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Abstract: This study explores the development of an Electronic Nose (E-nose) sensor for fish
freshness based on a composite of polyvinyl alcohol (PVA), polyethylene glycol (PEG), and reduced
graphene oxide (rGO). The sensor leverages the unique properties of the PVA-PEG polymer matrix,
such as its flexibility and moisture responsiveness, in combination with the electrical conductivity of
rGO. The PVA-PEG/rGO composite was synthesized through a low-temperature embedding process
to ensure the preservation of sensitive biomolecules and prevent thermal degradation. This sensor
demonstrates high sensitivity to volatile amines released during fish spoilage, providing real-time
food monitoring to maintain freshness. Electrical resistance changes in the rGO network, influenced
by the polymer's interaction with spoilage gases, were correlated with fish freshness levels. The low-
cost, easy fabrication and environmentally friendly nature of the PVA-PEG/rGO E-nose sensor make
it a promising candidate for use in packaging or direct contact with fish products in the food industry.
This study highlights the potential for extending shelf life and reducing food waste through rapid
spoilage detection.

Keywords: low-temperature; polyvinyl alcohol-polyethylene glycol; reduced graphene oxide; gas
sensor; electronic nose; fish freshness indicator

1. Introduction

Consuming rotten food leads to numerous fatalities worldwide. Foodborne illnesses result from
the introduction of diverse microbial pathogens into the human gastrointestinal tract through
numerous means [1]. Often, these infections lead to the hospitalization of patients due to the
seriousness of the infection. Out of all protein-rich foods that are prone to spoiling, fish and fishery
products are particularly perishable [2]. Particular species of fish and fisheries products are cultivated
in specific geographic regions and thereafter distributed globally. This is a prime possibility for fish
to spoil due to cross-contamination, inadequate storage, and fluctuations in temperature [3]. Most
consumers find it challenging to detect rotten fish by observing its color, texture, or odor.
Conventional methods such as gas/liquid chromatography, chemical methods, enzyme testing, and
optical spectroscopy provide precise measurements of spoilage. However, these approaches involve
substantial usage expenses, demand lengthy analysis periods, and require the expertise of
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experienced personnel [4]. An inexpensive, dependable, fast, and non-destructive technique for
identifying fish spoilage is highly sought after, however, remains a difficult task.

Several studies over the last few years have established a relation between fish spoilage and the
release of total basic volatile nitrogen (TVB-N) in gaseous form [4-7]. TVB-N is produced through the
breakdown of amino acids by enzymes from both the fish itself and microorganisms present in
decaying fish and fishery products. TVB-N mostly comprises ammonia, dimethylamine (DMA), and
trimethylamine (TMA) generated from deceased fish. Authorities worldwide have authorized a
maximum amount of 20 mg of TVB-N per 100 g of fish product, equivalent to 200 ppm of TVB-N [5].
The safe TVB-N levels range from 150 ppm to 300 ppm, depending on the situation. Several recent
studies have found a connection between the decay of fish and the release of total basic volatile
nitrogen (TVB-N) in its gaseous state. Detecting levels of TVB-N in its gaseous state is significantly
less complex than detecting multiple biogenic amines using chemical methods. In previous
investigations, chemo resistive gas sensors have been successfully utilized to detect the presence of
ammonia, DMA, and TMA. Chemoresistive gas sensors are electrical sensors that exhibit a change in
resistance when exposed to a particular gas. These sensors are inexpensive, fast, and capable of
wirelessly transmitting data for distant sensing [5].

Graphene is a two-dimensional sheet of Carbon having sp? hybridization. It is called a miracle
material as it can be stacked to form 3D graphite, rolled to form 1D nanotubes, and wrapped to form
0D fullerenes [8]. Its extended range m-conjugation has resulted in remarkable thermal, mechanical,
and electrical properties. These characteristics make it a compelling option for sensor applications
[9]. The electronic structure of graphene allows it to participate in chemical reactions as an electron
donor (reducing agent) and also as an electron acceptor (oxidizer) [8]. rGO is the graphene-like
material obtained via less complicated synthesis methods. Research has shown electrical properties
of rGO are similar to graphene and can be modified to a great extent by using the polymer embedding
method [10-12]. Polymers like polypyrrole, PEDOT: PSS, polythiophene, polyvinyl alcohol (PVA),
and polyethylene glycol (PEG) represent the class of gas-sensing materials that can operate at room
temperature. The good mechanical properties of these polymers allow easy fabrication of sensors
[13]. PVA is a polymer material with good absorption ability towards organic gases because of its
fibrous and porous structure. Large specific area of PVA provides an absorption site for gases to
interact with the material [14].

Rafaela Andre's review emphasized the significance of investigating chemoresistive gas sensors
for the identification of volatile amines generated during the decomposition of fish and fishery
products [3]. The review conducted by Leonardo Franceschelli et. al. focuses on sensing technologies
used to detect fish rotting, providing an overview of the existing approaches employed in this field
[1]. Their emphasis lies on the cost-effective and efficient detection achieved by an electronic nose
composed of chemoresistive gas sensors, in contrast to more advanced methods such as NMR,
fluorescence, IR, and Raman spectroscopies. Giulia Zambotti and their team worked on the realistic
analysis of fish degradation detected using a single chemoresistive metal oxide gas sensor [2]. They
backed their results by analyzing microbial degradation of the real fish sample under similar
atmospheric conditions. This study highlights the practical applications of chemo-resistive gas
sensors as a fish freshness indicator. Liang-Yu Chang and team worked on the rapid amine gas sensor
using a poly(3-hexylthiophene) sensing element for amine detection. They detected a sensitivity of
50% for ammonia, 35% for DMA, and 15% for TMA at 1 ppm. Zhong Ma et. al. developed a printable
and wireless chemo-resistive polymer gas sensor for the detection of food spoilage. They reported a
sensitivity of ~225% for 5 ppm of ammonia at room temperature. Ammonia sensing using rGO has
been explored by Tan Nhiem Ly et. al. [15], Ghasem Habibi Jetani et. al. [16] Ravindra Jha et. al. [17],
etc. The material has shown good sensitivity and selectivity for ammonia sensing at room
temperature. The application of rGO-polymer for TVB-N sensing is based on the groundwork laid
by previous studies.

In our previously published study, we have explored the possibility of using PEG-embedded
rGO materials for sensing various types of gases [18]. We have obtained promising results after using


https://doi.org/10.20944/preprints202504.1743.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 April 2025 d0i:10.20944/preprints202504.1743.v1

3 of 13

optimized polymer-rGO composite materials for sensing volatile organic compounds (VOCs). The
current investigation involved the creation of electronic nose (E-nose) sensors utilizing reduced
graphene oxide (rGO), polyethylene glycol (PEG), and polyvinyl alcohol (PVA). Characterization of
fabricated E-nose involves the assessment of their structural, chemical, and morphological properties.
Subsequently, these sensors were evaluated for their gas sensing capabilities towards TVB-N,
ammonia, DMA, and TMA at ambient temperature. An analysis was conducted on many sensor
characteristics, including sensitivity, selectivity, long-term stability, and temperature stability, of
improving the sensors. The calibration curve was established to better understand the relationship
between the concentration of the analyte gas and the sensitivity of the sensor.

2. Materials and Methods

2.1. Materials

For the synthesis of PVA-PEG embedded rGO powders, polyethylene glycol (mol wt. 8000),
polyvinyl alcohol (mol wt. 85000), graphite (particle size ~ 40 pm), concentrated sulfuric acid (H250s,
98%), potassium permanganate (KMnOs), sodium nitrate (NaNOs), sodium borohydride (NaBHa4),
and hydrogen peroxide (H202, 30 wt.%) were used. All these were obtained from S.D. Fine Chemical
Limited, India. All the chemicals were AR-grade and were used without any further purification.
Deionized (DI) water was purified using the Elga Lab. water system was used to ensure the high
purity of synthesized powders.

2.2. Synthesis of Polymer-rGO Nanocomposite

Modified Hummer’s method was used to synthesize rGO powder [19,20]. To prepare primary
PVA-PEG-rGO samples, rGO was dispersed in DI water, and 1 wt.%, of PVA (50%) and PEG (50%)
was added to the solution. This mixture was ultrasonicated at room temperature for 30 min. A filtered
mixture of PVA, PEG, and rGO was printed on a glass substrate using the ultrasonic spray deposition
method. Films were air-dried under an IR lamp for 1 hr [21,22]. This sample was named 1% PP-rGO.
A similar method was used to prepare other samples with 2%, 3%, 4%, and 5% PVA-PEG wt.%
concentration in rGO. These samples were named 2% PP-rGO, 3% PP-rGO, 4% PP-rGO and 5% PP-
rGO respectively. Table S1 provides complete information about the composition of all samples
synthesized for testing gas sensing responses.

2.3. Material Characterization

Morphological analysis of rGO and various polymer-rGO composite samples was carried out
using a JEOL (JSM-IT 300 LV) scanning electron microscope (SEM) to study the effect of polymer
embedding on the morphology of the rGO samples. Samples were studied at various magnifications
between 1000X and 100,000X of the surface. Structural analysis was carried out using an XPERT-
PROMPD X-ray diffractometer (CuKa radiation, A = 1.5405 A). The analysis of functional groups
present in rGO and polymer-rGO composites was studied using Perkin Elmer UATR spectrum 2.
Transmittance was recorded for the range of 400 cm™ to 4000 cm.

2.4. Gas sensing Studies

A four-probe-based gas sensing system apparatus was used for gas sensing studies. Keithley-
2400 source meter was employed for resistivity measurements. Figure S1 shows the gas sensing set-
up used for this study. In the present study, five PEG-rGO samples, 1% PP-rGO, 2% PP-rGO, 3% PP-
rGO, 4% PP-rGO, and 5% PP-rGO were studied for their gas sensing responses for TVB-N, ammonia,
DMA and TMA gases. We then selected the optimized sample based on the gas sensing results. PVA-
PEG-rGO composite sample’s gas sensing response for TVB-N, ammonia, DMA, and TMA were
recorded using the same method. The composition of each of these samples is given in the Table S1.
TVB-N was produced by mixing equal amounts of ammonia, DMA, and TMA in a gas mixer
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connected to gas sensing system. The gas mixer is the simple container having multiple inlets and
one outlet. The calculations of individual concentrations were done primary before mixing these
gases together. Sensing studies were done by measuring the resistivity of each PP-rGO sample in air
and in the presence of gas. Gas sensing studies were carried out at ambient temperature to enhance
sensor applications in any environment [9]. Regarding sensor studies, sensitivity, selectivity,
response time, recovery time, and repeatability were studied for each sample [23]. Sensitivity is
defined as the relative variation of the resistance of the sensor film in the presence of applied gas
concentration. The selectivity of a sensor is the ability to differentiate between different gases during
the sensing process. Mathematically, they can be calculated as,

Sensitivity = 'R;‘R‘Tg' x 100 1)
Selectivity = -£* x 100 2)

where Sg1 and Sg2 are sensitivities for gas 1 and gas 2. Ra and R are the resistances of the film in the
presence of air and gas ‘g’ respectively. Response time is calculated as the time taken by the sensor
to reach 90 % of its saturation resistance after the gas is inserted in the chamber.

Similarly, recovery time is when the sensor reaches 90 % of its original resistance after the gas is
removed from the chamber towards the end of the cycle. The sensor's repeatability is its ability to
reproduce similar results over several sensing cycles. Repeatability is studied by recording the
number of cycles with the same sensor for the same concentration of analyte gas. Figure 1 represents
the research scheme from deposition to obtaining gas sensing results using PP-rGO samples.

Ultrasonic spray Resistivity Gas sensing Gas sensing
deposition of e measurement e studies e results
1% to 5% PP-rGO of PP-rGO samples of PP-rGO samples of PP-rGO samples
* - PP-rGO material (D - Current measurement @ - Voltage measurement @ - Analyte gas molecules

Figure 1. Scheme of developing PP-rGO gas sensor from deposition to results.
3. Results and Discussion

3.1. Scanning Electron Microscopy Studies of rGO and PP-rGO Samples

Morphological images of PP-tGO samples are shown in Figure 2. In Figure 2a, rGO powder
shows the signature flake-like structure. Layers of rGO are stacked on each other and combined to
form granules of rGO. Figure 2b—f show the images of 1% to 5 % rGO samples.

The significant morphological feature of these samples is the threads of PVA-PEG connecting
different granules of rGO. They have been highlighted with yellow rectangles in the images. These
thread-like structures passing through rGO granules can have significant effect on the conduction
mechanism of the composite sample. Polymeric structures are known to expand after absorbing the
analyte gas during gas-sensing activity. This expansion comes in the form of polymer swelling. This
affects the overall conductivity of the sample sensor. As we go from 1% PP-rGO to 5% PP-rGO, the
number of connecting polymer lines increases as the amount of polymer content in the PP-rGO
composite increases. As discussed in Section 3.5.1, these increased polymer bridges result in
increased selectivity for TVB-N and amines. The effect of the specific morphology of PP-rGO samples
on gas-sensing activity has been discussed in Section 3.6.
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Figure 2. Scanning electron microscopy images of (a) rGO, (b) 1% PP-rGO, (c) 2% PP-rGO, (d) 3% PP-rGO, (e)
4% PP-rGO and (f) 5% PP-rGO.

3.2. FTIR Analysis of rGO and PP-rGO Samples

A study of the functional groups and chemical bonds was carried out using FTIR. Figure 3a
shows the FTIR spectra of pure rGO and all composite PP-rGO samples. There is a clear distinction
between rGO spectra and the PP-rGO spectrum. The FTIR spectra of PP-rGO samples are dominated
by the peaks belonging to chemical bonds in PVA and PEG. As the chemical composition indicates,
C-OH, C-H, C=0, and C-O are a few of the characteristic bonds expected in the PP-rGO spectra.
Stretching vibrations in the hydroxyl group are represented by the broad peak present around 3300
cm™. This belongs to the OH impurities present on rGO flake boundaries and in PVA-PEG. C-H
stretching vibrations can be identified by a peak at 2876 cm. 1086 cm! peak belongs to the C-O
asymmetric stretching vibrations present in the PP-rGO. A peak at 1472 cm™ indicates C=O stretching
vibrations. A sharp peak at 827 cm™ is indicative of bonding between PVA, PEG, and rGO. In the
FTIR spectra, the formation of rGO nanosheets is assumed by observing a peak at 1354 cm™. This
peak belongs to the skeleton vibrations of unoxidized graphite during the synthesis of rGO. Carbon
bonding around oxygen as C-O-C is observed via peak present at 957 cm. These several peaks
observed in the FTIR spectra indicate the successful formation of the PVA-PEG-rGO composite.

—— PurerGO 3% PP-rGO
T(a} (b) 1 % PP-rGO ——4% PP-rGO
—\_’nf———% 2% PP-rGO — 5% PP-rGO
- —wv'___rwvmv
S -~
= =
g —\_,hf_”’—mvaY—w H)
= \_JV———"'W'VVY—’ >
=
g7 | IR
£ e —ruerco  §3 |11 gf 5
2 8 8 5%PPrGO T8 g 4g =
= o - 8 —
= 4% PP-rGO =
- 3% PP-rGO
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T ¥ T T T T T T X T T T > T 5 T
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Figure 3. (a) FTIR spectra of rGO and all PP-rGO samples (b) XRD patterns of rGO all PP-rGO samples.

3.3. XRD Analysis of rGO and PP-rGO Samples
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The method of X-ray diffraction was used to study the crystal structure and composition of the
synthesized samples. Figure 3b shows the XRD pattern of rGO and all PP-rGO samples. The broad
peak around 25.0 in the rGO diffraction pattern belongs to the sample's completely reduced graphene
oxide functional groups. This peak also indicates the interlayer distance of 0.339 nm. The synthesized
material has a different lattice structure than graphite and graphene oxide. It possibly contains only
a few layers of rGO. The XRD pattern of PP-rGO samples shows the same peak present in all the
plots. This peak is slightly shifted to 27.0 in the XRD pattern of composite samples. The pattern also
shows two distinct peaks at 19.5 and 23.7 These peaks belong to PVA and PEG, respectively. The
incorporation of all the peaks in the XRD pattern of the PP-rGO composite sample shows the
successful formation of the PVA-PEG-rGO composite. In the XRD pattern of PP-rGO, as we go from
1% PP-rGO to 5% PP-rGO, the intensity of the peaks at 19.5 and 23.7 is somewhat similar to each
other.

3.4. Gas Sensing Properties of PP-rGO Samples

3.4.1. Sensitivity and Selectivity of PP-rGO Sensors

Chemoresistive gas sensors exhibit a change in resistance upon exposure to a particular gas. The
magnitude of this alteration in gas concentration determines the sensitivity of the gas sensor to a
given gas [24]. The gas-sensing responses of the rGO and PP-rGO composite films were recorded at
room temperature for TVB-N, ammonia, DMA, and TMA. rGO films show a sensitivity of 96, 119, 97,
and 68 for TVB-N, ammonia, DMA, and TMA, respectively (Figure 4a). The sensitivity of the rGO
film decreases with the increasing molecular weight of the analyte gas. This indicates the gas
adsorption and molecule trapping activity of rGO is dependent on the molecular weight of the
analyte gas molecules. Figure 4a shows the gas sensing results of PP-rGO samples 1% PP-rGO, 2%
PP-rGO, 3% PP-rGO, 4% PP-rGO, and 5% PP-rGO for 100 ppm of each TVB-N, ammonia, DMA, and
TMA at room temperature. As seen in the plot, 1% PEG-rGO shows the highest sensitivity for all the
VOCs under study. The sensitivity value of 1% PEG-rGO is somewhat similar for TVB-N, ammonia,
DMA, and TMA. This particular phenomenon translates into trustworthy detection of TVB-N
compared to sensors that show different sensitivity values for ammonia, DMA, and TMA. As we
increase the polymer amount in the PP-rGO sensor from 1% to 5%, the sensitivity is seen to be
gradually decreasing with an increasing PVA-PEG amount. The possible reasons for this
phenomenon are discussed in Section 3.6. Table 1 shows the sensitivity values of all the samples for
TVB-N, ammonia, DMA, and TMA

Table 1. Sensitivity values of rGO and all polymer-embedded rGO sensors for TVB-N, ammonia, DMA, and
TMA.

Sample TVB-N Ammonia DMA TMA

rGO 96+ 8 119 +11 97 £12 68+5
1% PP-rGO 321+15 336+12 324+10 302+12
2% PP-rGO 282 +12 325+13 298 + 8 238 +15
3% PP-rGO 249+17 299+13 250+ 14 190 + 14
4% PP-rGO 196 £ 16 279+ 14 216+ 10 129 +12
5% PP-rGO 189 + 18 268 +15 184 + 14 92+10

Selectivity is the measure of how effectively a particular gas sensor can differentiate between
two analyte gases in terms of detected sensitivity. Selectivity is calculated as the ratio of sensitivities
in the presence of two gases [25]. Figure 4b shows the selectivity for TVB-N sensing against ammonia,
DMA, and TMA for all the PP-rGO samples. For 1% PP-rGO, the selectivity of TVB-N sensing is ~1
against ammonia, DMA, and TMA. This indicates the 1% PP-rGO sensor does not differentiate
between the TVB-N, ammonia, DMA, and TMA. This is an important property for this sensor to be
used as a fish freshness indicator using TVB-N sensing. If the sensor shows high selectivity for one

d0i:10.20944/preprints202504.1743.v1
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of these amines over others, it cannot provide a real picture of the amine levels in the chamber. ~1
selectivity indicates almost equal sensitivity, and the sensor treats ammonia, DMA, and TMA
similarly. With this sensor, the sensitivity levels of TVB-N would reflect the true average of the
amines in the chamber. As we go from 1% PP-rGO to 5% PP-rGO the selectivity values move away
from 1. For 5% PP-rGO, the TVB-N sensing shows a sensitivity of 0.7 for ammonia, 1.0 for DMA, and
2.0 for TMA. This indicates the 5% PP-rGO sensor can very well differentiate between ammonia,
DMA, and TMA. This particular sensor could be used in applications where it is important to detect
individual amines instead of average TVB-N levels.

3.4.2. Discrimination Test and Calibration Curve for 1% PP-rGO Sensor

To conduct the discrimination test, the analyte gas was prepared by mixing 100 ppm of TVB-N
with 100 ppm of other VOCs individually. This mixture was used as an analyte gas for the 1% PP-
rGO sensor, and the resultant sensitivity was compared with the 100 ppm of TVB-N sensing using
the same 1%PP-rGO sensor. We combined TVB-N with benzene, toluene, xylene, acetone, methanol,
ethanol, and dichloromethane (DCM) individually and separately for this discrimination test. Figure
4c plots the test results. The sensitivity of 1% PP-rGO for 100 ppm of TVB-N is ~321. As we add 100
ppm of other analyte gas with TVB-N, the sensitivity of 1%PP-rGO always increases. For the TVB-N
+ acetone mixture, the maximum recorded sensitivity was 353. Though the sensitivity value increases
after adding other VOC along with TVB-N, the maximum change in sensitivity is ~9% while the
average change is ~8%. This is a relatively small change in the sensitivity value. We can say the 1%
PP-rGO sensor shows stable sensitivity for TVB-N even in the presence of other VOCs.

2.2
350 T 1—=— TVB-N/Ammonia ( )
: (a) 2.0 ——TVB-N/DMA b
300 1§~ TVB-NTMA
z 2 z 161
Z 200+ 2 144
g § 1.2-
2 1501 —=—TVBN A ]
1004 —e— Ammonia 1-0‘_
| —+—DMA 0.8
50_ ——TMA 0 6 4
T v T v T T T T T T e , '0 '0 '0 T
PO O O O PO O v,\;0‘0 A 0P P o
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Figure 4. (a) sensitivity of rGO and various PP-rGO sensors for TVB-N, ammonia, DMA and TMA, (b) selectivity
of 1%PP-rGO for TVB-N against amines, (c) discrimination test of 1% PP-rGO for TVB-N with common VOCs
and (d) calibration curve of 1% PP-rGO sensor for TVB-N, ammonia, DMA and TMA sensing.
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For any gas sensor, the calibration curve is used to correlate the sensitivity of the gas sensor to
the concentration of the particular gas and vice versa [26]. For the effective use of 1% PP-rGO sensor
as a fish spoilage detector, we studied the sensitivity change in 1%PP-rGO for TVB-N, ammonia,
DMA, and TMA from 20 ppm to 1000 ppm. The obtained results are plotted in Figure 4d. The
acceptable TVB-N levels for fresh fish are < 250 ppm. TVB-N levels above this would indicate a
spoiled fish product. For 20 ppm of TVB-N, the 1%PP-rGO sensor shows a sensitivity of ~65. As we
increase the TVB-N concentration, the sensitivity value increases. For 200 ppm of TVB-N, the sensor
shows a sensitivity of ~640, and for 1000 ppm, this sensitivity reaches ~3195. Figure 4d also shows the
calibration curves for ammonia, DMA, and TMA detection using a 1% PP-rGO sensor. The sensor
follows a pattern of linear increments in sensitivity with analyte gas concentration. Hence, linear
regression was applied to the sensitivity values obtained at various concentrations of analyte gases.
The coefficient of determination (R-squared) was found to be 0.99 for TVB-N, 0.99 for ammonia, 0.99
for DMA, and 0.99 for TMA. This implies a good linear fit of the calibration curve with the observed
sensitivity values for each analyte gas.

3.4.3. Response-Recovery Time, Temperature Stability, Long-Term Stability of the Sensor and Effect
of Humidity on Sensor

The response time of any gas sensor is defined as the time taken by the sensor to reach 90% of
its maximum sensitivity at a specific analyte gas concentration after the gas is introduced into the
chamber. Similarly, recovery time is the time taken by the sensor to reach 90% of its original resistance
after the air is reintroduced into the chamber [26]. The response and recovery time of the sensor
greatly determines the viability of the sensor for a specific sensing application. For the 1% PP-rGO
gas sensor, the response and recovery time were recorded for various gas concentrations from 20
ppm to 1000 ppm. The obtained results are plotted in Figure 5a. For 20 ppm of TVB-N, sensor 1%PP-
rGO shows a response time of 440 s and a recovery time of 70 s. As we increase the TVB-N
concentration in the chamber, the response time of the 1%PP-rGO sensor decreases while the recovery
time increases. For the maximum TVB-N concentration of 1000 ppm, the sensor records a response
time of 310 s and a recovery time of 30 s. The response and recovery time of the 1%PP-rGO sensor
follows the expected trend for a typical chemo resistive gas sensor. PP-rGO gas sensors operate
effectively at room temperature. Fish products are generally stored at a lower temperature. To use
the 1%PP-rGO sensor as a fish freshness indicator, it is necessary to study its stability at lower
temperatures. We systematically lowered the temperature of the 1%PP-rGO sensor from 30°C to -5°C
and studied its sensing response for TVB-N, ammonia, DMA, and TMA. The obtained results are
plotted in Figure 5b. As we reduce the sensor temperature from 30 °C, some fluctuations in the
sensitivity values are observed. These fluctuations are small and random. The sensitivity value is
neither increasing nor decreasing with the changing temperature. This indicates the gas sensing
response of 1% PP-rGO for TVB-N, ammonia, DMA, and TMA is independent of the surrounding
temperature. Hence, the 1% PP-rGO sensor can operate very well even at lower temperatures.

To use the TVB-N gas sensor for freshness indication in distant applications, the sensor must
maintain a consistent and reliable sensing ability for an extended duration. The long-term stability of
the 1% PP-rGO for TVB-N, ammonia, DMA, and TMA sensing was studied for 120 days from
fabrication. The obtained results are plotted in Figure 5c. Results show the sensing ability of the 1%
PP-rGO does not degrade considerably over 120 days. On day 0, the sensitivity for TVB-N was 321.
After 30 days, the sensitivity for TVB-N was reduced to 309. This is a 3.7% reduction in sensitivity
over 30 days. After 60 days, sensitivity for TVB-N was reduced to 299 (6.8% reduction). Finally, after
120 days, the 1% PP-rGO gas sensor showed a sensitivity of 285 for TVB-N sensing. This is an 11.2%
reduction in sensitivity for TVB-N over 3 months. Similarly, 1% PP-rGO sensor showed reductions
of 10.4%, 8.6%, and 9.8% for ammonia, DMA, and TMA, respectively. The sensor experiences a
gradual decline in its sensing capability of approximately 3-4% per month when exposed to ambient
air. The decrease in sensitivity may be attributed to the interaction of other ambient gases with the
1%PP-rGO gas sensor film, leading to persistent and irreversible alterations in the film's chemistry.
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To use the TVB-N gas sensor for freshness indication in distant applications, the sensor must
maintain a consistent and reliable sensing ability for an extended duration. The long-term stability of
the 1% PP-rGO for TVB-N, ammonia, DMA, and TMA sensing was
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Figure 5. (a) Response-recovery time of 1% PP-rGO sensor for TVB-N sensing at various concentrations (b)
Temperature stability of 1% PP-rGO sensor at lower temperatures and (c) long term stability of 1% PP-rGO gas
sensor. (d) Effect of Humidity on 1% PP-rGO gas sensor for different gases.

To use the TVB-N gas sensor for freshness indication in distant applications, the sensor must
maintain a consistent and reliable sensing ability for an extended duration. The long-term stability of
the 1% PP-rGO for TVB-N, ammonia, DMA, and TMA sensing was studied for 120 days from
fabrication. The obtained results are plotted in Figure 5c. Results show the sensing ability of the 1%
PP-rGO does not degrade considerably over 120 days. On day 0, the sensitivity for TVB-N was 321.
After 30 days, the sensitivity for TVB-N was reduced to 309. This is a 3.7% reduction in sensitivity
over 30 days. After 60 days, sensitivity for TVB-N was reduced to 299 (6.8% reduction). Finally, after
120 days, the 1% PP-rGO gas sensor showed a sensitivity of 285 for TVB-N sensing. This is an 11.2%
reduction in sensitivity for TVB-N over 3 months. Similarly, 1% PP-rGO sensor showed reductions
of 10.4%, 8.6%, and 9.8% for ammonia, DMA, and TMA, respectively. The sensor experiences a
gradual decline in its sensing capability of approximately 3-4% per month when exposed to ambient
air. The decrease in sensitivity may be attributed to the interaction of other ambient gases with the
1%PP-rGO gas sensor film, leading to persistent and irreversible alterations in the film's chemistry.

For a room temperature gas sensor, the effect of humidity could be important on the proper
functioning of the sensor. Extended exposure to high humidity could permanently affect the sensing
ability of the gas sensor. We have developed this PP-rGO sensor for seafood freshness monitoring in
the cold storage container. These containers generally have temperature and humidity control. Yet,
we have studied the effect of humidity on PP-rGO sensor to understand its operations in ambient
conditions. 1% PP-rGO sensor was used for this humidity study. Figure 5d shows the changes in
sensitivity with increasing relative humidity levels. The sensor shows minor changes in the
sensitivity up to 50% relative humidity levels. Above 50% relative humidity levels, the sensitivity of
the sensor starts decreasing. At 70% of relative humidity level, the sensitivity of the sensor is reduced
by average ~7%. At 90% relative humidity the sensitivity shows almost ~11% reduction in the
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sensitivity. This is significant drop in sensitivity. It would be better to maintain the relative humidity
levels below 50% for appropriate functioning of the sensor. This loss of sensitivity due to increased
relative humidity is not permanent for small durations of exposure to high humidity. The sensor
regains its original sensitivity at lower relative humidity levels after some time.

3.4.4. Amine Sensing Mechanism for PP-rGO Sensor

Various gas sensing mechanisms are proposed for polymer-rGO composite materials. In the case
of a PP-rGO composite amine sensor, the electronegativity of the rGO is an important factor. The
amorphous nature of both rGO and PVA-PEG makes them effective at sensing amines. The
boundaries of these amorphous materials maximize the surface area available for the gaseous
adsorption of amines [3,26]. High electronegativity of oxygen atoms in rGO is extremely effective in
interacting with amine functional groups (Figure 6a). This physisorption of gas leads to polymer
swelling and changes the resistance of the film in the presence of analyte gas (Figure 6b) [27,28]. The
role of the PVA-PEG in these samples is helping increase the selectivity of the rGO. PVA - PEG
increases the adsorption of the analyte gas compared to rGO. At the same time, adsorption using
PVA-PEG is highly dependent on the molecular weight and relative polarity of the analyte gas
molecules. As we go on increasing PVA-PEG concentration in the composite sample from 1% to 5%,
we increase the contribution of PVA-PEG to the total number of adsorbed gas molecules. For PVA-
PEG, the amount of adsorbed gas molecules decreases with increasing molecular weights. Hence as
we move from 1% to 5% of PVA-PEG in composite, the difference in the sensitivity of ammonia,
DMA, and TMA increases.

[ | PVA-PEG
s rGO sheets

Before gas adsorption After gas adsorption

Figure 6. (a) gas sensing mechanism of rGO for ammonia/amines (b) polymer swelling of PVA-PEG after

adsorption of analyte gas molecules.

Various gas sensing mechanisms are proposed for polymer-rGO composite materials. In the case
of a PP-rGO composite amine sensor, the electronegativity of the rGO is an important factor. The
amorphous nature of both rGO and PVA-PEG makes them effective at sensing amines. The
boundaries of these amorphous materials maximize the surface area available for the gaseous
adsorption of amines [3,26]. High electronegativity of oxygen atoms in rGO is extremely effective in
interacting with amine functional groups (Figure 6a). This physisorption of gas leads to polymer
swelling and changes the resistance of the film in the presence of analyte gas (Figure 6b) [27,28]. The
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role of the PVA-PEG in these samples is helping increase the selectivity of the rGO. PVA - PEG
increases the adsorption of the analyte gas compared to rGO. At the same time, adsorption using
PVA-PEG is highly dependent on the molecular weight and relative polarity of the analyte gas
molecules. As we go on increasing PVA-PEG concentration in the composite sample from 1% to 5%,
we increase the contribution of PVA-PEG to the total number of adsorbed gas molecules. For PVA-
PEG, the amount of adsorbed gas molecules decreases with increasing molecular weights. Hence as
we move from 1% to 5% of PVA-PEG in composite, the difference in the sensitivity of ammonia,
DMA, and TMA increases.

4. Conclusions

The ultrasonic spray deposition process was effectively used to construct a PVA-PEG-rGO
composite gas sensor. Hummer's method was modified to synthesize rGO. XRD, FTIR, and SEM were
used to analyze the synthesized materials to understand their structural, chemical, and
morphological properties. The characterization revealed the successful formation of the PVA-PEG-
rGO composite gas sensor. The morphological analysis showed properties suitable for gas sensor
applications. The PP-rGO composite also exhibited enhanced sensitivity compared to sensors made
with only rGO. The studied gases of ammonia, DMA, TMA, and TVB-N show similar sensitivity
using a 1% PP-rGO sensor. With increasing PVA-PEG concentrations in the PP-rGO composite, the
sensitivity of the gas sensor decreases. On the other hand, the selectivity of the sensor increases with
increasing PVA-PEG concentrations in the PP-tGO composite. The 1% PP-rGO sensor is the best
suited for applications as a fish freshness indicator. This sensor also shows good temperature stability
for a temperature range of -10 to 35 and long-term stability up to 120 days from first use. This sensor
is perfect to be used as a fish freshness indicator based on its good sensitivity, selectivity, and high
stability.

Supplementary Materials: The following supporting information can be downloaded at the website
of this paper posted on Preprints.org.
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