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Advanced Nanostructured All-Waterborne
Thiol-Ene/Reduced Graphene Oxide Humidity Sensors with
Outstanding Selectivity

Ana Trajcheva, Justine Elgoyhen, Maryam Ehsani, Yvonne Joseph, Jadranka B. Gilev,
and Radmila Tomovska*

The current-state of polymer-based humidity sensors faces numerous
limitations, including energy-costly synthesis, low sensitivity, and slow
response times. This study presents innovative approach to overcome these
challenges, based on a robust all-water-borne in situ miniemulsion
polymerization. The use of water throughout the entire process mitigates the
negative environmental impact. Thiol-ene polymers reinforced with reduced
graphene oxide (rGO) with concentrations ranging from 0.2-1.0 wt% are
selected to fabricate these chemoresistive sensors. The selected thiol-enes
present high hydrophobicity and a semicrystalline nature, suggesting
resistance to early delamination even under prolonged exposure to humidity.
Incorporating rGO not only imparts electrical conductivity but also enhances
mechanical and water resistance of the composite films. The 0.6% rGO
composite exhibits optimal resistance for humidity sensing, demonstrating
rapid and consistent responses across three exposure cycles to water vapor
concentrations ranging 800-5000 ppm. Moreover, the sensor exhibits
remarkable selectivity toward water vapors over these of toluene, propanol,
and 4-methyl-2-pentanol, attributed to the high surface hydrophilicity and
inherent porosity of the waterborne film, and network structuring of rGO
platelets within the matrix. In summary, this study pioneers a novel approach
to polymer-based humidity sensing, addressing key limitations while offering

numerous industrial plants such as
agricultural, biomedical, meteorologi-
cal, food processing, pharmaceuticals,
microelectronics, etc. It is of great impor-
tance to develop humidity sensors able to
monitor tiny changes in humidity; there-
fore, the sensor should be characterized
by high sensing performance (sensitivity,
selectivity, and reproducibility)l'’] and
chemical and physical stability.?* In
general, there are two types of humidity
sensors: capacitivel>°l and resistive
sensors.'12] The mechanism of work
of capacitive sensors is based on changes
in the permittivity of a dielectric device.
In the case of resistive humidity sensors,
the working principle is based on the
variation of resistance of the sensing
material with humidity adsorption. Even
though capacitive sensors provide bet-
ter linearity in the measurements and
consume less power, the resistive type is
simpler, easier to use, and has the poten-
tial for miniaturization and low-cost

enhanced sensitivity, rapid response times, and superior selectivity.

1. Introduction

Atmospheric humidity is a very important parameter for eval-
uating the quality of the environment and is essential for

manufacturing.['*]

A great diversity of materials has
been studied for this purpose, among
them ceramics,[**l polymers,[>1%1%17] composites,!!*>818-26] and
inorganic nanomaterials.[23611127.27-29] Ceramic-, composite-,
and inorganic nanomaterial-based sensors have their limita-
tions, such as long recovery times, complex systems for water
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Table 1. Particle size of the hybrids with 30% s.c.

Sample Z-Ave particle size [nm] PDI
0.0 wt% rGO 179 0.157
0.2 wt% rGO 175 0.256
0.4 wt% rGO 187 0.332
0.6 wt% rGO 182 0.331
0.8 wt% rGO 195 0.452
1.0 wt% rGO 197 0.513

desorption, limited accuracy, and the difficulty of responding to
decreasing humidity levels. On the other hand, polymers received
great attention due to their excellent physico-chemical properties
and chemical versatility, along with their low cost, ease of use, and
good sensing performance. Even though different polymer-based
sensors with excellent performance have been developed, 1030141
the main drawback of the polymers is their low water resis-
tance, which, at longer exposure to humid atmospheres, induces
swelling and delamination of the film from the electrode.!'’!
Moreover, the proposed synthesis methods for this type of
sensing material are based on solvents,[!%*3!l or they require
costly equipment, 3%l which may limit their practical application
potential.

Arecent review study reported by Ehsani et al.’?] summarizes
the significance of composites based on nanocarbon/polymer
combinations for chemiresistive sensing, in which the nanofiller
enables conductivity while the polymer provides adsorption affin-
ity. Polyamides, polyamines, polymethacrylate, polystyrene, and
polyvinyl alcohol reinforced with GO and rGO are among the
most commonly used nanocarbon/polymer composites. In order
to be considered good chemisresistor sensing materials, these
composites have to fulfil the criteria of homogeneous distribution
of nanofiller within the polymer to allow a reproducible design
of a percolation pathway. Various polymer/nanocarbon compos-
ites have been deeply investigated as humidity sensors, and some
researchers have demonstrated their potential and high perfor-
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Figure 1. Particle size distributions of neat polymer and hybrid latexes
containing different rGO quantities.
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mance ability in terms of good stability!>'3] and sensitivity.!>2¢7:¢]

However, these composite materials possess important chal-
lenges, such as slow response time and limited detection range,
along with the fact that high nanocarbon filler loading in the poly-
mer matrix is necessary for good performance, which might in-
crease the cost of the final products.

As a response to the presented challenges of the current
humidity sensors, in this work we have developed novel hu-
midity sensors, based on waterborne nanocomposites made
of thiol-ene polymers and small quantity of rGO. The com-
posites are synthesized via in situ miniemulsion polymeriza-
tion, in which composite particles made of thiol-ene polymer
and rGO nanoplatelets are predominantly created by the nucle-
ation of the preformed thiol-ene monomer droplets dispersed
in water. Miniemulsion is a kinetically stable colloid system in
which monomer droplets in the submicron range are dispersed
in water. The coalescence of the droplets is prevented by the
presence of surfactants, whereas diffusional degradation of the
monomer droplets (Ostwald ripening) is avoided by the addi-
tion of co-stabilizers, usually low-molar-mass highly hydropho-
bic compounds. Organized in this way, it is ensured that during
polymerization each composite particle will have the same com-
position, which is especially useful when several different ma-
terial types are combined within one droplet or particle (in this
case, dithiol, diene, and rGO).3334 After polymerization, the
monomer droplets are turned into polymer particles dispersed
in water.®*] rGO platelets are preferably distributed on the sur-
face of the particles.?*3¢] Miniemulsion polymerization is an en-
vironmentally friendly technique because of the use of water as a
continuous phase and polymerization medium. Moreover, after
composite film preparation by water evaporation from the aque-
ous dispersions, the aggregation of rGO platelets within the poly-
mer matrix is suppressed because the rGO platelets are placed
in-between the polymer particles that physically hinder the
platelet aggregation.[1%!

The key challenge for the development of an efficient polymer-
based humidity sensor is to find a compromise between high
affinity to adsorb water on the surface of the sensing mate-
rial, which is necessary for good sensing ability, and being hy-
drophobic enough to avoid early lamination and sensor degra-
dation. This issue requires a careful search for novel chemistry
polymers that have not been used yet in sensing applications.
Thiol-ene chemistry is a well-known polymer chemistry that has
sparked new interest for different applications because of its
numerous advantages. Through step-growth radical polymeriza-
tion, they form polymers with high monomer conversions, low
shrinkage, little oxygen inhibition, and homogeneity in mechan-
ical properties.’’3°1 With proper selection of the chemical struc-
ture, thiol-ene polymers can be highly hydrophobic and semi-
crystalline; while simultaneously the presence of S heteroatoms,
carbonyl groups, and ether functional groups will promote hu-
midity adsorption due to the possible formation of hydrogen
bonds with water molecules. As it was already mentioned, most
of the polymers tend to delaminate from surfaces when they are
exposed to a humid atmosphere for a long period of time due
to the swelling effect. Thiol-enes, on the other hand, can with-
stand in high humidity atmosphere when highly hydrophobic
and semicrystalline, which provide a strong barrier to the pen-
etration of humidity within the polymer.**!] Up to the best of

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BA 11810 3|l [dde ay) Aq pauenob ae sapile VO ‘88N JO Sa [N 10y AfeldTauljuQ AB|IM UO (SUONIPUCD-pUe-SWe)LI00 A 1M Ale.d joulUo//Sdny) SUORIPUOD pue swie 1 8y} 88S *[202/50/22] Uo Areiqiauliuo AB1IM *IdN HeulH eluopede y Jo 91jqndey AQ #TT00KZ02 IWPe/Z00T 0T/I0p/L0d A 1M Azl 1jpuluo//Sdny Wo1j papeo|umod ‘0 *X60.59E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

www.advmattechnol.de

Figure 2. SEM cross-sectional images of the samples with: a) 0 wt% rGO; b) 0.2 wt% rGO; c) 0.4 wt% rGO; d) 0.6 wt% rGO; e) 0.8 wt% rGO; f) (e)

1 wt% rGO.

the authors’ knowledge, so far, the thiol-ene polymer system has
not been investigated for humidity sensor application.

Furthermore, the loading of rGO into the polymer matrix
will provide robustness and physical stability, as well as the re-
quired conducting network since a resistive-type humidity sen-
sor was targeted. Due to the highly linked network created be-
tween rGO and the thiol-ene polymer and the semi-crystalline
nature of the polymer matrix, the physical stability upon expo-
sure to humidity can be ensured. Moreover, the rGO-thiol-ene in-
terface offers additional adsorption sites for the water molecules,
which can result in increased humidity detection of the sensor
material.

Adv. Mater. Technol. 2024, 2400114 2400114 (3 of 12)

2. Results and Discussion

2.1. Characteristics of the Polymer/rGO Composites

To synthesize polymer/rGO nanocomposites, in situ miniemul-
sion was implemented, resulting in a range of composite latexes
(aqueous dispersions of polymer and rGO particles) with a rGO
load of 0.2-1.0 wt%. The average particle sizes of the latexes,
ranging from 179 to 197 nm, are shown in Table 1. As previously
demonstrated,3+3¢! likely the composite particles were generated
during the in situ reaction, in which thiol functionality may es-
tablish H—bond with OH or COOH from rGO. Moreover, trithiol
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Figure 3. DSC results of the nanocomposites.

was also used during the thiol-ene synthesis, which implies the
formation of a cross-linked structure.

Polydispersity (PDI) increases with the addition of rGO and
the increase in its content, indicating a wide size distribution
of particles. In Figure 1, the particle size distributions cor-
responding to each dispersion are presented, illustrating this
trend. The loading of rGO substantially influences it, causing a
slight shift toward lower molar masses. For the highest loadings
(0.8% and 1.0% rGO), the distributions become bimodal. This
behavior suggests secondary nucleation occurring in the sys-
tem, likely promoted by the presence of rGO. Despite the par-
ticles being stabilized against aggregation by the surfactant
(Dawfax Al) in the miniemulsion system and against Ost-
wald ripening by the co-stabilizer (hexadecane), it appears that
monomer diffusion occurred, leading to polymerization in the
aqueous phase and the nucleation of new particles. This im-
plies the presence of two types of particles in the system: two-
phase particles (rGO/polymer) produced by droplet nucleation
and single-phase particles (polymer) nucleated by homogeneous
nucleation.

The dispersions were cast in silicon molds and dried at
standard atmospheric conditions (23 °C and 55% relative hu-
midity). During this process, while water is evaporating, the
composite particles are packed together. The low T, of thiol-ene
polymer chains in an expected range of —18 to —20 °Cl*
allows their interdiffusion through the particle-particle

Adv. Mater. Technol. 2024, 2400114 2400114 (4 of 12)

boundaries, creating a continuous film. Figure 2 presents
the Scanning Electron Microscopy (SEM) images of the
composite films’ cross-section at different rGO loadings,
showing that all the films have similar morphology in which
the graphene sheets (whitish structures) are randomly ori-
ented with no aggregation within the polymer matrix (dark
grey or black). Unexpectedly, a presence of pores with a
diameter in a range of 1 to 10 um can be observed in
the images of all the films, including in the neat polymer
film.

Pores can be formed either due to incompatibility between the
two phases or due to the crystallization of the polymer chains.[*}]
It is well known that linear thiol-ene polymer chains are prone
to crystallization,[¥”~*!] which during film formation are stacked
sequentially in an ordered pattern, resulting in the formation
of crystalline structures in an amorphous matrix. The forma-
tion of the pores can be attributed to this phenomenon. Further-
more, by increasing the rGO loading (Figure 2b—f), the size of
the pores decreases, as does the size of the polymer domains,
indicating that the rGO presence affects the structuring. There
are three phases within the composite films: rGO-polymer hy-
brids, neat amorphous polymers, and neat crystalline polymers.
Therefore, the phase separation between the phases is likely also
an important tool toward the creation of small pores. Similar
morphology has been observed and reported previously,*!! in
methyl metacrylate/methyl acrylate waterborne films, in which
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Figure 4. Cross-section TEM images of the composite films containing: a) 0.2 wt% rGO; b) 0.4 wt% rGO; c) 0.6 wt% rGO; d) 0.8 wt% rGO; e) 1.0 wt%

rGO, f) scheme of rGO distribution in the polymer matrix.

the pores were created after film immersion in water. This phe-
nomenon was explained by water phase separated domains. Nev-
ertheless, in the present case, the pores were formed during
film formation, without exposure of the films to water afterward.
By increasing the rGO loading, the rGO-polymer phase quan-
tity is also increased, which contributes to decreasing the size
of the pores and increasing their quantity. These pores might
offer an additional surface for vapour adsorption and can pro-
mote fast response and recovery times by changing the diffusion
behaviour.

The previous work has shown that the thiol-ene polymers used
in this study have a crystallinity in the range of 25-45%.%1 The
semi-crystalline behavior of as-synthesized films is evidenced
by the presence of an endothermic melting peak at ~41 °C in
the first heating scans of non-isothermal differential scanning
calorimetry (DSC) analysis, shown in Figure 3.

When the rGO loading is >0.2 wt%, there is a second melt-
ing peak observed in the first heating scan at 18 °C, attributed to
the melting of hexadecane, used during the synthesis of the la-
texes as a co-stabilizer to prevent the Ostwald ripening process.
As it is not volatile, it becomes distributed throughout all films.
The presence of this second melting peak reveals that in the sam-
ples containing rGO >0.2 wt%, hexadecane segregates from the
polymer matrix, likely due to the decreased compatibility of HD
with the rGO-polymer phase. In Figure 3, it can also be observed
that when the films were cooled down from their molten state at
10 °C min~!, no recrystallization peak was observed in the DSC
scans, attesting slow-crystallising material. This is likely due to
the presence of aromatic rings in the thiol-ene chains of diallyl
terephthalate (DATP) ene, which add rigidity to the chains and
slow down their ordering in crystalline domains. Consequently,
no melting peak attributed to the polymer matrix is present in
the subsequent heating scan at 10 °C min~". In this last run, the

Adv. Mater. Technol. 2024, 2400114 2400114 (5 of 12)

glass transition temperature (T,) of the material could be appreci-
ated at -9 °C. Noteworthy, the T, and melting temperature (T,
of the polymer were surprisingly unaffected by the presence of
rGO platelets within the matrix (Table 2), which is an indication
that there is only physical interaction between the polymer and
rGO platelets. It is worth noting that the creation of the crystalline
structure during water evaporation and composite film forma-
tion, observed in the first heating scan, will provide the composite
film with higher durability and less water sensitivity, preventing
early lamination of the sensors.

To investigate the nanocomposites’ structure, Transmission
Electron Microscopy (TEM)analysis of the cross section of
the films was conducted, and the resulting images are de-
picted in Figure 4. The dark structures corresponding to rGO
sheets are embedded within the light grey polymer matrix.
In all composites, no rGO aggregation is noticed, but the
platelets form a network within the polymer matrix. The
graphene platelets are very well ordered perpendicularly to
the film cross-section or parallel to the top film surface, as
shown in Figure 4f. The ordering is induced by the slow wa-
ter evaporation during the film formation, during which the
platelets are pushed between the polymer layers created by
the particle fusion. The low T, (Table 2) permits particle fu-
sion at room temperature by the chain interdiffusion process
across the particle border. Another phenomenon that can be
observed is the stacking of the graphene platelets, which is a
common phenomenon for graphene-based nanocomposite. This
is due, in part, to the weak Van der Waals interactions be-
tween graphene sheets, which allow them to readily slide or
align with one another, resulting in the formation of multilay-
ered structures. When the concentration of graphene increases,
graphene sheets are more likely to come into close contact and
stack. That is why, for concentrations >0.6 wt%, the stacking of

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Table 2. T, and T, of the nanocomposites.
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Sample First heating cycle Second heating cycle
T, [°q T, Hexadecane [°C] T,, polymer T, [°C] T, Hexadecane T, polymer [°C]
[°q] Y

0.0 wt% rGO -8 - 41 -8 - -
0.2 wt% rGO -9 - 41 =10 - -
0.4 wt% rGO =10 18 43 -10 18 -
0.6 wt% rGO -8 18 41 -9 - -
0.8 wt% rGO -8 18 41 -8 18 -
1.0 wt% rGO -10 18 42 -9 19 -

graphene can be observed in Figure 4c—e as thicker platelets, thus
darker structures. Figure 4f provides a schematic illustration of
the nanocomposites cross section and almost ideal distribution
of rGO sheets.

Even though the samples have a porous structure, which re-
sulted in a high standard deviation in the elongation at break,
the measurements were reproducible under low stress, from
which the Young’s moduli and offset yield stress were deter-
mined, shown in Table 3. The introduction of rGO in the poly-
mer matrix resulted in enhanced properties; thus, at 1.0 wt% rGO
loading, fourfold higher Young’s modulus was observed with re-
spect to the neat polymer. The yield stress results do not show any
significant trend. The improvement of Young’s moduli suggests
very good interactions between both phases within the nanocom-
posites, which accounts for the good stress transfer when the
composite films are exposed to stress. As already highlighted,
the thiol functionality might interact with OH or COOH from
rGO through H-bond creation during in situ synthesis. There-
fore, nanocomposites are distinguished by their higher strength
as they can withstand higher levels of stress without undergoing
plastic deformation.

One of the most important challenges related to the use of
polymers as humidity sensors is their tendency to swell in humid
atmospheres, which causes delamination from the substrate.['?]
Even though thiol-ene polymers are known for their low water
uptake properties, in the case of waterborne thiol-ene polymers,
the use of surfactant for their preparation usually negatively
affects their water sensitivity. Water uptake measurements
for the neat polymer and the composites were carried out
for a duration of 21 days by dipping the films in water dur-

Table 3. Young’s modulus and Offset Yield Stress for the obtained com-
posites.

Sample Young’s Modulus [MPa] Offset Yield Stress
[MPa]

0.0 wt% rGO 0.01 0.01+0.005
0.2 wt% rGO 0.01 0.02+0.001

0.4 wt% rGO 0.02+0.005 0.01

0.6 wt% rGO 0.03 0.01+0.005
0.8 wt% rGO 0.03+0.005 0.02:+0.005

1.0 wt% rGO 0.04+0.005 0.02+0.005

Adv. Mater. Technol. 2024, 2400114 2400114 (6 of 12)

ing different period of times, and the results are placed in
Figure 5. Even though the neat polymer already presents
low water uptake, < 11%, at which a kind of saturation is
achieved, the addition of rGO further improves the water
resistance of the films. The small decrease in water uptake
observed in some of the films likely corresponds
to the dissolution of water-soluble components (surfactants)
from the films into water. The composite film loaded with
1.0 wt% rGO absorbs only ~2% water, which is ~fivefold
lower than that of the neat polymer film. The exceptional
water resistance of these composites may be attributed to
the interplay of several characteristics. Thiol-ene polymers
are highly hydrophobic and contain crystalline domains,
while rGO platelets are strongly bonded to the polymer
chains, enhancing further the hydrophobicity. The physi-
cal barrier created by the network of rGO on one hand and
the crystalline thiol-ene structure on the other restricts wa-
ter absorption, leading to enhanced water resistance. It is
worth mentioning that after 24 days of immersion of water,
there was no any delamination observed of the polymer and
composite films.

—*—0% rGO —— 0.2% rGO —A—0.4% rGO
—9—0.6% rGO —*—0.8% rGO —0— 1% rGO

Water uptake [%]

24

time [days]

Figure 5. Water uptake by the neat polymer and composite films contain-
ing different rGO loadings.
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Table 4. Resistance of nanocomposites.

Sample Resistance kQ

0.0 wt% rGO -

0.2 wt% rGO 48.5
0.4 wt% rGO 700
0.6 wt% rGO 7200
0.8 wt% rGO 5600
1.0 wt% rGO 4400

2.2. Sensor Performance

For humidity sensing measurements, a handcrafted chemical re-
sistance sensor was employed. The resistance of the resulting
composites was therefore tested, and the results are given in
Table 4. The nanocomposite containing 0.2 wt% rGO is the most
conductive which is an indication that completely interconnected
network of rGO is formed within the matrix. Further increase
in rGO loading increase the resistance, likely due to re-stacking
of the rGO platelets during the synthesis process at higher rGO
loadings. Moreover, as the network of rGO is denser at higher
concentration, there is a possibility that the network is not com-
pletely interconnected, but rather is interrupted with neat poly-
mer areas. The rGO re-stacking might clearly be observed in the
composites with rGO loadings >0.6 wt% in Figure 4c—e. When
the rGO loading is augmented, two contradictory effects hap-
pen, there is more rGO to form the conductive network and in-
crease the conductivity, but also the possibility for rGO stacking
increase that might decrease the conductivity. When the loading
was increased from 0.2 to 0.6 wt%, the effect of graphene stack-
ing was likely higher than the loading effect, leading to increased
resistance. By further increasing rGO loading up to 1.0 wt%, the
loading effect becomes higher because of the very high surface
area and aspect ratio of the rGO nanoplatelets. Therefore, for the
nanocomposites containing 0.8 and 1.0 wt% rGO, the resistance
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Figure 6. Sensor response of 0.6 wt% rGO nanocomposite toward water
vapor.
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Table 5. Water vapor adsorption and desorption results at different con-
centration by the nanocomposite containing 0.6 wt% rGO.

Ppm Adsorption Desorption

AR[%] Timetyyy[s] Timetgy [s] AR[%] Timetyo[s] Time tyg [s]

800 3 1B3+3 1M.7+3 341 19+6 17+6
1600 6 1M+ 99+1 5 19 17.1

3200 14 17 +2 153+2 1B+1 35+ 1 3151
5000 261 20+0.5 18+0.5 25+2 30+3 27 +3

drops with respect to the 0.6 wt% loading, even though it is much
higher than that of 0.2 and 0.4 wt% filler loadings.

All the nanocomposites were deposited as a thin film for
sensing measurements and were exposed to humidity. However,
only 0.6 wt% nanocomposite has shown to be sensible to hu-
midity, likely due to the highest resistance of this composite
film, therefore it was further studied. Probably, the threshold
resistance for humidity sensing of the present nanocomposites
would be in-between 5600 and 7200 kQ. Moreover, the resistance
of the nanocomposite increased upon exposing it to humidity.
Considering that rGO is p-type material, in contact with water
molecules that have reducing characteristics, the concentration
of the charge carriers (holes in this case) decreases inducing a
rise of the resistance.

The sensing performance of the 0.6 wt% composite was in-
vestigated in terms of resistance change (AR) when the compos-
ite was exposed to different concentrations in a range of 100—
5000 ppm of water vapor at room temperature. To check the re-
producibility, each concentration of vapor was run in three cycles.
The AR, as well as the time required for that change to occur
during the vapor adsorption and desorption cycles were consider
indicators of sensing performance. The effect of the concentra-
tion of water vapor on the sensing performance of the 0.6 wt%
composite is shown in Figure 6, showing sensing properties and
stable response for vapor concentrations higher than 800 ppm.

30
y=0.00519x-1.20892
D

25 R“=0.98106 §

20 -
X
0 15+
< )

104

54 o

800 1600 2400 3200 4000 4800 5600
Water vapor concentration [ppm]

Figure 7. Water vapor concentration-dependent response of 0.6 wt% rGO
nanocomposite: a linear fit analysis.
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The obtained responses presented in Figure 6 have almost an
ideal sensor pattern, and a linear fit curve shown in Figure 7 can
precisely describe the relation between water vapor concentration
and the response. Table 5 summarizes the sensing parameters
determined from Figure 6, the sensing response (AR) and the
time it takes for the sensor to reach 100% (t,q,) and 90% (ty,)
of its final response. As water molecules are absorbed, the resis-
tance is increased up to 26%=+1% for a water concentration of
5000 ppm, and a stable response (t,,) is achieved in 20 s+0.5 s.
The time required for the sensor to reach 90% (23.4% resistance
increment) of the final concentration (t,) is 18 s+0.5 s (Table 5).
The difference between ty, and t,, is not significant, and this in-
dicates that the sensor can provide both a fast initial response
and a quick stabilization. This can be particularly beneficial in
scenarios where frequent changes in humidity occur or where
precise and real-time monitoring is necessary. In comparison to
other humidity sensors, this particular sorbent material exhibits
a relatively good and fast response. On the other hand, the des-
orption took a longer time (30 s+3.2 s), and the change in resis-
tance was 24.8%+2.4%. The resistance did not return to its exact
original value (Table 5); this can indicate that maybe some of the
water molecules interacted in a more stable way with the sens-
ing material. The diffusion of vapor molecules is influenced by
film structural parameters such as thickness and porosity.l*?l The
porous structure of the films, as evidenced by the SEM images in
Figure 2, has a positive contribution to the diffusion process of
the water molecules inside the composite film, even though the
desorption was not 100% complete and was slower.

Aside from sensitivity and fast response, reproducibility is per-
haps the most critical parameter for a chemical sensor. The repro-
ducibility was investigated in 3 cycles, and as it can be seen from
Figure 6 as well as from Table 5, the nanocomposite with 0.6 wt%
rGO showed reproducible behavior, where there is no variation
between the signals or the variations are very modest.

Selectivity of the sensor to respond only to water vapor while
minimizing responses to other substances was also studied.
For that aim, the composite containing 0.6 wt% rGO was ex-
posed to various non-polar and polar solvents’ vapors (toluene,
propanol, and 4-methyl-2-pentanol (4M2P) at room temperature
ata concentration of 5000 ppm (the highest studied in this work).
Figure 8 denotes the responses of the composite to the vapors of
the selected solvents in comparison to that of water. At 5000 ppm
humidity concentration, while there is almost no signal of sens-
ing of the solvents’ vapors, the signal to water vapor is clear,
strong, and reproducible, as previously commented. The results
shown in Figure 8 actually indicate specific chemical interaction
of the nancomposite with the humidity, that is not observed for
the other vapors. Such specific interactions cannot be provided
by rGO platelets, because of high adsorption ability of rGO and
the fact that any type of reduction gas would induce resistivity
rise. Considering the morphology of the composite materials ob-
served in Figure 2, the rGO platelets are embedded within the
polymer matrix, therefore, the polymer phase is the one in direct
contact with the vapors. The composite has shown strong affinity
toward humidity, likely due to the presence of S—and O— based
(C=0, C—0—C) hydrophilic moieties in the polymer, allow-
ing suitable interactions with water molecules through forma-
tion of hydrogen bonds. Additionally, treating with waterborne
polymers, during film formation from the polymer aqueous
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Figure 8. Sensor response of 0.6 wt% rGO nanocomposite to 5000 ppm
of 4M2P, water, propanol, and toluene.

dispersion, the surfactant used to ensure colloidal stability dur-
ing synthesis and storage, migrates toward the film surfaces. This
makes the surface of the film much more hydrophilic and able to
interact principally with water molecules. The fact that after ex-
posure to humidity the resistance increased indicates that there
is a direct contact of the absorbed humidity with rGO platelets,
too. The presence of the pores in the composite (Figure 2) al-
lows deeper penetration of the humidity and makes possible in-
teractions with the rGO or more likely with the rGO/polymer in-
terface. It seems that the exceptional nanostructuring that hap-
pen during water evaporation from the polymeric dispersions
and composite film formation, in which highly hydrophilic sur-
face onto very hydrophobic bulk composite materials, moreover
porous and with a network of rGO platelets within the matrix,
unlock their humidity sensing properties and application.

On the other hand, the composite shows very low or no affinity
toward the other vapors studied. Main reason for lack of the in-
teraction of the mentioned vapors with the present composite is
the presence of surfactant on the composite surface that prefer-
ably interacts with water molecules. Nevertheless, there are is-
sues that might additional affect negatively the ability to inter-
act with the nanocomposite. Propanol possesses an OH func-
tional group that can eventually establish hydrogen bonds with
the C=0, C—0—C, and the heteroatom S from the polymer sur-
face, but it has a lower dipole moment (1.65 Debye) than water
(1.84 Debye), making weaker the interactions, but also the larger
molecular size would make more difficult the permeation. On
the other hand, 4M2P has a greater 2.69 D dipole moment, how-
ever, the lack of H-donor moieties, making its interactions with
the polymer weaker, and similarly it has larger molecular size
that affects negatively to permeate the polymer matrix and reach
the rGO functional groups. Finally, toluene is aromatic solvent
compatible with rGO and could easily interact with the platelets.
Nevertheless, likely toluene vapors do not get in contact with
platelets embedded within the polymer matrix, due to lack of H-
bonding potential and polarity. Toluene vapors are not absorbed
by the polymer and do not penetrate within the pores, resulting
in the lack of sensing response when the composite is exposed to
toluene vapors.
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Figure 9. Schematic representation of the humidity sensing mechanism of 0.6% rGO nanocomposite.

Figure 9 provides a schematic representation to illustrate the
sensing mechanism of the composite-based interdigitated hu-
midity sensor. The sensing starts with abundant adsorption of
water vapor molecules on the surface of the composite largely
assisted by the presence of surfactant on the surface, followed
by absorption of these molecules within the composite material.
The presence of pores in the structure contributes essentially in
the humidity absorption. This means that the primary interac-
tions occurred between polymer and water molecules, which ac-
tually determines the selectivity of the sensor. Once penetrated
within the composites, the water molecules preferably stack to
the rGO/polymer interface, as a key event that induces the sens-
ing response. rGO network within the polymer matrix (Figure 4),
determines the initial resistance, which after interaction with hu-
midity increased. As p-type material, the conductivity of rGO is
determined by the excess of holes, the concentration of which
is higher than that of free electrons. After interaction with hu-
midity molecules that behave as free-electron donors, reducing
the holes and increasing the film resistance happen, as visual-
ized in Figure 9. Moreover, the presence of water vapor might
induce swelling within the composite, causing an increase in
the intersheet distance. As a result, the hopping distance for
electrons is increased, leading to difficulties in electron transfer
and additional increase in the composite resistance. The effect
of swelling caused by adsorbed water is particularly noteworthy
when the sensor is exposed to high water vapor concentrations. At
higher concentrations, more water molecules permeate the com-
posite and are adsorbed on the interface between the polymer
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and the graphene sheets. Consequently, the sensor resistance in-
creases substantially. The importance of the water vapor concen-
tration was already demonstrated (Figures 6 and 7), where above
800 ppm, the swelling had an effect on the disturbance of the
conductive rGO path within the polymer. During the water des-
orption from the composite, a shrinkage effect and reconstruc-
tion of the electron conductive path are taking place, resulting in
a decrease in the sensor resistance.

3. Conclusion

The in situ green miniemulsion polymerization process was
used to make waterborne thiol-ene composite materials based on
rGO nanoplatelets. Colloidally stable, film-forming, high-solids-
content hybrid latexes were developed using monomer mixture
made of DATP/GDMA/TMPMP with different rGO loadings of
0.2, 0.4, 0.6, 0.8, and 1.0 wt%. Composite films were produced
by water evaporation, during which structuration is achieved
on nano and microlevel, as observed by SEM and TEM. The
nanoplatelts created a network within the polymer matrix us-
ing the polymer particles as a template for it. Beside the low
Tg of ~—8 °C, nice composite films were obtained due to semi-
crystalline nature of the thiol-ene, which moreover contributed
to development of pores.

The mechanical characteristics of the nanocomposites were
greatly influenced by the addition of rGO. Despite the porous
structure of the samples, which resulted in a significant standard
deviation in elongation, when 1.0 wt% of rGO was introduced,
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the increase in Young’s modulus was fourfold with respect to the
neat polymer film. The introduction of rGO platelets droped the
water uptake of the composite films with respect to neat poly-
mer film, upon their immersion in water. Likely the distribution
of the platelets parallel to the film'’s surfaces created a barrier to
water absorption. The highly hydrophobic and semi-crystalline
nature of the film contributes to lack of any delamination of
the composite materials during extended immersion in water.
The composite films present resistance in a range of 48-7200
kQ, likely result on the creation of the rGO network within the
film.

Only the composite containing 0.6 wt,% rGO has shown sens-
ing affinity toward humidity, likely due to the highest resis-
tivity encountered for this composite. This composite was ex-
posed to humidity with various water vapor concentration (100—
5000 ppm) at ambient temperature. For concentrations above
800 ppm, there was almost an ideal square-shaped response.
When exposed to 5000 ppm of water vapor, the composite exhib-
ited a comparatively good (26% + 1% resistance increase) and
rapid (t;pp = 20 s = 0.5 s) response. Desorption took (t;o0) =
30 s + 3 s and resulted in a 25% + 2% change in resistance.
The resistance did not recover to its initial value, which could
imply that some of the water molecules were linked to the sens-
ing material in more stable form, nevertheless this did not af-
fect the sensing capacity of in next cycle. In three cycles of ex-
posure to each humidity concentration, excellent reproducibility
of the sensing response was achieved. The composite exhibited
high selectivity to water vapors, while there was no any response
to vapors of toluene, propanol, or 4M2P.The strong selectivity
observed was attributed to the chemistry of the thiolene poly-
mer matrix produced in aqueous dispersion, which convey to the
films strong hydrophilic character of the composite surface on
contrary to the strong hydrophobic and semicrystalline nature
of the matrix. The porous nature allows penetration of the ad-
sorbed water molecules within the film and their interaction with
rGO. During this interaction the resistance of the composite film
increased due to reduction of the holes within the p-type rGO
platelets, which process unlocked the sensing characteristics of
the nanocomposite.

Separately from their selectivity, reproducibility, and fast re-
sponse, the proposed sorbent materials have significant advan-
tages such as low cost, a simple, environmentally friendly man-
ufacturing process, ease of use, and a good withstand of wa-
ter uptake, making them suitable for use as humidity sensor
materials.

4. Experimental Section

Materials:  The following monomers were used for thiol-ene poly-
mer synthesis: diallyl terephthalate (DATP, 98% TClI EUROPE N.V.)
as diene, glycol dimercaptoacetate (GDMA, 95% Bruno Bock Chemis-
che Fabrik GmbH & Co.) as dithiol, and trimethylolpropane tris(3-
mercaptopropionate) (TMPMP, 95% Bruno Bock Chemische Fabrik
GmbH & Co.) as trithiol. Their chemical structure is shown in Scheme 1.
For colloidal stabilization, alkyldiphenyloxide disulfonate (Dowfax 2A1
45% in water, Aldrich) surfactant was used, whereas hexadecane (HD,
Aldrich) co-stabilizer was used to protect the system against the Ost-
wald ripening process. Initiator 2.2-azobis (2-methylpropyonitryl) (AIBN,
Sigma—Aldrich) was used to initiate the step growth polymerization.
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Scheme 1. Chemical structures of GDMA, DATP, and TMPMP.

The polymer system was joined with reduced graphene oxide (rGO)
obtained by reduction of GO in aqueous dispersion with a concentration of
10 mg mL~" (Graphenea) using hydrazine monohydrate (Sigma—-Aldrich).
Polyvinyl pyrrolidone was added to the dispersion as a colloidal stabilizer
(PVP, M =10 000 g mol~", Aldrich) to prevent platelet aggregation due to
increased hydrophobicity during reduction.

Methods—rGO Synthesis: The preparation of rGO was carried out in
a few steps. The first 100 mL of GO was stirred and sonicated in an ice
bath for 1 h with a 0.5 s cycle and 70% amplitude using the Hielscher
Sonicator-UIS250v (Hielscher Ultrasonics GmbH, Teltow, Germany) in or-
der to break re-aggregated GO platelets during storage. Afterward, 2 wt%
of PVP previously dissolved in a small amount of Milli-Q was added into
dispersions. The third step was to introduce the dispersion in a reactor
that was heated to 60 °C, followed by the addition of 0.2 mL of the reduc-
ing agent hydrazine monohydrate (GO: hydrazine monohydrate ratio was
5:1) under continuous stirring for 2 h. The last step was the dialysis of the
dispersion for 2 weeks to eliminate the reaction products and excess PVP
using a pre-wetted RC tubing dialysis membrane with a molecular weight
cutoff of 1kD.

Methods—Composite Synthesis: The nanocomposite systems were
synthesized via in situ miniemulsion polymerization, where a monomer
mixture of DATP, GDMA, and TMPMP was polymerized in the presence of
different quantities of rGO (0.2—1 wt% with respect to monomers). To ob-
tain high conversion and higher molar masses, it is necessary to ensure the
stoichiometric balance of the ene and thiol functional groups. As trithiol
TMPMP was added to the formulation (20 wt% of the total thiol amount),
the resulting polymers were cross-linked. The organic phase, composed of
monomers, initiator, and costabilizer hexadecane, was added to the aque-
ous phase made of surfactant (Dowfax 2A1), rGO stabilized by PVP, and
Milli-Q. The miniemulsion was prepared by sonication of the coarse emul-
sion obtained by mixing the aqueous and organic phases. The sonication
was performed in an ice bath using a Branson 450 Digital Sonifier (Bran-
son Ultrasonics Corporation, Mexico) with an efficient time of 10 min (0.5
sonand 1s off) and an amplitude of 70%. The composition of the systems
with 30% solids content is given in Table S1, Supporting Information.

The casting technique was used for the formation of the composite
films. To obtain films with a thickness of 0.5 mm, a particular amount of
the hybrids was cast into silicon molds with dimensions of 5 x 3 cm and
left to dry for 5 days under atmospheric conditions (25 °C and 50% relative
humidity).

Characterization: The average particle diameter of the hybrids was
measured using dynamic light scattering (Zetasizer Nano Z, Malvern In-
struments). Before the analysis, the samples were diluted with deionized
water to avoid multiple scatterings. The represented value was obtained
as an average of three repeated measurements.

The morphology of the nanocomposite films was determined using
scanning electron microscopy (SEM; Quanta 250 e-SEM, Philips Tecnai,
field emission, Schottky filaments). The samples were scanned without
sputtering with metal. For cross-section imaging, the samples were frac-
tured after being immersed in liquid nitrogen. Transmission electron mi-
croscopy (TEM, Philips TECNAI G2 20 TWIN) was used in order to exam-
ine the structure of the samples. The samples had a thickness of 80 nm
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obtained at —40 °C using a cryomicrotome device (Leica EMFC6) equipped
with a diamond knife. The ultrathin sections were placed on 300-mesh cop-
per grids.

Non-isothermal differential scanning calorimetry (DSC, Q1000, TA In-
struments) was used to determine the thermal characteristics of the films.
The DSC samples were prepared by placing 10 mg of film in an aluminum
crucible and sealing it with an aluminum lid. Three cycles were performed.
The samples were heated up to 150 °C at 10 °C min~'. They were then
cooled at 10 °C min~" until —70 °C and subsequently heated to 150 °C at
10 °C min~".

The mechanical properties of the composite films were evaluated using
the TA.HD Plus texture analyzer (Stable Micro Systems Ltd., Godalmming,
UK). Flat “dog-bone”-shaped tensile test specimens with dimensions of
15 mm x 3.5 mm x 0.5 mm were cut from the dry films. The stress-strain
measurements were taken under a constant strain velocity of 1.5 mm s~!
and a nominal strain rate of 0.1 Hz. Five (5) specimens were prepared
from each sample, and the values presented are the average of five mea-
surements.

To determine the water uptake, a small piece of the film was weighed
(mg) and immersed in distilled water at room temperature. Then, it was
taken out of the water at given times, dried with an adsorbent paper,
weighed (m,), and placed again in the distilled water. The water uptake
was calculated by Equation (1):

m, —m
=— 9 %100 M
mg

Water uptake (%)

For humidity sensing performance measurements, a handcrafted de-
vice was utilized consisting of oxidized silicon wafers equipped with in-
terdigitated gold electrode structures (75 finger pairs, 3150 um width and
2000 pm height, 10 um spacing, 1800 um overlap; IESM, TU Freiberg). The
following steps were involved in the preparation of the samples: First, the
emulsions were homogenized in an ultrasonic bath (SONOREX SUPER 10
P, Bandelin, Germany) for 30 min with a power of 10%. Then the samples
were coated on the oxidized silicon wafers equipped with interdigitated
gold electrode structures using a spin coater (Delta 10, BLE Laboratory
Equipment GmbH, Singen, Germany) with speeds of 500 rpm for 40 s,
and then the speed was increased to 3500 rpm for 6 s. The coated elec-
trodes were left for 24 h at room temperature to dry, and after that, their
conductivity was measured using a digital multimeter Voltcraft VC870 in
purified and dried air as carrier gas. To investigate the selectivity of the
sensor materials, four vapors that have similar vapor pressures were used:
toluene (e = 2.38), 4-methyl-2-pentanone (4M2P, ¢ = 13.1), 1-propanol (e
=20.8), and water (¢ = 80.1). The polarity and structural features have an
important influence on the partitioning of the analyte in the sensor coat-
ing. Room temperature and an applied bias of 100 mV were used to mon-
itor the resistance of the sensor. The sensor’s response is represented as
a change in resistance, AR.
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the author.
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