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ARTICLE INFO ABSTRACT

Keywords: Cu-doped MnO, with the composition of Mnj4CuyO, (x = 0-0.15) was synthesized and characterized. The
Manganese dioxide synthesis was carried out by hydrothermal method at 140 °C for 5 h of reaction dwell time. The characterizations
Doping

include X-Ray Diffraction (XRD), Microscopy, X-ray Absorption Spectroscopy (XAS), and Impedance complex
analysis. It was revealed that all samples have nanorod morphology. Their size increases with the increasing
dopant. Additionally, K ions are detected by EDX. All samples pose a-MnO3, type structures performing (2 x 2) and
(1 x 1) tunnels permitting large ions incorporated and oxygen deficiency. The octahedron was distorted to
elongate up to x = 0.10, then compressed for x = 0.15, inducing the Jan Teller effect. Oxidation state analysis
revealed that the manganese has Mn®" and Mn**, while the copper is mainly attributed to Cu?>* and Cu®*
respectively. The small ionic size and highly oxidized Cu®" substitute Mn*", while Cu®" substitutes Mn>" or
simultaneously with the larger K" incorporated in the tunnel. Accordingly, the defects to exist in the sample,

Oxidation state
Local distortion
Defect structure

namely Cu,,,, Mn,,,, V&', and ¢ . Electrical characterization at room temperature revealed that the conductivity of
Cu-doped MnO, is dominated by electrons influenced by the various oxidation state of the cations in the octa-

hedron sites, while space charges dominate the dielectric response.

1. Introduction

Research on energy storage for various applications in recent years
has existed in four categories, i.e., mechanics, chemical, electrical and
electrochemical [1]. Electrochemical energy storage (EES) has shown
great potential in portable electrical energy storage, efficient, long-life
cycle, and potentially implemented by cheap chemical material, renew-
able and low maintenance such as supercapacitors, batteries, and fuel
cells [2]. The energy storage principles in supercapacitors are based on
the charge-discharge mechanism between electrolyte and electrode, and
the storage capacity is much higher than the conventional capacitor. It
can reach 100 mF-1000 mF and possesses an energy density several
times higher than the battery [3].

Various supercapacitor development has been carried out, including
carbon and oxide-based materials. The carbon-based comprises carbon
nanotubes (CNTSs), activated carbon, carbon black, carbon fiber, and
graphene [4, 5, 6, 7], whereas the oxide-based includes NiO, MoO,
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C0203, II‘Oz, FeO, TiOQ, Sl’lOz, V203, Ml’lOz [8] and RUOZ [9] The MI'IOZ
was reported to have a high theoretical specific capacitance of 1300 F g,
However, in most applications, the electrochemical reversibility of the
redox transition is low, and pure MnO; has a poor capacitive response
and a high resistance [10]. Besides these, manganese oxide is a poten-
tially valuable material for supercapacitors because of its low cost, large
quantity, and non-toxicity [8].

Given the structure, manganese dioxide is built from a basic [MnOg]
octahedron unit that forms corner-shared and edge-shared links each
other and exhibits various crystal structures, including a-MnOs, f-MnOo,
y-MnOs, 8-MnOj, A-MnOs, e-MnO,, and R-MnO» [11]. The crystalline
structure is one of the determinant factors related to the properties and
optimizing MnO,, as supercapacitor material. The MnO,-based electrode
stores an electric charge by a pseudocapacitive mechanism [12]. The
charge storage is initiated from the Mn oxidation state in 3+/4 + at or
near the surface of the MnO, nanostructure [13]. The adsorption/de-
sorption of electrolyte ions and protons on the MnO; surface causes a
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surface faradaic reaction [14]. Additionally, the bulk pseudocapacitive
response depends on the intercalation-deintercalation of protons or cat-
ions into most of the MnO [12].

Defects creations are well-known as a strategy to improve the elec-
tronic properties of the materials comprising MnO,. Various cations
doped were reported to create defects such as Zn, Co, Ni, Ca, Fe, Al, Mg,
and Cu [15, 16, 17]. AP was reported to induce phase transformation of
MnO, nanoparticles from o to f and revealed absorption towards the
visible light region [17]. While in Fe, Co, and Ni-doped MnO; nanosheets
are observed, indicating a hexagonal unit cell and the layered
Birnessite-type structure (8-MnOj) [16]. Similarly, Cu doped was re-
ported to have an 8-MnO; type structure [18] and intercalated MnO,
about the narrowing of bandgap and enhancing charge mobility during
catalysis. Fu [19] found that in the nanowires Cu-MnO,, the mixed
oxidation state Cu*/Cu®" and Mn®*/Mn?* exhibited the highest specific
capacitance of 921 F/g at the current density of 1 A/g. a-MnO3 shows
excellent catalytic activity with very high capacity and stable cycling
than layered Birnessite 5-MnOj for electrochemical application [20]. It is
intriguing to deeper analysis to explore the material aspect and the
mechanism related the properties.

Besides, various synthesis methods were reported, including co-
precipitation [21], electrochemical deposition [22], sol-gel, and hydro-
thermal [23]. The hydrothermal process is the most preferred approach
to synthesizing MnO; due to its simplicity, good repeatability, and high
reliability [24]. Zhao [25] synthesized MnOs through hydrothermal and
varies the experimental variables, reaction time, pH, and doping per-
centage, to attain a-MnOj, p-MnO2 and 8-MnO, when the ratio of
MnS04.H,0/KMnO4 = 1/1, 3/2, and 3/8 was made. When the Cu dopant
is taken, it becomes noteworthy since Cu is a metal transition possessing a
3d sub-shell with multivalence 1+, 2+, and 3+ [26]. Various studies on
transition metal doping on Mn have been carried out [15]. However, the
mechanism of substitution and interstitial dopant atoms in MnO, has
lacked discussion as well as the changes in oxidation number due to
doping.

X-ray absorption spectroscopy (XAS) is a straightforward, reliable,
and widely used technique for identifying and quantifying various
chemical species. The X-ray absorption near edge structure (XANES)
energy relates to the excitation of electrons and obeys the selection rule.
This absorption energy is sensitive to the oxidization state and electronic
structure of the detected elements as the core electron energy and is
affected by the electron distribution in the valence state [27]. At the
XANES region, the metal transition K-edge absorption corresponds to the
dipole transition from the 1s to 4p states, while the pre-edge includes the
quadrupole transition from the 1s to 3d which split into eg and tag states
and is related to the valence of the absorber.

While the extended X-ray absorption fine structure (EXAFS) is a
powerful means to determine the local structure around the absorbing
atom, comprising bond distance, coordination number, and chemical
identity of the elements [28]. At the EXAFS energy, the ejected photo-
electrons are excited into a continuum that is dominated by electron
scattering, which is related to the absorption process. Photoelectron
waves that are released and scattered will interfere with one another. The
interference pattern formed is determined by the path length of the two
waves, and as a result, the pattern provides information about the local
structure surrounding the absorbing atom. The equation can be applied
to describe EXAFS [29].

Nifj(k) exp|—2k*c} | exp|—2R; /4
=3 | kR;} =28/
J

J

sin[2kR; + 5;(k)] (¢D)

Where k is the photoelectron wave number, N is the number of neigh-
boring atoms, R is the distance from the absorber atom, f(k) and (k) are
the current scattering factors of atoms neighboring the excited atom, and
o2 is the mean square displacement in R. The EXAFS equation can be used
to calculate the number and distances of neighboring atoms and the
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disorder in this distance after the scattering factors f(k) and 5(k) are
known [30].

In the previous studies [31, 32], X-ray Absorption Spectroscopy (XAS)
has been exploited to determine the oxidation state of Cu/Fe in the oc-
tahedron environment, furthermore, extended X-ray Absorption Fine
Structure (EXAFS) was exploited for local structure studies. Hence it is
essential to explore using a similar method, the nature of defects, the
oxidation state of cations in the synthesized material, and whether Cu
will substitute Mn in the octahedron or occupy MnOs tunnels.

The doping process is expected to reveal the role of fundamental
structural variables in affecting the conductivity, permittivity, and
capacitance of materials; therefore, a keen analysis is then performed to
elucidate the phenomena. In this study, a-MnO, was synthesized with
various percentages of Cu doping using the hydrothermal method.
Furthermore, to determine the changes in a-MnO; due to doping: phase,
crystallite size, microstrain, defects, changes in atomic positions (lattice
distortion), oxidation state, and microstructural analysis.

2. Materials and methods
2.1. Materials preparation

Mn; 4CuyO2 (MCx) nanorods were synthesized using an autoclave
hydrothermal method (Teflon liner, 100 mL capacity). First, KMnOg4
(0.526 g, 3.32 mmol) was dissolved in 60 mL of demineralized water at
room temperature, then concentrated HCI (37%, 2.39 mmol) was added
to the solution batch. Second, the Cu dopant reagent's CuCly-2H>0 was
used and weighted to desired percentage [0 (0.0283 g, 5 mol %) (0.0566
g, 10 mol %) and (0.0849 g, 15 mol %)]. These dopant reagents were
added to each batched solution above to achieve MnO, with different
copper doping levels. Third, each mixture batch was then heated to 140
°C and held for 5 h to ensure the formation of a-MnO, phase nanorods
[33]. Upon completion, all reactions were cooled to room temperature.
The solids were washed with demineralized water and ethanol several
times and dried in an oven at 80 °C for 3 h.

2.2. Characterization

X-ray diffraction (XRD Philips X'Pert) was employed to investigate the
phase and crystal structure MnO; with Cu-Ka radiation operated at 30
mA and 40 kV, step scan 0.02°, and Bragg angle range from 10° to 70°.
Phase identification was accomplished through the match! Software,
while the lattice parameters were inferred using Rietveld's refinement
based on the a-MnO, model structure (JCPDS file 00-44-0141).

The morphology was determined by the Field Emission Scanning
Electron Microscope (FESEM) image and other elements maps involved
energy-dispersive X-ray (EDX) analysis. The numerical dimension of each
sample was obtained by averaging the diameters of nanorods from
different samples using ImageJ software [34]. Transmission electron
microscopy (TEM, Tecnai G2 20 S-Twin) and high-resolution trans-
mission electron microscopy (HRTEM) further characterize the crystal
structure details with STEM_CELL software [35]. CrysTBox software [36]
recorded and analyzed selected area electron diffraction (SAED) patterns
to obtain d spacing.

The X-ray absorption near edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) of Mn-K edge and Cu-K edge were
studied at the Synchrotron Light Research Institute's beamline BL-8
(SLRI). All spectra were collected in transmission mode at room tem-
perature using an energy range of 1.25-10 keV. The data obtained were
calibrated and normalized using Athena software. Analysis of the inter-
atomic distance in the local structure, using the Artemis software on
IFEFFIT with the match parameters R-factor, distribution amplitude (S%),
and Debye-Waller factor (02) [37]. The structural model used in the
fitting process is a-MnO, with a fixed coordination number (CN) to
obtain amp, then used to determine CN and R-space with the same FT.
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Figure 1. XRD pattern of MCx samples (left), the enlargement of diffraction peaks at 26 ~37-38° (right).

Dielectric and electrical conduction measurements were performed
on powder inserted between two copper electrodes and then uniaxially
pressed at =~ 0.4 MPa with a diameter of 13 mm. The acquisition data was
acquired using Solartron Impedance Analyzer SI 1260 in the frequency
range of 0.1 Hz-32 MHz, and 1 V applied voltage at room temperature.

3. Results and discussions
3.1. Microstructure and structure analysis

3.1.1. Powder diffraction

Figure 1 shows the XRD patterns of Cu-doped MnOy (Mnj 4Cu,Og.5, X
= 0-0.15 hereafter abbreviated MCx) as-synthesized powder. It displays
considerable similarities, and there is no typical phase related to Cu, and
its oxides nor other impurities were detected. All the diffraction peaks
can be indexed to the tetragonal structure of a-MnO; (JCPDS 44-0141)
and I4/m symmetry. It behaves edge-sharing (e-s) and corner-sharing (c-
s) [MnOg] octahedrons, leading to the formation of (2 x 2) and (1 x 1)
tunnels. However, in the Cu-doped samples, the diffraction peaks slightly
shift to a higher diffraction angle up to x = 0.10, then move back to a
lower position, Figure 1 enlargement peaks. This phenomenon implies
the shortened lattice parameter following the Bragg diffraction rule.
Given that the ionic radii of Cu*" and Cu™ (73 and 77 pm) are more
significant than Mn** or Mn®" (53 and 64.5 pm), which coexist in the
MnO,, [33], consequently, the Cut and Cu?* are unexpected to replace
Mn** in octahedron [MnOg] readily, alternatively, the possible occur-
rence when Mn in lower oxidation state such as Mn>" (83 pm). If cu®t
substitutes Mn®", the lattice parameter will increase, and the diffraction
peaks shift to a lower angle, contrary to the diffraction data in Figure 1.

These contrasting results point out that another cause may exist. A
possible reason should be addressed that lattice electric field interaction
lowered the total energy of ionic interaction, increasing Coulombic
attraction when copper substituted Mn as indicated in Bag s5SrgsTiO3
doped K sNag sNbO3 system [38]. Besides, Cut and cu?t may occupy a
tunnel in the a-MnOs structure. Therefore, based on ionic radii, a possible
substitution of copper in manganese occurs when the oxidation state of
copper is 3 + possessing a radius of 54 pm, further analysis will be
provided in § 3.2 and § 3.3. Incorporating Cu®>" ions into the a-MnO,
structure may modify the lattice parameters, crystallite size, and
micro-strain. Further refinement analysis to quantify those parameters is
listed in Table 1.

The lattice parameters values presented in Table 1 indicate that the
shortening of crystal parameters occurred both in the a/b and c-axes
direction when the Cu doping increased up to x = 0.10 and then re-
expanded for x = 0.15. The possible cause is the number of intersti-
tial Cu*/Cu®" ions in the tunnel or the substitution of Cu®" ions to Mn
in the octahedral structure of a-MnOs. Furthermore, the crystalline size
in this analysis was determined through peak broadening analysis
following the Scherrer formula (t = 0.9)/Bcos6) resulting in scattered
values following doping percentage. The average crystalline size is
26.55 nm for an undoped sample, 22.81 nm, 25.02 nm, and 25.68 nm
for the Cu-doped sample with concentrations x = 0.05, 0.10, 0.15.
However, it has an increasing tendency with doping except for the
undoped. The possible cause should be addressed to the validity of the
Scherrer formula which is limited to the small size (<100 nm) particles
as well as rounded crystalline morphology [39]. Further direct deter-
mination is presented in the following paragraph through FESEM and
TEM analysis.

Table 1. Rietveld's refinement results for MCx samples, the related crystalline size, and the microstrain are indicated.

Sample Reliability a=b(A) cA) Volume (A)* Crystallite Micro
factor Ry, (%) size ) (nm) strain (x10’3)
x=0 7.078 9.8614 + 0.0017 2.8686 + 0.0005 278.9633 26.55 1.42
x = 0.05 7.105 9.8453 £ 0.0018 2.8639 + 0.0006 277.6098 22.81 1.92
x = 0.10 6.538 9.8287 + 0.0024 2.8585 + 0.0008 276.1496 25.02 1.60
x = 0.15 6.219 9.8472 + 0.0026 2.8625 + 0.0006 277.3253 25.68 1.52

) determined through the Debye-Scherer method.
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Figure 2. (A) FESEM image of nanorods MCx samples (B) EDX mapping of MCO sample.

3.1.2. Microscopic analysis

The SEM image in Figure 2A(a) indicates the MCO sample comprised
of nanorods morphology possessing a diameter of about 54 nm and 2 pm
long, determined through ImageJ software. While the Cu-doped MnO,
poses a larger diameter and increases with the amount of Cu
(Figure 2A(b-d)), the measured diameters are around 69, 98, and 107 nm
for x = 0.05, 0.10, and 0.15, respectively. The energy dispersive

spectroscopy (EDS) mapping in Figure 2B shows that K* ions spread
evenly, while other elements Mn and O are similarly distributed in the
sample.

TEM measurements of MCx nanorods are shown in Figure 3 (a-1, b-
1,c-1, d-1), with an average diameter of about 54, 69, 90, and 110 nm for
x = 0, 0.05, 0.10, and 0.15, respectively. This result is similar to the
diameter in the FESEM analysis described previously. However,
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Figure 3. TEM analysis of MCx samples: bright field (al, b1, c1, d1), HRTEM (a2, b2, c2, d2) (a3, b3, c3, d3) are enlargement of HRTEM and SAED pattern (a4, b4,

c4, d4).

compared with the analysis of crystalline size by XRD, the FESEM and
TEM results are highly consistent with the size increase with doping
percentage. The inaccurate XRD analysis may arise from the nanorod
morphology having 54-110 nm in diameter and 2-4 pm in longer which
are beyond the validity of the Scherrer formula for size determination.

The HRTEM images in Figure 4(a-3) reveal that the lattice spacing of
MCO is 0.49 nm, which matches the (200) plane of standard a-MnO5. In
addition, the lattice spacing identified as 0.69 nm Figure 4(b-3), 0.42 nm
Figure 4(c-3) and 0.64 nm Figure 4(d-3) which corresponds to the
reflection plane index (110) (200) and (110). After an evaluation, the
lattice parameter of a-axis is 9.88, 9.76, 8.36, and 9.05 Aforx = 0, 0.05,
0.10 and 0.15 respectively. These values differ slightly from the XRD data
but follow a similar tendency.

The observation of lattice fringes of selected area electron diffraction
(SAED) in Figure 3(a-d (4)) confirms the single crystal. It corresponds to
the (310) (200) (110), and (211) planes of a-MnOs structure and con-
firms the continuation of tetragonal a-MnO; after cation substitution.
And consistent with the XRD analysis described earlier.

3.2. Oxidation state analysis through XANES

Further investigation on the oxidation state alteration of the manga-
nese and copper during the doping process, ex-situ synchrotron X-ray
absorption near-edge spectroscopy (XANES) analysis was performed
because of its sensitivity to the local environment around the absorbing
atoms. Figure 4 presents XANES of Mn K-edge samples; the reference



E. Hastuti et al. Heliyon 8 (2022) e11459

X=0

MnO,-std —/\/\/\'v\/\
anoa_Std —/‘—/\/\/-/\_

MnO-std

1% Derivative (a.u)

Mn foil

Normalized absorbance (a.u)

6540 6560 6580 6600 6620 6540 6560 6580
Energy (eV) Energy (eV)

Figure 4. (a) Mn K-edge XANES spectra of MnCx samples, the Mn foil, MnO, Mn,03, and MnO, standards are indicated; (b) the First derivative of XANES spectra.

materials Mn foil, MnO, Mny03, and MnO, are presented. The line pro- The XANES of Mn K-edge in MCx samples slightly differ from the
files are assigned to a small pre-edge (A) range of 6540-6545 eV, the standards. Three main absorptions were distinguished: the pre-edge (A),
primary edge range with shoulder (B) at around 6552 eV, and crest (C) at edge (B), and maximum absorption (C). The weak pre-edge peak is
around 6561 eV that ascribed to a transition from the 1s states to the 4p. assigned to transition 1s—3d; this transition is formally forbidden but
gains intensity through the allowed electric quadrupole transitions; it
[ was split into 1s—3d (tg) and 1s—3d (eg). Further analysis of pre-edge
= A B Mn 203'5td absorption through the background removal followed by fitting with
[ Gaussian function and presented in Figure 5. All samples correspond to a
pre-edge range comprising three peaks within the energy range
- { — 6537-6546 eV varies between Mn,O3 and MnO,, reference, linked to the
E X =0.15 oxidation state of Mn in MCx samples.
) The average oxidation state (AOS) of Mn was taken by the centroid
of three components' pre-edge peaks, then compared to the known Mn

Q
8 oxidation states of the standard (MnO, and Mny0s3), Table 2. When the
@© centroid energy of the standard materials was plotted against oxidation
-E states Mn>" and Mn*', all the centroid pre-edge peak samples were
@)
7]
Q
] Table 2. XANES analysis of MCx average oxidation state (AOS) based on pre-
8 edge of Mn K-edge.
5 Sample Pre-edge Pre-edge area centroid AOS
ﬁ Mn,03-std 6540.45 0.142 6541,54 3
E 6542.73 0.096
—_
(@] 6544.24 0.017
Z MnO,-std 6540.68 0.028 6542.59 4
6542.56 0.243
x=0 6540.57 0.031 6542.18 3.73
n 6542.08 0.079
: | MnO 2-Std 6543.50 0.043
L x = 0.05 6540.48 0.025 6542,22 3.78
P 6541.68 0.054
[ 6543.14 0.077
e x=0.10 6540.41 0.019 6542.23 3.80
6538 6540 6542 6544 6546 6548 6541.36 0.032
6542.87 0.097
Energy (eV) x = 0.15 6540.51 0.029 6542.11 3.66
. ) 6541.81 0.061
Figure 5. Deconvolution of pre-edge Mn K-edge of MCx samples, the MnO,, and
’ 6543.19 0.061

Mn,05 standard sample spectra are indicated.
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Figure 6. (a) Cu K-edge XANES spectra of MCx sample, Cu foil, CuO, and Cu,O samples are indicated for reference; (b) AOS of Cu derived from the edge energy Cu

K-edge.

within the linear interpolated line and then determined the oxidation
state of Mn in questioned, Figure S1. The AOS of Mn is between 3-4,
which signifies that the oxidation state is a mixture of Mn>* and
Mn**. The not single oxidation state of Mn distorts the [MnOg] octa-
hedron and affects both the pre-edge position and the spectral shape.
The [MnOg] octahedron distortion decreases as the Cu dopant increases,
shifting the edge towards higher energies, but the contrary occurs at x =
0.15. In the Mn** with 3d® occupation, three electrons are distributed in
the two tyg orbitals, including dyy-dy,, and dy, splitting [40]. For Mn®"
(3dY, the tog orbitals are occupied, and the remaining electron is shared
among the e; orbitals (d? and dﬁgy). The presence of Mn®" and Mn** in
the samples causes a Jahn-Teller distortion of the environment resulting
in a modified octahedron symmetry that will be discussed in the EXAFS
analysis.

¢ = Mn-Mn,_

The main absorption range is assigned to dipole transition 1s—4p.
The related edge energy is taken as the energy of the peak in the first
derivative (Figure 4b), which corresponds to the variation point of the
primary edge in the XANES spectra [41]. The spectra for x = 0-0.15 are
all remarkably similar but slightly shift toward lower energy which
suggests Mn in this sample is in a lower oxidation state. Additionally, the
white line region enhancement upon increasing the Cu dopant, particu-
larly at x = 0.15 (C point) compared with MnO», reference, indicates that
samples contained a higher concentration of edges shared [MnOg] oc-
tahedron that may be stabilized by potassium and copper ions [42].

The absorption edge Eg shift to lower energy with increasing Cu
dopant could be used to obtain the average oxidation state (AOS). The
AOS of Mn was determined by establishing a linear relationship between
the Mn K-edge energy and Mn oxidation state of reference and comparing

K*/CUZ’

X=Mn/Cu

Figure 7. The MnO, structure projected on the x-z plane (left) and possible defect structure of Mn; 4Cu,O, 5 on the x-y plane (right).
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Figure 8. The Fourier transform (FT) magnitudes of the EXAFS spectra: (a) the Mn K-edge of MCx samples and MnO, standard; (b) the Cu K-edges of MCx samples and

Mn K-edge of MnO, standard.

it with samples, Figure S2. The AOS of Mn are 3.71, 3.81, 3.88 and 3.58
for x =0, 0.05, 0.10 and 0.15, respectively. Further, the XANES data was
modeled using standard compounds' linear combination fitting (LCF)
data. The two evaluation methods were then combined to approximate
Mn's oxidation state, and the samples' relative concentrations are pre-
sented in Table S1. From the LCF data, the oxidation state value is almost
the same using a linear graph, with the values of 3.65, 3.77, 3.89, and
3.53 forx =0, 0.05, 0.10, and 0.15, respectively. The weight % of Mn3t/
Mn** at various x is shown in Figure S3. This observation confirms the
existence of mixed oxidation states of Mn** and Mn>" in the samples.

Two possible occurrences may be considered when Cu ions (x =
0-0.15) are present in the MnO2 structure. First, to compensate for the
excess negative charge caused by the presence of a Cu ion (Cu®") at an
Mn*" site (Cu;vm), then oxygen vacancies (V") should be formed. Second,
the Jahn-Teller distortion reduces the oxidation state of Mn** to Mn>*
ions (3d*) in octahedron coordination. Besides, the low oxidation state
should be addressed to Cu?* partially occupying the tunnel with K ions,
causing an increase in Mn>". This conclusion is consistent with the
structure analysis through XRD, where x = 0.15 regain the crystalline
volume (Table 1).

Further, oxidation state analysis of Cu ions was carried out using Cu
K-edge. Figure 6a shows Cu K-edge XANES spectra of the MCx samples
with x = 0.05-0.15 and the standard compounds, Cu foil, Cuz0, and CuO.
The doped samples spectra lost the shoulder type absorption (marked A)
compared to the Cu foil, Cuy0, and CuO (standard compounds) due to the
different environment [MnOg] octahedron. Moreover, the edge energy Eq
shift to a higher value indicates that the copper becomes more oxidized.

For the standards, Cu foils, Cu0, and CuO, the edges were found at
8981.50, 8983.80, and 8988.20 eV, respectively, corresponding to a
1s—4p electric dipole transition. The absorption energy of x = 0.05 is
8989.33 eV, while x = 0.10 and 0.15 are 8989.38 and 8989.23 eV. This
shift demonstrates the oxidation state of Cu larger than +2 to further
determination of Cu oxidation state, the similar method described on the
relation of edge energy and oxidation state of Mn described earlier then
exploited, Figure 6b. The AOS of Cu varies 2.43, 2.44, and 2.40 for x =
0.05, 0.10 and 0.15 respectively. The decrease in AOS for x = 0.15 is
related to the numbers of Cu occupying tunnel possessing low oxidation
state Cu®*; otherwise, Cu?* substitutes Mn>" considering the closer ionic
radius, 72 pm for Cu?>* and 64.5 pm for Mn>*.

Given the previous analysis and the XRD data, it is possible to propose
structural defects illustrated in Figure 7. The substitution cu®" in Mn**
site in [MnOg] octahedron creates a defect Cu}v,n. The change of the

oxidation state of Mn from Mn**—Mn>* producing defect Mn,,,, by then

Cu>" substitute Mn®" creating a defect Cuy,,. The excessive Cu>" not
accommodated in the octahedron will occupy the tunnel with larger K*
ions. Those defects cause adjustments in lattice parameters, crystal size,
microstrain, oxidation state, lattice distortion, and the formation of de-
fects (oxygen vacancies). The hypothetical defect's reaction is then pro-
posed using the Kroger-Vink notation:

o1
2Mn,, + Cuj, +50% — 2Mn*" + Cu*' + 8¢ + 2 50

Mn®*" 4 Cu*t - Cuy,,

Mn®** — Mny,, + 2V

, , S
2Mrty, + Cu, + 505 — My, + Clyy, + 2V + 8¢ + 2505 )

C 1
CUEH+OE—>CUS++3€ +§Oz
cu®t - Cuy, +2Vy
, . a1
Cutfy + 0% = Cliyy + 2V +3€ + 50, 3)

3.3. Local distortion analysis through EXAFS

XRD analysis gives overall data for structure; however, the local
aspect of the structure was carried out using the EXAFS data analysis. The
magnitudes of the Fourier transformed spectra are shown in Figure S4.
The investigation was accomplished by the method of least-squares
fitting with the support of ARTHEMIS in IFEFFIT with a parameter of
the interatomic distances (R), scattering amplitudes (S(z)), and Debye-
Waller factor (6%). As can be seen clearly from the Fourier transforms
(FTs) of Mn K-edge EXAFS spectra in Figure 8a, all MCx samples display
three intense peaks, which correspond to the (Mn-O) (Mn-Mn/Cu)e.,
and (Mn-Mn/O).s bonding pairs, respectively. The Mn K-edge EXAFS
spectra are well-reproduced with a-MnO; structure, with insignificant
peak shifts.

The relative peak intensity of the Mn-O and Mn-Mn in the Fourier
transformed EXAFS is strongly affected by the cation arrangements in the
MnO; structure. The standard MnO» poses high intensity in ¥(R) of the
Mn-O peak of the first shell and low intensity of the Mn—-Mn peak of the
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Table 3. Interatomic distances R of the Mn absorber to its neighbors of MCx samples, the MnO, standard is indicated for reference.

Sample Shell Bonding CN R(A) o2 s2 R-factor
MnO,-std 1 Mn-O 6 1.87 0.006 0.708 0.0285
2 Mn-Mn 4 2.90 0.010
3 Mn-O 7 3.72 0.004
Mn-Mn 4 3.43 0.002
x=0 1 Mn-O1 3.24 £ 0.75 1.88 + 0.03 0.002 0.708 0.0194
Mn-02 1.67 + 0.75 1.92 + 0.06 0.002
2 Mn-Mn 4 2.89 £ 0.01 0.004
3 Mn-O 5.25 + 3.62 3.54 £ 0.06 0.003
Mn-Mn 4 3.43 £ 0.02 0.003
x = 0.05 1 Mn-O1 3.18 £ 0.79 1.87 + 0.04 0.002 0.708 0.0198
Mn-02 1.64 + 0.79 1.91 + 0.08 0.002
2 Mn-Mn 3.41 £ 0.22 2.87 £ 0.09 0.005
Mn-Cu 0.62 + 0.15 2.81 £ 0.84 0.003
3 Mn-O 6.75 + 2.45 3.38 £ 0.07 0.002
Mn-Mn 4 3.41 £+ 0.09 0.002
x = 0.10 1 Mn-01 3.33 £ 0.92 1.87 + 0.06 0.003 0.708 0.0205
Mn-02 1.71 + 0.92 1.90 + 0.09 0.002
2 Mn-Mn 3.06 + 0.36 2.88 £ 0.12 0.005
Mn-Cu 1.02 + 0.24 2.82 +£0.47 0.003
3 Mn-O 6.87 + 2.63 3.39 £ 0.08 0.003
Mn-Mn 4 3.40 £ 0.07 0.001
x = 0.15 1 Mn-O1 3.52 £ 0.05 1.88 + 0.05 0.002 0.708 0.0187
Mn-02 1.81 + 0.05 1.86 + 0.11 0.003
2 Mn-Mn 2.60 + 0.26 2.88 £+ 0.02 0.003
Mn-Cu 1.61 + 0.29 2.81 £+ 0.02 0.003
3 Mn-O 6.97 + 3.04 3.41 £ 0.06 0.003
Mn-Mn 4 3.40 £ 0.03 0.006

second shell. This intensity is weaker than the third shells of Mn-O/
Mn-Mn, Figure 8a. When Cu dopant is incorporated in MnOy, Mn is
replaced by a heavier Cu ion, which has strong electron scattering power;
therefore, the Mn-Cu peak becomes much stronger relative to the
Mn-Mn standard [37]. In contrast, decreasing intensity Mn-O peaks at
the third shell indicate the existence of oxygen vacancies in the MnO,
structure. The copper substitution induced charged defect Cu;v,n and
neutralization creates oxygen vacancy V{'. The fitting process is carried
out using the ARTHEMIS software to demonstrate the presence of oxygen
vacancy. It was determined first through MnO, standard fitting by fixed
CN, then used for fitting other samples.

The numerical values of oxygen up to the third shell are presented in
Table 3. Assuming the standard MnO, has no oxygen vacancy possessing
13 oxygen in this cluster, therefore, the relative oxygen vacancy should
be determined i.e., 21.8 %, 11.0 %, 8.4 %, 8.5 % for x = 0, 0.05, 0.10,
0.15, respectively. These values are believed to be strongly related to the
oxidation state of Mn, which has been discussed in the previous XANES
analysis. Furthermore, focusing on the Mn-O distances in the first shell
demonstrates a distortion along the c-axis, i.e., the octahedron [MnOg]
becoming elongated (the distance of Mn—02 is longer than Mn-O1 shells)
for x = 0-0.10 while compressed for x = 0.15. In the second and third
shell, the distances of Mn absorber to Mn/Cu/O are shortened, which

Table 4. Interatomic distances R of the Cu absorber to the first neighbor O octahedron, second neighbor Mn/Cu, and third neighbor Mn/Cu and O of MCx samples.

Sample Shell Bonding CN RA) o? s2 R-factor
x = 0.05 1 Cu-01 3.36 £ 0.19 2.00 £ 0.02 0.001 0.708 0.0552
Cu-02 1.68 + 0.19 1.91 £ 0.05 0.002

2 Cu-Mn 4 2.89 + 0.04 0.014
3 Cu-0 3.88 £1.16 3.28 £0.20 0.02
Cu-Mn/Cu 4 3.41 £ 0.03 0.006
x=0.10 1 Cu-01 2.45 + 0.09 2.04 £ 0.02 0.001 0.708 0.0323
Cu-02 1.22 + 0.09 1.50 + 0.02 0.001
2 Cu-Mn 4 2.98 +0.03 0.009
3 Cu-0 6.65 + 0.79 3.61 £ 0.08 0.007
Cu-Mn 4 3.49 + 0.04 0.004
x=0.15 1 Cu-01 3.50 + 0.87 2.00 £ 0.02 0.002 0.708 0.0441
Cu-02 1.81 + 0.87 1.89 + 0.03 0.001
2 Cu-Mn 4 2.92 £ 0.05 0.018
3 Cu-O0 3.91 £+ 0.51 3.24 £ 0.06 0.002
Cu-Mn 4 3.41 £ 0.07 0.006
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Figure 9. (a) Nyquist plot of real impedance Z’' versus imaginary impedance Z'’; and angular frequency dependence of (b) Real impedance Z’ (c) imaginary impedance

Z and (d) phase of impedance.

signify a reduction of the lattice volume, as was discussed by XRD
analysis in the previous section.

The detailed local structure information around the Cu absorber on
the Cu-doped samples was elucidated using Cu K-edge. Figure 8b shows
the Fourier transform (FT) EXAFS spectra of MCx at the Cu K-edges and
MnO, standard at the Mn K-edge. The spectra of Cu K-edge of MCx and
Mn K-edge of MnO, standard exhibit a similar trend, particularly the
energy position, suggesting that Mn and Cu have similar octahedron
environments, demonstrating Cu substitute Mn. Given the XRD data, in
which no other phase was detected except a-MnOs, the further fitting
procedure utilized the MnO; model structure; the results are listed in
Table 4. Cu's coordination number (CN) in the first shell is lower than 6,
the ideal octahedron [CuOg]. While their distance is not similar,
demonstrating that the octahedron is distorted.

Furthermore, the intensity of Cu-O is lower than that of the Mn-O
standard displaying a lower number of Cu-O interactions. A similar
manner is presented in the third shell, which indicates a very significant
decrease in the intensity of the Cu-O interaction. The second shell can be
assigned to Cu-Cu bonds and shows a similar characteristic with an in-
tensity of Mn-Mn standard peaks, confirming that the doped Cu ions
substitute Mn in the octahedron, as stated earlier.

Given the data presented in Tables 3 and 4, the distorted octahedron
[MO6] is elongated for x = 0-0.10 and compressed for x = 0.15. Noticed
that the elongated octahedron on the x = 0 sample should be attributable
to the existing K* causing the rendering Mn** — Mn>". On the other

10

Table 5. Grains resistance R, and capacitance C,, of a-MnO, derived from
Nyquist and Debye plots.

Sample Ry, (ohm) Cp (nF)

‘Nyquist’ ‘Debye’ ‘Nyquist’ ‘Debye’
x=0 20 16 10.0 12.5
x = 0.05 12 10 26.5 33.3
x = 0.10 45 36 17.6 23.1
x=0.15 60 60 8.3 8.3

hand, since the oxidation state analysis presented earlier, the splitting of
either dyy-dy,, dy; or d2, d,zﬁy is associated with the Jahn Teller effect,
Figure S5.

3.4. Electrical properties

The electrical analysis should proceed through two approaches, Z* —
Z> the Nyquist plot and the Debye plot [43]. The Nyquist plot of real
impedance Z' versus imaginary impedance Z” was generally modeled
consisting of shunt wiring circuit, semicircles of grains response, and
other tail at low frequency as electrode responses. Focusing on the grains
response, wires, and electrode data should be omitted; consequently, the
frequency range used for further analysis is 1 Hz-2 MHz (~10 rad s ! —
107 rad s™1), Figure 9.
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frequency on relative permittivity ¢.; and (d) Complex plane plot of - ¢ for MCx samples.

Utilizing the reduced data described previously, a decrease in the
semicircle size in the MCO0.05 doping sample indicated better grain
conductivity. The semicircle radius increased in MC0.10 and MC0.15
samples. The grains resistance (Rp,) and capacitance (Cp,) of the sample
were estimated based diameter of a semicircle of the Z' - Z response,
Table 5.

Moreover, Figure 9b represents the real Z' impedance component
against angular frequency; the Z' amplitude is higher in the low low-
frequency region and decreases monotonically with increasing fre-
quency, then a significant decline above  ~ 10° rad s*. The frequency
dependence of imaginary impedance Z” at various dopant concentrations
is represented in Figure 9c, showing a typical Debye ‘relaxation’ curve
above o = 10° rad s~! at the zone of Z’ decline. A similar fashion for the
phase of impedance (arc tan( — Z” /Z')) is shown in Figure 9d. Further
detailed numerical values of Ry, and Cp, determined through relaxation
frequency, focussing on the grains response the Z’ and Z* should be
presented as follows [44]:

, R
Z=—T )
1 + (@RmCn)
_Z// _ Rm meCm . (5)
1+ (wRnCp)
At the relaxation @ = -+, then deduced the numerical value of the

RinCm’
resistance and capacitance of the material, Table 5.
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The charges influence the overall sample conductivity against fre-
quency, and the defect mobility is determined by defect reactions (Egs.
(2) and (3)) as presented in Figure 10a was calculated following equation
[43].

d V4
0Ac :K 72 Lz

It shows that the behavior is quasi-frequency-independent in the low-
frequency region (up to @ = 10° rad s !) and follows the Debye relaxa-
tion curve above » = 10° rad s~!. At room temperature, the mobility of
possible ionic defects presents in the MCx samples Mn,,,, Cuy,,, K+, Cu®*
are much smaller than the mobility of electrons e’; therefore, the elec-
trons dominate the sample conductivity. Given the defect reaction in
(2(2) and (3)(3), the conductivity of MCx samples can be described as the
following: (i) The high conductivity of the MCO sample is related to the
K* incorporated in the tunnel. (ii) The conductivity MC0.05 sample in-
creases due to the possibility of copper exhibiting two diverse oxidation
states. The determinant factor is related to Cu?* substitute Mn>* creating
8 ¢’ and Cu®" substitute Mn*" creating 3 ¢’ in the octahedron. In the
beginning, the Cu®>" creating 8 ¢’ will dominate the conductivity, after-
ward depending on the quantity of copper presenting oxidation state.
Therefore, the small number of Cu dopants resulted in better conduc-
tivity. (iii) For high dopant (x = 0.10, 0.15), the number of Cu®t becomes
numerous, considering that the cut create 3 ¢’ (eq. 3) then has an effect
worsening conductivity.

(6)
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Figure 10b records the areal capacitance as a function of the frequency
of various Cu doped MnO,, revealing differences between samples, with
the highest values of MCO0.05 sample. The remarkably high areal capaci-
tance at low frequency, mainly the response of space charges and de-
creases sharply with increasing frequency, is caused by the polarization
response. The areal capacitance of the sample has directly related to the
permittivity of the material. Further examination of permittivity is then
intriguing. Figure 10c shows the relative permittivity as a function of
angular frequency at various doping levels. The dielectric constant of all
samples was found to decrease with increasing frequency before reaching
nearly constant values in the high-frequency region. The relative
permittivity at low frequency is determined by space charge, while high
frequency is determined by dipole polarization. The space charges are the
unbounded electrons created after a defect reaction induced to excep-
tionally high relative permittivity. The inhomogeneous defect structure

due to the presence of multiple defects in the material (Cu;vm, Mn;wﬂ,Mnj(,,n,
V¢*) that derive the formation of defect dipoles, which leap to face the
external electric field's high frequency, resulting in low permittivity.
Figure 10d reveals the complex plane plot of ¢’- £”’, which lacks the Debye
relaxation type curve; this indicates that the material is rather ionic than a
standard dielectric. Given the frequency used in this analysis (@ ~ 10-10"
rad s71), the dipole and space charge dominates the properties. The
shifting of dipole transition to space charge shape to higher ¢ for
increasing Cu dopant witnessed the defect dipole created when Cu dopant
was incorporated in the material.

4. Conclusion

The composition Mnj4CuxOy (x = 0-0.15) has been synthesized
through hydrothermal processes and characterized. XRD analysis
revealed that all samples hold a-MnO, type structure (JCPDS 44-0141)
and I4/m symmetry, while FESEM shows nanorods morphology and their
size increase with dopant percentage. The oxidation state of manganese is

amixture of 3+ and 4+, which drag the formation of defects Mn,,,, V&, €.
Adding Cu doping on Mn1-xCuxO2 causes lattice parameters and crystal
size rearrange. The AOS of copper in MCx samples determined through
XANES was more than 2+. It signifies Cu?* and Gu®*. The Cu®" tends to
substitute Mn>" and possibly in the tunnel considering its size. Finally,
Cu®* replaces Mn*" in the octahedron. The placement of multivalence Cu
either substitute Mn or incorporated in the tunnel results in the formation
of multiple defects, including Cuy,,, Cu’[vm,Mn;vm7 Vg, €, elongated and
compressed the Jahn Teller effect. Electrical characterization at room
temperature revealed that the conductivity of Cu-doped MnO; is domi-
nated by electrons and influenced by the various oxidation state of the
cations in the octahedron sites, viz. defects: Ctly;,, Cuy, Mn'Mn, Vg and the
movement of large K ions in the tunnel. The maximum conductivity
achieved by x = 0.05 present Ry = 10 Q, generate AC conductivity 2.3 x
1073 S m™! at low frequency. While the dielectric constant &, at a low
frequency is controlled by space charge and disappears at high frequency
when dipole due to defect becoming dominant. The areal capacitance
declines with frequency and attains the maximum given by the MCO0.05
sample. These conclude that Cu dopant increase
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