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Research Highlights

1. Metal-decorated carbon nanotubes-based sensor arrays were successfully fabricated.
2. CO and NO; exposure showed the lowest and highest overall resistance change.
3. Cu-decorated CNTs showed the highest resistance change response to H,S gas.
4. NHjs showed the highest response to Ru-decorated CNTSs.

5. DFT calculations enabled the in-depth understanding of the electron transfer mechanism.

Abstract



Herein, we report a toxic gas detector based on an array of metal-decorated multiwalled carbon
nanotubes (M-MWCNTs) sensors. The room temperature (20°C) response of the sensors array towards
NO, H,S, NH3, and CO gases was investigated. The MWCNTSs were decorated with transition metals, Pt,
Ti, Ag, Ru, and Cu to enhance the sensitivity and selectivity of the carbon nanotubes to the toxic gases.
The M-MWCNTs powders were deposited on gold electrodes and printed on flexible Kapton sheets to
form the sensors array. CO exhibited the lowest resistance change response for all six sensors (five
transition metal-decorated MWCNTSs sensors and one pristine MWCNTs-based sensor), with the Ag-
MWCNTs sensor exhibiting the highest response of 0.047 to 100 ppm CO. The Ag-MWCNTs also
revealed the relatively highest sensitivity of 0.944 upon exposure to 100 ppm NHs. The Cu-MWCNTs
sensor showed the highest sensitivity of 1.75 upon exposure to 10 ppm H,S, while the Pt-MWCNTs
sensor showed the highest response of 1.96 upon exposure to 10 ppm NO». A unique response pattern was
generated for each gas that can be used for its identification. The experimental results were also compared
to our previously reported density functional theory (DFT) calculations, revealing the same order of
resistance change, thereby validating the use of DFT as a tool to predict the interaction properties and
providing an in-depth understanding of the reducing/oxidizing gas electron transfer mechanisms.

Keywords: gas sensor; carbon nanotubes; transition metal decoration.

1. Introduction

Gas sensing methods are essential in several vital applications such as environmental monitoring;
breath analysers for medical diagnosis; chemical and polymer manufacturing; and natural gas detection in
petroleum engineering applications. Moreover, the 2019 “Gas Sensors Market Size, Share, System and
Industry Analysis and Market Forecast to 2024” report published by Markets and Markets™ estimates a
projected growth of the gas sensors market size from USD 1.0 billion in 2019 to USD 1.4 billion by 2024
[1]. Currently, metal oxide sensors based on both single- (e.g., ZnO, SnO,, WO3, TiO,, and Fe;03) and
multi-component oxides (BiFeOs, MgAl,O4 and SrTiOs) [2] are the widely used choice for a range of
gasess due to their low cost and simplicity [3]. Researchers are investigating numerous alternatives for

gas sensing catalysts including metal oxides [4,5], perovskites [6], metal-organic frameworks [7,8],



imprinted polymers [9], carbon nanomaterials [10], quantum dots [11], and nano/mesoporous materials
[12]. For polymers, the reduction of the electrical percolation threshold of conductive polymer composites
can be achieved by using conductive fillers with a large aspect ratio (or surface area) such as carbon
nanotubes (CNTs). At the percolation threshold filler concentration, the filler starts to form an electrically
conductive network and when exposed to the target gas, the conductive network changes its structure with
the resulting electrical resistance change is the measuring signal in vapor sensing [13]. Nano/mesoporous
materials, such as 2D metallic iridium (Ir), exhibit a high electrocatalytic activity toward oxygen
evolution reaction (OER) [12]. Tuning the properties of the structure, such as the orientation of the
channel structure, the composition, and the porosity, enhances the gas sensitivity and significantly
improves the oxygen evolution reaction (OER) [14]. By selecting the appropriate surfactants or block
copolymers and solvent compositions [15], the properties of the porous structure can be tuned.

Carbon nanotubes have several advantages as active sensing materials including a high surface-
area-to-volume ratio, high carrier mobility, and the ability to operate at room temperature [16,17].
However, CNTs suffer from weak binding energy and minor charge transfer between their surfaces and
the adsorbed gas molecules [18]. Researchers are investigating the functionalization and decoration of the
carbon nanotube walls to enhance the catalytic activity and response of carbon nanotubes to the targeted
gases. Presently, non-noble metal and nitrogen co-doped carbon materials are promising catalysts to
replace Pt-based catalysts toward ORR, such as typical iron and nitrogen co-doped carbon materials [19].
Verissimo et al. synthesised single/multi-walled carbon nanotubes (SWCNTs/MWCNTs) decorated with
cerium-praseodymium oxide nanoparticles (CePr-oxides) [20]. The CePr-oxides exhibited an enhanced
sensitivity towards 10 ppm H»S gas sensing at room temperature [20]. Angjellari et al. found that the
sensitivity to 1% NH3 gas of SWCNTs increased from 1.58 to 5.87 when the SWCNTSs were decorated
with nickel. SWCNTs [21], in this case, are a p-type conductor and when exposed to the electron-
donating ammonia gas, they gain electrons, thereby decreasing their main current carrier concentration
and increasing their resistance. The addition of nickel causes their d-orbitals to take part in the electron
donation from ammonia to the SWCNTs and increases the number of ammonia molecules adsorbed on

3



the surface, making the material more sensitive [21]. Also, for MWCNTs, Espinosa et al. [22] studied the
response of oxide-functionalised MWCNTs to NO, and CO gases. They deposited SnO,, WOs or TiO»
sensing layers such that they became embedded inside the oxygen-functionalised MWCNTs. The highest
sensitivity achieved for NO; was 0.51 at 25°C for SnOo,/MWCNTs and 0.14 at 150°C for WO/ MWCNTs
for CO sensing. They found that the sensors' responsiveness heavily depended on the quantity of
MWCNTs dispersed on the metal oxide matrix. Moreover, the SnO, or WOs3 films are n-type
semiconductors while the oxygen-functionalised MWCNTs films behave as p-type semiconductors;
layering the metal-oxide decorated films and the oxygen-functionalised MWCNT films result in the
formation of p-n junctions at the interface which enhanced the conductivity of electrons when exposed to
the target gas [22]. Penza et al. demonstrated another mechanism for improving the charge transfer, i.e.
sensitivity of the active material. They examined the difference in sensitivity between unmodified and Pt-
and Au-modified MWCNTs sensors and found that the functionalised MWCNTs exhibited higher gas
sensitivity up to (6x-8x) and (2x-3x) for NH3 and NO, respectively, at sensor temperatures of 100-250°C
[23]. This improvement in sensitivity is due to the effect of direct charge injection and catalytically
induced charge into functionalised MWCNTs [24]. Star et al. investigated the differences in the catalytic
activity of 18 catalytic metals decorated on carbon nanotube field-effect transistor for the detection of Ha,
CHa, CO, and H»S gases [25]. A sensor array, fabricated by site-selective electroplating of Pd, Pt, Rh, and
Au metals, demonstrated improved sensitivity towards the gases [25]. Those studies clearly demonstrate
that functionalization significantly improves the sensitivity of carbon nanotubes to the targeted gases. The
sensitivity depends on the charge transfer mechanism, which depends on the structure and nature of the
gas as well as surface interactions. Transition metals, in particular, offer a great potential as dopants to
improve catalysis [26]. The unique d electronic configuration and spectral characteristics of transition
metals allow the insertion of new bands in the semiconductor band gap and/or modify the conduction
band (CB) or valence band (VB) positions [27].

Herein, we aim at the demonstration of a novel approach to the design of a sensor array based on
different metal-decorated CNTs using simple MWCNTs decoration techniques coupled with room
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temperature operation and sensors based on flexible gold-printed electrodes. Moreover, we aim to define
a unique response pattern constructed by the combination of the different metal-decorated MWCNTSs
sensors to enhance the selectivity of the detector. For this work, we chose to start with investigating Cu,
Pt, Ti, Ru and Ag as the carbon nanotube decorations and to test the fabricated sensors to four target
gases; CO, NH3, NO», and H,S on account of their hazardous effects on the environment and human
health. Moreover, a comparison of the experimental findings to our previously reported DFT calculations
[28] was introduced and discussed, revealing the advantage of DFT calculations in providing a deeper
insight into the adsorption mechanism between the gas molecule and the carbon nanotube surface as well

as successfully predicting the order of the resistance change responses.

2. Methodology
2.1. Synthesis of M-MWCNTSs

MWCNTs were purchased from NanoTech Egypt for Photoelectronics, with an average size of
660 nm in length and 20 = 5 nm in diameter. To decorate the carbon nanotubes with metals, a total solute
weight of 0.05 g was maintained for all samples comprised of 0.045 g of carbon nanotubes and 0.005 g of
the desired decoration metal. The following metal salts and compounds were used: Titanium (IV)
isopropoxide: Alfa Aesar, 97+%, Liquid, TifOCH(CH3)2]4, ThermoFisher (Kandel) GmbH, Germany.
Silver nitrate: Alfa Aesar, 99+%, AgNOs, ThermoFisher (Kandel) GmbH, Germany. Copper (II) chloride:
Sigma Aldrich, CuCl,, powder 99%. Ruthenium (III) chloride hydrate: Alfa Aesar, 99.9+%, Cl;RuexH-0,
ThermoFisher (Kandel) GmbH, Germany. Chloroplatinic acid hexahydrate: Sigma Aldrich,
H,PtCls*6H,0, CS reagent > 37.50% Pt basis. To achieve 0.005 g of the desired metal, the following
masses of the salts were used, based on their molecular masses: 0.0297 g of TifOCH(CH3)2]4, 0.00787 g
of AgNO3, 0.01057 g of CuCl,, 0.0102 g of RuCls, and 0.0133 g of ,PtCls*6H>O. The salts (or liquid in
the case of Titanium (I'V) isopropoxide) and 0.045 g of the multiwall carbon nanotubes were added to

80 ml ethanol mixture. The mixture was sonicated for 20 minutes to ensure thorough dispersion, then



placed in an autoclave (in air) and heated at 180°C for 10 h, after which the mixture was filtered,

centrifuged, and dried in the oven at 60° C for 12 h.

2.2. Sensor Fabrication
The M-MWCNTs were deposited over flexible Kapton® HPP-ST (2 mil) substrates with inkjet-

printing electrodes. The electrodes were made of gold ink (NPG-J, Harima Chemicals Inc.) and printed
through a Dimatix Materials Printer DMP-2850 (Fujifilm Dimatix Inc., Santa Clara, CA). The design of
the electrodes consisted of a pair of parallel electrodes and a coplanar heater. The inner 'legs' are designed
to measure the resistance and the outer 'legs' of the electrode are used to add external heating if required
(Figure 1a). The heater was not used in our case as this experiment consisted of testing the gas response
at room temperature. The tracks of the electrodes had a width of 170 um and the gap between electrodes
was 140 um. The gold tracks are easily scratched by contact with the connector of the sensing chamber
therefore, silver contact pads were painted at the end of the gold tracks to prevent damage. A Kapton
mask, in the shape of the contact pads, was used to deposit silver ink (DuPont 5064H) then, the silver ink
was dried in an oven for 30 min at 130°C (Figure 1b). To define the deposition of the M-MWCNTs area,
a Kapton mask with a square opening of 5 mm x 5 mm was placed over the electrodes (Figure 1¢) and
the set-up was placed over a hot-plate to deposit the MWCNTs (Figure 1d). The temperature of the hot-
plate was set at 100°C. The MWCNTs were dispersed in ethanol (96%, Scharlau) and sonicated for 1 h to
ensure homogenous dispersion. Afterwards, an airbrush was filled with 2 ml of the MWCNT dispersion
and the solution was sprayed over the substrate. Finally, the sensors were kept over the hot-plate until dry
the layer (Figure 1d). The sensor could not be weighed before and after M-MWCNTs deposition to
quantify the amount of M-MWCNTs deposited on the surface using the airbrushing technique because the
difference in weight of the M-MWCNTs would have been negligible compared to the weight of the
Kapton sensor. Thus, we relied on the electrical resistance measurement of the M-MWCNTSs to ensure
that a similar amount of M-MWCNTs deposition occurred for the different M-MWCNTs. The higher the

resistance measured indicates a higher amount of M-MWCNTs. The initial resistance (in ambient air) was



measured and found that they were all in the similar range of 200-400 (), which is acceptable. A total
number of 6 sensors were prepared: Ru-Decorated MWCNTs, Pt-Decorated MWCNTs and Ti-Decorated
MWCNTs shown in Figure 1e, and Cu-Decorated MWCNTs, Ag-Decorated MWCNTs, and Pristine

MWCNTs.

Figure 1: Photos of the different stages on the sensor fabrication process. a. The gold-printed electrodes on Kapton
sheet. Inset: Schematic of the gold printed electrodes. b. Overlaying the mask for the contacts and painting the silver
contacts. c. Overlaying the square mask for the M-MWCNT deposition over the sensor. d. Placing the sensor plus
square mask on a hotplate and airbrushing the M-MWCNT solution over the square mask. e. The completed sensors:
(1) Ru-MWCNT, (2) Pt-MWCNT, and (3) Ti-MWCNT. The rectangular Kapton sheet, with the 4 printed gold
electrodes in contact with the 4 silver contacts. The darker grey square on top of the gold contacts is the deposited
M-MWCNTSs material.

2.3. Sensor Testing

The fabricated sensors were placed in a connector inside a 20 cm® Teflon chamber. The schematic of
the testing system used is presented in Figure 2. Approximately 2 h of synthetic dry air (Air Premier
Purity: 99.995 %) was first passed through the chamber to stabilize the sensor resistance. The resistance
measurements were performed using a data acquisition unit (Agilent 34970A). The script was set to run 2
h of synthetic air followed by 20 min of the target gas and then another 1 h of synthetic dry air. This script

is then set to repeat four times giving us a total of 4 pulses of the target gas, i.e. four opportunities for the



gas to induce a change in the active material with 3 h of synthetic air between pulses to allow for sensor
recovery. Each type of M-MWCNTs powder was deposited on one sensor, giving a total of 6 sensors.
Each sensor was tested 3 times for each gas, giving a total of 12 runs. In each run, the response to the gas
was tested with 4 pulses giving a total of 48 pulses. We used simple average statistical methods to derive
the final response.

The flow rate for the synthetic air and target gases was set at 100 sccm (standardized cubic
centimetre). The target gases and their concentrations tested were CO=100 ppm, NO,=10 ppm, H,S=10
ppm and NH3=100 ppm. The concentrations of the target gases were kept constant at these values
throughout the experiment. The testing temperature was also kept constant at 20°C throughout the
experiment. The gas concentrations were controlled via PC by a set of mass flows (Bronkhost Hitech
7.03.241). The gas concentrations were obtained by diluting the target gas with synthetic dry air when
needed. For example, the CO cylinder was 100 ppm from the manufacturer, so this was not diluted in
synthetic air and was supplied 100% directly from the cylinder and was measured by the flow meter. The
NO; cylinder, on the other hand, was 100 ppm from the manufacturer and the target concentration was 10
ppm so we diluted 10% of the flow from the NO, cylinder with 90% synthetic air to achieve the target 10

ppm concentration of NO;.

Gas Chamber

(a)

Sensors

Gastnlet H_TH % H_TH — Gasoutir

Connector

Data Acquisition System

Figure 2: Testing System Schematic (a) and Photo (b): The sensors were placed in a connector inside a Teflon
chamber which is securely fastened and only allows for the gas to travel through the inlet and outlet. The data
acquisition system reads the resistance changes through the connector.



3. Results
3.1. Characterisation

Energy Dispersive X-ray (EDX) analysis of each of the metal-decorated carbon nanotube samples
was performed using the JEOL JED-2300 Analysis Station plus. The EDX analysis was used to determine
the weight percentage loading of each metal. The EDX analysis showed that the average weight
percentage of the metals compared to carbon were 12.36%, 10.97%, 13.01%, 4.26% and 6.56% for Pt,
Ru, Ti, Ag and Cu decorated MWCNTs, respectively (Figure 3ai). A detailed table presenting the
weight% of three samples of each M-MWCNT and their average is included in the supplementary
information, Table S1. Transmission Electron Microscopy (TEM) images of the pristine and synthesized
M-MWCNT powders were taken using JOEL JEM 2100 ultra-high-resolution analytical electron
microscope (Figures 3aii-3fii) and show the formation of clusters attached to the walls of the carbon
nanotubes. Size analysis of the TEM images showed that the formed Pt clusters were larger than the Ru
counterparts, reaching 13.15 to 18.63 nm in diameter, while in the case of Ru, the average size of the
clusters formed ranged from 4.25 nm to 6.67 nm in diameter. The average size of the Ti cluster diameter
was 11.24 nm. The size of the formed Ag clusters ranged from 13.03 to 16.89 nm in diameter. The EDX
analysis of the Cu-decorated MWCNTs showed an average wt% of 6.56 of Cu compared to 93.44 wt%
carbon. The TEM images revealed that copper appears as flakes surrounding the carbon nanotubes.
Copper may have been deposited as flakes instead of clusters due to the possible oxidation of copper.
Copper flakes ranged in size from 50.55 nm to approximately 92.81 nm in width. Note that the synthesis
method allowed for loading of very close wt% of the metals, thereby limiting the number of variables
affecting resistance change for analysis of the sensors.

Raman analysis was conducted using Raman FT-IR spectrometer, Renishaw Confocal
microscopy Leica DM 2500 FT-IR IluminatIR II, Smith Streamline Raman Imaging. Raman analysis was
used to ensure that the synthesis method resulted in effective metal decoration of the carbon nanotube
walls through defect formation by observing the changes in the peaks of the Raman spectra. Figure 4
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presents the Raman spectra of each of the M-MWCNTs as well as the pristine MWCNTSs. The standard
Raman spectra for multiwalled carbon nanotubes is characterised by the occurrence of the D-band at 1345
cm™ and G-band at 1576 cm™. The D-band corresponds to the sp*-hybridized, diamond-like carbon bonds
i.e. the degree of nanotubes structure disorder, which can be ascribed to impurities and/or lattice
distortions due to nanotubes bending, finite size of crystalline domains, and existing functional groups
created during purification with acid or created by oxidation [29]. The G band is the characteristic peak
for all sp* hybridized carbon allotropes [29] i.e. the degree of nanotube graphitization. This, and 2D-band
at 2685 cm™ corresponding to stresses and the lack of presence of the Radial Breathing Mode band [30].
During the oxidation treatment of graphitic structures, oxygenated functional groups can form,
which change the atomic structure of carbon atoms from C-C sp* to C-C sp’. Also, the oxidation treatment
can remove the remaining amorphous carbon (C-C sp’) [31]. The intensity ratio of the D-to-G bands
(In/lg) is commonly used to evaluate the disorder degree of graphitic materials [32]. An increase in Ip/Ig
suggests a decrease in the average size of C-C sp? domains caused by the increase of oxygen functional
groups attached to the MWCNTSs wall to be greater than the oxidation of the amorphous carbon of the

nanotube walls [33].
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L Sii Ve ‘ ‘
Figure 3: (a.i.) average wt% of metals in the metal-decorated MWCNTSs samples. The error bars show the range of
wit% out of the 3 samples tested. TEM images of pristine MWCNT (a.ii.) and decorated MWCNTSs with
measurements of metal clusters. (b.i. and b.ii.) Pt-MWCNTSs, (c.i. and c.ii.) Ru-MWCNTSs, (d.i. and d.ii.) Ti-
MWCNTs, (e.i. and e.ii.) Ag-MWCNTSs and (f.i. and f.ii.) Cu-MWCNTSs.
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The values of In/Ig of pristine MWCNTSs and metal-decorated MWCNTSs have been calculated as
shown in Table 1. The Ip/Ig ratio for the M-MWCNTs is higher than that of the pristine counterpart. The
increase in the Ip/Ig ratio after decoration indicates the attachment of metal nanocluster functional groups
onto the surface of the carbon nanotubes, thereby creating defect sites [29]. The Ip/Ig values for all the M-
MWCNTs fall within the same range of 0.9-1.0, with the Cu and Ag decorations having the lowest
defects of 0.91 and 0.92 followed by Pt and Ti at 0.95 and 0.94 Ip/IG ratio and the highest is observed for
Ru decoration at 1.01 Ip/Ig ratio, i.e. the highest defects. The similar Ip/Ig range 0.9-1.01indicates that the

synthesis method was successful in creating an equal and fair dopant metal percentage for all metals.

T T
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e
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Figure 4: Raman spectra of the synthesized metal-decorated carbon nanotubes.

Table 1: Summary of the Raman analysis of the fabricated M-MWCNTSs

Material Io le o/l
Pristine MWCNT 2540 3630 0.70
Ti-MWCNT 2750 2930 0.94
Ru-MWCNT 2290 2270 1.01
Pt-MWCNT 2365 2500 0.95
Cu-MWCNT 2510 2770 0.91
Ag-MWCNT 3120 3380 0.92
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Therefore, the EDX, TEM and Raman analyses indicate that the synthesis method was successful
in producing metal clusters attached to the walls of the multiwall carbon nanotubes. According to EDX
analysis, the ratio of metal to carbon was similar for Pt, Ru and Ti decorated samples but slightly lower
for Cu and Ag however they all fall within an acceptable range for operational comparison, this may
allow us to overlook the flake-like copper shapes for the purpose of this experiment. Also, the Ip/Ig ratio
of the Raman results showed that the defects formed were due to the successful metal decoration and that

they all are within the same range and ready for sensor fabrication and testing.

3.2. Sensor Response

The sensors were exposed to four pulses of the target gas in the sealed chamber. Upon each pulse,
they exhibited a change in resistance in the form of a peak or a trough. An example is presented in Figure
5 which shows the response of the Ru-MWCNT sensor to NO; gas and the remaining responses are
presented in Figure S1a -S1d in the supporting document. The first pulse was neglected for stability
issues and an average resistance change for each sensor was calculated using the remaining 3 pulses. The
graph in Figure S shows that the Ru-MWCNT sensor was able to recover to its baseline resistance and
that its average resistance change upon NO; exposure was approximately 5.8 Q. For each M-MWCNT
sensor and for gas tested, the average change in resistance for the peaks is calculated and summarized in
Figure S2. The response curves and average resistance change values of the 6 sensors to NO- (Figure
S1a and S2d), confirm that the sensors were more sensitive to NO» than the other gases. Some of the
highest resistance changes for NO, were observed for the Ru, Pt and Ti-decorated MWCNTSs which
showed excellent recovery after gas exposure. The range of average resistance change for NO, detection
is 1.6 to 5.8 Q. On the other hand, all the sensors had very poor sensitivity to carbon monoxide (Figure
S1b and S2a), with observed change in resistance from 0.02 to 0.127 Q, which is relatively minute with
respect to the resistance changes of the other sensors. For H,S (Figure S1c¢) and ammonia (Figure S1d),

the resistance change ranged from 0.58 to 3.80 Q and from 0.98 to 3.15 (), respectively. The resistance
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response graphs for ammonia shown in Figure S1d appear to have an increasing step-like feature for Pt
and Ti decorated MWCNTs sensors, due to the insufficient time gap between gas pulses or that the
desorption of the gas molecules in this case is more difficult to allow the sensor to recover back to its
initial base resistance. The pristine carbon nanotubes-based sensor upon NH3 exposure manages to avoid
this issue. The direction of resistance change is caused by the potential of the target gases to act as
reducing or oxidising gases when exposed to specific metal clusters, this will be discussed further in the
Discussion section. However, during the programming of the sensor response, the direction is irrelevant

because the absolute resistance change is used as the main indicator for the sensor programming.
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Figure 5: Response curve of Ru-MWCNT sensor to NO, gas measured at room temperature (20°C).

4. Discussion

4.1. Sensor Design

Each of the six sensors produced a response curve for their exposure to each of the 4 tested toxic
gases, resulting in a total of 24 responses. Equation 1 was used to calculate the sensitivity (S) of each

response based on the absolute difference in resistance of the sensor in synthetic air (Rq;) and gas (Rgas)-
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The results in presented in Table 2 and, graphically, in Figure 6.a. The initial R, resistance values are

labelled above each bar in Figure 6.

s = [Reas=Rairl 14, )

Rair

The CO response in Figure 6a was not clear with respect to the other gases, so we presented an expanded
version of the CO response in Figure 6b. A simple binary pattern was implemented as an initial model
such that it can be easily translated into future programming schematics. To determine the criteria upon
which the response signal will be set to 0 or 1, we used the equation Scywfr= Smax/2. For example, Smax
(NH3) = 0.944, thus Scuorr = 0.944/2 = 0.472. Therefore, any response below 0.472 is set to 0 and any
response higher and including Scuworr Will be set to 1. Table 2 lists the preliminary identification pattern for
each target gas using the metal-decorated carbon nanotube sensors presented in our work and the basis for
building this sensor array.

Here, we have constructed a 6-sensor array that can generate a unique response pattern upon
exposure for different toxic gases. While the degree of resistance change is important, the aim of this
work was not to find the metal-decorated MWCNTs that will give the highest response, but rather the aim
was to create this array that will generate a unique pattern to enable the identification of a target gas. This
array can be used in the programming and development of the sensor to enable the simultaneous
identification of multiple gases. There are different processing techniques such as the use of neural

networks that allow the identification of the gas as well as the determination of the concentration.
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Figure 6: (a) Sensitivity of the M-MWCNTSs and pristine MWCNTS sensors to CO, NO,, NH3z and HS

and (b) Sensitivity of the M-MWCNT and pristine MWCNTS sensors to CO. Initial Rairat 20°C values (in
Q) are shown on each bar.
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Table 2: Sensitivity response (S) of each M-MWCNTSs and pristine MWCNTS to the target gases and
Generated identifier patterns according to resistance change response

(6{0)] H2S NHs NO:2

(100 ppm) (10 ppm) (100 ppm) (10 ppm)
M-MWCNTs s Scutoff = s Scutoff = s Scutoff = s Scutoff =
Sensor 0.024 0.876 0.472 0.979
Ru 0.016 0 0.305 0 0.843 1 1.353 1
Pt 0.007 0 0.714 0 0.437 0 1.957 1
Ti 0.009 0 0.166 0 0.334 0 1.660 1
Cu 0.013 0 1.752 1 0.460 0 0.807 0
Ag 0.047 1 0.755 0 0.944 1 1.783 1
Pristine 0.039 1 0.372 0 0.574 1 1.803 1
Identifier 000011 000100 100011 111011

Effect of Humidity

The relative humidity (RH) is a critical factor when designing the gas sensor because water
molecules can impact the surface reactions between the active sensing material and the target gas. The
resistance change of the fabricated sensors were tested in dry air, i.e. <10% RH (Rio) and the Ru-
MWCNT, Ti-MWCNT and pristine MWCNT sensors were tested at ~50% RH (Rso) to NH3 gas, to verify
the ability of the sensors to operate at higher humidity, see Table 3. The humidity was tested using an
SHT71 sensor placed in the outlet of the testing chamber. In the case of dry air, 100 ppm ammonia gas
was diluted in an 80% N> and 20% O, commercial cylinder and fed directly into the sensor testing
chamber. In the case of wet air testing using NH3 gas, a Controlled Evaporation Mixing (CEM) system
was used. CEM is a vapor generation system which consists of a liquid flow controller, an MFC for
carrier gas and a temperature controlled mixing and evaporation device to generate humidity from a liquid
source, in this case water, and mix it with the NH3 dry air cylinder at 50:50 ratio as shown in Figure S3 in

the supporting information. The humidity remained stable at ~50% RH.
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The sensors had a significant response to NH3 gas in a 50% relative humid environment. The
difference between the resistance changes at Rip and Rso (ARig/50) are calculated according to Equation 2.
The average percentage difference, AR50, between the of the sensors in dry and wet air was calculated
and presented in Table 3 for each sensor and their average of the AR50 values was calculated to be 38%.
The results verify the functionality of the sensors at higher humidity and the difference is attributed to the

effect of humidity as well as other factors, such as lifetime/reusability of the sensor.

|R10—Rsol
AR10/50 = 10R—50 X 100 (2)

10

Table 3: Humidity comparison of Ru-MWCNTS, Ti-MWCNTSs and Pristine MWCNT under NHz gas exposure. The
values presented are the S values calculated according to Equation 1.

Response of M-MWCNTS sensor to NHz under
M-MWCNT two cases of Relative Humidity (RH)
Sensor Cgse 1: Dry Cgse 2: Wet ARios0

Air (Ruo) Air (Rso)
Ru 0.843 1.256 48.99
Ti 0.334 0.422 26.35
Pristine 0.574 0.352 38.66

4.2. DFT Adsorption Mechanism and Comparison with Experimental Findings

The experimental results were compared to our previously reported DFT findings [28] to gain an
atomic-level understanding of the gas-surface interactions and to compare and verify the DFT predictions
of response. The DFT calculations investigated the effects of doping (8,0) SWCNTSs, which acts as a p-
type semiconductor, with Ti, Cu, and Pt metals and studied the change in the electronic properties upon
exposure to NO; gas. Even though the inter-tube coupling of the multi-walled carbon nanotubes can affect
the band structure, we chose to compare the multiwalled carbon nanotubes to the single walled DFT
calculated carbon nanotubes because it was determined that the current flow only occurs through the outer
most nanotube cylinder [34]. Moreover, the differences between doping and decorating are not well
defined in literature, therefore the differences were neglected, and we focused on the similarities, where

both methods create structural defects in the carbon nanotubes.
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The diameter and chirality of carbon nanotubes determine their bandgap energy [35] and,
consequently, whether they behave as semiconductors or metals [36]. The bandgap is approximately
proportional to the inverse of the tube diameter [37]. Semiconducting carbon nanotubes are extremely
sensitive to charge transfer and chemical doping effects by various molecules [24]. Upon exposure to
electron-withdrawing molecules (e.g. NO,, O3, O») or electron-donating molecules (e.g. CO, H»S, NH3)
[18], semiconducting carbon nanotubes behave as p-type semiconductors and change the resistance of the
material by changing the density of the main charge carriers (holes) in the nanotubes [23,24,38].
Oxidizing gases (electron-withdrawing molecules) increase the density of holes thereby decreasing the
resistance of the material, whereas reducing gases (electron-donating molecules) recombine the holes in
the material with electrons thereby increasing the overall resistance of the material. Doping or decorating
the carbon nanotubes’ surface creates defects in the material, which give rise to interstitial surface states
in the forbidden region. These surface states allow the presence of holes in the forbidden region, thereby
decreasing the band gap width [39], which, in turn, increases the conductivity of the material as electrons
from the valence band are excited to these new states leaving behind more holes for conduction. The
charge transfer between the gas and surface is a redistribution of electrons around both surfaces [18]. The
electrons are transferred to/from the HOMO and LUMO frontier orbitals of the gas and causes a
narrowing/widening of the M-MWCNTs band gap, which changes the electrical conductivity of the
material. DFT results from previous work [40] confirmed that upon exposure, the NO, molecule gained
electrons from the total M-SWCNT complex due to the high electron affinity of NO, (2.3e¢V) [41] and
that the equivalent gain in NO, charge is lost from the M-SWCNTSs complex. NH3, H»S and CO, on the
other hand, are reducing gases that donate electrons to the surface. When CO donates electrons, they refill
the holes and decrease the conductivity. NH3 and H>S donate an excessive number of electrons causing
the material to switch from p-type to n-type such that increase of electrons in the conduction band, in this
case, leads to a decrease in resistance. Studies by Nguyen et al. [42] on the response of Co-MWCNTs and

Zhang et al. who studied Pt-SWCNT’s response to SO», H>S and CO support out findings [17].
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Our previous DFT calculations predicted that if the resistance of the M-doped SWCNTs is used
as a selection baseline for the studied gas sensing materials, the highest increase in conductivity should be
observed for Ti-SWCNTs followed by Pt-SWCNTs and then Cu-SWCNTs [28]. Ti transferred the
highest number of electrons from the Ti-SWCNTs to the NO, gas molecule of 0.456 eV, followed by Pt-
SWCNTs with Cu-SWCNTs having the lowest charge transfer of 0.351 eV. This is reflected in the
change in bandgap. The band gap of pristine SWCNTs was 0.63 eV, the final band gap values of the M-
SWCNTs when exposed to NO; are presented in Table 4. The doping of Ti and exposure to NO, created
so many interstitial sites that the band gap disappeared, and the conductance and valence band
experienced an overlap, given by the 0 eV band gap, giving the M-SWCNT metallic properties. Again,
we see that the Pt doping follows Ti with Cu doping still maintaining the lowest charge transfer to NO,
and largest band gap among the tested dopant metals. The smaller the band gap the easier for the current
to be conducted, which makes the material more sensitive to resistance change. Comparing the DFT band
gap values to the experimental average resistance change values of the M-MWCNTs sensors to NO»
adsorption; Ti shows the highest average resistance increase (5.8 (1), followed by Pt-MWCNTs (5.6 Q),
then Cu-MWCNTs (1.6 (1) (Table 4). The DFT calculations were successful in predicting the order of
sensitivity of the different metal-carbon nanotubes combinations which validates the use of the DFT
approach to simulate the particles to predict their experimental responses.

On an atomic-level, we find that the NO, band gap is formed between the 3n* and 50* levels.
These are the levels that primarily take part in any NO; bonding to the M dopant, and therefore any
electron donor to the NO, molecule will lead to the occupation of these levels [28]. For the interaction of
CO, Zhang et al. ascribed the effect to the p-orbitals of C in CO to overlap with the d-orbitals of Pt,
especially near the Fermi level and for H,S adsorption on Pt-SWCNTs, they found that the p-orbitals of S
have a large overlap with the d-orbitals of Pt, and that their strong interaction enhanced the adsorption

between H,S and the nanotube surface [42].

20



Table 4: Average resistance change per M-MWCNT for NO; exposure.

Ti-SWCNT | Pt-SWCNT | Cu-SWCNT
Charge transferred from M-SWCNT to NO, Molecule (eV) | 0.456 0.385 0.351
Band Gap (Eg) of M-SWCNT after NO; adsorption (eV) 0 0.104 0.183
Average resistance change response (Q) 5.8 5.6 1.6

5. Conclusion and future perspective

Metal-decorated carbon nanotubes were synthesized using relatively simple lab techniques and

characterized to indicate the successful formation of defects in the carbon nanotube wall caused by the

attachment of metal clusters. The nanomaterial was deposited on gold-printed electrodes on Kapton

sensors then upon exposure to four toxic gases. The degree to which the gas was adsorbed onto the M-

MWCNTs differed from one metal to the other. The M-MWCNTSs showed significant and unique

responses that generated a pattern that can be used as an identifier for each gas. The results from this work

are promising for the future development of sensitive and selective sensor arrays on metal-decorated

MWCNTs for multiple industrial applications. The experimental results of the Ti, Pt, and Cu metal-

decorated MWCNTs when exposed to NO; are in fact in the same order as predicted by DFT calculations,

proving that DFT calculations can be used to predict the response of different materials as well as provide

proof of concept, material screening and selection and comprehension of the adsorption mechanism.

This work provides the basis for other research areas to develop gas sensors based on metal-

decorated carbon nanotubes. To generalize the concept, future work may investigate the percentage of

metal cluster with respect to the carbon concentration. The percentage of metal in our active sensing

powders was approximately 8-10%, higher percentages of metal maybe explored to investigate the effect

of increasing the metal-to-carbon ratio on the response of the active layer and the sensitivity of the

sensors. Moreover, testing of the resistance change of the sensor when it experiences a change in gas

concentration could be another point of interest.
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