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The rise for innovation in the electrical industry is strongly driven by development of new materials. Features of new materials are
changing design paradigms for engineers. In this paper, the electrical properties of films of cellulose nanocrystals were measured. It
was found that humidity affects the dielectric strength on the cellulose nanocrystals (CNCs). The dielectric strength was similar to
the value of the industrial dielectric paper. The addition of plasticizer improved the flexibility of the material but lowered the
dielectric strength. The films of CNC had an ordered arrangement, as suggested by the iridescence shown by them. The
humidity content of the films was measured by thermogravimetric analysis. The CNC film was used for assembling a capacitor
and compared to a capacitor assembled with dielectric paper.

1. Introduction

Cellulose nanocrystals are materials that are derived from
cellulose [1]. Nanocellulose, as they are also called, result
when the amorphous parts of cellulose are removed; after
this, the crystalline parts remain on the material [2, 3].
The higher crystallinity of CNC imparts advantages over
normal cellulose. CNC has a higher storage and modulus
than normal cellulose.

It also has higher chemical stability than normal cellulose,
due to the higher crystallinity of CNC. According to Kumar-
Mishra et al. [4], experts are focusing the attention in appli-

cations such as barrier for liquid and gaseous materials,
biomedicine, and water purification. However, the appear-
ance of low ecological footprint dielectric sheets based on
nanocellulose is rising in cutting edge research [5], as an
alternative to nanocomposite dielectrics [6]. There are
reports on the mechanical and chemical properties of CNC,
but there are very few dealing with the electrical properties
of CNC. There are some papers reporting the use of CNC
materials used for assembling capacitors [7] or for assem-
bling batteries [8]. The interest of measuring the dielectric
properties of CNCs resides on the fact that they are a prom-
ising material for electrical applications, due to its insulating
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properties and improved resistance, compared to paper [7–
9]. Cellulose nanocrystals could be used for fabricating
supercapacitors, batteries, and electric motors or in power
transformers instead of dielectric paper. However, there are
few papers dealing with the electrical properties and the
dielectric behaviour of CNCs. Many products used in the
electrical industry contain dielectric paper; this material
degrades over time or absorbs humidity, causing it to lose
its properties or fail, causing economic losses for both the
supplier and the user. Products with improved properties
would be an ideal choice for substituting them. CNCs are
an economically accessible material with interesting proper-
ties that make them a material of potential applications in
the energy sector.

In this report, we measured the dielectric properties of
pure and compounded CNC films and an application of a
capacitor device. We also made characterization with atomic
force microscopy (AFM), thermogravimetric analysis (TGA),
polarized optical microscopy (POM), and scanning electron
microscopy (SEM). The characterization suggested that the
films had an ordered phase of the cellulose nanocrystals.
The dielectric properties suggest that CNCs may be a mate-
rial of industrial interest in the energy sector, and they may
substitute paper, as they have improved mechanical and
chemical properties when compared to paper, while being
less hygroscopic. The tests of the capacitor device suggest that
the CNC films have potential for the fabrication of capacitors
and that the CNC films are a good dielectric material.

2. Materials and Methods

Cellulose was extracted from cotton. Impurities were
removed by boiling the samples in a 0.75N solution for
3 hours; after this period of time, the NaOH solution was
replaced by a new one, and the cellulose was boiled again
for 3 hours [10]. After it, the cellulose was thoroughly
rinsed with distilled water until the pH of filtrated water
remained neutral. Then, the cellulose was washed with com-
mercial NaOCl for 1.5 h at 45°C. After it, the cellulose was
washed with plenty of distilled water. Then, the cellulose
was treated overnight with HCl 0.05N in order to remove
hemicellulose. After it, the cellulose was washed with dis-
tilled water and allowed to dry in an oven at 50°C. Finally,
the dried and purified cellulose was ground in a Wiley mill
using a 20-mesh sieve.

The cellulose powder was used to make CNC. One gram
of cellulose was placed in a glass reactor with 17.5mL of
H2SO4 64wt% and allowed to react at 45°C for 45min. After
the reaction, the solution was diluted by a factor of 10 with
cold distilled water and allowed to settle; after it, the superna-
tant was discarded. Then, it was diluted again, and the pro-
cess was repeated. The collected cellulose nanocrystals were
dialyzed until the pH of the effluent remained constant or
neutral. The purified nanocrystals were sonicated using a
Sonics Vibra-Cell VCX 750 sonicator, at 65% output, until
a colloidal suspension formed. The resulting solution was
filtered using Whatman glass microfiber filters, for removing
impurities introduced during sonication. The CNC suspen-
sion was dialyzed again for 2 days. Finally, the CNC suspen-

sion was spiked with toluene to avoid bacterial growth.
The CNC suspension was placed in a chemical fridge. Ali-
quots of the CNC sample were taken and dried in an oven
in order to determine gravimetrically the concentration of
the CNC suspension. The measured concentration was
0.45wt%. CNC films were prepared with the CNC suspen-
sion. About 60mL of CNC suspension was placed in a bea-
ker; then, the suspension was sonicated in a Branson
sonicating bath for 5 minutes, and then, it was degassed for
10 minutes to avoid bubble formation on the surface of the
film, as the bubbles would produce inhomogenous surfaces
that would facilitate the pass of the electrical current. Then,
the CNC suspension was placed on a Petri dish and dried
in an oven at 50°C until completely dried, and then, they were
placed in a desiccator to avoid exposition to environmental
moisture. To make flexible CNC films, a drop of glycerol
was added to CNC suspensions, stirred for 1 hour at 40°C,
and then dried at 50°C in an oven.

Capacitor devices were tested using the CNC films.
Aluminium (Al) and CNC sheets were cut (Figure 1) with
the following dimensions: length = 30mm (Al, CNC) and
width = 10mm (Al) and 15mm (CNC). Pretreatment of
the Al sheets was carried out by polishing with two grades
of emery papers (600 and 1200). The Al sheets were washed
with distilled water, degreased with methyl alcohol, and dried
at room temperature (23°C). The thickness of the Al sheets
was measured with a Mitutoyo digital micrometer. Three
measurements were made to each sheet. The average value
was measured and found to be 0.095mm (95μm). The capac-
itor was constructed as shown in Figure 1.

2.1. Characterization. The CNCs were characterized by
Fourier-transform infrared (FTIR) spectroscopy and atomic
force microscopy (AFM) and electrically. The FTIR was
made with a Bruker spectrophotometer model Equinox 55
with an ATR accessory; the analysis was done in the IR range
of 4000-750 cm-1 with a resolution of 2 cm-1, using the aver-
age of 64 scans. The AFMmicroscopy was done with a Nano-
surf AFM, model Naio; the characterization was done in
contact mode using a silicon probe. The images were ana-
lyzed using the software Gwyddion 2.47. The electrical
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Figure 1: Al sheet, CNC film (dielectric separator), and image of the
device and its architecture.
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characterization was made by measuring the dielectric
strength of the CNC films, using a Hipotronics, brand Hub-
bell, model 700 with gold cells, submerged in transformer
oil that was previously dried. The dielectric strength charac-
terization was made avoiding the formation of air bubbles.
The thermal properties of the CNC film were measured with
thermogravimetrical analysis (TGA), by using a TA Instru-
ments thermogravimetric analyzer model TGA 2050; the
analysis was made with a heating rate of 10°C/min in an
atmosphere of nitrogen. The films were observed with a
Carl-Zeiss Polarized Optical Microscope, model AX10; the
microscope has MOTIC software and camera.

Scanning electron microscopy was carried out on the
CNC films to research its topographical characteristics and
to confirm AFM results. The SEM was done with a Carl-
Zeiss EVO MA 15. A small piece of the films was cut, and
it was placed on carbon tape. The samples were observed at
1 kV to avoid charging; the SEM characterization was per-
formed in high vacuum without coating.

Electrochemical tests were performed at room tempera-
ture and controlled by a Gill AC potentiostat. Cyclic volt-
ammetry was conducted over the potential range of 0 to
500mV, 1.5 cycles, and scan rates of 10mV/s, 20mV/s, and
50mV/s. Electrochemical impedance spectroscopy tests were
carried out using an AC potential amplitude of 10mV and a
frequency range of 0.1Hz to 30 kHz with 100 readings per
decade.

3. Results and Discussion

The CNCs were characterized by several means. The FTIR
characterization showed that the CNC samples have all the
characteristic bands usually present on cellulose. These bands
correspond to OH, C-O-C, and CH groups. The results are
summarized in Table 1.

Table 1 shows that the CNC sample contains the main
groups of cellulose (CH2, CH, OH, and C-O-C); this suggests
that the dielectric behaviour of the sample should be similar
to that of cellulose. The presence of the OH groups should
also play an indirect role on the dielectric behaviour of the
cellulose films, as they help to confirm that the CNCs are
on the acid form. No neutralization or adding of an electro-
lyte was done on the CNC samples, so only the OH and sul-
fate groups should be on the sample. The OH and sulfate
groups contribute to the hydrogen bonding of the CNC sam-
ples, as they have oxygen and hydrogen atoms. The hydrogen
bonding contribute to the crystallinity, hydrophobicity, and
mechanical properties of the samples, as after drying the

CNC suspensions on the acid form they cannot be dissolved
again. The CNC films did not absorb water, nor did they dis-
solve again.

The morphology of the CNC films is shown in Figure 2.
The CNC film (Figures 2(a) and 2(b)) shows a surface that
has some features that generally are narrow and elongated.
These features look like rods, but in a micrometric scale.
The rest of the surface is even and mostly smooth. From
the smooth surface, protrude the elongated features of
the CNC film. The height of the hills observed on the
sample was measured using the Gwyddion, and the result is
593:7 nm ± 30:8 nm. The length of the hills is 10:28 μm±
0:82μm, while the diameter is 1939 nm ± 107:4 nm. The
dimensions of the nanocrystals forming the film were reported
elsewhere in the literature [11]; they are 98:5 nm ± 5 nm in
length and 4:7 nm ± 0:2 nm in diameter. Figures 2(c) and
2(d) show the surface of a CNC sample with glycerol. The
sample has a smooth surface, with some features looking like
hills on the surface; they are formed due to the flexibility of
the sample. There are also some small rodlike features on the
sample. The morphology of the sample with glycerol lacks
the features that are present on the CNC film imaged in
Figures 2(a) and 2(b).

Figures 3(a)–3(d) show the 2D and 3D images of a CNC
film formed after drying a 5wt% CNC sample. The figure is
interesting because there are features on the film pointing
in a preferred direction, especially in Figures 3(c) and 3(d).
In these last two figures, there are lines oriented in the same
direction, mainly parallel between them. The lines seen on
the sample are formed due to the ordering of the polymer
chains of the materials; the lines are pointing to the orienta-
tion of rod axes of CNC [12]. The average separation between
lines is 708:87 nm ± 82:75 nm. It has been reported that dried
films formed by CNC suspensions keep the texture and ori-
entation of the original suspension [13]. In this case, the sam-
ple was exposed to a magnetic field, so the Fréedericksz
transition occurred and the CNC rods ordered in a straight
line, instead of forming a chiral nematic phase. Figures 3(a)
and 3(b) show features over the surface of the polymer film,
which can be seen below the aforementioned features, near
the centre and at the right side of Figure 3(a). These objects
are agglomerations of CNCs; they are agglomerated over
the CNC film. The agglomerates have a preferred orientation
in Figures 3(a) and 3(b); the orientation is in a straight line, as
the features observed in Figures 3(c) and 3(d). The dimen-
sions of the agglomerates were measured with the Gwyddion;
the length was 1144:98 nm ± 49:08 nm, while the diameter
was 477:78 nm ± 17:88 nm. From Figure 3, it can be inferred
that the influence of the electrical field caused aligning and
orientation of the nanocrystals. Hydroxypropyl cellulose
(HPC, a cellulose derivative) compounds have shown in liter-
ature oriented lines when subjected to mechanical stress or
when concentration reaches a critical concentration [12,
14]. HPC/polyacrylamide (HPC/PAAm) composites have
been used for drug delivery using ibuprofen; they have shown
ibuprofen crystals on the surface, similar to the crystals
shown in Figures 3(a) and 3(b) [14]. Hydroxyethyl cellulose
(HEC, a cellulose derivative)/polyacrylamide (HEC/PAAm)
composites have also been used for drug delivery with

Table 1: FTIR assignments of CNCs.

Group assignment Frequency (cm-1)

ν(OH) 3300

νs(CH2) 2880

δs(CH2) 1419

δs(CH2) 1364

δ(CH)ring 1319

δa(C-O-C)bridge 1020
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acetylsalicylic acid as an active compound [15]. Acetylsa-
licylic acid formed crystals deposited on the HEC/PAAm
composite surface [15]; the crystals also had resemblance to
the crystals shown in Figures 3(a) and 3(b), although the
crystals were formed by the active compound, as in the case
of the ibuprofen on HPC/PAAm and not to the cellulosic
compounds.

Figure 4 shows the profiles of the CNC film and of the
5wt% film. Those profiles were obtained from the AFM
micrographs, using the Gwyddion software. For the CNC
film, Figure 4(a), an average height of 312nm was found.
The average diameter was measured to be 2.408μm. The
difference between the height measured by the profiles
and the result obtained from the image may be due to the
fact that the profile is measured in a line traced on the image,
while the height measured directly on the image took into
account as many protuberances as possible. For the CNC film
obtained from a 5wt% suspension, the profile of the sample is
shown in Figure 4(b); this profile corresponds to the figures
shown in Figures 3(a) and 3(b). The agglomerates are situ-
ated on the left part of the profile of the image. The height

of the agglomerates is 88:71 nm ± 17:05 nm, while the mea-
sured diameter is 1268:12 nm ± 195:58 nm. The difference
of the measurements of the diameter relative to those of
Figure 3(a) is that the length measured from the profile was
taken with a traced line that formed an angle close to 45°,
so that it covered as many agglomerates as well as the sub-
strate shown in Figure 3(a). The diameter measured from
the profile in Figure 4 is close to the measurement of the
hypotenuse of a right-angled triangle, c2 = a2 + b2, using the
values of length and diameter measured in Figure 3(a). The
thickness of the layer was measured by finding a plateau in
the profile; this plateau was the lowest part of the agglomer-
ates. The average measured thickness of the layer was
156:11 nm ± 4:85 nm, and the average height of the layer
was 244.82 nm.

The electric behaviour of cellulose is summarized in
Table 2. The CNC sample has a dielectric strength similar
to the dielectric industrial paper. The CNC sample had no
additives; it is interesting to note that its dielectric strength
matches the value of industrial dielectric paper. It was found
that the humidity of the CNC films lowered dielectric
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Figure 2: AFM micrograph of CNC film: (a) 2D-AFM micrograph of CNC film, (b) 3D-AFM micrograph of CNC film, (c) 2D-AFM
micrograph of CNC with glycerol, and (d) 3D-AFM micrograph of the same sample.

4 International Journal of Polymer Science



strength; to avoid humidity on the samples, the CNC suspen-
sions were dried in an oven for 5 days and then placed on a
desiccator; if these steps were not done, humidity entered
the CNC films. Moisture content affects the insulating behav-
iour of materials [16]. The dielectric strength of the paper
diminished with the addition of glycerol. The role of glycerol
was to increase the flexibility of CNC films, as they are fragile
in the pure state. We observed that the CNC film with glyc-
erol was more flexible and less fragile, but the dielectric
strength diminished significatively. This was attributed to
the presence of glycerol, which had a plasticizing effect on
the CNC films; plasticizer compounds increase the mobility
of polymer chains. It is considered that plasticizers embed
themselves between the polymer chains, increasing the free
volume. The presence of the plasticizing between the CNC
chains makes the path of electricity easier. In our finds, the
glycerol interfered with the dielectric properties of CNC,
consistently with theoretical considerations.

The CNC films fabricated with CNC solutions with a
concentration of 5wt% also had a low dielectric strength.

CNC is known to arrange in a helicoidal pattern at high con-
centrations, forming a chiral nematic phase. When an electri-
cal field is present, the nanocrystals tend to align in a given
direction, without forming the helicoidal pattern; this is due
to the Fréedericksz transition. The attempt to form a film
with a highly concentrated CNC solution was aimed at avoid-
ing the chiral nematic pattern and uniformly orienting the
crystals, thus reducing the probability of an electrical current
of passing through the polymer chains. However, in our find-
ings, the dielectric strength is lower than that of the pure
CNC film. We think that the result may be explained by the
fact that the crystals orientated with the electric field, with a
preferred direction of alignment. However, the chiral
nematic phase may make the pass of the electrical current
in the film difficult, as each layer has an orientation that is
rotated with respect to the adjacent layers. The rotation of
the layers makes the current rebound in directions different
to the preceding layer, making the electrical current to pass
for a longer length than with a uniformly oriented crystal,
where the angle of deviation would be lower than the
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Figure 3: AFM micrograph of CNC film formed with a 5wt% CNC sample. (a, c) 2D-AFM micrographs of the sample and (b, d) 3D-AFM
micrographs of the same sample.
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deviation angle caused by a chiral nematic phase. This is
illustrated in Figure 5; Figure 5(a) shows the pass of an elec-
trical current in a cellulose nanocrystal compound, having a
chiral nematic arrangement. Cellulose nanocrystals are
known to retain the chiral nematic arrangement upon dry-
ing [17, 18]. The cholesteric phase has layers that are
twisted in respect of the adjacent layers, thus making the
material with different directions; this effects force the electri-
cal current to find zones that offer less resistance to the pass
of the current. On the other hand, Figure 5(b) shows a crystal
with long-range orientation and no twist. As the crystals are

oriented in the same direction, there is less deviation and thus
less resistance to the pass of the electrical current.

The results of the dielectric strength may be of interest to
the electrical industry, as CNCs can form compounds with
the same dielectric strength of industrial dielectric paper,
but with improved mechanical and chemical properties, as
the higher crystallinity of CNCs improves those properties.
Flexible compounds made from CNC, which retain the
dielectric properties, would be a new material of industrial
interest. CNCs are a good material for improving and
substituting current dielectric paper in the parts where they
are used on the products of the energy sector.

The crystalline arrangement of the dried films was studied
using polarized optical microscopy; Figure 6 shows an image
of the film observed under crosspolarizers. The sample shows
iridescence, typical of cellulose nanocrystals [19]. The irides-
cence of the sample is seen as different colours in the image;
they are caused by the cellulose nanocrystals of the film, which
interact with the light of the microscope, although the sample
does not show any pattern characteristic of a chiral nematic
phase. The concentration of the starting solution is below
the value of the concentration where the chiral nematic phase
forms. However, the features observed in the image resemble
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Figure 4: Profiles of the CNC samples. (a) CNC film and (b) CNC film formed with a 5wt% CNC suspension.

Table 2: Dielectric properties of cellulosic samples at 25°C.

Sample
Dielectric strength

(kV/cm)
Thickness
(μm)

Commercial dielectric paper 187 80

CNC sample 189 20

CNC sample not in desiccator 68 55

CNC glycerol 38 110

CNC 5wt%, electric field 18 130
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the texture of oily streaks, a texture found on chiral nematic
phases of cellulose derivatives; this suggests that during drying,
there is an ordering of the cellulose nanocrystals.

Figure 7 shows an image of a CNC film observed with dif-
ferent angles of light incidence. The film shows iridescence
that can be seen in Figures 7(a), 7(b), and 7(d), with different

colours being reflected on the surface of the film, which is
noted in Figures 7(c) and 7(d). This suggests that upon dry-
ing, the cellulose nanocrystals had the time to self-organize
and have an ordered arrangement, as the iridescence indi-
cates the result of constructive light interference caused by
the ordered cellulose nanocrystals in the film [20]. There
are in the literature other reports of iridescence of CNC films
dried on polystyrene Petri dishes [13, 21]. The observed
iridescence and different colours on the dried film confirm
that the cellulose nanocrystals of the film have an ordered
arrangement, or else the film would be colourless, would have
no interference, and would not display different colours
when the angle of light is varied. The order of the cellulose
nanocrystals in the dried film has an effect on the dielectric
strength of the CNC film.

Figure 8 shows the thermal degradation behaviour of the
cellulosic samples. The CNC film sample losses 6% of humid-
ity at 100°C; this humidity is due to nonevaporated water that
was trapped inside the polymer layers. The sample remains
stable on heating and starts to degrade at around 250°C; before
that temperature, there is no significant degradation of the cel-
lulose nanocrystals. The onset temperature of the CNC film is
similar to samples observed in literature [22]. The observed
degradation behaviour is typical of cellulose [23] and of cellu-
lose derivatives [24], with a sharp decrease starting at the tem-
perature of degradation and then reaching a plateau. At 400°C,
the residue is at around 11%, this residue is mainly due to the
presence of the decomposition product of cellulose, levogluco-
san [25]. The levoglucosan is then decomposed during heat-
ing; then, it starts to slowly decompose in low-molecular-
weight hydrocarbons, until another plateau is reached at the
end of the analysis at 750°C; the final residue is 3.27%. The
TGA indicates that there is some humidity on the film.
Humidity has the effect of lowering the dielectric strength
[11], as the water molecules within the film open a path for
the electrical current. The dielectric strength may be improved
if the humidity content of the film was decreased. The TGA of
the dielectric paper is shown in the same figure. The sample
starts to degrade at 280°C; then, it follows a degradation course
typical of cellulosic samples [23] and reaches a plateau at
380°C. The final residue is around 22wt%. The weight loss
of the dielectric paper is faster than the weight loss of the
CNC film, as CNC samples show a more complex thermal
behaviour due to the sulfate groups on the surface of the
CNC crystals. The dielectric paper degrades at a higher tem-
perature; CNC degrades at lower temperature, as the sulfate
groups of CNC are labile, but the dielectric paper has additives
to improve its performance in power transformers and to
withstand the temperatures of the power transformer; this is
the reason why the residue of the dielectric paper is higher
than that of the CNC sample.

Figure 9 shows the SEM micrograph of the pure CNC
film and under different processing. Figure 9(a) shows the
SEMmicrograph of the pure CNC film. The film has a surface
covered by rods formed by CNC particles, which look like the
rods shown by AFM in Figure 2. The SEM micrograph con-
firms the presence of the micrometric rods on the film sur-
face. The dimensions of the rods were measured using the
Gwyddion software, and the length was 5:68μm± 0:34 μm,

(a) (b)

Figure 5: Scheme of the pass of an electrical current through (a) a
chiral nematic crystal and (b) a crystal having the same orientation
on its layers. For the chiral nematic crystal, an arrangement of a
pitch p/2 is shown.

Figure 6: Polarized optical microscope of a dried film, seen under
crosspolarizers. Scale bar is 100 μm.
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while the diameter was 671 nm ± 19:94 nm. The dimensions
measured by the SEM are lower than those obtained by the
AFM. This can be explained as the dimensions obtained by
SEM are usually lower due to some effects like the tip convo-
lution and the interaction between the AFM tip, film surface,
and particle that produces a broadening of the imaged parti-
cles [26]. The difference of the sizes might be due to different
areas of the sample being imaged.

Figure 9(b) shows the SEM micrograph of the CNC film
with glycerol. The surface of the film is mostly smooth, with-
out the rods observed on the CNC film. Some features are also
observed on the surface, due to the flexibility of the film. The
features observed are small lines and a groove on the film.

Figure 9(c) shows the SEMmicrograph of the 5wt% CNC
film. The film looks like the AFM image in Figure 3. Parallel
lines are also observed on the surface of the film, like those
observed in Figure 3(c). Some agglomerates can be seen on
the surface, at the lower right corner of the micrograph, like
those observed in Figure 3(a). The SEM image confirms the

(a) (b)

(c) (d)

Figure 7: CNC film. The film has iridescence (a, b, and d), and the colour of the film changes when the angle of the light is changed (c, d). The
lines on (c, d) are a reference to see the angle of the picture.
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Figure 8: TGA curve of cellulosic samples.
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presence of the features observed in Figure 3. The orientation
of lines in Figure 9(c) is marked with an arrow.

Figure 9(d) shows a micrograph of the edges of the CNC
film and Figure 9(e) the edges of the CNC 5wt%. Those figures

correspond, respectively, to the samples of Figures 9(a) and
9(c). The films were cut and then put over carbon tape. The
thickness of the films can be obtained from the figure. For
the 5wt% sample, the thickness of the film is 175μm; for

(a)

(b) (c)

10 𝜇m

(d)

30 𝜇m

(e)

Figure 9: SEM micrograph of CNC films: (a) pure CNC film, (b) CNC film with glycerol, (c) 5wt% CNC film, (d) lateral view of pure CNC
film, and (e) lateral view of 5wt% CNC film.
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the CNC sample, the thickness is 29μm. The reason for the
difference of the thickness of the films is the concentration
of the samples used for evaporation. Factors such as concen-
tration, volume, and sample preparation are reported in liter-
ature to influence and determine the thickness of CNC films
[27]. The profile of sample CNC 5wt% is interesting, because
the edge shows parallel lines, with an average separation of
1.97μm. The parallel lines are formed by the ordering of
the layers of CNC particles that occurs in the axis perpendic-
ular to the surface of the film. CNC samples show the order-
ing of the particles on edges of films [28]; the ordering of the
chiral nematic phase of CNCs can be observed at higher mag-
nifications at the edges of the films [28]. In the case of our
concentrated films, the CNCs are not arranged in a chiral
nematic phase, but the aligning of the sample is in a given
direction, as a magnetic field was applied to the sample.
The lines observed on the upper side of Figure 9(e) are paral-
lel to the surface of the film, suggesting that the orientation
axis is perpendicular to the surface [28].

In order to corroborate that a CNC film has a good dielec-
tric capacity, a capacitor-type plastic film was constructed. The
plastic film capacitors have plastic films and metal sheets

interspersed and have characteristics that make them suitable
for various applications: filtering, decoupling, bypassing, EMI
suppression, pulse coupling, blocking, and smoothing [29].
Plastic film capacitors are very stable over a wide temperature
range with good reliability and long life expectancy [30].

Figure 10 shows the Nyquist diagrams for the device. At
high-frequency values, a partially capacitive-like depressed
semicircle was observed (inserted figure). The semicircle is
the result of the combination of a resistance; in this case, it
is a polarization resistance, which is the sum of the charge
transfer resistance in the metal/CNC interface in parallel to
a total capacitance, which is the sum of the capacitances in
the said interface. Also, this semicircle has been associated
with a surface of the electrodes with defects such as pores
[31]. At low frequencies, another behaviour was observed; a
straight line inclined slightly to the imaginary axis. This
behaviour is indicative of the good ability of the device to
store charge on the electrode surface [32].

An equivalent circuit (Figure 10, inset) was used to simu-
late the impedance data. In the circuit, Rohmic is the ohmic
resistance related to the ohmic losses in the device which
are mainly due to the contact resistances between interfaces
[33]. This resistance is the intersection of the partial semicir-
cle with the real axis (Z ′) at high frequencies; CT is the total
capacitance, Rp is the polarization resistance (intersection of
partial semicircle at middle frequencies), and finally,W is the
Warburg impedance, which was used to simulate the behav-
iour observed at low frequencies. Instead of a capacitive ele-
ment (C), a constant phase element (CPE) is used to have a
better fit of the data and because the surface of the electrodes
is not homogeneous [34] (roughness, dislocations, impuri-
ties, among others) [35]. The simulated parameter values
are presented in Table 3.

The high values of the polarization resistance indicate
that the charges accumulated on the surface of the electrodes
have great difficulty in being inserted or removed from the
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Figure 10: Nyquist diagrams for the device with CNC.

Table 3: Fitting parameters for EIS spectrum of the device.

Element Value

Rohmic (kohms/cm2) 2.79

CPET Y0 (kohms-1 sn) 3:07 × 10−8

CPET n 0.6

Rp (kohms/cm2) 37.47

WRw (kohms/cm2) 135.26

s 0.02

α 0.25
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dielectric barrier [36]. This verifies that the CNC has a good
capacity as a dielectric material and can be used in this type of
application.

Figure 11 shows the cyclic voltammetry (CV) curves for
the device at different scan rates: 10mV/s, 20mV/s, and

50mV/s. All the CV curves exhibit quasirectangular shapes,
indicating that the electrode material and CNC film have
potential application in capacitors due to their performances
[37, 38]. The best performance according to the shape of the
curve was obtained with the scan rate of 50mV/s. At lower
scan rates (10mV/s and 20mV/s), the shape of the curve
moves slightly away from the rectangular shape. This behav-
iour may be due to a faradaic capacitance [39] and to the elec-
tron transfer process [40], which in this case is limited at
10mV/s and 20mV/s.

In the case of dielectric paper, a behaviour similar to that
of CNC was observed, a partially capacitive-like semicircle at
high frequencies and a quasivertical line at medium-low fre-
quencies (Figure 12). However, the polarization resistance is
higher (2278 kohms/cm2) compared to the value obtained
(37.47 kohms/cm2) with the CNC device. This behaviour
may indicate that the dielectric paper has fewer surface
defects compared to the CNC device and its function as a
barrier is more efficient. However, the polarization resistance
values and the ability to accumulate charges on the electrode
surface of both materials are preferred for different applica-
tions. The equivalent circuit of Figure 12 was used to simulate
the impedance data. The simulated parameter values are pre-
sented in Table 4.
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Figure 12: Nyquist diagrams for the device with dielectric paper.
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Figure 11: CV curves for the CNC device at different scan rates.
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Figure 13 shows the CV curves for the device with dielec-
tric paper at 10mV/s, 20mV/s, and 50mV/s. All the CV
curves exhibit a quasirectangular shapes very similar to that
observed with CNC at 50mV/s. In this case, the faradaic
capacitance and the electron transfer process are not limited
at different scan rates.

4. Conclusions

Development of new materials in the electric industry opens
opportunities to improve both equipment and machines into
the power system. CNC films are a good option to be used
as dielectric materials in the energy sector, given its good
mechanical and thermal properties. The CNC films showed
a dielectric strength that was equal to the value of industrial
insulating paper, suggesting that CNCsmay be a material used
for fabrication of dielectric parts. As CNC films could reduce
its thickness up to four times, opportunities are opened spe-
cially to gain cross-sectional area in slots of small rotating
machines. The more available area in slots, the more efficiency
of the machine. During fabrication of the films, there should
be care on the manipulation of the films, and on the surround-
ing atmosphere, as moisture lowers the dielectric strength.
Glycerol reduced the fragility of the films, but it lowered the
value of dielectric strength. The effect of an electrical field on
concentrated films lowered the value of the dielectric strength
of the CNC films. The dielectric strength may be improved if
CNCs are used for fabricating sheets of CNC. The films had
a content of moisture on them; if the value of humidity
was lower, the dielectric strength of the material may be
higher. The films showed iridescence; this suggests that the
cellulose nanocrystals were ordered in the dry state. This phe-
nomenon may increase the dielectric strength of the CNC
films, as it makes the electrical current to find clearer zones
for it to pass. The film synthesized from a 5wt% suspension
and exposed to an electrical field had an oriented morphology;
however, its dielectric strength was lower than that of the CNC
film. It is theorized that the layered orientation of the CNC
films will make the pass of the electrical current difficult.
SEM characterization confirmed the results of AFM, with
some rods observed on the CNC films; the thickness of the
films could be measured using this technique. The arrange-
ment of the layers of CNC particles of the 5wt% film could
be observed by SEM, suggesting that the axis is arranged per-

pendicularly to the surface of the film. The results of the capac-
itor device suggest that CNC films have potential for capacitor
fabrication and that the films are a good dielectric material.
The best performance of the devices was obtained using a scan
rate of 50mV/s, with a deviation of a rectangular shape at
lower scan rates, a behaviour caused by faradaic capacitance
and by electron transfer processes.
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Figure 13: CV curves for the device with dielectric paper at different
scan rates.

Table 4: Fitting parameters for EIS spectrum of the devices.

Element Value

Rohmic (kohms/cm2) 3.07

CPET Y0 (kohms-1 sn) 1:79 × 10−8

CPET n 0.8

Rp (kohms/cm2) 2278

WRw (kohms/cm2) 273.96

s 0.03

α 0.66
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