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Switchable changes in the conductance of single-
walled carbon nanotube networks on exposure to
water vapourt

Gwyn. P. Evans, ©2° David. J. Buckley, ©°Neal. T. Skipper <9 and Ivan. P. Parkin & *°

We have discovered that wrapping single-walled carbon nanotubes (SWCNTs) with ionic surfactants
induces a switch in the conductance-humidity behaviour of SWCNT networks. Residual cationic vs.
anionic surfactant induces a respective increase or decrease in the measured conductance across the
SWCNT networks when exposed to water vapour. The magnitude of this effect was found to be depen-
dent on the thickness of the deposited SWCNT films. Previously, chemical sensors, field effect transistors
(FETs) and transparent conductive films (TCFs) have been fabricated from aqueous dispersions of surfac-
tant functionalised SWCNTSs. The results reported here confirm that the electrical properties of such com-
ponents, based on randomly orientated SWCNT networks, can be significantly altered by the presence of
surfactant in the SWCNT layer. A mechanism for the observed behaviour is proposed based on electrical
measurements, Raman and UV-Vis-NIR spectroscopy. Additionally, the potential for manipulating the
sensitivity of the surfactant functionalised SWCNTSs to water vapour for atmospheric humidity sensing was
evaluated. The study also presents a simple method to establish the effectiveness of surfactant removal
techniques, and highlights the importance of characterising the electrical properties of SWCNT-based
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1. Introduction

The electronic properties of single-walled carbon nanotubes
(SWCNTs) have prompted investigation into their use for numer-
ous technological applications.'” Individualised, bundled and
networks of SWCNTs have been used as an alternative functional
material in wide variety of electronic devices including field
effect transistors (FETs),*” transparent conducting films
(TCFs),*™* and chemical sensors.'”* Networks of SWCNTs
(a deposition of nanotubes containing many interconnecting
bundles) display the aggregate electrical properties of the
constituent SWCNTSs,>*>* facilitating the fabrication of devices
for such applications in a more scalable and repeatable way.>*>”
Much attention has been focused on advancing methods to
sort and process SWCNT samples of at least similar electronic
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devices in both dry and humid operating environments for practical applications.

type (i.e. metallic or semiconducting nanotube samples).*®
Non-covalent functionalisation using a wide variety of surfac-
tant molecules is applied as a route to disperse inherently
hydrophobic nanotubes in water for sorting processes,”*" as
well as for a wide variety of SWCNT device fabrication
methOdS.10'11’32_34

While useful for liquid processing and the deposition of
SWCNTs, the electrical properties of the fabricated devices can
be significantly altered by the presence of surfactant,® due to
the blocking of inter-nanotube connections in the network
and increased contact resistance.*®*” The removal of this
residual surfactant is possible by washing,** annealing®®?° or
acid treatment.’”* The properties of deposited SWCNT net-
works are significantly dependent on the success and ramifica-
tions of such treatments.

In this work, we investigated the effect that surfactant has on
the conductance of SWCNT networks when exposed to water
vapour, in comparison with surfactant free samples. This is a
critical consideration for many applications of SWCNTs, includ-
ing touch screen displays*' and environmental sensors,** as
changes in the relative humidity of the operating environment
may significantly interfere with device performance.

SWCNT networks were deposited after non-covalent func-
tionalisation with a range of anionic, cationic and non-ionic
surfactants. The magnitude and direction of the change in
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conductance of the SWCNT networks upon exposure to water
vapour was extremely dependant on the type of surfactant
used, as well as the thickness of the SWCNT films. Based on
this insight, the water sensitive properties of the surfactant
containing films were manipulated to develop and evaluate
humidity sensors using the SWCNT networks. The simple
method used to establish the humidity sensing characteristics
could be applied in the future to confirm the complete
removal of surfactant from SWCNT based devices.

2. Experimental

2.1. Preparation of SWCNT solutions and devices

SWCNTs produced via the high pressure carbon monoxide dis-
proportionation  (HiPco)  process*®  (purchased  from
Nanointegris, batch number: R1-831) were dried in air at
120 °C to remove moisture from the bundles and stored under
vacuum.

For the HiPco SWCNT control sample, the black powder
was added to water (H,O, CAS number: 7732-18-5, HPLC
grade) at a concentration of approximately 2 mg mL™'. To
prepare the test samples, the SWCNTs were added to aqueous
solutions containing the following surfactants at 0.5 wt%:
sodium deoxycholate (DOC, CAS number: 302-95-4, 97%),
sodium cholate (SC, CAS number: 206986-87-0, 97%),
hexadecyltrimethylammonium bromide (CTAB, CAS Number:
57-09-0, 98%), hexadecyltrimethylammonium p-toluenesulfo-
nate (CTAT, CAS number: 138-32-9) or Triton X-100 (CAS
number: 9002-93-1) purchased from Sigma-Aldrich. The initial
carbon concentration was approximately 2 mg mL ™" for the
HipCo SWCNT surfactant solutions. Surfactant molecules
form micelle like structures around the nanotubes allowing
dispersion in water. To aid efficient solubilisation and de-
bundling of the tubes via surfactant wrapping, the solution
was sonicated using a tip sonication probe at a power of 225 W
for 15 minutes, with the container placed in an ice bath for
cooling.

The surfactant treatment resulted in well dispersed solu-
tions, whilst the carbon in the control sample was highly
agglomerated. The samples were centrifuged at 4000g for
30 minutes and the upper 80% of the supernatant was
decanted to limit the presence of carbonaceous impurities and
highly bundled SWCNTs in the final concentrated solution.
Diluted samples were also obtained by dilution of the concen-
trated solutions in deionised water.

3 x 3 mm alumina tiles with patterned gold electrodes of
175 um separation (as shown in Fig. 1) were used as the sub-
strate to facilitate measurement of the conductance across the
SWCNT networks. The HiPco SWCNT solutions were deposited
across the interdigitated gold electrodes using a calibrated
Finnpipette novus electronic single-channel micro pipette
(drop volume 1 pL per sensor) and left to dry in air at 23 °C for
24 hours to form chemiresistor type devices.

Thick network devices were formed using the concentrated
solutions detailed in Table 1, with a thickness of 19 + 5 pm as
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Fig. 1 Schematic representation of (a) the surfactant functionalised
HiPco SWCNTs deposited on an alumina substrate between interdigi-
tated gold electrodes. The conductance (G) across the formed percolat-
ing network is measured in both dry and humid conditions. An SEM
image of a typical SWCNT network is inset top-left. A representation of
the induced electrostatic potential upon exposure to water vapour is
shown in (b) for cationic and (c) anionic surfactant containing networks,
with the respective increase (+AG) and decrease (—AG) in conductance
indicated when the relative humidity (RH) increases.

confirmed using a microscope (see Fig. S7 in the ESIf) and a
device resistance of Rupjcx = 200 Q to 500 Q. Thin films were
formed using the diluted solutions displayed in Table 1, with
a thickness <1 pm and a device resistance of Ry, = 50 kQ to
200 kQ.

2.2. Characterisation techniques

The UV-Vis-NIR absorption spectra for each of the decanted
SWCNT surfactant solutions were obtained wusing a
PerkinElmer Lambda 950 spectrophotometer to estimate the
concentration of carbon in the aqueous solutions. The initial
decanted solution was diluted (between 1000x and 50x dilution
from the initial solution with deionised H,0O) to enable experi-
mental measurement of absorbance. Multiple spectra were
recorded in the 180 nm to 1300 nm range for dilutions of each
SWCNT surfactant solution, using a quartz cuvette with a path
length 1 cm. The background absorbances for the blank H,O
surfactant solutions were subtracted. The relevant extinction
coefficients (e,) experimentally determined by Goak et al'?
(SWCNTs stabilised with CTAB: & = 34.5 mL mg ' cm™,
SWCNTs stabilised with SC: ¢, = 33.6 mL mg™" cm ™) at a wave-
length of 700 nm were used to approximate the carbon concen-
tration for each of the diluted solutions.

A linear relationship between the volume of decanted
SWCNT solution present in the diluted aqueous solution vs.

the absorbance was observed. The Beer-Lambert law,
A
c="=4,
(:‘gl

(1)

where A, ¢; and [ are absorbance, extinction coefficient at a
specific wavelength A and optical path length respectively, was
used to calculate the concentration of the diluted and concen-
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Table 1 Parameters of the HiPco SWCNT networks and their conductance behaviour when exposed to water vapour

CTAB CTAT Triton X-100 Control
Surfactant type (ionicity) DOC (anionic)  SC (anionic) (cationic) (cationic) (non-ionic) (surfactant free)
Solution concentration 1.59 + 0.2/ 0.51 + 0.05/ 1.61 £ 0.2/ 0.91 £ 0.1/ 0.46 + 0.05/ 0.64 +£ 0.1/
(concentrated/diluted, mg l’anl) 0.0108 £ 0.001 0.004 = 0.0004 0.0102 £ 0.001 0.00453 £ 0.001 0.00496 + 0.001 0.531 + 0.07
Network conductance change (AG)  Decrease/ Decrease/ Increase/ Decrease/ Increase/ Increase/
upon exposure to H,O (thick/thin decrease decrease increase increase decrease decrease
networks)
Conductance sensitivity —0.49/-0.11 — 0.057/0.17 — — 0.016/—-0.041
(AG% ARH% ') to H,O
(thick/thin networks)
trated SWCNT solutions as displayed in Table 1. The surfactant 2.3. Humidity testing

free SWCNT control sample values are included to enable an
approximate comparison, although the carbon agglomerated
in the control solutions formed without the use of surfactant,
decreasing the accuracy of the UV-Vis concentration measure-
ment. The approximate carbon concentrations of the concen-
trated decanted SWCNT solutions were calculated using a
linear fit to the diluted absorbance data.

The mass filtration method was applied to obtain a second-
ary comparison with the estimated UV-Vis-NIR concentration.
A mass balance with 0.01 mg sensitivity was used to obtain the
mass of a PTFE filter membrane before and after 600 pL of the
HiPco DOC suspension was deposited and dried via vacuum
filtration. The difference in mass after the deposition was cal-
culated and the mass of the surfactant (derived from the mole-
cular weight of DOC) subtracted to estimate the mass of
carbon deposited on the membrane. Three HiPco DOC
samples were prepared, with the average carbon concentration
calculated as 1.4 + 0.2 mg mL™", in good agreement with the
UV-Vis-NIR based calculations displayed in Table 1.

A Renshaw inVia Raman microscope with laser wavelength
A =785 nm and 1 mW power was used to perform Raman
spectroscopy on each of the surfactant wrapped HiPco SWCNT
thick films after deposition and drying on 3 x 3 mm alumina
substrates. Wet measurements were obtained by depositing 1 pL
of deionised water (H,O, CAS number: 7732-18-5, HPLC grade)
on top of the SWCNTs and re-obtaining the Raman spectra.

A Jeol JSM-6700F field emission scanning electron micro-
scope (SEM) was used in secondary electron imaging mode
using a 5 kV probe voltage at a working distance of 5.9 mm to
obtain micrographs of the SWCNT networks.

The hot probe method (as described by Golan et al.**) was
used to confirm that the networks contained sc-SWCNTs and
displayed p-type behaviour. Either the HiPco control sample,
the HiPco DOC or HiPco CTAB containing films were de-
posited on a glass substrate. The potential difference across
the films was measured using a Keithley 2100/230-240 digital
multimeter. A positive probe was heated to a set temperature
while in contact with the SWCNT network using a soldering
iron tip and the induced change in potential was recorded.
A negative voltage at the heated probe indicates that holes are
the majority charge carrier in the semiconducting portion of
the network as described previously.**

l. 44

This journal is © The Royal Society of Chemistry 2017

The SWCNT networks (deposited on alumina substrates
between interdigitated gold electrodes) were placed in electri-
cal read out ports within a cylindrical testing chamber to
measure the change in device conductance as a function of
relative humidity (RH). The circular arrangement of the
devices, along with the extraction of air behind each individual
port location, ensures that each device is exposed to an equal
flow of dry or humid air. The air flow rate of dry synthetic air
(BOC certified synthetic air, 20% pure oxygen, 80% pure nitro-
gen, CAS number: 132259-10-0) was controlled using digital
mass flow controller 1 (MFC 1). Wet air was generated by
flowing dry synthetic air through a Drechsel flask (controlled
using MFC 2) containing 500 mL of deionised water (HPLC
grade, CAS number: 7732-18-5). Dry air and wet air were mixed
at different ratios using the mass flow controllers and deli-
vered to the testing chamber via a central inlet to achieve
between 0% and 90% RH in the testing chamber, confirmed
using an internal humidity meter. A potentiostat setup®® was
used to measure the room temperature device conductance
with a 100 mV bias applied throughout the testing procedure.

Prior to the experiments, dry synthetic air was passed over
the sensors for 2 hours to obtain a baseline conductance (G,)
for each device and achieve 0% relative humidity in the
chamber. A mixture of dry and wet air was then introduced to
the chamber for 600 s to achieve to the required humidity level
and the new device conductance was measured (G). This was
followed by a 1200 s intermediary step in which the relative
humidity was re-adjusted to 0% and G, was re-established
before the next incremental humidity testing step (in the range
of 20% to 90% RH).

3. Results and discussion

The aqueous solutions of HiPco SWCNTs, non-covalently func-
tionalised with the range of surfactants detailed in Table 1,
were first characterised using UV-Vis-NIR absorption spec-
troscopy. Multiple peaks in the 400 nm to 1000 nm range of
the UV-Vis-NIR absorption spectra (Fig. 2) indicate a mixture
of metallic SWCNTs (m-SWCNTs) and semiconducting
SWCNTs (sc-SWCNTs) in each of the aqueous solutions*® at
high (0.5 to 1.8 mg mL™") and low (0.004 to 0.01 mg mL™)

Nanoscale, 2017, 9, 11279-11287 | 11281
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Fig. 2 UV-Vis absorption spectra obtained using an Elmer Lambda 950
spectrophotometer for aqueous solutions of HiPco SWCNTs non-co-
valently functionalised with (a) DOC, (b) SC, (C) CTAB and (d) CTAT. The
inset top-right plot shows the shift in the 705-775 nm range peaks for
the respective samples relative to (e) dry HiPco DOC on a quartz slide.
(a)—(d) are offset by 0.05 absorbance for clarity and were 100x dilutions
of the initial concentrated solutions.

concentrations, as to be expected for non-sorted HiPco
SWCNTs.*” The approximate concentrations of the SWCNT
solutions are detailed in Table 1.

The peaks are red or blue shifted at various wavelengths if
dispersed using a cationic or anionic surfactant, compared
with a dry sample of SWCNTs on quartz. This effect has pre-
viously been attributed to the varying charge imparted on the
tubes when surfactant wrapped in aqueous solution, as well as
to nanotube bundling in poorly dispersed samples.*®

Raman spectroscopy was performed on the thick SWCNT
networks (thickness = 19 + 5 um) after deposition on to the
alumina substrates, firstly in ambient conditions (room temp-
erature = 23 °C, relative humidity = 45%). The ratio of the G'-
bands at 1594 cm™" to D-bands at 1295 cm™" indicates good
sample purity (see Fig. $2-S4 in the ESIT).” The radial breath-
ing modes (RBMs) in the range 100 cm™" to 500 cm™" suggest
that nanotubes of different chirality and thus electronic type
are also present in the deposited layer,*® in agreement with the
UV-Vis-NIR data.

Each of the samples was wetted with 1 pL of deionised
water and Raman measurements were re-acquired as detailed
in the Experimental section. The full width at half maximum
(FWHM) of the G" band decreases significantly for the wet sur-
factant containing networks (see Fig. 3). Previous studies have
found that the Breit-Wigner-Fano (BWF) component of the
G -band is suppressed for some surfactant m-SWCNTs
aqueous systems compared to the dry equivalent.’® As an
intrinsic feature of bundled m-SWCNTs, perturbation of the
SWCNT electronic charge by the charged groups present in the
surfactant molecule is thought to be partially responsible for
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Fig. 3 The normalised Raman spectra of dry and wet SWCNT networks
containing (a) anionic DOC, (b) cationic CTAB and (c) no surfactant. The
differences in line-shape of the G* (at 1593 cm™) and G~ (at 1565 cm™)
band before and after wetting are highlighted in (a)—-(c) by grey shading.
The error bars represent the standard deviation between measurements
of 3 different spots on the SWCNT film after normalisation of intensity.
The percentage decrease in full width at half maximum (FWHM) of the
G* band before and after wetting is shown in (d), where the error bars
represent the error on the measurement of the peak FWHM. Raman
spectroscopy was performed using a Renshaw inVia Raman microscope
with laser wavelength 1 = 785 nm and 1 mW power.

the change in the BWF feature. Also, the intensity, FWHM and
frequency of the G* band for sc-SWCNTs can be altered by the
application of a gate voltage,”®”" suggesting that any
additional potential difference due to water-surfactant inter-
actions should induce changes in the G'-band line-shape.

In the current study, the decrease in FWHM of the G' band,
along with the suppression of the G7, is treated as a proxy for a
change in the gate/charge sensitive G' band and BWF
component respectively. Therefore, the different G-band line-
shapes highlighted in Fig. 3 suggest that exposure to water
alters the interaction between the charged groups present in
the SWCNT-surfactant system. This in turn implies that the
electronic properties of SWCNT based devices containing
residual surfactant could be altered due to electrostatic inter-
actions upon exposure to water vapour.

Networks of HiPco SWCNTs functionalised with the range
of surfactants listed in Table 1 were deposited between gold
electrodes and their electrical conductance was recorded in a
humidity controlled chamber (described in the Experimental
section). The thickness and density of randomly orientated
SWCNT films is important when considering gas sensing
mechanisms®**® and charge transport in the network.”*
Previous work by Battie et al.>* has shown that SWCNT sensing
behaviour changes with a reduction in the number of
m-SWCNTs in the film. Randeniya et al.>® found that thinner
networks of SWCNTs are more influenced by the substrate.
Therefore, surfactant functionalised SWCNT devices based
on both thick films (thickness = 19 + 5 pm, device resistance
Rinick = 200 Q to 500 Q) and thin films (thickness <1 pm,

This journal is © The Royal Society of Chemistry 2017
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device resistance Ry, = 50 kQ to 200 kQ) were fabricated to
investigate how these quantities affect the conductance behav-
iour in humid conditions.

As is displayed in Fig. 4, the conductance of each network
is sensitive to water vapour. At certain time intervals, the rela-
tive humidity of the testing chamber is increased and a new
steady state conductance value (G) for the network is reached
after time too. The chamber humidity is then reset to 0% and
the conductance returns to baseline value (G).

Fig. 4 and 5 demonstrate that the magnitude and direction
of the change in conductance is strongly dependent on the
type of surfactant present in the network. When surfactants
possessing charged groups are present in the films, the
change in conductance is one order of magnitude larger than
those without surfactant (the control HiPco SWCNT sample).
For the SWCNTs non-covalently functionalised with anionic
surfactant (DOC, SC), the conductance decreases upon
exposure to water vapour. However, those functionalised with
cationic surfactant (CTAB, CTAT) show an increase in conduc-

Relative Humidity
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0% ¢ 0% | 0‘0 Q% Q% Q% 0?/0
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Fig. 4 Real time changes in SWCNT network conductances (where Gq
is the baseline conductance at RH = 0% and G is the conductance at
higher RH levels) as the relative humidity of the testing chamber is
modulated between 0% RH and higher humidity (in the 20% to 70% RH
range, as indicated by the top x-axis and blue shaded regions) for thick
(thickness = 19 + 5 pm, dense) networks of (B) HiPco DOC, (®) HiPco
SC, (A) HiPco CTAB, (V) HiPco CTAT, (+) HiPco Triton X-100 and (%)
HiPco control samples. Results for thin (thickness <1 pm, lower-density)
networks are plotted without a symbol at the same y-axis offset as their
respective sample type. Plots are offset for clarity.
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Fig. 5 Magnitude and direction of conductance change for SWCNT
network humidity sensors. (a) () HiPco CTAB thick (dense) network, (®)
HiPco CTAB thin (lower-density) network and (A) thick HiPco control
sample containing no surfactant. (b) (W) HiPco DOC thick (dense)
network, (®) HiPco DOC thin (lower-density) network and (A) thin sur-
factant free HiPco control sample. The error bars represent the standard
deviation of responses from two identical humidity sensors of the same
type.

tance when the humidity of the chamber is increased. This is
evidence that the head groups and counterions of the ionic
surfactants contribute significantly to the electrical properties
of the SWCNT networks when exposed to water vapour.

Electrolyte solutions have been utilised to gate SWCNT
FETs.”>”” An applied potential causes a re-distribution of
charges in the solution, imparting a potential on the nano-
tubes and causing changes in the intensity, position and line-
shape of the SWCNT Raman bands.’® Such changes in the G*
and G~ bands are observed for the wetted SWCNT networks
containing surfactant in the current study (Fig. 3). The pre-
vious use of liquid gated devices, along with the change in
line-shape of the G' and G~ bands, indicates that the inter-
action of the surfactant molecule and counterions with the
nanotubes (upon wetting) modulates conduction, effectively
gating the SWCNT networks under investigation.

Goak et al."® proposed that for anionic surfactants such as
SC, the Na' counterion interacts with both m-SWCNTs and

Nanoscale, 2017, 9, 11279-11287 | 11283
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sc-SWCNTS electrostatically in dry network films. When such a
film is wetted, re-orientation of the surfactant molecules on
the surface takes place (in this case the surface of the SWCNTSs
in the network).>® Therefore, the re-arrangement of the hydro-
philic, negatively charged head groups away from the tubes
upon wetting would increase the density of positive charges
(Na" for DOC and SC) interacting electrostatically with the
nanotubes. This would explain the decrease in conductance
through the networks containing residual anionic surfactant.

Conversely, the same re-arrangement of the positively
charged, hydrophillic head group for the CTAB containing
films would increase the density of Br™ counterions interacting
with the tubes, inducing a distributed negative charge (87) and
increasing electron conduction (or decreasing hole density)
through the SWCNTs. This proposed mechanism for the
respective decrease or increase in conduction for the anionic/
cationic surfactant containing films is represented schemati-
cally in Fig. 1. The red or blue shifts seen in the SWCNT-
surfactant UV-Vis data with respect to the dry samples (Fig. 2,
inset), further suggests a change in electrostatic potential,
depending on the surfactant-nanotube interaction in water.

Bernardes et al.>® measured a humidity dependent electro-
static potential on the surface of ionic surfactant films, which
supports the hypothesis that atmospheric water can change
the imparted potential on the SWCNTs in the surfactant
containing networks. Additionally, positively charged species
(such as the Na" counterion present in SC and DOC) have pre-
viously been found to reduce DC conductance through
SWCNTs suspended in liquid water.*®

It is not expected that swelling of the surfactant functiona-
lised SWCNT film is solely responsible for the change in
network conductance. Although swelling is expected to occur
in surfactant films upon exposure to water vapour,®'™® it
would always decrease the number of nanotube-nanotube con-
ductive pathways (decreasing film conductance), thus does not
account for the increase in conductance of films containing
residual cationic agents.

The conductance of the control SWCNT device (containing
no surfactant) is also affected by water vapour, although to a
lesser extent than the surfactant treated samples. It has been
previously reported that induces n-type®®® or
p-type®®®”%° responses from carbon nanotubes, causing a
change in the conductance of ropes and bundles. The study by
Bell et al.”® suggested that this effect is attributable to electro-
static interactions. The permanent dipole moment of water
induces a polarisation of electronic charge density in the nano-
tube over a long range (3 nm). Lekawa-Raus et al”' also
suggested that chemical doping does not occur in carbon
nanotube fibres, with water vapour instead interacting with
the nanotubes at CNT-CNT junctions. If this is the case, then
it is to be expected that residual charged species in the
network, such as ionic surfactants, increase the polarisation of
charge upon exposure to water vapour and thus the magnitude
of the conductance change observed in Fig. 5.

Thinner SWCNT networks are increasingly influenced by
the substrate and a higher proportion of SWCNTs in the film

water
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contribute towards sensing behaviour.’® Furthermore, contact
resistance between SWCNTs,>* bundling and electrostatic
environment>® influence charge transport in macroscopic net-
works. In low-density networks of non-sorted SWCNTs below
the m-SWCNT perocolation threshold, conductance is increas-
ingly dominated by Schottky barrier modulation at the inter-
face between sc-SWCNT and the electrodes or m-SWCNTS,
while thick networks have complete metallic conduction paths
with the resistance of the film dominated by nanotube-nano-
tube junctions.”® Accordingly, the effect of residual surfactant
and water vapour was found to differ in thin (and thus lower
density) networks.

As a higher proportion of SWCNTs are exposed to the
analyte in a thin network, a larger AG was expected for thinner
SWCNT films. This was the case for the SWCNT control, non-
ionic and cationic samples. However, the real time humidity
response plots in Fig. 4 show that the opposite is true for thin
anionic SWCNT films. Fewer metallic pathways exist in the
thinner samples, with the conduction properties of the
network increasingly dominated by Schottky barrier modu-
lation between the sc-SWCNTs and m-SWCNTs or the gold
electrodes. As chemiresistor type devices are used, there is
no applied gate voltage to activate conduction through the
sc-SWCNTs in the dry state. However, in a way analogous to
electrolyte gated SWCNT transistors, wetting of the film and
re-arrangement of surfactant counterions may activate (or
reduce, depending on the counterion) conduction through the
sc-SWCNTs. Thus, the differences in conductance-humidity
behavior of thick vs. thin networks (thickness = 19 + 5 pm,
thickness <1 pm respectively) containing anionic or cationic
surfactant may be caused by the increasing influence of the
counterion on the sc-SWCNTs in the mixed chirality films.

Reducing the thickness of the SWCNT control sample
(surfactant free) switches the direction of the conductive
response so that conduction through the network is instead
reduced after exposure to water vapour (Fig. 5). Veeramasuneni
et al.”” found that an alumina substrate is positively charged at
PH 7 upon wetting. If this is the case, the net positive charge
may impede electron conduction in the thinner SWCNT
control sample, as well as interact with the charged head
groups to produce the unexpectedly lower AG for the thin
network anionic (DOC and SC) samples.

The hot probe method has been applied previously to deter-
mine the charge carrier type in sc-SWCNT networks.”?> The
recorded negative voltage upon probe heating (as shown in
Fig. S5 and S6 in the ESIT) indicates that the semiconducting
nanotubes in the DOC, CTAB and control (surfactant free) net-
works are p-type, in line with previous studies of SWCNTs
exposed to ambient conditions. The p-type change in potential
for the CTAB containing SWCNT network after application of
the hot probe (as shown in Fig. S6f) is approximately one
order of magnitude lower than the change for the DOC or
control network, suggesting the CTAB containing film is less
p-type.

As detailed in the ESIL{ the setup was adapted so that a
segment of the thick (dense) network film could be exposed to

This journal is © The Royal Society of Chemistry 2017
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water vapour without contacting the hot probe, held at a temp-
erature in the range of 160 °C to 200 °C. The change in poten-
tial, firstly due to the application of the hot probe and then
due to increasing humidity, was recorded. The potential differ-
ence across the DOC containing film increases in magnitude
and remains negative when more water vapour is present,
whereas the potential across the CTAB film increases in magni-
tude upon application of the hot probe, but decreases and
moves towards a positive value when H,O is introduced (see
Fig. S6a and S6b in the ESIt). This indicates that in the CTAB
containing networks, exposure to water vapour decreases the
p-type behaviour of the sc-SWCNTs in the semiconducting
portion of the film. A decrease in the p-type character of
sc-SWCNTs would decrease inter-tube resistances between
metallic and p-type semiconducting nanotubes, which may
explain the overall increase in conductance for the
SWCNT-CTAB films upon exposure to water. Correspondingly,
the increase in p-type nature of the sc-SWCNTs in the DOC
network results in an overall conductance drop, potentially
due to increased inter-tube resistances.

When the surfactant containing films are wetted, the
current-voltage relationship across the SWCNT network
becomes non-linear (as shown in Fig. S8 in the ESIf). It is
thought that the counterions impart a partial potential on the
SWCNTs in a fashion analogous to electrolyte gating of CNT
network FETs. While the Raman bands also display similar
changes to line shape observed for electrolyte gated CNT
devices,*® further work is required to confirm this hypothesis.

Monitoring of humidity is important for industrial pro-
cesses, commercial and domestic technologies.””> The high
sensitivity and reversibility of the SWCNT network conduc-
tances upon adsorption and desorption of water vapour indi-
cates that the chemiresistors may be useful as humidity
sensors. The conductance-humidity behaviour is predictable
and repeatable between multiple identical devices, as shown
in Fig. 5, with the chemiresistors containing ionic surfactant
functionalised SWCNTs showing the largest AG. The percen-
tage change in conductance per percentage change in relative
humidity, as displayed in Table 1, compares well with values
for carbon nanotube based humidity sensors in the literature
(-0.5% RH% ' from Liu et al.”® and —0.7% RH% ' by Han
et al.”’). Some signal drift was observed after exposure to
higher levels of relative humidity. This may be addressed by
optimising the SWCNT to surfactant ratio and the thickness of
the sensing layer.

The devices are low-powered (operating at room tempera-
ture), affordable and could be easily incorporated into a sensing
array. Furthermore, industrially viable solution based fabrica-
tion techniques, such as screen printing or spray coating, could
be used for large scale manufacture of such sensors.

4. Conclusions

Conductance through SWCNT networks can be altered via
adsorption or desorption of water from the atmosphere. The

This journal is © The Royal Society of Chemistry 2017
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change in conductance of surfactant containing samples in
this study was attributed to the electrostatic interaction of
water molecules with the SWCNTs in the network, rather than
to chemical doping.

Ionic surfactants in the SWCNT films can enhance the
change in conductance by a factor of 10. SWCNTs functiona-
lised with cationic surfactants (CTAB and CTAT) demonstrate
an increase in conductance upon exposure to water vapour,
whereas anionic agents (DOC and SC) have the opposite effect,
causing the conductance to decrease. It is suggested that this
behaviour is due to the interaction of polar water with the
charged head groups and counterions of the ionic surfactants,
which impart a partial potential on the SWCNTs.

In line with previous reports, the substrate influences the
SWCNT-analyte interaction, enhancing the humidity induced
conductance change for thin SWCNT control (surfactant free)
networks. Moreover, differences in conductance-humidity be-
havior of thin vs. thick networks containing anionic or cationic
surfactant were attributed to the varying contribution of sc-
SWCNTs to conduction across the wetted films.

SWCNT networks functionalised with ionic surfactants
display fast and reversible humidity sensing behaviour.
Optimising the thickness and type of ionic surfactant may in
future enable the development of low powered humidity
sensors based on SWCNT networks. Additionally, through
investigation of the SWCNT network conductance-humidity
behaviour, this study provides a method to evaluate the
success of various surfactant removal strategies. The observed
intrinsic sensitivity to water vapour demonstrates the impor-
tance of assessing the characteristics of SWCNT based devices
in humid environments.
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