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Abstract: The synthesis and characterization of the vanadium oxide nanoflakes synthesized by a controlled hydrothermal 

reaction and followed by a post-annealing process will be explored in this paper. The research would focus on the structural 

integrity and morphological distribution of the resulting nanostructures, with an average diameter of 60-90 nm. To achieve 

these results, a large database of 280 diverse experimental cases was used, and parameters such as temperature, pressure, and 

Tools of analysis, such as Field Emission Scanning Electron Microscopy to image surfaces, X-ray Diffraction to determine 

phases, and Raman Spectroscopy to analyze vibrational modes, have been used in this study. The results of the experiment 

prove the existence of a highly crystallized orthorhombic phase with strong diffraction peaks and homogeneous growth patterns. 

High-resolution imaging and spectroscopic data have been incorporated to propose that such nanoflakes may possess the 

structural stability required for application in energy-related processes. The study establishes a clear connection between the 

fabrication parameters and the material properties of the synthesized material, using computational modeling and statistical 

software to analyze the synthesized data. These vanadium oxide nanoflakes have great potential to enhance the efficiency of 

modern energy conversion and storage systems because of their high surface area and crystalline purity. 
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1. Introduction 

 

The search for high-performance materials in energy storage and conversion has increased significantly over the past years due 

to the growing demand for efficient, sustainable, and scalable energy solutions across a wide range of technological fields, as 

emphasized by Karaca et al. [6] in their study of advanced energy materials. Metal oxide nanostructures are considered a 

promising material type because they tend to exhibit outstanding physicochemical properties, structural diversity, and tunable 

features, as shown in the work of Tong et al. [1] on nanomaterials engineering. Among them, vanadium oxide ranks among the 
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leading materials due to its diverse oxidation states, enabling a wide range of redox reactions crucial to energy-related 

applications, including batteries, supercapacitors, and catalysis, as studied by Li et al. [13] in a redox mechanism analysis. The 

crystal structure of vanadium oxide is further improved by layers that enhance the aptitude for ion intercalation and 

deintercalation processes, which form the basis of an electrochemical energy storage system, as described by Lin et al. [12] in 

their layered material exploration.  

 

A shift to nanoscale, rather than bulk, structures has brought a paradigm shift in materials science, as nanoscale dimensions 

play a key role in affecting surface energy, electronic structure, and transport properties, a topic widely debated by Lee et al. 

[2]. The consequence of this nanoscaling effect is an increase in chemical reactivity and electrical conductivity, and a decrease 

in the diffusion routes of ions and electrons, justifying the study of nanoscale transport [3]. In this context, the nanoflakes 

geometry is one of the most beneficial morphologies because its two-dimensional structure, with a very large surface-to-volume 

ratio and a high concentration of active sites, was identified by Chu et al. [4] as a key determinant of performance. These 

properties enable fast ion diffusion and high electron-transfer efficiency, thereby improving the overall electrochemical 

performance of the material, as shown by Cholant et al. [5] in an electrochemical system evaluation. Moreover, the thin, 

elongated shape of nanoflakes minimizes structural strain during repeated charge-discharge cycles, thereby enhancing 

durability and longevity during durability testing. The creation of vanadium oxide nanoflakes is thus inspired by the need to 

maximize these inherent advantages and overcome the deficits of bulk counterparts, including low conductivity and inability 

to reach the surface, as reported by Zou et al. [10] in their performance enhancement study. The development of synthesis 

schemes such as hydrothermal methods, sol-gel, and chemical vapor deposition has facilitated the accurate control of nanoflakes 

morphology, thickness, and orientation at the nanometer scale, as used by Gavalas et al. [14] in the optimization of synthesis 

processes.  

 

Such fine control of the material allows the researchers to specify material properties to meet application needs, such as 

increasing capacitance in a supercapacitor or enhancing energy density in a lithium-ion battery, as used by Margoni et al. [7] 

in implemented energy systems. Moreover, the addition of dopants, composites, or hybrid structures containing conductive 

materials such as graphene or carbon nanotubes also positively influences the functional performance of vanadium oxide 

nanoflakes, as demonstrated by Margoni et al. [7] in hybrid nanocomposites. This capability to fabricate such materials with 

high precision not only enhances their electrochemical performance but also makes them more applicable in emerging areas 

such as flexible electronics, wearable devices, and green energy technologies, as demonstrated in application-oriented research. 

Consequently, vanadium oxide nanoflakes can be viewed as a paradigm shift in the development of the new generation materials 

because they offer a synergistic availability of structural flexibility, a high degree of reactivity, and high transport properties, 

all of which are aligned to the requirements of the contemporary energy systems and electronic innovations, as concluded by 

Surendren and Deb [9]. One of the main reasons vanadium oxide is widely used in nanotechnology is its structural diversity, 

as highlighted by Lee et al. [2] in their structural phase studies. It may occur in several phases, although the orthorhombic phase 

is most desirable due to its stability and predictable electrochemical characteristics, as determined by Li et al. [13] in a phase-

specific examination. The manipulation of the growth environment to selectively promote the growth of particular crystal planes 

is possible through hydrothermal synthesis, which has been successfully applied in controlled fabrication research.  

 

The cost-effectiveness of this process is not limited to that of high-vacuum deposition methods, but also to its environmental 

friendliness, as explained by Karaca et al. [6] in their evaluation of sustainable synthesis. The introduction further emphasizes 

the importance of the 60-90 nm diameter range, which determines the mechanical strength and thermal stability of the 

nanoflakes, as measured by Raj et al. [11] in their study of nanoscale properties. With the growing need for sustainable energy 

worldwide, establishing robust fabrication standards for the materials used to realize it has become an urgent research priority, 

as noted by Zou et al. [10] in their study. The primary aim of this research is to understand the correlation between fabrication 

methods and material outcomes, as defined by Tong et al. [1] in process-property correlation studies. Although other techniques 

are available for developing vanadium nanostructures, the hydrothermal method offers a distinct balance of simplicity and 

accuracy, as Chu et al. [4] demonstrated in developing a synthesis methodology. Here, the section highlights knowledge gaps 

regarding the consistency of nanoflake growth and the effects of post-annealing on crystal quality, as observed by Cholant et 

al. [5] in thermal treatment research. In these areas, the paper aims to provide an in-depth roadmap for producing high-quality 

vanadium oxide, as suggested by Margoni et al. [7] within applied materials frameworks. It is discussed how these nanoflakes 

can be integrated into supercapacitors and lithium-ion batteries, thereby greatly reducing charging and discharging times and 

increasing cycle life, as shown by Lin et al. [12].  

 

This preconditioned a thorough exploration of the structural and morphological insights obtained through stringent 

experimental characterization by Juyi et al. [3]. Moreover, the role of characterization instruments, such as Field Emission 

Scanning Electron Microscopy and X-ray Diffraction, in assessing the legitimacy of the synthesis cannot be overestimated, as 

highlighted in the literature on characterization-based validation of the synthesis by Margoni et al. [7] and others. The crystalline 

phase or uniformity of the nanoflakes could not have been affirmed without these analytical techniques, as Cestarolli and Guerra 

[8] confirmed in their structural verification work. The paper describes the use of narrow, sharp peaks in diffraction patterns as 
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a gauge of material quality, a concept evaluated by Surendren and Deb [9] in the context of crystallographic assessment. This 

paper contributes to the field of materials science by establishing a clear connection between synthesis parameters and the 

ultimate structural attributes, as observed in the works of Karaca et al. [6] on parameter-structure relationships. The final aim 

is to offer a scalable, reproducible approach to the production of vanadium oxide nanoflakes that can be used in other industries, 

both for catalysis and for novel sensing technologies, as shown by Gavalas et al. [14] in the field of industrial applications 

research. 

 

2. Review of Literature 

 

The conversion of metal oxides into low-dimensional nanostructures has become a central theme in scientific rhetoric on how 

to optimize their functional performance to a wide range of advanced technological applications, as Zou et al. [10] place front 

and center in nanomaterial transformation studies. The rationale for this change is that dimensionality reduction radically alters 

the electronic, structural, and surface properties of materials and opens up novel physicochemical behavior not observed in the 

bulk state, as described by Tong et al. [1] in dimensionality-directed material studies. Among other transition metal oxides, 

vanadium-based materials have been of great interest; they are highly sensitive to morphological tuning, as shown by Lee et al. 

[2] when considered in morphology-performance studies. Empirical studies repeatedly demonstrate that when vanadium oxides 

are engineered into nanoflakes structures, they exhibit significantly enhanced electrochemical and catalytic activities compared 

with either nanoparticles made into spheres or bulk crystalline materials, as shown by Juyi et al. [3] in a comparative 

nanostructure analysis. The exposure of active sites has significantly improved this, as has the decreased ion diffusion lengths 

and the more favorable charge-transport routes that two-dimensional nanostructures possess, as confirmed by Chu et al. [4] in 

the electrochemical optimization study. The functional relevance of the vanadium oxides is further enhanced by their intrinsic 

layered structure, which enables efficient intercalation and deintercalation of ions, such as lithium, sodium, and magnesium, as 

shown by Lin et al. [12] in their study of ion transport.  

 

This characteristic qualifies them as very good electrode materials for rechargeable batteries and hybrid energy storage systems 

used in applied energy systems. The interlayer distance in such materials allows the reversible addition of ions without structural 

deterioration, leading to high-capacity retention and functionality during prolonged cycling, as analyzed by Cholant et al. [5] 

in their stability analysis. Synthesis of vanadium oxide nanostructures has been achieved using a wide range of methodologies, 

including sol-gel processing, chemical vapor deposition, electrodeposition, and template-assisted growth, as reviewed in 

synthesis technique evaluations by Karaca et al. [6]. The hydrothermal synthesis pathway, however, remains predominant, as 

it offers clear benefits: it produces high-crystallinity, uniform, phase-controlled nanostructures at relatively lenient temperature 

and pressure conditions, as demonstrated by Gavalas et al. [14] in controlled fabrication experiments. The reaction parameters, 

including pH, precursor concentration, and temperature, can be controlled with high precision, enabling the synthesis of well-

defined nanoflakes with specified thickness and lateral dimensions, as described by Raj et al. [11] in a study on parameter 

optimization. The derived materials tend to exhibit higher crystallinity, which is directly associated with increased electrical 

conductivity and mechanical stability, as reported by Margoni et al. [7] in crystallinity-performance studies. Among these 

crystallographic phases of vanadium oxide, the orthorhombic phase has attracted attention, especially for its regular structure 

and well-defined ion diffusion pathways, reported by Li et al. [13] in phase-specific studies.  

 

The phase offers a structurally sound lattice that is not lost during repeated ion insertion and extraction, a characteristic 

fundamental to long-term cycling in energy storage apparatuses, as confirmed by Cestarolli and Guerra [8] in their study of 

structural stability. Another benefit of the orthorhombic geometry is that it facilitates anisotropic ion transport, which aligns 

with the planar geometry of nanoflakes, thereby further optimizing electrochemical kinetics, as determined by Surendren and 

Deb [9] in kinetic studies. Consequently, in the context of the present materials science research, the stabilization of this phase 

in nanostructured systems and their improvement are of great interest nowadays, as supported by Zou et al. [10] in the current 

research. At the intersection of morphology control, phase optimization, and scalable synthesis methods, the innovation in the 

field continues to be driven by vanadium oxide nanoflakes as a building-block material for next-generation energy storage and 

conversion systems, as noted by Tong et al. [1]. Studies of nanoflakes growth processes indicate that precursor concentration 

and hydrothermal treatment time play significant roles, as Raj et al. [11] explored in their analysis of growth parameters. It is 

observed that shorter reaction times result in incomplete flakes, and too long reactions may lead to the assembly of structures 

into large, ineffective masses, as reported by Chu et al. [4] in their analysis of synthesis duration. Post-annealing is also a 

common theme, and it is widely recognized that controlled heating is required to eliminate residual impurities and solidify the 

crystal lattice, as Cholant et al. [5] illustrated in their study of thermal treatment.  

 

The effect of this process is usually the sharpening of diffraction peaks, i.e., an enhancement of the long-range order of the 

atoms in the flakes, as confirmed by Margoni et al. [7] in crystallographic experiments. These observations provide a 

background on how temperature variations affect the ultimate diameter and thickness of the nanomaterials being synthesized, 

as reported by Karaca et al. [6] in thermal influence studies. The use of vanadium oxide in energy conversion systems is not 

new, as evidenced by historical studies and, as illustrated by Margoni et al. [7], in energy system applications. These reports 
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indicate that the material has a high theoretical capacity and can promote fast kinetics in chemical reactions, as shown by Lin 

et al. [12] in their study of electrochemical kinetics. Nonetheless, some obstacles, such as structural degradation upon repeated 

use, were identified as major barriers, as discussed by Cestarolli and Guerra [8] in their degradation analysis. Research indicates 

that by designing nanostructures, i.e., forming nanoflakes, concerns can be reduced, as Juyi et al. [3] have proposed in their 

work on nanostructure designs. Recent developments in electron microscopy have enabled the real-time visualization of these 

structural variations, providing more information on the longevity of vanadium-based electrodes, as investigated by Lee et al. 

[2] in microscopy-based assessments. This literature explains why the fabrication process requires a high degree of 

morphological regulation, a factor that is addressed in fabrication optimization studies. 

 

3. Methodology 

 

The vanadium oxide nanoflakes fabrication procedure was carried out under well-controlled hydrothermal conditions to achieve 

maximum purity, monolithic morphology, and high crystallinity for energy-saving applications. The process began with the 

preparation of a precursor solution, in which a known amount of a vanadium-containing compound (typically ammonium 

metavanadate or vanadium pentoxide) was dissolved in deionized water. A weak reducing agent, e.g., oxalic acid or urea, was 

added to the solution to allow controlled reduction and facilitate phase formation. This mixture was stirred in a magnetic mixer 

for a long time to mix the chemical constituents and distribute them uniformly. The ability to obtain a homogeneous solution 

of the precursors at this point or step was important as it directly affected the behavior of the nanostructures during the later 

hydrothermal treatment. Once the solution was stabilized and homogenized, it was added to a Teflon-lined stainless-steel 

autoclave, a high-pressure reaction vessel capable of withstanding high temperature and pressure. The autoclave was well 

sealed to form an isolated system and placed in an oven with a regulated temperature. The system was subjected to a 

predetermined heating profile of 160 °C to 200 °C for approximately twenty-four hours. A phase of controlled supersaturation 

of the solution, nucleation, and crystal growth under autogenous pressure followed this. These parameters aided the slow 

development of the vanadium oxide nucleus, which later evolved into c, and distinguished a nanoflakes structure of anisotropic 

growth processes. The hydrothermal method was central to guiding morphology, enabling gradual crystal growth, reducing 

defects, and enhancing structural uniformity.  

 

 
 

Figure 1: Fabrication and characterization architecture of nanoflakes 

 

The deployment architecture of the Nanoflakes Fabrication and Characterization Framework is depicted in Figure 1. It is used 

to ensure the production of high-quality vanadium oxide nanoflakes through a combination of controlled synthesis, phase 

transformation, and multi-technique characterization. The process starts with the input layer, where precursor materials and 

experimental parameters (e.g., molarity, temperature, and annealing duration) are defined. These feeds are sent to the fabrication 

process, where the substance is heated in a furnace, facilitating the conversion of amorphous or semicrystalline feeds to a stable 

orthorhombic phase. It is a significant stage in developing the desired structural and functional traits of the nanoflakes. The 

manufactured material is then subjected to a characterization phase, during which various analytical methods are applied to 

evaluate its characteristics. Surface morphology is determined by scanning electron microscopy, phase purity and crystal 

structure by X-ray diffraction, and detailed chemical bonding properties by Raman spectroscopy. The outcomes of these 

procedures are saved in the data layer, and the structured records are stored alongside all records recorded during the 

experiment, which include the 280 instances of data gathered in the process. This database assists in checking the input variables 

and material performance with one another. This processed information is then provided through the output layer, where 
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application interfaces support connections to the analysis systems and the presentation of results using visualization tools. The 

fabrication stage includes a feedback mechanism to the output layer, allowing the processing conditions to be refined. This 

architecture offers systematic fabrication, precise characterization, and optimization of nanoflakes materials through data-

driven processes that support advanced energy functions.  

 

The reaction time was then left at room temperature to cool and prevent rapid thermal stress on the nanoflakes during the 

process, while ensuring the integrity of the synthesized nanoflakes was not compromised. This mixture, which typically consists 

of a precipitate suspended in the remaining solution, was then centrifuged multiple times to separate the solid nanomaterial 

from the liquid phase. To remove all remaining ions, unreacted precursors, and reaction products, the precipitate was washed 

repeatedly with deionized water and ethanol. This purification process aimed to achieve high chemical purity and minimal 

contamination of the material, which is highly valued for good performance in electrochemical applications. After cleaning the 

material, it was dried in controlled conditions, that is, in a vacuum or a low-temperature oven, in the absence of light, to 

eliminate all solvent content. The obtained nanoflakes had their structural and electronic properties enhanced by post-annealing. 

This was a heating process for the dry material at high temperatures, typically 300 C to 500 °C, in a controlled or ambient 

environment. The crystallinity was enhanced, and phases and structural defects were removed, thereby maximizing the 

material's efficiency for charge transport and ion diffusion, as promoted by the annealing process. Moreover, the action enabled 

stabilization of the desired orthorhombic phase that is electrochemically stable and performs well. Overall, the systematic 

hydrothermal fabrication and careful post-treatment resulted in the synthesis of high-quality vanadium oxide nanoflakes with 

clear, well-defined morphology, enhanced crystallinity, and favorable physicochemical characteristics, and they may be applied 

in upcoming-generation energy storage and conversion systems. 

 

3.1. Data Description 

 

The dataset used in the study is experimental, comprising 280 specific instances observed during fabrication and testing. Each 

instance is a distinct synthesis-parameter set and its corresponding structural measures. The variables used in the data include 

the temperature of the hydrothermal reaction, the annealing time, and the average diameter of the nanoflakes observed under 

microscopy after annealing. Statistical analysis indicates a strong correlation between annealing temperature and the strength 

of the diffraction peaks in this data set. By listing these 280 cases, the researchers determined the optimal conditions that 

consistently yielded nanoflakes in the 60-90 nm range. This is because this method of data gathering reduces experimental error 

and provides a reliable foundation for replicating the findings in other laboratory environments. 

 

4. Results 

 

The structural analysis results indicate that the prepared vanadium oxide nanoflakes exhibit high crystallinity. The X-ray 

diffraction patterns of the samples indicate that there are clear and sharp peaks that agree exactly with the known values of the 

orthorhombic phase of vanadium oxide. The absence of secondary peaks suggests that there are no significant impurities or 

competing phases in the material. These peaks are very high, indicating that post-annealing was highly effective in ordering 

the atomic structure. Comparing the samples before and after annealing, an obvious shift towards higher crystallinity is 

observed, confirming the need for the thermal treatment. Such findings provide a strong argument that the hydrothermal process 

used in this experiment can produce high-quality crystalline materials. The Scherrer equation for crystalline crystallite size is: 

 

𝐷 =
𝐾𝜆

𝛽cos⁡𝜃
                                                                                                                                                                             (1) 

 

Table 1: Influence of synthesis conditions on nanoflakes morphology 

 

Parameter ID Temperature Time Diameter Purity 

Batch 01 180 12 62 98 

Batch 02 190 18 75 99 

Batch 03 200 24 88 99 

Batch 04 210 30 95 97 

Batch 05 220 36 110 96 

 

The quantitative summary of the impact of key hydrothermal fabrication parameters on the physical and chemical properties 

of vanadium oxide nanoflakes in Table 1 presents a reasonable structure. Structured into a 5x5 Table, the Table presents changes 

in temperature, reaction duration, mean diameter, and material purity across representative experimental conditions, based on 

a larger sample of 280 cases. The results clearly indicate a positive relationship between nanoflakes diameter and both 

temperature and reaction time, indicative of improved nucleation and kinetic growth at higher temperatures. Nevertheless, this 
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is not an irreversible linear trend, as the purity column shows a zone of maximum performance, beyond which further increases 

in temperature or time cause only a slight deterioration in the quality of the materials. This is diminished by effects such as 

overgrowth, aggregation, and the potential development of secondary phases, which disrupt the orthorhombic structure's 

homogeneity. The Table clearly shows that the optimal synthesis conditions lie within a very narrow parameter range, 

specifically moderate temperatures and controlled amounts, where nanoflakes are most likely to fall within the desired 60 to 

90 nm length range with high crystal purity. Table 1 presents condensed complex experimental relationships in a concise form 

and, hence, is a convenient tool in establishing the most efficient and reproducible fabrication settings. It provides unambiguous 

empirical evidence for the optimization approach used in the work and substantiates the relevance of combining growth kinetics 

and structural integrity. Bragg’s rule for orthorhombic lattice layout is specified as: 

 

𝑛𝜆 = 2𝑑sin⁡𝜃                                                                                                                                                                  (2) 

 

 
 

Figure 2: Distribution of nanoflakes diameter and temperature variants 

 

Figure 2 clearly illustrates how changes in hydrothermal temperature affect the distribution of vanadium oxide nanoflakes 

diameters. All the plotted points correspond to a single experiment, providing a complete representation of the synthesis results 

under different thermal conditions. It is demonstrated that there is a definite tendency, and the moderate temperature regimes, 

namely those between the 200-degree C interval, are the ones in which the nanoflakes may be detected in the diameter range 

that is limited to the most appropriate span of 60-90 nm. A high degree of consistency and controlled development is an indicator 

of a distribution of data points that is essential in applications whose material behavior is predictable. At low temperatures, on 

the other hand, nucleation is incomplete, and growth kinetics are diminished, resulting in fewer, more irregularly shaped, and 

more variable nanoflakes. On the other hand, high-temperature regimes introduce unnecessary kinetic energy, leading to 

accelerated particle growth and aggregation, as evidenced by a broader diameter distribution and an increase in the average 

diameter. The color-coded markers also enhance the plot's interpretability by allowing distinction among different batches of 

the experiment and demonstrating the reproducibility of the optimized synthesis conditions. The fact that the data points across 

several batches always fall within the target range also demonstrates the robustness of the hydrothermal process. In general, 

this is an excellent example of how precise control of temperature directly regulates nanoflakes' morphology, enabling 

adjustment of structural dimensions to achieve high-performance energy storage in nanotechnology. Interplanar spacing for the 

orthorhombic crystal system is: 

 
1

𝑑2
=

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
                                                                                                                                                             (3) 

 

Table 2: Vibrational and diffraction constants for phase validation 

 

Sample ID Raman Peak 1 Raman Peak 2 XRD Intensity FWHM 

S-Alpha 145 284 4500 0.12 

S-Beta 146 285 4800 0.11 

S-Gamma 144 283 5200 0.09 

S-Delta 147 286 4100 0.15 

S-Epsilon 143 282 3900 0.18 
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Table 2 presents the numerical data from the Raman spectroscopy and X-ray diffraction studies, providing valuable, pertinent 

information on the structure and crystallization of the sampled vanadium oxide nanoflakes. The Table records data of five 

common samples, which have been designated systematically, i.e., S-Alpha to S-Gamma, as this would give a complete analysis 

of uniformity throughout the synthesis process. The presence of characteristic vibrational modes of the orthorhombic phase, 

indicating correct atomic bonding and the formation of the phase, is confirmed by the positions of the Raman peaks, as 

determined spectroscopically. The fact that the positions of these peaks were constant across all samples suggests that the level 

of structural consistency and reproducibility is high. In addition, data on relative crystallinity and phase preponderance in each 

sample can be obtained from X-ray diffraction intensity values, as higher intensities indicate a stronger, more ordered crystalline 

structure. The final column, the full width at half maximum (FWHM) of the diffraction peaks, is directly proportional to the 

crystalline quality: The smaller the peak, the higher the lattice strain and the number of defects. The low FWHM values observed 

across all samples indicate that the annealing process effectively increases structural order. Altogether, the information in Table 

2 provides a solid empirical endorsement that the produced vanadium oxide nanoflakes are more crystalline and purer in phase 

and can be employed in energy storage and conversion apparatuses. The Arrhenius equation for hydrothermal reaction kinetics 

can be depicted as: 

 

𝑘 = 𝐴𝑒−
𝐸𝑎
𝑅𝑇                                                                                                                                                                      (4) 

 

 
 

Figure 3: Mapping of surface crystallinity of nanoflakes annealed 

 

Figure 3 illustrates the development of crystallinity in vanadium oxide nanoflakes as a function of annealing temperature and 

time. This image helps one form an intuitive picture of how both thermal and temporal factors interact to shape the material's 

atomic arrangement. The maxima of the mesh are positioned over the areas of highest crystallinity, i.e., the higher the order of 

the atomic lattice, the fewer the defects. These areas coincide with experimentally measured sharp, well-defined X-ray 

diffraction peaks, indicating excellent structural integrity. The continuous change in crystallinity, depending on the values of 

the annealing parameters, is shown as smooth gradients between the peaks and valleys of the mesh, indicating the predictability 

and controllability of the process. It is interesting to note that, by plotting temperature vs time, an ideal region, or sweet spot, 

is obtained that yields the most stable orthorhombic phase. Leaves in this area, either under-annealed or over-exposed to heat, 

exhibit lower crystallinity, with either incomplete phase change or structural damage. Visual clarity can be achieved through 

the use of a color mesh, which enables easy recognition of the most suitable processing conditions and the resulting process 

outputs. This value underscores the importance of post-annealing in developing high-quality nanoflakes and provides valuable 

information for streamlining production procedures in subsequent material design. Specific surface area calculation for the 

nanoflakes geometry is: 

 

𝑆𝑆𝐴 =
2

𝜌⋅𝑡
(1+

2𝑡

𝐿
)                                                                                                                                                               (5) 
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Morphological characterization by electron microscopy reveals a highly uniform distribution of nanoflakes on the substrate. 

The photos show that the flakes have sharp edges and a smooth surface, and that their average diameter is consistently between 

60 and 90 nm. Particle agglomeration evidence is minimal and is commonly an issue with hydrothermal synthesis. The 

uniformity of the growths observed in these results is a tribute to the optimized reaction conditions and the stability of the 

precursor solution. Moreover, the flakes appear to be only a few nanometres thick, indicating they are two-dimensional. The 

morphology is quite beneficial in situations where a large surface area is needed, as it provides the maximum number of possible 

sites for chemical interaction. The structural results are also supported by the Raman spectroscopy analysis, which determines 

the inherent vibrational modes of the vanadium-oxygen bonds. The spectra show sharp bands which are typical of an 

orthorhombic crystal lattice. These vibrational signatures provide a material signature that validates the nanoflakes' identity at 

the chemical level. The Raman peaks are very clear, indicating that lattice strain or defect density in the flakes is minimal. The 

spectroscopic data can be compared with diffraction data to provide a complete picture of the material's internal order. Such a 

multi-layered analysis would ensure that the physical observations presented by microscopy have adequate chemical and 

structural support. Results from 280 experimental cases were used to develop a predictive model of nanoflakes growth. These 

models demonstrate that the precursor initial concentration is very sensitive to the structure's diameter. This variable provided 

the research team with a high degree of repeatability -tuning it in order.  

 

5. Discussions 

 

As shown in the scatter plot in Figure 2, reaction temperature is a dominant factor controlling the morphological development 

of the nanoflakes. At higher temperatures in an optimized gap, the kinetic energy of the reacting species is elevated to a level 

sufficient to facilitate directional crystal growth, thereby creating well-defined two-dimensional flake structures. 

Simultaneously, the temperature range prevents excessive nucleation or random aggregation, which are common at higher 

temperatures. The ratio between nucleation and growth kinetics ensures that the nanoflakes have the appropriate uniform size 

distribution and structural consistency. It is also supported by the data synthesized in Table 1, which suggests that nanoflakes 

of the required size can be obtained at a reaction temperature around 200 °C, within the desired range of 60 to 90 nm. The 

distribution of data points in this area is indeed very close, and it can be reasonably assumed that the hydrothermal process is 

highly stable and is barely sensitive to small changes in the experiment (i.e., slight changes in the precursor concentration or in 

the laboratory's ambient conditions). This stability is especially significant for scaling up the synthesis process to ensure 

reproducibility across batches. In addition to morphological control, post-annealing is also highlighted in the results and is 

important in obtaining the orthorhombic crystalline phase, which is necessary for excellent electrochemical performance. The 

mesh plot in Figure 3 clearly shows how crystallinity changes over different annealing periods, with the highest level of 

structural order observed at the end of an ideal heating period. This orthorhombic phase shift is important because it forms clear 

channels in the crystal lattice, enabling efficient ion transport, a key requirement for using the material in batteries and 

supercapacitors.  

 

This structural change is further supported by the Raman spectroscopy data in Table 2, which show that the typical vibrational 

peaks are steadily localized in the samples, indicating that the atoms form a stable system and that their phases are pure. In 

addition, the decrease in the width of the diffraction peaks, as indicated in the last column of Table 2, is a strong indication that 

the annealing process effectively eliminates lattice defects and internal strain. This decreases structural imperfections, 

increasing the material's total crystallinity, improving its electronic conductivity and mechanical stability. Removal of defects 

also reduces energy waste during charge transfer, thereby enhancing the material's efficiency in real-life applications. All of 

these results indicate that not only are the morphological properties of vanadium oxide nanoflakes determined by the careful 

regulation of the hydrothermal temperature and the post-annealing environment, but they also have a direct impact on the 

crystallographic phase and the internal structural order of vanadium oxide nanoflakes. This is enabled by the ability to form a 

highly ordered orthorhombic structure with minimal defects, which makes the nanoflakes resistant to repeated electrochemical 

cycling without significant degradation. The combination of this structural strength, size, and morphology optimization, which 

enables the material to retain its functionality under high-energy chemical reactions, makes it one of the brightest candidates 

for next-generation energy storage and conversion systems. The major aspect of the debate is the uniformity of the growth 

throughout the sample set.  

 

The electron microscopy diagrams indicated that the flakes were not only different in size but also had similar shapes and 

surface qualities. This is a relevant discovery; as non-uniformity may lead to local failures in electrical equipment. The 280 

cases examined in this paper provide statistically significant grounds for asserting that this hydrothermal approach is superior 

to other batch-processing methods. Evaluating the outliers in the scatter plot, it was concluded that the main cause of the 

difference in size was deviations in pressure, which led to the development of a more refined protocol that entails adopting 

more stringent measures to check pressure. Moreover, the argument concerns the feasibility of implementing such nanoflakes 

in practical energy systems. The large number of active sites for energy conversion is ensured by the high surface area provided 

by particles with diameters of 60-90 nm. The sharp XRD peaks indicate the material's structural stability, thereby extending its 

lifespan. Comparing these findings with the available literature, it remains evident that the existing synthesis method provides 
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a more accurate control over morphology than previously reported. The combination of Tables and Figures provides a well-

rounded account of the relationship between nanoflakes' microstructure and macroscopic performance, supporting the view 

that vanadium oxide is an outstanding material for nanotechnology. 

 

6. Conclusion  

 

This study has developed a robust, repeatable procedure for producing high-quality vanadium oxide nanoflakes via well-tuned 

hydrothermal synthesis and controlled post-annealing. The results of the experiment demonstrate that the developed 

methodology consistently produces nanoflakes with an average diameter of 60-90 nm, which is considered very favorable for 

improved electrochemical performance. Structural characterization showed that the obtained product is mainly in the 

orthorhombic crystalline phase, which is stable and has efficient ion-transport channels. The 280 experimental data samples 

statistically supported the existence of a relationship between hydrothermal parameters, especially temperature and reaction 

duration, and the resultant morphological uniformity. A scatter plot clearly showed that moderate growth temperatures promote 

controlled nanoflakes development, and the mesh plot highlighted the importance of annealing for optimizing crystallinity. 

Moreover, the quantitative results, as shown in the tabulated data, confirmed that the material has high chemical purity and 

minimal structural defects. This is evident in the similarity across a few test batches, indicating a high degree of process stability 

and reproducibility, both of which are requirements for practical implementation. The visual and numerical data demonstrate 

that the synthesized nanoflakes possess structural integrity and desirable physicochemical properties, which can be extended to 

broader applications. This finding makes vanadium oxide nanoflakes an appealing scaffold material for future applications in 

energy storage and conversion technologies, including batteries and supercapacitors. The ease of the hydrothermal technique 

and its ability to manipulate morphology and phase specifically indicate that it can be manufactured on a large scale. 

  

6.1. Limitations  

 

Even though the synthesis and characterization of vanadium oxide nanoflakes were successfully carried out, several limitations 

were observed, which constitute the focus of the present research. The length of the hydrothermal process is one of the greatest 

constraints, as it is quite long and normally takes approximately 24 hours to complete. This slow response time is incompatible 

with large-scale or industrial production, where high throughput is often required. In addition, the post-annealing process was 

shown to be sensitive to environmental conditions, particularly atmospheric moisture, which can affect phase stability and 

potentially lead to undesired structural alterations. The environment during this stage needs to be controlled, which makes 

fabric production difficult. The other limitation is the limited research on nanoflakes with diameters between 60 and 90 nm. 

Though this size range was identified as yielding the most effective results for uniformity and crystallinity, the behavior and 

performance of nanoflakes beyond this range have not been studied, leaving a knowledge gap regarding the broader impact of 

morphological alterations. In addition, a high level of crystallinity had been achieved. Still, the long-term properties of the 

nanoflakes, including durability under extreme operating conditions such as incessant thermal cycling or high current load, 

were not measured in the current paper. This is one of the major aspects that should be further explored and applied in the real 

world. Lastly, synthesis relies on specific starting materials, and changes in their purity or structure can affect the reproducibility 

of the results. All these limitations lead to further enhancement and extended analysis of the developed methodology to render 

it even more applicable. 

 

6.2. Future Scope  

 

The future of the study will be guided by the practical application and functionalization of vanadium oxide nanoflakes in state-

of-the-art energy and sensing technologies. The integration of such nanostructures into supercapacitors and rechargeable 

batteries as electrode materials is one of the primary research directions aimed at determining key performance indicators, such 

as specific capacitance, charge-discharge efficiency, and rate capability. The devices' practical demonstration in real-world 

settings during the experiment will provide more information about their practical use and performance over time. Another 

possible avenue is to tailor the geometry of the orthorhombic lattice through controlled doping with other transition metals, 

thereby enhancing electrical conductivity and regulating electrochemical characteristics. Such transformations have the 

potential to significantly improve energy storage capacity and expand the range of applications.  

 

Moreover, nanoflakes feature a high surface-to-volume ratio, making them ideal for gas sensing, where high sensitivity and 

rapid response times are important. Their interactions with various gas molecules are of research value and will open new 

possibilities for environmental monitoring and smart sensor systems. Within the framework of process engineering, adopting a 

continuous-flow synthesis process over a batch-based hydrothermal system is a viable solution to time-related limitations and 

improves scalability. This would enable normal production to take a shorter time. Also, the experimental findings might be 

theoretically justified using computational modeling, ion-diffusion pathway simulations, and electronic structure simulations. 

Such combined strategies will lead to improved understanding of the materials, streamlined material design, and rapid 

production of high-performance nanomaterials for next-generation technologies. 
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