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Abstract

Detection of ammonia by carbon nanotubes is an extensively studied area where tremendous progress
was achieved so far in their sensing performance. In this paper, we focused on carbon nanotube network
sensors of NH; aiming to develop better understanding=of their gas detection behavior and improved
sensing response. Our experiments showed improved- sensing performance for single-walled carbon
nanotubes of (6,5) chirality ultrasonically treated at high power and then forming bundled nanotube
network upon thermal annealing. Two-chemiresistive sensing pathways were observed for such networks
resulting in increased and decreased resistance in presence of different ammonia concentrations from 10°
to 10* ppm. This multidirectional-Chemiresistive response was comprehensively explained via various
phenomena, such as partial and full’neutralization of p-type conductivity of the nanotubes, change of the
Schottky barrier, and<dipoles at the interface between nanotubes and gold electrodes. The proposed
sensing mechanisms are believed to provide strong support for further development of ammonia sensors

with optimized‘performance.
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1. Introduction

The exceptional electrical properties of carbon nanotubes (CNTs) have resulted in development of
various nano-scaled electronic devices, chemical sensors, electron field emission sources, scanning probes
and actuators, and so on [1]. However, preparation procedures and/or treatment of CNTs are well-known to
affect their electrical properties; for example, treatment of single-walled carbon nanotubes (SWNTSs) with
oxidizing agents increases their conductivity [2]. In general, metallic or semiconducting nature of SWNTs
strongly depends on their chirality and dopants [3-6]. Additionally, the van der Waals interaction between
SWNTs results in the formation of their bundles, which improves charge transport properties. According to
the percolation theory, isolated nanotube networks and bundled carbon nanotube“networks (BNNs) can be
metallic and/or semiconducting depending on the network geometry [3,7]. Furthermore, surface properties of
isolated nanotubes and BNNs can vary owing to disorders and defect sites [3,5,7]. Therefore, in-depth
studies of physico-chemical impact of surrounding gas molecules, on.thesbehavior of CNT networks are

essential to develop any devices on their basis.

Since the discovery of gas sensing properties demonstrated by CNTs [4], research community focused
on development of various CNT-based chemical and biological sensors [1]. As a result, selective detection
of NHz; by SWNTSs is one of the most studied areas, with”tremendous progress in sensing performance
achieved by now [5,8-11]. For example, as a proof of concept, the NH; gas sensing performance of defect-
induced SWNT-based sensors was recently demonstrated to be higher than that of defect-free SWNTs [9].
Preferential adsorption of ammonia molecules on defect sites of SWNTs was suggested as an appropriate gas
sensing mechanism in defect-induced SWNT-based sensors [10]. Therefore, controlled incorporation of
topological defects to SWNTSs can'be used to enhance their sensitivity to a variety of chemical vapors [5]. In
turn, sensors based on multi-walled CNTSs revealed that adsorption of NH; molecules is related to the nature
of nanotubes and to defects jnside’[11].

Regarding, CNT bundles (or BNNs), the influence of network geometry and morphology [3,12],
nanotube doping [7], and bundle length [13] on their electrical transport properties was investigated to date.
However /studiestof'both charge transfer by gas molecules and surface sensitivity for bundled nanotubes are
necessary to_develop more efficient chemical sensors, as well as field-effect transistors made of them.
Although“substantial advancements in the nanotube-based sensors have been made [4-6,9-11,14-16], the
details j/of NH3 sensing mechanisms still remain substantially uncertain [8,14]. In this paper, we focused on
studying the surface sensitivity of highly-semiconducting isolated nanotubes and BNNs. Our particular
target was to understand better NH3 sensing mechanisms of BNNs with high content of semiconducting
CNTs and with defects introduced by means of ultrasonic treatment.
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2. Materials and methods
2.1. Materials

Purified SWNTs (SG65 CoMoCAT from SWeNT, Inc.) were used as a starting material to prepare the
SWNT dispersions. As a dispersing agent, we used poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6’-{2,2’-
bipyridine})] (PFO-BPy) purchased from American Dye Source Inc.

2.2. Preparation of SWNT dispersions

CNT powder (3 mg) was dispersed in 10 mL of toluene in presence of 20. mg of PFO-BPy. Tip ultra-
sonication was performed by a UP400S ultrasonic processor (Hielscher Ultrasonics GmbH) for 16 h, with its
pulse length being 75%. To induce different level of defects, we used.-two regimes for ultrasonic power, 20
and 60% of maximum, to obtain samples S1 and S2, respectively (Fig. 1). The produced SWNT dispersions
were centrifuged for 30 min with an Optima Max-XP ultracentrifuge (Beckman Coulter) at 30,000 rpm
(MLS 50 rotor) to remove nanotube bundles and to get well“purified supernatant dispersions with high
concentration of semiconducting SWNTs. According to the literature, ultrasonication of SWNT powders in
presence of PFO-BPy results in a highly selective dispersion” of SWNTs with (6,5) chirality [17,18]. Other
chiralities and non-chiral CNTs are known to be removed during such a procedure, leading to dispersions

with a high content (>99%) of semiconductor nanotubes [17,18].

2.3. Preparation of isolated carbon/nanotubes and BNNs

The as-prepared highly purified dispersions of SWNTs were dropcast onto commercial interdigitated
electrodes (G-IDEAU10;.from DropSens). Equal volume (100 pL) of samples S1 and S2 was coated drop by
drop onto the electfodges. and”simultaneously dried at 40 °C (Fig. 1). The obtained film-like samples were
then annealed at 300 °C.for 2 h. The annealing is known to lead to polymer decomposition and formation of
more tightly~packed.bundles [19,20]. Upon annealing, the film-like samples S1 and S2 gave rise to BNNs
which were labelled as samples B1 and B2, respectively (Fig. 1). For comparison, similar samples were also

prepared,on quartz substrates, which upon annealing were then used for optical studies.
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Figure 1. Schematic description of procedures used to preparessamples. At first, CNT dispersion was
mixed with PFO-BPy and ultrasonicated at higher and lower power to produce CNT dispersions with high
and low defect level (both being mainly of (6,5) chirality). Then the two dispersions were drop-cast onto
interdigitated electrodes to give rise to samples S1 and,S2 (with low and high level of defects). Finally, they
were annealed at 300 °C, resulting in samples B1 and B2,

2.4. Material characterization

The absorption spectra were measuredwith a Lambda 1050 UV/VIS/NIR spectrometer (Perkin Elmer).
The maps of PL excitation-emission;, PLE maps (where the X-axis is the wavelength of PL emission, Agwm,
and the Y-axis is the wavelengthiof PL excitation, Agx) were measured by a NanoLog excitation—emission
spectrofluorometer (Horiba). The spectrofluorometer was equipped with an InGaAs array detector for near-

infrared range measurements cooled with liquid nitrogen.

2.5. Sensing characterization

The electrical and sensing properties of isolated nanotube (S1 and S2) and BNN (B1 and B2) samples
were observed using a digital multimeter from Fluke (model 8845A) with two-probe configuration. Gas
sensing experiments were carried out using a commercial chamber from Figaro (bench-top test chamber,
model SR-3) where film-like samples drop-cast onto interdigitated electrodes were placed and connected to
chamber’s electrical feedthrough. The surface sensitivity of the samples was analyzed using volatile organic
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compounds (VOCs), such as acetone, ammonia, ethanol, methanol, and isopropanol. The static gas-liquid
distribution method previously described elsewhere [21] was used to estimate the volume of VOC for the
desired concentrations of vapor. The sensing studies were carried out at room temperature (295 K) with

(45£3) %RH. The sensing response, S, was calculated according to the below formula:

R
S=-9—2x100%,
R,
where R, is the sample resistance in the ambient atmosphere and Ry is its resistance<in specific gas/vapor

atmosphere.

3. Results and discussion
3.1. Optical characterization

3.1.1. Dispersions of SWNTSs

The absorption spectra of the SWNT+PFO-BPy ‘dispersion obtained at lower sonication power
(sample S1) are seen in Fig. 2a to have very strong and\narrow peaks at 999 and 573 nm, which are assigned
to the Ey; and E,, transitions for isolated SWNTSs with the«(6,5) chirality, respectively (Fig. 2a, curve 1). The
spectra of sample S2 obtained at higher sonication ‘power have absorption peaks at 1,000 and 573 nm
demonstrating a small red shift of the Entransition, which may be caused by stronger sonication of the
CNTs comprising this sample. To. demonstrate the effect of PFO-BPy dispersing agent on selective
separation of the (6,5) chirality;"Fig: 2a compares spectra of samples S1 and S2 (curves 1 and 2) with a
similarly measured absorption, spectrum of the same SWNTs dispersed with sodium dodecyl-benzene
sulfonate (SDBS, curve@) as a non-selective dispersing agent. The detailed procedure for obtaining SWNT -
SDBS dispersions is"described elsewhere [22]. Comparison of the spectra for samples S1 and S2 (curves 1
and 2 in Fig. 2a)‘and that.of reference SWNT-SDBS dispersion (curve 3 in Fig. 2a) shows a strong decrease
in the backgraund absorption of samples S1 and S2, implying very efficient removal of metallic CNTs,
which is{iin good agreement with previous work [17,18]. Importantly, curves 1 and 2 exhibit almost no
absorption in“the range of 400 — 500 nm (where CNTs with metallic properties absorb). Thus, during
ultrasanic treatment, SWNT dispersions with a high content of semiconductor phase with (6,5) chirality were

separated, while the fraction of metallic CNTs was significantly reduced.
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Figure 2. (a) Absorption’spectra of samples S1 (curve 1), S2 (curve 2) measured as dispersions and of
SWNT-SDBS dispersion (curve 3).used as reference [22]. (b) PL spectra of samples S1 (curve 1; Aex =573 nm)
and S2 (curve 2; Aex = 575 nm) analyzed as dispersions; curve 3 is the difference between curve 2 and curve 1.
(c,d) PLE maps of samples S1 (c) and S2 (d), with 3.5-nm-wide entrance/exit slits being used in
monochromator.

The PL spectra of the SWNT+PFO-BPy dispersion sonicated at lower sonication power (S1) are seen
in Fig. 2b to*have a maximum at Agy = 999 nm (curve 1), whereas the PL spectra for sample S2 obtained at
higherSonication power have a peak at Agy = 1,008 nm (Fig. 2b, curve 2). Thus, there is a strong red shift of
the PL peak associated with the E;; emission of the CNTs with (6,5) chirality sonicated at higher power
(sample S2). To analyze the observed redshift of PL peak, we obtained the differential PL spectrum (Fig. 2b,
curve 3), i.e. the difference between curve 2 and curve 1 in Fig. 2b. The differential PL spectrum has a

maximum at 1,010 nm, showing predominant growth of the PL emission band peaking at 1,010 nm at high-
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power sonication. This band can be attributed to defected nanotube emission, such as sp*-hybridized carbon
[17]. The formation of such defects on SWNTSs caused by more energetic sonication was confirmed not only
by the red shift of PL maxima, but also by a larger G+/2D peak area ratio in Raman spectra previously
reported by Graf and co-workers [17]. The high G+/2D ratio is known to be indicative of defects or
impurities in nanotubes [24]. Thus, as expected, more defects were generated in sample S2 sonicated at a
higher power.

The PLE maps of the same samples S1 and S2 are presented in Fig. 2c and 2d, respectively,"The maps
not only allow us to analyze spectral features of the PL emission, but also show<the dependence of PL
intensity on excitation wavelength Agx. PLE analysis is particularly valuable for SWNTs having PL emission
in the near-IR range of Ey; transitions at excitation of the E,, bands in visible‘range. From this point of view,
the PL intensity maximum for sample S1 is located at Agm = 999 nm and Agx = 573 nm (Fig. 2c), correlating
well with the absorption peaks for the Ej; and Ej, transitions of SWNiTs«with the (6,5) chirality (curve 1 in
Fig. 2a). The PL maximum of sample S2 is seen in Fig.2d to besstronglyred-shifted to Agp = 1,008 nm and
Aex = 575 nm, which is much more than the slight redshift 0f.the Eys absorption peak observed in Fig. 2a
(from 999 to 1,000 nm). Besides, the small red-shift of Xex.maximum is observed in Fig. 2d. The observed
red shifts in PL band can be related to the formation of*defects on the nanotube surface as sample S2 was
ultra-sonicated at higher power.

Therefore, the results presented in Fig.~2 demonstrate that using ultra-sonication at higher power
resulted in SWNTSs with a higher levelof defects, which is well supported by the PL spectra of samples S1
and S2 (with lower and higher defeCt content, respectively). Furthermore, the intensity of absorption and PL
spectral peaks in Fig. 2 permit to‘conclude that ultra-sonication at lower and higher power resulted in
different amounts of produced SWNT. More specifically, the CNT concentration in sample S2 appears to be
slightly more than 2 times larger than that in sample S1. It addition, the spectra in Fig. 2 demonstrate very
small amounts of ENTs.with"(7,5) and (8,4) chiralities, thus evidencing very highly efficient separation of
semiconducting' SWNTs:through the procedure applied in this study.

3.1.2:SWNTSs as layers on solid substrate

Annealing of the SWNTs deposited as layers onto solid substrate was found to lead to a strong
reduction in their absorption and PL peaks. In Fig. 3a the PLE map of sample S2 drop-cast onto a glass slide
shows a strong response of SWNTs with (6,5) chirality (Aem = 1,010 nm and Agx = 573 nm), which is
generally consistent with a similar map of the same sample as dispersion in liquid (Fig. 2c). After annealing
at 300 °C in air for 2 h, as well seen in Fig. 3b, extremely weak signals were registered. In particular, sample
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B1 (not shown here for brevity) had no PL signal in the range of Agx = 550-600 nm, whereas the PL signal of
sample B2 had a small shoulder at Agx = 580 nm and Agy = 1000-1200 nm (Fig. 3b). It should be added that
while the PLE map of sample S2 in Fig. 3a was recorded with 5-nm-wide entrance/exit slits of
monochromators, the map of the annealed sample B2 (in Fig. 3b) was recorded with 14-nm-wide slits, as the
PL response was strongly reduced upon annealing. After annealing, PL is seen in Fig. 3 to become extremely
weak, implying transformation of isolated SWNTs into bundles and formation of BNNs_ Wwith a highly
quenched PL response. Nanotube bundles are known to have very weak intensities of excitonic absorption
and emission [23]. Hence, our observations are in good agreement with this fact, and,it'is reasonable to
assume that the heat-treated samples B1 and B2 are based on bundle networks.
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Figure 3. PLE maps of sample S2 deposited onto glass slide as a layer and measured before annealing
(a) and after annealing at 300 °C for)2 h (b), i.e. as sample B2. The entrance/exit slits employed in
monochromators were 5 and‘14 nm, respectively, for (a) and (b).

3.2. Electrical studies

The“as-prepared thin films of isolated nanotubes (S1 and S2) were found to have highly fluctuating
resistance (from/tens of Q to MQ range) due to unstable percolation paths for charge carriers in thin layers of
isolated nanotube networks. Good percolation could be achieved by increased thickness of the films, but,
according to the recent studies, only approximately 100 nm of topmost surface layer contributes to NH;
sensitivity [6]. Molecules of NH; penetrate only into a surface layer of CNT-based network where the bulk
part of the films deeper than 100 nm is not affected by NHz. Therefore, increased thickness of SWNT-sensor
layers is not considered a good approach, as bulky layer with thickness more than 100 nm will result in R
almost equal to R, (see formula for sensing response in section 2.5). This way, we employed alternative
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solution: to anneal SWNT+PFO-BPYy films aiming at formation of bundled network of the nanotubes (BNN)
with stable electrical characteristics and optimized NH; sensitivity. After annealing, we obtained stable
electrical resistance of samples B1 and B2. Regarding the different ultrasonication power applied to disperse
SWNTs, the electrical resistance of samples B1 and B2 were (600 + 50) Q and (3.4 + 0.5) MQ, respectively.
The difference in the resistance is attributed to high concentration of defects formed at high ultrasonication
power (sample B2). To sum up, the defects decrease conductivity of the nanotubes, but result in
enhancement of the NH; sensitivity [5,9,10].

3.3. Sensing studies

The sensing response of the S1 and S2 samples (isolated nanotubes) is merely flat towards ~1,100
ppm of used VOCs (see section 2.5). Besides, the above mentioned fluctuating-resistance of isolated CNTs
strongly obstructs proper measurements of sensing response of non-annealed samples consisting of highly
isolated nanotubes in the polymeric matrix of PFO-BPy. For annealed samples forming BNN, B1 had a very
weak sensing response, whereas sample B2 showed enhanced:sensitivity for ammonia, of five volatile
compounds tested (including acetone, ammonia, ethanel, isoprepanol and methanol, Fig. 4). Figure 5 depicts
the temporal change in the resistance of sample B2 for different concentrations of ammonia molecules. The
concentration of ammonia in Fig. 5 was changed in, the-following way. Initially, the resistance was recorded
at the ambient atmosphere for the first 60 s. Thenammonia at the concentration of 117 ppm was injected and
retained in the bench-top test chamber during the time slot 60 — 210 s. Later the ammonia was purged from
the chamber by ambient air, and the process’of NHj; injections were repeated at higher concentrations of 586
ppm (400-600 s), 1,172 ppm (760-900 s), 2344 ppm (1,140-1,300 s), and 2930 ppm (1,460-1630 s).
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10 A
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Figure 4. Response of sample B2 towards ~1,172 ppm of acetone (17 %), ammonia (32 %), ethanol
(14 %), isopropanol (10 %) and methanol (3%).

The periodic increase and decrease of electrical resistance against successive injections and
evacuations of different concentration of NH; confirmed the adsorption-desorption chemical reaetion. In Fig.
5a, we show that the sensing layer of sample B2 effectively responds with increase ‘of resistance for
ammonia concentrations from 117 to 2,344 ppm. The sensing response, S, towards different concentrations
of NHj; is plotted in Fig. 5b summarizes the data obtained in Fig. 4a, where the resistance values before and
after NH; injections were substituted into the Formula (1). Importantly, we observed:that the concentration
dependence of S has a maximum in the range of 2,300-2,900 ppm. This way, the sensing response decreases
for higher concentrations of ammonia. Furthermore, at certain level of/ammonia; the resistance of sample B2
decreases in comparison with its initial value showing complex ‘dynamic response. Figure 6 illustrates
dramatic change in electrical resistance towards 11,700 ppm of NHs. In/general, from the Fig. 6a we observe
that the baseline resistance (R.) of 3.2 MQ reduced to 3:0:k€.after the exposure to NH; molecules (Rg).
Essentially, during this transition and immediately after NH; exposure, there is a short time hump (peak) of
an increased resistance demonstrating the initialor partial’(low concentration) adsorption of NH;3 on the
surface of sample B2 (Fig. 6b). Later, at a bit_longeriexposure of approximately 20 seconds, the complete
(high concertation) adsorption of NH; led to a‘drastic drop in the resistance to 3.0 kQ. The evacuation of
NH; molecules by opening the chamber to ambient atmosphere is not resulted in the complete desorption of
NH; molecules (Fig. 6a). Because-of partial.desorption, the initial baseline resistance of sample B2 (3.2 MQ)
is not attained in the ambient/atmosphere. The recovery resistance was 0.66 MQ being practically 5 times
lower than initial baseline.resistance. This process can be explained through stronger chemisorption of NH;
molecules on defect sitesiof CNTs at higher concentration, which implies much longer time needed for their
complete desorption. Primarily, we have shown that SWNTSs containing high level of defects and forming
BNN due to annealing have the most prominent chemiresistive response. Chimowa et al. [10] demonstrated
the preferential interaction of NH; on the defect sites of the nanotube walls. Furthermore, sensing response
of SWNTs with defects is stronger than defect-free nanotubes [9]. Thus, our results are in accord with
literaturesdata on strong influence of the nanotube defect sites on NH; adsorption and further influence of
electronic properties of the SWNTSs. Our study shows that the chemiresistive sensitivity of such nanotube
networks expressed as function of resistance change vs ammonia concentration is highly nonlinear

characteristic.
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(b) Transient resistance response of sample B2 immediately after exposure to 11,700 ppm of ammonia.

Now we proceed with explanation of our experimental findings focusing on the knowledge on two
sensing mechanisms for NH; detection established so far. The first one is charge transfer between NH;3 gas
molecules and the nanotubes, and the second mechanism is the Schottky barrier modulation between

nanotubes and electrodes [4,8,25]. In both mechanisms, semiconducting nature of the nanotubes is essential
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[4,11]. In ambient air, SWNTs are usually p-doped due to an interaction with oxygen molecules. For
example, Bisri et al. observed ambipolar behavior of as-prepared SWNT-PFO based transistors that were
converted into p-type unipolar devices with improved performance due to annealing in air at 400 °C [26].
Thus, the electron transfer between oxygen molecules and carbon atoms results in formation of p-doped
semiconductor due to induction of holes [27]. Adsorption of NH; by SWNT defects can neutralize positive
charge via reduction effect and results in a rise of nanotubes resistivity. We observed the effect-of increased
resistance at low concentrations of ammonia. Thus, adsorption of NH; molecules continuously-increases the
electron density in the conduction band compensating oxygen-induced hole density. BeSides, there is another
aspect of increased resistance: rise of the Schottky barrier [14]. Adsorption of NH; molecules at the
nanotube/Au interface reduces work function of the Au electrode and the“electrostatic charge balance
between the nanotubes and Au is disturbed by the dipoles of NH; molecules leading to an increased Schottky
barrier for hole injection [14]. Thus, charge transfer between NH3 gas’molecules and the nanotubes, as well
as elevated Schottky barrier, can be responsible for increased resistance_at both low concentrations of NH;
and initial stage with short time hump of high levels of NHs.

The results showing decreasing resistance at high levels of ‘NH; require an implication of additional
mechanism in sensing process explaining this behavior. It.can’be rationalized in the following way. Further
increase in electron density due to a higher concentration of electron donating NH; molecules fully
compensate the p-type conductivity of CNT, transforming them into a semiconductor with ambipolar / n-
type dominant conductivity. The Fermislevel of the metallic electrode becomes positioned closer to
conduction band of the nanotubes resulting in ambipolar / n-type behavior with predominant contribution
from electron current. Besides, .it,should be noted that an increase of the Schottky barrier for one type of
carriers leads to reduction of/the Schottky barrier height for the other [28]. In addition, the interfacial dipoles
at the contact between SWNTs and Au electrode can be strongly affected by change of conductivity type of
the nanotubes via ,adsorption-desorption of various gases [29]. This way, the described change of
conductivity type. for. the' nanotubes can be attributed to a dramatic drop of the resistance at high

concentrations of electron-donor NH; interacting with highly defective nanotube networks.

4. GConclusions

We have studied the mechanisms of defect induced sensing response for detection of ammonia by the
networks of semiconducting carbon nanotubes. In our experiments, the best sensing has been achieved for a
high-power ultrasonically-treated SWNTs that were then thermally annealed to form bundled nanotube

network. We have revealed stable chemiresistive sensing with increased resistance at low concentration of
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ammonia and follow-up with dramatic drop of the resistance (3 orders of magnitude) at high levels of
ammonia (> 2,500 ppm). To the best of our knowledge, the sensitivity via increase of carbon nanotube
resistance has been studied so far for low levels of NHj; Multidirectional chemiresistive response to
ammonia revealed in our experiments helped us to put forward more comprehensive mechanism of NH;
detection by carbon nanotubes. Thus, the mechanism of ammonia sensing has two major contributing
phenomena. The first one is associated with a rise of nanotube resistivity due to partial neutralization of
positive charge of SWNT (p-type) via reduction effect of small amount of NHs. Additionally, the Schottky
barrier and interface dipoles modulation at the Au/nanotube junctions can contribute to“above increase of the
resistance. The second phenomenon resulting in the drop of the SWNT electrical resistance’is explained by
full neutralization of SWNT positive charge (making the nanotube n-type). The,consideration of the above
presented comprehensive mechanism is important for better understanding of sensing behavior and further
development of nanotube-based sensors of ammonia taking intd “account various limitations and
opportunities for performance optimization.
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