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Structural and AC conductivity of polyaniline doped nickle oxide nanocomposites
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In this work, we have investigated the influence of polyaniline on the structural and electrical properties of polyaniline-nickel oxide (PANI-
NiO) nanocomposites prepared by in-situ chemical polymerization. The experimental procedure involved the synthesis of Polyaniline (PANI)
and their nanocomposites with varying weight percentages of NiO nanoparticles using an in-situ polymerization route. The structure of
NiIO@PANI nanocomposites was verified using the X-ray diffraction technique.

It was observed that NiO exhibited a single-crystalline structure, whereas PANI displayed a non-crystalline structure. Scanning electron
microscopy (SEM) revealed spherical NiO and granular PANI, both with homogeneous distribution, and increased polymer content resulted
in more porosity. The measured values of dielectric constant, dielectric loss, and AC conductivity decreased as frequency and temperature
increased. The optimum presence of conductive PANI with nickel oxide in a nanocomposite is responsible for the increase in AC electrical
conductivity. The prepared hanocomposite material behaves as a semiconductor and may be helpful for charge storage devices and relate
field applications.
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1. Introduction ites exhibit a dual functionality, combining photoconductivity
and electrical activity, making them useful as redox biomate-

Metal oxide (MOX) polymer composites attracted extensivdials for Sensors. Dg_e to its versatile gpplications, rese_archers
consideration because of their remarkable electrical charaélave focused significantly on creating nanocomposites us-
teristics. These composite materials are composed of met§]9 PANI [14-15]. The presence of attractive Nano-structure
oxide nanoparticles that are incorporated into a polymer mafiller particles enhances both the attraction and transport
trix. The properties of these composites can be customizeBroperties of the polymer in this form of nanocomposite [16].
to suit specific applications. Polyaniline (PANI) stands outas In addition, NiO demonstrates antiferromagnetic charac-
a preferred polymer due to its ease of synthesis, low densityeristics and is a transition metal oxide with a band gap of
cost-effectiveness, solubility in solvents, excellent process3.51 eV [17]. The nanoparticles have exceptional thermal
ability, and excellent conducting attributes [1-3]. PANI ex- stability. Additionally, this can enhance the thermal stability
hibits remarkable conductivity, especially in its impure form, of PANI. Researchers have reported on the creation, charac-
finding diverse applications such as electrodes, electromagerization, fabrication, and influence of NiO NPs embedded
netic shielding, and antistatic coatings. While PANI servesPANI nanocomposites for desired electrical properties [18].
specific electrochemical purposes, it is considered inferioDuring the investigation, it was observed that the size of the
to silver, which excels in accuracy compared to copper angbarticles had a significant impact on the appealing properties
is widely used in electronic circuit production and corro- of NiO nanopatrticles. Particles of tiny dimensions have a
sion prevention [4]. Polyaniline is widely used in Organic significant interface area between the ferromagnetic and an-
LED [5], Electromagnetic shielding, bio-sensors [6-7], solartiferromagnetic states. The disruption of the structure and
cells/batteries [8], artificial muscle [9], and Gate Oxide [10-the interaction between different components eventually in-
11]. The electrical conductivity of metal oxide/polyaniline tensify as the interface or boundary region expands [19]. In
(PANI) composites can be adjusted by altering the concentrditerature [20], multiple effective techniques are documented
tion of metal oxide nanoparticles (MOx NPs) within the poly- for creating metal oxide/polymer nanocomposites. These
mer matrix. This property renders these composites wellmethods include the sol-gel [21], compression molding [22],
suited for gas-sensing applications [12-13].These composnelt blending, co-precipitation [23], electrospinning, and
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room temperature for 24 hours. Following this, the precipi-
tates were collected through centrifugation and washed suc-
cessively with 1M HCI, deionized water, and ethanol until the
filtrate became colorless. Finally, the collected product un-
derwent vacuum drying at 8C for 24 hours, yielding a dark
green PANI powder. To synthesize NiO@PANI composites,
the same procedure was followed as described above, with
the addition of a stoichiometric amount of NiO nanoparticles
before APS in solution C. For various NIO@PANI composi-
tions, the amounts of NiO and PANI were adjusted as listed
j in Table S1. The samples obtained were labeled as follows:
Stirring/Polymerization VacuumDrying (a) Pure PANI, (b) Pure NiO, (c) NIO@PANI-2 contain-

- ing 20% PANI, (d) NiO@PANI-4containing 40% PANI, (e)
FIGURE 1. Synthesis Scheme of NIO@PANI nanocomposites. ~ NIO@PANI-6 containing 60% PANI, and (f) NIO@PANI-8
containing 80% PANI. Schemel illustrates the procedure for
layer-by-layer assembly [24]. Nevertheless, to improvepreparing the NiO@PANI nanocomposites.
the electrical conductivity and mechanical strength of MOx
NPs/polymer hybrids, it is crucial to achieve a uniform dis-
persion of MOx NPs throughout the polymer matrix while 3.  Materials characterizations
also preserving the structural integrity of the polymer ma-
trix and controlling the size and morphology of the MOx The X-ray diffraction (XRD) pattern of NIO@PANI has been
NPs [25]. These are the primary challenges that need t@nalyzed with the help of a PANalytical X'pert PRO diffrac-
be addressed to achieve enhanced electrical conductivity a@meter containing Cu-K rays ‘A" is 1.54A as a source of
mechanical strength [26]. Thus, it is imperative to produceradiations operates at 30 mA to 40 K voltage sources. The
MOx NPs/polymer hybrids through precise polymerization SUB8020 SEM/EDX was used to observe the synthesized sam-
and structural alterations to ensure their appropriate use [2/es surface morphology and detection of elemental analysis.
28]. In this work, we present the synthesis of NiO@PANI The LCR meter (Model 895, Bench LCR Meters) was used
nanocomposites via in-situ polymerization method. We anafor electrical measurements in the frequency range of 20 Hz
lyzed and compared the structural and electrical charactef® 1 MHz.
istics of NIO@PANI nanocomposite samples with various
weight percentages of PANI.

4. Results and discussion

2. Experimental details 4.1. Structural analysis

. CAal e 0 .
Aniline was bought from Riedel-de-Haer- (99 % purity) XRD characterization was performed to analyze the phase

Ammonium persulfate deliver by Duksan chemicats $9 : . .
% purity). Tﬁe Nickle Oxide Wa); bought from UNI-CchM purity and cry_stal structure of as-synthesized N'O@PAI.\“
samples. In Fig. 2, the XRD patterns were successfully in-

chemicals (99.9 % purity) and Hydrochloric acid purchase

from Sacharlu (99.9 % purity). All material was employed dexed with NiO, which exhibited a cubic structure with the
. ) purity). PIoYed Em3m space group, matching well with standard JCPDS card
conventionally except aniline.

no 22-1189. Furthermore, NiO nanoparticles maintain their
2.1. Synthesis of pure PANI and NiO (NIO@PANI) com- crystalline structure even after being distributed throughout
posites the PANI matrix. This could be attributed to the robust inter-
action between the PANI and NiO molecules. To investigate
To synthesize the samples, we followed the strategy that waée lattice dynamics of the materials, the samples were re-
already reported in the literature (Scheme 1) [29]. Initially, fined using the Celref program version [30]. The magnitude
solution A was prepared by adding 2.5 ml of aniline to 500f the peaks amplifies as the PANI content rises to 40% and
ml of distilled water. A few drops of HCI were added into declines after that. An upward trend in the lattice constants
solution A, which was then stirred for 30 minutes at a tem-was found as the dopant content rose to a concentration of
perature below 20C. In a separate beaker, solution B was40%, after which a fall was detected. Nevertheless, the trend
prepared by dissolving 6.13 g of ammonium persulfate (APSgxhibited a favorable divergence from Vegard's Law [31-32].
in 50 ml of distilled water and stirring it for 30 minutes. Sub- The Scherer formula was applied to determine the average
sequently, solution B was slowly added drop-wise into thecrystallite size D) in the samples [33]. The average parti-
solution. A while maintaining continuous stirring, result- cle size of synthesized samples can be calculated by using
ing in solution C. Solution C was allowed to polymerize atthe Scherrer's formula an approximate value of 18.0 nm,
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FIGURE 2. a) XRD Structure of Pure PANI b) XRD structure of NiO and NiO@PANI nanocomposites, c) NiO and PANI structure, d) Lattice

parameters of NiO and NiO@PANI nanocomposites, e) Average crystallitds{pen) and Goodness of Fik@).
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FIGURE 3. a)-e) Williamson-Hall Plots of NiO@PANI composites. f) Macrostrains of the synthesized nanocomposites.

18.2 nm,

NiO@PANI-8

18.7 nm,
NiO, NIO@PANI-2, NiO@PANI-4, and NiO@PANI-6,

and 18.4 nm,

respectively.

and 18.5 forting parametery2. The correlation between the increase in
intensity of the XRD patterns and the variation in size D
Furthermore, the refinementcould be established. In addition, W-H plots were employed

process showed higher quality with lower values of the fit-to calculate macrostrains within crystallites, as illustrated in
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FIGURE 4. Morphological images of as-synthesized samples; a) pure PANI b) pristine NiO ¢) NIO@PANI nanocomposite d) EDX of
NIO@PANI nanocomposite.

Figs. 3a)-3f). The Williamson-Hall (W-H) approach was  Analysis of the SEM images of NIO@PANI nanocom-
utilized to compute the strain within crystallites and subseosites reveals that the addition of PANI to NiO particles
guently shown. The average size of the crystallitBs £ results in a homogeneous distribution. Incorporating PANI
19.0 nm) of the NiO sample was also determined from themacromolecules into NiO nanoparticles modifies the surface
W-H plot. The overall strain exhibited a decline within the area of the nanocomposite [40-41]. The elemental compo-
specified range as the dopants increased, indicating a coraition of the selected sample was calculated using the EDX

paction of the material [34-37]. method. Figure 4d) shows EDX spectrum for NiO@PANI
_ nanocomposite reporting the occurrence of C, N, O and S
4.2. SEM/EDX analysis along with Ni elements. The measured quantitative data for

all the elements is presented in Table I.
Figures 4a)-4d) exhibited the SEM images to analyze the P

surface morphology of pure PANI, pristine NiO and its
nanocomposites. The micrograph of pristine PANI observed
that the morphology of polyaniline volcanic rock type gran- TABLE |. Elemental investigation of C, N, O, S and Ni.
ular shaped and mesoporous. The SEM consequence shows

that between the grains there is strong binding energy neces-  Elements NiO@PANI nanocomposite
sary to join the adjacent grains so there is a well-connected C 58.40

grain between the polyaniline molecules. In contrast, the pure N 11.68

NiO had a consistent spherical shape with a mesoporous mi- o 955
crostructure [38]. The SEM image depicted small spherical

particles. After analyzing the SEM images of all samples, in- S 8.67

cluding Pure PANI (a), Pure NiO (b) and (c)NIO@PANI have Ni 11.70

confirmed the formation of nanocomposite [39]. Total 100

Rev. Mex. Fis71 020502
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FIGURE 5. Frequency-dependent dielectric constang €) of all the samples at a) room temperature, B)@0c) 8C0°C, and d) 120C.

4.3. Frequency dependent dielectric properties level of thermal agitation. The increase in temperature re-
) ) sults in a reduction in the duration of the relaxation process.
4.3.1. Dielectric constant Therefore, it modifies the polarization of dipoles. Moreover,

Figure 5 depicts the correlation between the dielectric conJEhe polymer chains tend to elongate with changing frequency,

stant ¢') and frequency, ranging from 20 Hz to 1 MHz, for which may lead to an elevated dielectric constant [43].
PANI and NiO@PANI nanocomposites at both room temper—4 32 Dielectric|
ature and higher temperatures. The dielectric constapt ( "~ ielectric loss

showed fluctuations in response to alterations in frequenC){Iigure 6 depicts the correlation between frequency (rang-
temperature, and NiO concentration [42-43]. The dielectriqng from 1 Hz to 1 MHz) and dielectric loss’() for PANI

constant {’) demonstrates an inverse correlation with fre—and PANI-NiO nanocomposites at ambient temperature and
guency, with higher values at lower frequencies and asignifihigher temperatures. The dielectric los€)(can be calcu-
cant decrease as frequency rises. As the frequency increasgs, by using Eq. (2).

the dielectric constant reaches a stable state and remains al-
most constant. The dielectric constast) {s calculated using

g’ = ¢’ tand. @)
Eq. (2).
&' = Cd/Aso. 1) _ Figu_re 7_sh0ws that the valuesadf exhibit an inverse re-
lationship with frequency, the enhanced values’oét lower
The equation consists of the following variables: C de-frequencies and a decreasecih values at higher frequen-
notes the capacitance, d is the thickness of the pellet, A desies and temperatures were observed [44]. The increase in
notes the area of the pellet, angl denotes the free space at low frequencies is due to inducing the number of charge
permittivity. Moreover, it was shown that the dielectric con- carriers at the interfaces that can produce a more significant
stant €’) rises as both the temperature and concentration aiumber of dipoles at the interface. Increasing the number of
filler NiO increase, finally, at higher temperatures and fre-dipoles can significantly influence the total polarization of the
guency regions a linear trend was observed. With an increasgenic medium, hence increasing the dielectric constaft (
in temperature, the intermolecular interactions that hold thét higher frequencies, the dipoles cannot promptly react to
polymer chains together become weaker, resulting in a higheéhe applied AC field owing to inadequate relaxation time. As

Rev. Mex. Fis71 020502



6 A.ZIA etal,

13

PANI
= PANI
124
124
NIO@PANI-2 Liy
114"O@PAN- NIO@PANI-2
N\D-@P.’\f\i 4 104
w 10INIO@PANI-6 W . NID@PANI-4
o 0
2 ¢ ]nogranis k) ‘\\
8] No@PANIS L5
81 NIO@PANI-8 \w
74 ‘\
7
6 3
6
: 5
a) 1 b) 1 2 3 4 5 6
logf (Hz) log f (Hz)
14
PANI
134
134 PANI
12
124
11 11+
I NIO@PANI-
1o No@PaN2 101 Nio@PANI4
o | N A o
NIO@PANI-4 9
= B B 2 " nogranis
84 NIO@PANI-5 84
*
7] No@eaNis 7{ NO@PANIBq__
64 64
5 T Ll L L L 5 L Ll L T T
1 3 4 5 6 d) 1 2 3 4 5 6
C) log  (Hz) o i

FIGURE 6. Frequency-dependent dielectric logsg(¢) of all the samples at a) room temperature, b)@0(c) 80 C, and (d) 120C.

a result, the surface polarization will decrease, causing a resufficient time to orient themselves in the same direction as
duction in the values of”. Polarization, whether atomic or an applied field, leading to a rise in the static dielectric con-
electronic, typically manifests at higher frequencies [45].  stant behavior that depends on the frequency. In the equation
Figures 5a)-5b) show that the fundamental component off < f,. = 1/2=xTr), the dipoles align themselves with an
the dielectric constant() and the imaginary part of the di- applied field in each dispersion zone. Heferepresents the
electric constant(") exhibit the lowest values at lower tem- average relaxation frequency, asidis equal toc’,. The di-
peratures and lower concentrations of NiO in PANI. Both theelectric properties are affected by the interaction with the AC
real componentX) and the imaginary componesit demon-  field such as electronic, interfacial, dipolar, and atomic polar-
strate the substantial dispersion at lower frequencies due faation, contributing to the basic mechanism [48]. This phe-
the space charge polarization process. It was seen that ti®menon can be ascribed to the charge transfer mechanism
rise in ionic conductivity occurs due to the accumulation ofthat takes place in the valence states of positively charged
charge carriers at the interface between the sample and eleéons [49]. At higher frequencies, the dipoles do not respond
trodes. Where' represents the energy stored, arffdrep-  to the applied AC field, resulting in a slight decrease’in
resents the energy lost in each cycle of the applied field. According to the relaxation frequency formyla=1/27Tr
higher temperatures, the relative permittivity exhibits higher(whereT'r is the relaxation period), when the relaxation pe-
values at low frequencies, but at higher frequencies, it reriod occurs, the dipoles lose their ability to obey the applied
mains virtually constant [46]. The increase in dielectricfield, leading to a notable decrease in bettand<"”. The
constant and loss can be ascribed to the existence of locdtigher values of’ and " observed at lower frequencies,
ized mobile charges, which can induce interfacial dipoles vieas opposed to higher frequencies, can be ascribed to vari-
electric polarization. At higher frequencies, dipoles do notous forms of polarization process, encompassing electrode,
have enough time to relaX’¢) and align with the field, and interfacial, dipolar, atomic, ionic, and electronic.
their behavior is not affected by frequency. The static di- The elevated values ef ands” were observed at lower
electric constant, denoted ass), represents the frequency- frequencies can be attributed to Maxwell Wagner polarization
independent values [47]. At lower frequencies, dipoles havén heterogeneous systems [50-53].
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FIGURE 7. AC conductivities of the samples a) PANI b) NIO@PANI-2 c) NIO@PANI-4 d) NIO@PANI-6 €) NiO@PANI-8.

4.4. AC conductivity (o ac) Itis clear from Fig. 7 that the AC conductivity is enhanced

) ) ) ~ because the polarons and bipolarons are induced at elevated
Figure 7 depicts the correlation between AC conductivityiemperature and frequency [44].

(ca¢) and frequency, ranging from 20 Hz to 1 MHz, for
all samples at room temperature and an elevated tempera-
ture. Equation (4) was utilized to calculate the alternatingd. Conclusion
current conductivity € 4¢) for both PANI and NiO@PANI
nanocomposites. The NiO@PANI nanocomposites were prepared using an in-
situ polymerization method using varying weight percent-
oac = 2mfeoe”. ®3) ages of PANI and NiO. The XRD analysis confirmed the

The increase in AC conductivity was observed athighfre-StrUCture of aII. samplc-':‘s.. The SEM images revealed th.at
guency, and elevated temperature ranges can be ascribedtlﬂtf3 Nano hybrids e?(h'b'ted a mesoporous morpholqu n
the migration of polarons and bipolarons along the polymthe form of a spherical s_hape. The dielectric behavior of
chains. all the samples was studied. All the prepared samples fol-

According to the Maxwell-Wagner model, the conducting low qucher’s power Ia_w with a S"?F’e less thap one, which
particles in all samples are detached by thin layers of grairﬁ:onf'rmS th‘_"‘t the hOPp'”_g conductlon mechanism is promi-
boundaries that have a significant resistance. Grain boundl€t: The increase in dielectric constant, and reduction in
aries cause a reduction in AC conductivity in Iow-frequencyth_e dielectric loss while an increase in AC conductivity for
and temperature regions. However, Jonscher’s power laff[O@PANI hanocomposite waslobserved due fo elongated
Eq. (4) confirms the fundamental connection between frePOlymer chains and induced maximum number of charge car-

quency and AC conductivity (S/cm) [54-57]. riers. I_n comparison, N|Q@PANI nanocomposite behaves as
a semiconductor material and may be used as electrode ma-
otot(w) = opc + Aw™. 4) terial for charge storage devices and interrelated field appli-
cations.

The symbolopc denotes the direct current conductivity,
wheren represents the fractional exponent of a dimensionless
factor, and A represents the pre-exponential factor meaSUfE)NCknOWIedgements
in units of electrical conductivity. As approaches zero,
the electrical conductivity converges to the DC conductiv-The authors would like to extend their sincere apprecia-
ity and becomes frequency-independent. Therefore, the totébn to the researcher supporting program project number
conductivity can be obtained by summing the direct curren{RSPD2025R1114) King Saud University, Riyadh, Saudi
(DC) conductivity and alternating current (AC) conductivity. Arabia.
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