
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 9
/4

/2
02

4 
11

:1
6:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Investigation of o
U, niversity of Sfax, Laboratory of Spectr

Materials, Faculty of Sciences, B. P.

narimenchakchouk@yahoo.fr

Cite this: RSC Adv., 2022, 12, 6831

Received 20th January 2022
Accepted 23rd February 2022

DOI: 10.1039/d2ra00426g

rsc.li/rsc-advances

© 2022 The Author(s). Published by
ptical and electrical properties of
the semiconducting a-KZnPO4 compound

N. Chakchouk, Kh. Ben Brahim, M. Ben Gzaiel and A. Oueslati

We used the solid state method to synthesize the a-KZnPO4 compound. The X-ray diffraction pattern

revealed that the sample represents a single hexagonal phase with a P63 space group. The chemical

composition of the compound was examined by energy dispersive spectroscopy. The optical absorption

measurement confirmed the semiconductor nature of the compound with a band gap around 4.52 eV.

Furthermore, the electrical properties of the material were analyzed by means of the impedance

spectroscopy, in a frequency range from 100 Hz to 1 MHz and a temperature range from 583 K to 673 K.

The dependency of s(T) on temperature showed that the overlapping large polaron tunneling model is

the mechanism responsible for AC conduction in the compound. A correlation between the crystal

structure and the ionic conductivity was established and discussed. Finally, the temperature variation of

M00 peak showed a thermally activated relaxation process and a temperature-dependent stretching

exponent b parameter.
1. Introduction

In the last few years, numerous research studies have empha-
sized phosphate-based materials, not only by understanding
their characteristics but also by studying their different tech-
nological applications.1–3 A particular interest has been devoted
to the orthophosphate materials with formula ABPO4 (A ¼ Na,
Li, Ag, K. and B ¼ Zn, Fe, Ni, Co,.) thanks to their interesting
properties, as well as their excellent thermal stability, hydrolytic
stability and charge stabilization.4,5 Among them, we can
mention the optical and ferroelectric properties.6,7 Moreover,
researchers have put the light on the specic characteristic of
the orthophosphate that comprehended a monovalent cation
thanks to their signicant ionic conductivity and potential value
as solid electrolytes for rechargeable “alkaline batteries”.8–10 In
addition the crystal structure diversity is a principal feature for
this family of compounds that are controlled by the stereo-
chemical behaviors of the A and B cations. Among the
different structures, we are interested in the tridymite type
materials that possess a strong correlation between structural,
physical and electrochemical properties.11

In this research paper, we are interested in the study of the
KZnPO4. This compound undergoes two phase transitions at
691 �C and 783 �C where two allotropic forms can be distin-
guished which are the b-KZnPO4 (medium-temperature) and g-
KZnPO4 (high-temperature).12 The a-KZnPO4 compound has
previously been reported to crystallize the hexagonal space
oscopic Characterization and Optics of

1171, 3000, Sfax, Tunisia. E-mail:

the Royal Society of Chemistry
group P63.12,13 The b-KZnPO4 structure is in the orthorhombic
system with space group Pna21. As for the g-KZnPO4 structure, it
maintains the orthorhombic system only changing its space
group to Pnma. The different structures of the compound
display the properties of the stuffed tridymite family and have
a tetrahedral skeleton. The a–b transition occurs by tetrahedral
reversal while the b–g transition is a displace phenomenon with
a ferroelectric character. The topology of the a-KZnPO4

compound is in the UUUDDD-ring form (point up “U”, point
down “D”) where these rings are formed by the PO4 and ZnO4

tetrahedra in an alternative way. These rings are occupied by the
K+ cations.14–16

To our knowledge, no conductivity and vibrational behavior
studies have been carried out for the studied compound. As
a continuation to the previous structural study that have been
reported and to further understand the physical properties of
this compound, we have studied the structural, morphological
and electrical properties. A correlation between the crystal
structure and ionic conductivity has been established and dis-
cussed. In addition, the optical measurements by UV-vis
absorption were performed.
2. Experimental methods
2.1 Synthesis procedure

The polycrystalline sample of a-KZnPO4 was prepared via the
conventional solid-state reaction method by mixing high purity
precursors of K2CO3 (99.9% purity), ZnO (99.9% purity) and
(NH4)2HPO4 (99.9% purity) in the desired proportion according
to the following reaction:
RSC Adv., 2022, 12, 6831–6840 | 6831
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Fig. 1 X-ray diffraction (XRD) of a-KZnPO4 at room temperature:
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View Article Online
K2CO3 + 2ZnO + 2(NH4)2HPO4 / 2KZnPO4 + CO2 + 4NH3 +

3H2O (1)

In this context, the starting reagents were mixed and inti-
mately ground in an agate mortar for 30 min to ensure the best
homogeneity and reactivity. Aer that, the homogenized
powder, was rstly calcined in an electric furnace at a temper-
ature of 573 K for 8 h, in order to exhaust CO2, NH3, and H2O.
Further, the calcined powder was grounded again for 8 h, and
then pressed into cylindrical pellets, having a diameter of 7.78
mm, using a 2.94 � 108 Pa uniaxial pressure to promote the
reaction. Finally, the white pellets were sintered at 873 K for
20 h and then cooled slowly at a rate of 5 K min�1 at room
temperature. It is noticed all stages occurring sequentially as
the sintering temperature increases: a formation of isthmuses
between grains, a compaction of grains, and nally, their
growth.
experimental data in red, calculated data in black, difference between
them in blue line is shown at the lowest of the diagram and the Bragg
positions in green are marked by vertical bar.
2.2 Characterization techniques

The crystal phase and purity of the a-KZnPO4 compound were
characterized by X-ray powder diffraction (XRD) using a Pan-
alytical X'Pert Prompd diffractometer equipped with copper
radiation CuKa (l ¼ 1.54060 Å) recorded at room temperature.
The intensity data were recorded by continuous scan in 2q/q
mode from 10� to 85� with a step D(2q) ¼ 0.017�. XRD was
analyzed by the Rietveld method using the “FullProf’’ soware.

The chemical analysis of the sample shaped into pellets was
carried out by EVO LS10 (Zeiss) scanning electron microscopy
connected with the energy dispersive system: INCA (Oxford
Instruments).

The optical spectrum of the investigated compound was
carried out at room temperature using a UV-3101PC scanning
spectrophotometer (Integrated Sphere) in the wavelength range
200–800 nm with a resolution of 0.5 nm.

Furthermore, the electrical measurements were performed
on a sintered pellet having a typical dimension of 7.78 mm in
diameter and 1.20 mm in thickness. The opposite sides of this
pellet were coated with a conducting silver paint to ensure
a high electrical contact. The transport properties of the sample
were examined by AC impedance spectroscopy using an 1260
Solartron Impedance Analyzer under vacuum operating over
a frequency range of 100 Hz to 1 MHz and at a temperature
range of 583 K to 673 K with an AC voltage of 1 V.
3. Results and discussions
3.1 XRD analysis

To analyze the purity of the synthesized compound and obtain
the crystalline parameters, an XRPD pattern collected at room
temperature was carried out. The renement of the pattern was
performed by the Le Bail method using the fullProf program.
The cell parameters and the P63 space group reported in the
bibliographic date were used as a starting point.13

Fig. 1 exposes the observed and calculated diffractograms for
a-KZnPO4 as well as the corresponding discrepancies. All Bragg
peaks were successfully indexed and satisfactorily modeled,
6832 | RSC Adv., 2022, 12, 6831–6840
thus proving the high purity of the sample. The quality factor
which shows the good agreement between the experimental
(red points) and calculated (black solid line) proles is c2 ¼
3.24. The prole parameters are a¼ 18.157(2) Å, b¼ 18.157(2) Å,
c ¼ 8.508(2) Å and V ¼ 2429.552(4) Å3; Z ¼ 24, are in good
agreement with the results reported by Andratschke and et al.13

The absence of secondary phase and peaks of impurities
conrms that we have produced a pure and good quality
compound.

The average crystallite size D of the a-KZnPO4 was calculated
by the X-ray peak broadening method using the Williamson–
Hall technique (W–H) according to the following equation:17

b2q cos q ¼ Kl

D
þ 43 sin q (2)

where b2q is the full width at half maximum (FWHM) of the
peaks, q means the Bragg angle, K is the Debye–Scherrer
constant (0.9), l designate the X-ray wavelength, and 3 is the
average microstrain.

A linear plot of b cos q against 4 sin q is displayed in Fig. 2.
The slope of the linearly adjusted data yields the strain was
found 9.69 � 10�4 and the value of interception denotes the
crystallite size which is predestined 81 nm.

The dislocation density (d) gives an idea about the number of
defects in the studied sample. It is calculated by using the
equation:18

d ¼ 1

D2
(3)

The dislocation density values is 1.52 � 10�4 nm�2.

3.2 EDX analysis

The chemical compositions of a-KZnPO4 compound were veri-
ed by using the energy dispersive spectroscopy. The spectrum
shown in Fig. 3 conrms the presence of all the constituent
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Williamson–Hall plot of the a-KZnPO4 compound.

Fig. 3 EDS profile of the ceramic compound a-KZnPO4.

Fig. 4 UV-vis absorption of a-KZnPO4 compound. Insert: the Tauc
plot.
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elements of a-KZnPO4, namely, Oxygen (O), Phosphate (P), Zinc
(Zn), and Potassium (K), indicating that there was no loss of
elements during the sintering step. The proportions of the
constituents obtained as atomic percentages are registered in
Table 1. The EDX data indicate that the preparation has good
stoichiometries property and a purity chemical composition.
The EDX and XRPD results conrm the success of synthesis of
a-KZnPO4 specimen without any impurity.
3.3 UV/vis spectroscopy

To explore the semiconducting properties of a-KZnPO4, a solid-
state UV-vis spectroscopy analysis was performed. Fig. 4 reveals
the experimental UV-vis absorption spectrum collected in the
200–800 nm wavelength range, at room temperature. Three
Table 1 Mass and atomic percentages of chemical elements

Chemical element %Weight %Atomic

O 33.97 58.95
K 18.49 13.13
P 16.38 14.69
Zn 31.16 13.24

© 2022 The Author(s). Published by the Royal Society of Chemistry
bands appearing at 415, 456 nm and at 578 nm correspond to
the transitions of the tetrahedron [PO4]

3�. These bands can be
relative to the electronic transitions 1T1 /

1A1,
3T2 /

1A1 and
3T1 /

1A1, respectively.19 They are accompanied by the transfer
of charges from the oxygen atoms to the central phosphate atom
within the [PO4]

3� groups (orbit (2p) of the oxygen ion to the
orbit (3d0) of the phosphate ion). Another band observed at
280 nm corresponds to the electronic transitions of the valence
band represented by the orbit (3d10) of the zinc ion to the
conduction band represented by the orbit (3d0) of the phos-
phate ion, assigned by 1A1g /

3T1u. Thus, two bands at 550 nm
and at 625 nm correspond to the zinc ion transitions.20 The
band gap energy of a-KZnPO4 is determined by combining both
the Kubelka–Munk function and the Tauc equation, by the
following relation:21,22

FðRÞhn ¼ A

S

�
hn� Eg

�n
(4)

where F(R) is equal to (1 � R)2/2R whither R represents the
reectance, h is Planck's constant, n is the light frequency, A is
a constant according to the probability of transition, n is the
index dening the type of transition (n ¼ 2 for a permitted
indirect transition, n¼ 1/2 for a permitted direct transition, n¼
1/3 for direct forbidden transition and n ¼ 3 for indirect
forbidden transition).

The inset of Fig. 4 shows the plots of (F(R)hn)1/2 and (F(R)hn)2

versus the photon energy (hn). The shapes of these curves favor
the direct transition. An optical band gap Eg can be determined
from the extrapolation of the linear region of the curve to meet
the (hn) axis at (F(R)hn)2 ¼ 0. The estimated band gap energy is
4.52 eV. This value proves that the a-KZnPO4 compound is
a wide gap semiconductor.
3.4 Electrical properties

3.4.1 Complex impedance spectroscopy. The complex
impedance spectroscopy discerns the processes and the
RSC Adv., 2022, 12, 6831–6840 | 6833
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View Article Online
electrical characteristics of compounds. It displays a direct
connection between the ideal circuit made by the electrical
components and the response of the real system.

Fig. 5 describes the Nyquist diagram (�Z00 vs. Z0) at some
temperature. From the shape of these spectra, it can be
understood the presence of a single semi-circular arc at each
temperature, which conrms the grain contribution in this
material.23 Moreover, the shows that the radius of the corre-
sponding semicircular arcs decreased inversely with tempera-
ture, which reveals that the a conductivity improvement and
thus more dielectric loss.24 The material has thus a semi-
conductor behavior. Additionally, we note that the experimental
points are located on the arcs of the circles centered below the
real axis. This suggests that the process of conduction in a-
KZnPO4 does not obey the Debye model rather the Cole–Cole
model.25

In order to analyze these spectra and to extract the different
electrical parameters, it is useful to have an equivalent circuit
model that provides a realistic representation of the electrical
properties of the studied sample. The impedance components
were adjusted with the Zview soware. The best t is the
outcome of an electrical circuit formed by a parallel combina-
tion of a resistance R, capacitance C, and fractal capacitance
CPE as depicted in the inset of Fig. 5. It is worth mentioning
here that the presence of a constant phase element (CPE) in the
equivalent circuit model justies the non-ideal Debye
behavior26 and describes the observed depression of the
semicircles.

The impedance of the CPE contribution is an empirical
function of the type:

ZCPE ¼ 1

Q� ðjuÞa (5)

where u is the angular frequency, a is a parameter indicating
the change of the compressed semicircle from an ideal semi-
circle and Q is the capacitance value of the CPE element. It is
evident that the capacitance values Q are in the range of pF and
Fig. 5 Complex impedance spectra in the Nyquist plane with elec-
trical equivalent circuit (inset), accompanied by theoretical data (solid
line).

6834 | RSC Adv., 2022, 12, 6831–6840
thus that the single semicircular response is from grain inte-
riors,27 which is expected from the sample where no grain
boundaries are involved. It shows that the electrical phenomena
in the sample are the result of the contributions of the grains.28

The theoretical values of the real (Z0) and imaginary (�Z00) parts
of the complex impedance, derived from the equivalent circuit,
were deduced using the following expressions:

Z
0 ¼

R�1 þQua cos
�ap
2

�
�
R�1 þQua cos

�ap
2

��2
þ
�
CuþQua sin

�ap
2

��2 (6)

�Z00 ¼
CuþQua sin

�ap
2

�
�
R�1 þQua cos

�ap
2

��2
þ
�
CuþQua sin

�ap
2

��2 (7)

The parameters R, a, C, and Q have been obtained by using
a mean square method that is used to minimize the difference
between the experimental and calculated data.

The justication of the choice of the equivalent circuit is
conrmed by the variations of the experimental values of (Z0)
and (�Z00) at various temperatures versus the calculated ones
Fig. 6 (a) and (b): plots of measured values versus simulated values of
the real and imaginary parts of the impedance.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00426g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 9
/4

/2
02

4 
11

:1
6:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
using the parameters of the equivalent circuit model (Fig. 6a
and b). From this gure, it is evident that the slope obtained
from a linear t of the data points at each temperature is nearly
equal to the unity. This behavior reveals that the adopted
equivalent circuit describes well the electric properties of the
investigated compound.
3.5 Conductivity studies

3.5.1 DC conductivity. Relying on the bulk resistance
values and the sample dimensions, the grain electrical
conductivity (sdc), can be calculated at each temperature using
the following equation:29

sdc ¼ e

RS
(8)

where e is the thickness of the pellet, S is the area of the elec-
trode deposited on the pellet and R is the value of the bulk
resistance determined by the adjustment.

The temperature dependence of the conductivity (sdc) is
displayed in Fig. 7. The linearity of ln(sdcT) versus 1000/T
justies that our sample does not have a phase transition in the
temperature range studied. We note that the value of the
conductivity increases gradually with increasing temperature,
suggesting that the electrical conduction in this material is
a thermally activated transport process.30 The linear region is
tted with the Arrhenius equation:

sdcT ¼ A exp

�
� Ea

kBT

�
(9)

where Ea represents the activation energy of conductivity, A is
the pre-exponential factor which includes the charge carrier
mobility and density of states, kB is the Boltzmann constant and
T is the absolute temperature. The value of activation energy
evaluated from the Arrhenius plot for sdc is about Ea ¼ (0.91 �
0.02) eV.

3.5.2 AC electrical conductivity. The AC electrical conduc-
tivity is calculated using the real (Z0) and the imaginary (�Z00)
Fig. 7 Arrhenius plots for the bulk conductivity of the a-KZnPO4

sample.

© 2022 The Author(s). Published by the Royal Society of Chemistry
parts of the complex impedance (Z*) data at a xed tempera-
ture, according to the following expression:

sacðuÞ ¼ e

S
� Z

0

Z
02 þ Z

002 (10)

The variation of the ac conductivity as a function of the
angular frequency at the temperature range from 583 to 673 K is
illustrated in Fig. 8. In fact, the conductivity curves reveal the
low-frequency and high-frequency regions.

The conductivity sac increases gradually with the increase in
frequency in the high frequency region. However, it is nearly
independent in the low frequency region. We deduce that the
ions inuence uncorrelated and aleatory hopping motions and
lead a macroscopic transport of dc conductivity.31

The curves also reveal a AC conductivity elevation in
congruence with temperature, which points out the semi-
conductor behavior of the title compound.32 In fact, this
increase is related to the intensication of the mobility and the
charge carriers that favor better conduction.33

Added to this, we noticed that the experimental measure-
ments of the AC conductivity can be tted by the known
augmented Jonscher's relation:34

sac(u) ¼ sdc + Aus + Bu (11)

where sdc is the continuous conductivity at low frequency, A is
a coefficient dependent of temperature, B is weakly
temperature-dependent term, u ¼ 2pf is the angular frequency,
and s is an exponent dependent on frequency and temperature,
which represents the degree of interaction between mobile ions
with the networks which enclose them. According to Funke,35

the value of s might have a physical meaning.
If s < 1, the electron jump is related to a displacement with

a sudden jump. However, if s > 1, the charge carriers jump
occurs between adjacent sites.
Fig. 8 Dependence of ac conductivity with the angular frequency at
different temperatures: the solid lines are the best fits to eqn (9). The
inset is the variation of the universal exponent s with the temperature.

RSC Adv., 2022, 12, 6831–6840 | 6835

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00426g


Fig. 9 OLPT model fitting of ac conductivity at different frequency
values for a-KZnPO4.
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Eqn (11) denotes the universal dielectric response (UDR) and
the nearly constant loss (NCL), which are two additive terms
that match the different processes that occur in the material.

The power-law frequency-dependent UDR term is the result
of the hopping of the carriers with interactions of the inherent
defects or disorder in the material. However, the linear
frequency-dependent NCL term is modeled to originate from
rocking motions in an asymmetric double well potential36 and
electrical loss occurring during the time regime; the ions are
conned to the potential energy minimum.37 UDR and NCL
terms are also designed to occur in the high-temperature/low-
frequency and the low-temperature/high-frequency regimes,
respectively.

The modeling of the experimental curves using the Jonscher
equation (eqn (11)) shows good agreement between the theo-
retical and experimental plots and reveals the parameters sdc, A,
B and s at different temperatures.

3.6 AC theory investigation of the conduction mechanism

The dependence of the AC conductivity and its exponent s(T) to
frequency and temperature has been explained by a variety of
theoretical models. In general, the effect of temperature on the
exponent (s) plays a key role in the estimation of the conduction
mechanism model in disordered materials. According to the
literature, these models are based on tunneling load transport
mechanisms by jumping over a potential barrier or through this
barrier: these different models are the quantum mechanical
tunneling (QMT) model, suggested by Austin-Mott,38 the corre-
lated barrier hopping (CBH) model, presented by Elliot,39,40 the
overlapping large polaron tunneling (OLPT) model proposed by
Long,41 and nally the small polaron tunneling (SPT) model.42

The variation of the exponent s as a function of temperature
is shown in the inset of Fig. 8. It shows a drop when the
temperature rises, reaching a minimum at 643 K, and then it
starts to increase with increasing temperature. According to
Long,41 the overlapping large polaron tunneling model (OLPT)
is the adequate model for this compound. In addition, this
model can be used in other phosphate compounds such as
NaZnPO4 (ref. 43) and a-AgCuPO4.44

In this model, the polaron tunneling mechanism endorses
the AC conductivity while the distortion clouds of the polarons
overlapped. As for large polarons, the spatial extent of the
polaron was larger than the interatomic spacing. For some
polarons, the potential wells of the nearby sites could overlap
due to the long-range character of the Coulomb interaction.
Subsequently, the polaron hopping energy decreases. The
polaron hopping energy is reduced according to the following
equation:

WH ¼ WH0

�
1� rp

R

�
(12)

where WH is the polaron hopping energy, the intersite separa-
tion R is a random variable, rp is the radius of the large polaron,
and WH0 is given by:

WH0 ¼ e2

4 3prp
(13)
6836 | RSC Adv., 2022, 12, 6831–6840
According to this model, the expression for the AC conduc-
tivity was evaluated by the following equation:41,43,44

sacðuÞ ¼ p4

12
e2ðKBTÞ2NðEFÞ2 � uðRuÞ4 

2aKBT þ WH0rp

ðRuÞ2
! (14)

with N(EF) is the density of states near the Fermi level and Ru is
the tunneling distance, at a xed frequency u it is calculated by
resolving the following quadratic equation:

Ru ¼ 1

4a

8>><
>>:ln

�
1

us0

�
� WH0

KBT

þ
"�

WH0

KBT
� ln

�
1

us0

��2

þ 8aWH0rp

KBT

#1
2

9>>=
>>; (15)

In the OLPT model, s is dened by the following formula:

s ¼ 1�
8aRu þ 6WH0rp

RuKBT�
2aRu þ WH0rp

RuKBT

�2
(16)

These expressions are used in order to adjust the variation of
ln(sac) as a function of 1000/T for xed values of frequency,
which is shown in Fig. 9. It is clear that the theoretical calcu-
lations of the conductivity (ts) are in good agreement with the
experimental data (symbol), which conrms the choice of the
OLPT model.

The values of the parameters a, WH0, N(EF), rp, and Ru,
resulting from this adjustment are classied in Table 2.

Among the results of renement, the variations of the states
density N(EF) against frequency are shown in Fig. 10(a). The
frequency increase stimulates the mobility of free charge. This
can be the cause behind the increment of the radius of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Parameters obtained from the fitting of experimental data of
total ac conductivity with overlapping large polaron tunneling (OLPT)
model for the studied sample

Frequencies
(Hz) N(EF) (eV

�1 cm�3)
a

(Å�1) WH0 (eV) rp (Å)

501 3.83 � 1013 1 0.90 0.20
1955 4.00 � 1013 1 0.97 0.39
2511 4.37 � 1013 1 0.99 0.46
3162 4.53 � 1013 1 1.0 3 0.49

Fig. 10 (a) Variation of the parameters N(EF) (eV
�1 cm�3) as a function

of frequency. (b) Temperature dependence of the hopping tunneling
distance Ru at different frequencies.
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polaron (rp) and it thus justifying the elevation of the ac
conductivity at a high frequency.

The variation of the tuning distance Ru with temperature for
diverse frequencies is illustrated in Fig. 10(b). For a xed
temperature, it is remarkable that the tunneling distance Ru

decreases most rapidly at anincreased frequency. At a xed
frequency, the distance of the tunnel increases with the increase
in temperature, implying that the elevation in temperature
provides a contribution of thermal energy to the polarons,
© 2022 The Author(s). Published by the Royal Society of Chemistry
which then move and accelerate the hopping processes and,
subsequently, the interchain interaction.

We notice that the values of Ru were similar to the inter-
atomic spacing. The Ru hopping distance are in the interatomic
distance (2.10 Å # Ru # 3.34 Å) order of magnitude. The
conduction process of the material is due to the movement of
the K+ cation along the (001) tunnels direction.
3.7 Complex modulus analysis

To analyze the electrical relaxation processes at different
temperatures and frequencies, we relied on the modulus
formalism. This method makes it possible to extract the
conductivity relaxation frequency for the grain material and to
determine the charge carrier parameters.

This formalism is complementary to the conductivity study.
Macedo and et al.45 formulated a theory for conductivity

relaxation in ion conductors in terms of a dimensionless
quantity, M*, which is dened as the inverse of complex
permittivity, 3*(u). It is resolved into real and imaginary parts:

M* ¼ 1

3*
¼ juC0Z

* ¼ M
0 þ jM

00
; (17)

M
0 ¼ 3

0�
3
02 þ 3

002
�

M
00 ¼ 3

00

ð30 2 þ 3
00 2Þ

where C0 ¼ S30
e

is the vacuum capacitance of cell.
The variation of the real part of the electric modulus (M0) as

afunction of the frequency at different temperatures isshownin
Fig. 11(a). At lower frequencies region, M0 is found to be
approaching zero for all the given temperatures, which may be
due to the neglect of electrode polarization.46 Moreover, the
value of M0 has followed a continuous dispersal with the
increase in frequency. This can be attributed to the conduction
phenomena due to the short distance mobility of charge
carriers in the temperature ranges considered.47,48

The variation of the imaginary part M00 of the modulus as
a function of frequency at several temperatures is shown in
Fig. 11(b).

The plot shows the characteristic peaks at (fmax) centered at
the dispersion region of the real part of electric modulus (M0).
The presence of these peaks in the modulus spectra accounts
for the conductivity relaxation processes. At a higher tempera-
ture, the relaxation peak moves to a higher frequency position,
which shows a relaxation process in accordance with tempera-
ture. With the increase in temperature, the charge carriers
become thermally activated and their movement speeds up.
Consequently, the relaxation time decreases and the relaxation
frequency increases. This phenomenon shis the relaxation
peaks towards a higher frequency with an increasing
temperature.
RSC Adv., 2022, 12, 6831–6840 | 6837
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Fig. 11 (a) The variation of the real part of the electrical modulus as
a function of the frequencies of a-KZnPO4 at different temperatures.
(b) Variation of imaginary parts of modulus (M00) as a function of
frequency at various temperatures. Solid lines represent the fitted data
to eqn (16).

Fig. 12 Variation of b as a function of temperature.

Fig. 13 The dependence of ln(fm) on temperature for a-KZnPO4.

6838 | RSC Adv., 2022, 12, 6831–6840
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At the low frequency region below the maximum peak M
00
max,

a pure conduction process takes place.49 The charge carriers
dri to long distances. However, at the high frequency region
above the maximum peak M

00
max; the carriers are spatially con-

strained to move freely only within their potential wells over
short distances.50 Thus, the peak frequency (fmax) underlies the
transition from long range to short range mobility of charge
carriers.51,52

Besides, the experimental data ofM00 were tted theoretically
using a Bergman's equation which is plotted in Fig. 11(b) by
a solid line. The imaginary part ofM00(u) was approximated as:53

M
00 ðuÞ ¼ M

00
max�

ð1� bÞ þ
�

b

1þ b

��"
b
�umax

u

�
þ
�

u

umax

�b
# (18)

with M
00
max, umax are the modulus and the angular frequency

maximum, respectively. b is the stretched exponential param-
eter positioned in the range of [0–1]. b¼ 1 for an ideal dielectric,
where the dipole–dipole interaction is negligible (Debye relax-
ation) and this interaction is signicant when b < 1 (non-Debye
relaxation).

The b parameter extracted from the best t at diverse
temperatures is displayed in Fig. 12. Its values are found to be
temperature dependent. We thus notice that all values of b are
less than unity. This conrms the non-Debye behavior for the a-
KZnPO4 compound.

Activation energy associated with the relaxation process has
been determined from the temperature dependent relaxation
frequency, which, according to Arrhenius law, is given by:

fm ¼ f0 exp

��Em

kB T

�
(19)

where f0 is a pre-exponential factor, Em is the activation energy,
and kB is the Boltzmann constant.

The insert of Fig. 13 demonstrates the plot of ln(fm) vs. 1000/
T. The value of activation energy (Em) is computed according to
the above plot and range in the order of (0.79 � 0.02) eV. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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difference between the values of activation energy obtained by
impedance spectroscopy and electrical relaxation modulus
conrms that the transport in a-KZnPO4 is not due to a simple
hopping mechanism.

4. Conclusions

The a-KZnPO4 compound was successfully prepared by the solid
method under newly-dened conditions of temperature. X-ray
diffraction recorded at room temperature revealed that the
structure of the compound crystallizes in hexagonal symmetry
with P63 space group. Furthermore, the EDX results conrm the
good stoichiometric property of the preparation and prove
a homogeneous chemical composition. The optical measure-
ment proves the light absorption in the UV and visible range
where the band gap is around 4.52 eV, indicating a wide gap
semiconductor compound. A detailed analysis of the imped-
ance data reveals a non-Debye relaxation and conrms the only
contribution of grain to the conductivity of the material. An
equivalent circuit for the electrochemical cell with the studied
compound was proposed. The AC conductivity obeys of
augmented Jonscher's power law at different temperatures. The
displacements of the K+ ion are probably due to an OLPT
mechanism in the tunnel-type cavities along the c axis. In fact,
the OLPT is the most appropriate model for explaining the
mechanism of the charge transport in a-KZnPO4. Values of
obtained parameters from the adjustment of AC conductivity
data were discussed and correlated to the crystallographic data.
Eventually, the temperature variation of M00 peak showed
a thermally activated relaxation process and a temperature-
dependent stretching exponent b parameter.
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