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Abstract: Humidity is a necessary detection index in the
nuclear industry, but the current humidity sensor is unable
to resist nuclear radiation. In this work, we develop a radia-
tion-resistant humidity sensor, which is made of multiwalled
carbon nanotube (MWCNT)/Nafion/MWCNT composite film.
The voltage response of the composite membrane under
different relative humidity was measured before and after
irradiation in different environments. The results show that
in the radiation atmosphere of 21% 0,, MWCNTSs were sig-
nificantly aggregated and fractured, and the number of
oxygen functional groups on the surface of the composite
membrane increased, resulting in the attenuation of the
elastic modulus and a significant decrease in the voltage
response and response rate. However, the humidity and
structural properties of the composite films did not change
significantly after irradiation in a 100% N, radiation atmo-
sphere. It is confirmed that the composite film has good
radiation resistance in the absence of oxygen.

Keywords: humidity sensors, nuclear radiation, Nafion, mul-
tiwalled carbon nanotubes, composite film

1 Introduction

As an important environmental factor, humidity is critical for
production and daily life. The humidity sensor is generally
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composed of humidity-sensitive material, conversion element,
and signal conversion circuit, in which the humidity-sensitive
material responds directly to the measured humidity. Over
the past decades, various sensing materials, including macro-
molecule compounds (1-6), semiconducting materials (7-13),
and porous ceramics (14-18), have been explored to detect
humidity. However, humidity sensors made from these mate-
rials lack radiation resistance, which limits their practical
applications in nuclear radiation environment.

Therefore, a kind of humidity sensing material that can
resist radiation for humidity sensors should be developed.
In recent years, researchers have developed metal nano-
composites possessing radiation resistance properties. Kim
et al. (19) developed high-strength V-graphene nanolayers
that were demonstrated to have an excellent radiation tol-
erance as revealed by the He (+) irradiation study. Si et al.
(20) found that the radiation tolerance can be significantly
improved by inserting single-layer graphene into tungsten
nanofilms. Compared to the metal nanocomposite, carbon
nanotube materials have exhibited excellent molecular
adsorption properties and are radiation resistant due to
their large specific surface area, hollow geometry, high
aspect ratio, and the combination of excellent thermal, elec-
trical, and mechanical properties. Al-Haik et al. (21) studied
single carbon nanotubes/polyethylene (PE) composites for
using in radiation shielding applications. The results suggest
that the adhesion between the zigzag, armchair carbon
nanotubes (CNTs), and the PE chains outweighs the frag-
mentation of the polyethylene chains upon irradiation,
which exhibits higher structural stabilities and radiation
resistance. Li et al. (22) investigated the radiation damage
and microstructure evolution of different zigzag single-
walled carbon nanotubes subjected to incident carbon
ions by molecular dynamics. It was observed that as the
incident ion energy increased, the generation of defects
reached its maximum. Luo et al. (23) reported a radiation-
hardened FET (hybrid CMOS field-effect transistors) that
uses semiconducting carbon nanotubes as the channel mate-
rial, an ion gel as the gate, and poly-imide as the substrate.
The FET exhibits a radiation tolerance of up to 15 Mrad at a
dose rate of 66.7rad's™, which is notably higher than the
tolerance of silicon-based transistors (1 Mrad). Based on the
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above studies, CNTs are considered to have excellent radia-
tion resistance and can be used to fabricate humidity sensors.

Herein, we developed a multiwalled carbon nanotube
(MWCNT)/Nafion/MWCNT composite film with excellent
humidity sensing performance, which has good radiation
resistance under anaerobic environment. The structure
and the microstructure of the inner layer are depicted in
Figure 1. The composite film comprises electrode layers on
both sides, consisting of multiwalled carbon nanotubes/
polyvinylidene fluoride/ionic liquids (MWCNT/PVDF-HFP/ILs),
and a core layer in the middle made of perfluorinated sul-
fonic acid-polytetrafluoroethylene/ionic liquids (Nafion/ILs).
When the ambient humidity changes, the cations in Nafion
film will absorb or precipitate water molecules. Under the
influence of a concentration gradient, ions move to produce
electrical signals that are gathered by the acquisition
system through the conducting MWCNT film. To study
the anti-radiation performance of the composite mem-
brane, the structure and characteristics of the composite
membrane and the humidity response performance were
tested under different radiation environments (aerobic
and anaerobic) and different radiation doses. Finally, we
found that the composite film had excellent radiation resis-
tance compared to the aerobic environment in the anaerobic
environment and maintained good humidity sensing perfor-
mance after radiation.

Electrode layer

Core layer
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2 Experimental

2.1 Materials

MWCNTSs (produced in Nanjing Xianfeng nanotechnology,
purity > 95%, specific surface area > 120 m*g™) were
10-20 nm in diameter and 10-20 pm in length. Nafion solu-
tion of concentration 20 wt% (produced in DuPont, USA) is
composed of perfluorosulfonamide resin, ethanol, and a
small amount of other organic solvents. EMI,,BF, (1-ethyl-
3-methylimidazolium tetrafluoroborate) is used as an ionic
liquid. Other reagents include PVDF (produced in Shanghai
Aichun Biotechnology Co., Ltd.) and DMAC (NV,N-dimethylace-
tamide) (produced in Shandong Yousuo Chemical Technology
Co., Ltd.).

2.2 Fabrication

Figure 2 shows the preparation process of the MWCNT/
Nafion/MWCNT composite film. The first step is the fabri-
cation of the electrolyte core layer. To obtain a bubble-free
and uniformly dispersed core layer, 8 g solution composed
of 2.4 g Nafion, 0.32 g EMI,,,BF,, and 5.28 g DMAC was cast in
the glass mold (an area of 4.5 cm x 4.5 cm) after homogenizing
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Figure 1: (a) Overall structure of the composite film, schematic diagrams of (b) microchannel inside the composite film.
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Figure 2: Preparation process of MWCNT/Nafion/MWCNT sensing film.

by magnetic stirrer and completely evaporated in a vacuum
drying oven. The second step was the fabrication of the elec-
trode layer. 0.1g MWCNT, 0.32g EMI,,BF,, and 0.2g PVDF
were mixed in 24.5g DMAC and dispersed in an ultrasonic
bath for more than 6 h. Similar to the core layer, the electrode
layer was fabricated by casting 10 g of the electrolyte solution
in the glass mold (an area of 4.5 cm x 4.5 cm) and completely
evaporating the solvent in the vacuum-drying oven. Finally,
the two sides of the core layer were tightly combined with two
electrode layers by hot pressing to obtain a composite film.
The thickness of the composite film was 290-310 pm, which
was smaller than the sum of those of two-electrode and one-
electrolyte layers, since the thickness of each layer decreased
after hot-pressing.

2.3 Characterization

To create a stable humidity environment, the saturated salt
solution method was used to obtain gases of varying rela-
tive humidity (RH). The selected saturated salt solution in
this work and the corresponding RH are shown in Table 1.
To achieve a rapid switching of the humidity level, we
designed a mini-chamber with a length of 6 cm length

and a diameter of 3cm by 3D printing technology, as
shown in Figure 3, which can not only hold a certain
amount of humidity gas for exchanging but also easily
achieve fast switching from one humidity level to another
due to its small volume. A transom is placed within the
mini-chamber to ensure that only one side of the composite
film detects humidity variation while also preventing gas
flow from interfering with the electrical signal produced
by the composite film.

The humidity test platform is shown in Figure 4. By
exchanging with specific saturated salt solutions, tank A
and tank B could obtain different fixed humidity (almost
0% RH, 33% RH, 43% RH, 73% RH, and almost 100% RH),
respectively. It should be noted that after 24 h of storage at
room temperature, the internal and external exchange bal-
ance of the composite membrane is then passed into the
gas with the above specific humidity. The room humidity of
approximately 57% RH in our laboratory is set as the refer-
ence (room temperature is 20°C) for the convenience of
testing. There are two check valves installing in the inlet
and outlet of the mini chamber to prevent gas backflow
and maintain the humidity of the chamber. During the test
period, the sample was fixed in the mini-chamber, and the
electrical signal generated by the humidity change was
transmitted to the PC through an NI acquisition card.
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Table 1: Saturated salt solution and corresponding relative humidity (% RH) in humidity generator

Water

Saturated salt Saturated salt Saturated salt Saturated salt Saturated salt Saturated salt
solution (KCI)

Allochroic
silicagel

Saturated salt
solution
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solution (MgClI3) solution (K,CO3) solution (NaBr) solution (NaCI)

solution (CH;COOK)

57% 73% 84% Almost
100%

43%

33%

23%

Almost 0%

Approximate RH
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Figure 3: Humidity microchamber.

3 Results and discussion

Figure 5 shows the sheet resistance of the composite film after
different radiation processes, which can detect whether there
is damage to the MWCNT of the electrode layer. As shown in
Figure 5(a), the surface resistance of the composite film
before and after radiation was obtained by the four-point
probe method. Under 21% O, radiation environment, it
increased continuously with the increase of dose, reaching
10.3 and 10.92 Q-7 While the film was exposed to radiation
in the absence of oxygen, its surface resistance hardly
changed from before irradiation. This indicates that radia-
tion will affect the electrode conductivity of the composite
film in an oxygen-containing environment but will not affect
it in an oxygen-free environment. Besides, it is observed
from Figure 5(b) that the surface resistance of composite
film has little change after hot-pressing, which is about
4 Q17 exhibiting that the process of hot-pressing does
not cause fracture or other damage. However, the surface
resistance of the composite film almost increased signifi-
cantly after 10 and 100 cycles, which might be caused by
the volume expansion of the composite film during the
adsorption of water particles, leading to the increase in
the number of cracks on the surface. The increase in surface
resistance is attributed to the breakage of multiwalled
carbon nanotubes on the surface, finally resulting in the
decrease in conductivity for the composite film.

In addition to measuring the surface resistance,
the microstructure of the composite film under different
radiation conditions was observed by SEM micrographs.
Figure 5(c) shows that the MWCNT of the electrode layer
was well dispersed with a diameter of about 10-15 nm, and
the surface of the composite membrane had obvious pore
structure. Only a few longer MWCNT appeared as aggre-
gates due to Van der Waals’ force. Figure 5(d) and (e) shows
the microstructure of the composite film under the irradiation
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Figure 4: Humidity test platform.
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Figure 5: Sheet resistance of the composite film. (a) After different radiations and (b) after different processes. SEM images of MWCNT/Nafion/

MWCNT materials before and after radiation, (c) pre-radiation, (e) 100 kGy 21% O, and 300 kGy 21% O, (f) 100 kGy 100% N, and 300 kGy 100% N, and
(d) agglomeration caused by irradiation.
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environment of 100 kGy 21% O, and 300 kGy 21% O,,
respectively. It can be seen that the MWCNT has obvious
agglomeration and fracture, and the agglomeration is more
serious with the increase in irradiation dose. The reason
for this phenomenon is the generation of many reactive
particles, especially oxidative ones, by irradiation splitting
under high-energy gamma rays. These active particles will
physically and chemically react with the carbon nanotubes
through electronic excitation and ionization and displace
the carbon atoms by colliding with the carbon atoms on the
surface of the carbon nanotubes, resulting in defects in the
carbon tubes, which eventually lead to the rupture and
agglomeration of the multi-walled carbon nanotubes on
the surface of the composite film. However, it is revealed
from Figure 5(f) that, in a 100% N, radiation atmosphere,
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the surface microstructure of the composite films has
hardly changed compared to pre-radiation, which corresponds
to the conclusion of the surface resistance experiment.
Figure 6 shows the XRD spectra of composite film,
which indicates whether the structural composition of the
core layer and the electrode layer changes. Figure 6(a) shows
that significant graphite diffraction peaks appear in the elec-
trode layers of the five composite films at 20 = 25.8°, corre-
sponding to the (002) crystal plane. And there is no change
among the dyg, of the five electrode layers, indicating that
under different irradiation conditions, the crystal structure of
graphite diffraction peak (002) has not changed conspicu-
ously, and no amorphous carbon is produced. It can be
seen from Figure 6(b) that the core layer shows two obvious
characteristic diffraction peaks at 26 = 23 and 38°, which are,
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Figure 6: Properties of the composite film before and after radiation. (a) The XRD spectra of electrode layer, (b) core layer, (c) FT-IR pattern of the

composite film, and (d) equivalent stiffness of the composite film.
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Figure 7: Humidity-voltage response curve of MWCNT/Nafion/MWCNT humidity sensing film (a) after 100 kGy radiation in 100% N, atmosphere from
57% RH humidity to other humidity. (b) The corresponding amplitude of voltage of each sample piece under different humidity changes.

respectively, the characteristic peaks of ionic liquid (EMIBF,)
and Nafion. The characteristic peak did not change after irra-
diation, indicating that the MWCNT had a certain shielding
effect in the gamma-ray irradiation environment, and high-
energy gamma rays did not penetrate the electrode layer to
change the structural composition of the core layer.

The infrared spectrum test results of the composite
films are shown in Figure 6(c), which have a little differ-
ence after radiation. All FTIR spectra of composite films
include a broad band at 3,616 cm™, indicating the charac-
teristic stretching vibrations of hydroxyl (O-H) bonds. In
21% O, radiation atmosphere, the peak (O-H) intensity of
the composite films, radiated by 100 and 300 kGy, is higher
than that of the non-radiated composite films, which indicates
that the number of oxygen-containing groups increases on
the surface of the composite films, and a small number of
functional groups have been presented before radiation.
Further, a weak C=0 bond stretching vibration signal
appears near 1,624 em™), and it can be seen that after irradia-
tion in 21% O, atmosphere, the peak position at this place is
significantly enhanced and the peak width is increased, indi-
cating that high-energy y-ray irradiation leads to increased
structural defects on the surface of the composite membrane
and connects more carboxyl functional groups. However,
after irradiation in 100% N, atmosphere, the characteristic
peak of the composite film does not change, which indicates
that the film has better radiation resistance under 100% N,
irradiation environment. The peaks at 3,156.7 and 1,567 em™!
represent the imidazole ring and —CHj; in the ionic liquid
(EMIBF4), respectively. It can also be seen from the figure

that the peak intensity changed after irradiation in 21% O,
atmosphere. Similarly, under 21% O, atmosphere irradiation,
the characteristic C-F peaks at 1,162.4 and 1,008.96 cm™ were
significantly enhanced, and the width of the peak increased.
The reason for this phenomenon is that high-energy y-rays
destroy the PVDF molecular structure on the surface of the
composite membrane, leading to changes in its character-
istic peak.

Figure 6(d) shows the equivalent elastic modulus of the
composite film by the free attenuation method to detect the
effect of radiation on its mechanical properties. The elastic
modulus of the composite film before radiation is 493 MPa.
When the film is irradiated in 21% O,, the elastic modulus
of the composite film decreased significantly to 383 and
377 MPa after 100 and 300 kGy y-rays irradiation, because
the fracture of the MWCNT on the surface of the composite
film led to the decrease of both its stiffness and hardness.
However, under 100% N, irradiation atmosphere, the elastic
modulus is, respectively, 492 and 490 MPa, which means that
the mechanical properties of the composite film do not
change under 100% N, irradiation atmosphere.

Figure 7(a) shows the humidity response at different
humidity gradients of the composite film after 100 kGy
radiation in 100% N, atmosphere. It exhibits relaxed char-
acteristics of a slow recovery after a quick rise, which
is very similar to the sensing process of ion-exchange
polymer metal composite (24). When the composite film
is in a certain humidity state (57% RH, for example) for a
long time (over 24 h), the water molecules inside the com-
posite film and the moisture of the ambient humidity will
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exchange until a dynamic equilibrium is reached. After the
high-humidity or low-humidity gas is charged, the equili-
brium state will be broken. Then, the abundant water
molecules in the environment will be exchanged into the
composite film or the water molecules inside the composite
film will go through the electrode layer into the surround-
ings, which causes the anisotropic swelling of the compo-
site film and in turn forces the water molecules to drag and
move the ions to migrate along the direction of the strain
gradient, finally resulting the produce of electrical signal.
To reveal the influence of radiation on the humidity
response performance, we compared the corresponding
amplitude of voltage of each sample piece under different
humidity changes in Figure 7(b). There was a significant
attenuation of the maximum value of the voltage response
of the irradiated sample in the aerobic environment com-
pared with the non-irradiated sample, which indicates that
the high energy y-ray has destroyed the surface structure
of the composite film in 21% O, radiation atmosphere,
leading to the voltage response valve decline. Furthermore,
the voltage response value decreased with the increase in
radiation intensity. However, in 100% N, radiation atmo-
sphere, the voltage response amplitude did not decrease
due to radiation and even increased to a certain extent
under 100 kGy radiation in 100% N, atmosphere, which
indicated that the composite membrane had excellent
radiation resistance in the anaerobic environment.

4 Conclusion

In this work, we have successfully demonstrated the pos-
sibility of obtaining high-performance radiation-resistant
composite films using MWCNT. A novel radiation-resistant
composite film consisting of an inner layer of Nafion/ILs
and electrode layers of MWCNT/PVDF/ILs was prepared
by a laminated hot-pressing process. The following conclu-
sions were derived from radiation exposure experiments
in various environments: (1) destruction of composite
films by radiation is primarily dependent on the presence
or absence of oxygen in the air. The radiation irradiation
in normal air (containing 21% O,) results in elevated sur-
face resistance of the composite membrane, increased
modulus of elasticity, and deteriorated humidity response
performance. Conversely, under an oxygen-free environ-
ment consisting of 100% N,, the performance of the com-
posite membrane remains constant. (2) The main reason
for the significant performance degradation is MWCNT
agglomeration in the composite film. In normal air, as
the irradiance rises, the MWCNT agglomeration in the

DE GRUYTER

composite film increases, resulting in significant perfor-
mance degradation.
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