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Abstract

We report a simple and rapid method to prepare multifunctional free-standing single-walled
carbon nanotube (SCWNT) films with variable thicknesses ranging from a sub-monolayer to a few
micrometres having outstanding properties for a broad range of exceptionally performing devices. We
have fabricated state-of-the-art key components from the same single component multifunctional
SWCNT material for several high-impact application areas: high efficiency nanoparticle filters with a
figure of merit of 147 Pa ', transparent and conductive electrodes with a sheet resistance of 84 Q/o and
a transmittance of 90%, electrochemical sensors with extremely low detection limits below 100 nM, and
polymer-free saturable absorbers for ultrafast femtosecond lasers. Furthermore, the films are
demonstrated as the main components in gas flowmeters, gas heaters and transparent thermoacoustic

loudspeakers.
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The unique properties of single-walled carbon nanotube (SWCNT) films, such as high porosity
and specific surface area, low density, high ratio of optical transmittance to sheet resistance, high
thermal conductivity and chemical sensitivity, and tunable metallic and semiconducting properties, open
up a new avenue for a wide range of applications." Free-standing films (FSFs) offer a unique form factor
for novel applications. Films of randomly oriented SWCNTs are usually prepared from suspensions by
vacuum-filtration method.” * This method typically involves several time and resource consuming and
potentially detrimental liquid dispersion and purification steps ending up with dense SWCNT networks
on a filter,* > which have a transfer issue. Moreover, preparation of free-standing films by the vacuum-
filtration method is still a challenging task.

Here, we have developed an aerosol CVD synthesis method® ” for direct deposition of SWCNT,
which allows eliminating all mentioned problems. The films are prepared by first collecting nanotubes
downstream of the reactor on microporous filters (Millipore, HAWP, 0.45 pm pore diameter) and then
dry transferring them to a substrate with an opening as shown in Figure 1 (see also the Supplementary
Information),® thus demonstrating a very simple and rapid fabrication technique. The thickness of the
SWCNT films can be varied from a sub-monolayer (when the amount of SWCNTSs is insufficient to
create a single continuous layer) to a few micrometres depending on the collection time. Since the
SWCNT films are collected on low-adhesion filters, they can be easily transferred to practically any
substrate, including flexible polymers, glass, quartz, silicon and various metals. In this work, we have
successfully fabricated FSFs up to 70 mm in diameter, which can be easily further scaled up. For some
applications, the FSFs can be densified by drop casting with ethanol and subsequent drying in air (see
Supplementary Information). This results in a change in the surface roughness and therefore reflectance

of the SWCNT films, as can be visually observed in Figure 1.

RESULTS AND DISCUSSIONS
Due to the fact that the SWCNT films have very high porosity, the FSFs were found to be
exceptionally good air filters. In order to examine the filter performance, we used various sources of

aerosol particles with geometric mean diameters in the range of 11 to 650 nm (see Supplementary
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Information). Figure 2a shows the number size distribution of 11 nm Fe aerosol particles produced by a
hot-wire particle generator and the drop in the aerosol particle concentration after passing through a 70
nm thick SWCNT filter. The filter efficiency was calculated as

£ = S ~Cor 10006

where Cj, and C,y: are the aerosol concentrations measured with and without the filter, respectively.
Figure 2b shows the dependence of the filter collection efficiency on the SWCNT film thickness for 44
nm vy-Fe,O3 particles. The efficiency of the filter increases from 99.995 to 99.9997% as the film
thickness increases from 40 to 200 nm.

Another very important filter characteristic is the pressure drop. This was measured as a function
of the flow rate through a 120 nm thick SWCNT film suspended over a 1 cm hole (Figure 2c¢). For
comparison, we utilized several different commercially available filters (Millipore). Figure 2c shows
that the SWCNT filters create significantly smaller pressure drops than do the others tested. The
absolute quality of a particle filter is usually evaluated on the basis of its collection efficiency for a
given particle size and pressure drop Ap from the following formula:®

__In1-E)

F— Ap '

As can be seen from Figure 2d, the quality factor gr of the SWCNT films is at least an order of
magnitude higher than that of the commercially available filters and reaches a maximum value of 147
Pa .

The filtration efficiency for aerosolized SWCNTs was greater than 99.999%. When the FSFs
were used for filtration of SWCNTSs at the outlet of a laboratory-scale aerosol reactor, the SWCNT
concentration dropped from above 10" particles/cm® to a noise level of less than 1 particles/cm®.
Interestingly, when a hole of about 1 mm diameter was made in the FSF, it self-healed in about 5 min
owing to the deposition of SWCNTSs at the edges.

In spite of their thinness, the FSFs were surprisingly strong and durable. To investigate the

maximum pressure and flow rate which the filters could withstand before breakage, we suspended



SWCNT filters over a hole 1 cm in diameter. It was found that a 40 nm thick film could withstand a
flow of 1.7 L/min, with a corresponding flow velocity of 36 cm/s and a pressure drop of 480 Pa (see
Supplementary Information). Durability tests performed with a similar filter showed that the filter was
able to operate for more than a month without breakage or reduction in the filtration efficiency at a flow
rate of 300 cm*/min.

The mechanical strength of such films was measured using a perforation method in which the
films were pressed against a 1.5 mm ball-shaped actuator (see Supplementary Information). The force
versus displacement was used as a measure of a film-stiffness-like property in the linear region (Figure
3a). It is worth noting that the FSFs were neither purely elastic nor purely viscoelastic. In fact, for very
small deformations, the film responds elastically, but when the deformation is continued, it begins to
behave viscoelastically. Similar behaviour was earlier reported by Zhu et al. for SWCNT strands.™® The
slope of the linear fits shown in Figure 3a represents the stiffness-like property of the films, and was
found to increase with the film thickness. Moreover, the maximum force required to partially damage
the film (dashed lines) also increased with the film thickness. From the maximum force needed for the
first breakage we calculated the ultimate tensile strength to be 65-115 MPa. These values are at the
same level as or higher than the ultimate strength of common polymers, for example high-density
polyethylene (37 MPa) and nylon-6,6 (75 MPa).

The high transmittance and electrical conductivity of SWCNT films enable their use as a
replacement for indium-tin oxide (ITO), especially in applications where ITO is not suitable owing to
high cost, performance limitations or environmental impact. Figure 3b shows the dependence of sheet
resistance on optical transparency (at 550 nm) for ethanol-densified and NO,-doped SWCNT films. For
comparison, data for commercially available 1TO films on flexible substrates and for other carbon

nanotube (including double-walled carbon nanotube, DWCNT) films® ** 2

are shown in the figure as
well. The NO,-doped SWCNT films exhibited sheet resistances as low as 84 Q/o at a transmission of T
= 90%. This is superior to the typical performance of ITO on flexible polymer substrates and, to our
knowledge, is the lowest reported sheet resistance for SWCNT-based transparent electrodes.

Importantly, our method avoids liquid-based dispersion and purification steps, which are needed with

5



traditional SWCNT film production techniques. Moreover, our SWCNT films can be utilized equally
well in free-standing form or on virtually any substrate, including flexible polyethylene terephthalate
(PET) and naphthalate (PEN). We obtained very similar optical and electrical behaviour for free-
standing and substrate-supported films.

SWCNT electrodes can be successfully utilized in electroanalysis. Owing to their unique
properties such as high conductivity and surface area, electrochemical stability, low background
currents, and electrocatalytic properties in many electrochemical reactions, SWCNTs have been
extensively used for electrochemical sensing.™® There are many strategies for integrating SWCNTSs into
electrochemical sensors, the main ones being direct growth on insulating or conducting supports and
immobilization of the SWCNTSs on the electrode surface with the aid of binders and dispersing agents.**
Here we show the excellent sensing properties of our FSF electrodes for the electrochemical detection of
dopamine, a neurotransmitter often taken as a benchmark analyte for investigating the sensing properties
of electrode materials. Figure 4a shows cyclic voltammograms of an FSF electrode (60% transmittance
at 550 nm) for dopamine oxidation in a 0.1 M phosphate buffer solution (PBS) with pH = 7. The
voltammetry for the dopamine/dopamine o-quinone reaction exhibited quasi-reversible behaviour (AE,
~ 90 mV at low dopamine concentrations). The peak current scales linearly with dopamine
concentration, as shown in the inset of the figure, over a wide concentration range (from 0.1 to 100 uM,
R? = 0.994). Despite its thinness (about 80 nm), the FSF electrode shows a remarkable sensitivity (253
uA mMt cm?), as determined from the slope of the linear regression.

The operating potential for the amperometric detection of dopamine was selected from a
hydrodynamic voltammogram measured in 0.1 mM dopamine. Figure 4b shows a close-up of the low-
concentration region of the amperometric response of FSF sensor (with a 60% transmittance) at +0.2 V
(versus Ag/AgCl), measured with successive additions of 100 nM dopamine in a stirred solution. The
corresponding calibration plot, shown in the inset, illustrates the remarkable linearity exhibited by the
FSF sensor in this low concentration range (0.1-3 uM, R? = 0.999), with a sensitivity of 263
pAmM ™t ecm™2. Extremely low detection limits, in the nM range (100 nM), were achieved. This

performance is comparable to that reported for low-density SWCNT networks on Si/SiO, wafers." The
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sensor also exhibits a very fast response time of 2-3 s. In addition to the excellent behaviour at
concentrations in the nM range, the FSF sensor exhibits a good linear response (R? = 0.995) over a wide
concentration range (0.01 uM-0.1 mM) (Figure 4c) while retaining a remarkable sensitivity (240
uA mM ! cm?) and detection limits in the nM range. Moreover, the inset in Figure 4c demonstrates the
high stability of the amperometric response of the SWCNT sensor for very low concentrations at the
operating potential (+0.2 V versus Ag/AgCl). To the best of our knowledge, linear ranges over four
orders of magnitude of dopamine concentration together with nM detection limits are unprecedented for
untreated SWCNT-based macroelectrodes. The high sensitivity, stability and reproducibility for
dopamine detection shown by the unmodified FSF electrodes demonstrate the potential of this type of
pristine unsupported film for electroanalysis.

Another important application for FSFs is a laser component, namely a saturable absorber for
ultrafast photonics. A key element in the cavity of a mode-locked fibre laser is the nonlinear element
that initiates the pulsed operation. SWCNTSs have been demonstrated recently to initiate short pulses in
mode-locked fibre and solid-state lasers.’**° These mode-lockers benefit from a fairly simple and cost-
effective manufacturing process, a broad absorption band, and a short absorption recovery time.
Typically, carbon nanotubes have been embedded into a polymer.*®*82° Polymers are often undesirable
as intracavity laser materials owing to their relatively low damage threshold and high photoabsorption,
especially for mid-infrared applications. In the present work, we have demonstrated the use of an FSF to
mode-lock a compact ultrafast erbium-doped fibre laser operating at a wavelength of 1.56 um. This
absorber, made purely of carbon nanotubes, benefits from a very simple and fast manufacturing process.
Time-consuming wet deposition methods, which require several processing stages and include matrix
polymers, are not needed. Moreover, the FSFs can be used as a mode-locker ‘as deposited” without any
bulk components, i.e. mirrors or other substrates.

The mode-locked fibre laser delivered pulses with a repetition rate of 38.3 MHz. The recorded
optical pulse spectrum and corresponding autocorrelation trace are shown in Figures 4d and e. The
Kelly sidebands seen in the spectrum confirm operation in the soliton pulse regime. A hyperbolic-secant

(sech?) fit of the measured autocorrelation revealed a short pulse duration of 220 fs. The pulses at the
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output are transform-limited, with a calculated time—bandwidth product of ~0.32. To the best of our
knowledge, this is the first demonstration of the use of an SWCNT-based saturable absorber for mode-
locking without any substrate.

These FSFs are an interesting material for certain types of applications where low heat capacity
and high thermal conductivity are required. As an example, we have constructed a thermal flow sensor
with a working principle similar to that of a hot-wire gas flowmeter:** the flow passes through a
resistively heated FSF and its temperature changes until dynamic thermal equilibrium is achieved. As a
result, the resistivity of the film is changed. An example of the long-term performance and stability of
such a flowmeter in nitrogen at different flow rates is shown in Figure 4f. Depending on the flow rate,
the flowmeter provides response times in the range of 20-100 ms (see Supplementary Information).

By combining the electrical-heating and gas penetration properties, our FSFs can be utilized as
efficient gas heaters. Usually, heater elements operate at relatively high temperatures since the contact
between the gas and the heater is limited. However, owing to the high surface area of the FSFs, the
contact can be significantly improved. It was found that a 80 nm thick FSF suspended over an opening
with an area of 1.05 cm® in a PET substrate was able to heat a 3 L/min nitrogen flow to 129°C as
measured with a thermocouple after the film (see Supplementary Information). This corresponds to a
heat power density of 8 W/cm? (Figure 4g). Similar measurements in air allowed the flow to be heated
to 90°C with a power density of about 3 W/cm®.

The first thermoacoustic speaker based on carbon nanomaterials was introduced by Xiao et al.?
These authors fabricated loudspeaker elements from free-standing sheets of aligned multiwall carbon
nanotubes (MWCNTS) prepared by drawing from a substrate consisting of a CVD-grown MWCNT
forest.?® Xiao et al. also claimed that SWCNT networks could be used as loudspeakers, but that the
fabrication of elements from free-standing SWCNT networks would be extremely tedious. Here, for the
first time, we have demonstrated thermoacoustic speakers using FSFs made from randomly oriented
SWCNTSs (Figure 4h; see also Supplementary Information).

Carbon nanotubes are known to possess hydrophobic properties, which limits many of their

potential applications. During HNOj3 treatment of SWCNT films, it was found that the water wettability
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of the SWCNTSs can be changed from nearly superhydrophobic to hydrophilic (Figures 3c and d). This
opens up new avenues for applications of SWCNT films, for instance for water purification and
filtration. In this case the filtration could be realized using semi-free-standing films, where the SWCNTSs
are transferred onto a polymer with micrometre or millimetre-sized holes (Figure 1).

The wide range of applications of these FSFs is not limited to those reported in this letter. The
superior mechanical and electrical properties of these films suggest potential uses in a broad range of
other devices. As a filter, SWCNT films could be used for filtration of bacteria and even viruses, whose
size (10-60 nm) is exactly in the range where our film filters showed excellent performance. The
possibility to heat SWCNT films can be utilized for water or air sterilization. Additionally, since
SWCNTSs contain iron particles embedded inside them, one could exploit their magnetic properties.
Their high strength coupled with high electrical conductivity could be employed in novel energy
generators, electromagnetic interference shielding, flexible radio frequency identification tags, touch
sensors, flat panel displays and static-charge dissipators. The ultrahigh surface area coupled with high
electrical conductivity could be used in advanced solar cells and supercapacitors. It is very important to
note here that these multifunctional films also have many application opportunities in their non-free-
standing, i.e. substrate-supported, state as well.** ? The outstanding combination of mechanical,
electrical and optical properties of our SWCNTs enables a wide range of superior functionality to be
obtained from FSFs made from them. Even though graphene has recently attracted much attention from
the research community, some properties of SWCNTSs, such as porosity, mechanical strength, and fine-
tunability of optical and electrical properties, provide many applications where the flat, single-layered

carbon structure cannot compete with its tubular *brother’.

CONCLUSIONS

We have reported a simple method for the rapid fabrication of multifunctional thin FSFs, which
can be utilized in various applications. Here, we have demonstrated the use of these FSFs for
exceptionally efficient air filtration and very sensitive electrochemical sensing, and as substrate-free

laser absorbers and as state-of-the-art transparent electrodes with properties better than ITO on a flexible
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substrate. Furthermore, these FSFs have been utilized as the main components in a gas flowmeter, a
heater and thermoacoustic loudspeaker. Our multifunctional films open up possibilities both for basic
scientific research on this unique material, i.e. single-walled carbon nanotubes, and for a wide range of
commercial applications, where light weight, high surface area and porosity, high thermal and electrical

conductivity, and optical transparency are desired.

METHODS

SWCNT synthesis. SWCNTs were synthesised by an aerosol (floating catalyst) method based
on ferrocene vapour decomposition in a CO atmosphere®. The catalyst precursor was vaporized by
passing ambient-temperature CO (at a flow rate of 300 cm*/min) through a cartridge filled with
ferrocene powder. The flow containing ferrocene vapour (at 0.7 Pa) was then introduced into the high-
temperature zone of a ceramic-tube reactor through a water-cooled probe and mixed with additional CO
(100 cm®min). The reactor tube was 22 mm in diameter with a heating zone 470 mm long. Typically,
the SWCNTs produced by this method were bundles with lengths from 1 to 5 um and diameters in the
range of 1.3-2.0 nm. The second experimental set-up used for SWCNT synthesis was a scaled-up
version of the laboratory reactor, with a tube 155 mm in diameter and 1500 mm in length to provide a
longer residence time. It was operated at a total CO flow rate of 4 L/min and a temperature of 880°C.
This allowed us to synthesize SWCNT bundles about 10 um long. In both reactors, to obtain stable
growth of SWCNTSs, a controlled amount of carbon dioxide was added together with the carbon source
(CO).”® SWCNTs were collected downstream of the reactor by filtering the flow through a nitrocellulose
or silver membrane filter (Millipore Corp., USA; HAWP, 0.45 pm pore diameter).

Fabrication of free-standing films

The simplicity and rapidity of the preparation of free-standing films (FSFs) of SWCNTSs is
demonstrated in Figure S1 and Movie 1.The SWCNTSs, collected on a filter, can be easily transferred
onto practically any substrate by a room-temperature dry-press transfer technique.® Movie 1 shows a
flexible polyethylene terephthalate (PET) substrate with a 30 mm hole pressed against a filter with

collected SWCNTSs fixed on a table. The applied pressure provides conformal contact, and the SWCNT
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network adheres to the substrate. After that, the polymer substrate can be removed by lifting. The
transfer process is extremely simple, and no dispersion or cleaning steps are needed prior to press
transfer. This makes the process significantly faster, cheaper and more environmentally friendly than
traditional liquid-based SWCNT network deposition processes. The size of the FSF can be increased at
least up to 70 mm in diameter (Figure 1).

The scaled-up aerosol reactor was operated under conditions in which 1 min of SWCNT
collection on a filter with a diameter of 5 cm resulted in a 40 nm thick SWCNT film (after densification).
The deposition rate was measured by means of transmission electron microscopy for 1-5 min SWCNT
collections. For this purpose, SWNTSs were first densified and embedded in an epoxy polymer. Then, 50
nm thick cross-sections of epoxy layers carrying SWCNT films were cut and deposited directly on TEM
grids. Figure S2a presents TEM images of a sandwich structure consisting of a 120 nm thick SWCNT
film (collected during 3 min) between epoxy layers. The thicknesses of SWCNTSs were estimated on the

basis of calibration dependence of transmittance vs. thickness (Figure 2b).
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Figures and Captions
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Figure 1. (a) Photograph of nitrocellulose filters with collected SWCNT films (1, 2), pristine and

ethanol-densified films suspended over 30 mm openings in PET (3 and 4, respectively), FSF on PET
over 70 mm hole (5), FSF on aluminium foil (6), FSF on Kapton (7), a strip of FSF suspended over a
rectangular hole in a plastic sheet (8), and FSF on cold rolled steel (9). The inset shows (10) a semi-free-
standing film on a polyetheretherketone substrate with 120 um diameter holes (with an open area of
49%) and (11) an FSF suspended over the open end of a glass tube of internal diameter 20 mm. (b) A set

of images showing a sub-monolayer FSF suspended over 5 mm openings in aluminium foil.
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Figure 2. FSF characterization. (a) Change in aerosol 11 nm sized Fe particle concentration measured
by a particle counter when the flow passed alternately through a filter and a bypass. The film is 70 nm
thick with transmittance of 64% and filtering efficiency of 99.99% The inset shows the number size
distribution of the Fe particles used for the efficiency test. (b) Thickness dependence of transmittance
and of collection efficiency for 44 nm y-Fe,O3 particles. (c) Flow rate dependence of pressure drop for
120 nm thick SWCNT films and various commercial filters. (d) Dependence of the filter quality factor
on the particle size for commercial filters and a 120 nm thick SWCNT film. The solid and open symbols
show results obtained by two independent measurement techniques, namely scanning over the entire

particle size range studied and at fixed particle sizes.
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Figure 3. Properties of FSFs. (a) Results of mechanical tests on pristine films of different thicknesses.
The film stiffness was determined from the slope of linear fits. (b) Comparison of different transparent
electrode materials: sheet resistance versus optical transparency at 550 nm. Our data are shown by open
pentagons (densified films) and solid pentagons (NO,-doped films); the lines show theoretical fits to our
data.® The performance range of commercially available ITO films on PET (Visiontek Systems Ltd,
UK) is shown by the oval. (c, d) Alteration of hydrophobic properties by acid treatment of (¢) SWCNTSs
on silica and (d) SWCNTSs suspended over a hole. FSFs are shown before and after HNOj3 treatment

holding a droplet of water with a weight of 3000 times their own weight. After the acid treatment, the
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droplet penetrated through the SWCNT film and encompassed the film from top and bottom.

17



b)7 T LI LI C) 10"{ T T T T T
6f 100k
st 10°F
& b ] &
€ 4r : . £ . o[ ]
535 6"107 ] f;’ 10 10 400 o |1 3
g p ] = 107 § 8 200nm 3
2 2, E . e [ s ]
E N x10°%] 1 10 4
1F % 1 2 9 . . . L
1 1 L | ., Concentration (M) § 1075 K; 5 5 = 3
-04 -0.2 0 02 04 06 0 200 400 600 10 10 10 w 10 10
E (V vs Ag/AgCl) t(s) Concentration (M)
T T T T T T T
d) e) 1.0F T T T T =
— L o8t i
2 E
3 a
a E o06f i
S 3
N
2 = 04} -
£ £
2 ]
£ Z 02t i
1 1 1 1 1 1 1 OO N 1 n 1 n 1 n
1520 1530 1540 1550 1560 1570 1580 1590 -1.0 -0.5 0.0 0.5 1.0
Wavelength (nm) Time (ps)
f 24.0
) Flow rate in cm’/min g) 1404 1000 cm¥min  :2000 cm’/min; 3000 cm’/min
—~ *
£ 120 L
e *
z £ 100
g H .
3 g 60 o
% 40| ..-'.
o
20.0 20
0 20 40 60 80 100 120 140 160 180 0

5 4 6.
Time (s) Input power density (W/cm®)

Figure 4. FSFs for various applications. (a, b, ¢) Chemical sensor. (a) Cyclic voltammograms of an FSF
electrode in solutions with increasing concentrations of dopamine (from 0.1 uM to 80 uM). Scan rate:
50 mV s '. The inset shows the peak current versus dopamine concentration and the corresponding
linear fit. (b) Amperometric response of an FSF electrode to successive additions of 100 nM dopamine
at an applied potential of +0.2 V versus Ag/AgCI. The inset shows the corresponding calibration plot.
(c) Calibration plot for the amperometric response of an FSF electrode at an applied potential of +0.2 V
versus Ag/AgCI in solutions with increasing dopamine concentration. The inset shows the stability of
the SWCNT sensor at the operating potential at very low dopamine concentrations. The supporting
electrolyte was a 0.1 M PBS with pH = 7. (d, e) Laser absorber: (d) optical spectrum and (e)

autocorrelation trace with a sech? fit for an all-fibore mode-locked Er laser. The spectral width is ~11.3
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nm and the corresponding pulse width is 220 fs. (f) Gas flowmeter. Electrical current through the FSF at
different nitrogen flow rates. (g) Gas heater. Temperature of outflowing gas versus input power density

at different flow rates. (h) Thermoacoustic speaker based on SWCNTs. Demonstration of its flexibility.
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