanotubes.

In Figure 10, we are presenting the results of the calculations, i.e., the longitudinal
elastic module of the nanocomposite, for five different percolation levels and considering
for each of the two constituents two sets of values: 200 and 250 GPa for the oxidized carbon
nanohorns and 1 and 0.5 GPa for PVP. The calculations do include the percolation level
recorded within our experiments (0.05–0.1) wt%, recorded for the nanocomposite deposited
on the rigid substrate. In this region, an abrupt change in the value of the longitudinal
elastic module is registered.
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Figure 10. The nanocomposite’s longitudinal elastic module (EL) variation, as a function of electrical
percolation threshold (experimentally determined in this work).

5. Conclusions

This paper reports on the design and synthesis of oxidized single-wall carbon nanohorns–
polyvinylpyrrolidone films as potential sensing layers for resistive relative humidity
sensing. The sensing layers’ morphology and qualitative composition were investigated
through Atomic Force Microscopy (AFM), Raman spectroscopy, and Scanning Electron
Microscopy (SEM).

We experimentally determined the percolation threshold of oxidized carbon nanohorns
in polyvinylpyrrolidone (PVP) by depositing the nanocomposite films on interdigitated
transducers (IDT) dual-comb structures both on a rigid Si/SiO2 substrate and on a flexi-
ble substrate (polyimide). The percolation threshold was achieved at a concentration of
(0.05–0.1) wt% of CNHox in the nanocomposite matrix for the layers deposited on the rigid
substrate. In the case of flexible IDTs, the percolation threshold had a value of 3.5 wt%.
The latter value agrees with the prediction given by the aspect ratio of the CNHox. The
difference of about an order of magnitude between the experimental results can be due
to the fact that the rigid substrate had a spacing between the IDT electrodes of 10 µm,
compared with to the flexible substrate, which had a spacing of 100 µm between the IDT
electrodes. Thus, a new parameter for the value of percolation threshold of nanocarbonic
materials, distance between IDTs electrodes, was identified. This conclusion may influence
the design and fabrication of micro-nano-electronic devices operating in correlation with
the percolation threshold.

The importance of identifying the electrical percolation threshold as a critical pa-
rameter in the evaluation of resistive sensing capabilities of CNHox–PVP towards water
molecules is demonstrated, also. The results related to the electrical percolation threshold
were also used to evaluate the enhancement of the nanocomposite’s mechanical properties,
as reflected by the changes in the elastic module. Using a formalism well accepted in the
literature, a change in the elastic module between 10–17% was recorded for the electrical
percolation threshold r. These results have a potential impact in supporting further work
to optimize the sensing structures (better response time, reduced hysteresis, mechanical
stability) to be developed on flexible substrates.
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