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Abstract: This paper presents the impact of the decoration of reduced graphene oxide (rGO) with
metallic nanoparticles to detect sulfur dioxide (5O;). Copper and platinum were employed to
produce metal nanoparticles (NPs) for the chemical and physical decoration of rGO to form the
nanocomposites (rGO/NPs). We optimized NP loading by varying the concentrations of metal ions
and deposition times for chemical and physical decoration, respectively. The chemical decoration
presents a random nanoparticle distribution on the rGO surface with a broad particle size distribution
(1 to 100 nm with a majority less than 40 nm). In comparison, the physical decoration presents
uniformly distributed nanoparticles with particles of a size between 1 and 20 nm, with a majority
less than 10 nm. The chemically decorated structures present the best gas responses and show that
lower NP loading provides better responses. The nanocomposites present responses owing to a better
synergy between NPs and the rGO surface, combined with the catalytic action of the NPs on the rGO.
The physical decoration allows higher NP surface coverage than the chemical one but implies a lower
remaining rGO naked surface for gaseous molecule interaction. These results illustrate that the NPs’
surface and the uncovered rGO contribute to the gas response.

Keywords: rGO; nanoparticles; nanocomposites; functionalization; gas sensors; SO,; NPs loading;
physical decoration; chemical decoration

1. Introduction

In the field of nanomaterials, the unique properties of 2D materials have recently
placed them in a tremendous position. Among these 2D materials, graphene, a one-atom-
thick layer 2D material, has been regarded as one of the most promising candidates as
it shows remarkable properties [1-5]. Graphene is an innovative material with versatile
uses due to its two-dimensional planar structure, large specific surface area, and electronic
properties [6]. Despite the existence of multiple methods to produce high-quality graphene
films in a controlled way, mass production remains an issue [7]. Additionally, the use
of graphene for practical applications, such as resistive gas sensors, has encountered
difficulties due to its zero band gap [2,8]. As alternatives to pure graphene, graphene
derivatives such as graphene oxide (GO) and reduced graphene oxide (rGO) are viable
solutions. Alternative methodologies produce GO and rGO nanomaterials. Compared to
graphene and rGO, GO presents an economic advantage due to cost effectiveness through
mass production [9] and much easier processability via solution phase preparation and
functionalization due to the surface oxygenated groups [1,4,10]. In the field of sensors,
both GO and rGO have shown a promising future [11,12]. If GO gives the benefit of being
dispersible in water, rGO meets sensor material properties for chemo-resistors since its
conductivity is significantly increased compared to that of GO.
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Nevertheless, generated oxygen-containing functional groups simultaneously activate
the sites for sensing purposes, increase the gap, and develop defects [2,3]. Chemical
and physical decorations can also increase the rGO gas sensitivity. Nowadays, GO and
rGO materials are widely used to develop novel nanocomposites made of GO or rGO
matrix combined with nanoparticles to target gaseous pollutants [13-16]. Associating rGO
and nanoparticles (NPs) by physical or chemical methods gives rise to nanocomposites
(rGO/NPs).

Pollutant gases are a worldwide general problem in terms of environmental and cli-
mate change concerns. Among the pollutants, sulfur-containing compounds are critical
since they seriously impact health and the environment [17-19]. The case of SO, is prob-
lematic since it is generated by many industrial processes (fossil-based energy production,
bleaching agents in industrial processes), natural processes (heating, volcanoes, wildfire,
paper, wood), and homemade processes [20]. Therefore, developing sensors for detecting
S0, is still relevant in this field. Regarding material development, the use of graphene
derivatives as sensor material to detect SO, is still in demand. Among the graphene deriva-
tives, the elaboration of nanocomposites prepared from graphene and nanoparticles has
been developed worldwide due to the huge development of nanocomposite preparation
by decoration and functionalization. Chemical decoration/functionalization is achieved
using an in-situ method, where metal ion nanoparticles are directly reduced into the rGO
surface using a chemical method such as metallic ion reduction. However, they can also be
obtained using an ex-situ method by preparing separately synthesized nanoparticles and
rGO material and mixing them to form nanocomposites. In the physical method, however,
nanoparticles are directly deposited on the rGO or GO surface, and this method can be
achieved simply by using a thermal evaporation technique. The nanocomposite materials
offer superior sensing properties than their individual components and are ideal for devel-
oping sensors or new sensing materials. These composites display synergistic properties
mainly arising from building a matching interface between the different constituents (NPs
and rGO).

Furthermore, using such nanoparticles could be beneficial for lowering the aggrega-
tion of graphene nanosheets through intercalation [21]. Importantly, the NPs formed at the
surface of the rGO act as spacers and increase the distance separating graphene sheets. In
this way, the NPs maintain a high specific surface area [22] and provide, at the same time,
accessible graphene surfaces for gaseous molecules. Therefore, regarding the field of sen-
sors, such nanoparticles can act as catalysts for enhancing the reactivity with pollutants [23].
Finally, the decoration of the rGO by nanoparticles can significantly improve the electrical
conductivity. For instance, using rGO/AulNPs as an electrochemical sensor has been shown
to improve energy transfer compared to rGO or AuNPs individually [24]. Gutes et al. used
a simple deposition method to prepare graphene/NPs (with different metal nanoparticles),
among which the graphene/AuNPs showed promising sensing behavior towards HS [25].
Scroccarello et al. observed that under identical experimental conditions, other metals
used for the nanoparticle functionalization would yield different morphologies, sizes, and
distributions [26], and result in composite materials with different behaviors. This result
means that adjusting the morphologies and sizes of NPs can be used efficiently to correlate
with the reactivity.

Additionally, the size distribution and density of NPs in hierarchical nanostructures
where different nanoparticles were incorporated, present a catalytic effect since they im-
prove electrical conductivity [27] and sensitivity for gas sensors [25,26]. The decoration
of GO with nanoparticles also leads to different catalytic effects according to the metal
used [28]. The graphene decoration by platinum NPs revealed its suitability for SO, de-
tection [29,30]. In the same way, other NP (Au, Ag, etc.) decorations on different matrices
offer a higher sensitivity to SO, detection, showing that NP decorations are the key [31,32].
Similarly, associating copper nanoparticles with graphene or other materials has also been
described as a good strategy for developing SO, sensors [33,34]. Therefore, we will probe
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the metal decoration based on two metallic nanoparticles (Pt and Cu) to target SO, detection
by focusing on the preparation method, i.e., physical vs. chemical decoration.

In this study, we prepared rGO by chemical reduction of GO and used it as a matrix
for decoration. We decorated the rGO by chemical reduction and physical decoration using
thermal evaporation of metals. For the preparation of nanocomposites (rGO/NPs), we
used different concentrations of metal ions to optimize the NP loading for the chemical
decoration, and parallel to this, we used different deposition times to generate different
NP loading for the physical decoration. The obtained nanocomposites were then tested
for the detection of SO,. We focused this study on chemically reduced rGO decorated
physically and chemically with metal nanoparticles. So, after structural and morphological
characterization, the material was drop-casted on inter-digitated electrodes to investigate
the sensing response upon SO; exposure. After carefully analyzing the gas response, we
evaluated the sensor performance with the best nanocomposite.

2. Materials and Methods
2.1. Materials, Solvents and Preparation

Ethanol (purity grade > 99%) was obtained from Aldrich and used without further
purification. As-produced GO (modified Hummer’s method) was purchased from ACS
Materials and was used as received (purity grade ~ 99%) Sodium citrate tribasic dihydrate
(purity grade > 99.0%) was obtained from Aldrich and used as received. For the chemical
decoration, copper sulphate hydrate (CuSO4-H;O) and potassium tetrachloroplatinate
(KyPtCly) were obtained from Sigma Aldrich. Copper and platinum metals (powder, purity
grade of 99%) used for the physical decoration by thermal evaporation were obtained from
NEYCO. An FB15047, 60 W (Fisher Scientific France, Fisherbrand, Illkirch, France) was
used for ultrasonic treatment.

2.2. Preparation of rGO

In our study, graphene oxide was reduced to rGO using sodium citrate as a reducing
agent. In a typical procedure, 100 mg of GO was first dispersed in a mixture of 90 mL water
and 20 mL ethanol and homogenized by alternating heating and ultrasonic treatment. The
obtained dispersion was then heated at 100 °C before adding a citrate solution (1.0 g in
10 mL of water). This reaction mixture was thus maintained for 90 min while heating and
then left under stirring overnight at room temperature. The obtained dispersion was then
filtered under vacuum, washed with distilled water, and dried in ambient air.

2.3. Preparation of rtGO/NPs by Chemical Decoration

The chemical decoration of reduced graphene oxide was carried out chemically using
sodium borohydride (NaBH4) as a reducing agent. The reducing agent for chemical decora-
tion can also be a stabilizing/capping agent for metal ions during chemical decoration [35].
In a typical procedure, 5 mg of rGO were first dispersed in a water/ethanol mixture in a
(1 vol/1 vol) volume proportion, i.e., 5 mL of each. The dispersion was then homogenized
for 5 min by ultrasonic treatment before reduction reactions. The solutions of metallic ions
(CuSOy in water or K, PtCly in water, both at x mg/mL; with x =1, 2, 3, 4, 8) were then
added to the dispersion and stirred at room temperature for 5-10 min. Here, different
solutions of the metal ions (Cu®* and Pt?*) at different concentrations (1 mg/mL, 2 mg/mL,
3 mg/mL, 4 mg/mL, and 8 mg/mL) based on a volume solution of 5 mL each, were
evaluated. The mixture was thus maintained at room temperature for 5 min and left under
stirring at room temperature. The dispersion was then filtered under vacuum, washed
with distilled water, and dried in ambient air. For clarity, in the following, the chemically
decorated nanocomposites are termed rGO/Mymg/mL (with M, the metal, and x mg/mL
representing the concentration).
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2.4. Preparation of rGO/NPs by Physical Decoration

The physical decoration was obtained by thermal evaporation using a thermal evapo-
rator (EDWARDS Auto 306, Edwards High Vaccuum International, Crawley, UK) equipped
with a thin film deposition monitor (TM-350, MAXTEK INC, Cypress, CA, USA) to control
the thickness. The deposition rate was set around 0.6-0.7 A /s for Cu nanoparticle deposi-
tion and 0.3-0.5 A /s for Pt nanoparticle deposition under high vacuum (2.3 x 10~® mbar).
The Cu and Pt nanoparticles were sputtered onto the rGO surface, forming nanoparticles.
The evaporation time was used here to control the NP size or film thickness. The deposition
parameter was adjusted by measuring the thicknesses given by the thickness monitor
control (12 A and 22 A for Cu decoration and 25 A and 50 A for Pt decoration) upon varying
the sputtering times. Thus, the sputtering time was set to 17 s (Cu 12 A) and 37 s (Cu 22 A)
for Cu decoration and 83 s (Pt 25 A) and 100 s (Pt 50 A) for Pt decoration. So, in the
following, the physically decorated samples will be referred to as rGO/Cuy, 3, tGO/Cuy,
rGO/ Pt25 A/ and rGO/ Pt50 i We decided to limit the deposition amount to these values to
avoid the coalescence and NP merging that is observed at higher deposition amounts.

2.5. Material Characterizations

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
were carried out for structural characterization. SEM micrographs were acquired from a
Carl Zeiss Supra (Zeiss microscopie, Oberkochen, Germany) scanning electron microscope
with an acceleration voltage of 3 kV. The samples were prepared by depositing one drop of
the dispersion on a copper foil and drying on a hotplate. TEM micrographs were obtained
with a HITACHI H-7650 TEM (Hitachi, Berkshire, UK) operating at 80 kV. Similarly, the
samples were prepared by depositing one drop of the dispersion on a carbon-based TEM
grid and dried at room temperature. To realize the particle distribution as given in the SEM
and TEM images, the software IMAGE ] (version 1.53) was used. The counts represent the
numbers of average particles with the same average size within a range.

Raman spectroscopy experiments were carried out in a Witec microscope equipped
with a Nikon objective (Witec, Ulm, Germany), and the samples were excited by an ion
Ar laser (wavelength of 514 nm). Raman signals of the samples were excited with an
Nd:YAG laser (532 nm; 10 mW), and Raman light was detected by a high sensitivity, back-
illuminated Peltier-cooled CCD behind a 600 groove/mm grating. The data were recorded
in the wavenumber range from 600 to 3000 cm~!. All measurements were carried out at
room temperature.

For electrical characterization, interdigitated electrodes (IDEs) made of platinum
screen printed on an alumina substrate, with an inter-electrode distance of 125 um
(width x length = 3 mm x 5 mm), were used. The electrical characterization was car-
ried out by drop-casting a few drops of dispersion of rGO on interdigitated electrodes.
The IDE support was placed on a hotplate to ensure rapid solvent evaporation. The cur-
rent (I) versus voltage (V) measurement, i.e., I-V characteristic of the sensing device, was
performed in a two-point configuration in ambient air employing a Keithley 2636 System
Source Meter (Tektronix, Berkshire, UK) controlled by LabVIEW software (version Lab-
VIEW 2022). The I-V graphs were obtained in the —1 V to +1 V range with a step voltage
of 0.01 V.

2.6. ¥GO Layers’ Preparation and Test Bench

To realize resistive sensors, the composite rGO/NPs were dispersed in a mixture of
water/ethanol (1 vol/1 vol) and layered by drop-casting on the resistive IDEs transducer
maintained at 85 °C for solvent evaporation.

The sensor test bench consists of a dilution bench comprising a sensor chamber, a
pollutant source (gas cylinders), mass flow controllers for controlling the dilution and
concentration, and a computer-assisted program monitored through LabVIEW software for
data acquisition (see Scheme S1 Supporting Information). Ambient air was pumped and
dried using a desiccator column as presented in Scheme S1 to produce purified dry air. The
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gas source from gas cylinders was diluted with the purified dry air (relative humidity of 3%
and 5%) to generate the desired concentration range and sent to the sensor chamber. The
sensor chamber comprised sensors that were wired for electrical measurement. We used
a Keithley 2700 multimeter to record the resistance measurement. The sensor response is
defined as AR/Ry given in percentage (%) using the following formula:

AR/Rq (%) = (Rg — Rgas)/Ry x 100,

In this formula, Rgas is the resistance under gas exposure, and Ry is the resistance
under dried air.

The response time (Tresp) is the time needed to reach 90% of the maximum response
amplitude, while recovery time (Trec) is the time required to recover 90% of the background
signal. The sensitivity (S) of the sensors, which defines the sensor’s response per unit
concentration (ppm), is given by:

S = AR/Ry (%)/Concentration (ppm)

If not otherwise indicated, all experiments were performed at room temperature. The
experimental bench is displayed in Scheme S1 (see Supporting Information).

3. Results
3.1. Characterization of Chemically and Physically Decorated rGO/NPs
3.1.1. SEM and TEM Characterization

rGO is well adapted for decoration with nanoparticles since the remaining oxygen-
containing functional groups are essential for incorporating ions or nanoparticle seeds
via electrostatic interaction, for example. The SEM image of the rGO is presented in
Figure 1A for comparison. Figure 1B,C shows the morphology of the chemically decorated
rGO/NP composites obtained by SEM, while Figure 1D,E shows the morphology of the
physically decorated rGO/NP composites obtained by TEM. Compared to Figure 1A, where
a flat surface represents the rGO surface, distinct and grain-like structures are observed
in Figure 1B,C as representing nanoparticles on the rGO. We can identify the Pt and Cu
nanoparticles as small dots on the rGO structure at lower and higher magnifications. Bigger
and aggregated NPs dominated the Cu-decorated rGO (Figure 1B), while the Pt-decorated
rGO presents a smaller NP size (Figure 1C). The TEM analysis of the physically decorated
rGO also reveals this structural organization, where the rGO nanosheets are covered with
nanoparticles. Here again, bigger NPs dominated the Cu-decorated rGO (Figure 1D), while
smaller NPs illustrated the physically Pt-decorated rGO (Figure 1E).

The differences between the physically and chemically decorated rGO arise mainly
in the distribution of the nanoparticles on the surface. In fact, the rGO/NP composites
obtained by physical decoration illustrated a structure where the NPs are evenly distributed
around the exposed rGO surface. The diameter distributions of the nanoparticles are
shown as insets in the SEM and TEM images. The size distribution also suggests that the
nanoparticles are smaller but in a high-density configuration, as revealed in the figures of
physical decoration.

The chemically decorated composites present morphologies where the NPs are inho-
mogeneously distributed on the surface of the rGO. Nevertheless, the nanoparticle size is
bigger than the previous case, with many aggregates resulting from the chemical reduction,
where nucleation is followed by further growth, which is the dominant mechanism. In
fact, in the in-situ chemical reduction, primary nucleation is considered as seeds that are
potential nucleation sites for further reduction, increasing the size of the nanoparticles in
this way. Conversely, the metals evaporated from the source are evenly distributed on the
surface in the physical decoration method. It is, for example, established that in the physical
deposition process, the deposited Pt nucleates and grows into individual nanoparticles on
the graphene surface during the metal deposition process through evaporation. This is
due to a film growth mechanism in metal deposition where cohesive bonds between metal
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atoms are stronger than adhesive bonds between the atoms and substrate [36]. However,
larger nanoparticles can also form during physical decoration if enough thermal energy
is brought to adsorbed metal nanoparticles. Pandey et al. explained this occurrence and
suggested that treating the samples with sufficient thermal energy allows them to nucleate
on lower energy sites randomly [37].

100 120 140

5 10 15 20 25 30 35 40 45 B
D (nm)

Figure 1. SEM images of rGO (A), and chemically decorated nanocomposites rGO/Cu (B) and rGO/Pt
(C), and TEM images of physically decorated nanocomposites rGO/Cu,, 3 (D), and rGO/Ptys 5 (E).

These morphological characterizations allow us to highlight the effectiveness of the
decoration and present roughly the result of the two decoration methods and their resulting
composite formation intended to develop sensor materials for sulfur dioxide detection.
To sum up, the images of the physical decoration show that Pt and Cu nanoparticles are
deposited uniformly on the rGO surface. At the same time, small aggregates of NPs and
large aggregates of NPs dominate the SEM images of the Pt chemically decorated rGO and
Cu chemically decorated rGO, respectively. Overall, the copper NPs are larger than the
Pt NPs.

3.1.2. XRD and Raman Characterization

Figure 2 presents the XRD spectra of rGO and NP-decorated rGO. Characteristic peaks
of the metals are well identified in the spectra, while a small shoulder represents the rtGO’s
presence.

Comparison with JCPDS cards allows us to retrieve the data and state that Pt peaks
are from the Pt NPs. The peaks located around 40.0°, 46.5°, 67.9°, and 81.7° are attributed
to (111), (200), (220), and (311) plans, respectively [27,37].

For the rGO/Cu decoration, peaks are visible at 26 equal to 29.8°, 36.7°, and 61.7°,
which represent the (110), (111), and (220) of the Cu,O [38], while other peaks at 26 equal
to 43.5° (111), 50.6 (200) and 74.2° (220) of the Cu [39], meaning that, in this case, both Cu
and Cu20 are present. Such coexistence of Cu and CuyO after the chemical reduction of
Cu ions has been previously reported even with the use of a stabilizing agent [40]. The
results for the physical decoration are displayed in Figure S1. No specific peaks attributed
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to the presence of the metallic nanoparticles could be detected in the XRD spectra. This
result illustrates that the NPs were deposited but physical decoration does not present a
well-defined crystalline structure.

111

rGO/Cu
rGO/Pt
rGO

Intensity (a. u.)

I ! | ! I ! I ! I ! I ! I ! I

10 20 30 40 50 60 70 80
26 (°)

Figure 2. XRD spectra of the rGO and the chemically decorated nanocomposites rGO/Cu and
rGO/Pt. Peaks labelled with * are for CuyO component in the rGO/Cu nanocomposites.

Raman is an exciting tool for understanding the transformation of carbon nanostruc-
tures since it enables the ability to quickly distinguish differences between carbon structures
after a structural modification. Therefore, the changes in the decoration of the rGO by NPs
were investigated by Raman spectroscopy, a sensitive technique regarding carbonaceous
materials [41]. The measured spectra of the rGO samples and rGO/NP nanocomposites
prepared chemically and physically are presented in Figure 3 and Figure S2, respectively.
All spectra reveal the same G, D, and 2D bands in both materials. These three prominent
characteristic peaks are generally observed in GO and rGO-based materials and represent
specific features. The D band (disorder-induced band) localized around the 1350 cm !
region is often related to the Alg breathing mode, which can have different origins, such
as the extent of defects or disordered sp3 carbon in the carbon sheet and impurities [42].
The G band (the tangential mode of graphitic structure) localized around the 1590 cm !
region is related to the sp? carbon domains. It is often used to follow the restoration of the
n-conjugated domains of sp? carbon atoms after the reduction of the GO into rGO. The
2D band can give information on the presence of single-layer or multi-layer graphene, de-
pending on the shape and intensity of the 2D band (~2700 cm~!) [43]. However, a decrease
in the intensity of this band (2D) is also attributed to an increase in the density of defects
or disorders [44]. The D peak of the rGO is slightly shifted from 1361 to 1358 cm~! and
1357 cm ™! after decoration, and the G band also slightly shifts from 1584 cm ™! in the rGO
to 1580 cm ! and 1579 cm ™! after decoration. Such slight shifting in the bands is evidence
of interaction between the different components [45]. Apart from the presence of these
bands, the intensity ratio (ID/IG) is more reasonable in characterizing these structures
correctly. In the rGO/NP structures, the ID/IG are estimated to be 1.47, 1.49, and 1.46 for
the rGO, rGO/Cu, and rGO Pt, respectively, showing a slight difference. Here again, the
Raman spectra of the rtGO/NP samples in combination with the intensity ratio (ID/IG)
indicate that decoration with NPs does not significantly affect the rGO.
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Figure 3. Raman spectra of the rGO, and the chemically decorated nanocomposites rGO/Cu and
rGO/Pt.

As shown in Figure S2, the D peak of the rGO is shifted from 1357 to 1354 cm ! and
1355 cm ™! after physical decoration, while the G band also slightly shifts from 1591 cm ™!
in the rGO to 1586 cm~! and 1587 cm ™! after physical decoration. The ID/IG are estimated
to be 1.58, 1.35, and 1.38 for the rGO, rGO/Pt, and rGO/Cu, respectively, showing a
significant difference compared to the chemical ones. From these results, it is observed
that physical decoration affects the rGO structure more than chemical decoration. Such a
result is attributed to the process of physical decoration that needs heating and vacuum
treatment before deposition, affecting the structure. Additionally, physical decoration is
not directed to a specific reaction site but proceeds randomly on the surface, depositing
evenly at the surface.

3.1.3. Electrical Characterization

The electrical characterization of the rGO/NP composites is essential before realiz-
ing the sensors’ structures. Figure 4 presents the electrical characterization obtained for
rGO/NP composites decorated chemically. The current-voltage plots at room temperature
for all nanocomposites present a linear current-voltage feature indicating an ohmic charac-
ter of the chemically decorated rGO/NP composite. The current-voltage characterizations
of the rGO/NP composite decorated physically also present an ohmic character (Figure S3).

After physical decoration, the sensors layer still has an ohmic behavior, showing that
the conduction paths are conserved and active to guarantee the electron flow. The higher
resistance value observed in the rtGO/Cu,,z and rGO/Cu,,; indicates that no short-circuit
resulting from NPs agglomeration and coalescence on the surface of the rGO materials has
been observed. This result is due to a lower deposition rate and a lower amount of deposited
material. In the case of platinum (Figure 54), the electrical characterization showed that at
a higher decoration level, namely rGO/Pt; ), the resistance drops drastically to a value
approaching the lower resistance material (approaching short-circuit). This effect is the
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drawback of physical decoration since, without a net control of the deposition rate and the
thickness, percolation can result in a lower resistance [46,47].

3.0x10°° . o
2 0 10'6 . L4 :zg;g:1mglml 6IOX1 0 ] " r'GOIPt2mglml
. x | 2mg/ml -6 | ®
] s rGO/Cu, . 4.0x10 rGOPt, ..
2 1 .0X1 0-6 7 v I’GO/Cu4mglml s 2.0x1 0-6 | 4 rGoIPtamgImI
- T
§ 0.0 g 0.0
- 3.0x10” :j :
3-1.0x107* 2 { O -2.0x10°
—— 6 |
-2.0x10°- s 7 -4.0x10
3.0x10” f 6
-3.0x10 8 v Von;:;e (v') o -6.0x10 [ ' . ' ' .
1.0 05 0.0 05 1.0 -1.0 0.5 0.0 0.5 1.0
Voltage (V) Voltage (V)
(A) (B)

Figure 4. Current-voltage characteristics of rGO/Cu (A) and rGO/Pt (B) nanocomposites obtained by
chemical decoration. The inset in Figure 4A shows a zoom on the y axis to highlight the overlapping
curves (the red and black curves).

3.2. Sensors’ Responses of the rGO/NP Nanocomposites Obtained by Chemical Decoration
3.2.1. Sensors’ Responses of the Chemically Decorated rGO/Pt Nanocomposites

Figure 5 presents the sensor response of chemically decorated rGO/Pt nanocomposites
exposed to SO,. Figure 5A shows the sensor responses for the rGO/Ptyyg/m and the
rGO/Ptgmg/mL at room temperature. The response of the rGO/Pt at lower concentrations
(<4 mg/mL) are not presented since they are not workable. The rGO/ Ptgmg/mL presents a
lower signal-to-noise ratio than rGO/Ptymg/mL-

The first exposure sequence in Figure 5A, shows a resistance decrease, illustrating an
n-type material for rGO/Pt-based materials. The original rGO material itself presents a
p-type material sign (not presented here). The prepared rGO is natively a p-type material,
and the measured resistance at room temperature is attributed to hole majority carriers. It is
also known that O, [48] (electron-withdrawing groups) and H,O [49] favor p-type doping
when adsorbed to graphene surface materials. The chemical and physical decoration
sometimes create a type inversion from p-type to n-type. For example, it has been reported
that AuNP decoration can invert graphene doping [50]. In this case, the AuNPs act as
electron donors, leading to strong n doping of graphene. This type of inversion results
from electron injection by metal nanoparticles into the rGO matrix.

NPs nucleate at the graphene surface preferentially on defects, impurities, and sites of
oxygenated groups [51,52]. The NP decoration on the rGO surface contributes to tuning
the work function and, therefore, facilitates the doping [53,54]. By doing so, they inject
electrons into the rGO matrix and favor the n-type inversion. In addition, Xiang et al.
showed that incorporating NPs can improve electrical conduction by charge transfer and
tuning the Fermi level in graphene [55].

Figure 5B represents the sensor response of the chemically decorated rGO/Ptgmg/mL
at room temperature and higher temperatures (50 °C, 80 °C, and 100 °C) at 80 ppm.

Increasing the operating temperature produced a lower response, as presented in
Figure 5B. This result shows that temperature does not have a beneficial effect on the
response of the sensors. After the experiments at higher temperatures, the sensors were
re-exposed to the same gas at room temperature. The observed responses were even lower
than the preliminary room temperature response and support the notion that the sensor
responses are not improved with temperature treatment.
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Figure 5. Sensor response of the chemically decorated rGO/Pt nanocomposites exposed to SO,
concentrations in the range of 10-90 ppm at room temperature (A); and response to the 80 ppm
exposure at different temperatures (B).

3.2.2. Sensors’ Responses of the Chemically Decorated rGO/Cu Nanocomposites

Figure 6 presents the sensor response of chemically decorated rGO/Cu nanocompos-
ites exposed to SO,. Figure 6A shows the sensor responses for the chemically decorated
rGO/Cu at different concentrations at room temperature. Compared to the case of rtGO/Pt
nanocomposites, all concentrations (1-4 mg/mL) yield measurable responses. The exposure
shows a resistance decrease, illustrating an n-type material for rGO/Cu-based materials, as
in the previous example. Figure 6B gives the corresponding calibration curves.

The precedent results showed that the rtGO/Cupmg/mL presents the best performances.
Therefore, we used it for the following discussion. We then considered that the chemical
decoration with 2 mg/mL (copper) is the optimal concentration for preparing the rGO/Cu-
based materials. This result means that even if the incorporation of NPs improves the
electrical conduction [55] and induces a catalytic effect, the amount of NPs is critical since
a higher density of NPs on the graphene surface inhibits the sensor response. The sensor
with a denser metal NP film exhibited lower gas responses due to a significant conduction
path through the NPs metallic film rather than the graphene conduction channel [36]. This
case is predominant when the physical decoration is processed and explains why physical
decoration results in lower responses.

To improve the responses, we increased the operating temperature of the rtGO/Cumg/mL
sensor from RT to 110 °C, and the responses are presented in Figure 7. The calibration
curves showed that the temperature did not improve the response, and an expected
catalytic thermal activation did not occur. The room temperature response of the sensor
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3.3. Sensors’ Responses of the rGO/NP Nanocomposites Obtained by Physical Decoration

We showed above that physical decoration presents better particle size distribution
than chemical decoration. However, both decoration processes present ohmic characteris-
tics regarding resistive behaviors. In the following paragraph, we will present the sensing
properties of the physically decorated graphene-based material towards SO,.

3.3.1. Sensors’ Responses of the rGO/Pt,s3 and rGO/Pt;; 3 Nanocomposites Obtained by a
Physical Process

Figure S5 presents the sensor response of physically decorated rGO/Pt nanocompos-
ites exposed to SO,. The first exposure shows a resistance decrease, illustrating an n-type
material for the rGO/Pt,;x and the rGO/Pt;,5 based materials. Both sensors present a
noisy signal at room temperature, making the response unexploitable. Therefore, using
platinum decoration using a physical method can be seen as less sensitive for SO,-based
sensors. In front of the lack of exploitable response, the sensors are exposed to SO, at higher
temperatures, but increasing the temperature did not improve the signal and responses
at all.

3.3.2. Sensors’ Responses of the rtGO/Cu,,; and rtGO/Cu,, s Nanocomposites Obtained by
a Physical Process

For the rGO/Cu nanocomposites decorated physically, the responses are presented in
Figure 8. In this case, the rGO/Cu,,; and the tGO/Cu,,; present responses that illustrate
an n-type material with a resistance decrease under SO,. Interestingly, the lower decorated
sensor (rGO/Cu,, ) presents a better response than the chemical decoration, where lower
concentration (rGO/Cupmg/mL) presents a better response.

(A)
—GO/Cu, , :
@7.54“05
(]
g
& 7.25x10°
2
2
& 6.96x10° (B)
3.5x10* ——1GO/Cu,,, at 50°C
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Figure 8. Response of the physically decorated rGO/Cu,,; and rGO/Cu,,; exposed to SO, at
room temperature (A); and the response of the rtGO/Cu,,; at room temperature and different
temperatures (B).
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Since the rGO/Cuy,; presents exciting features, we also increased the operating
temperature during the exposure of the rtGO/Cu,, 4 under SO, to improve the responses.
Therefore, the sensors were exposed to 90 ppm of SO; at 50 °C, 80 °C, and 100 °C and back
to RT. The results of these sequences are presented in Figure 8B. The response variations
showed that apart from the exposure at 50 °C, the temperature does not improve the
response, and an expected catalytic thermal activation does not occur. The re-exposure
to room temperature after temperature experiments illustrates the degradation response
with temperature. As in the case of the physical decoration of platinum, here again, the
physical method provides less sensitive sensor materials for SO;-based sensors using
copper decoration.

At this point, two trends can be highlighted: (i) the chemical decoration gives better
results than the physical one; (ii) the copper decoration presents a better response and rep-
resents the best nanocomposites. Regarding all of these results, combining the physical and
chemical decoration and the obtained responses, the rtGO/Cuopg/mr, Was the best choice
for detecting SO, gas. Therefore, the following steps will study the sensing performances
with the rGO/Cuppg/mL sensors obtained by the chemical method.

3.4. Sensors Performance of the Chemically Decorated rGO/CuzpgmL.

The rGO/Cuppg/mL Was tested for interfering gases, namely H,S and CO, and the
results are presented in the form of sensitivity. Figure 9 displays a histogram representing
the sensitivity to different gases. The sensors present a sensitivity to SO, (0.104% /ppm)
that is three times higher than the sensitivity towards H,S, which was measured to be
(0.03%/ppm), and a sensitivity eight times higher than the CO (0.017%/ppm). These results
show that the rGO/Cuymg/mL is suited for detecting SO, due to the lower cross-sensitivity
to other gases. The NPs are active sites for gas adsorption; meanwhile, their catalytic
properties enhance gas sensitivity since they promote interaction with some gases. The
response time and the recovery time obtained from the room temperature experiment are
estimated to be 230 s and 330 s, respectively, and the detection limit is evaluated to be
167 ppb.

0.100 -

0.075

0.050 -

Sensitivity (%/ppm)

0.025 -

0.000 -

Gas

Figure 9. Cross-sensitivity histogram of the chemically decorated rGO/ Cupmg/mL sensor exposed to
SO; and interfering gases H,S and CO at room temperature.

From this graph, it can be stated that the rGO/Cuopg/mL sensor presents a partial
selectivity to SO5.
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This sensor was also evaluated in terms of long-term stability and humid conditions.
The results are presented in Figures S6 and S7. For long-term stability, the rGO/Cupmg/mL
sensors were exposed to SO, using the same protocol in the range of 10-90 ppm and
measurements were performed periodically, as displayed in Figure S6. The first exposure
presented the lowest sensitivity and can be accounted for the preconditioning. After
this phase, the sensors show reliable results since from the beginning and end of the
experiment, the sensitivity only decreased about 13%, which can be considered acceptable.
For the humidity experiment, the sensors showed that the higher humidity condition
lead to a reduced response. At moderate humidity (3—10% RH), the resistance variation
increased, while at higher humidity levels (>15%RH) the response decreased. In other
words, the interaction with water dominates the adsorption of SO,. So it means that there
is a competition between humidity and SO, adsorption. It is important to point out that the
surface of the nanocomposites still contain oxygenated groups (from rGO), and these can
interact with water later. This result can be explained by the remaining oxygenated groups
on the surface of the rGO, which interact with water from humid air, and this interaction
dominates at higher humidity levels.

4. Discussion
4.1. Mechanism of Interaction

We have seen in the above paragraph that the resistance decreases under SO, exposure.
S0,, as a reducing gas, will react with adsorbed oxygen atoms (Equations (1) and (2)).
This reaction will produce SO3; gas (Equation (3)) and re-inject the previously trapped
electrons into the sensor layer (n-type), so the re-injected electrons contribute to an increase
in the number of majority carriers that increases. Such an increase will induce a resistance
decrease observed in the sensors’ response profile in the response curves.

The role of adsorbed oxygen species should be considered when discussing the rGO-
based materials used for sensing experiments [56]. When a rGO/NPs’ sensing material is
exposed to air as a carrier gas, the adsorption of molecular oxygen occurs preferentially
on the defect sites, NPs, and remaining functional groups on the sensing surface. The
oxygen adsorption and the following electrons trapping are associated with the following
equations [57]:

O; (gas) ++ O, (ads) (1)

O, (ads) + e~ <> Oy (ads)™ (2)

Since we are dealing with room temperature experiments, among the general ionosorbed
oxygen species encountered (0?~, O~, O,7), O, is the most probable existing species
following Equation (2) [23,31,58,59]. In terms of conduction, both decorations generated
better conduction than the rGO itself, and the resistance decreased in both cases. In terms
of mechanism, molecular oxygen (O;) adsorbs into the rGO/NPs structure and traps
electrons by forming ionosorbed species (O, ™). The SO, when adsorbed onto the surface,
reacts with the created O, species by liberating electrons and gaseous SOj3 following the
reaction below. Mechanistically, the NPs lower the work function of the rGO, facilitating
the electrons’ flow between the two materials. By doing so, they also contribute positively
to facilitating the charge transfer. The NPs act as catalysts and receptors that attract
gaseous species. Then, they initiate the interaction and accelerate the reactivity, meanwhile
enhancing sensor sensitivity.

When the SO; enters the chamber, it interacts with the negatively charged oxygen ions
adsorbed over the surface of the sensing film. As a result of this interaction, the formation
of SOz occurs, and a negative charge (e™) is then released into the sensing film, creating a
conductivity increase of the sensing film i.e., resistance decrease.

SO, + OZ(ads)_ ~SO3+e +% 0 3)

Furthermore, noble metal decoration enhances oxygen adsorption activation [46,60,61].
Therefore, the catalytic effect is enhanced by the presence of NPs on the rGO, and the
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contribution of the NPs to the sensitivity enhancement is manifest. Such an effect is
discussed and used to explain the sensitivity enhancement of decorated sensing material
for SO, detection, even if the GO nanosheets presented good sensing performance for
detecting SO, [62].

4.2. Chemical versus Physical Decoration

The use of graphene-based nanocomposites issuing from the metal nanoparticle deco-
ration shows that metallic nanoparticles act as catalysts to increase the reaction between
gases and graphene or rGO [11]. Additionally, nanoparticle decoration can enhance the
conductivity of the rGO. The conductivity improvement facilitates the conducting path
between rGO and metallic NPs. Even if the mechanism of reduction and growth is not
well amended, authors agree, at least for chemical decoration, that the remaining oxygen
functionalities of GO or rGO provide reactive nucleation sites [52]. These later evolved
into seeds and finally grew once the metal ions were reduced into nanoparticles with the
addition of a reducing agent [52]. Secondly, the NPs are formed essentially on structural
defects in rGO and contribute to repairing the rGO skeleton by decorating the defects
with NPs [63]. This effect is a kind of healing of the defective rGO and helps restore the
conductivity.

Regarding the difference between the physical and chemical decoration in terms of
response and sensitivity, we observed that the chemical decoration produces by far the
best results. If we consider that the mechanism is identical, the different sensitivity can be
attributed to differences in the structure since both decorations lead to ohmic behavior. To
explain and understand the mechanism, Scheme 1 is used to summarize the two situations
of decoration and their interactions with the gas. The upper panel represents the chemical
decoration case while the lower panel represents that of the physical decoration. The
different steps are labeled A, B, and C and represent the nanocomposites after fabrication
(Step A), their reactivity in the air (Step B), and finally, their interaction with SO, gas
(Step O).

chemically decorated : chemically decorated
rGO/NPs in Air rGO/NPs in SO,
: NPs [ | K 02 L 02_ 8 ;::J—:': SO2 . 503

physically decorated physically decorated | physically decorated
rGO/NPs ; rGO/NPsin Air | rGO/NPs in SO,

Scheme 1. Schematic representation of the decoration and the interaction of the nanocomposites with
SO, gas. The upper panel represents the chemical decoration and the lower panel represents the
physical decoration in their different steps: Step A (fabrication), Step B (reactivity in air), and Step C
(interaction with SO, gas).



Chemosensors 2024, 12, 24

16 of 20

Step A: In the chemical decoration route, the primary deposited nanoparticles behave
like seeds and serve as future growing sites for incoming NPs. Therefore, the NPs easily
form aggregates concentrated on specific areas (on the rGO) with this method, and as a
consequence, many rGO areas remain uncovered (free of NPs). This case is represented
in Scheme 1 (step A in the upper panel). The SEM and TEM confirmed this structural
organization. The physical decoration, contrary to chemical decoration, is not oriented
through specific surface sites. In the physical decoration, the NPs are formed on the surface
and occupy almost all rGO surfaces (Scheme 1: step A in the lower panel). This is a
result of the process of physical decoration, where the surface of the rGO is bombarded
homogeneously by atoms evaporated by the metal source.

Step B: Regarding the NPs decoration, the physical method presents the best NP
distribution and the smallest NP size (Scheme 1: step A in the lower panel), while the
chemical decoration is more subject to aggregates and islands of NP formation (Scheme 1:
step A in the upper panel). The consequence of their different surface coverage is that the
remaining rGO surface is higher in the chemical than in the physical. Remember that NPs
and the remaining rGO surface are additional active sites for gas adsorption. This means
that in air, both surfaces are exposed to oxygen and produce ionosorbed oxygen species
(Scheme 1: step B in the upper and lower panels). As the ionosorbed species are activating
the reaction with SO, then the interaction occurs.

Step C: If the NPs are evenly distributed on the surface, as in the case of the physical
decoration, then there are no additional active sites for gas adsorption to react with, and
the sensor shows a lower sensitivity (Scheme 1: step C in the lower panel). The chemical
decoration, a defect-oriented-reaction subject to aggregate formation, presents more avail-
able free rGO surface. This free rGO surface enhances the sensitivity since it offers more
active sites for interaction.

Decorating the rGO surface by a chemical method is an optimal way to benefit from
both the rGO surface and the NPs while engaging the catalytic effect of the NPs sitting on
the rGO. In our case, the SO, molecules react with the O, ™ adsorbed on the NPs surface [64]
and O, adsorbed on the rGO surface [65] to form SO3 (Scheme 1: step C in the upper and
lower panels) and release the trapped electrons (Equation (3)).

It seems that the physical decoration cannot profit from such available free rGO
surfaces even if the catalytic particles are everywhere on the surface. This situation can be
analyzed as similar to the poisoning effect due to denser nanoparticle distribution, which
finally hinders the rGO surface’s reactivity. Remember also that decorating the rGO densely
(higher decoration/coverage level) leads to a sensor that presents a much lower resistance
and almost no significant response. With nanoparticle decoration, both the rGO surface
and the NP distribution play an important role. These results follow previous reports
highlighting the participation of the functional groups of the rGO in gas responses [65].
It is established that the rGO surface, because of its functional groups, can catalyze the
adsorption of SO, and reduce the oxidation barrier leading to SO3; formation [66]. With
a higher decoration step and denser distribution, the synergetic effect gained from the
two components (NPs and rGO) tends to disequilibrium and, therefore, does not favor an
enhanced response. This result shows that decoration is essential for strengthening the
responses, but the rGO (with the oxygen functional groups) is also necessary for sensing
purposes.

5. Conclusions

In this study, we prepared rGO by chemical reduction of GO and then initiated metal
nanoparticle decoration of the rGO matrix. We then explored two decoration methods to
study the detection of SO, gas. The chemical decoration method is based on the direct
reduction of nanoparticles onto the rGO surface employing chemical reduction. In contrast,
the physical process of the metal nanoparticle decoration on the rGO’s surface proceeds
through evaporation. The morphological and physicochemical characterization highlights
the effectiveness of the decoration. The images of the physical decoration show that
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nanoparticles are deposited uniformly on the rGO surface while small aggregates of NPs
and large aggregates of NPs dominate in the chemical decoration. The sensor’s response
showed that the chemical decoration presents the best responses compared to the physical
ones. The copper NPs present better reactivity towards SO, than the Pt. The temperature
does not seem to improve the chemical decoration, while a slightly higher temperature
(50 °C) improves the response for the physical decoration. The results showed that the
synergetic effect gained from the two components (NPs and rGO) is enhanced in the
chemical method. At the same time, they are non-significant in the physical method due
to lower rGO available surface. Decorating the rGO surface by a chemical method is an
optimal way to benefit from both the free surface and NPs while engaging the catalytic
effect of the NPs sitting on the rGO. The distribution of the NPs is important, but the free
rGO surface is also essential for sensing. Therefore, an overly dense decoration of NPs 4wis
detrimental to sensor response.
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