Sensors & Actuators: B. Chemical 281 (2019) 945-952

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

SENSORS 2nd

ACTUATORS

Exploiting sensor geometry for enhanced gas sensing properties of
fluorinated carbon nanotubes under humid environment

Check for
updates

C. Struzzi®”*, M. Scardamaglia™®, J. Casanova-Chafer’, R. Calavia’, J.-F. Colomer®,
A. Kondyurin®’, M. Bilek®, N. Britun®, R. Snyders™%, E. Llobet®**, C. Bittencourt®

@ Chimie des Interactions Plasma-Surface, CIRMAP, University of Mons, 7000, Mons, Belgium

b MAX IV Laboratory, University of Lund, 22100, Lund, Sweden

© Applied and Plasma Physics Group, Physics Department, University of Sydney, Sydney, Australia

4 MINOS Group, Universitat Rovira i Virgili, Tarragona, Spain

€ Research Group on Carbon Nanostructures (CARBONNAGe), University of Namur, 5000, Namur, Belgium

fFarm, Ewingar, 2469, NSW, Australia
& Materia Nova Research Center, 7000, Mons, Belgium

ARTICLE INFO ABSTRACT

Keywords:

Fluorinated carbon nanotubes

Sensing response to NO, and NH3

Room temperature gas sensors
Increased response reproducibility under
humid conditions

Modification of the surface electronic properties of vertically aligned and randomly distributed carbon nano-
tubes and the hydrophobic character after exposure to Ar:F, and CF4 plasma are exploited to optimize the
sensing characteristics of these materials. The sensing properties of fluorinated carbon nanotubes are disclosed
by probing their stability and responsiveness towards the detection of two selected pollutants such as nitrogen
dioxide and ammonia (NO and NH3). The effects of both humidity level and geometry of the sensing layer are

assessed. It is demonstrated that fluorination, by increasing the surface hydrophobicity, results in increased
response reproducibility and enhanced sensor response towards NH; when using vertically aligned carbon na-

notubes.

1. Introduction

Nitrogen dioxide (NO,) and ammonia (NH3) are critical air pollu-
tants, the former resulting from combustion or automotive emissions
while the second is a dangerous analyte that has both natural and in-
dustrial derivation. In the perspective of real-time analysis, miniatur-
ization and cost effectiveness, semiconducting metal oxide films, ca-
pacitive polymers and silicon devices have represented the most
common active layers for detection of hazardous gases [1,2]. More
recently, the implementation of carbon allotropes in gas sensor tech-
nology has been suggested to meet the demand of improved criteria as
sensitivity, selectivity, long-term stability and reduced fabrication cost
[3-7]. Among the peculiar characteristics of carbon nanomaterials,
their high aspect ratio is a key aspect promoting them as potentially
excellent sensing platforms as the whole surface is involved in the
process leading to a maximization of the sensing performance upon
exposure to adsorbates. The introduction of active sites on the pristine
carbon structure has been explored largely to boost the reactivity to
gases while improving both the selectivity and the sensitivity during the

detection of hazardous molecules [8,9]. Devices based on doped gra-
phene have already shown competitive efficiency in detecting glucose
[10], thus enlarging its applicability in bio-sensing technology as well.
The deposition of metal [6,11,12] and metal oxide nanoparticles on
carbon allotropes [13] has been proposed to improve their sensing
performances. In a recent study, quinoxaline-walled thioether-legged
deep cavitand functionalized multiwall carbon nanotubes have shown
unprecedented sensitivity towards traces of benzene vapours [14].
However, the sensor response toward aromatic volatile organic com-
pounds diminished as the relative humidity in the gas flow was in-
creased due to the oxygenated defective sites at the nanotubes surface.

For optimal environmental monitoring, the humidity effects must be
assessed in order to extend the use of a performant sensing device to
humid working environments as well. In this respect, fluorination of
carbon nanomaterials could represent a valuable solution to hinder the
moisture interference as the polarity of the covalent C-F bond favours
an enhanced hydrophobic character [15]. Besides the hydrophobicity,
the tuning of the density of states in fluorinated carbon nanomaterials
and the thermal stability of the F-C bond play a key role in several
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application fields [16], including gas sensing experiments. The im-
proved ambient and thermal stabilities of fluorine functionalities
grafted at the carbon nanostructures surface promote such materials as
potential room temperature sensing devices substituting graphene
oxide or oxidized carbon nanotubes, whose performances as selective
gas sensor can be compromised by the high response to variable relative
humidity level and by the reduced electrical conductivity [17-19].
Recent measurements on fluorinated graphite have reported a good
sensing response to several hundreds of ppm concentration of ammonia
and nitrogen dioxide [20,21]. However, the sensing measurements of
fluorinated carbon nanomaterials were only performed under con-
trolled dry air, Ar or N, atmosphere, or in vacuum and these conditions
do not reproduce the realistic working condition requested for a com-
mercialized gas sensor.

In the present work, two fluorine-based gas precursors are used for
the plasma fluorination of carbon nanotubes, namely Ar:F, and CF,,
since multiple fluorinated carbon groups, as CFs, are also grafted at the
carbon nanotubes surface when using the latter precursor [22,23]. After
the fluorination, the carbon nanotubes are integrated in home-made
chemical gas sensors platforms to address three main factors. Firstly,
the possible role played by the different patterning of the fluorinated
carbon sites obtained with the two plasma treatments is unravelled.
Secondly, the influence of fluorine functionalities over the pristine
sensor response is probed. Thirdly, the interference of humidity in the
environment is addressed, as it represents the main drawback hindering
the functionalized carbon-based sensing properties. The increased hy-
drophobicity of the carbon surfaces after fluorination is exploited,
leading to an increased response reproducibility under variable hu-
midity level. The sensing mechanism and the geometry of the sensing
layer are also investigated showing an enhanced response when verti-
cally aligned carbon nanotube forests are used as sensing layer com-
pared to the randomly distributed, spaghetti-like nanotube mats due to
the remarkable role played by the exposed tips in the vertical config-
uration of the forest.

2. Materials and methods

Vertically aligned carbon nanotubes (vCNT) are synthesized by
catalytic chemical vapour deposition (CCVD) at atmospheric pressure
using Fe nanoparticles as catalyst. More details on the synthesis can be
found in previous reports [24,25]. The as-synthesized close-packed
VCNT are well-aligned multiwalled carbon nanotubes of 150-200 pm
length, a dozen walls are found on average. To fabricate spaghetti-like
carbon nanotube mats with random distribution, the CNT powder
(Nanocyl®, purity level 95%) is sonicated in isopropanol for 30 min and
the CNT mat is obtained by drop casting the suspension on silicon
wafers kept at T = 100 °C to facilitate solvent evaporation.

Fluorination of the CNT surface is achieved in a post-discharge of a
microwave (MW) plasma reactor where the discharge is sustained in a
quartz tube by a surface wave (surfaguide type) launcher. A SAIREM
6 kW pulsed microwave generator working at 2.45 GHz has been used
[26]. The gas flow rate is set to 100 sccm for both CF,4 and for the Ar:F,
mixture (95:5) giving a post-discharge pressure of about 1 mbar. The
power is maintained to 0.55 kW and the frequency to 1 kHz with a duty
ratio fixed to 80%. The samples are placed on a supporting stage at a
distance of 30 cm from the end of the discharge tube. To obtain dif-
ferent fluorination yields, the exposure time is changed ranging from
2.5 to 20min. No changes are observed in the weight and in the
structure of the carbon nanotubes.

The contact angle measurements are conducted using the static
sessile drop method based on a direct optical measurement. The ex-
perimental set-up consists of a movable horizontal stage where the
sample is placed, an automatized micrometre pipette system to gen-
erate the few microliter liquid drop of Milli-Q water, and an integrated
camera for acquisition of real time images. Several points over each
sample surface are analysed for accuracy and reproducibility during the
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drop profile analysis.

The photoemission studies are carried out at the Soft X-ray beamline
of the Australian Synchrotron in Melbourne. The valence band spectra
are collected using a photon energy of 110 eV, while a photon energy of
800 eV is used for the acquisition of the F1 s core levels to enhance the
surface sensitivity. Spectroscopy data are acquired in normal emission
geometry. The carbon (C) and fluorine (F) K-edge NEXAFS spectra are
obtained in the partial electron yield mode. The NEXAFS measurements
are performed by positioning the samples at the magic angle, that is the
angle at which the measured intensity distribution is independent from
the molecular orientation.

The chemical composition of the fluorinated samples after the
sensing measurements is probed by using a VERSAPROBE PHI 5000
from Physical Electronics, equipped with a monochromatic Al Ka X-ray
source. The experimental geometry of the data collection allows the
analysis of carbon nanotube surface with an energy resolution better
than 0.5eV. For the compensation of built-up charge on the sample
surface during the measurements, a dual beam charge neutralization
composed of an electron gun (=1eV) and an Ar ion gun (<10eV) is
used.

For the sensing measurements, a customization of the device is used
to prepare the sensors. A commercial Ag paste (Heraeus AD 1688-06) is
employed to glue a screen-printed Pt resistor, working as a heater, on
the backside of the sample. Pt wires connect the heater resistor to a PCB
board that can be plugged into the sensor test chamber through sol-
dered connections. Parallel silver electrodes are realized on top of the
sample surface and connected to the PCB board through Pt wires. At
each step, the contacts are cured at 100 °C for 30 min in the oven.

The measurement rig comprises a set of computer-controlled mass
flow meters and electro-valve systems to ensure reproducible con-
centrations of the gases that are delivered to the miniaturized Teflon
chamber (35mL). The DC resistance of the sensors is continuously
measured with an Agilent 34,972 A multimeter. In a typical measure-
ment cycle, pure dry air (Air Products) is flowed through the chamber
until the sample resistance is stabilized, corresponding to a constant
baseline Ro. Successively, given concentrations of NO, or NH3 vapours
are fed into the test chamber and kept flowing during the chosen ex-
posure time, that is usually fixed to 10 min unless otherwise specified.
The total flow is fixed to 100 sccm during the detection and recovery
phases. During the detection time, the samples are kept at room tem-
perature. After the detection measurements, the gas flow is switched
again to pure dry air and the samples are allowed to re-stabilize to the
room temperature baseline resistance. The relative humidity (RH) is
constantly monitored using a thermo-hygrometer ICT-7M from
Ecological Sensors and Systems (ES&S). This sensor is located at the
output of the test chamber recording both temperature and ambient
moisture. It is considered dry condition when a residual amount of
about RH = 4 * 1% is measured. Under humid conditions, a specific
amount of water in mg/h is introduced in the test chamber using a
dedicated liquid mass flow system (Environics series 4000), which al-
lowed generating humidified gas mixtures at different moisture levels.

The operational principle of resistive sensing devices consists of the
variation of the electrical resistivity as a result of the adsorption of gas
molecules on the sensor surface. The measurement of the resistance is
continuously running, thus allowing a real-time acquisition of its var-
iation from the initial value, which is the sensor baseline resistance Ry,
during a complete exposure cycle. The sensor response, expressed as a
percentage, is defined (unless otherwise specified) as the normalized
resistance variation, |(R¢-Ro)/Ro| X 100, where Ry is the resistance value
measured when the gas flow is switched to pure air. The sign of the
resistance variation depends on the type of semiconducting layer (n- or
p- type depending on the electron or hole doping) and on the donor/
acceptor behaviour of the detected molecule. Since holes are the major
charge carriers in fluorinated carbon nanotubes, the fluorinated surface
behaves as a p-type semiconductor.
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Fig. 1. (Left) Contact angle measurements on vertically aligned carbon nanotubes are shown for increasing fluorine content. The pictures along each column
illustrate the time evolution of the water droplet. (Right) Contact angle values are acquired at increasing time to trace the water droplet evolution on two pristine
samples (black curves) and on different plasma fluorinated samples, Ar:F, and CF,4, with various fluorine content (red and green curves) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

3. Results and discussion

The wettability of pristine and fluorinated vCNT is probed by
measuring the contact angle at the interface with a liquid Milli-Q water
drop, as shown on the left side of Fig. 1 (upper row). The initial contact
angle value of pristine VCNT (6¢c = 96°) gradually rises with increasing
fluorine content up to a value of 6c = 141° for 10 at.% of F, thus re-
flecting the increased hydrophobic character introduced through the
functionalization. The wettability is strongly dictated by the oriented
dipole-dipole interactions in partially fluorinated vCNT (first row, left
side of Fig. 1). The successive rows in Fig. 1 (left) correspond to the
time evolution of the water droplet, each picture is collected after 30's
from the corresponding previous image. The variation of the contact
angle decay rate of the pristine and functionalized samples indicates a
different impedance of water diffusion into the nanotube forests. The
water droplet deposited on the pristine surface is not stable and pene-
trates the forest, this process is further facilitated by the presence of

voids on a submicron scale within the vCNT. On the contrary, the
fluorinated carbon nanotubes show only a moderate reduction of the
contact angle values exhibiting a higher stability with time for in-
creasing fluorine yield at the surface. Additional data showing the
contact angle trends with time for other pristine and fluorinated sam-
ples are shown on the right side of Fig. 1.

In correspondence to the remarkable changes in the surface energy
induced by the fluorination, the nature of the pristine electronic
properties is also largely modified. The valence band spectra are out-
lined for each sample in Fig. 2a. The grafting of fluorine atoms on the
VvCNT surface provokes a strong quenching of the C-C = states at 3 eV in
concomitance with the suppression of the density of states near the
Fermi level and the appearance of an intense contribution at about
10 eV, associated to the F2p-like states, which dominates the spectrum
[25]. The F1 s core level spectra are shown in Fig. 2b. Interestingly, the
F1s core level acquired on the CF4 plasma fluorinated sample shift
towards higher binding energy values with respect to the Ar:F, plasma

Fig. 2. Synchrotron-based measurements are
performed on pristine (black dotted line) and
on functionalized vCNT using different gas
precursors. The fluorine contents are 7 and 10

at.% for the green dotted and red curves, re-
A spectively. Photoemission data are collected on
the valence band (a) and the F1 s core level (b).
Absorption spectra are shown for the F-K edge
(c) and C-K edge (d). (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article).
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fluorinated vCNT, in line with the shift observed in the F2p-like states
in the respective valence band spectrum. This shift is associated to the
diverse chemical environment introduced at the surface by the multiple
fluorinated carbon functionalities grafted on the vCNT [22].

The absorption spectra at the F-K and C-K edges are reported in
Fig. 2c and d, respectively. The F-K edge signatures display broad
structures composed of resonances at about 688 and 690 eV that are
accompanied by weaker contributions at their sides, indicating dis-
similar coordination for the fluorine atoms after both plasma treatments
[23]. The large features at photon energy higher than 688 eV corre-
spond to excitation from the F1s to ¢ states due to the covalent in-
teraction between fluorine and carbon atoms [27]. On the contrary, the
resonances of 5t character are located at lower photon energies and
they are associated to the interaction of fluorine with carbon atoms in
the local vicinity of C-F groups (686 eV) [28].

The signals in the C-K edge can be divided into ;t and o resonances.
The absorption intensity associated to the transition from the C1 s level
to the unoccupied 7" states (285 eV) decreases after the functionaliza-
tion. The covalent C-F bond formation is confirmed by the peak at
288 eV increasing in intensity with higher fluorine content. The states
corresponding to the transition from C1 s to o~ suggest a limited extent
of C-F bond formation with o symmetry, thus supporting the evidence
that the carbon nanotube structure is not destroyed by the plasma but it
preserves the sp® character.

Pristine and fluorinated vCNT are then used as sensing layers for
NO, and NHj; detection at the ppm concentration range to test whether
the fluorine functionalities affect the pristine sensor response for vari-
able humidity level. The use of Ar:F, and CF, gas precursor for the
plasma fluorination allows understanding the eventual role played by
the multiple fluorinated carbon groups, as CFs, during sensing me-
chanism as these species are mainly produced on the carbon nanotubes
surface when using the CF, plasma [22,23].

The sensing experiments presented hereafter are performed at room
temperature due to the observed desorption process of the functional-
ities, which is already activated when annealing at T = 250 °C in UHV
condition, as shown in Fig. S1 in Supporting information where spec-
troscopic and absorption data are acquired as a function of the an-
nealing temperature.

Due to the vertical geometry of the sensors the electrodes are placed
on top of the densely packed nanotubes, therefore the sensing proper-
ties are only due to the intrinsic properties of the carbon nanotubes, i.e.
the substrate is not playing any role.

The typical sensor response curves are illustrated in Fig. 3 where the
normalized response (left axis) is plotted as a function of exposure time
(bottom axis) to various analyte concentrations (right axis) at dry
condition, corresponding to RH = 5% humidity level. The black dotted
curves in Fig. 3 correspond to the pristine vCNT sensor (no trace of
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oxygen detectable on the surface), the red curves are obtained from the
fluorinated vCNT using Ar:F, plasma, while the sensing responses of the
CF,4 plasma functionalized sample are depicted as green dotted curves.
The fluorine concentrations on these two samples are evaluated by XPS
immediately after the fluorination process: 15 at.% of fluorine and
about 2.5 at.% of oxygen contents are detected on the surface of the
Ar:F, fluorinated sample (10 min of plasma treatment), while a fluorine
concentration of 16 at.% and 1.5 at.% of oxygen is found after CF4
plasma (10 min of plasma treatment).

All samples behave as p-type materials due to the increased con-
ductivity (reduced resistance) when exposed to NO,, and vice versa a
decrease in the conductivity is measured when NHj flows in the
chamber. The pristine vCNT sensor shows a fast reaction to the presence
of nitrogen dioxide, but the response is characterized by a low recovery
time once the gas flow is switched to pure air. On the contrary, the
pristine sample is not sensitive to the ammonia molecule, neither at
higher concentration (100 ppm), in agreement with previous results
where the pristine nanotubes showed sensitivity to ammonia only after
an intensive oxygen plasma treatment [29]. The fluorinated vCNT using
Ar:F, plasma exhibits a good response to both gases with an improved
recovery time for the release of NO, molecule once the gas flow is
switched to pure air. The instantaneous response of all vCNT sensors
can be attributed to both the full exposure of the nanotube surface area
to the two chemical environments and to the mobility of the charge
carriers leading to a fast transmission of the signal. Additionally, a
better recovery (about 50%) of the fluorinated sensors is observed after
NO, detection with respect to NH; experiments. The slow recovery
process after ammonia exposure suggests a slower molecular desorption
of NH;3 from the nanotube due to a stronger chemical interaction oc-
curring mainly between the fluorinated sites on the carbon surface and
the ammonia molecules. Further, diffusion process may occur into the
three-dimensional porous architecture of the vCNT forest and addi-
tional external energy would be consequently required, for example in
the form of heating treatment, to favour the release of this pollutant.
However, a heating treatment would promote the desorption process of
fluorine atoms from the surface in the present case (see Fig. S1 in
Supporting information).

Compared to the absence of ammonia detection for the pristine
sample, the fluorinated carbon nanotubes exhibit stronger adsorption
capacities and better sensing properties. The improvement in the sen-
sing performance of fluorinated vCNT is associated to both the strong
polarity and the reactivity of F atoms in interacting with the hydrogen
atoms of the analyte resulting in hydrogen bonding interactions. On the
other side, also the interaction with NO, is not negligible considering
the incomplete resistance baseline recovery at room temperature,
analogous to previous results where a rather strong interaction was
found [29]. This observation implies that complete NO, desorption is

— _ pristine Fig. 3. The typical response and recovery
— ArF, ([F]=15at.%) curves of pristine and fluorinated vCNT sensors
- CFy  (F=16at%) are shown for low (10 or 20 ppm) and high
(100 ppm) concentration of the two analytes
1.0 100 3IRH= 5% 100 shown as grey bar (right axis). The measured
é resistance curves are normalized to the relative
E 80 1.06 3 80 baseline value R of each sensor (left axis). The
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1 E idi — 50,
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not achievable at room temperature and that stronger interaction than
Van der Waals interaction with the carbon nanotubes, as chemisorp-
tion, cannot be ruled out for this analyte. At the same time, the diffusion
of NO, down the nanotube forest may also hinder the complete release
of the analyte during recovery phase.

The increased hydrophobicity of the carbon surfaces after fluor-
ination is exploited to probe the gas sensing reproducibility under
variable humidity level and the relative sensor responses are shown in
Fig. 4. The response values are calculated over 10 min of exposure and
expressed as a percentage.

In Fig. 4a, the moisture effect is analysed for the pristine and for the
differently plasma fluorinated vCNT (Ar:F, and CF4 plasma) thus al-
lowing the investigation of a possible dependence of the sensor re-
sponse on the functionalization used. In this experiment, the humidity
level is switched from RH = 3% to RH = 30% while measuring the
responses to low and high concentrations of NO, and NH3. All sensor
responses to traces of nitrogen dioxide are near to three times higher
than the detection capability towards similar concentrations of am-
monia. The response of pristine nanotubes towards NHj is rather de-
pendent on the humidity content, increasing with increasing con-
centration of water molecules in the environment. When humidity is
diminished from 30% to 3%, the response to ammonia remains almost
identical to the one for 30% in the pristine sample. Most probably, the
adsorbed moisture penetrated deeper in the forest (as observed during
contact angle measurements) and the water contamination of the
pristine surface could lead to a charge redistribution affecting the
current through the layer. On the other hand, when the surface of the
forest is fluorinated, the hydrophobic character is significantly higher
than that of the pristine vCNT surface resulting in a reproducible re-
sponse of the fluorinated films under variable humidity levels.

Variations in the amount of fluorine functionalities grafted on the
sample surface does not impact the sensor response to NO,. The re-
sponse of fluorinated vCNT sensors towards nitrogen dioxide is, in es-
sence, the same as that measured with the pristine samples in line with
the fluorination content affecting less than a third of the sample sur-
faces in all cases. This result suggests that reducing the interaction of
carbon nanotubes with water via fluorination does not alter their in-
teraction with NO,, thus promoting the plasma fluorination as a valu-
able substitution to O, plasma treatment and pioneering the anchoring
of recognition elements to improve selectivity and sensitivity, similarly
to previous works [14,30].

] : 3.0-
2.0—_
‘ 1.0
= 0.0—_ '3
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In addition, the particular gas precursor used during fluorination
does not have a strong effect on the sensor performance, therefore the
relative response can be measured within a wider humidity range, from
dry air (RH = 3%) up to RH = 60%, testing one pristine and two Ar:F,
plasma fluorinated samples, as illustrated in Fig. 4b. The strong influ-
ence of the moisture concentration on the pristine sample response
(black bars) is further confirmed: the resistance variation continuously
raises upon successive nitrogen dioxide exposures and an emerging
response to NHj is detected under humid condition, though the pristine
sample did not show sensitivity to ammonia during the first measure-
ments in dry condition. No recovery of the starting pristine performance
is observed in the successive measurements under dry air, suggesting
that the humidity can be considered as the primary interfering analyte
responsible for the performance deterioration with time in this sensor.
Once exposed to water, the active material changes dramatically the
response intensity to the pollutants and there is a strong memory effect
when exposed again to a flow of dry air, i.e. the response remains al-
tered as if humidity was still present due to the penetration of water
molecules deeply in the carbon nanotubes forest. This memory effect
prevents the use of such a sensor in a scenario in which ambient hu-
midity may change, given the impossibility of calibrating the sensor.

In contrast to the pristine vCNT sensor, when the concentration of
water molecules is increased to 30%, the fluorinated vCNT response is
enhanced, implying that the presence of water does not block the in-
teraction between adsorbed molecules and the vCNT. Although the
response is affected by humidity being different under dry or humid
conditions due to the presence of water molecules on top of the forest,
fluorinated vCNT do not experience the memory effect. The response
nearly returns to the original value as soon as the dry condition is re-
established and it remains unvaried during the successive measure-
ments at RH = 2-3%, suggesting that the adsorbed water molecules are
easily evacuated without heating the sensors or without the necessity of
using an inert gas flow. As a result, sensor response becomes re-
producible and a humidity-calibrated response could be possible, e.g.
including a humidity sensor.

Reproducible results are obtained after repeated sensing measure-
ments over time indicating good sensor performance when working in
ambient condition. Nevertheless, the relative response measured with
fluorinated vCNT should be further improved to reach the high level of
detection measured in metal decorated carbon nanotubes, especially
when detecting ammonia [6,11,12]. However, the response of the
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Fig. 5. The N1 s core level signals are measured after implementing the functionalized samples in a gas sensing device (after test gas exposure). The N1 s signal is only

detected after the sensing measurements and exclusively on fluorinated vCNT.

fluorinated vertically aligned carbon nanotubes to NHj is higher com-
pared with recent results from fluorinated graphene layers [20], where
a maximal response of 11% on detection of 10,000 ppm of NHj in argon
atmosphere was achieved after more than 10 min of exposure and with
a recovery time longer than 30 min. In the same experiment, the re-
sponse decreased to 2% when a concentration of 600 ppm of ammonia
was detected.

The sensor response, the selectivity to ammonia and the response
reproducibility in humid environments have been demonstrated so far,
showing a satisfactory performance of the plasma fluorinated sensors.
To probe the effect of the sensing measurement on the chemical com-
position of the surface and determine the nature of the interaction with
the target gases, the nitrogen content has been monitored by XPS. The
N1 s core level signal is only detected after the sensing measurements
and exclusively on fluorinated vCNT surface. In Fig. 5, the N1s core
level spectra are illustrated for the (a) Ar:F, sample (F concentration of
15 at.%) and for the (b) CF, plasma functionalized vCNT (F con-
centration of 16 at.%). The nitrogen concentration evaluated by XPS is
2.5 at.% in both samples. The N1 s spectra are composed of two main
components: N1 located around 400 eV and N2 near 406 eV binding
energy. The former is commonly associated to amines [31] indicating
the presence of NHj still adsorbed on the sample surface due to the
higher interaction. The second component N2 is instead assigned to
nitrogen dioxide molecules adsorbed on the nanotubes [32] likely as a
pyridinic-N-oxide configuration [33] consistent with the presence of
NO, on the vCNT surface. This observation is supported by the evidence
of an increased uptake of oxygen on the surface after the sensor tests, in
fact the oxygen concentrations increased from 2.5 (a) and 1 at.% (b) to
4 at.% in both cases.

The relative intensity of the two nitrogen components confirms that
a higher amount of ammonia is adsorbed on the surface due to the
stronger interaction with the fluorinated surface, in agreement also

30.0 um

with the hindered recovery of the baseline during NH3 sensing mea-
surements.

According to theoretical calculations, the estimated adsorption en-
ergy of ammonia on pristine graphene is lower than the adsorption
energy of nitrogen dioxide molecule [21,34,35], while the adsorption
energy of NH; on fluorinated graphene is one order of magnitude
higher than on the pristine surface [20,36]. Experimentally, we have
measured a remarkably higher response to NO, with respect to the
ammonia detection regardless of the fluorination as a consequence of
the large charge transfer from the sensing layer to the analyte. This
mechanism is sustained by the appearance of the LUMO state of ni-
trogen dioxide below the Dirac point [37] with a favoured orientation
of the NO, molecule exhibiting the N atom pointing towards the F atom
[38]. Reversely, the fluorination introduces a moderate sensing re-
sponse towards ammonia in agreement with the predicted decrease in
the distance between the analyte and the fluorinated carbon surface
[39] that promotes a stronger interaction via the formation of hydrogen
bonding as a result of a dipolar electrostatic interaction providing an
enhanced charge transfer with the fluorinated carbon layer [20].

To further investigate the possible role played by the geometry of
the sensing layer, randomly dispersed CNTs are tested. The carbon
nanotubes are first drop-casted on a silicon wafer adopting a spaghetti-
like distribution, the SEM images are shown in Fig. 6. Subsequently, the
samples are inserted in the p-wave plasma chamber and they are sub-
jected to the plasma fluorination treatments. Finally, the contacts are
realized on the surface following the experimental method used for the
VvCNT sensors and the sensing performance of the samples are tested in
the same experimental chamber as used for the vCNT.

Under this arrangement, the sparse carbon nanotube mesh is not
regular and it does not cover homogeneously the silicon surface
therefore the response can be influenced by the substrate (extrinsic gas
response). The response curves to variable NO, and NH3 concentration

5.0 um KV 4.8mm x45.0k SE(U)

Fig. 6. The SEM images show the random distribution of the pristine multi-walled nanotubes drop-casted on a silicon wafer.
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Fig. 7. a) The relative sensor response to
100 ppm of NO, and NH3 is shown for pristine

NH; (100 ppm)

and fluorinated random CNT with different
fluorination yield, as indicated in the legend,
and switchable humidity level (RH = 3/30%).
b) The N1 s core level signals are recorded after
the sensing measurements performed using the
fluorinated samples (Ar:F,, left panel, and CF,,
right panel). The N1 s signal is detected only on
fluorinated carbon nanotubes.
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and different humidity levels are shown in Figs. S2 and S3 of the
Supporting Information for pristine and plasma fluorinated samples.

The relative sensor responses are illustrated in Fig. 7a for pristine
nanotubes (with an oxygen content of 4 at.%) and fluorinated samples
containing a F concentration equal to 13 at.% (Ar:F, plasma) and 9 at.%
(CF; plasma). Before the sensing measurements, the oxygen con-
centration on the two fluorinated sensors was 4.2 at.% and 1.5 at.%,
respectively.

The response to NO, is notably lower than that of vCNT forest,
confirming the remarkable role played by the tips that are directly
exposed to the target gas in the vertical geometry. Furthermore, the
change in the humidity concentration in the environment has a larger
impact on the sensor performance for the sparse carbon nanotube mesh.
The fluorination, especially using CF4 plasma, seems to increase the
influence of humidity level on the response towards NO, and NHj si-
milarly to graphene oxide performance under wet condition [19]. The
observed higher response of the CF, functionalized sample when
RH = 30% is associated to an improved ammonia adsorption on the
surface due to the presence of water molecules confined by the hy-
drophobic and highly dense fluorinated areas. Therefore, the in-
homogeneous hydrophobic path could be a competitive counterpart
leading to the production of an ionic current that facilitates local space
charge creation. On the other side, the pristine random CNT samples
are responsive to ammonia already under dry condition due to the
presence of native oxygen on the surface.

The surface of the random CNT-based sensors is analysed by XPS
after running the gas sensing measurements, the N1 s core level spectra
are reported in Fig. 7b for the two fluorinated carbon nanotubes sam-
ples. The nitrogen signal is not detected on the pristine sensors, while
the N1s spectra are dominated by the N1 component in the plasma
fluorinated nanotubes used for the sensing measurements. The N2 peak
is visible in the Ar:F, plasma fluorinated sample (left panel): this ob-
servation combined with the slower recovery of the baseline during
NO, measurements for this sensor (see Fig. S2 in Supporting informa-
tion) confirms the assignment of the component to nitrogen dioxide
molecule adsorbed on the surface. In analogy, the N2 component is not
found on the CF, plasma fluorinated sensor (right panel) as the analyte
desorbs faster from it (see Fig. S3 in Supporting information). The ni-
trogen uptake corresponds to a final concentration of 1.8 at.% for the

T T T T T T[T T T T T T T T

408 404 400 396

Ar:F, plasma fluorinated sample and 2.4 at.% for the CF, plasma
fluorinated sample, respectively.

4. Conclusion

The room temperature efficiency, the reliability and the high sen-
sitivity towards detection of different gases have triggered great interest
in the use of both pristine and functionalized carbon nanotubes as
sensing layers. In the present work, a controlled plasma fluorination of
carbon nanotubes is obtained using different fluorine-based gas pre-
cursors, namely Ar:F, and CF,. The hydrophobicity of the pristine
carbon nanotube forest is strongly increased and the water diffusion
process inside the forest, observed for pristine vCNT, is largely impeded
even at a fluorine content of only 7 at.%. The sensing response of the
fluorinated carbon nanotube samples is investigated upon exposure to
nitrogen dioxide and ammonia being representative for the opposite
acceptor/donor behaviour. If from one side the fluorination does not
alter the high response to NO, molecules, the improved sensing per-
formance in detecting ammonia is associated to an increased interac-
tion between NHj and the fluorinated carbon nanotubes surface, as
confirmed by XPS measurements. A hydrogen bonding interaction fa-
vours the charge transfer to the fluorinated carbon-based sensor. The
vertically aligned carbon nanotube forests show an enhanced sensor
response compared to the planar distribution of spaghetti-like nano-
tubes. The vertical geometry is thus a preferable layer for the sensing
platform due to the remarkable role played by the tips in the vCNT.
Contrary to the pristine samples, improved response reproducibility in a
variable ambient moisture levels is observed when testing fluorinated
VvCNT. This property makes fluorinated vCNT as potential material to be
employed in practical commercial applications after sensor calibration:
once the response changes versus variations in relative humidity are
known, it will be possible to compensate this effect and implement
them as room temperature gas detectors.
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