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Abstract: The accurate measurement of moisture content in pure gases and in gas mixtures, such as
air, has great relevance in many industrial processes. In the present study, graphene oxide reduced
through a mild alkaline treatment was used as a humidity sensing material to fabricate a flexible
chemiresistive device operating at room temperature. The active layer was deposited by solution
casting on a substrate of bimatted polyester, previously coated with inkjet-printed interdigitated
electrodes made of silver. Structural investigations were performed by means of X-ray diffraction,
Raman spectroscopy, and FTIR spectroscopy, while the optical properties were investigated using
UV-VIS absorption and photoluminescence excitation spectroscopy. With increasing relative hu-
midity from 0 to 80%, the electrical resistance decreased from about 1.4 GQ) to 2.5 MQ). The ex-
traordinarily large range of resistance values highlights the ultrahigh humidity sensitivity of re-duced
graphene oxide, which acquires a fair amount of electrical conductivity after physisorption of water
molecules but results in a highly resistive material in dry air. The high sensitivity at room temperature,
the response’s repeatability, the wide relative humidity range detected, and the fast response time are
the main advantages of the proposed humidity sensor, while the presence of some hysteresis, mainly
at low relative humidity, and the recovery time need further improve-ment. Finally, the sensing
mechanisms are briefly discussed.

Keywords: graphene oxide; humidity sensors; chemiresistive sensors; interdigitated electrodes;
flexible electronics

1. Introduction

Humidity monitoring and control have a crucial impact on many different fields,
such as agriculture, meteorology, the production and manufacturing of microelectronics,
medicines, textiles, and foods, as well as the heating, ventilation, and air conditioning
(HVAC) industry. For instance, high levels of relative humidity (RH) can decrease the
shelf life of fruit and vegetables and can promote bacterial growth and spoilage in several
food products, while low humidity can cause some foods to dry out and lose flavor. In
the semiconductor and electronics industries, incorrect humidity control can compromise
the safety of the work environment and can damage various sensitive components and
integrated circuits. In addition, the measurement of humidity has great relevance in
newly emerging areas, including breath analysis for dis-ease diagnosis, structural health
monitoring, the development of robotic smart skin, the Internet of Things (IoT), and the
design of wearable devices [1]. Many types of humidity sensors have been proposed to
satisfy this large variety of applications and requirements [2]. Depending on the physical
properties involved in the sensing mechanism, the humidity sensor can be classified as
electrical, electrochemical, capacitive, gravimetric, optical, or field effect transistor (FET).

Materials with two-dimensional (2D) morphology have been considered for humidity
sensing due to their advantageous features, such as the large specific surface area, mechani-
cal robustness, and the electronic structure that is tunable through the scaling down of size
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from bulk to a few layers [3]. In addition, planar geometry and mechanical flexibility make
the 2D materials suitable candidates for the fabrication of wearable devices. Among 2D ma-
terials, graphene oxide (GO) has been particularly investigated for its solution-processing
compatibility and its hydrophilic nature, both of which are attributed to its high content of
oxygenated functional groups, including epoxide (C—O—C) and hydroxyl (—OH)—located
mainly on the interior of the sheets—as well as carboxyl (—COOH) and carbonyl (—C—OH),
located mainly on the edges [4,5]. GO has also become an attractive material for gas sensing
applications for its low cost, environmental friendliness, light weight, ease of synthesis
and surface functionalization, and for its electrical properties that are tunable via many
reduction methods. In the last twenty years, GO’s exceptional sensitivity to-wards water
has been demonstrated in numerous different devices, such as quartz crystal microbalances
(QCM) [6-8], as well as surface acoustic wave (SAW) [9,10], capacitive [11], piezoresis-
tive [12] and electrical sensors [13,14]. Furthermore, GO’s outstanding hydrophilicity has
allowed for the design of efficient, self-powered humidity sensors able to operate in remote
settings without an external power source [15,16].

Among electrical devices, chemiresistive sensors with an interdigitated electrode ge-
ometry generally provide repeatable output signals with excellent stability and reliability
over a long period. The operating principle of chemiresistors is based on the changes in
electrical resistance in sensing layers upon chemical interaction with analytes. In GO-based
chemiresistive devices, a decrease in electrical resistance was generally observed with
increasing %RH, but surprisingly, in some cases, an opposite trend was reported [17,18].
The inconsistencies between published data have not been deeply understood because the
complex structure of GO, which can present variable stoichiometry, makes the sensing
mechanism more complicated compared to other conventional materials. Discrepancies
in gas sensing behaviors can be attributed to many factors, including differences in de-
vice structure and in film topology and morphology. Different thin film topologies were
described depending on either the selected deposition method or thickness. Disordered
and rough films with extended wrinkles are commonly observed due to the flexible na-
ture of GO layers, which can easily fold or crumple during deposition [19]. Both surface
ad-sorption and interlayer swelling impact electrical conductivity when water molecules
diffuse between the 2D sheets of the stacked structure. Fully understanding the role of all
factors involved in water sensing, such as structure, morphology, and oxidation grade, will
be crucial to improving the performance of GO-based devices.

An excessive oxidation grade makes GO an insulating material; in consequence,
chemical, thermal and photo-thermal methods have been commonly employed to pro-duce
reduced GO (rGO) with different carbon-to-oxygen ratios [20]. During the reduc-tion
process, the carbon-to-oxygen ratio increases due to the partial restoration of the graphitic
network. GO thermal reduction can be accompanied by a release of CO and CO,, and the
carbon loss can produce voids and defects in the rGO honeycomb structure [5,21]. Among
the different chemical methods, reduction using hydrazine is largely employed to remove
oxygen functional groups without removing carbon atoms; as a result, the GO layers can be
almost totally preserved. However, hydrazine is a highly toxic, flammable, and explosive
reagent, and the incorporation of nitrogen has been observed in hydrazine-treated GO [19].
Sodio borohydride and its derivatives [22], oxalic acid [23], and sodium hydrosulfite [24]
are further examples of reducing substances widely employed for GO chemical reduction.
Interestingly, the deoxygenation of GO was also observed in alkaline solutions even though
the underlying mechanism has not been fully understood [25].

In the present study, GO obtained using a modified Hummers” method was par-
tially reduced under mild conditions by an alkaline treatment in a water solution of
KOH [26]. Compared to the usual reducing substances, KOH is less effective but has the
advantage of allowing both the improvement of electrical conductivity and the preservation
of more oxygenated functional groups, which are the major adsorption sites for water
molecules. The reduction method of using an alkaline water solution provides an alternative
green route useful for the elimination of hazardous reducing compounds. A flexible
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chemiresistive sensor operating at room temperature was fabricated by drop casting an
rGO water solution on a substrate of bimatted polyester that was previously coated with
inkjet-printed interdigitated electrodes made of silver. The produced device showed high
sensitivity in the RH range of 10-80%. The performance of the rGO-based sensor was
also investigated considering factors beyond sensitivity, including response and recovery
time, hysteresis, and reliability, with the aim of furnishing useful information regarding
the effect of chemical reduction with KOH on rGO sensing properties. The chemical
treatment in alkaline solution allowed for either avoiding the use of hazardous reducing
agents or preserving many oxygenated functionalities on the rGO surface. Controlling the
structure, chemical stability, and properties of rGO by choosing the suitable procedure for
synthesis and chemical reduction will be crucial to designing reliable humidity sensors able
to operate in real time at room temperature and easily integrate into wearable equipment.
Finally, the remarkable sensitivity, the response repeatability at room temperature, the wide
RH range detected, and the fast recovery time are the main advantages of the proposed
humidity sensor.

2. Materials and Methods
2.1. GO Synthesis and Characterization

All the reagents employed for GO synthesis were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used without further purification. Following a modified Ham-
mer’s method [27], an aqueous solution of HySO4 at 96% in weight (23 mL) was added in a
flask containing commercial graphite (1 g). An ice bath was used to cool down the graphite
suspension and little aliquots of KMnOy (3 g) were slowly added under vigorous stirring.
After removal of the ice bath, the excess of KMnO, was neutralized by gradually pouring a
diluted solution of HyO, (10 mL) in water (140 mL) at room temperature. The produced GO
brown-yellowish powder was separated by centrifugation (4000 rpm for 10 min) and was
washed three times by using a water solution of HCI with a volume concentration of 10%.

Finally, an alkaline treatment was performed dispersing the GO powder (100 mg) in a
water solution of KOH (10 mL at 10% in weight) at room temperature.

Optical properties of rGO were investigated in water solutions by using a Cary 5000 UV-
Vis-NIR spectrophotometer supplied by Agilent Technologies (Leini, TO, Italy) and a
FluroMax-4 spectrophotometer supplied by Horiba Scientific (Roma, Italy).

The rGO dried powder was compressed into KBr pellets to acquire FTIR spectra with
a Nicolet™ iS50 spectrometer furnished by Thermo Fischer Scientific (Rodano, MI, Italy).
All spectra were recorded after 64 scans from 4000 to 400 cm ™.

GO Raman spectra were carried out on SiO, substrates by means of the Raman
spectrometer LabRam HR Evolution by Horiba Scientific (Roma, Italy), equipped with a
continuous laser source of wavelength 633 nm. The beam was focused on the sample using
the 100 x objective with a diameter of about 2 pm, selecting a maximum power of 17 mW
and an integration time of 1 s.

X-ray diffraction analysis was carried out by means of the Multipurpose Empyre-
an (Panalytical, Almelo, The Netherlands) diffractometer equipped with a Cu anode
(Kol = 1.540596 A). The incident X-ray beam was collimated through a PDS prefix module
with a Soller slit (0.04 mm) and a divergence slit (1/2°), while a Soller slit (0.04 mm) and an
antiscatter slit (7 mm) were placed in front of the detector. The samples were loaded on a
powder sample stage in spinning active mode. A 2D solid-state hybrid pix-el (PIXcel3D)
was used as the detector.

2.2. Chemiresistive Device Fabrication and Experimental Setup for Gas Sensing Measurements

The chemiresistive device was fabricated aligning the sheets of bimatted polyester
under a photomask, previously impressed by screen printing with a bromograph. A silver
based conductive ink was applied and cured at high temperature to produce interdigitated
electrodes with line and span width of 1 mm. Each electrode, made of 4 lines distributed
on a total area of 16 x 19 mm, was coated with an active layer of rGO by drop casting with
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a micropipette of a water solution having a concentration of 2 mg/mL. The deposited rGO
film was dried on a hot plate at 100 °C for about an hour.

The obtained sensor was placed in a sealed stainless cell with a volume of approxi-
mately 500 cc and in order to stabilize the electrical resistance values, a constant flow of
dry air was applied for a few hours. The complete measurement setup was schematized
in Figure 1.

Mass
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Figure 1. Schematic of measurement setup.

The introduction of humidity into the test chamber was performed by passing a
controlled flow of a carrier gas (dry air) through a glass cylinder containing water at
room temperature. An additional dry air stream was used to control the dilution of the
saturated stream, keeping the total flow rate at 1000 sccm. The two flow rates were tuned
by using distinct mass flowmeters supplied by MKS Instruments (Berlin, Germany) and
controlled by the REIN managing program (AETHIA, Colleretto Giacosa, TO, Italy). The
electrical resistance values were recorded for varying RH in the range from 7% to 80% by
the volt-amperometric technique in the two-pole format by the multimeter Agilent 34411A
(Cernusco sul Naviglio, MI, Italy). The chemiresistive sensor was automatically scanned by
a switch system, the Keithley 7001, equipped with a low-current Keithley 7158 scanner card
with a multiplexing read-out (Keithley Instruments, Settimo Milanese, MI, Italy). All data
were acquired and stored in a PC-based workstation equipped with software compiled in
Agilent-VEE using an USB-GPIB interface-card Agilent-82357A (Cernusco sul Naviglio,
M], Italy). The RH values were monitored by using a Vaisala humidity and temperature
probe (Vantaa, Finland). All the exposures to wet air were conducted at room temperature
with a sensing cycle composed by the following three steps: (i) a period of 60 min with
dry air flow to reach a stable value of resistance; (ii) an exposure time of 10 min to various
RH values; and finally, (iii) a recovery time of 50 min under dry air flow until restoring the
initial value of resistance.

Analogous sensing cycles were performed for VOCs exposures during which an
Owlstone OHG-4 humidity generator (Boston, MA, USA) was used to produce a stable
concentration of 50% RH.

As important indicator of device performance, the sensor responses SR% were calcu-
lated with the following formula

Ry — R
SR(%) = (W) % 100 1)
ry

where R,y is the electrical resistance measured in dry air and Rwet is the electrical resistance
measured upon exposure to wet air. At least three exposure cycles were performed for each
considered value of %RH, and the average values of the related SR(%) were calculated. The
relative standard deviation for each group of measurements was less than 10%.
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The sensor sensitivity S, defined as the sensor response per unit increase in %RH, was
calculated by applying the equation [28]:

_ Reper1 — Ryet2
5= (%RH2 — %RHl) @)

where Ryer2 and Rye1 are the electrical resistance values at relative humidity %RH, and
%RHj, respectively.
Moreover, the hysteresis H was evaluated by using the following expression [29,30]:

= (%)

where Rp is the electrical resistance measured during the desorption process and Ry is the
electrical resistance measured at same value of %RH during the adsorption process.

Response and recovery time were determined considering the required time to reach
90% of the maximum response in wet air and the 10% in dry air, respectively.

3. Results and Discussion
3.1. Material Characterization

The effects of the basic cleavage performed in a water solution of KOH clearly emerged
in FTIR spectra reported in Figure 2a,b for pristine GO and rGO respectively. The signal
at 1700 cm ™!, due to ~C=0 stretching vibration, decreased in intensity following basic
treatment, compared to the peak at 1580 cm !, ascribed to aromatic stretching vibration of
C=C bonds. As expected for a reducing process, new sp? carbon atoms were introduced
extending the graphene moieties and in consequence the signal at 1580 cm ! became more
prominent. However, the adopted mild alkaline treatment allowed to preserve many of
oxygenated functionalities as demonstrated by FTIR signals at 1373, 1220 and 1054 cm ™!
that arise from —-C-OH stretching, C-O-C stretching and C-O stretching, respectively. The
large band at 3385 cm ™! was due either to O-H stretching of hydroxyl groups covalently
bonded to GO sheets or adsorbed water.
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Figure 2. FTIR spectra of GO (a) and rGO (b) obtained in alkali solution. Raman spectra of GO (c)
and rGO (d) obtained in alkali solution.

In GO Raman spectra, two prominent signals are typically observed, the G band,
ubiquitously present in all compounds with honeycomb graphitic structure (sp?> bonded
carbon), and the D band, observable when order and symmetry is broken by defects and
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oxygenated functional groups (breathing mode of sp? carbon). No noticeable changes
emerged in GO and rGO Raman spectra, reported in Figure 2¢,d. A slight red shift was
observed in G band frequency of rGO (from 1604 to 1600 cm~') due to the decrease of
isolated double bonds that resonate at higher frequencies [31]. The intensities ratio of the D
and G bands (Ip/Ig) can be related to the extent of defects on the graphene-based materials.
An unchanged Ip /I value in rGO Raman spectra respect to pristine GO indicated the
similar extent of defects, that were not significantly affected by the chosen mild alkaline
treatment. It is worth noting that a reduction process does not necessarily decrease the
extent of defects but, on the contrary, can increase it [32].

As is evident in the UV-Vis absorption spectra reported in Figure 3a, higher ab-
sorption values at around 265 nm were recorded for the rGO water solution. Consistent
with the literature, the 7-7* transition of C=C shifts to higher wavelengths in rGO solutions
compared to those of GO, due to the removal of some functional groups on the basal plane
and restoration of the con-jugated structure [33].
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\ £ PR .’ “\
08 {1 S 65000 K et N
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02 \\ ~— & 15000 -
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0 == ——
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(a) Wavelength (nm) (b) Wavelength (nm)

Figure 3. UV-Vis absorption spectra (a) and PL spectra (b) of GO and rGO in water solutions.

The photoluminescence emission spectra of GO and rGO with an excitation wave-
length Aexc of 250 nm were reported in Figure 3b. On GO sheets the oxygenated functional
groups are not homogeneously distributed because the aggregation of epoxide and hy-
droxyl groups in specific strips is energetically favorable as emerged with first-principles
calculations [34]. In consequence, the broad emission spectra of pristine GO, centered at
430 nm, can be ascribed to recombination of electron-hole pairs in localized defective states
of sp? carbon clusters embedded in a matrix of sp3-hybridized carbon atoms. The localized
defective states originate from the large fraction of distorted carbon atoms attached to
oxygenated functional groups [35]. A significant quenching of photoluminescence was
observed in rGO spectra shown in Figure 3b, due to the decrease of localized defective
states because of deoxygenation by reduction. Furthermore, the reduction process usu-
ally induces formation of numerous new small sp? clusters able to furnish non radiative
pathways for carriers’ transport by hopping [36].

XRD pattern for rGO slurry was shown in Figure 4.

This sample was obtained from rGO powder after sonication in an ultrasonic bath for
30 minutes. This sonication time is approximately sufficient to dissolve the rGO sheet in
water, leading to the loss of the primarily regular arrangement of the atoms in rGO. The
increase in atomic disorder is well illustrated in Figure 4, where only two weak reflections
(001) and (110) are barely detectable. The (001) reflection (around 12° (2Theta)) indicates
that a residual order among stacked parallel sheets, reduced with respect to the GO bulk,
persists after sonication; hence, the GO flakes have not been dissolved completely in the
solution. The other reflection (110) is even weaker than (001), and it reflects a very slight
rearrangement of the at-oms along the sheet plane.
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2Theta(°)

Figure 4. XRD pattern of the rGO sample.

3.2. Sensing Properties and Mechanism Discussion

The sensing properties of rGO were evaluated considering several parameters such as
sensor responses, sensitivity, response time and recovery time, hysteresis and repeatability.
Typical signals of fabricated rGO-based sensor were reported in Figure 5 for exposure
to wet air in the range of 7-80% RH. All measurements cycles were performed at room
temperature upon dry air, and an electrical resistance of about 1.4 G() was recorded.

35 1 80.0% RH 80.0% RH 75.0% RH 75.0% RH 70.0% RH

Na [ 8

2 -

1,5 A

1 4
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o
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Figure 5. Sensor signals upon exposure to several decreasing %RH values at room temperature.
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It is worth noting that pristine not reduced GO showed electrical resistance values in
dry air higher than 2.0 G(Q), corresponding to the instrumental limit of our used multimeter.
The electrically-insulating character of pristine GO prevents its employment in sensor
devices. The proposed treatment in 10% alkaline solution by weight, performed for 15 min
at room temperature, resulted sufficient to improve conductivity. Higher concentrations,
longer process times and higher temperatures were avoided to preserve a large number of
oxygenated functionalities, which are the major adsorption sites for water molecules.

Under exposure to 80% RH the electrical resistance decreased from about
1.4 GQ) to 2.5 MQ) attesting the extraordinary sensitivity of rGO towards humidity. A
slight decline of pristine resistance after each exposure cycle was observed, indicating
an incomplete removal of water molecules from the sensing layer. The sensor response
(SR%), calculated by using expression (1), grew from 29.2% to 99.9% increasing RH from
6.0% to 80.0%.

As shown in Figure 6a, the SR% variation versus humidity can be fitted to a loga-
rithmic correlation function. At values of RH higher than 70%, sensor saturation was
observed and sensitivity did not further change, as highlighted in the inset curve in
Figure 6a showing an enlarged scale. Higher values of sensitivity S were recorded at low
humidity levels and the maximum sensitivity was reached at 17% RH (Figure 6b). In the
range of 20-60% RH, a linear increase in sensitivity was found, as shown in the in-set curve
of Figure 6b.

100 A
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Sensorresponse SR(%)
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50 55 60 6 70 75 80 85
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0 T T T T
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Figure 6. Sensor responses SR% (a) and sensor sensitivity S (b) versus increasing %RH.
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The maximum variation of electrical resistance was observed within the range of
0—40% RH, as highlighted in the diagram in Figure 7, obtained upon exposure to several
decreasing and increasing humidity values with stepwise progression. A drastic increase by
two orders of magnitude in electrical resistance from about 13.0 MOhm to 1300.0 MOhm
was detected by decreasing humidity from 40.3% RH to dry air (Figure 7b). In con-
trast, Figure 7a demonstrates the changes in electrical resistance in the smallest range
of 2.5-13.0 MOhm upon decreasing humidity from 80.9% RH to 50.0% RH. During the
absorption process, as shown in Figure 7c,d, the maximum decrease in electrical resistance
was similarly observed in the range of 0-37.5% RH.

12 1 |RH80.9% 795%  74.3% 67.2%  59.0%  50,0% 1400 RH 50.0% 40.3% 30.2%19.9% 9.7% 0%
10 4 1200
1000
. 8 —_
E E &0
S 64 o
z Z 600
= e /‘ = 400
L L—
21 200
1
0 0
0 10 20 30 40 50 60 0 20 40 60 80 100 120
. Time (min . Time (min
(a) Desorption process (min) (b) Desorption process (min)
1400 RH 8.5% 17.9% 27.6% 37.5% 46.9% 55.8% 50
RH46.9%  55.8% 64.2%  71.6%  77.8% 80.9%)
1200 41
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1000 35 4
E 500 E %01
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=< P 20 4
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200 ‘ s k
0 0
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Figure 7. Stepwise diagram of sensor resistance versus time upon exposure to several decreasing
%RH values within the range 80.9-50.0% (a) and 50.0-0% (b) and upon exposure to several increasing
%RH values within the range 0-46.9% (c) and 46.9-80.9% (d).

At low humidity exposure, the sensor performances mainly relied on the surface adhe-
sion since the water molecules primarily interacted with oxygenated groups on rGO layers
through the formation of two hydrogen bonds [11]. Thanks to the high hydrophilicity, a first
layer of physiosorbed water molecules with low mobility rapidly assembled on rGO surface
during adsorption process (Figure 7c). Initially, very high values of electrical resistance
were recorded being difficult the hopping transfer of proton between adjacent hydroxyl
groups. However, a drastic increase of electrical conductivity rapidly occurred mainly
due to the enhancement of ion conduction. With increasing of %RH, the water molecules
can interact either with rGO surface or with other adsorbed water molecules arranging
in multiple layers in which they preserved great mobility as in liquid state. Cerveny et al.
demonstrated that the freer water-water interactions were predominant respect to the
bonded water state when the hydration level overcame the 15% in weight [37]. Therefore,
the conductivity generated by Grotthuss chain reaction (H,O + H30* <= H30" + H;0) be-
came soon prominent respect to low conductivity of rGO sheets, inducing an outstanding
resistance decrease of two orders of magnitude in sensor device. Protons involved in
conduction probably arose from hydrolysis of the functional groups present on rGO as
suggested by Gao et al. [38]. Recent theoretical studies also demonstrated that the reactive
events at rGO interface with water molecules can lead to hydronium formation and to
negatively charge the rGO sheets [4,39]. At values of relative humidity higher than 70%, the
sensitivity did not further change. In this regime, the water molecules can deeply penetrate
inside the inherent layered structure of rGO making sensing performance more complex.
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The rGO film should be swollen and the increasing of interlayer distance could negatively
affect the resistance values.

The described sensing mechanism remarkably distinguishes the rGO-based humidity
sensors from other carbon-based devices, such as graphene-based or carbon nanotube-
based humidity sensors, in which electrostatic interactions and charge transfers are mainly
involved [40,41].

Additional relevant indicators of device performances, such as the response time and
recovery time, were reported in Figure 8a for exposure at 61.0% RH. While the response time
became exceptionally fast and required few seconds, the recovery time was, on the contrary,
excessively slow, requiring some minutes. These clearly indicate a rapid adsorption process
and a delayed desorption process. During desorption the water molecules need to escape
the attraction either of the rGO oxygenated functionalities or the other surrounding water
molecules in order to detach from the rGO surface.

1400 - 1 1 1 —-A-Adsorption -e-Desorption
| | |
1200 4 1, | 1\//‘——/*‘"“" 1400
| |
1000 - : | | 12001
’g 800 | | : i 1000 4\
g I I E 400 ]
S 6004 _qp 1 1, _ - o
o res sec R 1 R tec=5min = 500 4
400 4 i) I~ i o«
I 1 1 400 4
| |
. " ; | 61.0% RH 2001
T " " i j ' . 0 e Sk A A A ——
170 175 180 185 190 195 200 205 o 0 20 o 40 50 6 70 80 90
(a) Time (min) (b) Relative humidity (%)

Figure 8. Response and recovery time evaluated for exposure at 61.0% RH (a) and hysteresis curve (b).

Due to the large difference between adsorption and desorption rate, significant hys-
teresis effects were observed mainly for low humidity values (Figure 8b).

As previously described, two types of hydrogen bond are involved in sensing mecha-
nism: bonds formed between water molecules and oxygenated functional groups on rGO
surface and bonds between water molecules and other water molecules. Below 20% RH,
the water molecules are mainly involved in hydrogen bond with rGO surface and during
the desorption process (humidity decrement), the detachment of these molecules requires
more energy than absorption, causing visible hysteresis. At higher level of %RH, the
hysteresis effects become less visible, because the absorption and desorption processes of
water molecules bonded to other water molecules require similar energy. The adsorption
and desorption curves in Figure 8b were fitted with exponential functions and the maxi-
mum hysteresis of the sensor, calculated according to Equation (3), resulted as 8.8%. This
high hysteresis value can be also explained by considering the deep diffusion of water
molecules among rGO layers (with a residual stacking order having interlayer distance ap-
proximately about 0.7 nm as the XRD pattern showed) which cannot be totally removed, as
also highlighted considering the slight reduction of pristine electrical resistance in Figure 5.

Table 1 represents a comparison of sensing characteristics of previously reported
works focused on electrical sensors in which measurements of resistance or impedance
were performed. In few cases not reduced GO was used, due to its very low electrical
conductivity. Although the gas test conditions can remarkably vary from publication
to publication, a significant hysteresis was often measured being the main drawback in
rGO-based electrical sensors.
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Table 1. Humidity sensor performance of this work compared with the literature.

GO Reduction

Measured Sensor Response or Response/Recovery

Sensing Range Hysteresis Ref.

Method Property Sensitivity Time
. (Rdry - RWet)/ :
tﬁ;‘tﬁ‘; Resistance Rgry X 100 10/300 s 10-80% RH 8.8% vl;};ii
99.7% (80% RH)
: (Rao%rH — R)/Ryg%ru % 100 ~ 0 ~
Not Reduced Resistance 96.3% (80% RH) Not given 40-80% RH Not given  [13]
UV lamp . Rary/Rwet o ;
irradiation Resistance 15.0 (90% RH) 2.3/0.6 s 26-90% RH Not given  [42]
T":I‘l’t:’refzfe‘;j:er Impedance Not give 3/10's 11-95% RH 6.0% [43]
Not reduced Impedance (Zwenn — Zw§t32)3/0/(RH2 — Rfh) 50/79 s 11-95% RH Not given  [44]
NaBH, Impedance 10%%/0 izI;H 28/48 s 30-90% RH 2.5% [45]

In present work, the particularly relevant hysteretic behavior can be explained con-
sidering that, in consequence of the alkaline treatment, a large fraction of ionized groups
including -COO™ and -C-O~ was probably produced together with chemical reduction.
These charged species could favor water molecules physisorption through electrostatic
interactions and hinder and slow down water molecules desorbing. Consistently, Park et al.
found increasing hysteresis values in GO films deposited from solutions with a respective
increase of pH [46].

The sensor reliability was tested for six successive cycles at 6% RH and 60% RH as
shown in Figure 9.

——6%RH ——60% RH
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Figure 9. Six repeated cycles of sensor device exposed to 6% RH and 60% RH at room temperature.

The responses were very reproducible in time although also in this case the final
resistance values were slightly lower than starting values. A baseline drift of 14% was
observed in a total time of 6 h. During the desorption process, some water molecules can
often remain on rGO surface or entrapped among rGO layers by chemical or physical
adsorption, causing the partial recovery of initial state.

Repeated cycling test, performed in a period of six months attested a good term
stability of rGO active layer, with a limited further decrease of the baseline resistances.
In future, understanding the chemistry of rGO exposed to external stimuli such as light,
humidity, or temperature will be crucial to tune rGO sensing properties such as long-term
stability and repeatability.



Chemosensors 2024, 12, 245

12 0f 15

3.3. Sensitivity Toward Volatile Organic Compounds

The gas sensing studies were completed considering the exposure effects to several
common volatile organic compounds (VOCs) having different polarity such as ethanol, iso-
propanol, acetone, ethyl acetate, ethyl ether and petroleum ether. Typical signals recorded
at 50% RH were reported in Figure 10.
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Figure 10. Sensor signals upon exposure to several concentrations of ethanol, isopropanol, ethyl
acetate, ethyl ether and petroleum ether at 50% RH and room temperature.

Contrary to what was observed for water, exposure to VOCs induced an increase
in electrical resistance. In this case, the organic vapors can partially replace the water
molecules on the sensor surface, hindering the Grotthuss chain reaction. The average
sensor responses (SR%), calculated at a VOC concentration of 120 ppm, were 11.3%, 10.3%,
3.8%, 3.7%, 3.4%, and 1.5% for ethanol, isopropanol, acetone, ethyl acetate, ethyl ether,
and petroleum ether, respectively. As expected, the sensor responses decreased upon
exposure to less polar molecules, and the alcoholic compounds can be considered the main
interfering agents for the proposed humidity sensor.

4. Conclusions

In summary, using a rGO thin film as sensing material, we fabricated a chemiresistive
flexible sensor useful to detect moisture in the wide range 10-80% RH. The rGO was
produced in alkaline solution in relatively mild condition with the aim to improve electrical
conductivity and, at the same time, to preserve most of the oxygenated functional groups on
surface. Being rich in oxygenated moieties, such as hydroxyl and epoxy groups, the rGO can
easily capture water molecules from the external environment. When water concentration
is sufficiently high, the conductivity generated by the Grotthuss chain reaction induced a
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rapid and drastic resistance decrease in rGO thin film. Remarkable sensor performances in
terms of sensitivity and response time were measured.

The simple design, the excellent sensitivity at room temperature, the responses’ re-
peatability, the wide RH range detected, and the fast response time are the main ad-vantages
of the proposed humidity sensor. In addition, the flexibility, the easy fabrication process,
the high elasticity, and the robustness make the device suitable for applications in many
emerging areas, including wearable devices, structural health monitoring, portable con-
sumer electronics, and robotic smart skin. The main drawbacks of the study are related to
hysteretic behavior and an excessively long recovery time. In addition, after the recovery
run, the resistance values were lower than the starting resistance, indicating an incomplete
removal of water molecules from the sensing layer. Controlling the structure, chemical
stability, and sensing properties of the rGO by choosing suitable procedures for synthe-
sis, purification, and chemical reduction will be crucial to improving the performance of
rGO-based sensor devices.
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