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Abstract We show that thin films of silica loaded with

22 wt% of carbon nanotubes (CNTs) can be deposited on

cellulose substrate via the sol–gel route by a well-con-

trolled process. The high loadings are obtained by airbrush

spraying of a diluted sol solution (which contained a much

smaller concentration of CNTs) followed by drying at

200 �C. The films are nearly continuous despite the fibrous

structure of the substrate. The high degree of connectivity

of the stranded structure of the CNTs yields a specific

electrical conductivity of 3 9 103 X-1 m-1. In contrast,

films made with high loadings of carbon black have poor

electrical conductivity. Results from mechanical tensile

tests of samples are also reported. This economical method

of producing CNT dispersed thin films could find appli-

cation in catalysis, as electrodes in fuel cells and batteries,

and in sensor technologies.

Introduction

Carbon nanotubes (CNTs) are high-surface area materials

that can be functionalized by molecular layering [1]. These

functionalities combined with the high electronic conduc-

tivity of CNTs [2] make then promising candidates for

electrodes, catalysis, and sensor applications [3–6]. These

applications require fabrication of CNTs into forms that

can be handled with ease. One process consists of dis-

persing CNTs like an ink followed by filter-pressing into a

matted structure, yielding a paper-like structure. Typically,

the paper produced by such a process is approximately

100 lm thick, with an interconnected porosity on the scale

of about 25 nm. In many applications, the fine porosity

restricts the access of surface-active species, as for example

in catalysis, to the interior of the paper. Thus thin film CNT

structures are likely to provide higher efficiencies when the

performance is normalized with respect to per unit weight

of the CNTs. Also, technological applications require a

low-cost processing method for production and imple-

mentation of CNT-based thin films.

In this article, we report an alternative method for fab-

rication of CNT-based thin films. The homogeneous films

are obtained through deposition, by spraying, of a dilute

solution of silica sol containing CNTs, onto a substrate

made from ordinary cellulose fibers. The sol-dispersion is

sprayed using an airbrush, followed by air drying which

increases the concentration of the CNTs in the thin films to

high levels. This low-cost process can easily adapt to dif-

ferent types of scaffolds, such as textiles. Thus, the process

is amenable to large-scale manufacturing [7, 8].

In the present work, the CNT films are deposited on

substrates made from cellulose. Such substrates are being

considered for electronic display screens, nanotubular ITO

sheets, nanofibers for air filtration, and as supports for

composites made from hydroxyapatite, TiO2, and titanium

apatite [9–11]. In the present application the cellulose has

the advantage that it is chemically compatible with the

silica sol [12, 13]. While other porous materials may

require chemical treatments to create molecular anchors

that bond to the coating, the cellulose provides its own

-OH groups that can react with the residual Si–OH or
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Si–OR groups of the hydrolyzed silica sol. The cellulose

substrate is ashless; it does not leave a residue when oxi-

dized in air. Therefore, self-standing thin films can be made

simply by ‘‘burning’’ the substrate in air.

The airbrush spraying method, eventually, provides a

uniform coating over the fibrous structure of the cellulose

substrate [14], which is not possible by dip or spin coating.

An airbrush is a tool that sprays various media (ink, dye,

paint) through the atomization process: a stream of com-

pressed air is forced through a venturi aspirator, causing a

local reduction in air pressure that allows ‘‘ink’’ to be

pulled up from a reservoir, at normal atmospheric pressure,

connected to the nozzle. The high speed of the air and the

trigger, which opens a fine tapered needle controlling the

amount of paint, produce an extremely fine droplet

(atomization) ensuring an excellent dispersion of the

solution. There are different types of airbrushes classified

by three characteristics: (i) the trigger action to control the

paint flow, (ii) the mechanism of paint feeding into the

airbrush, and (iii) the mixing point of paint and air.

The technique is based on the freehand manipulation of

the airbrush, medium, air pressure, and distance from the

surface being sprayed in order to produce a definite

reproducible and predictable result. To increase the

reproducibility of the coating layer it is possible to auto-

mate the process by building a clean chamber equipped

with a mechanical arm able to move on an x–y plane in

front of the surface to be coated; the airbrush is mounted on

it. Thus, the intensity, speed, and the position of the flow

can be remote controlled. The techniques are commonly

used in very different fields of everyday life such as

illustration, photo-retouching, coating firearms, murals,

temporary airbrush tattoos, airbrush tanning, finger nail art,

clothing, automotive [14].

In the scientific research field, the inkjet printing, which

is an example of airbrush spraying, is used to deposit Ag

and Cu inks, to make thin films made of a silica gel [15,

16], and to deposit nanoparticles with functional properties

[17–19]. Similarly, carbon black (CB) [20, 21] as well as

CNT [22] are used to form thin films or composites with

specific tailored properties.

In this work, two types of composites, one made from

CB and the other with carbon-nanotubes, were chosen in

order to compare the influence of the size and the shape of

the carbon phase on the properties of the composite. A

carbon-free silica-sol sample was prepared as a control.

These three kinds of samples are called: (i) 100Si, silica-sol

coating without carbon loading, (ii) 150 SiCB, sols dis-

persed with CB, and (iii) 44SiCNT, sols dispersed with

CNTs. The airbrush process produced films with thick-

nesses in the 7–50 lm range. The thickness was controlled

by depositing the film in several cycles (up to 10). The

carbon fraction in the composites was kept constant; these

loadings are near the upper limit that can be produced by

the present process.

Experimental methods

Materials

Blue ribbon ashless filter paper, weighing 85.7 g/m2, and

with a thickness of 130 ± 30 lm, was purchased from

Schleicher & Schüll. HiPco nanotubes (Carbon Nanotech-

nologies Inc., Houston, Tx) and Carbon Black (EC300J,

Akzo Nobel Chemicals SA, Barcelona, Spain) were cru-

shed in a mortar, sieved below 32 lm, heated under N2 at

110 �C for 2 h, and stored in dry conditions in the presence

of P2O5. Tetraethoxysilane (TEOS, purity 99%), solvents,

and other chemicals were supplied by Sigma–Aldrich and

used without further purification.

Sample preparation

A disk, 10 cm in diameter, was cut from the paper and

secured to a glass plate by paper clips: thus made ready for

airbrush spraying. The coating was applied in 10 cycles;

the sample was dried in an air-oven at 80 �C for 30 min

after each cycle. Each coating cycle required 1 min to

ensure uniform coverage of the sample. This procedure was

determined from preliminary experiments with diluted blue

ink and visual inspection for homogeneity of the deposi-

tion. The airbrush nozzle had a diameter of \500 lm; it

was immediately cleaned after each use with acetone and

deionized water to avoid clogging. Several paper disks

were treated in this way and then cut in strips of about

20 9 2.5 mm (L 9 W). Fully coated samples were heated

under N2 at a rate of 100 �C/h to the final temperature of

200 �C and held at this temperature for 2 h. These samples

were now ready for physical characterization.

The 100Si sample was prepared by mixing 18.6 mL of

TEOS with 27 mL of EtOH and 4.5 mL of 1 9 10-2 M

HCl solution (nominal SiO2 concentration = 100 g/L;

TEOS/H2O molar ratio = 1/4). The solution was stirred for

6 h before use and stored at 4 �C. The suspension for

150SiCB was prepared by mixing 0.25 g of CB powder

with 5 mL of 100Si sol with vigorous mixing for 30 min.

The CNT sample, 44SiCNT, was prepared by adding

0.02 g of CNTs to 2 mL of 100Si sol diluted with 3 mL of

deionized water. The suspension was put in an ultrasonic

bath for approximately 2 h. The homogeneous suspension

was kept stirred up to just before spraying.

The total mass of the coating was measured by weighing

the samples before and after the coating. The mass was

normalized with the surface area of the paper scaffold and

is given in units of mg m-2 in Table 1. Portions of the
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three types of suspensions were stored separately to com-

plete the condensation process. These gels, named 100Si*,

150SiCB*, and 44SiCNT*, were ground into powders for

TG-MS and FTIR analyses.

The airbrush spray coating produced predictable results:

the actual weight of the films deviated by less than 10%

from the value expected from the carbon loadings in the

sol. For example, the 57 g m-2 mass deposited in 100Si is

equivalent to an effective sprayed volume of 570 mL (in 10

spray cycles) of the sol, which contained 100 g/L of solids.

In the case of 150SiCB, the 86 g m-2 specific mass deposit

corresponds to 570 mL of sol containing 150 g/L of solids

(SiO2 + CB). The 44SiCNT sample shows a 19 g/m2 of

mass addition, determined by spraying 430 mL of the sol

containing 44 g/L of solids (SiO2 + CNT).

Instruments and measurements

The coatings were prepared with a hand-held single action

external mix airbrush (model F#1, Paasche Airbrush

Company, Chicago, IL), powered by compressed air at

4 bar, with the nozzle exit being held at a distance of

10 cm from the substrate mounted on a hot plate for a

uniform and fast evaporation of the solvent. With this

equipment only one action is required for operation. The

depression of the trigger releases a fixed ratio of sol to air.

The selection of tip and nozzle combination and adjusting

manually the spray volume achieve specific line width

(Scheme 1).

Microstructural analysis was carried out on a JEOL JSM

5500 scanning electron microscope (SEM) at 100, 50, and

109 magnification at 10 kV (20 kV for EDX).

FTIR spectra were recorded on a Nicolet Avatar 330

spectrometer in transmission mode in the 4000–400 cm-1

range. Powdered samples were analyzed in KBr pellets by

collecting 64 scans with 4 cm-1 resolution.

Specific surface areas and pore size values were deter-

mined by N2 adsorption at 77 K with an ASAP2010

Micromeritics analyzer. Equilibrium points were consid-

ered inside the 0.05–0.33 p/p0 range; data were processed

by BET and BJH equations. All samples produced Type II

adsorption isotherms (IUPAC classification).

Thermogravimetric (TG) analysis was performed on a

LabSys Setaram thermobalance operating in the 20–

1000 �C range, with a heating rate of 10 �C min-1, under

100 cm3 min-1 He flow. Samples were analyzed by using

a 0.4 cm3 alumina crucible. The thermobalance is con-

nected to a VG-QMD-1000 Carlo Erba Instruments

quadrupole mass spectrometer by a thermostatted transfer-

line. Electron impact mass spectra (70 eV) were continu-

ously registered and stored with frequency of 1 scan s-1

ranging from 2 to 500 amu. The TG-MS instrumental

interface, experimental procedure, and data processing

adopted in this study are described elsewhere [23].

Electrical conductivity measurements were made on

209(2–3) mm ribbons, with a thickness of 0.16 ±

0.03 mm. Silver paste at the ends served as the electrodes.

The resistance was measured from the slope of the current

versus voltage data. Linear Ohmic behavior was confirmed

for all measurements. The specific conductivity, r, was

calculated from the resistance and the sample geometry. The

measurements have a total uncertainty of ±5%. The active

cross section of the deposited film was calculated as the

difference between the sample and the uncoated paper

thicknesses, measured three times on various points of the

strips.

Table 1 Physical features of

coated and uncoated samples, as

well as the carbon constituent

a Paper weight: 85.7 g/m2

b Calculated SSA of SiO2:

45 m2/g
c Per 100 g/m2 of deposit

Sample Mass deposita,

g/m2 (±10%)

Exp. SSA,

m2 g-1 (±5%)

Calc. SSAb,

m2 g-1
Mean pore diam.,

Å (±10%)

Effective film

thickness, lm

Normalized

thicknessc

Paper n/a 3 n/a 384 n/a n/a

100Si 57 18 20 26 8.0 14.0

150SiCB 86 163 161 20 44.5 51.7

44SiCNT 19 20 18 65 7.4 39.0

CB n/a 853 n/a 51 n/a n/a

CNT n/a 489 n/a 90 n/a n/a

Scheme 1 Paasche F#1 single action external mix airbrush
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Mechanical measurements were carried out in uniaxial

tension in an Instron Corporation model 4502-Series IX

universal testing machine, equipped with a 10 N load cell.

The samples are 209(2–3) 9 0.16 ± 0.03 mm of size

(L ± W ± T). The tests were carried out at 23 �C and 50%

relative humidity, at a crosshead speed of 1 mm/min. The

displacement in the gage length was measured with a dis-

placement transducer. Ten specimens for each composition

were tested.

Results and discussion

Structure and morphology

SEM micrograph of the bare cellulose substrate is given in

Fig. 1a, and after coating with silica (100Si) in Fig. 1b.

The silica deposit is homogeneous. Individual cellulose

fibers can be seen to be entirely coated with silica

(Fig. 1b); this was further confirmed from energy disper-

sive X-ray (EDS) maps of the surface.

The addition of CB and CNTs to the silica sol changes

the morphology of the coating. SEM micrographs of the

150CB sample are given in Fig. 2a. The surface of this

sample appears globular because inter-fiber spacing of the

substrate has been filled with ‘‘droplets’’ of the carbon

black. In contrast, the coating in the 44SiCNT sample,

shown in Fig. 2b, forms a nearly continuous thin film that

forms ‘‘blanket’’ over the substrate, apparently because the

long strands of the CNTs serve to bridge over the fibers in

the substrate. At the chosen magnification it is not possible

to distinguish the ‘‘filler’’ (CB or CNT) of the silica matrix.

The pictures are interesting for a surface’s appearance

comparison with the images in Fig. 1. Figure 2a shows a

surface with a lot of cracks and the morphology of the

cellulose fibres is lost; this is maintained when coated with

pure silica sol (Fig. 1b) and it is still visible in the sample

coated with CNT-silica sol (Fig. 2b). This suggests that the

CB particles are not really ideal and inert filler, because the

coating layer masks completely the support.

Figure 3 gives evidence of a uniform distribution of

the CNTs within the film. Note that the CNTs are

embedded within the film, rather than segregating to the

surface of the film. The homogeneity of the CNT nano-

composite thin film is attributed to a rapid condensation

of the sol on the substrate. This result was achieved by

optimizing the Si/H2O = 4 ratio, and the 2 h of ageing

time, based upon the study of the TEOS gelling process

[24–26], and to the drying due from the hot plate used as

support. Furthermore, the point at which carbon solids

were added to the sol had to be optimized so that the sol

was fluid enough to avoid clogging of the airbrush nozzle,

but sufficiently aged to condense quickly on the cellulose

fibers. In this way agglomeration of the carbon phase

could be avoided.

The physical characteristics of the films, paper, as well

as of the CB and of the CNTs are summarized in Table 1.

In the N2-physisorption analysis, all samples produced

Type II adsorption isotherms (IUPAC classification). The

pore size distributions (PDS) are dominated by the meso-

porosity of the paper texture, in rough agreement with the

presence of different materials (i.e., paper, silica xerogel,

and carbons), which present large adsorption due to the

micropores [27]. For example, the data for 44SiCNT give

the mass deposit on the substrate to be 19 g m-2, and the

SSA of the coating and the substrate taken together as

20 m2 g-1. The mean pore diameter in this sample is

6.5 nm, while the pore diameter for just the substrate is

38.4 nm. The specific surface area values for the com-

posites agreed reasonably well with the rule of mixture

predictions obtained from the silica and carbon constitu-

ents. The inference is that the CB and the carbon-nanotubes

do not react with the silica gel, and thus retain their original

structure.
Fig. 1 SEM images of paper samples: (a) original filter fibers and (b)

after coating with 100Si sol
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The film thickness was measured by comparing the total

thickness of the coated substrate and the untreated paper.

The thickness of the untreated paper was 135.6 lm. The

values given in Table 1 represent the average of 10

measurements. The right-hand column gives the effective

thickness of the film normalized for 100 g/m2 of deposit.

The lower number for 100Si, relative to the carbon con-

taining samples, reflects the seeping of the sol into the

paper, which appears to be prevented by the presence of

carbon particles in the sol.

TG analysis coupled with MS identification of pyrolysis

gaseous products was carried out under inert gas flow. The

results from the paper samples 150SiCB and 44SiCNT are

given on the left in Fig. 4. The total mass loss in these

specimens is 81.9%, in the 200–500 �C interval, which is

due mainly to H2O and CO2.

To consider only the behavior of the coating material the

analyses were run also on the original gels, in the form of

dried powder aged in the same way of the films. Results

from 150SiCB* and 44SiCNT* are shown on the right in

Fig. 4. In these samples the total mass loss is quite low

(\5%), which arises from the release of ethanol (m/z 31,

Fig. 2 SEM micrographs of (a)

150SiCB and (b) 44SiCNT

Fig. 3 The CNTs are shown to be embedded within the silicon film,

as well as bridging microcracks in the film

Fig. 4 TG-MS data of the

paper scaffold (left) and of the

150SiCB gel without paper

(right)
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46) at 130 �C, and H2O (m/z 18), ethylene (m/z 28) and

ethanol above 250 �C. We conclude that the thermal

behavior of carbon-coated samples, 150SiCB and 44SiC-

NT, is dominated by the pyrolysis of the (ashless) paper.

For example, 150SiCB shows a total mass loss of 42.4%.

Considering the 171.8 g/m2 weight, i.e., the sum of paper

(85.7 g/m2), SiO2 (57.4 g/m2), and CB (28.7 g/m2), the

experimental 42.4% loss corresponds to 69.9 g/m2 which

agrees with the value of 70.1 g/m2 calculated from the

81.9% weight fraction of the cellulose.

The condensation between residual Si–OH and Si–OEt

and the elimination of Si–OEt account for these mass-

spectrometric data [28]. It is noteworthy that, after drying

at 80 �C, the silica xerogel is already constituted by an

almost complete Si–O network, according to the very low

mass loss caused by the condensation of the residual

terminal Si–OH and Si–OEt groups.

FTIR spectra for the gelled samples, 100Si*, 150CB*, and

44CNT*, heat-treated at different temperatures are given in

Fig. 5. All samples show signals from Si–O–Si at 1075, 790,

and 447 cm-1. The Si–OH peak at 941 cm-1 confirms the

siloxane network formation. The small peaks centered at

around 1630 and 2925 cm-1, present in all samples, refer to

-OH and C–H species. These species are present in the

low-temperature 100Si* specimens. In other samples they

show the chemisorption of water and other organics on

activated carbon at 900 �C [29, 30].

Both spectrometric and spectroscopic data indicate the

presence of functional groups present on the samples that

are responsible for the variation of performances with

temperature. The xerogels show a minor presence of

adsorbed water and uncondensed Si–OR groups that may

interact with -OH of the cellulose to anchor the film to the

substrate. Then, heating leads to higher condensation,

which affects mechanical and electrical properties, as

described below. Condensation increases the mechanical

stiffness.

The stability of the IR patterns in the carbon containing

specimens, even upon annealing to high temperatures,

suggests that the carbon constituents behave as inert filler

in the silica matrix.

Electrical behavior

The specific conductivity of the samples is reported in

Table 2. The low value of the 100Si is expected, since

silica and cellulose are insulators [31, 32]. However, the

conductivity goes up to 3 9 10-3 X-1 m-1 for 150SiCB

sample, and then dramatically to 3 9 104 X-1 m-1 for

44SiCNT. The behavior of the coatings, consisting of sil-

ica-carbon composites, is obtained by assuming that the

experimental values of the conductivity arise predomi-

nantly from the coating (which is measured by subtracting

the thicknesses of the coated and uncoated samples). These

data correlate with the morphology of carbon. In 150SiCB,

the approximately spherical shape of the carbon particles,

Fig. 5 FTIR spectra of doped SiO2 gels treated at various temper-

atures: (A) TEOS gel at RT; (B) 44SiCNT at RT; (C) 44SiCNT at

200 �C; (D) 44SiCNT at 900 �C; (E) 150SiCB at 25 �C; (F) 150SiCB

at 200 �C; and (G) 150SiCB at 900 �C

Table 2 Comparison among conductivity values of the whole sam-

ples and the coating materials alone

Sample r of the composite

(X-1 m-1)

rEFF of the coating

(X-1 m-1)

100SiO2 \0.0005 n/a

150SiCB 0.003 0.01

44SiCNT 12.5 3000
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and the cracks present in the coatings, apparently impede

the development of well-connected CB particle-structures.

On the other hand, the fibrous structure of the carbon nano-

tubes in 44SiCNT favors only to a minor extent (in com-

parison with CB particles) the development of shrinkage

cracks in the films, but also contributes to the creation of an

interconnected network.

The nominal shrinkage in sol–gel siliceous products [33]

results in thickness decrease with progressive stiffening. In

the composites, the CNTs remain dispersed in the liquid

phase, and gradually gather to higher concentrations with

overall shrinkage. Thus, the silica gel shrinkage leads to a

uniform distribution of CNTs in the silica layer producing a

‘‘frozen nano-net’’. The tubular shape of the CNTs perhaps

also counters their tendency to aggregate. The presence of

CNT also bridges the cracks that may develop in the silica

overlayer during condensation, as seen in Fig. 3.

The intrinsic conductivity of CB is lower than that of

CNTs [34, 35], which may explain why the 150SiCB

coating is less conducting than the 44SiCNT coating. The

specific conductivity of 44SiCNT is more or less consistent

with the intrinsic values proposed for naked CNTs

(*105 X-1 m-1) and the volume fraction of the nanotubes

in the silica-matrix [36].

Mechanical testing

Samples were aged at room temperature for 2 months

before mechanical testing. The stress–strain curves are

given in Fig. 6. The results for the Young’s modulus, E, the

fracture strength, rF, and the strain at fracture, eF, are

reported in Table 3.

The most striking result in Fig. 6 is the high elastic

modulus and the fracture strength of 100Si. In this sample,

the fibers in the cellulose paper were uniformly coated with

sol–gel derived silica. This silica coating of the fiber sig-

nificantly stiffens the cellulose substrate. The -OH group

in cellulose fibers react with the Si–OH groups in the sol,

creating strong bridging bonds between the coating and the

fibers; this may have produced a ‘‘welding’’ of the fibers to

one another, inhibiting slippage among the fibers and

thereby enhancing the effective elastic modulus. This

bonding mechanism has been proposed by Carturan et al.

[37] for thin sol–gel coatings on silk fibers that were

deposited by means of a vapor phase of silicon alkoxide

[38, 39].

While the silica gel formed coatings on individual fibers

in the cellulose substrate, as discussed above, the coatings

in 150SiCB and 44SiCNT formed a separate surface layer

on the cellulose substrate. Therefore, the effect of the

coatings on the overall elastic modulus of the samples was

weaker. The higher stiffness of the carbon-nanotubes

sample as compared to the CB sample most likely reflects

the higher integrity of the film: in 150SiCB the coating

appeared to have many cracks, while coatings in 44SiCNT

had a higher degree of continuity.

Conclusions

The production of efficient nanocomposites is evaluated

taking into account some physical properties resulting from

the sum of components, focusing on geometry, morphol-

ogy, and the reproducibility of the preparation procedure.

In conclusion, this work demonstrates that silica sol

suspensions loaded by CNT or CB can effectively be

sprayed on low-cost scaffolds, such as paper, resulting in a

homogeneous and continuous silica deposit on the paper

fibers. The process provides reliable and reproducible

results. In particular, the possibility to obtain high electrical

conductivity as in the case of SiO2 + CNT specimens is

especially promising. The observed improvement of E and

rF values of paper after SiO2-sol soaking is consistent with

the formation of Si–O-cellulose bonding. The proposed

results put the proposed material in the category of nano-

composites characterized by the presence of fillers of

various shapes and sources to produce a reinforcement of

the matrix.
Fig. 6 Averaged tensile stress curves of the samples stabilized and

aged

Table 3 Tensile strength data of samples, taken as averages of sev-

eral measurements at different strips

Sample E (MPa) rF (MPa) eF (%)

Paper 430 ± 55 11 ± 1 3.5 ± 0.5

100Si 2894 ± 409 36 ± 4 2.1 ± 0.2

150SiCB 520 ± 46 11 ± 1 3.5 ± 0.7

44SiCNT 957 ± 148 19 ± 5 3.0 ± 1.1
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