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Abstract. The two-dimensional (2D) metal halide hybrid (C2H5NH3)2MnCl4 has been grown by slow evaporation
technique at room temperature. The phase-purity and morphology were confirmed using powder X-ray diffraction,
scanning electron microscope and high-resolution transmission electron microscopy studies. Optical properties like
reflectance and bandgap were determined from UV–visible spectrum. The dielectric properties of the studied compound
have been investigated using impedance spectroscopy as a function of frequency for different temperatures from 1 Hz to
1 MHz between 353 and 453 K. The real and imaginary components Z0 and Z00 of impedance are fitted using an equivalent
circuit model, consisted of a series combination of parallel resistance-constant phase elements of grain (RgkCPEg),
resistance-capacitance of grain boundary (RgbkCgb) and resistance-capacitance of electrode (RelkCel), which reveal the
existence of distribution of relaxation times and thermally activated non-Debye-like relaxation. The frequency-dependent
AC conductivity is well described by Jonscher’s universal power law, which follows the Arrhenuis relation. The above
results indicate the semiconductor behaviour with wide bandgap energy.
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Introduction

Organic–inorganic halide perovskites (OIHP’s) with ABX3
structure have received substantial attention due to their
low-cost elaboration in solution process abilities, high
photoluminescence, strong charge-carrier mobilities, high
optical absorption and long diffusion length, thanks to
properties of components (organic and inorganic) and the
bulk [1–8]. These properties lead to design a new kind of
semiconductors applied in optoelectronic devices, such as
light emitting diodes (LED’s), photovoltaic cells (PV) and
photodetectors [9–16]. The control of the structure through
the assembly way is crucial to fulfill the desired application
[17,18]. The dimension of the hybrid structure is controlled
by the kind of the organic, inorganic and halide. Lowdimensional metal halide perovskites 2D have been expanded
to display distinct features like stability and easy to make
compared to 3D bulk due to quantum magnitude effects
[19,20]. Octahedral coordinated MnCl6 organic–inorganic
hybrids have been widely investigated due to their

multifunctional properties, such as optical, magnetic and
structural [21–32].
In particular, OIHP’s such as (C2H5NH3)2MnCl4
(EAMnCl4) belongs to the low-dimensional metal halide
hybrids with 2D dimension and it is an appropriate model
for inquiry of the physical properties [33]. Just a small
number of articles have treated the correlation between
structure and properties of materials based on Mn [34,35].
This element, which belongs to the group of transition
metals, has specific characteristics such as the number of
oxidation states and semi-filled electronic composition d5,
which is reflected on the physical characteristics of the
studied system. Impedance spectroscopy (IS) is an important experimental technique used to analyse the ionic
mobility in solids. Moreover, it provides beneficial information about the origin of the electrical properties of different compounds [36]. In this study, the morphology,
thermal and optical properties of EAMnCl4 hybrid have
been investigated. The IS as function of frequency (1 Hz–
1 MHz) for different temperatures were used to explore the
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relaxation type and time by profiteering from real and
imaginary parts of impedance (Z0 and Z00 ).

2.

Experimental

2.1
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Electrical measurements of the real and imaginary parts
of the impedance parameters (Z0 and Z00 ) were performed
using IS Hewlett Packard Model 4284A precision LCR. The
pellet disks of about 4.38 mm in diameter and 1.17 mm in
thickness was used in the range of the temperature from 353
to 453 K and frequency range of 1 Hz–1 MHz.

Materials

All reagents including C2H5NH2, MnCl2 (C98%) and HCl
(37%) are purchased from Sigma-Aldrich Company and
were used as received without any further purification.
Firstly, C2H5NH2 was converted to C2H5NH3Cl by protonation using HCl acid. According to the chemistry of solid
protocols, the above precursors were used with MnCl2 in
2:1 molar ratio. In particular, a 2 mmol of C2H5NH3Cl was
reacted with 1 mmol of MnCl2 in acidic environment.
The precursor amounts were introduced in a test tube
using the diffusion method to delay the reaction and avoid
the formation of powder. The compound was obtained
according to the following equations:

3.
3.1

Results and discussions
Crystalline structure

The organic–inorganic hybrid compound (C2H5NH3)2
MnCl4 crystallize in the Abma (No. 64) system with cell
parameters a = 7.353 (1) Å, b = 7.258 (1) Å, c = 2.087 (4) Å
and Z = 4 at room temperature (b phase) [33]. Figure 1
depicts the experimental and the simulated XRD patterns
for the studied material. The analysis of the curves reveal
that both patterns are congruent, which confirm the formation and the purity of the single-phase growth.

C2 H5 NH2 þ HCl ! C2 H5 NH3 Cl
2C2 H5 NH3 Cl þ MnCl2 ! ðC2 H5 NH3 Þ2 MnCl4
After 3 weeks in a temperature range between 28 and
32°C under dark, pink crystals appeared. These crystals
were washed by ethyl-ether solvent for several times and
are dried at room temperature.
2.2

Measurement and characterization

X-ray diffraction (XRD) data were collected on a LabX
XRD-6100 Shimadzu powder X-ray diffractometer with a
graphite monochromator CuKa (k = 0.154 nm) radiation
and 2h angle ranging from 5° to 50°. SEM–EDX (scanning
electronic microscopy–energy dispersion X-ray spectroscopy) image was carried out using a Thermo-ScientificTM Quattro SEM instrument associated with EDX
analysis under low vacuum (0.1–1.33 mbar) with Platinum
Peltier from -5 to 60°C and carbon evaporator.
The high-resolution TEM (HRTEM) analysis was
obtained using a Talos F200S microscope at accelerating
voltage of 200 kV with field emission gun as source and
0.12 nm resolution in mode imaging.
The UV–visible diffuse reflectance spectroscopy was
performed on a Jasco v-570 spectrophotometer over the
spectral range 200–1200 nm. A barium sulphate (BaSO4)
plate was used as the standard (100% reflectance), on which
the finely ground sample from the crystal was coated. The
absorption spectrum was calculated from the reflectance
spectrum using the Kubelka–Munk function [37]: F(R) =
(1-R)2/(2R), where R is the reflectance.
The thermal-degradation was performed using a Shimatzu TA-60 thermal analyzer under an oxidative atmosphere. The sample with 18.7 mg of mass was heated in
aluminium pans from room temperature to 600°C.

3.2

Morphology

The SEM technique is used to investigate the external
morphology and the composition of the sample. The photograph of the hybrid is presented in figure 2. As it can be
seen from the micrograph (figure 2), the sample is formed
by stacking layers (blue square in SEM image) along the
growth orientation, which is well consistent with the twodimensional layers. The microanalysis EDX produced by
the interaction of the electrons with the sample was recorded on the high contrast regions. This interactions reveal the
presence of nitrogen signal (Ka = 0.392 keV), carbon signal
(Ka = 0.277 keV) and chlorine (Ka = 2.621 keV), characteristic signal of Mn (Ka = 5.894 keV and La = 0.637 keV).
Therefore, the sample is present without impurities, as well

Figure 1. Experimental and simulated (from [33]) X-ray
diffraction patterns of EAMnCl4.
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SEM image and EDX spectrum of EAMnCl4.

Figure 4.

Reflectance spectrum of EAMnCl4.

preferential orientation character in the direction of crystal
growth. The crystal shows a lattice fringe of 0.272 nm, this
distance correspond to (117) plane of the orthorhombic
structure.

3.3

Figure 3.

HRTEM image of EAMnCl4.

confirms the composition homogeneity of the desired
compounds.
HRTEM image of the (C2H5N3)2MnCl4 hybrid (figure 3)
reveals the crystallinity nature of the compound with

Optical energy gap analysis

The UV–visible spectrum of (C2H5N3)2MnCl4 hybrid
measured at room temperature is depicted in figure 4. The
analysis of the curve shows a high reflection in the visible
range and the outcrop of a four distinct absorption bands at
268, 358, 415 and 516 nm. The first peak is due to the
charge transfer of an electron from valence to conduction
bands without d–d electronic transition, while the other
bands describe electronic transitions (d–d) in [MnCl4]2octahedral [38–41].
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Figure 5. Kubelka–Munk function vs. photon energy of
EAMnCl4.

Figure 7. Variation vs. frequency for various temperatures (a) of
real part of impedance Z0 and (b) of imaginary part of impedance
Z00 .

Figure 6.

Thermogravimetric analysis of EAMnCl4.

The optical bandgap value Eg is obtained by extrapolating the linear part of the curve to intersect the X-axis. The
found value of indirect optical bandgaps is 2.14 eV
(figure 5). This value is close to the similar compounds,
such as (C6H5C2H4NH3)2MnCl4 and NH3(CH2)5NH3MnCl4
[27,35], which indicates the semiconductor with wide
bandgap energy nature for the studied compound.

3.4

Thermogravimetric analysis

In order to investigate the thermal behaviour of the
(C2H5N3)2MnCl4, such as thermal stability and mass loss,
the thermogravimetric analysis was carried out (figure 6).
The analysis of the thermogram indicates that the compound
is stable until 200°C. However, the degradation process is
divided in two parts; the first undergoes 24.33% weight loss
up to 350°C, was attributed to the decomposition of the

Figure 8.

Nyquist plot and equivalent circuit of EAMnCl4.

2HCl molecules, pursued by another mass loss about
34.49% at 600°C of 2(C2H5N3) moieties, which confirms
that the organic part is responsible for the thermal stability
of the hybrid. By the end, only MnCl2 remains.
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T (K)
353
363
373
383
393
403
413
423
433
443
453
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Fitting parameters at different temperatures.
Rg (105 X)
9.563
5.125
4.035
2.747
2.173
1.577
1.264
1.000
0.833
0.736
0.445

Q (F)
9.35
7.79
1.12
1.37
2.27
3.99
6.11
8.57
1.07
1.22
1.42

9
9
9
9
9
9
9
9
9
9
9

10-12
10-11
10-10
10-10
10-10
10-10
10-10
10-10
10-09
10-09
10-09

n

Rgb (X)

0.9116
0.8652
0.8498
0.819
0.785
0.749
0.721
0.6778
0.6641
0.6218
0.5726

162478
148000
69300
58500
43000
45500
31700
12200
8670
8470
1030

Figure 10.

Figure 9. (a) Frequency dependence of Z00 /Z00max for EAMnCl4
measured at various temperatures. (b) Frequency dependence of
Z00 /Z00max of the grains.

3.5

113

Electrical properties

3.5a IS analysis: Complex IS an appropriate experimental
tool used to characterize the electrical properties of

Cgb (F)
3.10
4.38
1.13
1.03
1.66
1.62
2.36
7.17
1.21
1.60
1.89

9
9
9
9
9
9
9
9
9
9
9

10-11
10-10
10-09
10-09
10-09
10-09
10-09
10-09
10-08
10-08
10-09

Rel (X)
53041
35900
22100
20400
14100
10500
9300
8285
5534
4890
3900

Cel (F)
2.84
4.54
6.39
6.33
9.35
1.97
3.33
4.29
5.27
6.48
7.72

9
9
9
9
9
9
9
9
9
9
9

10-12
10-12
10-12
10-12
10-12
10-11
10-11
10-11
10-11
10-11
10-11

Arrhenius plot of ln(s) vs. temperature.

Figure 11. Frequency dependence of AC conductivity of
EAMnCl4 at various temperature.

materials. This technique makes it possible to evaluate and
separate the contribution to all frequency domain properties,
due to grain and grain boundary regions, in the sample after
the application of a sinusoidal disturbance. Figure 7a and b
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represents the variation of both real and imaginary parts of
the impedance (Z0 and Z00 ) vs. frequency. The variation of Z0
vs. frequency shows constant values up to 103 Hz, then
decreases until it becomes constant at high frequencies. We
also notice that variation of Z00 vs. frequency augments as
function of frequencies up to a critical value (14.677 9 103
Hz for 353 K), which corresponds to the maximum of
polarization, then decreases until it becomes almost constant where the relaxation species are associated with the
orientation effects.
The Nyquist plots (Z0 vs. Z00 ) of EAMnCl4 hybrid, at
different temperatures are shown in figure 8. The analysis of
the diagrams reveals the effects of the temperature over the
impedance behaviour of the sample.
At low frequencies, the complex impedance spectra can
be characterized by a single semicircle centred below the xaxis, with the radius of the arc decreases as function of the
temperature, which reflects the non-Debye-type relaxation
process in the material [42]. All curves can be fitted using
the equivalent circuit (figure 8) formed by a series combination of parallel (RgkCPEg), (RgbkCgb) and (RelkCel),
where Rg, Rgb and Rel are resistance of grain, grain
boundary and electrode, respectively. CPEg is a constant
phase element of grain and Cgb capacitance of grain
boundary and Cel capacitance of electrode. The values of
the equivalent circuit elements are depicted in table 1. The
fitted and experimental curves present good accordance,
indicating that the suggested equivalent circuit describes
well the studied compound. According to the table, as this
table best illustrates, the value of n decreases as a function
of the temperature from 0.9 to 0.5, which indicates the
capacitive behaviour of the grain boundaries.
The frequency dependence of imaginary component (Z00 /
00
Z max) for EAMnCl4 hybrid at different temperatures is
shown in figure 9. A single grain relaxation peaks, which is
gradually shifted towards higher frequencies with increasing temperature indicates a thermally activated non-Debyelike relaxation process. The relaxation time is calculated
using the following relation:
sz ¼

1
2pfzðmaxÞ

ð1Þ

where fz(max) is the peak frequency of Z00 /Z00max. This
relaxation time is plotted as a function of temperatures in
figure 10. The decrease in relaxation time with increasing
temperature is attributed to the semiconductor nature of the
sample. It can be seen that the relaxation time obeys the
Arrhenius relation:


Ez
sz ¼ sz0 exp
ð2Þ
kB T
where the pre-exponential term sz0 could be seen as the
converging limit of the relaxation time as the temperature
tends to infinity, kB is the Boltzmann constant and T the
absolute temperature. The activation energy calculated from
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the slope of the linear fit in the Arrhenius plot is 1.78 eV. A
variation of activation energy can always be indicative of
modifications of grain and the grain boundary
characteristics.
3.5b Conductivity analysis: In order to investigate the
conductivity and the mechanism of conduction of the
sample, the AC conductivity is calculated using the following equation:
r¼

e
Z0
A Z 002 þ Z 02

ð3Þ

where e is the thickness and A the area of cross-section of
the pellets. Figure 11 presents the AC conductivity vs.
frequency at various temperatures for the studied compounds. This figure displays independent-DC plateau region
at low frequencies, this frequency is not able to move the
charges. This is explained by the restraining of the charge
carriers, where at high frequencies it is frequency dependent-AC dispersion region.
The first range of frequencies (plateau range) characterize
the involvement of the grain boundary, where the second
range of the conductivity dispersion reveal the hopping
conduction mechanism of the charge carriers and followed
by a confined well-potential.

4.

Conclusion

In this study, the hybrid (C2H5N3)2MnCl4 was synthesized
by slow evaporation method at room temperature. The XRD
analysis of the sample shows the highest purity and crystallinity, which confirms the quality of the obtained
compounds.
SEM–EDX and HRTEM analyses give strong evidence
that the sample present a wafer form without impurities. The
UV–visible spectroscopy was used to determine the optical
parameters, such as the reflectance and bandgap energy. The
analysis of the data revealed the high reflectance of the
compound with the presence of some absorption peaks due
to d–d transition of the Mn metal. On the other hand, the
calculated optical bandgap energy (Kubulka–Munk function) is found to be 2.14 eV. This value is a feature of
semiconductor material with large bandgap.
The thermogravimetric analysis shows that the melting
point is attained at 200°C followed by two parts of degradation process, the first undergoes 24.33% weight loss up to
350°C, indicating a loss of 2HCl, pursued by another
34.69% mass loss of 2(C2H5N3) at 600°C. This confirms
that the studied compound is thermally stable from the room
temperature to 200°C.
In order to comprehend the dielectric and electrical
behaviour of the compound, the IS analysis has been made.
The variation of the imaginary part of the impedance
reveals that the sample exhibit a relaxation phenomenon at
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103 Hz. Else, from the impedance data, it is concluded that
this compound is thermally activated with an energy of
about 1.78 eV. The frequency-dependent AC conductivity is
well described by Jonscher’s universal power law, where
follows the Arrhenius relation and proves that the relaxation
is temperature dependent.
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