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ABSTRACT:  In this work, thermally insulating and electrically conductive aerogels were prepared from cellulose 
nanofibers (CNF) and carbon nanotubes (CNTs) by environmentally friendly freeze-drying process. The 
thermal conductivity of neat CNF aerogel is 24 mW/(m·K) with a density of 0.025 g/cm3. With the addition of 
CNTs into CNF aerogel, the electrical conductivity was significantly increased while the thermal conductivity 
was increased to 38 mW/(m·K). Due to these interesting properties, the Seebeck coefficient and the figure of 
merit (ZT) of the CNF/CNTs aerogels were measured and showed that CNF/CNTs aerogel thermoelectric 
properties can be improved. The compressibility and electrical resistance of the CNF/CNTs aerogel 
highlighted its pressure-responsive property. A set of volatile organic compounds (VOCs) were exposed to 
aerogels to monitor the resistance change. The CNF/CNTs aerogel showed high sensitivity and good response 
to both nonpolar and polar vapors due to the absorption by both CNF and CNTs networks. The prepared 
CNF/CNTs aerogel is therefore a good candidate for thermal insulation, thermoelectric material, VOCs 
sensing, and pressure-sensing applications.
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1 INTRODUCTION

Aerogels are lightweight and highly porous with a 
nanometer-scale porosity and with high specific sur-
face area. Therefore, aerogels have drawn increasing 
attention for use in various fields [1–3], including ther-
mal insulation [4–6], capacitors [7, 8], fire retardant 
[9], and sensor applications [10–12]. Various inorganic 
and organic materials have been used to produce aero-
gels either by freeze-drying or by supercritical drying 
[13, 14]. Among the organic aerogels, cellulose-based 
aerogels are attractive materials because of their good 
mechanical properties, sustainability, and renewability 
[15]. However, the effective thermal conductivity of 
cellulose aerogels (0.029–0.030 W/(m·K)) is relatively 
high. This can be explained by the parallel flux model 
[16, 17]. In fact, the measured thermal conductivity, 
called effective thermal conductivity, is the combina-
tion of three contributions: the convection in the pores, 

the conduction through the materials and the radiation 
of electromagnetic waves through the material. In gen-
eral, the convection has a negligible effect as the pores 
are very small [18]. Concerning the conduction, two 
heat transfers can be observed. On one hand, there is 
the heat transfer due to the conduction via phonons in 
the solid phase (later referred to as solid conduction). 
On the other hand, the heat transfer can be due to the 
collision between gas molecules (referred to as gas con-
duction) [19]. Finally, as the material is semi-transparent 
to electromagentic waves, some heat is transferred via 
these radiations [16]. It will later be referred to as “radi-
ation” contribution. In the case of aerogels, the pores 
are quite large. Therefore, the material has a huge effect 
on gas conduction and radiation. That is the reason 
why they usually have relatively high effective ther-
mal conductivity. Recently, CO2 supercritical drying 
method allowed addressing this drawback. For exam-
ple, the thermal conductivity of amorphous cellulose 
aerogels prepared by this method reached lower values 
than that of air. This is the reason why these materials 
are called thermal superinsulating material [20]. Lately, 
Kobayashi et al. [5] reported the lowest thermal conduc-
tivity for cellulose nanofiber (CNF) aerogels prepared 
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by supercritical drying (0.020 W/(m·K)). CNF aerogels 
produced by freeze-drying are also promising sustain-
able materials for thermal insulation because of their 
low thermal conductivity (0.028 W/(m·K)) [21]. With 
the aim of reducing aerogel thermal conductivity, it is 
possible to use thermal opacifiers. These particles are 
able to absorb photons and to reduce the material radia-
tions contribution of the effective thermal conductivity. 
Carbonaceous materials have already been deposited 
on silica aerogels as opacifiers [22]. Therefore, carbon 
nanotubes (CNTs) addition in CNF aerogel could play 
a role to decrease the thermal conductivity of resulting 
aerogels [23]. It can also make the aerogels more electri-
cally conductive and create thermoelectric (TE) materi-
als [24]. Until now, inorganic compounds (e.g., Bi2Te3 
or bismuth telluride-based alloys) have been used as 
good TE materials at room temperature. However, 
their limited availability and complex fabrication 
process limit their use for industrialization [25, 26]. 
Organic aerogels with electrically conductive and ther-
mally insulative properties can provide a new route to 
produce TE materials. Very few researchers have stud-
ied aerogel-based material for TE applications. Gordon 
et al. [27] proposed intrinsically electrically conductive 
poly(3,4-ethylenedioxythiophene):poly(4-styrenesul-
fonate) (PEDOT:PSS) aerogels as potential TE materi-
als. Graphene and multiwall carbon nanotube-based 
aerogels have also been studied for such application 
[28]. These studies concluded that the performance of 
the resulting aerogels is not suitable for practical TE 
application. 

With unique features such as porous structure, 
electrical conductivity and high specific surface area, 
aerogels can be ideal candidates for gas- and pres-
sure-sensing applications [29–31]. Cellulose/CNTs 
aerogel has been used as volatile organic compound 
(VOCs) sensors [10]. Noremberg et al. [32] recently 
attempted cellulose/multiwall CNTs-based com-
posite film for gas sensors. However, combining the 
CNF aerogels with the CNTs is not easy. Therefore, 
Qi et al. [33] dispersed CNTs in cellulose dissolved in 
aqueous alkaline-urea solution to prepare CNT/cel-
lulose aerogel. The electrical resistance of the CNF/
CNTs aerogel was reduced under pressure because 
of the nanotubes percolation [34]. Moreover, they 
showed that the electrical conductivity of CNF/
CNTs aerogels is increased with increasing CNTs con-
tent. The maximum electrical conductivity (2 × 10–3 
S/cm) was observed with 25 wt% CNTs [12]. These 
studies showed the feasibility of developing cellu-
lose aerogel-based sustainable materials for various 
applications. The present study was aimed at prepar-
ing CNF/CNTs aerogel with different CNTs concen-
trations by environmentally friendly freeze-drying 
method. The prepared CNF/CNTs aerogels thermal 

conductivity, electrical conductivity, thermoelectric 
property, VOCs sensing, and pressure-sensing prop-
erties were investigated.

2 MATERIALS AND METHODS 

2.1 Materials

A viscous 1 wt% CNF water suspension with 1.3 
mmol/g surface charges content was procured from 
EMPA (Dübendorf, Switzerland). It was prepared via 
TEMPO-oxidation pretreatment of wood pulp [35]. 
In order to achieve a required concentration of CNF, 
osmotic concentration method was used to concentrate 
the CNF dispersion [36]. The diameter and length of the 
CNF are 3.85 ± 0.98 nm and 450 nm, respectively [36]. 
Commercially available aqueous dispersion of unfunc-
tionalized multiwall carbon nanotubes (MWCNTs) 
were purchased from Nanocyl. The concentration of 
MWCNT in the aqueous dispersion was 1 mg/100 µl. 
Hereafter, MWCNTs will be referred to as CNTs.

2.2 Aerogel Preparation

A previous study [36] showed that the aerogel pre-
pared from 2 wt% CNF suspension has better thermal 
insulation property. Therefore, in this study we have 
selected 2 wt% CNF suspension to prepare aerogels. 
Carbon nanotubes (CNTs) were used as thermal opaci-
fier in CNF aerogels. Different concentrations of CNTs 
related to CNF (1, 5, 10, 15, 20, and 25 wt%) were added 
in CNF suspension to prepare hydrogels. After incor-
poration of CNTs into CNF suspension, the mixture 
was sonicated in a Branson 3510 device (100 W, 40 kHz) 
for 30 min at 25 °C. The sonicated formulations were 
poured into an aluminum mold (2 × 2 × 0.39 cm). They 
have been designed to fit the device used for the ther-
mal conductivity measurement having a volume of 
1.578 cm3. All these samples were frozen at –80 °C for 
24 h. Subsequently, a freeze-drying process was per-
formed in a Christ Alpha 1–2 LD Plus freeze dryer at 
–55 oC with 0.1 mbar pressure. After 48 h, the aerogels 
are formed. Similary, neat CNTs and neat CNF aerogels 
were prepared to compare with CNF/CNTs aerogels. 
At least four samples were prepared for each formu-
lation. The produced monolithic aerogels are repre-
sented in Figure 1. They are lightweight (Figure 1a) and 
mechanically stable (Figure 1b). The morphology will 
be described more precisely in the coming sections.

2.3 Density and Porosity Measurements

The samples bulk density (rbulk) was determined 
by dividing their weight by their volume. The 
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measurements were performed with a digital caliper 
and a Denver Instrument (Model SI-114) balance. The 
porosity (ε) of the aerogels was calculated by Equation 
1, where the relative density is rbulk/rskeletal. The skeletal 
density (rskeletal) of the aerogel has been estimated from 
the proportion of CNF and CNT and their densities. 
They come from the literature and their values are 1.6 
[36] and 2.6 g/cm3 [37], respectively. 

ε(%) = (1– (rbulk/rskeletal)) × 100 =  
(1– (rbulk / (%CNF × rCNF + %CNT × rCNT)) × 100 (1) 

2.4 Scanning Electron Microscopy 

Morphology of the aerogel was observed with a JEOL 
JSM 6460LV scanning electron microscope (SEM). It 
was used with an accelerating voltage of 20 kV. The 
images made are cross sections of the samples. They 
were obtained after cryo-fracture of the sample in liquid 
nitrogen. Prior to observing the morphology, the sam-
ples were sputtered with a thin gold layer. To get the 
pore size distribution, SEM images were analyzed with 
ImageJ version 1.47. At least 100 pores were measured.

2.5 Thermal Conductivity

Thermal conductivity (λ) of the prepared aerogels 
was measured with the hot strip technique. The con-
ductance (Κ) of the aerogel is first calculated by the 
ratio of the dissipated heat through the sample over 
the temperature difference in both sides of the sample 
(Equation 2). 

Κ = Q/DT = U × I / (T2 – T1) = (U × V)/ 
 (R × (T2 – T1)) (2)

More specifically, the cell which contained the mate-
rial was kept at constant temperature of 19 °C (T1). The 
other side of the sample had a temperature of T2. T2 
was due to a temperature difference coming from the 
heating of a strip. The dissipated heat is calculated by 
measuring the Joule effect, i.e., the tension (U, in Volts) 
times the intensity (V/R, in Amps) passing the strip. 

U and V are measured with a multimeter, while R is a 
known resistance equal to 50 Ω. Calibration of the hot 
strip device is needed to obtain the thermal condcutiv-
ity. It was performed using wood, cork, polyurethane 
foams and polycarbonate samples having thermal con-
ductivity already determined by other techniques. The 
detailed description of the thermal conductivity equip-
ment setup and calibration is given elsewhere [36, 38]. 

2.6 Sample Electrical Resistance

In order to measure the electrical properties, a silver 
lacquer was applied on the opposite side of each sam-
ple. The electrical resistance of the material was meas-
ured by a Keithley 6517B electrometer at room temper-
ature. The resistance (Relec) was measured three times 
on each sample and the electrical resistivity (relec) was 
calculated by Equation 3: 

	 relec = Relec × S/L (3)

where S is cross section of the sample (0.789 cm²) and L 
is length of the sample (2 cm). The electrical resistivity 
was used to calculate the electrical conductivity of the 
materials. The electrical conductivity (s) is equal to the 
inverse of the electrical resistivity (relec).

2.7 Thermoelectric Measurements

A thermoelectric (TE) material works either with a dif-
ference of temperature creating an electrical potential 
or an electrical potential generating a temperature 
difference [39]. The TE materials’ performance can be 
measured with the dimensionless figure of merit, ZT, 
defined by Equation 4: 

 ZT= s	× S2 × T/λ (4) 

where s is the electrical conductivity (S/cm), S is the 
Seebeck coefficient (µV/K) which is equal to the ratio 
of DV over DT, T is the absolute temperature (K), and 
l is the thermal conductivity (W/(m·K)) [40]. The 
Seebeck coefficient was determined via a homemade 
device. The aerogels’ thermoelectric temperature sens-
ing was measured by holding them between two cop-
per bars. Both sides of the samples were heated using 
two Peltier modules. The temperature difference (DT) 
across the sample was monitored with two thermocou-
ples attached to each side. The voltage (DV) generated 
by temperature difference between the hot and cold 
side was measured over time. The detailed experimen-
tal setup is provided in a previous publication [41].

2.8 Pressure Sensing

Simultaneously measuring the electrical conduc-
tivity and compressibility of the aerogels results in 

Figure 1 Images of monolithic CNF/CNTs aerogels. These 
aerogels are: (a) lighweight, as they do not damage the 
dandelion and (b) mechanically stable, as their shape does 
not change under a compresive load of 200 g. 

(a) (b)

200 g
Density 0.025 g/cm3

0.18 g
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evaluating their pressure-responsive property. A 
cylindrically shaped aerogel with a diameter of 15 mm 
and a height of 25 mm was prepared for compression 
test. The compression tests were performed with an 
Anton Paar MCR 301 rheometer equipped with paral-
lel plates. The samples were placed between the two 
circular electrodes and compressed to different strains. 
Then, the electrical conductivity was measured at each 
strain.

2.9 Dynamic Vapor Sensing

The CNF/CNTs aerogel was tested for chemoresis-
tive properties using dynamic vapor testing setup. 
The conducting areogel sensor is developed to work at 
room temperature. Therefore, the sensor has not been 
tested at higher temperatures. The aerogel connected 
with copper wires using silver paint was kept inside 
a closed rectangular chamber (10 × 10 cm). Aerogel 
was first exposed to nitrogen bubbling in organic 
solvents to generate saturated gas for sensing. Then, 
an alternate cycle of dry nitrogen was carried out for 
the cleaning of the chamber from solvent vapors. The 
VOCs selected are common toxic solvent vapors pre-
sent in the environment. Each cycle was carried out 
for 5 min at room temperature (20 °C) with relative 
humidity of 57%. 

Sensing device consisted of a mass flow controller, 
solvent bubbler, programmable electronic valves and 
Keithley 6517B electrometer connected with LabVIEW 
software. The change in the resistance of an aerogel 
was measured by multimeter and data were recorded 
by software. Flow rate for dry nitrogen was 500 mL/
min and 100 mL/min for saturated solvent vapor; 
both were controlled by mass flow controller. Relative 
change in aerogel resistance (AR) was calculated from 
Equation 5 to compare its response towards different 
solvent vapors: 

 AR = (R – R0) / R0 (5)

where R0 is initial resistance of sensors in dry nitrogen 
stream and R is resistance in the presence of solvent 
vapor. 

At saturated conditions, the concentration of VOCs 
cannot be controlled effectively. Therefore, experi-
ments were carried out using an Owlstone OVG-4 
vapor generator and LabVIEW software to test the per-
formance of CNF/CNTs aerogel at low concentration 
of water vapor and benzene vapor. The flow rate of 
the vapor was 100 mL/min at 83 °C for both solvents. 
The concentrations of both solvent vapors were varied 
from 100 to 17 ppm during the experiment using a spit 
flow control valve of an OVG-4 oven.

The slope of the curves representing AR versus 
the concentration gives the sensitivity of the sensor 

for VOCs. The sensitivity of sensors is defined as the 
increase in sensors amplitude when a unit change is 
applied in analyte concentration [42].

In order to assess the efficiency of the sensors with 
low concentration of vapor molecules, the signal-to-
noise ratio (SNR) of the sensors was calculated during 
sensing of VOCs [43]. The SNR of sensors is calculated 
by using Equation 6:

 SNR = AR/ σbaseline (6)

where AR is response of aerogel obtained after expo-
sure to solvent and σbaseline represents the standard 
deviation in baseline resistance of sensor before the 
analyte delivery. The concentration of the solvents can 
be detectable by the sensors if its SNR value is higher 
than 3 (SNR > 3).

3 RESULTS AND DISCUSSIONS

3.1 Aerogel Structure and Morphology

The cross-sectional morphology images of the 
prepared aerogels is shown in Figure 2. It can be 
observed that the CNF aerogel morphology was 
slightly affected after incorporation of different 
concentrations of CNTs. CNF aerogel (Figure 2a) 
showed a filmlike structure which is commonly 
observed for CNF aerogels prepared with more than 
0.5 wt% concentration [36]. The CNF aerogels with 
carbon nanotubes (Figure 2b and 2c) showed similar 
sheetlike structures compared to neat CNF aerogel. 
The insert in Figure 2b shows that some CNTs are 
absorbed at the surface of CNF filmlike structure. 
The SEM image analysis revealed that the neat CNF 
aerogels have an average pore size of 26 ± 11 µm. 
Concerning the CNF/CNTs aerogels, the pore size 
is 23 ± 11 µm. This slight decrease in the pore size 
could be due to the aggregation of carbon nanotubes 
on the CNF films (see insert in Figure 2b). The prep-
aration of CNT aerogels highlights another possibil-
ity. Figure 2d represents the SEM images of the cross 
section of CNT aerogels. They showed that CNTs are 
also able to form film via freeze-drying. Therefore, 
the reduction of the pore size can also be due to the 
formation of new pore walls with CNTs.

The density of the aerogels versus the CNT concen-
tration is presented in Figure 3. The density of the CNF 
aerogel is 0.025 g/cm3 while the density of CNTs aero-
gel is 0.035 g/cm3. Due to the higher density of CNTs, 
the density of CNF/CNTs aerogel increased with 
increasing CNTs content. The porosity of the neat CNF 
aerogel and CNTs aerogel, calculated from Equation 1, 
is 98.43 and 98.65%, respectively. This high porosity is 
in complete agreement with the large pore sizes mea-
sured on SEM images. When different concentrations 
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of CNTs were incorporated into CNF aerogel, the 
porosity of the resulting aerogel was not affected 
significantly. The crosslinked polysaccharide-based 
aerogels have lower porosities (85–41%) and higher 
densities (0.25–0.85 g/cm3) because, when crosslink-
ing, such a network can undergo a large shrinkage, 
i.e., 20–60% [15, 36]. The absence of crosslinking in 
our system can explain why it has higher porosity and 
lower density compared to crosslinked polysaccharide 
aerogels.

3.2 Thermal Conductivity

The thermal conductivity of the aerogels is repre-
sented in Figure 3. For neat CNF aerogel, the value 
is around 24 mW/(m·K), which is slightly lower than 
the thermal conductivity of air [27]. The observed 
CNF thermal conductivity is similar to pectin aero-
gels while superior to some other polysaccharide 
aerogels [44–46]. It was expected that the CNTs could 
act as thermal opacifier in CNF aerogels. CNTs were 

Figure 2 SEM images of the aerogel cross section: (a) neat CNF, (b) CNF/CNTs (95/5 wt%), (c) CNF/CNTs (75/25 wt%), and 
(d) neat CNTs. The inserts are 100 times magnification of the pore wall. They reveal the fine interaction between CNF and CNTs. 
In Figure 2a, smooth pore walls are observed. In Figure 2b, CNTs are present at the surface of CNF pore walls. In Figure 2d, the 
pore walls are formed by CNT entanglement.

100 µm 100 µm

100 µm 100 µm

1 µm 1 µm

1 µm

(a) (b)

(c) (d)

Figure 3 Thermal conductivity and density of CNF/CNTs aerogels versus the CNT content.
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into CNF aerogel, there was a significant improvement 
in electrical conductivity of the resulting aerogel. The 
increased electrical conductivity of CNF/CNTs aero-
gels is attributed to the charge carriers injected by 
CNTs. It was observed that the CNF/CNTs aerogel 
with 25 wt% CNTs had maximum electrical conduc-
tivity (0.029 S/cm). But it is still lower than the neat 
CNTs aerogel electrical conductivity (0.045 S/cm). The 
observed electrical conductivity of CNF/CNTs aero-
gel is much higher than the literature cellulose-func-
tionalized CNTs composite aerogels [12, 34] as well as 
intrinsically conductive PEDOT:PSS/acid treated car-
bon nanotube aerogels [48]. This could be due to the 
better dispersion of CNTs in the CNF matrix. 

3.4 Thermoelectric Properties

Because of previous results, we thought it would be 
interesting to examine the Seebeck coefficient of these 
aerogels to evaluate their potential as TE material. Due 
to their p-type characteristic, all the aerogels showed 
positive Seebeck coefficient values. The Seebeck coef-
ficient value of neat CNTs aerogel was around 11 
µV/K. There was no significant difference in CNF/
CNTs aerogel Seebeck coefficient when increasing 
the CNTs content. The maximum Seebeck coefficient 
(15 µV/K) value was observed for CNF/CNTs aerogel 
with 25 wt% CNTs at room temperature. This Seebeck 
coefficient is comparable to intrinsically conductive 
PEDOT:PSS aerogels [27] while being lower than the 
n-type polyacetylenes/polyanilines value [25]. Using 
the observed Seebeck coefficient values, ZT was evalu-
ated. Its value was slightly increased with increasing 
CNTs content up to 25 wt%. Yet, the value of the ZT 
was quite low. The maximum ZT value (0.0547 × 10–8) 

used to reduce the radiation contribution of the ther-
mal conductivity in CNF/CNTs aerogels. However, 
the thermal conductivity of the CNF/CNTs aero-
gel was slightly increased from 2 to 25 wt% CNTs 
incorporation (Figure 3). Indeed, it has been com-
monly observed that a higher density for aerogels 
induces higher solid conduction. Thus, the thermal 
conductivity of the resulting aerogel increases [47]. 
The maximum thermal conductivity (38 mW/(m·K)) 
was observed with 20 wt% CNTs incorporation. This 
observed deviation in the thermal conductivity of 
the CNF/CNTs aerogel could be due to the reasons 
previously discussed in the SEM image analysis. 
On one hand, the formation of CNT pore walls may 
cause increased solid conduction. On the other hand, 
the aggregation of the CNT on CNF pore walls can 
induce higher solid conduction because of the intrin-
sic CNT thermal conduction (Figure 2). Moreover, the 
first quick increase to 5 wt% of CNT followed by a 
slight increase of the thermal conductivity may be 
attributed to the percolation thresholds of the CNT 
in the resulting aerogels (Figure 2). From the thermal 
conductivity result, it can be concluded that in order 
to achieve CNF/CNTs aerogels with a low thermal 
conductivity, a low concentration of CNT should be 
incorporated into the CNF aerogels.

3.3  Electrical Resistance and Electrical 
Conductivity

The resistance and the electrical conductivity of the 
aerogels as a function of the CNTs content are given 
in Figure 4. The CNF/CNTs aerogel with 1 wt% CNTs 
showed electrically insulating behavior with a high 
resistance value. When 5 wt% CNTs was incorporated 

Figure 4 Resistance and electrical conductivity of CNF/CNTs aerogels versus the CNT content.
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including water. Average maximum responses for 4 
cycles are shown in Figure 5a. Aerogel exhibited a 
maximum response for water and chloroform. The 
maximum response was observed towards chloro-
form. The second highest response was found once 
exposed to water. In order to better understand 
these results, we hypothesized possible VOC sens-
ing mechanisms for CNF/CNTs sensor, which is 
schematically represented in Figure 6 [49]. One pos-
sibility is the swelling of the CNF structure (big plain 
circle in Figure 6). It induces the disconnection of the 

was observed for CNF/25 wt% CNTs aerogel while it 
was 0.0343×10-8 for neat CNTs aerogel.

3.5 Vapor Sensing

Though the TE performances were not good enough 
for applications, the developed aerogels exhibit a 
certain electrical conductivity. Therefore, CNF/CNTs 
areogels have been tested for vapor-sensing proper-
ties. Chemoresistive response of CNF/CNTs aero-
gel is presented in Figure 5b for 10 different VOCs, 

Figure 5 VOCs sensing response of the CNF/CNTs (5%) aerogel: (a) representation of the mean relative resistance of the sensor 
over the 4 cycles represented in Figure 5b. Error bars are the standard deviation. (b) Row data of the sensor resistance for 10 
VOCs over the 4-cycle experiment.
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CNTs (small plain circles in Figure 6) and an increase 
of the electrical resistivity of the aerogel. Another 
possibility is the disturbance of CNT/CNT connec-
tion because of the presence of solvent molecules 
(dashed circles in Figure 6). With these hypotheses, 
we speculate the following to explain our results. On 
one hand, for chloroform, the maximum response is 
due to its high concentration present at room tem-
perature. The chloroform is known to have good 
swelling effects on polymers. Thus, chloroform 
absorption at CNF surface increased the resistance of 
conducting network very rapidly, as shown in Figure 
5b [50–52]. On the other hand, the hydrophilic nature 
of CNF leads to the absorption of water molecules 
at conducting junctions of CNTs [53]. The CNF film 
swelling and the disconnection of CNTs due to the 
presence of water molecules induces a decrease of 
the electrical conduction. For other nonpolar VOCs, 

responses are lower because of their lower interac-
tion with cellulosic fibers and/or CNTs.

To study the sensitivity of the sensor, the response 
of one non-interacting (benzene) and one interacting 
(water) solvent was carried out at 4 different concen-
trations (at 100, 50, 25 and 17 ppm). The raw signals 
are presented in Figure 7b and 7c for benzene and 
water respectively. For benzene, fewer variations were 
observed in the response when concentration was 
varied compared to water. To evaluate the difference 
in behavior between both solvents, AR is plotted with 
respect to concentrations (Figure 7a). It can be seen 
that the sensitivity of CNF/CNT aerogel was 1.642 
× 10-5 ppm-1 and 8.443 × 10-5 ppm-1 for benzene and 
water, respectively. Some studies have already shown 
that sensors may have enhanced response when sol-
vent vapors are mixed with a large amount of water 
vapors [54]. However, due to the high affinity of CNF 

Figure 7 (a) Sensitivity curve of aerogel at various concentrations (100 to 17 ppm) of water and benzene. It corresponds to the 
evolution of the relative resistance of the sensor versus the concentration of the solvent vapors. (b, c) The raw resistance of the 
sensor versus time for benzene and water, respectively, at various concentrations (100 to 17 ppm). 
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gradually decreased with increasing compressive 
strain and stress. This behavior is attributed to an 
increasing number of contacts in the continuous con-
ductive CNTs network. The lowest relative electrical 
resistance was observed when the strain and stress 
reached 70% and ~177 kPa, respectively. This observa-
tion was in good agreement with aerographite relative 
electrical resistance change with respect to compres-
sive strain [56]. Zhou et al. [57] also observed such a 
behavior in CNF/polypyrrole/silver nanoparticles 
aerogels with increasing compressive strain up to 90%. 
Therefore, this kind of electrically conductive aerogels 
under compressive strain could be used for pressure-
sensing material applications.

4 CONCLUSIONS

In conclusion, an efficient, low-cost, and environ-
mentally friendly process was used to produce CNF/
CNTs aerogels. The thermal conductivity, themoelec-
trical property, electrical conductivity, chemical vapor-
sensing, and pressure-sensing properties were inves-
tigated. With the addition of CNTs into CNF aerogel, 
the thermal conductivity and density of the resulting 
aerogels were slightly increased as compared to neat 
CNF aerogel. At the same time, electrically conductive 
aerogels were obtained. Therefore, the CNF/CNTs 
aerogels were tested for TE properties. The Seebeck 
and ZT values appeared too low for the real applica-
tion requirements. Therefore, these values should be 
effectively modified by increasing electrical conduc-
tivity and reducing the thermal conductivity of CNF/
CNTs aerogels. Yet, the CNF/CNTs aerogels showed 
relative electrical resistance change towards chemi-
cal vapors because of their porous structure, which 
can efficiently and directly interact with vapors. The 
electrical conductivity of the aerogel was increased 
under compressive stress because of the formation of 
continuous CNT networks. Finally, all these results 
illustrate a facile and intriguing preparation strategy 
for aerogels for multifunctional material applications. 
The prepared CNF/CNTs aerogel could be used as 
a platform to develop a new class of TE material by 
incorporating intrinsically conductive polymers and/
or by using a reductive treatment.
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