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technologies. Among the myriad synthesis techniques, the microwave-assisted approach distinguishes itself with
an array of advantages, being time-efficient, eco-friendly, and adept at providing accurate control over the
complex ZnO morphology. Introducing ions like Mn2* into the ZnO lattice further propels the electrochemical
performance of supercapacitors into superior territories. Hence, this investigation meticulously prepared a series
of undoped and Mn-doped ZnO materials utilizing a microwave-assisted synthesis method across four different
microwave powers ranging from 160 to 800 W. Cutting-edge morpho-structural characterization techniques,
including X-ray diffraction, scanning electron microscopy, electron paramagnetic resonance, photoluminescence,
and Raman spectroscopy, were employed to delve into the structure and defect centers of the ZnO-based samples.
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It has been conclusively demonstrated that the concentration of Mn?* is pivotal, offering additional charge carriers
without compromising the crystallinity of ZnO while also enhancing diffusion correlated with Faradaic redox
reactions—thereby escalating the supercapacitor’s properties. A doping concentration of 2% Mn-ions balances
charge carriers with structural integrity. This sample achieved a specific capacitance of 340 F/g, a power density
of 59.7 kW/kg, and an energy density of 47.1 Wh/kg. Across the board, all samples demonstrate impressive
stability, retaining over 70% capacity after 5000 charge-discharge cycles. Notably, ZnO with 2% Mn synthesized
at 160 W excels with over 90% capacitance retention. This distinct behavior is attributed to the transformative
influence of Mn ion doping on ZnO’s structural and morphological attributes.

1. Introduction

The growing demand for energy and environmental contamination
has accelerated the development of energy storage and conversion tech-
nologies. Among these technologies, supercapacitors have been exten-
sively researched and utilized in various domains, including backup
power systems, hybrid electric vehicles, military high-power equipment,
and rail transportation. A supercapacitor is a high-capacity energy stor-
age device with elevated power density, prolonged cyclic stability, and
fast charging and discharging efficiency. The power density of super-
capacitors is approximately one thousand times greater than that of
rechargeable batteries [1,2]. Supercapacitors significantly depend on
electrode materials, which play a crucial role in influencing their overall
performance. Transition metal-based electrode materials have been ex-
tensively studied to achieve cost-effectiveness, rapid charge-discharge
capabilities, superior performance, and extended cycle longevity for
supercapacitors [3]. Transition metal oxides (TMOs), including ZnO
[4], MnO, [5], and RuO, [6], have been thoroughly investigated for
supercapacitor applications due to their high capacitance and electro-
chemical stability. However, the primary challenges for transition metal
oxide electrode materials are still limited by low energy density, in-
creased internal resistance at material interfaces, insufficient mechan-
ical durability, and pressing environmental concerns. Recent research
has demonstrated a significant enhancement in the performance of tran-
sition metal-based oxides [7-9].

ZnO is a promising material, significant for its essential attributes,
including a wide band gap (3.44 eV) [10,11], considerable exciton
binding energy (60 meV), low power threshold for optical pump-
ing [12], efficient ultraviolet (UV) emission [13], high piezoelectric
coefficient (d33 = 9.093 pm/V, which increases to 26.7 pm/V in the
nano regime) [14], and favorable pyroelectric coefficient, all while re-
maining nontoxic [15]. These features enable various applications in de-
vices related to short-wavelength optoelectronic communications [16],
photovoltaics [17], sensors and transducers [18], supercapacitors [19,
20], UV emitters [21], photodetectors [22], and gas or biosensors
[23].

ZnO based nanomaterials have various types of methods to synthe-
size it [24], for instance, chemical methods (sol-gel, hydrothermal and
solvothermal, precipitation, chemical vapor deposition, microemulsion,
and microwave methods), physical methods (laser ablation, ball milling,
and thermal evaporation methods) and biological methods (green and
enzymatic synthesis methods).

The most prominent methods to synthesize ZnO nanomaterials [25]
are co-precipitation [26-28], sol-gel [29-31], ball-milling [32-34], hy-
drothermal [35,36], solvothermal [37-39], and microwave [40-42]
techniques. The synthesis method affects its shape, size, and spatial
structure [25]. Because of their differences in structure, they have dif-
ferent applications. The microwave synthesis method has many appli-
cations and stands out for several properties. For instance, microwave-
assisted synthesis is a rapid method that can synthesize ZnO in a few
minutes. It is environmentally friendly as it requires fewer chemicals
and less energy [43], and it allows precise control over the morphol-
ogy of the ZnO NMs by varying the reaction time, microwave power,
and precursor concentration [43-45]. Several studies have found that
ZnO composite materials exhibit high energy density, high specific

capacitance [46], and long cycle life of about 1000 [47]. This indi-
cates that these composites are suitable for energy storage applica-
tions.

Moreover, as evidenced in many studies, another key factor that af-
fects the supercapacitor’s property and performance is the defect centers
present in the materials [48-50]. A defect center is an imperfection
that disrupts the periodic arrangement of atoms in a crystal lattice or
molecular structure. These defects can significantly influence materi-
als’ physical, chemical, and electronic properties, affecting their per-
formance in technological applications like supercapacitors. These de-
fects, which include vacancies, edge defects, and other structural irreg-
ularities, can modulate the surface microstructure and electrochemical
properties [51]. Defects can increase the specific capacitance of super-
capacitors by providing extra space for charge storage [52], improving
electronic properties and ionic transport [53]. Experiments and theoret-
ical calculations have proven that the electronic structures are related
to oxygen vacancies that serve as shallow donors to improve the car-
rier concentrations and enhance the electrical conductivity to boost the
reaction kinetics [54]. Besides affecting the electronic structures and
electrical conductivity, the interlayer spacing can be expanded by intro-
ducing oxygen vacancies, which boost faster charge storage kinetics and
enhance the redox reactions for improved electrochemical performances
[19]. Doping can also help improve the electrochemical performance of
the SCs and modulate the electronic structure by tuning the band gap,
improving conductivity. Dopants can create more defects in the crystal
lattice, enhancing the electrochemical performance, and some dopants
can create redox activity in the supercapacitor, enhancing the pseudo-
capacitance phenomenon [55].

Furthermore, surface defects can improve electrochemical perfor-
mance by reducing the charge transfer resistance [56]. Materials’ stor-
age capacity can be increased synergistically through enhanced ion ad-
sorption, reduced ion transport resistance, and facilitated ion migration
by combining intrinsic defects and functional groups [57]. Several tech-
niques are used to characterize defect centers present in materials, such
as photoluminescence (PL), Raman, and Electron Paramagnetic Reso-
nance (EPR) spectroscopy.

Photoluminescence investigations demonstrate divergent emission
characteristics in bulk and nanostructured ZnO [58]. In bulk ZnO, near-
band-edge (NBE) emissions dominate, which are associated with direct
bandgap recombination processes. Whereas defect-related deep-level
emissions (DLE) arise from oxygen vacancies (V,), zinc interstitials
(Zn;), and extrinsic defects. Incorporating Mn in nanostructured ZnO:Mn
reduces the photoluminescence signal, as extrinsic Mn shortcomings re-
place intrinsic ZnO defects [59,60]. This phenomenon indicates that Mn
incorporation contends with intrinsic flaws, resulting in non-radiative
recombination pathways and diminished excitonic emission. Further-
more, nanostructure size constriction amplifies surface states, diminish-
ing brightness relative to bulk ZnO [4].

Raman spectroscopy is crucial for examining phonon interactions,
oxygen vacancies, and oxidation states in ZnO:Mn. Raman graphs
of ZnO display distinct Raman-active vibrational modes, including
E,(high) (437 cm™!) and A,(LO) (570 cm™!), with the latter being
especially responsive to oxygen vacancy defects [61]. The introduction
of Mn modifies these vibrational modes, influencing local symmetry
and charge distribution. An escalation in defect-related modes signifies
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a greater density of oxygen vacancies, pivotal in changing the elec-
trical and optical characteristics of ZnO:Mn. Moreover, the oxidation
states of Mn (Mn2*, Mn3*) affect the extent of lattice deformation,
hence influencing phonon confinement and electron-phonon interac-
tions [62].

EPR is an efficient technique for investigating the local electronic
surroundings of paramagnetic dopants in a host lattice. For example,
the EPR spectrum of Mn ions used to dope ZnO can give important in-
formation about the structure of the host material [63]. The core-shell
model effectively examines hyperfine interactions by differentiating be-
tween Mn ions present in the core of ZnO nanoparticles and those
positioned on the surface (shell) regions [64,65]. Doping Mn ions main-
tains intrinsic ZnO-like symmetry, but the surface Mn ions undergo local
strain, modified coordination, and defect-induced disturbances. These
modifications affect the g-values, hyperfine splitting, higher-order spin
parameters such as zero-field splitting, and relaxation dynamics, essen-
tial for customizing the magnetic and electrical properties of ZnO:Mn
[66,67,63].

Although ZnO is a promising material for supercapacitor electrodes
due to its high theoretical capacitance and natural abundance, it dis-
plays very low electrical conductivity, limiting efficient electron move-
ment within the electrode [68]. ZnO electrodes may undergo structural
changes, such as volumetric expansion and contraction, after successive
charge/discharge cycles, leading to mechanical stress and deterioration
[69]. Manganese (Mn) doping has been investigated to enhance the elec-
trochemical performance of zinc oxide in supercapacitor applications
[70,4,71]. Research suggests that incorporating Mn into ZnO can im-
prove electrical conductivity, increase specific capacitance, and enhance
cyclic stability [70]. Studies show that Mn-doped ZnO electrodes exhibit
superior specific capacitance and better cyclic stability than undoped
ZnO electrodes [4]. Furthermore, Mn doping can create redox-active
sites, enhancing pseudo-capacitance and total energy storage capacity
[72]. The results imply that Mn-doped ZnO represents a viable material
for high-performance supercapacitors.

Aleinawi et al. [73] examined the substantial impact of varying mi-
crowave power during the hydrothermal synthesis of Mn-doped ZnO,
and the microwave-assisted technique produced uniform Mn:ZnO rods
on a micrometer scale, noting that increased microwave power lev-
els expedite nucleation and crystal development, leading to larger,
well-crystallized ZnO particles with fewer defects. Excessive microwave
power may lead to particle aggregation, reducing the active surface
area. Lower microwave power levels generate smaller particles with
increased porosity, facilitating enhanced ion diffusion. However, in-
adequate energy may result in incomplete Mn incorporation into the
ZnO lattice. Manganese-doped ZnO has emerged as a highly promising
electrode material for supercapacitors due to the unique synergy be-
tween the semiconducting behavior of ZnO and the rich redox potential
of Mn ions. On its own, ZnO can show limited electrochemical activ-
ity, primarily low conductivity and the absence of pseudocapacitance
for charge storage. However, when doped with Mn ions, the material
undergoes significant structural and electronic transformations that en-
hance its performance in supercapacitor systems [4]. One of the most
notable effects of Mn doping is improved electrical conductivity. The
substitution of Zn?" ions with Mn?* or Mn3" introduces localized states
in the band structure of ZnO. These states facilitate charge transfer and
reduce the bandgap, allowing electrons to move more freely through
the electrode material. This enhanced conductivity is crucial for faster
charge-discharge cycles and better overall rate capability. In addition
to conductivity improvements, manganese ions contribute active re-
dox centers that enable pseudocapacitive behavior. Unlike pure ZnO,
which primarily stores charge through electrostatic accumulation at the
surface (electric double-layer capacitance), Mn-doped ZnO participates
in faradaic reactions. These redox processes, particularly involving the
Mn%*/Mn3* and Mn3*/Mn** transitions, allow the material to store
additional charge within its bulk, significantly increasing the specific
capacitance [57,74].

Journal of Colloid And Interface Science 698 (2025) 138012

In addition to its beneficial magnetic and electrical properties, Mn
enhances ZnO’s atomic alignment. Pearton et al. [75], Zheng et al. [76]
showed that a small amount of Mn doping greatly enhances the atomic
alignment and grain formation, which increases electrochemical activ-
ity. Specifically, the ionic radius of Mn2* (0.66 A) closely matches that
of Zn2* (0.60 A), facilitating the substitutional doping process. This sim-
ilarity in ionic radii minimizes structural incompatibilities, resulting in
controlled lattice distortion and substitutional defects that further im-
prove the material’s functional properties [77].

Numerous studies have explored Mn-doped ZnO using conventional
hydrothermal synthesis; however, the effects of varying microwave
power during this process have not been thoroughly investigated. The
novelty of our study lies in the integrated approach combining binder-
free, all-in-one supercapacitor device fabrication with a systematic in-
vestigation of defect engineering via microwave-assisted synthesis and
Mn doping. Unlike conventional methods that rely on carbon addi-
tives and binders, which often obscure the intrinsic electrochemical
behavior of the active material, we employed a custom-designed two-
point mounting device to assemble supercapacitors directly from the
synthesized ZnO materials. This approach allows for a more accurate
assessment of the electrochemical performance of the active material
itself. Moreover, we controlled the Mn2* concentration, monitored its
substitutional incorporation and oxidation state using detailed EPR spec-
troscopy analysis, which provided insights into the interaction between
intrinsic (e.g., Zn vacancies) and extrinsic (dopant-related) defect cen-
ters. The combined use of EPR, PL, Raman, and structural analysis
allowed us to correlate these defect characteristics with the observed
variations in electrochemical behavior.

Additionally, the novelty extends to the tunability of morphol-
ogy and defect profiles by varying the microwave power, offering
a simple yet powerful route to tailor size, aspect ratio, and crys-
tallinity of ZnO nanostructures. This defect-sensitive synthesis-structure-
performance correlation is not extensively explored in the literature,
especially for Mn-doped ZnO synthesized under varying microwave con-
ditions. Therefore, the study provides new insights into how dopant
concentration and synthesis energy input synergistically affect defect
chemistry and electrochemical properties.

2. Materials and methods
2.1. Synthezis method

As described in our previous work, we synthesized undoped and
Mn-doped ZnO via a microwave-assisted synthesis route [73] (Fig. 1).
The synthesis was carried out using zinc nitrate hexahydrate (ZNH -
Zn(NO3), -6 H,0, Acros Organics, 98% purity, CAS No.: 10196-18-6),
hexamethylenetetramine (HMTA - (CH,)gN,4, Merck, 99% purity, CAS
No.: 100-97-0), the source of Mn was manganese acetate tetrahydrate
(MAT - (CH3CO0O),Mn-4H,0, Acros Organics, 99% purity, CAS No.:
6156-78-1), and methanol (CH;0H, Sigma Aldrich, 99.8% purity, Cas
No.: 67-56-1) as solvent. A solution of 25 mM of ZNH and MTA was
prepared by dissolving the precursors in deionized (DI) water and mag-
netically stirring for 1 hour at 600 rpm to ensure dissolving of the
precursors. The solution was then inserted in a conventional microwave
oven, and the synthesis was carried out at different microwave powers
of 160, 320, 640, and 800 W. The obtained powders were then filtered
using filtration papers, washed thoroughly with DI water and alcohol,
and left to dry out in an oven at 80 °C overnight. Mn-doped ZnO was
synthesized by following the same steps aforementioned, with the addi-
tion of MAT dissolved in methanol to the ZNH and MTA solution, and to
ensure sufficient energy for the incorporation of Mn ions into the struc-
ture of ZnO, the powder was subjected to an additional heat treatment
process at the end of the synthesis. The powder was heated to 400 °C for
4 h and cooled to room temperature afterward.
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Fig. 1. Schematic representation of the microwave-assisted hydrothermal technique used to synthesize ZnO and Mn-doped ZnO nanorods.

2.2. Morpho-structural characterization methods

For morphological assessment using scanning electron microscopy
(SEM), the samples were sputter-coated with 7 nm of gold in a Polaron
E-5100 plasma-magnetron sputter coater (Polaron Equipment Ltd., Wat-
ford, UK) in the presence of argon (45 s at 2 kV and 20 mA). Ultra-
structural images were obtained using a Hitachi SU8320 CFEG scanning
electron microscope (Hitachi, Chiyoda, Japan) at 30 kV and different
magnification powers. Energy-dispersive X-ray spectroscopy (EDX) was
used to perform semi-quantitative elemental analysis using an EDX de-
tector X-mas 80 (Oxford Instruments, Abingdon, UK).

The specific surface area analysis was carried out using N, adsorp-
tion-desorption isotherms using a Micromeritics 3Flex surface character-
ization analyzer (Micromeritics Instrument Corp., Norcross, GA, USA).
Before analysis, the samples were degassed under vacuum at 200 °C for
12 h to remove adsorbed gases and moisture, and the measurements
were conducted at 77 K using high-purity nitrogen gas as the adsorbate.
The Brunauer-Emmett-Teller (BET) method was applied to calculate the
specific surface area from the linear region of the adsorption isotherm
(typically at relative pressures P/P, between 0.05 and 0.30).

The crystalline structure of the samples was evaluated by taking the
X-ray diffraction (XRD) patterns using a Bruker D2 phase diffractometer
in the 20 range of 10 to 90° with a step size of 0.02°.

The defect structure of ZnO and the presence of paramagnetic
Mn ions were investigated by photoluminescence (PL), Raman, and
electron paramagnetic resonance (EPR) spectroscopy. PL spectra were
measured using an FS5 spectrofluorometer (Edinburgh Instruments)
equipped with a 150 W CW Ozone-free Xenon arc lamp, a Czerny-Turner
with plane grating monochromators, and a PMT-900 emission detector.
The Raman spectra were acquired using an InVia Raman spectrometer
(Renishaw, UK) with an upright microscope and a 532 nm frequency-
doubled Nd:YAG solid-state laser. The laser power was set to 1% to
minimize sample degradation during data acquisition. EPR spectroscopy
measurements were performed on a Bruker E500 ELEXSYS spectrometer
at Q-band (33.9 GHz) under identical conditions.

Collector

Seperator ¢——

> Electrode

N«

Fig. 2. Schematic of the double electrode symmetric supercapacitor configura-
tion used to measure the supercapacitive properties of the ZnO-based materials.

2.3. Electrochemical properties measurements

Supercapacitor devices (SC) with a double electrode configuration
were assembled, as shown in Fig. 2, to asses the supercapacitive prop-
erties of the ZnO-based materials. The double electrode configuration
was used to study the synergy between the electrode materials and
between the electrode and electrolyte. To accurately analyze the elec-
trodes, symmetric SC devices have been used for all materials. The
electrode material was mixed with Polyvinylidene Fluoride (PVDF) as
a binder and dissolved in a 6 M Potassium Hydroxide (KOH) solution.
To ensure a homogeneous slurry, the mixture was dissolved in a soni-
cator at 70 °C. The slurry was coated on top of two electrodes and left
to dry on a hot plate at 90 °C. Finally, the electrodes were separated
with a glass fiber separator and wetted with a few drops of 6 M KOH,
which was used as the electrolyte. The total mass of the electrode ma-
terial used in the study is 25 mg, coated on top of a circular-shaped
stainless steel bolt with a radius of 1.25, yielding a mass loading of 2.5
mg/cm?. This mass loading was chosen to maintain consistency with
the literature while ensuring robust electrochemical performance. The
SC devices were then connected to a Biologic VMP300 multichannel po-
tentiostat. Several different methodologies were used for the analysis,
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Fig. 3. SEM micrographs of the undoped and Mn-doped ZnO materials synthesized at different microwave powers showing the nanorod-shaped structures (a) and
the average nanorod length (b), and diameter (c) obtained from the histograms of the SEM images.

such as cyclic voltammetry (CV) that involves subjecting the working
electrodes to a linearly changing voltage, to study the redox behav-
ior, the specific capacitance of the SC devices, and the electrochemical
stability. Electrochemical impedance spectroscopy (PEIS) under poten-
tiostatic conditions, voltage holding test (VH), and galvanostatic cycling
with potential limitation (GCPL).

3. Results and discussion

The undoped and Mn-doped samples synthesized at various mi-
crowave powers were first thoroughly characterized by evaluating the
impact of the dopant ions and the microwave power on their morphol-
ogy and structure. The samples’ morphology was assessed by studying
the SEM micrographs shown in Fig. 3 (a) and S-SEM*. At a lower mi-
crowave power of 160 W for ZnO:MnO samples, the formations show
reduced size and an almost homogeneous morphology. Increasing the
power to 340 W yields significant elongation and an increase in di-
ameter. Increasing power to 640 W further enhances consistency and
size. At maximum power (800 W), the structures commence degrada-
tion, displaying breakage and uneven shapes. The ZnO:Mn2 samples @
160 W exhibit more clustering and density than undoped ZnO. Raising
the microwave power to 340 W and 640 W demonstrates a progressive
increase accompanied by enhanced density. At 800 W, the structures
exhibit relatively low deformation relative to the lower power sam-
ples. ZnO:Mn5 @ 160 W displays a closely aggregated structure, and its
growth is suppressed relative to the undoped sample. As the microwave
power increases, the morphology becomes progressively uneven, indi-
cating that excessive doping may disrupt the growth process. The 800
W sample exhibits significant aggregation with diminished aspect ratios,
suggesting over-doping or microwave-induced deterioration. The length
and diameter of the ZnO rods were estimated from the SEM micrographs
(see Fig. S-SEM*). The average diameter of ZnO:MnO reaches its max-
imum at approximately 340 W, which suggests that this power level is
optimal for growth. As the concentration of Mn increases, the peak di-
ameter shifts to higher power levels, specifically at 640 W. This indicates
a relationship between growth efficiency and microwave power. Addi-
tionally, increasing Mn doping to 5% reduces diameters, implying that
the presence of Mn ions contributes to a structural reduction. To fur-
ther emphasize the effect of the morphology change, ImageJ software
was used to obtain the average nanorod length and diameter from the
histograms of individual nanorods as shown in Fig. S-SEM*, and the re-
sults are summarized in Fig. 3 (b) and (c). The results show a tendency to

maximize nanorods’ length and minimize diameter at lower microwave
powers, thus maximizing the aspect ratio (AR) of the nanorods at lower
microwave powers. However, the density of the nanorods is minimized
at said lower microwave powers.

BET measurements have been applied to evaluate the surface area on
the materials’ capacitive performance. BET technique provides a reliable
estimation of the specific surface area by analyzing nitrogen adsorption—
desorption isotherms, offering insight into the accessible active sites
available for charge storage. Thus, BET is crucial for understanding and
optimizing the electrode materials’ structure-performance relationship
in supercapacitor applications. BET results are summarized in Figs. 4
(a) and S-BET*, showing the N, adsorption-desorption isotherms, and
the linear BET equation, respectively. The BET equation is expressed as

! . Where V is the volume of the gas adsorbed,

V,, is the adsorbed monolayer, P is the adsorbate gas’ monolayer equi-
librium pressure, P, is the adsorbate gas’ saturation pressure, and C is
the BET constant. The BET surface area is obtained from the linear re-
gion between 0.05 to 0.3 using the slope and the intercept. ZnO:Mn2
@ 160 W shows the highest specific surface area of 61 m?/g, a value
that decreases as the microwave power used in the synthesis increases,
indicating that high microwave powers reduce the specific surface area
of ZnO. These results agree with the results obtained from the SEM his-
tograms. While 61 m?/g is not necessarily a high value, it is within the
expected range for Mn-doped ZnO nanowires, which is also affected by
the morphology of ZnO and the dopant concentration [78,79]. Despite
the low specific surface area of Mn-doped ZnO nanowires, the material
can still display efficient electrochemical performance due to the fast
pathway of electrons favored by the direct and aligned structure of the
nanowires. In addition to that, having a high aspect ratio offers sufficient
surface exposure to electrolyte ions, facilitating active ion adsorption
and redox reactions, especially along the nanowires’ sidewalls [80,81].
The aforementioned properties become especially efficient when the
dominating working mechanism in the supercapacitor devices is the dif-
fusive mechanism, which involves Faradaic redox reactions, as will be
discussed in the Dunn technique section.

X-ray diffraction is a powerful and widely used analytical technique
for characterizing crystalline materials. The results of XRD analysis are
shown in Figs. SI-XRD* and 4(b). The hexagonal wurtzite structure
(P6;mc) is ZnO’s most stable crystalline structure [82]. All samples
show the typical peaks associated with this structure at miller indices of
(100), (002), (101), (102), (110), (103), (112), and (201) correspond-
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ing to 20 angles of 31.77, 34.42, 36.25, 47.54, 56.60, 62.86, 67.96, and
69.10° respectively, obtained from the ICDD (JCPDS card no. 36-1451).
Furthermore, an additional peak can be observed at around 26 43.5°,
which is not characteristic of the wurtzite structure. The fact that this
peak can be observed even in ZnO:MnO samples implies that this peak is
most likely associated with ZnO-related impurities such as elemental Zn
or Zn(OH), [83-85]. The intensity of the peak mentioned above seems
to decrease with increasing microwave power during synthesis due to
the higher probability of converting Zn(OH), into ZnO as reported else-
where [86]. Rietveld refinement has been applied to the XRD results to
obtain the average crystallite size and average cell volume as shown in
Figs. S-XRD* and 4(c). The refinement results are summarized in Ta-
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Fig. 5. The first-order and second-order Raman spectra of undoped and Mn-
doped ZnO samples synthesized at different microwave powers (a) and a com-
parison between the Raman spectra of the undoped and Mn-doped ZnO synthe-
sized at a microwave power of 800 W, where all the observable Raman modes
are indicated together with all possible Raman modes that are ZnO specific.

ble T-XRD*. The Mn dopant seems to slightly alter the lattice values
of ZnO, which implies a successful integration of the Mn ions into the
ZnO structure. In addition, the average crystallite size increases with
increasing Mn dopant concentration and increases with the microwave
power during synthesis, implying favored crystal growth conditions at
higher microwave powers. However, this should not be interpreted as a
straightforward improvement in crystallinity. The broadening of XRD
peaks with increasing Mn content reflects the introduction of lattice
strain and microstructural disorder, particularly at intermediate doping
levels. These strain effects may originate from ionic radius mismatch.
The average cell volume, on the other hand, behaves differently, as it
decreases with increasing microwave power and by integrating Mn ions
into the structure of ZnO for the ZnO:Mn2 samples. Furthermore, the
cell volume increases again for ZnO:Mn5 samples, indicating a possi-
ble solubility limit. Mn has an ionic radius of 0.66 A, while Zn has an
ionic radius of 0.6 A. Thus, an increase in the cell volume shall be ex-
pected after the incorporation of Mn into the ZnO lattice, as observed
in the ZnO:Mn5 samples. However, due to the microstructural strain
effects occurring at lower concentrations of Mn in the ZnO:Mn2 sam-
ples, we observe a small reduction in the cell volume, and the effect of
this microstructural strain increases with increasing microwave power
[87,88].
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Raman spectroscopy provided a detailed molecular-level under-
standing of the lattice dynamics in the synthesized ZnO nanostructures.
The spectra depicted in Fig. 5(a) and S-Raman* validate the success-
ful synthesis of undoped and Mn-doped ZnO using various microwave
powers during the synthesis procedure. In standard backscattering ex-
periments, ZnO exhibits a dominant presence of E, modes, which act as
a unique Raman signature [89-91]. In the hexagonal wurtzite (P6;mc)
ZnO structure, the phonon count is determined by the number of atoms
within the unit cell, resulting in 12 phonon modes, including three
acoustic ones [89]. In Fig. 5 (b), a distinct Raman peak observed at ap-
proximately 436 cm~! corresponds to the E,(high) mode, which serves
as a key spectral marker of the wurtzite ZnO phase [49]. The E,(low)
mode was not detected; however, a vibrational feature near 330 cm™!
is commonly associated with a second-order Raman process and is at-
tributed to the E,(high) - E,(low) difference mode [49]. Additionally,
the inherent polarity of the wurtzite crystal structure causes the A and
E; phonon modes to split, leading to the formation of transverse op-
tical (TO) and longitudinal optical (LO) phonons. The A;(TO) mode
was observed at 379 cm™!, while ALO) mode was observed near 580
em~!, which becomes prominent when the c-axis of the wurtzite ZnO
is oriented parallel to the sample surface. In the high-frequency re-
gion, distinct second-order features emerge, attributed to LO overtones
and combinations of LO modes. A weak shoulder around 1105 cm™!
is likely associated with 2LO scattering from flat bands along the A-L-
M line [89-91,49]. This peak may also result from the superposition
of 2A,(LO) and 2E;(LO) modes at the I" symmetry point of the Bril-
louin zone. The two-phonon difference modes fall within the frequency
range of the one-phonon branches. In contrast, two-phonon sum modes
and higher-order multi-phonon processes primarily govern frequencies
above 580 cm™!,

Raman spectroscopy investigation of Mn-doped ZnO structures re-
veals significant modifications in the vibrational properties due to Mn
incorporation. Doping can induce peak shifts, broadening, and intensity
variations in the characteristic ZnO modes. Additional Raman modes
may appear, associated with local vibrational modes of Mn-related de-
fects, disorder-induced activation of normally silent modes, and possible
secondary phases like ZnMn, 0, [92]. As shown in Fig. 5(b), for the syn-
thesis performed at 800 W, the weak band at 310 cm™! corresponds
to the octahedral (BOg) site of ZnMn, O, [49]. Another band, typically
observed around 670 cm~! and associated with oxygen motion in the
tetrahedral AO, group with A;g symmetry, is not visible in this case
due to its overlap with the TO + LO mode. The TO + LO second-order
Raman mode is absent at both Mn doping concentrations, as shown in
Fig. 5(a). This disappearance is likely due to defects introduced by Mn
incorporation, such as oxygen vacancies or Zn/Mn interstitials, which
alter phonon dispersion and suppress specific vibrational modes. Defect-
induced scattering can weaken or eliminate certain phonon interactions,
leading to the observed suppression of this mode.

Photoluminescence spectroscopy is a useful characterization tech-
nique to explain defect-related emissions and how doping can impact
emissions from intrinsic defect centers. Fig. 6(a) shows the PL spectra
of the undoped and Mn-doped ZnO synthesized at 160 W. Fig. S-PL*
shows the remaining PL spectra of all other samples synthesized at dif-
ferent microwave powers. The Gaussian deconvolution fit was applied
to all the PL spectra, with the results presented in Fig. S-PLfit* of all
the samples. At the same time, Fig. 6(b) shows the deconvolution of
ZnO:Mn2, the best-performing sample regarding energy storage proper-
ties, as presented in the following. In Fig. 6(a), all samples show two
major peaks, one with a smaller intensity centered around 415 nm, and
the second peak broader and more intense centered around 590 nm for
undoped ZnO. In contrast, we observed a shift in the red region for the
doped sample for this peak, which is now centered around 640 nm.
We observed a significant change in intensity and peak position in the
doped samples compared with the undoped ZnO. Suppressing the PL in-
tensity for the doped samples showed successful incorporation of Mn
ions in the ZnO lattice. This led to extrinsic defect centers dominating
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Fig. 6. PL emission spectra of undoped and Mn-doped ZnO samples synthesized
at 160 W microwave power (a), and the deconvolution of the peaks of ZnO:Mn2
@ 160 W showing the different emission maxima at different wavelength (b),
as well as the Blue-to-Green emission ratios of all samples (c).

the intrinsic ones as reported previously [93,70]. In Fig. 6(b), the violet
emission centered around 390 nm with small intensity is associated with
the near band gap emission (NBE), the blue emission is associated with
zinc vacancies, while the green and red emissions are associated with
the transition from Zinc interstitial to oxygen vacancy (V) (oxygen va-
cancy complexes) and oxygen interstitial (O;) respectively [94,73]. The
deconvolution in Figs. 6(b) and S-PLfit* shows that with Mn doping,
the intensity of zinc vacancy-related emissions is reduced, highlight-
ing that Mn ions replace the zinc vacancies (V;,). The dopant Mn ions
also occupy interstitial positions, changing the V defect environment.
This is highlighted by the reduction in green and red emissions with a
prominent redshift for the doped sample. Fig. 6(c) shows the blue/green
emission ratio of all samples. The reduction of intensities is visible for all
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Fig. 7. Q-band EPR spectra of ZnO:Mn0, ZnO:Mn2, and ZnO:Mn5 samples synthesized at different microwave powers. The undoped samples present a resonant line
at g ~ 1.96, attributed to intrinsic defects like Zn vacancies, while the Mn-doped ZnO samples display typical anisotropic sextet hyperfine lines of Mn?* centers.

the doped samples at each microwave power, hinting at the successful
incorporation of Mn ions in the ZnO lattice at each microwave power.

Fig. 7 and S-EPR* illustrate the Q-band EPR spectra for both undoped
and Mn-doped ZnO. In the undoped samples, a resonant line appears
around g = 1.96, attributed to intrinsic defects like Zn vacancies [95].
The intensity of this resonant line varies depending on the microwave
power utilized during the material’s synthesis. This variation is linked to
changes in ZnO size, as described by Erdem [66]. The core-shell model
employed here elucidates the emergence and disappearance of the EPR
signals, suggesting that the signal at g &~ 1.96 arises from core (bulk)
defects. Comparative analyses across different sample sizes using both
EPR and PL [14,96], together with existing theoretical works [97,98],
confirm that the resonance at 1.96 relates to negatively charged Zn va-
cancies (Vz, 7).

While V; are among the most common intrinsic defects in ZnO, and
are often considered potential sources of EPR signals, their contribu-
tion depends strongly on their charge and spin state. In our case, we
assigned the g ~ 1.96 resonance to negatively charged zinc vacancies,
based on several consistent observations: the resonance matches well
with literature values for V,,~ [63,66]; its intensity systematically de-
creases with increasing crystallite size, as supported by our XRD and
SEM data (refer to Figs. 4(c) and 3(b) and (c)), which aligns with the
known size-dependence of zinc vacancy-related EPR signals. Moreover,
oxygen vacancies in ZnO frequently exist in a neutral (V,°) or doubly
ionized (VOZ‘) state under ambient conditions—both of which are EPR
silent due to their diamagnetic nature. This suggests that V defects
may still be present in our samples, as is typical for ZnO; they likely
remain non-ionized and thus do not contribute to the observed para-
magnetic signal. Specifically, ZnO:MnO synthesized @ 160 W displays
the smallest average crystallite size and rod dimensions, aligning with
other studies that show a reduction in V;, ~ related EPR signal intensity
as particle size increases.

The Mn-doped ZnO samples display typical anisotropic sextet hyper-
fine lines of Mn?", indicating the incorporation of Mn?" ions in the ZnO
lattice. Six hyperfine transitions arise due to the Mn hyperfine coupling
with the nuclear spin I;, = 5/2, wherein the sextets belong to the tran-
sitions mgg,) — Mgy + 1 [11,63]. Along the hyperfine resolved
sextet line, zero-field splitting is observable in the Q-band measured
EPR spectra, which is observable due to the high MW-frequency (33.89
GHz) at which the EPR measurements were performed [99,63].

Hyperfine lines are visible without substantial broadening (com-
pared to the literature), indicating that Mn ions replace the Zn2*
sites [100]. The following EPR parameters are observable: g-value g =
2.0019, hyperfine coupling constant A = 220 MHz, zero-field splitting
parameters D = 720 MHz and E = 22 MH, which are in concordance
with the already reported literature [101,100,63], which provides proof
for the Mn?" substitution of Zn?" in the crystal lattice. The samples syn-
thesized with 160 W microwave powers show the highest Mn?*-related
EPR signal, indicating that synthesizing the ZnO structures at this power
facilitates the incorporation of more Mn ions into the ZnO lattice.

Cyclic voltammetry is a fundamental electrochemical technique used
to understand electrode materials’ redox behavior and capacitive prop-
erties. In CV testing, the electrode’s potential is increased linearly at a
specific scan rate, and the resulting current—potential profile provides
insights into the kinetics of redox reactions, charge transfer processes,
and ion diffusion at the electrode interface [67]. Under CV testing, ZnO
exhibits a pseudocapacitive curve rather than behaving as an electrical
double-layer capacitor (EDLC). In EDLC, the charge is stored through the
physical adsorption of ions at the electrode/electrolyte interface, which
appears rectangular in resulting current-voltage graphs [102]. However,
ZnO, a transition metal undergoing reversible Faradaic reactions, shows
distinct peaks due to its slower and more complex ion diffusion pro-
cesses compared to the rapid electrostatic storage in EDLC [103]. The
redox processes in ZnO are controlled by the kinetics of ion transport
that involves Faradaic redox reactions, which imparts a diffusive behav-
ior. The EDLC mechanism involves the rapid physical transportation of
ions through the layer between the two electrode materials [104]. The
synthesis techniques directly affect the capacitive behavior of the elec-
trode materials. The control of the defect can explain the reason behind
this [105]. While ZnO:Mn0O @ 800 W has defects that facilitate ion dif-
fusion, indicated by minor redox peaks, ZnO:Mn0 @ 320 W results in a
rectangular-like shape.

Although most of the synthesis techniques mainly have a positive
effect on the Faradaic properties of the ZnO, it is possible to say that
controlling synthesis parameters and indirectly controlling defect cen-
ters result in different electrode behaviors with the same composition.
Additionally, doping with elements like Mn can further enhance these
Faradaic processes by providing additional active sites and improving
electron conductivity [106]. Fig. S-CV* shows the CV graph of the SC
devices tested at five different scan rates (10, 20, 50, 100, and 200
mV/s), while in Fig. 8, the specific capacitance at different scan rates is
presented for all undoped and M-doped ZnO samples synthesized at var-
ious microwave powers. The four different synthesis microwave powers
and the varying dopant levels are expected to yield enhanced reactive
surfaces. In other words, undoped ZnO should show prominent redox
peaks. For samples synthesized @ 160 W, peaks rise as the dopant level
increases. Especially moving from ZnO:Mn2 to ZnO:Mn5, while it pre-
serves the shape, the highest point of the peaks almost doubles. This
shows that the dopant effect enhances the pseudocapacitive behavior of
ZnO by facilitating ion diffusion.

In ZnO-based systems, EDLC arises from the electrostatic accumu-
lation of ions at the electrode-electrolyte interface without any charge
transfer. This behavior is typically associated with nanostructured ZnO
materials (nanowires, nanorods, and nanoparticles) that offer a high
surface area and porous architecture, facilitating ion adsorption and des-
orption during cycling [48]. On the other hand, pseudocapacitance in
ZnO is attributed to fast and reversible redox reactions involving the
Zn?* /Zn redox couple and surface oxygen species. However, bulk ZnO
has relatively poor intrinsic conductivity and a limited number of redox-
active sites, which can restrict pseudocapacitive contributions. These
limitations are often addressed through strategic doping [107].
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Fig. 8. The specific capacitance evolution as a function of the scan rate of un-
doped and Mn-doped ZnO samples synthesized at different microwave powers.

The most sudden change of the dopant effect can be observed in the
320 W samples. As it is doped with 2% Mn, peaks become more defined,
indicating that Mn facilitates redox reactions by creating reactive sites.
However, moving towards 5%, the threshold of the optimal reactive
sites is being exceeded. It can be understood that peaks have become
more defined, but not because there have been more redox reactions;
yet, now the resistive effect of ions has appeared and negatively affects
the performance by dropping both maximum current values and specific
capacitance. ZnO:Mn0 @ 640 W presents a pseudocapacitive behavior
with slight peaks of redox reactions. The dopant effect on this sample re-
veals increased capacitive properties and peaks. On the other hand, the
dopant effect occurring in the synthesis of 800 W ZnO is more drastic, in-
dicated by the additional defined peaks in the current potential profile.
Although the increasing dopant level negatively affects possible reactive
sites, ZnO:Mn2 shows enhanced Faradaic reactions that increase the su-
percapacitor’s diffusive properties and direct performance.

The CV plots are further analyzed to obtain the specific capacitance
(Cy) of the SC devices by evaluating the area enclosed in the CV curves
and using the following formula: Cq = ﬁ, where A is the area under
the CV curves, m is the mass of electrode material, k is the scan rate, and
AV is the voltage window. The Cg results are shown in Fig. 8. ZnO:Mn2
samples show the highest specific capacitance, followed by ZnO:Mn5,
and ZnO:Mn2. The variation in Cg value can be attributed to several
factors. Mn doping provides additional charge carriers in the structure of
ZnO, as evidenced by the EPR results. ZnO:Mn2 concentration balances
additional charge carriers and structure integrity. Increasing the dopant
concentration in ZnO:Mn5 provides more charge carriers. However, it
negatively affects the structure, as shown in the decreased crystallinity
in XRD results and the breakage of the nanorods shown in the SEM
images.

To further understand the working mechanism of the SC devices and
the effect of the Mn dopant, the Dunn technique was applied [108]. The
equation is expressed as I(V) =k -v+k, \/E, where k; represents the
capacitive current, k, represents the diffusive current, and v is the scan
rate. The relative contributions of each mechanism can be quantified by
analyzing the slope and intercept of a Dunn plot. The Dunn technique is
used to provide insight into the working mechanism of the SC devices
by revealing the contributions of the capacitive mechanism that is asso-
ciated with the rapid physical transport of ions between the electrodes
in the EDLC layer, and between the diffusive mechanism that involves
Faradaic redox reactions that further enhances the performance of the
devices. The Faradaic redox reactions are often associated with the rapid
transfer of ions and electrons [109]. These mechanisms are affected by
several factors such as the scan rate and the internal resistance of the
electrode materials. The results are shown in Fig. 9. The Dunn technique
results reveal an increase in the diffusive contribution for ZnO:Mn2 com-
pared to ZnO:MnO at all microwave powers, except for 800 W, where
ZnO:MnO shows around 90% diffusive contribution, whereas ZnO:Mn2
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Table 1
Ilustration of the equivalent circuit and equivalent circuit compo-
nents’ values obtained from the Z-Fit of the Nyquist plots.

N |
1T

Q, C,
L
R1
RZ WZ RS
Sample R/Q R /Q W,/Q\s
ZnO:Mn0 @ 160 W 5473 2298 391
320W  0.853 109 215
640 W 5.26 306 46.11
800W  5.14 1053 34
ZnO:Mn2 @ 160 W  0.4665 1691 243.6
320W  0.291 550 25.6
640 W  0.2775 531 134
800W 0712 9% 148
ZnO:Mn5 @ 160 W 0.296 332 58.54
320W 0333 408 187

640 W  0.264 136.6 217
800W  0.280 72.09 117

shows 85% diffusive contribution at 10 mV/s scan rate. First, at a lower
scan rate of 10 mV/s, there is sufficient time for the electrochemical
reactions to occur. Thus, the diffusive mechanism generally increases
at lower scan rates compared to higher scan rates, where the capaci-
tive contribution that involves the rapid transport of ions increases. The
increase in the diffusive mechanism for ZnO:Mn2 is attributed to the
additionally added charge carrier spots in the structure of ZnO that con-
tribute to increasing the effect of the Faradaic reactions @ 160, 320,
and 640 W. For ZnO:Mn2 @ 800 W, however, the effect decreases due
to the decrease of the aspect ratio as shown in the SEM histograms,
which is not sufficient for the electrochemical reactions to take place
and contribute to the diffusive mechanism that involves Faradaic re-
dox reactions. Manganese ions, particularly in variable oxidation states
such as Mn?*, Mn3*, and Mn**, bring intrinsic redox activity to the sys-
tem [57]. When Mn is doped into the ZnO lattice, it introduces redox
centers that reversibly undergo electron transfer reactions during charg-
ing and discharging. These redox transitions - between Mn?"/Mn3* and
Mn3*/Mn** - facilitate faradaic reactions at or near the surface of the
electrode material [74]. As a result, charge storage is no longer lim-
ited to surface ion adsorption; instead, it involves fast, reversible redox
processes within the material’s bulk or near-surface regions [72]. More-
over, Mn doping generates oxygen vacancies within the ZnO structure,
improving electrical conductivity and providing additional active sites
for redox interactions with electrolyte ions [110]. These vacancies serve
as entry points or anchoring spots for ions from the electrolyte, further
enhancing the depth and speed of redox reactions. Combining these va-
cancies with Mn’s multiple oxidation states results in a higher density
of faradaic sites [111].

Electrochemical impedance spectroscopy is a crucial analytical tech-
nique for understanding the electrical properties of SC devices. It is
a valuable method that provides insights into the charge transport,
resistance, capacitance, and interfacial phenomena essential for opti-
mizing material performance. The electrochemical impedance graphs
are shown in Fig. S-PEIS*. All the graphs reveal the presence of mul-
tiple charge transfer processes that most likely include an electrode-
electrolyte interface, a charge transfer resistance, and a diffusion-
controlled process indicated by the presence of the Warburg element
straight line [112]. Z-fit was carried out on the impedance data to get
further insight into the resistance values of the SC devices, as shown in
Fig. S-PEIS*.

The equivalent circuit and the value of the results of the Z-fit are dis-
played in Tables 1 and T-PEIS*. The ZnO:Mn2 samples show the lowest
values for the electrolyte-electrode resistance while having the highest
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Fig. 10. GCPL plots of undoped and Mn-doped ZnO samples synthesized at different microwave powers highlighting a triangular shape, an indicator of the efficient

charge transfer mechanism.
of the undoped and Mn-doped samples synthesized with varying mi-

related with the interaction between Mn dopant ions and Zn ions in crowave powers. ZnO:Mn2 samples generally display a better triangular
the structure of ZnO. At lower dopant concentrations, Mn ions substi- shape of the GCPL curve, indicating the devices’ more efficient charge
tute Zn ions in the structure, as evidenced by the EPR measurements, transfer mechanism [115]. The shape of the GCPL graph can be directly
which disrupts the oxygen vacancies in the structure, thus increasing the correlated with the working mechanism of the SC device displayed in
charge transfer resistance. This effect is reduced by adding a higher Mn the Dunn technique’s results. The slight deviation from the triangular

shape into a semi-triangular shape in ZnO:Mn2 @ 160 W and ZnO:Mn2

dopant concentration in the system, as shown in the ZnO:Mn5 samples

@ 320 W samples indicates a more dominant diffusive working mech-
anism that involves Faradaic redox reactions in addition to the EDLC
physical mechanism [116]. This additional contribution of the diffu-

values for the charge transfer resistance. This behavior could be cor-

[113,114].
GCPL graphs are instrumental in evaluating the electrochemical per-

formance of materials used in SC devices. Fig. 10 shows the GCPL graphs
10



M.H. Aleinawi, A.U. Ammar, D. Sentiirk et al.

X
o
(@]
504 —o—Zn0O:Mn0
] ——Zn0O:Mn2 640
254 ~—ZnO:Mn5
0 ¥ - 800
0 1000 2000 3000 4000 5000
Cycle number
b)
/)
i R i ™
150 4 g
1254 - 160
° 100 o 320
=~ 3 =
w754 =
(@) =
50 —o—Zn0O:Mn0
] ——Zn0O:Mn2 640
254 ~—ZnO:Mn5
0 ¥rrrr e 800

0 1000 2000 3000 4000 5000

Cycle number

Fig. 11. The capacitive retention - CR (a) and Coulombic efficiency - CE (b)
of the undoped and Mn-doped ZnO samples synthesized at different microwave
powers obtained after 5000 cycles.

sive mechanism seems to positively impact the performance of the SC
devices, as it shows an increase in the specific capacitance values for
ZnO:Mn2 @ 160 W samples.

In addition to the GCPL profiles, the stability of the SC devices was
evaluated over 5000 cycles, as shown in Fig. 11, which displays the
capacitive retention and Coulombic efficiency of the undoped and Mn-
doped ZnO samples. While all samples display adequate stability of
over 70%, interestingly, the ZnO:Mn2 samples display higher stability
at lower microwave powers of 160 W and 320 W, while ZnO:Mn5 sam-
ples, on the other hand, show improved stability at higher microwave
powers of 640 W and 800 W. This behavior can be attributed to the
role of Mn dopant on the structure and morphology of ZnO. While the
70% stability is considered to be modest in comparison to the values re-
ported in the literature, however, it is important to consider that the ZnO
and Mn-doped ZnO nanorods-based systems investigated in our study
were synthesized via a low-temperature, scalable microwave-assisted
hydrothermal method without any conductive additives or carbon sup-
ports. While offering structural simplicity and synthetic ease, these mini-
malist electrode architectures often exhibit lower cycling durability than
composite systems. Similar results of retention have been reported pre-
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Fig. 12. Ragone plot showing the energy and power densities of the symmetric
supercapacitor devices based on undoped and Mn-doped ZnO samples synthe-
sized at different microwave powers.

viously. For instance, Hassan et al. [117] reported capacitive retention
of 68% after 5000 cycles. Mn dopant is reported to alter the structure of
ZnO nanorods into nanoflowers [118]. These results suggest that lower
Mn doping levels may favor the formation of stable structures under
milder synthesis conditions. In contrast, higher doping levels might re-
quire increased energy input to achieve optimal microstructural features
that enhance stability. Fig. 11(b) also shows the Coulombic efficiency
(CE) of the undoped and Mn-doped ZnO samples. CE measurements are
crucial for industrial applicability as they offer insight into the charge
reversibility and electrode durability [119]. Mn seems to positively im-
pact the CE of the ZnO samples, increasing the values from around 85 to
95%, reflecting adequate charge-discharge stability and charge transfer
reversibility, despite the modest capacitive retention values of the un-
doped ZnO samples.

Fig. 12 shows the Ragone plot of the SC devices, displaying each
device’s maximum achieved power density and energy density. The en-
ergy density (Ep) was calculated using the following equation: Ej =
%C s - V2, where Cy is the specific capacitance and V is the potential

window, and the power density (Pp) was calculated with: P = E—tD,

where ¢ is the discharge time obtained from the GCPL measurements for
each device. The ZnO:Mn2-based supercapacitor device outperforms the
other devices in energy and power density. The improved performance
of ZnO:Mn2 can be attributed to several factors. First, integrating the
Mn?* ions into the structure of ZnO contributes to adding extra charge
carriers, thus improving the aforementioned diffusive mechanism asso-
ciated with Faradaic redox reactions in the system. ZnO:Mn2 provides
a balance between providing sufficient charge carriers without compro-
mising the structure of ZnO, as in the case of ZnO:Mn5, where the exces-
sive integration of Mn?" led to decreasing the rate of crystallinity and
an increase in the crystal cell volume. It is worth mentioning that even
amongst the ZnO:Mn2 samples, the performance varies with the use of
microwave power during the synthesis process. ZnO:Mn2 @ 620 W and
800 W display higher power density values of 83.2 kW/kg and 84.7
kW/kg, respectively, than ZnO:Mn2 @ 160 W, which shows a power
density value of 59.7 kW/kg. However, ZnO:Mn2 @ 160 W shows a
higher energy density value of 47.1 Wh/kg than that of ZnO:Mn2 @ 640
W and 800 W, with 32.37 Wh/kg and 29.18 Wh/kg values. The varia-
tion of results based on the microwave power used during the synthesis
can be better understood by considering the effect of the microwave
power on ZnO’s crystalline structure and morphology. The power of 160
W provided the highest aspect ratio of ZnO nanorods, which possesses
favorable conditions for electrochemical reactions, thus increasing the
energy density value of the SC device.

On the other hand, powers of 640 W and 800 W yield more dense
nanorods with smaller aspect ratios than 160 W, a condition that fa-
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Table 2
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Performance comparison of the samples reported herein with other similar systems. Legend:
GNR - Graphene nano ribbons, LRGONR - Lacey reduced graphene oxide nano ribbons, CNO
- Carbon nano onions, ZnO NR@Ni-Co LDH CNSAs - ZnO nanorods wrapped in ultrathin
Ni-Colayered double hydroxide composite nanosheet arrays, AAO - Silver coated anodic alu-

minum oxide.

E, E, Cy/F/g  P,/kW/kg  Ep/Wh/kg  Ref.

ZnO@GNR LRGONR 125 1.18 9.4 [120]
CNO-ZnO Symm 68.5 8.1 10 [121]
ZnO@MnO, AC 907 6.5 17 [122]
ZnO-NR@Ni-Co LDH CNSAs  AC 2683.8 1.11 40.04 [123]
ZnO-NPs@P-Si Symm 547 - - [124]
MnO, -AAO Symm 132 36 26.4 [125]
ZnO:Bi Symm 177 1.497 55 [126]
NiO:Ce Symm 122 0.700 8.17 [127]
ZnO:Sr Symm 698 - - [128]
Zn0:Cd - NR Symm 627 - - [129]
CeO,:Ni NP Symm 446 - - [130]
ZnO:Ce Symm 338 - - [131]
ZnO:Mn2 @160 W Symm 340 59.7 47.1 tw.

vors the rapid transport of ions and thus increases the power density
of the SC device. To evaluate our material following similar systems,
Table 2 summarizes electrochemical parameters obtained from similar
material systems. Combining ZnO with graphene and other carbon-
based nanomaterials contributes to the increase of power density due to
the high active surface area of carbon-based materials that offer favor-
able spots for the rapid transportation of ions, increasing both power
density and specific capacitance. This increase, however, might nega-
tively affect the energy density values due to suppression of Faradaic
redox reactions due to the rapid movement of ions, as shown in the re-
sults reported by Sahu et al. [120], Mohapatra et al. [121], Radhamani
et al. [122], Liu et al. [123]. When doped with different elements, ZnO
shows improved supercapacitive properties, as demonstrated by Angelin
et al. [126], where Bi-doped ZnO nanostructures in symmetric superca-
pacitors showed specific capacitance of 177 F/g at 2 A/g with a great
cycle stability of 89.6% capacitance retention after 3000 cycles at 2.8
A/g. When doped with Sr [128] or Cd [129] ions, ZnO had a specific
capacitance of 698 F/g at 5 mV/s and of 627 F/g at 1 A/g, respectively,
with capacitance retention after 5000 GCD cycles at 1 A/g of 95.4% and
93.3%, but no energy and power density values were reported in both
cases.

Hassan et al. [124] successfully obtained ZnO nanoparticles from
spent Zn-C batteries through thermal growth on top of porous silicone
substrates, and they reported a high specific capacitance value of 547
F/g. While the specific capacitance is high, no information about power
and energy densities was reported. The nanoparticle morphology of ZnO
might achieve high specific capacitance values. Still, the nanorods’ mor-
phology is more favorable for both rapid ion transportation processes
and for providing a high active surface area of electrochemical Faradaic
redox reactions, thus increasing both the energy density and power den-
sity [132,133,48].

This study presents methods to regulate desirable electrochemical
characteristics by adjusting the microwave power during synthesis and
by varying the concentration of Mn2* ions in the ZnO lattice.

4. Conclusions

The study highlights the critical role of Mn ions in improving the
supercapacitor performance of ZnO nanorods. The synthesis process is
identified as crucial, with Mn-doping effectively optimizing charge car-
riers and enhancing electrochemical reaction efficiency. The optimal
performance is observed in ZnO:Mn2 nanorods synthesized at a mi-
crowave power of 160 W, achieving an impressive 59.7 kW/kg power
density and 47.1 Wh/kg energy density, exhibiting over 90% stability
and maintaining stability over 5000 cycles. The findings suggest that
power and microwave conditions significantly influence the structural
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and energy properties. The morphology and specific surface area of the
ZnO nanorods are directly affected by the Mn dopant concentration and
the microwave power used in the synthesis procedure. Increasing the Mn
concentration decreases the length and diameter of the nanorods, while
increasing the microwave power decreases the specific surface area of
the material from 61 m?/g at 160 W to 35.5 m?/g at 800 W. Photolu-
minescence measurements proved that with Mn doping the intensity of
zinc vacancy-related emissions are reduced, highlighting that Mn ions
replace the zinc vacancies. The dopant Mn ions also occupy interstitial
positions, changing the oxygen vacancies. Electron paramagnetic res-
onance spectroscopy results showed a high concentration of monoion-
ized zinc vacancies in the case of the unpode ZnO samples, which are
replaced by Mn?" ions in the doped samples, while the samples synthe-
sized at 160 W microwave powers show the highest Mn?*-related EPR
signal, indicating that synthesizing the ZnO structures at this power fa-
cilitates the incorporation of more Mn ions into the ZnO lattice.

Mn-doped ZnO nanorods offer improved electrochemical perfor-
mance for supercapacitors, but several challenges hinder their practical
applications. Despite an increase in conductivity, the energy density of
the material remains low. Doping ZnO with Mn?" ions can lead to in-
creased internal resistance, which reduces charge transfer efficiency.
Mechanical stress and structural degradation after numerous charge-
discharge cycles also decrease long-term stability. The synthesis pro-
cess is crucial because variations in microwave power and Mn doping
concentrations can lead to defects or aggregation that compromise per-
formance. Therefore, optimizing the synthesis technique by carefully
adjusting parameters such as microwave power and Mn doping levels is
essential to address these challenges effectively. Moreover, enhancing
mechanical durability by hybrid nanostructures or other materials will
help to reduce mechanical stress problems. Improving conductivity and
general electrochemical performance depends on controlling defect cen-
ters, especially concerning oxygen vacancy concentration. Combining
these techniques helps Mn-doped ZnO nanorods to be more feasible for
practical supercapacitor uses and guaranteeing improved energy storage
system performance.
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