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This study introduces the development of novel, flexible gas sensors operating at room temperature (RT), uti-
lizing a graphene oxide (GO) via the modified Hummers’ method and bacterial nanocellulose (BNC) composite to
enhance gas detection in industrial and environmental settings. The composite materials, denoted as GO@BNC,
were synthesized with varying GO concentrations ranging from 2 % to 30 %, aiming to investigate their
responsiveness to gases such as carbon dioxide (CO3), oxygen (O2), acetone (Ac), and ethanol (Eth). The prepared
nanomaterials were characterized using FT-IR, Raman, TGA, SEM, and AFM techniques. The bandgap of Go
ranges from 4.19, 3.47, 3.16, 2.79, and 2.48 eV for 2, 5, 10, 20, and 30 % GO concentrations, respectively.
Notably, the sensor containing wt % of 20 % GO concentration exhibited remarkable sensitivity to Ac, achieving
a 270 % increase in resistance at a concentration of 250 pL/L. Conversely, the sensor with a wt % of 30 % GO
composition showed superior sensitivity to Eth, with a 420 % signal enhancement under similar conditions.
Further modification of GO@BNC through mild reduction resulted in the formation of reduced graphene oxide
(rGO@BNC) composites intended to assess the functional groups’ impact on sensing performance. Our findings
underscore the potential of GO@BNC composites as sustainable and efficient materials for fabricating eco-
friendly flexible gas sensors and devices for detecting organic compounds.

surface morphology [5], cracks [6] and chemical functionalities [7]
have a significant impact [8]. Depending on the surface state, the gas

1. Introduction

The instantaneous control of gas present in a workshop or merely in
the atmosphere is requested to evaluate the possible risks that can be
avoided with appropriate solutions. Gas sensors have been developed to
get the actual gas concentration as soon as possible with the lowest cost
and the most straightforward and adaptive working conditions. During
the last decades, different gas sensors have been developed, among
which those based on metal oxide are the most efficient [1,2]. Never-
theless, they are non-selective, rigid, and sometimes heated to more than
300 °C to give an exciting output signal [3]. Previous works have
demonstrated that the electronic state [4] of the sensor, as well as its
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adsorption influences the calibrated sensor’s electrical properties, indi-
cating the gas concentration around the sensor environment. Moreover,
gas properties like size [9] and polarity [10,11] significantly affect its
affinity to the sensor surface, making the sensor selectivity more com-
plex; finally, due to the development of portative technologies, selective
and flexible sensors that can work at RT where the scope of many
research works [12,13].

One of the most ancient human inventions, paper offers an ideal
flexible support for transmitting written text [14]. Nowadays, it has
been involved within sensing or biosensing fields to predict diabetes or
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pregnancies via disposable test kits [15]. The main component of the
paper is cellulose, a natural linear homopolymer based on f-p-gluco-
pyranose monomers connected by p(1-4) glycosidic bonds. Cellulose
chains are linked via van der Waals forces and hydrogen bonds involving
a three-dimensional (3D) network of entangled fibrils [16]. The struc-
ture is called nano cellulosic when the fibrils’ diameter is below 100 nm
[17]. This biocompatible and biodegradable structure is transparent,
lightweight, porous, hydrophilic, strong, and flexible [18-22]. Recent
studies showed nanocellulose can be purely and naturally synthesized
via specific bacteria such as Acetobacterxylinum in fruits or fruit prod-
ucts [23,24]. These bacteria deliver the purest form of cellulose fibers,
characterized by the absence of other plant compounds like hemicellu-
lose or lignin [24]. This natural way offers an excellent opportunity for
eco-friendly bacterial nanocellulose (BNC) support.

In addition to its high surface-to-volume ratios, nanocellulose con-
tains an essential number of functional groups [25], increasing its
application potential [26-29]. In the first instance, nanocellulose has
been used as filler in polymer matrixes for windmill blades, lightweight
armor, or flexible batteries [30-32]. Then several investigations have
been done for the development of electronic and optoelectronic devices
such as transistors [33], surface-enhanced Raman spectroscopy [34],
electrochromic devices [35], memory [36], capacitors [37], resistors
[38], diodes [39], fluorescent paper [40], plasmonic metal nano-
particles for optical sensing [24], antennas [41], lithium-ion batteries
[42], or Fe304 and CoFe,0O4 magnetic nanopaper [43,44]. Concerning
gas sensing, the low conductivity of nanocellulose is the main drawback
[45,46]. To overcome these limitations, the contribution of several
nanomaterials like silver (Ag) [47], gold (Au) [48], palladium (Pd) [49],
iron oxide (FeO) [50], Platinum (Pt) [51] and various quantum dots [52]
have been embedded in BNC composites. GO has recently received high
attention in sensing applications [26,53-71]. For instance, CeO2-GO
composite has recently been used in humidity sensing applications [72],
$-Co(OH)2-Co0304/GO for electrochemical sensing and energy storage
applications [73,74], platinum nanoparticle-decorated reduced GO
nanosheets in catalytic applications [75], while different properties
enhanced in nickel/GO for electrocatalysts [76,77], magnetic GO
nanocomposites in water applications [78], Pt-coated GO wrapped TiO»
nanotube in the photoreduction of CO5 [80] and air purification [79].

Due to the functional groups and the multiple bonds (r-electrons)
within their structure, carbon-based nanomaterials are promising as
fillers for BNC-based composites [80-83]. Conjugated multiple bonds
and aromatic rings are responsible for the conductivity of carbon ma-
terials, which is needed to provide an electrical signal during the mea-
surements [84,85]. Conversely, aromatic rings and functional groups
play a double role for the composite-based gas sensors. Firstly, they can
contribute to the mechanical properties of the composite, either by
hydrogen bonds via oxygenated functions or n-t bonds between aro-
matic rings of fillers and BNC matrix [86]. Secondly, they can interact
with the targeted gases via electronic densities and local polar distri-
butions [87,88]. In the case of interaction between gas and composite,
the electronic properties of composite will evolve, inducing a new
electrical response. The BNC-based carbon-nanomaterial composites are
all the more attractive because their preparation is relatively simple via
a one-pot reaction with high quantum yields [89] using cheap,
eco-friendly, and biologically compatible precursor compounds [90,91].

A recent study discusses using graphene nanomesh (GNM) func-
tionalized with single-stranded DNA to detect chemical vapors, such as
carboxylic acids, aldehydes, organophosphates, and explosives. The
GNM field effect transistors (FETs) showcased improved vapor detection
capabilities compared to standard graphene FETs due to oxidized edges
and lattice defects. These DNA-decorated GNMs can discriminate be-
tween similar species with detection limits in the parts per million range,
offering potential as sensors in electronic nose systems. For more details,
you can view the article here [92]. Another study describes the devel-
opment of a nanodevice using a single flake of nanoporous graphene to
create a negative differential resistance (NDR) behavior [93]. This was
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achieved through a temperature-induced degenerate p-type GNP/rGO
heterojunction. Key to this technology is the use of cellulose-based
perforated graphene foams (PGFs), which demonstrate a band gap en-
ergy of about 1.8 eV. These PGFs are promising for future
two-dimensional electronic nanodevices due to their stable and revers-
ible NDR features at high temperatures. The device demonstrates po-
tential in applications involving memory storage and THz frequency
oscillation.

Based on this literature overview, developing green, low-cost, and
flexible substrates for gas sensors is an opportunity to detect gases like
acetone, ethanol, COj, or Oy, which are continuously present in our
lifetime. This study demonstrated an in-situ electrical connected,
biodegradable, and flexible gas sensor platform for RT measurements in
the air using GO on CO;, Oy, acetone, and ethanol environments.
Different concentrations of GO were tested at a constant concentration
of BNC, and the effect of the reduction of GO functional groups changed
the composite surface affinity. Our innovative approach to the high
surface-to-volume ratio of GO @ BNC may open a new way for next-
generation gas sensor device applications.

2. Experimental section
2.1. Reagents and materials

Graphite powder (<45 pm, 99.99 %), H2SO4, H3PO4, HyO», yeast
extract, citric acid, peptone, and KMnO4 were purchased from Sigma-
Aldrich. Glucose, NaOH, and MgS04.7H20 were purchased from
Merck. KH,PO4 was purchased from PS Park Ltd. (NH4)2SO4 was pur-
chased from Thomas Tyres Co. All reagents were purchased at the
highest commercial purity and used without further purification. Be-
sides, the solvents and the gases (acetone, ethanol, carbon dioxide, ox-
ygen, and nitrogen) were provided in analytical purity degrees from
different companies (Aldrich, Merck, Fluka, TCI, Alfa Easer, etc.).
Distilled water with a resistance of 18.2 MQ cm was obtained with the
Direct-Q3 (Millipore) device. PTFE membranes (Millipore) with a pore
of 0.22 pm were used in the filtration process. The GO was sonicated
with a Bandelin ultrasonic bath. A Hettich centrifuge was used for the
separation processes. For the structural characterization of the nano-
materials, the FT-IR spectrum was recorded on a Thermo Nicolet iS-20
spectrometer (USA). The Raman analysis was performed on a
Renishaw-inVia Raman spectrometer (UK). Thermal measurements
were obtained using Setaram Labsys Evo (France). Park System XE7
(South Korea) was used for the AFM and Zeiss Gemini SEM 500 for the
SEM morphological characterization.

2.2. Preparation of the nanomaterials

2.2.1. Preparation of GO

GO was prepared from graphite powder following the modified
Hummers’ method [94]. For this procedure, 1 g of graphite was first
added to a mixture of sulfuric acid and phosphoric acid (9:1). With
gentle stirring and temperature maintained under 10 °C, 18 g of po-
tassium permanganate was slowly added. After the mixture was entirely
homogenous, the temperature was raised and retained at 50 °C for 8 h
with continuous stirring. At the end of the 8 h, ice was added to the
mixture to stop the reaction, and hydrogen peroxide was added to
neutralize unreacted potassium permanganate until a change in the
color of the suspension from dark brown to peach was observed. The
obtained GO sludge was rinsed multiple times with distilled water until
detecting sulfate ions by BaCly was no longer possible. The product was
further purified by repeating the rinsing procedure 15 times. Finally, GO
was retrieved by centrifugation before being dried at 40 °C for a week.

2.2.2. Preparation of bacterial NanoCellulose (BNC)
Acetobacter Xylinum bacteria prepared BNC paper a customized
culture medium: 50 g glucose, 5 g yeast extract, 5 g (NH4)2SO4, 4 g



M. Azlouk et al.

KH,PO4, and 0.1 g MgS04.7H20 were mixed in 1 L of distilled water, and
the mixture was left for two weeks at 28 °C [24]. Then, the produced
yellowish wet mat containing cellulose nanofibers, bacteria, and other
impurities was treated with 5 wt% NaOH for 24 h at RT, followed by 1
wt% NaOH/0.2 wt% H»0, for 1 h at 80 °C. Afterward, the resultant wet
mat of pure bacterial cellulose nanofibers was rinsed with distilled water
to remove the remaining chemicals and to obtain a transparent nano-
paper (Scheme 1a).

2.2.3. Preparation of graphene-based bacterial cellulose composites
(GO@BNC and rGO@BNC)

216 mg BNC was mechanically dispersed in 50 ml of distilled water
until a homogeneous mixture was obtained. GO suspension was added to
the bacterial cellulose depending on the desired GO concentration
within the composite (from wt% of 2-30 %). After homogenization, the
obtained mixture was filtered under a vacuum. The brown dense
mixture was left to dry at 40 °C for a day on the membrane and then
spontaneously separated, obtaining the GO@BNC composite (Scheme
1b). The flexible dried GO@BNC was stored under a vacuum to evaluate
its gas sensing performances. After drying, the reduced graphene-based
composite (rGO@BNC) was prepared by reducing the GO layers already
presented in the GO@BNC composite. GO@BNC was soaked in a 5 %
ascorbic acid solution for 48 h [95,96]. Afterward, the resultant mate-
rials (GO, BNC, GO@BNC, and rGO@BNC) were stored in the dark for
characterization and further use.

2.2.4. Gas sensing setup

The sample integrated into the circuit was placed in a sealed
chamber, and the electrical properties were measured using the gas
inlet. The sample coated with silver paste was passed through a polymer-
based cork cover and was connected to the wires, completing the circuit
with a crocodile clip. There were connections on the cork where the heat
probe, gas inlet, and outlet were integrated. This assembly was con-
nected to the flask, which had a volume of 1 L, and then sealed, as shown
in Fig. S1(a). During the measurement, acetone, ethanol, oxygen, and
carbon dioxide gases were injected into the measurement chamber with
a micro syringe and monitored by a gas flow meter.

The sensor was calibrated with nitrogen gas; then, it was included in
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the system with the tested gases to stabilize the sensor resistance. The
output signal of the sensor (Potential/Resistance/Current) was moni-
tored by the Keithley 2450 Source Meter instrument (20 mV and 10 nA
sensitive) and the KickStart Keithley software, Fig. S1(b). The two-point
probe station followed the development of the electrical properties of
the circuit, so the information about inter-particle and particle-electrode
conductivity was obtained utilizing current-potential curves.

3. Results and discussion
3.1. Characterization of nanomaterials

To confirm the graphene-based composite materials, firstly, the
structural and morphological characterizations of the freshly synthe-
sized GO were performed using FT-IR, Raman, TGA, SEM, and AFM
techniques in detail (Supporting information Figs. S2 and S3). The
results were found to be aligned with the literature [97]. As for the
Raman spectrum of GO shown in the additional information section
(Fig. S2 (b)), the characteristic peaks of carbon at 1349 and 1596 em™!
were obtained. The ratio of intensities (Ip/Ig ratio) of these peaks (D and
G peaks, respectively) attributed to Csp3 and Csp2 within the structure
was determined to be 0.89.

The morphology of BNC has been characterized with SEM observa-
tions at different magnifications (Fig. 1a and b). As can be seen from the
SEM images obtained at various magnifications, nanofibers without a
specific woven mesh (randomly arranged) with radii in the range of
40-50 nm were observed as described in the literature for cellulose
nanofibers obtained from bacteria [98,99]. The images in Fig. 1c and
d are related to the morphology of GO@BNC, in which the GO layers
were placed randomly within the cellulose fiber network. The intense
interaction between the GO layer and BNC nanofibers (~60 nm) is
visible at high magnification. It has also been emphasized in the relevant
literature that this is due to the adhesion forces arising from hydrogen
bonds between the oxygen-containing groups on the GO surface and
BNC [100]. Similarly to GO@BNG, it was seen that the rGO layers also
kept their positions in the cellulose fiber network (Fig. 3e and f).
Although the interaction between the layer and the fibers is less signif-
icant, the distribution in the composite structure is still preserved due to

= 28°C 24 houss NaOH,H0, |,
! — X W\ Cultur Medium Purification
Glucose, Yeast extract, Acetobacter Bacterial NanoCellulose
(NH,),SO,,KH,POQ,, Xylinum
MgSO,, NaOH, H,0,
a) Preparation of BNC |
b) Preparation of GO@BNC and rGO@BNC Mechanically
Dispering
. Mixer \
S o ~, suspension
GO@BNC «filtration (%2'%30)
Reducing l Drying, T 2
(Ascorbic Acid, ]
48 hours) Mechanically By Transfering
Dispering )
rGO@BNC e
Gas Sensor @
Applications e

Scheme 1. Schematic presentation of the preparation of a) BNC and b) GO@BNC and rGO@BNC
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Fig. 1. SEM images of BNC (a,b), GO@BNC (c,d), and GO@BNC (e,f) at the different magnifications.

the dense entangled structure of the BNC nanofibers covering and
wrapping the graphene-based layers [86].

The obtained FT-IR spectra between 4400 cm and 1 and 800 cm ™!
are given in (Fig. S4) for the structural characterizations of BNC and the
composite materials. For BNC, the characteristic strong and broad peak
of O-H bonds in cellulose structure (hydroxyl groups) was observed
around 3344 cm™ % while peaks around 2904 cm™! show the stress vi-
brations of aromatic C-H bonds [101,102]. Temperature-mass change of
TGA analysis obtained between 25 °C and 800 °C for structural char-
acterization of BNC and the composite materials are also given in
(Fig. S5). The BNC structure showed negligible dehydration-induced
mass loss with the removal of adsorbed water in the 25-100 °C range,
but its characteristic pyrolytic degradation is marked up to 378 °C [17].

3.2. Optical and electrical characterization

3.2.1. Optical and bandgap calculations

The optical absorption of the GO@BNC composites through the op-
tical range of 200-1000 nm at RT has been measured using quartz cells.
All samples were well-sonicated before the measurements to ensure
good homogeneity. An absorption peak is observed at about 230 nm for
the low GO concentrations reported in the literature [103]. A shift to a
higher wavelength with increasing GO content was noted, as shown in
Fig. 2a. The absorption peak enlargement observed at high GO con-
centrations is attributed to n- a* transition through the aromatic
carbon-carbon bond and n- n* transition of the carbon-oxygen bond
[104,105]. The absorbance-related bandgap (Eg) was calculated through
the linear part of the (ah)? vs. hw at o = 0 (Fig. 2b). The bandgap ranges
from 4.19, 3.47, 3.16, 2.79, and 2.48 ev for 2, 5, 10, 20, and 30 % GO
concentrations, respectively. A bandgap of 2.78 eV has been reported in
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vs. photon energy curves (b), In a vs. energy (c) and change of the bandgap and Urbach energy by GO content in the GO@BNC composites (d).
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the literature for thin films containing about 30 % GO [106]. With sensing kinetic measurements.

increasing the GO content, a shrink in the bandgap values was observed The band tail width in the valence and conduction band can be
due to the expected high electron mobility and concentrations at high . . din (@) -1
GO content. This evolution in the bandgap value is essential in the gas ~ determined from the equation of Urbach energy; E, = [ () } and
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can be calculated from the linear fitting of In(a) vs. energy and taking
the slope (Fig. 2c). E, is used to estimate the material’s disorder, the
higher disorder involves a lower E, [107,108]. Structural disorders,
stoichiometry imperfections, and surface passivation are defects asso-
ciated with Urbach’s energy [109-112]. Thus, the change of the band
gap (4.19-2.48 eV) and Urbach energy (598-512 meV) by the GO
concentration (2-30 %) given in Fig. 2d can be attributed to the increase
of the structural disorder with increasing the GO content in the com-
posite. Due to their weak interaction, GO sheets probably tend to
agglomerate with their concentration, increasing the structural disorder.

3.2.2. Current-voltage (I-V) measurements

Fig. S6 shows composites’ forward current-voltage (I-V) character-
istics with GO content of 2 %, 5 %, 10 %, 20 %, and 30 % under Ny, Oo,
COo, acetone, and ethanol atmosphere at RT. Under the O,, Ny, and CO4
atmospheres, which are nonpolar molecules, the intensity reach for all
samples is below 30 nA, even at a 5V bias voltage. It can reach pA scale
(1.6 pA for 20 % GO@BNC under acetone) when composites are tested
under acetone and ethanol, which are polar molecules. Fig. S6 (a) For
the 2 % GO composite, the current response (measured in microamps,
pA) to the applied voltage (V) shows significant sensitivity to ethanol
and acetone, with negligible response to Ny, CO,, and Os. Fig. S6 (b)
With 5 % GO, the sensitivity to acetone and ethanol remains, with a
slight increase in current, indicating improved conductivity or interac-
tion with these gases compared to 2 % GO N3, CO4, and O, responses are
still minimal. Fig. S6 (c) At 10 % GO, the current response to acetone and
ethanol is much larger, suggesting that the increased GO content im-
proves the interaction with these gases even more. The responses to Ny,
CO3, and Oy are somewhat more pronounced but still relatively low.
Fig. S6 (d) The 20 % GO composite shows a further increase in current
for acetone and ethanol, indicating a continued improvement in gas
interaction. There is also a slight response to Ny, CO», and O, though
these remain significantly lower than the response to acetone and
ethanol. F ig. S6 (e) Finally, the 30 % GO composite shows a lower
current response to all gases compared to the 20 % GO composite,
possibly indicating a saturation effect where too much GO could be
reducing the overall sensitivity of the composite or affecting the stability
of the sensor. Overall, the patterns in the curves suggest that the
GO@BNC composites have a selective response to acetone and ethanol,
with the sensitivity generally increasing with the GO content up to a
certain point (20 % GO seems optimal based on these curves) and shows
stability with minor errors [113]. At 30 % GO, there may be too much
material, which could be detrimental to the sensor performance, indi-
cated by the lower current levels and less bending stability.

On the other hand, the conductivity values of all samples except the
composite 2 % GO@BNC are higher under acetone than in an ethanol
atmosphere. The conductivity increase is more marked under acetone

(a)

7 @Acetone

0 10 20 30 40 50 60 70 80 90 100
time(sec)

R(MQ)
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with samples with more than 5 % GO content. In comparison, this
behavior is observed for samples with a GO ratio above 10 % (Fig. 3a).
This suggests that the composites’ conductivity depends on the presence
of graphene-based materials. These preliminary results demonstrate that
GO@BNC composites are promising for the detection of both acetone
and ethanol. Furthermore, the Ohmic contact response, in other words,
the linear conductivity evolution, observed by increasing the bias
voltage, is a good sign for the concentration detection of both gases.
Finally, especially for composites loaded with 20 % and 30 % GO
bending, it does not involve breaks, which is promising for preparing
flexible sensors. The resulting membrane-like composite materials
(Fig. 3b) have been used after being cut to the required dimensions.

3.2.3. Resistance-time measurements

The stability of the prepared nanomaterials was explored by studying
the measurements of resistance-time behavior. As shown in Fig. 4a and
b, the performance under acetone and ethanol atmosphere has been
mainly evaluated, respectively. However, the electrical behavior under
02, Ny and CO; has also been considered due to their presence in the air
(Fig. S7). It is worth noting that N, has been used as a purging gas after
adsorption of the target gas. The characteristic resistance-time (R-t)
curve was obtained at 5V bias voltage. GO@BNC composites with
different concentrations of GO (except 2 % GO@BNC) have relatively
stable and close resistance values with time towards all gases. The slight
increase observed for the 2 % GO@BNC sample is probably due to the
late and low diffusion, which delays the adsorption of gas molecules on
the GO inside the composite. On the other hand, lower resistance and
higher stability were observed for 20 % and 30 % of GO-containing
composites, which is why the work has been focused on both samples
below.

3.3. Gas sensing performances

3.3.1. Dynamic measurements of the GO-based composites

The evolution of the sensor resistance with time and the gas amount
introduced inside the measurement system at RT determines the gas
sensing performance. For each sensor and each target gas, the chamber
first flowed with an Ny purge gas; after that, a known gas amount (from
50 to 250 pL) was introduced to the chamber. For each volume, the
resistance is followed for 60 s. After that, Np purging gas was re-
introduced in the chamber for 60 s, and the next step started with a
further amount of target gas. A relatively linear evolution from a mini-
mum to maximum resistance value (or vice-versa) is needed to evaluate
the sensor’s sensibility. Moreover, the sensing time is considered
finished when the resistance decreases or increases to reach a difference
of 90 %.

The sensitivity of the sensor was calculated according to equation
0.42 (b)
0.40
0.38 1
0.36
0.34

@Ethanol

001 T T 1T T~ T~ T T "~ 1T 1T "/
0 10 20 30 40 50 60 70 80 90 100
time(sec)

Fig. 4. Resistance-time (R-t) curve of GO@BNC with GO content of 2 %, 5 %, 10 %, 20 %, and 30 % towards acetone (a) and ethanol (b).
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(1), which shows the ratio of the difference between the resistance
measured with nitrogen (Ry2) and the resistance measured with the
working gas (Rearget gas) [105]:

S(%) :Ri“"getfg: —Rv 100 m
2

The results of lower GO content and those obtained under O, and
CO4 are not prominent (non-linear evolution or too small resistance

(a)

1 20%_GO_Acetone 250uL

200uL
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difference). Therefore, the measurements for the sensors with the lowest
GO content under O, or CO,, including samples with high GO content,
have been presented. The dynamic sensor measurements of the com-
posite containing 20 % and 30 % GO under acetone and ethanol are
considered in detail. Since acetone and ethanol are reducing gases [108,
114], their adsorption involves an increase of free electrons on the
samples, i.e., a decrease in the composite resistance.

For 20 % GO@BNC and under both gases, a comparable evolution

(b)
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Fig. 5. Dynamic gas sensing investigation of 20%GO@BNC under acetone and ethanol atmosphere by increasing the gas concentration. Evolution of the composite
resistance with (a) acetone and (b) ethanol. Evolution of the response/recovery time with (c) acetone and (d) ethanol. Evolution of the sensitivities (e) with

both gases.
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trend is observed between the highest and the lowest resistance values
with the increase of target gas concentration (Fig. 5a and b)). After each
gas injection within the chamber, the lower resistance is reached at
approximately the same value. Therefore, it can be considered that gas
molecules are completely adsorbed and desorbed on all the active sites
offered by the composite. Furthermore, the adsorption or response time
is faster than the desorption or recovery time; in other words, gas mol-
ecules interact relatively well with the active sites (Fig. 5¢ and d). The
formers are probably on the GO surface since the electrical properties of
the composite depend on the presence of GO, and they are modified with
gas adsorption. Moreover, different active sites contribute to the
adsorption of ethanol and acetone since the composite does not present
the same sensibility evolution towards both gases, significantly above
100 ppm gas concentration (Fig. 5e). Sensitivity can reach almost 300 %
for acetone while for ethanol is at 170 %. The adsorption between the
GO and the gases is either electrostatic because of the polarity of both
gases or via hydrogen bonding.

The hydrogen bonding is highly probable because of the active sites
on GO, which are carbonyl (C=0) and hydroxyl (-OH) based. These
functions can interact separately with the carbonyl group of acetone and
the hydroxy group of ethanol via hydrogen bonds (C—=0——H-0). The
carbonyl and hydroxyl active sites present at the surface of GO seem to
play a significant role in the gas sensing of ethanol and acetone,
respectively. The gas sensing measurements were done with 20 %
rGO@BNC, obtained from the composites’ mild reduction to confirm
these observations.

The stability of our gas sensors, particularly after numerous sensing
cycles, represents a crucial aspect of our study. As highlighted in the
supplementary information (Fig. S8), our experimental data compre-
hensively analyzes the resistance-time behavior under continuous
exposure to various gases for 100 s at a bias voltage of 5V. This analysis
includes the effects of O3, N3, COo, acetone, and ethanol gases commonly
present in the air, with nitrogen used as a purging gas post-adsorption.
Our findings indicate that the GO@BNC composites, except for the
variant with 2 % GO, exhibit remarkable stability in resistance values
over time across all tested gases. The minor resistance increase observed
in the 2 % GO@BNC sample is likely attributed to the hindered diffusion
and delayed adsorption of gas molecules within the composite. In
contrast, composites containing higher concentrations of GO (20 % and
30 %) demonstrated lower resistance and enhanced stability. This su-
perior performance led us to focus our investigations on these two
compositions. This sustained sensor stability, especially after multiple
cycles, underscores the potential of GO@BNC composites for reliable
and consistent gas sensing applications. Our ongoing research aims to
elucidate further the mechanisms underpinning this stability, paving the
way for developing durable and efficient gas sensors.

3.3.2. Gas sensing performance of 20%rGO@BNC

Our study meticulously analyzed the interplay between the func-
tional groups, electronic properties, and morphological features of GO
embedded in bacterial nanocellulose (BNC) composites and their impact
on gas sensing capabilities. A significant correlation was observed where
oxygen-containing functional groups on GO, such as hydroxyl (-OH) and
carboxyl (-COOH) groups, directly influenced the sensor’s sensitivity
and selectivity towards specific gases. For instance, the interaction
mechanism of acetone and ethanol with the sensor surface could be
attributed to these molecules’ varying affinities towards different
functional groups. Acetone showed a higher affinity towards -OH
groups, while ethanol was more responsive to carbonyl (=0) groups.

Additionally, incorporating GO into BNC enhanced the electrical
conductivity due to the narrowing of the band gap. It introduced a
higher density of active sites for gas adsorption, thereby improving the
composite’s gas-sensing performance. Due to varying GO content,
bandgap modulation was found to play a crucial role in the sensitivity
towards gases, with a lower bandgap correlating to enhanced sensitivity.
The structural characteristics of the GO@BNC composites, such as
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porosity and surface area, were also crucial in determining the gas
sensing performance. A higher GO content increases area and porosity,
which facilitates this. This is evident in the superior sensitivity of
composites with higher GO content towards ethanol and acetone.

The TGA and FTIR results of BNC and 20 % GO-loaded composites
before and after the reduction process demonstrate that the functional
groups are primarily removed from GO, and some oxygenated groups
are still present. Therefore, the electrical properties and, above all, the
sensitivity towards ethanol and acetone of the composite 20%rGO@BNC
have been completely changed after reduction. According to the I-V
measurements under different gas atmospheres, the conductivity of the
composite decreases dramatically since the current rates decrease from
microampere (Fig. S7d) to nano ampere scale (Fig. 6a). Moreover, the
Ohmic behavior of the composite under acetone is less pronounced. The
current intensities are almost 10 times lower than those measured under
ethanol. Furthermore, the composite resistance is very high and does not
change proportionally with the gas injected within the chamber, con-
trary to the behavior under ethanol (Fig. 6b and c). Nevertheless, a well-
defined dynamic behavior is obtained only after stabilizing the sensor
for more than 800 s. Moreover, the evolution of resistance between the
presence of nitrogen and ethanol is very low at about 0.1 MQ inducing a
low sensitivity below 3 % (Fig. 6d). Finally, the short response and re-
covery time demonstrate a fast adsorption/desorption process (Fig. 6e).
The presence of less functional groups induces not only their quick
saturation but also less polar interactions with ethanol which can slow
down the gas diffusion.

3.4. Limit of detection and selectivity

The limit of detection (LOD) can be defined as the smallest concen-
tration of an analyte that can be reliably distinguished from background
levels LOD = 3%, where ’c’ represents the standard deviation of the
background signal in the absence of the analyte, and ’S’ denotes the
slope of the sensitivity curve, reflecting the sensor’s response as a
function of the analyte concentration. According to our calculations, the
LOD for acetone has been determined to be 1.89 sccm, while it stands at
1.09 scem for ethanol. Our detection limit values are comparable to the
literature reviews of different gas-sensing gases.

The selectivity measurements of the sensors are addressed in terms of
electrical IV curves and sensor response by considering four different
gases: Oy, COo, acetone, and ethanol, as in Fig. S8. The response curves
of Oy and CO5 show significantly lower and more erratic changes in
resistance compared to those of acetone and ethanol. This indicates that
the sensor’s selectivity for acetone and ethanol is much higher than for
O, and CO,. Acetone and ethanol produce sharp, prominent peaks
corresponding to their respective concentrations, demonstrating the
sensor’s higher sensitivity and selectivity towards these compounds. The
consistent and proportionate increase in resistance with higher con-
centrations of acetone and ethanol suggests good selectivity, as the
sensor responds more robustly and predictably to these substances.
Looking at the response curves for acetone and ethanol, acetone does
exhibit a higher response than ethanol at equivalent concentrations. The
peaks in the response curve for acetone are higher and sharper, indi-
cating a quicker response to changes in concentration. This higher and
sharper response suggests a more excellent selectivity towards acetone.
Selectivity measures a sensor’s ability to respond to a specific analyte in
the presence of other substances. In this case, the sensor seems more
selective towards acetone over ethanol.

3.5. Sensing mechanism

Gas sensors are characterized by the evolution of their electrical
properties in the presence of targeted molecules. The device sensitivity is
related to the amount of gas molecules adsorbed onto the surface of
active material. The van der Waals interactions or hydrogen bonding are
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Fig. 6. I-V measurements (a), dynamic sensing behavior under acetone (b) and ethanol (c), sensitivity (d), and response/recovery time (e) under ethanol atmosphere

of 20%rGO@BNC composite.

mainly involved during the molecule adsorptions, depending on the
surface functional groups that modify the surface electronic density.
Furthermore, the free space within the sensor’s active material allows a
faster diffusion of gas molecules, increasing the gas sensor’s response
time and sensitivity.

In this work, the gas sensor active material is a composite material
prepared with a porous and flexible BNC containing mainly -OH and -C-
O-C- functional groups and GO with -OH, C=0, -C-O-C- and -COOH
functional groups. According to the literature, -OH and -C-O-C- func-
tions are preferentially present within the graphene plane, while -COOH
are on the edge groups. Due to the electronegativity difference between
C (y = 2.55) and O ( = 3.44), both materials are polar, inducing an

effective interaction between them during the composite formation. The
gas sensor performance of the composites has been separately investi-
gated with oxygen, carbon dioxide, ethanol, and acetone gases. The
intrinsic properties of all these compounds are suitable for under-
standing the gas-sensing mechanism. First of all, the steric effects can be
estimated due to their molecular volumes: Oy (~23 10\3), CO5 (~38 f\3),
ethanol (~59 As), and acetone (~73 ;\3). Secondly, the influence of the
van der Waals interactions has been investigated since Oy and CO, are
nonpolar molecules, while ethanol (1.66 D) and acetone (2.69 D) are
polar. Thirdly, hydrogen bonding has been evaluated since O, CO,, and
acetone contain O elements, and ethanol contains —OH groups at their
extremity. The hydrogen bonding influence has been emphasized by
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investigating the sensing performance with 20%rGO@BNC composite.
As a result, the obtained results can be summarized as follows.

o The gas sensing responses are only meaningful with the polar mol-
ecules, which are also the biggest. The I-V curves under the Oy and
CO, atmosphere are similar to the ones under the Ny atmosphere
used during the sensor recovery. Moreover, Oz and CO, are the
smallest molecules, confirming that the steric effect does not influ-
ence the gas-sensing mechanism.

e By increasing the GO ratio from 2 wt% to 30 wt% within the com-
posite, the detection of acetone is growing continuously. The BNC
matrix prevents the agglomeration of GO, which is the source of the
introduction of functional groups within the composite.
Similarly to acetone, ethanol sensing is improved by increasing the
GO ratio within the composite. Nevertheless, the evolution of sensing
performance with the GO ratio is different. The sensitivity is weaker
for the lowest GO ratio and abruptly increases with ratios greater
than 20 %.
Due to the difference in behavior during gas sensing of the two polar
organic molecules, the influence of the Van der Waals interactions is
weak. Furthermore, the most significant molecule, acetone, is better
detected than ethanol. Thus, hydrogen bonding seems to be the most
effective interaction.
The hydrogen bonding with acetone is mainly triggered by —~OH
functions present at the GO surface, while for ethanol, C=0, -C-O-C-
and —-COOH groups are involved. As known in the presence of
ethanol, the carboxylic groups turn into ester, favoring the interac-
tion with further ethanol introduced within the chamber. Therefore,
the interactions of acetone and ethanol molecules are in different
positions of the GO materials.
The mild reduction of GO-induced rGO on which the -OH groups are
removed, and only the C=0O group is present. That is why only
ethanol is detected with 20%rGO@BNC composite and not acetone.
The increase of the GO ratio within the composite not only percolates
the composite whose resistivity is sharply decreasing but also in-
troduces active sites that can detect ethanol and acetone. Further-
more, the flexibility of BNC decreases to form a rigid composite with
30 % GO. The BNC contains —OH functions, which induce hydrogen
bonding with C=0, -C-O-C- and -COOH of GO. These interactions
are responsible for the stability of the composite but also delay the
availability of functional sites for ethanol detection. It is expected
that direct hydrogen bonding between —-C—=O0, -C-O-C- and covalent
bonding when —COOH are involved.
It is essential to mention that the gas molecules can interact with the
functional groups via hydrogen bonding and be used as a hydrogen
sensor. Those interactions have been implied in the literature with
improved hydrogen sensing performance with the functional groups
of graphene-based materials [115,116]. However, this study dem-
onstrates that both functional groups present at the surface of
graphene-based materials and the oxygen present within the gas
molecule structure are involved in forming hydrogen bonds between
gas molecules and sensing materials.

Conclusion

The efficacy of gas sensors hinges on their electrical conductivity and
the presence of active sites for molecular interaction. Our study har-
nesses bacterial nanocellulose (BNC) for its flexible and fibrous struc-
ture, enhancing the electrical properties and surface area available for
gas interaction. At the same time, GO is a functional additive, intro-
ducing reactive sites on the sensor’s surface. The optimal inclusion of at
least 20 % GO has been identified to achieve significant sensitivity
levels—approximately 170 % for ethanol and 290 % for acetone at a
concentration of 250 ppm. The mechanism underlying these interactions
is primarily through hydrogen bonding; acetone is drawn to —OH groups,
whereas ethanol prefers areas devoid of hydrogen, such as = O or -COC-

10

Results in Engineering 22 (2024) 102228

groups. This selective sensitivity was further substantiated by tests
involving rGO@BNC composites, which possess predominantly
hydrogen-free functional groups, demonstrating exclusive sensitivity to
ethanol. Our GO@BNC-based sensors demonstrate considerable poten-
tial for high-precision detection of acetone and ethanol, which is critical
for maintaining safe conditions in research and development settings by
enabling timely ventilation when concentrations approach hazardous
levels. Moving forward, we aim to explore the sensors’ capability to
differentiate and quantify ethanol and methanol distinctly. Such ad-
vancements could revolutionize the rapid and straightforward identifi-
cation of adulterated alcohols, offering significant safety and quality
control benefits in various applications.
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