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ABSTRACT

The current work aims to synthesize carboxymethyl cellulose/polypyrrole

(CMC/PPy) blends with different PPy concentrations as promising blends for

energy storage devices with low cost and excellent chemical and physical

characteristics. The structural and dielectric characteristics of CMC/PPy blends

were studied. FT-IR spectroscopy is utilized to study the structural properties of

the present blends, whereas the dielectric properties are explored at frequency

range of 0.1 Hz-20 MHz. The structural study of CMC/PPy blends showed

good homogeneity between the CMC matrix and PPy as a conductive filler. The

thermal behavior of the present blends was also investigated using DSC, where

the thermal stability of the blends was improved after incorporating PPy into

the host matrix. The dielectric characteristics results indicated a rise in the

dielectric parameters of CMC with an increase in the PPy content up to 8 wt%.

The dielectric parameters of CMC/PPy blends are frequency dependents. The

dielectric constant (e0) and AC electrical conductivity of the blends under study

enhanced by about 33% with a rise in the PPy content to 8 wt%. The dielectric

loss (e00) values decreased from 3.4938 to 0.93071 at 10 kHz; this performance

means that the CMC/PPy blends have an excellent possibility for energy storage

devices with low dielectric loss in various applications, such as sensors, bat-

teries, and capacitors.

1 Introduction

The high demand for thin, malleable, transparent,

thermally stable, and electrically conductive films is

growing. Such conductive films pave the way for

potential applications, including supercapacitors, 3D

printing, solar cells, polymer light-emitting diodes,

sensors, flexible touch screens based on these films,

and sustainable energy systems [1]. Several research-

ers are looking into developing novel transparent

conducting materials to meet these ever-increasing

needs.Many promisingmaterials have been usedwith
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transparent conductors, such as conductive polymers

[2, 3], metallic grids [4], and nanofillers [5–8] to form

novel materials with the required features. Samples

transparency in the visible/infrared spectra and their

high electrical conductivity are among the most com-

pelling arguments in favour of producing a transpar-

ent and electrically conductive material [1].

The polymer blending method is one of the

cheapest and most successful approaches. It is an

effective method for developing materials with a

wide range of applications and for creating novel

polymeric materials with optimal physicochemical

characteristics. The final blend should be customized

to the application’s requirements, which is impossi-

ble to do with only one of the polymers used.

CMC polymer is made from cellulose and is

therefore safe to use, recyclable, widely available,

biocompatible, and environmentally beneficial [9, 10].

Films made with CMC are very transparent and

mechanically strong, making them ideal for use in a

wide range of commercial applications [11], includ-

ing but not limited to textiles, varnishes, paints,

medications, foods, and cosmetics.

PPy is also a promising polymer with high elec-

trical conductivity, large energy storage ability, and

can be easily synthesized. Electronic devices and

chemical sensors are the most popular applications

based on PPy and other conductive polymers.

Although PPy has some excellent properties,

including electrical conductivity, it also has some

disadvantages, such as low mechanical properties,

poor thermal stability in the air, and mechanical

instability after doping [12, 13]. The applications of

PPy have been limited due to its fragile, brittle, rigid,

and non-biodegradable properties.

Dey and Kar [14] reported the photoluminescence

emission intensity of PPy/PMMA blends. They

found that the increase in the blend’s emission rela-

tive to pure PPy resulted from Forster resonance

energy transfer between the two materials. Uzunçar

et al. [15] incorporated CMC into PPy a biocompati-

ble sensor platform, where PPy, utilized as a plasti-

cizer, and enhanced conductivity, whereas CMC

improved the hydrophilicity of the final product.

Although many studies have been carried out on

films composed of CMC and PPy, there has yet to be

a direct and satisfactory study of their dielectric and

thermal characteristics and the extent to which

structural qualities influence these aspects. Therefore,

adding CMC will help overcome some of the

drawbacks of PPy because of the existence of a highly

concentrated carboxylic group throughout the back-

bone and the ability to produce good films.

Here, various features of PPy/CMC blends,

including structural analysis using FT-IR, were

thoroughly investigated. Meanwhile, these samples’

conduction mechanism, relaxation performance, and

dielectric results have been comprehensively ana-

lyzed. These studies comprehensively understand

the effect of varying PPy concentrations on CMC’s

structural and electrical characteristics. Moreover,

they will profit by deploying the finished product in

various applications, such as sensors, batteries, and

capacitors with the best features.

2 Experimental method

2.1 Materials

The CMC polymer with a MW of 25 9 104 was

acquired from BDH Chemical Ltd. in Poole, United

Kingdom. On the other hand, PPy was bought from

Sigma Aldrich. As the universal solvent, distilled

water was used throughout the film processing.

2.2 Blends preparation

CMC powder (3.5 g) is dissolved in double-distilled

water (350 mL) by stirring until a suitably viscous

solution is created. The PPy solution was then slowly

diluted with 50 mL of DW while being continuously

agitated after dissolving CMC and PPy in double-

distilled water and constantly stirring under the same

circumstances. The CMC solution was then filled with

different quantities of PPy (0, 4, 8, 10, and 12 wt%),

which were denoted by pure CMC, CMCPPy-1,

CMCPPy-2, CMCPPy-3, and CMCPPy-4, respectively.

To eliminate any trace of solvent and form a pure

CMC film for comparison, the viscous solution was

poured onto clean glass Petri plates and dried in an

oven at 50 �C for two days. We removed the films

from the Petri dishes after they were dry and put

them in vacuum desiccators for later use. Pieces of

blended films with the correct dimensions were cut.

2.3 Analysis techniques

Fourier transform infrared analysis (FT-IR) absorp-

tion spectra was obtained at room temperature for
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various films made of CMC filled with different

concentrations (0, 4, 8, 10, 12) of PPy using a single

beam FT-IR spectrometer (FT-IR-430, JASCO, Japan).

The materials’ FT-IR spectrum was obtained in the

4000 - 500 cm-1 spectral range to analyze their

structures. Discovery SDT 650 - DSC & TGA all-in-

one was used for the thermogravimetric analysis of

the prepared samples at different contents of PPy.

The samples were heated from room temperature to

500 �C with increasing temperature at a heating rate

of 10 �C per minute in nitrogen atmosphere in plat-

inum cell. The dependence of AC electrical conduc-

tivity on temperature 298 K and frequency range

0.1 Hz to 20 MHz was investigated with the use of a

programmable automatic (Model Hioki 3531Z

Hitester).

3 Results and discussions

3.1 FT-IR analysis

FT-IR spectroscopy plays an effective role in detect-

ing the structural changes and interaction between

carboxymethyl cellulose and polypyrrole. Figure 1

depicts the FT-IR absorption spectra of pure CMC,

PPy, and CMC/PPy blends at room temperature in

the region 4000 - 500 cm-1.

The characteristic bands of CMC observed in Fig. 1

can be assigned as follows; the stretching vibrations

of hydroxyl groups (–OH) appeared at around

3200 cm-1. The CH2 asymmetric stretching vibrations

were recorded at about 2923 cm- 1 [16], whereas the

vibrational peak at 1720 cm-1 is attributed to the –CO

absorption peak in –COOH [17]. The vibrational band

around 1586 cm-1 relates to C=O stretching, and the

C–H scissoring occurs at about 1415 cm-1. The

absorption peak at 1262 cm-1 was the C–C stretching

vibration peak [18]. The stretching vibrational C–O-

band at 1057 cm-1 of pure CMC is observed [19]),

and C-O stretching of carbonyl groups present on the

CMC backbone at 1102 cm-1. The peak appeared at

1456 cm-1 for the CMCPPy-2, CMCPPy-3, and

CMCPPy-4 samples, having an intensity of 0.0174,

0.0214, 0.0135 and 0.0212, respectively, because of the

presence of C–N/C=N stretching vibration in PPy

[17, 18, 20].

After PPy was added, the band intensity at

1323 cm- 1 decreased and shifted to lower

wavenumber 1321 cm-1 (–OH) [19]. It is also noticed

a slight increase and shift in the 899 cm-1 peak,

ascribed to the C–H out-of-plane deformation in PPy

[18]. Compared with the pure CMC spectrum, the

incorporation of PPy with concentrations of (4, 8, 10,

and 12 wt%) gave rise to a slight shift in wavenumber

with the increase of broadness and decrease in

intensity. This change indicates the considerable

interaction of coordination inside the CMC/PPy

blend at the asymmetrical (COO-) stretching of the

carboxylate anion of (C=O) and (C–O-) [21]. The

absorption peak at 3200 cm-1 shifted to 3422 cm-1

due to the involvement of the hydroxyl groups in the

blend formation and the overlapping of the –OH of

CMC and –NH groups of polypyrrole in the blended

network [20].

The new peaks at 3567 cm-1 and 3526 cm-1 are

attributed to the asymmetrical N–H stretching from

PPy entrapped in the polymer blend, which would

enhance the transport features. It could be explained

that the re-association of ion and ion aggregation

formation resulted in an increase and decrease of

conductivity in the existing system depending on the

region’s intensity of most interactions that happened

between the host polymer and dopant at (2800 - 400)

and (2000 - 900). A similar mechanism has been

recorded in which it is thought that H? originating

from N–H begins to overcrowd if a certain amount of

Fig. 1 FT-IR spectra of pure CMC, PPy, and CMC/PPy blends at

room temperature in the region 4000 - 500 cm-1
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dopant is added. When PPy is included in polymer

blend systems, the COO- stretching of (C=O) car-

boxylate anion is the region where most ion contact

occurs. FT-IR analysis is utilized in this research to

study ion dissociation and association coexistence.

Table 1 summarizes the wavenumber shifts for all

CMC/PPy blends doped at the different functional

groups. According to the table, When PPy was

introduced into the present system, proton H? from

PPy reacted with oxygen from CMC via the Grot-

thuss mechanism [19, 21]. As seen from the above,

hydrogen bonding and coordination interaction of

H? significantly impact the (COO). These actions

occurred via coordinating the host polymer’s (CMC)

site (oxygen) and so conduction should occur. The

blending process is complex and interactive [21].

3.2 Differential scanning calorimetry
(DSC)

DSC measures energy flows into and out of a material

in response to temperature changes associated to

macromolecular transitions induced by heat. DSC

curves of pure CMC and CMCPPy-x (x = 1, 2, 3, and

4) blends were analyzed to determine the differences

in their thermal behavior and get information about

temperatures of different phase transitions. Figure 2

displays a series of endotherms up to 500 �C, the

lowest corresponding to the glass transition temper-

ature (Tg). Due to the miscibility of the blend’s com-

ponent polymers, a single Tg is observed.

The pure CMC thermogram shows a relatively

broad endothermic glass transition around 73 �C [22].

However, the Tg value of CMC/PPy blends increased

from 80 to 93 �C for CMCPPy-1 and CMCPPy-4,

respectively. The change in Tg confirms the effective

interfacial interaction through the polar groups of

CMC and PPy. The increase in Tg with the addition of

PPy indicates the rigidity of the prepared blends [23].

Table 2 exhibits the Tg, Tc, Tm, and Td values for pure

CMC and CMCPPy-x (x = 1, 2, 3, and 4) blends. The

broad endothermic dip at 272 �C represents the

melting temperature (Tm) of the pure CMC host

polymer. The Tm of the blends was increased to 280

and 295 �C for CMCPPy-1 and CMCPPy-2 films,

respectively. Further, the shifts in Tg and Tm values,

as summarized in Table 2, confirm the effective

incorporation of PPy into the CMC segments [24].

The best enhancement in Tm and Td has been

achieved for the CMCPPy-2 sample, suggesting it for

potential applications. Furthermore, the shift in the

position of degradation temperature (Td) for the

blended samples to high temperature demonstrated

that the addition of PPy enhanced the thermal sta-

bility of the CMC matrix, which reflects the formation

of strong intermolecular interaction between the PPy

as a filler and the CMC structure, confirming the FT-

IR results [25].

3.3 Dielectric spectral analysis

3.3.1 Dielectric constant and dielectric loss

Dielectric spectroscopy is useful for studying dielec-

tric materials’ crystal structure, grain, grain bound-

ary, charge storage capacity, and transport properties

[26]. A real part e0 represents complex dielectric

Table 1 the prepared samples

FT-IR absorption bands

positions and their

assignments

Vibrational frequency (cm-1) Band assignment

Pure CMC CMCPPy-1 CMCPPy-2 CMCPPy-3 CMCPPy-4

3567 3567 – – 3566 N–H stretching

3200 3196 3198 3422 3421 O–H stretching

2923 2923 2923 2924 2923 C–H stretching

1720 1733 1733 1733 1733 CO absorption in –COOH

1589 1587 1588 1589 1589 C=O stretching (CMC)

– – 1456 1456 1456 C–N or C=N stretching (PPy)

1415 1416 1416 1417 1417 C–H scissoring

1323 1323 1322 1321 1321 O–H bending

1102 1102 1103 1103 1104 C–O stretching (CMC)

1055 1056 1056 1056 1056 C–O stretching in CMC.

1016 1003 1006 1005 1006 CH–O–CH2 Stretching

899 899 – 899 897 C–O Rocking
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permittivity (dielectric constant), and e00 (dielectric

loss) according to the following relation:

e ¼ e0 þ ie00 ð1Þ

The experimental values of e’ and e’’ can be cal-

culated using:

e0 ¼ LC

Aeo
ð2Þ

e00 ¼ rac
xeo

ð3Þ

where L is the thickness of a film under investigation,

A is its cross-sectional area, C is the sample capaci-

tance measured in parallel mode, eo (= 8.85

9 10�12F=mÞ is the free space permittivity and x is

the angular frequency.

Figure 3 shows the frequency dependence of (e0) of
pure CMC and the CMC samples filled with 4, 8, 10,

and 12 wt% of PPy at 298 K for all blended samples.

As seen in this figure, the CMC curve exhibits that its

dielectric property is similar to other polyelectrolytes

and has a unipolar rather than dipolar electric

structure [27]. The main reason for originating of

electric dipoles inside the host matrix is the imbal-

ance in the distribution of electrons that belongs to

the polar functional groups in CMC and PPy mono-

mers, such as COOH, C=O, –OH, and N–H. At low

frequencies, e0 has gained greater values. As these

dipoles align themselves with the electric field, their

polarization increases. They have a proclivity for

absorbing moisture from the environment, which

increases the dielectric constant and decreases resis-

tance [28].

The decrease in e’ with increasing frequency for all

samples at 298 K could be either due to a reduction in

the number of dipoles contributing to polarization or

due to the inability of dipole structures to align

themself with the rapid change in the direction of the

applied electric field. This minimizes the possibility

of electrons reaching the grain boundary and hence

polarization, reducing the dielectric constant [29].

Further, Koop’s phenomenological theory [30]

revealed that at low frequencies, the high value of

dielectric constant originated from the high resistivity

of grain boundaries. Whereas, at high frequency, the

dielectric constant derived from the grains has a

small dielectric constant value due to low resistivity

[29].

Figure 4 depicts the e00 curves versus frequency for

the above-mentioned samples. The electrically con-

ductive nature of PPy contributes to the significant

increase in (e00) when adding it to the CMC matrix.

Fig. 2 DSC thermograms of pure CMC and CMC/PPy blends up

to 500 �C

Table 2 Tg, Tc, Tm, Td for pure CMC and CMCPPy-x (x = 1, 2, 3

and 4) blends

Sample Tg (�C) Tc (�C) Tm (�C) Td (�C)

Pure CMC 73 139 272 355

CMCPPy-1 80 142 280 435

CMCPPy-2 87 152 295 467

CMCPPy-3 90 157 294 445

CMCPPy-4 93 156 293 446

Fig. 3 Frequency dependency of e’ for all the CMC/PPy blend

samples at room temperature
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According to Koop’s phenomenological theory,

dielectric constant dispersion is connected with

Maxwell–Wagner type polarization. Also, according

to this hypothesis for inhomogeneous structure, the

production of highly conducting grains (PPy) with

thin layers of poorly conducting grain boundaries

(CMC) occurs during the synthesis of blends, acting

as heterogeneous dielectric materials. The e0 and e00

values of the present samples at 100 Hz and 10 kHz

are summarized in Table 3. At low frequencies, grain

boundaries are more effective, so they are the main

reason for attaining (e0) and (e00) high values. But

when the frequency increases, highly conducting

grains come into action, causing the dielectric con-

stants to decrease [26]. In other words, e00 decreases as
frequency and PPy concentration increase at a con-

stant temperature. The contribution for dc conduc-

tion at low and intermediate frequencies is

represented by the imaginary component of the

dielectric constant. When concentration increases,

conductivity increases, resulting in a high value of e00.
This is consistent with the relationship number (3) in

the frequency range investigated because ac con-

ductivity might be misled with dc conductivity at low

frequencies [31].

The high values of (e0), representing the amount of

energy stored, are attributed to either an enhanced

conductivity, interfacial polarization, electrode

polarization, or all of these factors. This is particu-

larly true at low frequencies. Electrode polarization

(EP) is caused by space charges at the electrode-

sample interfaces and has extremely high (e0) and (e00)

values [28]. All samples were analyzed under iden-

tical circumstances and had comparable contents.

Consequently, if EP had the highest influence in one

sample, it would also be the most influential in all

other samples. Considering this, conductivity and

interfacial polarization are given a large value for (e0).
The 8 wt% PPy (CMCPPy-2) sample acquired the

highest electrical improvement and is therefore rec-

ommended for application in the development of

energy storage devices.

The decrease in (e0) and (e00), as observed in Table 3

with increasing PPy concentration, can be ascribed to

an improvement in the weakly bonded molecules

between the two polymers in the current blends,

resulting in a stronger coupling across the grain

boundary. This is consistent with the fact that weaker

bonds respond more readily to alternating electric

fields than stronger bonds [32]. Some studies

[28, 33, 34] have found a comparable increase in

dielectric constant with increasing filler concentration

in the polymer matrix. This increase is due to the

presence of conducting PPy, which causes the for-

mation of micro capacitors inside the CMC matrix.

3.4 Electric modulus analysis

An electric relaxation occurs as a result of the mutual

movement of dipoles and charges. The dielectric

relaxation behavior results from a combination of two

polarization mechanisms (interfacial and space

charge polarizations). They depend on the physical

charges’ movement responsible for the dipoles and

the time required for the displacement [35].

The formalism electrical modulus is applied to

investigate the electrical relaxation mechanism

within ion-conducting materials and exploit its

advantage of suppressing the electrode polarization

effect.

The following relation can be used to express the

electrical modulus.

M� ¼ M0 þ iM00 ð4Þ

where the real (M0) and imaginary (M00) parts of the

electrical modulus are given by:

M00 ¼ e00

ðe02 þ e002Þ ð5Þ

M0 ¼ e0

ðe02 þ e002Þ ð6Þ
Fig. 4 The dependency on Frequency for (e00) for all the CMC/

PPy blend samples at temperature
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Figure 5 represents the frequency dependence of

M0 at room temperature, where the spectra are dis-

tinguished by a sigmoid shape. At low frequencies,

M0 approaches 0 in all samples, indicating that elec-

trode polarization has a minor effect. M0, on the other

hand, reaches its maximum value at higher frequen-

cies. The conductivity relaxation process may be

responsible for the dispersion between these fre-

quencies. With increasing frequency, it exhibits a

step-like transition [31]. The charge carriers’ short-

range mobility could explain the continued disper-

sion with increasing frequency.

Figure 6 represents the frequency dependency of

M00 at room temperature which is characterized by

the existence of a relaxation peak. As the concentra-

tion is increased, the peak shifts to lower frequencies

and is associated with an increase in the peak

broadness. The peak asymmetrical broadness indi-

cates a variation in relaxation time with distinct time

constants, signifying that the material has a non-

Debye relaxation type. The two apparent relaxation

zones can be interpreted as follow; The left side of the

asymmetric peak represents charge carrier conduc-

tion over a long distance, whereas the right side

represents charges confined to a potential well [35].

Both the step-like transition and dispersion occur-

red in the loss peak are located at a frequency [known

as relaxation frequency (fmax)]. In other words, the

transition occurred from long-range charge carrier

motion [low-frequency side left to fmax] to short-

range charge carrier motion [high-frequency side

right to fmax]. The decrease in M00 with increased PPy

especially at CMCPPy-2 sample loading gives a clear

indication of the CMC/PPy interaction in the pro-

duced blend. This decline behavior is consistent with

the Maxwell–Wagner–Sillars (MWS) relaxation

model. Interfacial polarization has resulted from the

difference in the conductive and dielectric natures of

PPy and CMC, where an increase in PPy content

produces additional interfacial areas and promotes

free charge carrier accumulation in these regions.

This accumulation resulted in a decrease in relaxation

time (sm) as observed from the shift in relaxation

peak towards lower frequencies, supporting the

Table 3 The values of e0, e00

and rac at 100 Hz and 10 kHz Sample e0 e00 rac (S/cm)

100 Hz 10 kHz 100 Hz 10 kHz 100 Hz 10 kHz

Pure CMC 31.567 3.37845 24.3614 3.4938 1.355 9 10-9 1.94373 9 10-8

CMCPPy-1 15.62 2.94856 16.0432 1.1433 8.925 9 10-10 6.36045 9 10-9

CMCPPy-2 39.1541 7.50124 40.0132 2.9266 2.226 9 10-9 1.62814 9 10-8

CMCPPy-3 46.9048 5.4175 49.6113 3.12075 2.76 9 10-9 1.73615 9 10-8

CMCPPy-4 13.5273 3.05233 12.2577 0.93071 6.819 9 10-10 5.1778 9 10-9

Fig. 5 The dependency on frequency of (M0) for the CMC-based

samples at room temperature

Fig. 6 The dependency on frequency of (M00) for the CMC-based

samples at room temperature
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previous results [28]. The calculated values of sm are

listed in Table 4.

3.5 Dielectric loss tangent

In polymeric materials, dielectric loss is related to the

phonon’s perturbation caused by the applied electric

field. Figure 7 depicts the dependence of loss tangent

(tan d) on frequency at 298 K for the investigated

CMC/PPy blends, as calculated by the following

equation [28].

tan d ¼ e00

e0
ð7Þ

Dielectric relaxation mechanisms within the cur-

rent system may be better understood by careful

examination of this dependency. The occurrence of a

strong relaxation peak in the CMC spectrum is

attributed to the dipolar relaxation process of the

polymeric parts. For the CMC-based blends, this

peak is changed to a should peak due to the incor-

poration of PPy into the CMC host matrix. This peak

has asymmetrical behavior, affirming the semicrys-

talline nature of the CMC/PPy blends [13]. The

addition of polypyrrole shifted the peak in car-

boxymethyl cellulose toward lower frequency values,

indicating that the dynamic became slower.

b-relaxation may be responsible for the observed

peak in relaxation in the present investigation; this

may be related to the orientation of the polar groups

(N–H, OH, and/or C=O) in the polymer blend

structure. This is called a relaxation of dipolar group.

In the amorphous state, the weak molecular packing

and the low density consequently cause the conduc-

tivity to increase. The chains in the amorphous phase

are irregular, entangled, more flexible, and can orient

themselves significantly more easily and quickly. In

the side chain of (CMC/PPy), the dipoles of N–H and

C=O groups will orient themselves with certain fre-

quencies governed by the elastic restoring force. The

force locks the dipoles into place, preventing them

from shifting or spinning in response to the frictional

forces of their neighbors [36].

The induced charge carriers (ions/electrons) and

the polymeric fragments migrate, leading to dipolar

relaxation (i.e., c-relaxation) and the appearance of a

second peak in the high-frequency area for the

CMCPPy-2 sample [37].

The decrease in tan d with the frequency is due to

the domination of capacitive elements over the

Ohmic components inside the present samples [38].

Notably, the CMCPPy-2 sample had the greatest

overall performance. It indicates the successful com-

patibility of CMC with PPy, supporting the XRD and

FT-IR results, where this sample has the highest ratio

of amorphous areas, making it a good candidate for

use in producing polymer-based batteries.

3.6 AC electrical conductivity studies

3.6.1 Electrical conduction mechanism

Figure 8 displays, at 298 K, the frequency depen-

dence of the AC conductivity (rac) of the aforemen-

tioned blend films. An increase in PPy led to a

predominance of amorphous regions, which facili-

tated the propagation of induced charge carriers and

gave rise to the observed increase in rac. The

CMCPPy-2 sample has significantly enhanced con-

ductivity compared to other concentrations. With

increased frequency, electrical conductivity improves

because more charge carriers have time to relax by

bouncing back and forth between localized locations.

Table 4 The values of relaxation time related to loss tangent

Sample Tan d fmax (Hz) sm (sec)

Pure CMC 1.065 17180.6 9.26 9 10-6

CMCPPy-1 0.8055 879.213 1.81 9 10-4

CMCPPy-2 0.898 288.397 5.52 9 10-4

CMCPPy-3 1.109 1000 1.6 9 10-4

CMCPPy-4 0.81 289.397 5.5 9 10-4

Fig. 7 The dependency on frequency of loss tangent for the

CMC-based samples at room temperature
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This advancement may be attributed to the shift in

hopping behavior from long-range to short-range

distances.

The rac curves may be understood in part through

the jump relaxation model. Using the model, we can

estimate how likely it will return to its original

starting location, given the proportion of hops that

work. (i.e., it returns to its original site). The variation

in this ratio between successful and unsuccessful

hops accounts for the dispersion in the rac values

measured for the CMC-based blend samples. There-

fore, using Jonscher’s universal power-law, one is

able to understand the electrical conductivity of

samples, and this interpretation is expressed as fol-

lows [18, 38];

r ¼ rdc þAxS ð8Þ

where A is a factor that depends on temperature. S is

a frequency exponent, which affects by the transla-

tional movement of the induced charge carriers

during the electrical conduction process inside the

CMC/PPy blends.

It is clear that the pure CMC curve exhibits fre-

quency dependence with the value of AC conduc-

tivity ranged from 2.26 9 10-11 S/cm at 0.1 Hz to

4.24 9 10-7 S/cm at 13.8 MHz. After being filled

with PPy, the CMC-based samples show a significant

rise in AC conductivity values of about

3.18 9 10-6 S/cm for CMCPPy-2 sample, clearly

owing to the PPy spread in CMC matrices with

content above or close to the percolation threshold.

Table 3 shows the rac values at 100 Hz and 10 kHz to

observe the enhancement in its values for the various

concentrations of PPy. Similar results have been

reported in the literature [8, 11, 39]. These findings

indicate that the investigated CMC-filled films had

desired qualities, making them a great starting point

for developing cutting-edge devices that store

energy.

3.7 M00/ M0 scale

Figure 9 depicts the Cole-Cole (M0 vs. M00) curves for

the present samples. It is obvious that the modulus

spectra change in size and form with increasing PPy

concentration, which means that the capacitance

values are concentration dependent. The conductiv-

ity relaxation is indicated by the semicircular arc.

There are three distinct sectors in the Cole–Cole

plot, each corresponding to a different frequency

range. The three zones may be understood as a result

of three distinct processes: the grain boundary effect,

the involvement of grains, and the bulk conduction

relaxation process [2]. The CMC spectrum shows a

single semi-circular peak, indicating the existence of

one kind of relaxation phenomenon with a relaxation

time (sm). This single arc is also ascribed to the grain

boundary effect and surface polarization. The relax-

ation peak’s asymmetrical characteristic proves the

non-Debye dielectric relaxation response [35]. When

PPy was added at different concentrations of PPy,

two semi-circular peaks arose, indicating two types

Fig. 8 The frequency dependence of the AC conductivity (rac) of

the aforementioned blend films at 298 K Fig. 9 The Cole–Cole (M0 vs. M00) curves for the present samples
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of relaxation phenomena. In other words, the

dielectric relaxation behavior has resulted from a

combination of two polarization mechanisms.

One of the mechanisms stems from the polymer’s

dielectric properties, which is frequently linked with

dipoles reorientation, particularly the OH polar

groups, whereas the second mechanism is caused by

the presence of carbon particles. Therefore, the plot

displays a tendency of two deformed semicircles,

showing the presence of both grain and grain

boundary contributions in the blended film.

At the CMC/PPy interface, Maxwell–Wagner–Sil-

lars (MWS) polarization mechanism leads to an

accumulation of electric charges stemmed from the

additives, fillers, and even impurities, making the

polymeric blends heterogeneous. So interfacial

polarization is nearly always present in their systems

[40].

The peak in the low-frequency range suggests that

ions travel long distances, whereas the high-fre-

quency peak suggests that ions shift short distances

due to confining in their potential well [41]. At low

frequencies, the small semicircular arcs represent the

contribution of weak grain boundary effects rather

than the dominant grain effects. The bulk or grain

response is represented by the huge semicircular

arches at high frequency [41]. These spectra are

composed of a semicircular arc that may be modeled

by combining a resistor and a constant phase element

(CPE1) in parallel. The low-frequency spike region

found in PPy-containing materials may be modeled

using a second constant phase element (CPE2). The

following equation governs the relaxation peak

frequencies:

fmax �
1

2pRC
ð9Þ

In this equation, the peak frequency is related to

the capacitance of the geometrical capacitor in a way

that is inversely proportional to that value. The val-

ues of the resistance (Rgb), capacitance (Cgb), maxi-

mum frequency, M00
max and relaxation time (sgb)

corresponding to electrical parameters of the grain

boundary are listed in Table 5. The change observed

in their values demonstrates the constructive effect of

PPy. The CMCPPy-2 sample acquired the maximum

capacitance, making it highly recommended for use

in the construction of electrical double-layer capaci-

tors. This is in contrast to the observed shift in the

fmax towards the lower frequency zone. This change

also demonstrates the minor role played by the grain

boundary in the CMC host matrix’s electrical con-

duction process. Due to the dipoles’ rotation, the

CMCPPy-2 sample’s existing film is more capacitive

than resistive, giving it a significant performance

edge over competing blends.

4 Conclusion

Different hybrid polymer blends based on sodium

carboxymethyl cellulose and polypyrrole (CMC-PPy)

were created using a solution casting approach with

varying PPyweight percentages (4, 8, 10, and 12wt%).

DSC curves concluded that PPy loaded CMC matrix

with minor differences in concentrations of PPy dis-

played an overall enhancement and reinforced the

thermal stability of CMC/PPy blends. Evidence of

distinct displacement dynamics for the induced ions

may be seen in the transition from long-range to short-

range ion motion. The relaxation dynamics and

Table 5 The values of

resistance (Rgb), capacitance

(Cgb), M
00
max, fmax and the

relaxation time (sgb)
corresponding to electrical

parameters of the grain

boundary

Sample M00
max fmax (Hz) sm(sec) C (F) R (X)

Pure CMC 0.398073 1,29,839 1.1798 9 10-6 1.114 9 10-11 1,06,290

CMCPPy-1 0.11985 5635.52 2.82 9 10-5 3.69 9 10-11 7,65,148

CMCPPy-2 0.045835 6903.51 2.73 9 10-5 9.64 9 10-11 2,82,945

CMCPPy-3 0.07984 10,000 1.59 9 10-5 5.6 9 10-11 2,84,205

CMCPPy-4 0.102695 3283.475 4.186 9 10-5 4.338 9 10-11 9,64,980
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conductivity relaxation within the current samples

were elucidated using the scaling approach. AC con-

ductivity of the pure CMC sample ranged from

2.26 9 10-11 S/cm at 0.1 Hz to 4.24 9 10-7 S/cm at

13.8 MHz. After being filledwith PPy, the CMC-based

samples exhibited a significant rise in AC conductivity

values of about 3.18 9 10-6 S/cm for the CMCPPy-2

sample. Moreover, the best enhancement in thermal

stability and dielectric properties has been achieved

for the CMCPPy-2 sample, suggesting it for potential

applications. Because of their different nature, the

CMC and PPy gave rise to novel interfacial areas. This

distinction also played an important part in forming

micro-capacitors inside the present host matrix, which

improved the product’s dielectric characteristics.
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26. R.S. Yadav, I. Kuřitka, J. Vilcakova, J. Havlica, L. Kalina, P.
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Caglar, A. Türüt, The electrical modulus and other dielectric

properties by the impedance spectroscopy of LaCrO3 and

LaCr0.90Ir0.10O3 perovskites. RSC Adv. 8(9), 4634–4648

(2018). https://doi.org/10.1039/c7ra13261a

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

J Mater Sci: Mater Electron (2023) 34:1522 Page 13 of 13 1522

https://doi.org/10.1016/j.physb.2011.07.050
https://doi.org/10.1007/s10854-018-9679-7
https://doi.org/10.1007/s10854-018-9679-7
https://doi.org/10.1016/j.physb.2017.08.060
https://doi.org/10.1016/j.physb.2017.08.060
https://doi.org/10.1016/j.arabjc.2020.04.003
https://doi.org/10.1016/j.arabjc.2020.04.003
https://doi.org/10.1016/j.jrras.2013.11.004
https://doi.org/10.1016/j.jrras.2013.11.004
https://doi.org/10.1515/rams-2020-0040
https://doi.org/10.1515/rams-2020-0040
https://doi.org/10.1080/00222348.2018.1439243
https://doi.org/10.1080/00222348.2018.1439243
https://doi.org/10.1039/c7ra13261a

	The effect of low concentrations of polypyrrole on the structural, thermal, and dielectric characteristics of CMC/PPy blends
	Abstract
	Introduction
	Experimental method
	Materials
	Blends preparation
	Analysis techniques

	Results and discussions
	FT-IR analysis
	Differential scanning calorimetry (DSC)
	Dielectric spectral analysis
	Dielectric constant and dielectric loss

	Electric modulus analysis
	Dielectric loss tangent
	AC electrical conductivity studies
	Electrical conduction mechanism

	MPrime/ Mvprime scale

	Conclusion
	Open Access
	References




