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Abstract: The properties of carbon nanotubes (CNTs) can be effectively tailored by decorating their
surface with metal nanoparticles. For the decoration, first plasma functionalization is used to add
oxygen chemical groups to the CNTs surface. Afterwards, the Ox-CNTs are decorated with Ni-Pd
bimetallic nanoparticles using plasma sputtering deposition, a clean, fast, and environmentally
friendly functionalization method. The grafted oxygen groups serve as nucleation sites for the growth
of the bimetallic nanoparticles. Finally, the Ni-Pd nanoparticle-decorated CNTs are assessed as a
sensing layer for the detection of toluene.
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1. Introduction

Recently, there has been an increasing need to develop sensors for different applica-
tions, including chemical, pressure, and temperature sensing [1-3]. Specifically, developing
novel chemical sensors can help to solve problems involving environmental monitoring,
medical diagnoses, and even space exploration [4]. For example, detecting toxic gases
due to the global increase in air pollution is essential for detecting hazardous gas leakages
that can harm the environment [5]. In this context, commercial chemical sensors must
fulfill characteristics such as high selectivity and sensitivity, fast recovery and response,
low power consumption, low-cost fabrication, portability, and stability [6]. In this direction,
the use of nanomaterials as active materials in sensors has been raised as an important way
to improve the sensing properties of commercial sensors or develop novel sensors due to
properties such as large surface area, high sensitivity to changes in their electrical, chemical,
and thermal properties, and exceptional mechanical properties.

Owing to their distinctive physical and electrical properties, carbon nanotubes (CNTs)
have been extensively studied for their implementation in various applications, including
chemical sensor devices [7,8]. CNTs have high thermal conductivity, chemical stability, and
tensile strength [9,10]. These properties, combined with their large surface-to-volume ratio,
promote optimal interactions with the target gas compounds, increase sensor sensitivity,
and lower the detection limits. The basic principle of chemical sensing using CNTs as active
materials towards electron-donating and acceptor molecules consists of charge transfer
among the molecules and the p-type semiconducting CNTs. This charge transfer produces
an enhancement or depletion of the charge carriers in the tubes, hence a monitorable change
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in their electrical resistance [6,11]. The sensor’s efficiency will depend on the effective
adsorption and desorption processes of the gas molecules on the active material. Chemical
sensing is based on the change in electrical properties (i.e., resistivity) of the active material.
Therefore, chemical sensors are considered low-cost sensors, giving them an advantage
over optical and physical sensors [5].

Despite the appropriate properties of pristine CNTs, some drawbacks still need to be
improved for their optimal implementation in chemical sensors, such as poor sensitivity,
selectivity, and long recovery times when operated at room temperature. Shorter recovery
times can be reached when high operating temperatures (between 100 and 200 °C) are
used [12], leading to high-power consumption and complex commercialization setups [13,
14]. To tackle these disadvantages, CNTs have been functionalized with several molecules,
polymers, and nanoparticles to fine-tune their properties and create active sites on their
surface [15]. In this sense, the CNTs’ decoration with metal nanoparticles has been explored
since adding noble metals to their surface has shown improved sensitivity towards certain
gases [5]. For example, Mohsen Asad et al., observed an increased sensitivity of SWCNTs
towards H,S when their surface was decorated with Cu-nanoparticles [16]. Furthermore,
functionalizing CNTs with metal nanoparticles generally leads to forming a composite
material with higher strength, stiffness, and toughness, and with improved current carrying
capabilities [17]. This synergy of CNTs and metal nanoparticle properties has pushed their
application in catalysis, biological sensors, electronics, and energy storage devices [18-22].

Electrochemical methods are commonly used to decorate CN'Ts with metal nanopar-
ticles. However, these techniques have the disadvantage of generating large amounts of
liquid waste, requiring long-time treatments and low efficiency [23]. Conversely, methods
such as ion beam deposition by irradiation, evaporation, or plasma sputtering are more
advantageous because they are faster and more efficient. Furthermore, these methods are
eco-friendly because they do not generate liquid waste [24-26]. Among these methods,
plasma sputtering deposition is a commercial method used in microelectronics, coatings,
metallurgy, and other applications [27]. Sputtering deposition consists of the ejection of
atoms from a metal target using a bombardment of energetic particles which collide with
atoms on the surface of the target, causing their ejection [28]. The energetic particles are
usually ions produced by ion or plasma sources; ion sources are less common because they
are more complex and expensive than plasma sources. In plasma sputtering deposition, the
ions from the plasma are accelerated into a metal target using a negative voltage into the
target; these ions have enough energy to eject metal atoms from the target. Then, sputtered
atoms leave the target to collide with the surface of a substrate positioned on the opposite
side of the target. In the case of metal nanoparticle formation, the metal atoms move along
the substrate surface until they reach a nucleation point, forming clusters that then act as
condensation centers to form nanoparticles [29].

The deposition of bimetallic nanoparticles onto the CNTs’ surface has been raised
as an alternative to enhance their sensing capabilities. It has been observed that the
synergistic combination of metals can improve the composite stability, selectivity, and
sensing performance if they are compared to monometallic nanoparticles [30]. However,
the interactions between metals and the surface of graphite are reported to be weak due
to the inert nature of sp? carbons. For this reason, it has been reported that sp?> carbon
materials, like CNTs, are functionalized with metal nanoparticles, mainly at the defect sites
of their structures, which in the case of nanotubes are predominantly at the tips [29,31].
However, Felten et al., showed that introducing oxygen functional groups on CNTs, before
the decoration of the CNTs with metal nanoparticles, employing oxygen plasma treatment
leads to a more ubiquitous localization of the nanoparticles in the basal plane of the CNTs.
This better distribution of the particles occurs because the oxygen groups grafted onto the
CNTs surface serve as nucleation spots for the formation of the nanoparticles [31].

Herein, CNTs were first functionalized with oxygen groups, employing an oxygen
plasma to create active sites for nanoparticle nucleation. Then, bimetallic Ni-Pd nanopar-
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ticles were grown on CNTs, using the plasma sputtering deposition method. Finally, the
obtained samples were evaluated as active materials in chemical sensors to detect toluene.

2. Materials and Methods
2.1. Bimetallic NPs Decoration of MWCNTs

Multi-walled carbon nanotubes (MWCNTs) were obtained from Nanocyl S. A. (Namur,
Belgium). The average length of the MWCNTs was 50 pm, and the average inner and outer
diameters were 3 and 15 nm, respectively. First, MWCNTs were dispersed in ethanol with
a concentration of 0.1mg/mL by sonication in a bath for 20 min. Afterward, the dispersion
was airbrushed onto a commercial alumina substrate from Ceram Tech GmbH (Lohmar,
Germany), which had screen-printed interdigitated platinum electrodes on one side and
a screen-printed heater on the other side. Next, the MWCNTs were functionalized with
oxygen groups by performing an oxygen plasma functionalization. The oxygen functional-
ization was performed in a plasma chamber with a residual pressure of 1.8 x 10~° Torr. The
discharge was produced by means of an advanced energy RF power generator with a power
of 100 W. Then, a flow of O; (50 sccm) was put into the chamber with a working pressure
of 7 x 10~* Torr. The treatment time was 5 min. Then, for the decoration of MWCNTs
with bimetallic NPs, plasma sputtering deposition was employed using palladium and
nickel metal targets, respectively. The nanotubes were first decorated with palladium, and
the sensor containing the oxygen-functionalized MWCNTs was located in the sputtering
chamber, which was then brought to a pressure of 107> Torr. Afterwards, the pressure
of the chamber was set to 25 mTorr using an argon flux with a flow of 20 sccm. Next,
plasma was generated by initiating the magnetron power at 50 W. Palladium sputtering
was performed for 5 s. This sputtering time permitted the production of a palladium film
with an approximate thickness of 10 A. Afterward, the samples were decorated with nickel
atoms to create bimetallic nanoparticles. The nickel sputtering was carried out similarly to
the palladium but using a nickel target and changing the magnetron power to 100 W. Three
samples with increased nickel concentrations were obtained by changing the sputtering
time to 5, 10, and 30 s.

2.2. Characterization

XPS measurements were carried out with a VERSAPROBE PHI 5000 from Physical
Electronics (Tokyo, Japan) outfitted with a monochromatic Al K X-ray source. Each sam-
ple’s core level spectra were captured with an energy resolution of 0.6 eV. In addition,
Raman spectra were measured with a Micro-Raman system (Senterra Bruker Optik GmbH,
Ettlingen, Germany) with a resolution of 3 cm~!. Finally, the samples were analyzed with a
field-emission scanning electron microscope (FESEM), Carl Zeiss AG—ULTRA 55.

2.3. Gas Sensing

For sensor development, commercially available (CeramTech (Plochingen, Germany),
GmbH) alumina substrates, which comprised a pair of screen-printed, interdigitated plat-
inum electrodes with a 300 um electrode gap on the front side and a platinum resistive
heater meander on the backside, were used. Figure S1 shows a picture of the front and back
of the alumina substrates used.

For testing the sensors, they were installed inside a Teflon test chamber that was joined
to a gas delivery system where the gas of interest could be mixed with pure air to reach
the desired concentration inside the testing chamber. Afterwards, the resistance of the
sensors was computed by making use of an HP 34972A Agilent multimeter (Santa Clara,
CA, USA), and changes in the sensor resistance were recorded while the sensors were in
contact with four different concentrations of the toluene gas (2.5, 5, 7, and 10 ppm). The
sensors were exposed to the toluene gas for 5 min for each gas concentration, followed by
10 min exposure to pure air. The sensor’s response was represented by AR/Ry, where AR
is the resistance change observed, and Ry is the sensor’s resistance in air.
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3. Results and Discussion
First, the multiwall carbon nanotubes (CNTs), randomly deposited on the commercial
alumina sensor substrate, were functionalized with oxygen groups [32]. From XPS analysis,
it was observed that the atomic concentration of oxygen increased from 7.9 at. % in
pristine CNTs to 22.1 at. % in oxygen-functionalized CNTs (inset Figure 1a); oxygen in
pristine CNTs is associated with oxygen surface contamination during their synthesis and
manipulation. The CNT oxygen functionalization could be observed by comparing the
C 1s spectra before and after functionalization (Figure 1a). Photoelectrons ejected from
carbon atoms bonded to oxygen atoms are considered the source of the Cls spectrum
broadening observed at high binding energies following oxygen functionalization. Oxygen
is more electronegative than carbon; hence, a positive charge was induced in carbon atoms
bonded to oxygen, which changed the electron screening of their nucleus, increasing the
binding energy of the electrons in the core levels. Then, the C 1s spectrum of Ox-CNTs
was analyzed to further investigate the carbon atoms’ chemical nature (Figure 1b). Several
components were used to fit the C1s spectrum. The component at 284.4 eV (blue line) was
associated with graphitic carbon with sp? hybridization, and the component at 285.0 eV
(green line) corresponded to photoelectrons ejected from sp hybridized carbon, considered
defects in the graphitic structure. The three remaining components were assigned to carbon
atoms linked to oxygen in three configurations. The components at 286.6 eV (pink line)
corresponded to epoxide groups (C-O), the component at 287.5 eV (burgundy line) was
assigned to carbonyl groups (C=0), and the component at 288.8 eV (navy line) to carboxyl
groups (COOH); peak assignments were carried out using theoretical and experimental
data reported elsewhere [33,34]. The C 1s analysis shows that three different oxygen groups
were grafted at the CNTs surface using oxygen plasma functionalization.
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Figure 1. (a) C 1s XPS spectra of pristine and oxygen-functionalized CNTs. Inset: survey spectra
of CNTs pristine (black) and Ox-CNTs (blue); (b) high-resolution C 1s XPS analysis spectrum of
Ox-CNTs. Assignments: Red line — least square fitting result, blue line — C—spz, green line — C—sp3 ,
pink line — C-O, burgundy line — C=0, navy line — COOH. Black dots experimental data.

After oxygen functionalization, Ox-CNTs were decorated with bimetallic nickel-
palladium nanoparticles using plasma sputtering deposition. First, Ox-CNTs were deco-
rated with palladium. The sputtering time was five seconds, allowing the obtention of a
palladium film with a nominal thickness of 10 A. Afterwards, the Pd-Ox-CNTs were deco-
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rated with nickel using three sputtering times (5, 10, and 30 s) to obtain Ni-Pd bimetallic
NPs with different nickel atomic concentrations. X-ray photoelectron spectroscopy (XPS)
was performed for each sample after each sputtering deposition.

The XPS analysis of the C 1s spectra after the deposition of palladium and nickel on
the surface of the nanotubes is shown in Figure 2. For both cases, the same number of com-
ponents as the Ox-CNTs sample was used to reproduce the spectra. The Cls XPS analysis
spectrum of the CNTs sputtered with palladium is shown in Figure 2a. New components
related to forming a Pd-C phase could not be observed; the photoelectrons emitted from
carbons atoms in Pd carbides (PdCx) had binding energy centered at 282.0 eV [35]. The
inset in Figure 2a showed the survey XPS spectrum exhibiting a peak at 335.5 eV associated
with palladium atoms on the CNTs surface with a relative atomic concentration of 2.2 %
(Table S1). The nanoparticle formation was reported to be initiated by the mobility and
diffusion of Pd atoms at the CNTs surface before reaching a nucleation center. In this case,
the oxygen functional groups at the CNTs surface functioned as nucleation centers for the
agglomeration of Pd atoms to form nanoparticles due to the strong interaction between
palladium and oxygen atoms [31,36].
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Figure 2. C 1s XPS analysis spectra of (a) Ox-CNTs after palladium deposition (Pd-Ox-CNTs); (b) Pd-
Ox-CNTs after nickel deposition (Ni-Pd-Ox-CNTs). Insets: survey XPS spectra comparison between
Pd-Ox-CNTs (a) and Ni-Pd-Ox-CNTs (b). Assignments: Red line — least square fitting result, blue
line — C-sp?, green line — C-sp?, pink line — C-O, burgundy line — C=0, navy line — COOH. Black
dots experimental data.

Consequently, oxygen functionalization promotes the formation of well-distributed
metal NPs in the CNTs surface, as demonstrated by Felten and collaborators in 2009 [31].
Similarly, for the case of nickel sputtering onto Pd-Ox-CNTs, no new components were
observed in the C 1s spectrum, demonstrating that Ni-C bonds were not formed. The inset
in Figure 2b shows the survey spectrum with peaks created by photoelectrons ejected from
palladium and nickel atoms on the CNTs surface at 335.5 eV and 855.8 eV, respectively.

The Pd 3d core-level XPS analysis spectra are shown in Figure 3. The Pd 3d spectrum
recorded on the Pd-Ox-CNTs sample (Figure 3a) showed two doublets (Pd 3ds,,, Pd 3d3 7).
The first doublet (blue lines) was centered at 336.1 and 341.4 eV of binding energies for
Pd 3ds5,, and Pd 3d3,,, respectively. Therefore, this doublet was assigned to metallic Pd
(Pd®) [37]. The second doublet (green lines) had binding energies of 337.7 and 343.0 eV
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and was associated with PAO (Pd?*) [37]. The presence of Pd?* corroborates the interaction
of palladium with oxygen functional groups grafted at the surface of the tubes. This is
consistent with the results reported by Felten and collaborators, where oxygen functional-
izations work as nucleation sites for forming Pd nanoparticles [31]. Figure 3b—d show the
Pd 3d XPS analysis spectra of the samples containing nickel; 5, 10, and 30 s nickel-sputtered
samples, respectively. Compared to the sample containing only palladium, a third doublet
was necessary to reproduce the Pd 3d spectra of the Ni-Pd samples. This doublet had
binding energies of 338.0 and 343.3 eV (magenta lines) and was assigned to Pd3*. This
oxidation state was associated with two possible chemical environments of palladium, the
further oxidation of palladium (PdOx) or Pd atoms interacting with Ni atoms [37]. The
highest relative concentration of this doublet was observed in the sample sputtered with
nickel for 10 s. These results suggest that the nickel atoms diffuse on the CNTs surface
until reaching an active site on the surface of CNTs, like oxygen functionalities or sites
containing Pd-nanoparticles. Therefore, Ni-Pd bimetallic nanoparticles are formed. The
formation of nanoparticle formation was verified using FESEM (Figure S2).
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Figure 3. Pd 3d XPS analysis spectra. (a) Pd-Ox-CNTs; (b) 5Ni-Pd-Ox-CNTs; (c¢) 10Ni-Pd-Ox-CNTs;
and (d) 30Ni-Pd-Ox-CNTs. The blue doublet is associated with d to Pd’, green doublet to Pd?*, and
pink doublet to PAO-NiO interactions, and the red line is the least square fitting result—black dots
experimental data.

The analysis of the Ni 2p XPS spectra of the Ni-Pd-Ox-CNTs samples is shown in
Figure 4. For simplicity, only the Ni 2p3,, contribution is shown. Four components were
used to reproduce the spectra of the three samples (5, 10, and 30 s of nickel sputtering)
(Figure 4a—c). The component at 853.8 eV (cyan line) was associated with metallic nickel
(N1i%), the one at 855.9 eV was assigned to NiO (Ni%*) (blue line), and a third component at
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858.8 eV (navy line) was related to the further oxidation of nickel (Ni®). Finally, the broad
component at 861.8 eV was associated with the shake-up satellite peak [38,39]. Although
there was a small contribution of metallic nickel (Ni’) on the surface of nanotubes, most
of the nickel in the nanoparticles was oxidized (Ni?* and Ni®*). This correlates with the
well-known high reactivity of nickel with oxygen atoms [37]. As expected, the relative
concentration of nickel in the NPs increased when the sputtering time increased. The
relative atomic concentration of nickel was 0.8 at. % for the 5-Ni-Pd-OxCNTs sample, 1.9 at.
% for 10-Ni-Pd-OxCNTs, and 5.8 at. % for the 30-Ni-Pd-OxCNTs sample (Table S1).

(@) [5-Ni-Pd-OxCNTs Ni2p;, | (D) [10-Ni-Pd-OxCNTs  Ni2ps (C) |30-Ni-Pd-OXCNTs Ni2p,,

Intensity (arb. units)
Intensity (arb. units)
Intensity (arb. units)

870 867 864 861 858 855 852 870 867 864 861 858 855 852
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 4. Ni 2p3/, XPS analysis spectra. (a) 5Ni-Pd-Ox-CNTs; (b) 10Ni-Pd-Ox-CNTs; and (c) 30Ni-Pd-
Ox-CNTs. The cyan component is related to Ni’, the blue component to Ni?*, the green component
to Ni®*, the purple component belongs to the shake-up satellite peak, and the red line is the least
square fitting result—black dots experimental data.

The presence of defects on carbon nanotubes after the plasma sputtering deposition of
palladium and nickel was investigated using Raman spectroscopy (Figure 5). The analysis
of the Raman spectra allowed the characterization of defects or disorder in the CNTs
because the C-sp? environment affected the resonance Raman spectra of the tubes [40].
Therefore, these spectra permit investigating the effect in the C-sp? environment of growing
palladium and nickel-palladium nanoparticles on Ox-CNTs. The characteristic Raman
peaks of carbon nanotubes are shown in Figure 5, where the G band located at 1580 cm !
is related to the graphitic sp? structure, and the D band at 1350 cm ! is associated with the
loss of symmetry in the sp? configuration due to the presence of disorder [40]. Figure 5a
compares the Raman spectra of Ox-CNTs (blue) and Pd-Ox-CNTs (black). No significant
changes were observed. The D peak intensity associated with the disorder in CNTs showed
no increase after sputtering palladium onto the CNTs surface. The Raman spectra verified
the XPS findings, where C-Pd bonds were not identified. Similarly, the Raman spectra
of carbon nanotubes containing Ni-Pd nanoparticles showed that the formation of the
nanoparticles did not induce further disorder in the structure of the carbon nanotubes
(Figure 5b).

Finally, the synthesized samples of Pd-Ox-CNTs and Ni-Pd-Ox-CNTs were assessed
as active layers in chemical sensors to detect toluene (Figure 6). Toluene is a contaminant
present in the incomplete combustion of gasoline vehicles, and its inhalation affects the
nervous system, heart, and liver [41]. Thus, developing sensors to supervise toluene gas
in trace levels is necessary as these sensors can be used to optimize combustion processes.
Figure 6a shows the active layers’ resistance variation when exposed to different increasing
ppm concentrations of toluene (2.5, 5, 7, and 10 ppm) at room temperature (RT) mea-
surements. The four types of sensors tested showed a different resistance in air: 74 Q)
for Pd-Ox-CNTs, 75 Q) for 5-Ni-Pd-Ox-CNTs, 53 Q) for 10-NiPd-Ox-CNTs, and 83 () for
30-Ni-Pd-Ox-CNTs. The resistance of the active layers increased after their exposure to
toluene due to the charge transfer from toluene molecules to the Ox-CNTs. Curves in



Chemosensors 2023, 11, 328

8of 11

Figure 6a showed adequate recovery of the resistance baseline after exposure to toluene,
indicating effective toluene desorption from the Ox-CNTs active layer. Figure 6b shows
the calibration curves for the four types of sensors tested (the linear equations are detailed
in Table S2). A better response for the case of the 5-Ni-Pd-Ox-CNTs sample at lower
toluene concentrations can be observed. This indicates that bimetallic nanoparticles may
synergistically affect Ni-Pd-Ox-CNT sensors when they have a small nickel concentration.
Figure 6a,b shows that the 5-Ni-Pd-Ox-CNTs sample had a higher efficiency in sensing
toluene than others. Afterwards, increasing the nickel content in the 10-Ni-Pd-Ox-CNTs
led to a dropping in this efficiency. Then, the 30-Ni-Pd-Ox-CNTs, which had the high-
est concentration of nickel, presented a recovery of the sensing efficiency. Correlating
these results with the XPS analysis of the samples, it can be suggested that the relative
concentration of metallic nickel (Ni’) affects the efficiency of the sensors. Figure 4 and
Table S3 show that the 5-Ni-Pd-Ox-CNTs sample had the highest relative concentration of
metallic nickel. Then, this concentration decreased in the 10-Ni-Pd-Ox-CNTs and increased
again in 30-Ni-Pd-Ox-CNTs, therefore indicating that metallic nickel may have a stronger
interaction with toluene molecules than Ni?* or Ni**, leading to the increased adsorption
of toluene in 5-Ni-Pd nanoparticles and, subsequently, to an increased response for the
5-Ni-Pd-Ox-CNTs active layer to sense toluene. To evaluate the selectivity of the active
layers towards toluene, these were also tested to detect Hy, NO, and ethanol at room
temperature. The curve responses are shown in Figure S3. Although several active layers
showed no response to these gases, some offered a change in the resistance in the presence
of Hy, NO, and ethanol. These results suggest that the selectivity of these materials can
still be improved.

(@) (b)

A

10-Ni-Pd-CNTs
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PdOx-CNTs M

5-Ni-Pd-CNTs

Ox-CNTs Pd-Ox-CNTs
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Raman shift (cm™) Raman shift (cm™)

Figure 5. Raman spectra comparison of CNTs samples. (a) Ox-CNTs and Pd-Ox-CNTs; (b) Pd-Ox-
CNTs and Ni-Pd-Ox-CNTs.

The interactions between toluene, metallic nanoparticles, and Ox-CNTs are key to
the sensing mechanism for Pd-Ox-CNTs and Ni-Pd-Ox-CNTs towards toluene. Pd/Ni-
loaded CNTs showed a higher response to toluene than to any other gaseous species tested
(Figure S3). Aromatic VOCs can be detected by CNT films via 7—m interactions (i.e., the
stacking of the aromatic ring onto the outer wall of CNTs) [42]. However, t— interactions
involve a very limited charge transfer between the adsorbed molecule and the CNT film,
which results in small responses. The use of catalyst bimetallic nanoparticles, i.e., Pd-M (M
= Pt, Ni, Cu, Co) supported on SiO,, has been investigated for the hydrogenation reaction
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of benzene and toluene. It was found that the Pd-Ni system showed the highest turnover
frequencies for benzene and toluene hydrogenation. This effect could be attributed to
the large amount of electron-deficient Pdd+ sites located on the surface of Pd-Ni. These
sites greatly favor the adsorption of electron-rich benzene and toluene molecules [43]. In
addition, Pd-Ni catalysts supported on SiO; showed good stability and reusability without
a significant decrease in their catalytic activity after many runs. Therefore, the main reason
for the improvement in toluene response brought about by the Pd-Ni loading of CNTs may
be due to the enhancement in the toluene adsorption capacity and the associated electronic
charge injection from adsorbed molecules towards the Pd-Ni/CNT film.
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Figure 6. (a) Response and recovery curves of Pd-Ox-CNTs and Ni-Pd-Ox-CNT active layers
in response to variable concentrations of toluene; (b) Calibration curves of Pd—Ox—CNTs and
Ni—Pd—Ox—CNT active layers. The measurements were carried out at room temperature.

4. Conclusions

Carbon nanotubes were first functionalized with oxygen groups via oxygen plasma
functionalization, a fast, clean, and efficient technique. This method achieved a remarkable
22.1% oxygen atomic concentration after only 5 min of functionalization. The presence
of epoxide (C-O), carbonyl (C=0), and carboxyl (COOH) groups was confirmed through
XPS analysis. Afterwards, it was demonstrated that the oxygen functionalities grafted at
the CNTs basal plane acted as nucleation spots for forming Pd and Ni-Pd nanoparticles.
Significantly, decorating CNTs with the nanoparticles did not increase the disorder in the
nanotubes’ structure. Finally, the Pd- and Ni-Pd-decorated Ox-CNTs were evaluated as
active layers to sense toluene. The sample containing 5-Ni-Pd bimetallic nanoparticles
showed superior performance, suggesting a possible synergy of the metallic Ni properties.
However, further investigations are needed to completely comprehend the function of the
relative nickel concentration in the Ni-Pd nanoparticles in detecting toluene and other gases.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/chemosensors11060328/s1, Figure S1: Commercially alu-
mina substrates (CeramTech, GmbH) used for gas sensing tests; Figure S2: FESEM images of 5-Ni-Pd-
OxCNTs (a) and 30-Ni-Pd-OxCNTs (b). Bright spots reveal the presence of bimetallic nanoparticles;
Table S1: Relative atomic concentration of elements on CNTs samples before and after deposition of
Pd and Ni-Pd nanoparticles. Data obtained from XPS analysis; Figure S3: Response and recovery
curves of Pd-Ox-CNTs and Ni-Pd-Ox-CNT active layers for a variable concentration of (a) H2; (b)
NO2; (c) Ethanol. The measurements were carried out at room temperature. The samples not shown
in each graph did not respond to that specific gas; Table S2. Linear equations for the calibration curves
for the four sensors tested. Table S3. FWHM and position of the components used to reproduce the
Ni2p spectra. %relative contribution to the peak intensity.
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