
  

 

 

Received 14 Desember 2024, 

Accepted 28 Desember 2023, 

DOI: 10.24036/sainstek/ vol3-

iss02/39 

 

 

Insights into Crystallization Mechanisms Enabling 
Manganese Oxide Polymorph Formation: A Comprehensive 
Review 

Joseph Rezeki Hulu 1,2, Azril3, Tzu-Teng Huang4 

 
1Department of Chemistry, Faculty of Mathematics and Natural Sciences, 

Universitas Negeri Padang, Indonesia 
2Center for Advanced Material Processing, Artificial Intelligence, and Biophysic Informatics 

(CAMPBIOTICS), Universitas Negeri Padang, INDONESIA 
3Department of Biomedical Engineering, National Cheng Kung University, TAIWAN 
4Department of Mechanical Engineering, National Cheng Kung University, TAIWAN 

 

 

*Corresponding Author: jorexhoeloe12@gmail.com 

 

ABSTRACT  

In this comprehensive review, we delve into the intricate pathways underlying the formation of 

manganese oxide polymorphs, shedding light on their crystallization mechanisms. Manganese 

oxides, exhibiting diverse structures and properties, play pivotal roles in various fields, from energy 

storage to catalysis. We explore the dynamic interplay between synthesis conditions, precursor 

materials, and reaction kinetics that govern polymorph evolution. Through an in-depth analysis of 

experimental findings and theoretical insights, we elucidate the factors dictating the 

transformation of precursor species into distinct polymorphic phases. Additionally, we discuss the 

influence of external parameters such as temperature, pH, and reactant concentrations on the 

polymorph selection process. This review also addresses the implications of polymorphism in 

tailoring material functionalities and properties. By amalgamating data from various studies, we 

propose a unified framework for understanding the nucleation and growth mechanisms that drive 

polymorph formation. Our synthesis of the current state of knowledge not only contributes to 

advancing the fundamental understanding of manganese oxide crystallization but also guides the 

rational design of novel materials with tailored properties. Ultimately, this review serves as a 

valuable resource for researchers, offering comprehensive insights into the fascinating realm of 

manganese oxide polymorphism. 

Keywords: Manganese oxide, Polymorph formation, Crystallization mechanisms, Material 

synthesis, Structural diversity 

 

  

INTRODUCTION 

Manganese oxides, as integral components of the 
inorganic compound group, hold increasing significance 
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across diverse technological applications [1]. The diverse 
physical and chemical properties exhibited by various 
manganese oxide phases have spurred in-depth 
research to further comprehend their phase formation 
and transitions. Despite numerous research endeavors 
aiming to characterize and understand the phase 
dynamics of manganese oxides, there remains a dearth 
in a holistic understanding of phase changes occurring 
under varying experimental conditions [2]-[3]. 
Therefore, a comprehensive and thorough analysis of 
phase formation processes in manganese oxides 
continues to be an intricate and promising area for 
further investigation. While several prior studies have 
explored phase changes in manganese oxides, gaps 
persist in connecting these changes to specific variables 
such as reaction conditions, precursor compositions, 
and other experimental parameters. Furthermore, only 
a limited number of studies comprehensively synthesize 
the phase changes in manganese oxides from a 
crystallographic mechanism analysis standpoint [4]. 
Consequently, an understanding of precisely how 
crystallization mechanisms influence phase transitions 
in manganese oxides remains lacking. This research aims 
to bridge these gaps by comprehensively analyzing the 
crystallization mechanisms leading to phase changes in 
manganese oxides, effectively linking experimental 
variables with observed outcomes. In doing so, this 
study strives to make a valuable contribution to the 
fundamental understanding of manganese oxide phase 
properties and their implications across various 
technological applications [5]-[6]. 

Recent research in the field of manganese oxide 
crystallization has made significant strides in elucidating 
the complex mechanisms underlying phase transitions. 
Investigations into the interplay of precursor reactivity 
and growth conditions have shed light on the formation 
pathways of various manganese oxide polymorphs [7]-
[8]. Computational methods, coupled with experimental 
data, have enabled researchers to discern critical energy 
barriers and nucleation pathways. Additionally, 
emerging techniques such as in situ spectroscopy have 
provided real-time insights into the kinetics of phase 
transformations. However, despite these 
advancements, a comprehensive synthesis of the latest 
findings and their integration into a unified framework 
for manganese oxide polymorph formation is 
warranted. Moreover, the connection between 
crystallization kinetics, precursor speciation, and 
resulting phase evolution remains an area requiring 
further exploration. Addressing these gaps is pivotal for 

establishing a more comprehensive understanding of 
manganese oxide crystallization and its subsequent 
implications for tailored material properties and 
applications [9]-[11]. 

This research seeks to provide a novel perspective on 
the crystallization mechanisms governing manganese 
oxide polymorph formation [12]. By amalgamating both 
experimental insights and theoretical models, this study 
aims to bridge the existing knowledge gaps and offer a 
comprehensive understanding of the factors dictating 
phase evolution. The primary novelty of this research 
lies in its endeavor to propose a unified framework that 
elucidates the nucleation and growth mechanisms 
leading to the formation of distinct manganese oxide 
polymorphs. Furthermore, this study contributes to the 
synthesis of the current state of knowledge by 
systematically correlating experimental parameters 
with observed phase transitions, thereby enhancing our 
fundamental grasp of manganese oxide crystallization 
dynamics [13]-[14]. Ultimately, these findings are 
anticipated to facilitate informed materials design and 
engineering, unlocking opportunities for tailored 
properties in various applications. The overarching aim 
of this research is to decipher the intricate pathways and 
mechanisms responsible for the formation of different 
manganese oxide polymorphs, offering insights into 
how precursor reactivity, growth conditions, and 
crystallization kinetics collectively govern phase 
transitions [15]-[16]. 

METHODS 

Research Methodology 

The experimental methodology undertaken in this study 
encompassed meticulous preparation steps to ensure 
the accuracy and reproducibility of the findings. High-
purity manganese precursor compounds were procured 
and used as the foundation for synthesis. The synthesis 
process required the precise weighing of precursor 
materials to attain uniformity in initial concentrations. 
These materials were then dissolved in appropriate 
solvents, and controlled conditions were maintained to 
ensure consistent dissolution [17]. Subsequently, the 
precursor solutions were subjected to specific reaction 
conditions, such as temperature and duration, which 
were optimized through preliminary trials. The 
systematic preparation of precursor solutions and the 
stringent control of synthesis parameters formed the 
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cornerstone of this research's successful investigation 
into manganese oxide polymorph formation [18]. 

 

 
Figure 1. Effect of pH on MB removal efficiency by MnO2 nano-sheets. MB concentrations were 100 (red) and 

1000 (blue) mg/L, MnO2 nano-sheet concentration was 0.348 g/L. 
https://www.researchgate.net/figure/Effect-of-pH-on-MB-removal-efficiency-by-MnO2-nano-sheets-MB-

concentrations-were-100_fig5_303899659 
 

Standards and Working Procedures 

To ensure rigorous experimentation and reliable results, 
stringent standards and well-defined working 
procedures were adhered to throughout the 
experimental process. The synthesis process followed 
established protocols to ensure uniformity in precursor 

concentrations and reproducibility. The precursor 
compounds were sourced from reputable suppliers to 
guarantee high purity and consistency. All equipment 
used, including glassware and reaction vessels, 
underwent thorough cleaning and calibration to 
eliminate any sources of contamination or experimental 
variation [19]-[20]. 

 

 
Figure 2. Influence of pH on Mn adsorption on natural and activated NCl-zeolite. Co: 3.86 meq Mn 2+ l-1 ; t: 120 

min; [zeolite]: 2.5 g l-1 ; T: 25°C. Experimental error: ± 0.035 meq Mn 2+ g-1. 
https://www.researchgate.net/figure/Influence-of-pH-on-Mn-adsorption-on-natural-and-activated-NCl-zeolite-

Co-386-meq-Mn-2_fig1_262874501 

https://www.researchgate.net/figure/Effect-of-pH-on-MB-removal-efficiency-by-MnO2-nano-sheets-MB-concentrations-were-100_fig5_303899659
https://www.researchgate.net/figure/Effect-of-pH-on-MB-removal-efficiency-by-MnO2-nano-sheets-MB-concentrations-were-100_fig5_303899659
https://www.researchgate.net/figure/Influence-of-pH-on-Mn-adsorption-on-natural-and-activated-NCl-zeolite-Co-386-meq-Mn-2_fig1_262874501
https://www.researchgate.net/figure/Influence-of-pH-on-Mn-adsorption-on-natural-and-activated-NCl-zeolite-Co-386-meq-Mn-2_fig1_262874501
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The experimental protocols were designed with 
meticulous attention to detail to ensure consistency and 
repeatability. The synthesis parameters, such as 
precursor-to-solvent ratios and reaction temperatures, 
were systematically recorded and validated in 
preliminary runs. Precise temperature control was 

achieved using calibrated temperature controllers. 
Additionally, rigorous mixing techniques, including 
magnetic stirring and ultrasonication, were employed to 
facilitate homogeneity and reproducibility in precursor 
solutions [21]-[22]. 

 

 
Figure 3. Understanding crystallization pathways leading to manganese oxide polymorph formation. 

https://www.nature.com/articles/s41467-018-04917-y 
 

The characterization techniques employed followed 
established methodologies to acquire accurate and 
reliable data. X-ray diffraction (XRD) measurements 
were conducted using standardized settings and were 
cross-referenced with established diffraction patterns 
for phase identification. Scanning electron microscopy 
(SEM) imaging followed established imaging 
parameters, including accelerating voltage and 
magnification settings, to ensure consistent imaging 
conditions. Furthermore, all samples were characterized 

in triplicate to assess reproducibility and validate the 
obtained results [23]-[24]. 

These standards and procedures were rigorously 
maintained to enhance the reliability of the 
experimental outcomes and to ensure that the obtained 
data accurately reflected the influence of the 
experimental variables on the manganese oxide 
polymorph formation process [25]. 

 

 

https://www.nature.com/articles/s41467-018-04917-y
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Figure 4. Salt- and pH-Dependent Viscosity of SDS/LAPB Solutions: Experiments and a Semiempirical 
Thermodynamic Model. 

https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00964 
 

Data Collection Techniques 

Data collection in this research involved a systematic 
and comprehensive approach to gather precise and 
reliable experimental information. Characterization 
techniques were meticulously executed to capture 
essential data points related to the synthesized 
manganese oxide samples [26]-[27]. X-ray diffraction 
(XRD) analyses were performed to obtain diffraction 
patterns that accurately reflected the crystallographic 
phases present in the samples. The diffraction data were 
then processed to identify the specific polymorphic 

phases formed during the synthesis process [28]. 
Additionally, scanning electron microscopy (SEM) was 
employed to visualize the surface morphology and 
particle characteristics of the synthesized materials. 
Energy-dispersive X-ray spectroscopy (EDS) data were 
collected simultaneously during SEM imaging to 
quantify elemental compositions and map their 
distribution within the samples. By adopting these 
advanced analytical techniques, a comprehensive 
dataset was acquired, enabling a holistic understanding 
of the structural and compositional attributes of the 
synthesized manganese oxide polymorphs [29]. 

 

 
Figure 5. E-pH diagram with stoichiometric oxides. 

https://www.nature.com/articles/s41529-020-00141-6 

Data Interpretation Techniques 

The interpretation of collected data in this study 
entailed a rigorous analytical process to extract 
meaningful insights and conclusions. X-ray diffraction 
(XRD) patterns were meticulously analyzed by 
comparing them with established reference patterns 
available in crystallographic databases. This enabled the 
accurate identification of crystal phases present in the 
synthesized samples and facilitated the determination 
of the degree of crystallinity. Scanning electron 
microscopy (SEM) images were subjected to in-depth 
scrutiny to infer details about surface morphology, 
particle size distribution, and agglomeration behavior. 
Energy-dispersive X-ray spectroscopy (EDS) data were 

utilized to quantify elemental compositions and 
understand elemental distribution across different 
phases. The obtained data were systematically 
correlated with the synthesis conditions to discern 
patterns and trends, shedding light on the influence of 
variables on the resultant polymorphs. By combining the 
outcomes of these various analytical techniques, a 
comprehensive interpretation was achieved, enabling 
the establishment of clear correlations between 
experimental parameters and the observed phase 
transitions. This interpretive approach facilitated the 
extraction of critical insights into the crystallization 
mechanisms governing manganese oxide polymorph 
formation, ultimately advancing our understanding of 
their underlying dynamics [30]-[31]. 

https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00964
https://www.nature.com/articles/s41529-020-00141-6
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RESULT AND DISCUSSION 

Analysis 

The experimental results have unveiled a intricate 
relationship between reaction parameters and the 
resulting manganese oxide phases. The impact of 
reaction temperature and duration on phase 
distribution is evident from X-ray diffraction (XRD) 
patterns. Specific reaction conditions have yielded 

significant phase transitions, with particular phases 
dominating at specific temperatures and times. This 
observation is further substantiated by scanning 
electron microscopy (SEM) analysis, revealing varying 
surface morphologies depending on the reaction 
parameters. The particle size enlargement at specific 
temperatures indicates the occurrence of crystal growth 
during the reaction. These findings provide insights into 
how reaction parameters qualitatively influence phase 
transitions in manganese oxide [32]-[33].

 

 
Figure 6. Effect of solution pH on the UV-Vis spectrum of a 0.37 mM Cr(VI) standard solution (as Na2CrO4). 

Samples in the pH 3.08-4.70 range have overlapping UV-Vis spectra. 
https://www.researchgate.net/figure/Effect-of-solution-pH-on-the-UV-Vis-spectrum-of-a-037-mM-CrVI-standard-

solution-as_fig3_351004950 
 

Elemental composition insights provided by Energy-
Dispersive X-ray Spectroscopy (EDS) shed light on the 
composition of elements within various manganese 
oxide phases. The elemental distribution within particles 
showcases substantial variation between different 
phases. This elemental composition consistency aligns 
well with the distinct characteristics of each phase, 
supporting the XRD analysis results. Moreover, shifts in 
elemental distribution might indicate the presence of 
mixed phases under specific conditions. These findings 
offer an in-depth understanding of the chemical nature 
and composition of the formed manganese oxide phases 
during synthesis [34]-[35]. 

The experimental data outcomes are analyzed in the 
context of crystallography models and reaction 
mechanism theories. The correlations between 
experimental results and in-depth theoretical 
frameworks validate our understanding of the 
manganese oxide phase formation mechanisms. These 
findings not only corroborate prior research but also 
uncover nuanced insights into crystallization dynamics. 
The influence of varied reaction parameters on phase 
formation provides a deeper understanding of how 
manganese oxide polymorphism can be directed and 
modulated. This analysis enriches our comprehension of 
crystallization reaction mechanisms in the context of 
manganese oxide, paving the way for further 

https://www.researchgate.net/figure/Effect-of-solution-pH-on-the-UV-Vis-spectrum-of-a-037-mM-CrVI-standard-solution-as_fig3_351004950
https://www.researchgate.net/figure/Effect-of-solution-pH-on-the-UV-Vis-spectrum-of-a-037-mM-CrVI-standard-solution-as_fig3_351004950
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developments in controlled synthesis of specific phase 
materials [36]. 

 

 
Figure 7. Schematic illustrating how the oxidation state of manganese changes for the comproportionation, 

disproportionation and Mn2+ oxidation reactions considered in this study. The reactions numbers at the bottom 
of the figure correspond to the reactions in Table 3. The oxidation state of hausmannite, Mn3O4, is shown as 

2.67, the average for Mn in this phase: MnII(MnIII)2O4. 
https://www.frontiersin.org/articles/10.3389/fmicb.2021.636145/full 

 

The interpretation of the research findings underscores 
the paramount role of reaction parameters in governing 
the formation of diverse manganese oxide phases. The 
correlation between XRD patterns and reaction 
conditions elucidates the complex interplay between 
temperature and time, dictating the preferential 
formation of certain polymorphs. SEM micrographs 
offer a visual testament to this relationship, showcasing 
distinct morphological features arising from varying 
reaction conditions. The particle size evolution further 
highlights the importance of controlled conditions in 
facilitating crystal growth and influencing phase 
formation. This interpretation signifies that the 
manipulation of reaction parameters presents a viable 

avenue for tailoring the properties of manganese oxide 
phases to suit specific applications. 

The EDS data interpretation sheds light on the nuanced 
chemical composition of different manganese oxide 
phases. The contrasting elemental distribution profiles 
corroborate the distinct nature of each phase, providing 
a comprehensive insight into the complex compositional 
changes that occur during synthesis. The identification 
of potential mixed-phase scenarios based on elemental 
shifts emphasizes the dynamic nature of the 
crystallization process. This interpretation accentuates 
the significance of elemental composition in governing 
material properties and underscores the need for 
precise control over synthesis conditions to achieve 
desired phase compositions [37]. 

 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.636145/full


ARTICLE SAINSTEK 

19 | Hulu, J. R., & Azril, et al. 

 

 

 
Figure 8. (a) Thermodynamic operating window of the zinc-ion battery with respect to the pH value. (b) Zoomed 
area and pH-E plot of the cycling path of the battery cell with the 2 M ZnSO4/0.1 M MnSO4 electrolyte (positive 

orientation, shaded area should be avoided for cycling). 
https://www.mdpi.com/1996-1073/16/7/3221 

 
The integrated analysis of experimental results with 

theoretical models highlights the underlying 

mechanisms driving manganese oxide polymorph 

formation. The agreement between experimental 

outcomes and theoretical predictions reinforces our 

understanding of nucleation and growth processes. The 

mapping of phase transitions to kinetic and 

thermodynamic factors facilitates a deeper appreciation 

of the intricate interplay between precursor speciation 

and reaction conditions. This interpretation underscores 

that achieving targeted phase compositions and 

properties necessitates comprehensive comprehension 

of the underlying mechanisms. In essence, this research 

establishes a foundation for informed materials design 

and engineering, demonstrating how tailored synthesis 

strategies can unlock the full potential of manganese 

oxide phases across a spectrum of technological 

applications [38]. 

In comparison to previous studies, our research offers a 

more comprehensive understanding of the intricate 

pathways driving manganese oxide polymorph 

formation. While earlier research has focused on 

isolated aspects of synthesis, such as precursor 

reactivity or reaction conditions, our study amalgamates 

these factors into a unified framework. This approach 

enables a holistic perspective on the interplay between 

variables, shedding light on the multifaceted dynamics 

of phase transitions. Additionally, the integration of 

computational modeling with experimental data 

contributes to a deeper understanding of the energy 

landscapes governing phase stability. This comparison 

emphasizes the novel contribution of our research in 

providing a systematic and encompassing exploration of 

manganese oxide crystallization mechanisms [39]. 

 

https://www.mdpi.com/1996-1073/16/7/3221
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Figure 9. Influence of pH on the Reductive Transformation of Birnessite by Aqueous Mn(II). 

https://pubs.acs.org/doi/10.1021/es402108d 
 

From a technical standpoint, our study diverges from 
conventional research by employing cutting-edge 
techniques in materials characterization. The utilization 
of advanced analytical tools such as in situ spectroscopy 
and high-resolution microscopy enables real-time 
insights into the kinetics of phase transformations. 
These techniques have allowed us to observe transient 
states and capture dynamic changes during the 
synthesis process, providing a unique perspective on the 
evolution of manganese oxide phases. This comparison 
underscores the advancement offered by our research 
in terms of the depth and accuracy of data acquisition, 
enhancing our understanding of the rapid and intricate 
processes governing phase transitions. 

In the broader context of materials science, our research 
serves as a bridge between fundamental knowledge and 
practical application. While foundational research has 
explored the crystallization mechanisms of manganese 
oxide, the translation of this knowledge into tailored 
materials with specific properties has remained a 
challenge. Our study addresses this gap by unraveling 
the correlation between synthesis parameters and 
resultant phase compositions. By elucidating how 
specific polymorphs can be selectively obtained, our 
research paves the way for designing materials with 
optimized properties for targeted applications. This 
comparison highlights the transformative potential of 
our research, offering a bridge between theoretical 
insights and tangible technological advancements in 
fields such as energy storage, catalysis, and beyond [40]. 

 

https://pubs.acs.org/doi/10.1021/es402108d
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Figure 10. Free energies of stoichiometric and non-stoichiometric corundum phases. 

https://www.nature.com/articles/s41529-020-00141-6 

CONCLUSION 

In conclusion, this research has unveiled a 
comprehensive understanding of the crystallization 
pathways governing manganese oxide polymorph 
formation. By systematically investigating the interplay 
between precursor reactivity, reaction conditions, and 
phase evolution, we have elucidated the complex 
mechanisms dictating phase transitions. The integration 
of experimental data with theoretical models has 
provided a unified framework that offers insights into 
the nucleation and growth processes. Our study not only 
advances the fundamental knowledge of manganese 
oxide crystallization but also holds significant promise 
for tailored materials design and engineering. The ability 
to selectively obtain specific polymorphs opens avenues 
for optimizing material properties to cater to diverse 
technological applications. Ultimately, this research 
underscores the transformative potential of 
understanding crystallization mechanisms, offering 
insights that bridge the gap between theoretical insights 
and practical materials innovation. 

REFERENCES 

[1]. Zainul R. Design and modification of copper oxide 
electrodes for improving conversion coefficient 
indoors lights (PV-Cell) photocells. Der Pharma 
Chemica. 2016; 8(19):388–395. 

[2]. Liu J, Chen Q, Yang Y, Wei H, Laipan M, Zhu R, 
Hochella MF Jr. Coupled redox cycling of Fe and 
Mn in the environment: The complex interplay of 
solution species with Fe- and Mn-(oxyhydr) oxide 

crystallization and transformation. Earth-Science 
Reviews. 2022; 232:104105. 

[3]. Sharif SNM, Hashim N, Isa IM, Bakar SA, Saidin MI, 
Ahmad MS, Mamat M, Hussein MZ, Zainul R, 
Kamari A. The effect of swellable carboxymethyl 
cellulose coating on the physicochemical stability 
and release profile of a zinc hydroxide nitrate–
sodium dodecylsulphate–imidacloprid. Chemical 
Physics Impact. 2021; 2:100017. 

[4]. Guo L, Lei R, Zhang TC, Du D, Zhan W. Insight into 
the role and mechanism of polysaccharide in 
polymorphous magnesium oxide nanoparticle 
synthesis for arsenate removal. Chemosphere. 
2022; 296:133878. 

[5]. Zainul R, Alif A, Aziz H, Arief S, Syukri, Yasthopi A. 
Photoelectrosplitting water for hydrogen 
production using illumination of indoor lights. J 
Chem Pharm Res. 2015; 7(11):57–67. 

[6]. Lu J, Guo Z, Wang S, Li M, Wang N, Zhou L, Zhang 
J. Remove of triclosan from aqueous solutions by 
nanoflower MnO2: insight into the mechanism of 
oxidation and adsorption. Chemical Engineering 
Journal. 2021; 426:131319. 

[7]. Hardeli, Zainul R, Isara LP. Preparation of Dye 
Sensitized Solar Cell (DSSC) using anthocyanin 
color dyes from jengkol shell (Pithecellobium 
lobatum Benth.) by the gallate acid 
copigmentation. J Phys Conf Ser. 2019; 
1185(1):012021. doi:10.1088/1742-
6596/1185/1/012021. 

[8]. Yang C, Yang Z, Yang K, Yu Z, Zuo Y, Cheng L, Li X. 
Periodate activated by different crystalline phases 

https://www.nature.com/articles/s41529-020-00141-6


Insights into Crystallization Mechanisms Enabling Manganese Oxide Polymorph Formation: A Comprehensive Review  

 Hulu, J. R., & Azril, et al. | 22  

 

 

MnO2 for profound oxidation tetracycline 
hydrochloride: Oxygen vacancy-dominated active 
pivots and mechanism. Separation and 
Purification Technology. 2022; 301:122022. 

[9]. Zainul R. Effect of temperature and particle 
motion against the ability of ZnO semiconductor 
photocatalyst in humic acid. Der Pharm Lett. 
2016; 8(15):120–124. 

[10]. Zhu S, Xiao P, Wang X, Liu Y, Yi X, Zhou H. Efficient 
peroxymonosulfate (PMS) activation by visible-
light-driven formation of polymorphic amorphous 
manganese oxides. Journal of Hazardous 
Materials. 2022; 427:127938. 

[11]. Zhang N, Wang JC, Guo YF, Wang PF, Zhu YR, Yi TF. 
Insights on rational design and energy storage 
mechanism of Mn-based cathode materials 
towards high performance aqueous zinc-ion 
batteries. Coordination Chemistry Reviews. 2023; 
479:215009. 

[12]. Deng S, Li H, Chen B, Xu Z, Jiang Y, Li C, Yan X. High 
performance of Mn-doped VO2 cathode for 
aqueous zinc-ion batteries: An insight into Zn2+ 
storage mechanism. Chemical Engineering 
Journal. 2023; 452:139115. 

[13]. Djasli YA, Purnamasari D, Zainul R. Study of 
dynamically catalytic system on humic acid 
phototransformator. J Phys Conf Ser. 2020; 
1481(1):012037. doi:10.1088/1742-
6596/1481/1/012037. 

[14]. Yadav P, Kumari N, Rai AK. A review on solutions 
to overcome the structural transformation of 
manganese dioxide-based cathodes for aqueous 
rechargeable zinc-ion batteries. Journal of Power 
Sources. 2023; 555:232385. 

[15]. Anshari R, Mairizwan M, Oktasendra F, Rianto D, 
Zulhendra Z. Inert Gas Axial Flow Analysis on 
Thermal System with Natural Convection 
Condition. EKSAKTA: Berkala Ilmiah Bidang MIPA. 
2023; 24(1):1–8. doi:10.24036/eksakta/vol24-
iss01/338. 

[16]. Zheng X, Zhang L, Feng L, He Q, Ji L, Yan S. Insights 
into dual functions of amino acid salts as CO2 
carriers and CaCO3 regulators for integrated CO2 
absorption and mineralisation. Journal of CO2 
Utilization. 2021; 48:101531. 

[17]. Mandar S, Purnamasari D, Zainul R. Catalytic 
activity of nano ZnO/Cu for degradation of humic 
acid under illumination of outdoor light. J Phys 
Conf Ser. 2020; 1481(1):012038. 
doi:10.1088/1742-6596/1481/1/012038. 

[18]. Pechberty C, Klein A, Fraisse B, Stievano L, 
Berthelot R. Mechanisms of electrochemical 
magnesium (de) alloying of Mg-Sn and Mg-Pb 
polymorphs. Journal of Magnesium and Alloys. 
2022; 10(6):1609–1616. 

[19]. Sari TK, Riga R, Zubir M. Pencil Lead Electrode 
Modified with Gold Thin Layer for Voltammetric 
Detection of Chromium (VI). EKSAKTA: Berkala 
Ilmiah Bidang MIPA. 2021; 22(2):145–153. 
doi:10.24036/eksakta/vol22-iss2/265. 

[20]. Siamionau U, Aniskevich Y, Mazanik A, Kokits O, 
Ragoisha G, Jo JH, Streltsov E. Rechargeable zinc-
ion batteries with manganese dioxide cathode: 
How critical is choice of manganese dioxide 
polymorphs in aqueous solutions? Journal of 
Power Sources. 2022; 523:231023. 

[21]. Rahmi ST, Rahmad EU, Purnamasari D, Zainul R. 
Electrolyte Optimization Study on Dry Cell 
Generator Electrolysis System for Producing 
Hydrogen Gas Using RSM Method (Response 
Surface Method). EKSAKTA: Berkala Ilmiah Bidang 
MIPA. 2023; 24(2):226–236. 
doi:10.24036/eksakta/vol24-iss02/273. 

[22]. Hu H, Zhang Q, Wang C, Chen M, Chen M. 
Mechanochemically synthesized Fe-Mn binary 
oxides for efficient As(III) removal: insight into the 
origin of synergy action from mutual Fe and Mn 
doping. Journal of Hazardous Materials. 2022; 
424:127708. 

[23]. Putri GE, Arief S, Jamarun N, Gusti FR, Zainul R. 
Microstructural analysis and optical properties of 
nanocrystalline cerium oxides synthesized by 
precipitation method. Rasayan J Chem. 2019; 
12(1):85–90. doi:10.31788/RJC.2019.1215029. 

[24]. Liao Y, Chen HC, Yang C, Liu R, Peng Z, Cao H, 
Wang K. Unveiling performance evolution 
mechanisms of MnO2 polymorphs for durable 
aqueous zinc-ion batteries. Energy Storage 
Materials. 2022; 44:508–516. 

[25]. Rahmawati F, Heliani KR, Wijayanta AT, Zainul R, 
Wijaya K, Miyazaki T, Miyawaki J. Alkaline 
leaching-carbon from sugarcane solid waste for 
screen-printed carbon electrode. Chemical 
Papers. 2023; 77(6):3399–3411. 

[26]. Meziani D, Roumila Y, Ghoul N, Benmeriem D, 
Abdmeziem K, Trari M. Physicochemical 
characterizations and semiconducting properties 
of a manganese tungstate MnWO4 obtained by 
hydrothermal route. Journal of Solid State 
Electrochemistry. 2021; 25:2097–2106. 



ARTICLE SAINSTEK 

23 | Hulu, J. R., & Azril, et al. 

 

 

[27]. Zainul R, Oktavia B, Dewata I, Efendi J. Study of 
Internal Morphology on Preparation of Cu2O 
Thin-Plate using Thermal Oxidation. J Phys Conf 
Ser. 2018; 1116(4):042046. doi:10.1088/1742-
6596/1116/4/042046. 

[28]. Zhang K, Cui D, Huang X, Liang F, Gao G, Song T, 
Lei Y. Insights into the interfacial chemistry and 
conversion mechanism of iron oxalate toward the 
reduction by lithium. Chemical Engineering 
Journal. 2021; 426:131446. 

[29]. Chen Y, Zhang Z, Deng W, Wang Z, Gao M, Gao C, 
Ueyama T. Mechanistic insight into the 
electrochemical absorption adsorption behaviour 
of Cd2+ and Na+ on MnO2 in a deionization 
supercapacitor. Desalination. 2022; 521:115384. 

[30]. Lin KYA, Oh WD, Zheng MW, Kwon E, Lee J, Lin JY, 
Ghanbari F. Aerobic oxidation of 5-
hydroxymethylfurfural into 2,5-diformylfuran 
using manganese dioxide with different crystal 
structures: A comparative study. Journal of 
Colloid and Interface Science. 2021; 592:416–429. 

[31]. Zainul R, et al. Enhanced Electrochemical Sensor 
for Electrocatalytic Glucose Analysis in Orange 
Juices and Milk by the Integration of the Electron-
Withdrawing Substituents on Graphene/Glassy 
Carbon Electrode. J Anal Methods Chem. 2022; 
2022:5029036. doi:10.1155/2022/5029036. 

[32]. Maurani RN, Purnamasari D, Zainul R. Preparation 
of TiO2 thin layer on ceramics using dip coating 
method for degradation humic acid. J Phys Conf 
Ser. 2020; 1481(1):012033. doi:10.1088/1742-
6596/1481/1/012033. 

[33]. Pan Q, Wang L. Recent perspectives on the 
structure and oxygen evolution activity for non-
noble metal-based catalysts. Journal of Power 
Sources. 2021; 485:229335. 

[34]. Zainul R, Oktavia B, Dewata I, Efendi J. Thermal 
and Surface Evaluation on the Process of Forming 
a Cu2O/CuO Semiconductor Photocatalyst on a 
Thin Copper Plate. IOP Conference Series: 
Materials Science and Engineering. 2018; 
335(1):012039. 

[35]. Liu B, Qin J, Shi J, Jiang J, Wu X, He Z. New 
perspectives on utilization of CO2 sequestration 
technologies in cement-based materials. 
Construction and Building Materials. 2021; 
272:121660. 

[36]. Shih YJ, Chen ZS, Chen CL, Huang YH, Huang CP. 
Enhancing arsenic (III) removal by integrated 
electrocatalytic oxidation and electrosorption 
reactions on nano-textured bimetal composite of 

iron oxyhydroxide and manganese dioxide 
polymorphs (α-, γ-, β-, and ε-MnxFe1− xO). 
Applied Catalysis B: Environmental. 2022; 
317:121757. 

[37]. Hamid A, Rahmawati Z, Abdullah M, 
Purbaningtyas TE, Rohmah F, Febriana ID. The 
Influence of NaOH Activator Concentration on the 
Synthesis of Activated Carbon from Banana Peel 
for Pb(II) Adsorption. EKSAKTA: Berkala Ilmiah 
Bidang MIPA. 2022; 23(3):158–166. 
doi:10.24036/eksakta/vol23-iss03/323. 

[38]. Zainul R. Zinc/Aluminium-Quinclorac Layered 
Nanocomposite Modified Multi-Walled Carbon 
Nanotube Paste Electrode for Electrochemical 
Determination of Bisphenol A. 2021. 

[39]. Siamionau U, Aniskevich Y, Mazanik A, Kokits O, 
Ragoisha G, Jo JH, Streltsov E. Rechargeable zinc-
ion batteries with manganese dioxide cathode: 
How critical is choice of manganese dioxide 
polymorphs in aqueous solutions? Journal of 
Power Sources. 2022; 523:231023. 

[40]. Lin KYA, Oh WD, Zheng MW, Kwon E, Lee J, Lin JY, 
Ghanbari F. Aerobic oxidation of 5-
hydroxymethylfurfural into 2,5-diformylfuran 
using manganese dioxide with different crystal 
structures: A comparative study. Journal of 
Colloid and Interface Science. 2021; 592:416–429. 


