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Abstract: 

In this study, BiOI nanoparticles were synthesized through a green hydrothermal route using Murraya 
koenigii (curry leaf) extract, with the reaction pH systematically varied from 5 to 13. to investigate its 
influence on the structural, morphological, optical, surface-charge, and wettability characteristics. X-ray 
diffraction analysis showed that BiOI retained a tetragonal structure at pH 5–10, whereas a structural 
transformation toward an orthorhombic phase was observed under strongly alkaline conditions at pH 13. 
The crystallite size varies from 18.67±4.86 to 30.37±11.34 nm, accompanied by changes in crystallinity, 
lattice strain, and defect density. Scanning electron microscopy revealed a pronounced morphological 
evolution from cauliflower-like aggregates to hierarchical flower-like structures and subsequently to larger 
plate/rod-like features with increasing pH, indicating the influence of solution chemistry on crystal growth 
and aggregation. FTIR analysis identified characteristic vibrational features of Bi–O–I nanoparticle 
framework and surface functional groups. UV–Vis analysis revealed pH-dependent optical band gaps, with 
indirect values of 1.607 ± 0.005–2.202 ± 0.011 eV and direct values of 2.170 ± 0.012–2.523 ± 0.009 eV. 
The zeta potential became increasingly negative from −30.93 ± 1.61 to −40.83 ± 0.34 mV, while the water 
contact angle decreased from 53.57 ± 2.23° to 23.03 ± 2.29°, indicating systematic changes in surface 
charge and wettability. Thus, reaction pH provides an effective route to tune the structural, morphological, 
optical, and interfacial properties of BiOI-based materials, offering potential for photocatalytic, photo-
electrochemical, optoelectronic, self-cleaning, and atmospheric water-harvesting applications. 
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1. Introduction 

Bismuth-based semiconductor materials have emerged as promising visible-light-responsive photocatalysts owing to 
their tunable band gaps, excellent chemical stability, and environmentally benign nature. Among them, the bismuth 
oxyhalide (BiOX; X = Cl, Br, I) family has attracted considerable attention because of its layered crystal structure, 
remarkable optical properties, and broad applications in environmental remediation, photoelectrochemical conversion, 
solar-energy harvesting, gas sensing, antibacterial coatings, optoelectronic devices, and atmospheric water harvesting. 
Consequently, extensive efforts have been devoted to tailoring the structural and surface characteristics of BiOX 
nanomaterials through rational synthesis strategies [1–3]. Among the BiOX family, bismuth oxyiodide (BiOI) has 
emerged as one of the most attractive members because of its relatively narrow band gap (~1.7–2.0 eV) and efficient 
visible-light absorption. BiOI crystallizes in a tetragonal matlockite structure (space group P4/nmm) consisting of 
alternating positively charged [Bi₂O₂]²⁺ slabs and iodide layers linked by weak van der Waals interactions [4–6]. This 
layered architecture generates an intrinsic internal electric field that promotes efficient separation of photo-generated 
electron–hole pairs, suppresses charge recombination, and enhances visible-light activity, making BiOI highly suitable 
for sustainable environmental and energy-related applications [1,4,5–9]. The physicochemical properties of BiOI are 
strongly influenced by its crystal structure, crystallinity, morphology, particle size, exposed crystal facets, and defect 
concentration. Various synthesis methods have therefore been developed to tailor these characteristics; however, 
solution pH remains one of the most influential parameters governing Bi³⁺ hydrolysis, nucleation, crystal growth, 
phase evolution, and defect formation [10–12]. The synthesis pH plays a crucial role in governing the nucleation, 
crystal growth, and microstructural evolution of BiOI nanoparticles, thereby influencing their crystallinity, 
morphology, optical response, and surface properties [11]. Despite numerous studies on BiOI, a comprehensive 
understanding of the relationship between pH-controlled crystal growth and the resulting structure–property 
correlations remains limited [11]. Furthermore, plant-mediated green synthesis has attracted considerable attention as 
an environmentally sustainable approach, in which naturally occurring phytochemicals act as reducing, capping, and 
stabilizing agents, enabling the preparation of nanomaterials without the use of toxic chemicals or synthetic surfactants 
[12]. 

The physicochemical properties and functional performance of BiOI are strongly governed by its crystal morphology, 
crystallographic orientation, particle size, defect density, and surface chemistry. Accordingly, considerable efforts 
have focused on controlling precursor concentration, reaction temperature, reaction time, solvent composition, 
mineralizers, surfactants, and particularly solution pH, which regulates Bi³⁺ hydrolysis, supersaturation, nucleation 
kinetics, crystal growth, and phase stability [5,10,13]. Even slight variations in pH can significantly influence 
crystallinity, exposed crystal facets, morphology, defect concentration, and consequently the optical and surface 
properties of BiOI nanoparticles [5,10–11]. Previous studies have shown that acidic conditions generally favour the 
formation of compact flower-like or micro-spherical BiOI architectures, whereas alkaline media promote anisotropic 
crystal growth, crystallite coarsening, and morphological evolution toward rod-like and plate-like assemblies through 
pH-dependent crystal growth kinetics [10–16]. Such pH-controlled structural evolution significantly influences the 
crystallinity, crystallite size, defect distribution, optical response, and surface properties of BiOI, thereby affecting its 
visible-light absorption and interfacial characteristics. However, a comprehensive understanding of the relationship 
between pH-controlled crystal growth, morphology, crystallinity, surface chemistry, and wettability remains limited. 
Recent investigations have further demonstrated that lattice defects, structural disorder, and surface functional groups 
play important roles in regulating the physicochemical properties of BiOI by modifying its electronic structure and 
visible-light absorption characteristics [11,15–17]. Moreover, morphology-dependent variations in surface roughness, 
active-site density, adsorption behaviour, and surface energy significantly influence the interaction of BiOI with 
aqueous environments, highlighting the importance of simultaneously correlating crystal structure and surface 
characteristics. Green synthesis has recently emerged as a sustainable alternative to conventional hydrothermal and 
solvothermal methods. Plant-derived phytochemicals, including polyphenols, flavonoids, alkaloids, terpenoids, 
carbohydrates, and proteins, act as natural reducing, complexing, and stabilizing agents during nanoparticle formation 



[12,17]. Although plant-mediated synthesis has been widely explored for photocatalytic applications, systematic 
investigations correlating pH-controlled structural evolution, defect chemistry, colloidal stability, surface wettability, 
and optical properties remain scarce. 

Most published studies explain the structural evolution of BiOI nanostructures using only a limited number of 
characterization techniques, primarily X-ray diffraction, electron microscopy, and UV–visible spectroscopy [10–17]. 
However, comprehensive investigations integrating XRD, FTIR, SEM–EDX, UV–Vis absorption spectroscopy, Tauc 
analysis, zeta potential, and contact-angle measurements under identical synthesis conditions remain scarce. Since 
crystal structure, chemical bonding, morphology, colloidal stability, optical absorption, and surface wettability are 
intrinsically interconnected, establishing a direct correlation between pH-induced crystal evolution and these 
physicochemical properties is essential for the rational design of multifunctional BiOI nanomaterials for 
environmental remediation, photocatalysis, antibacterial coatings, self-cleaning surfaces, and atmospheric water-
harvesting applications. Despite considerable advances in hydrothermal, solvothermal, precipitation, and green 
synthesis routes, several fundamental challenges remain unresolved. Most previous studies have primarily focused on 
photocatalytic degradation while comparatively little attention has been devoted to understanding how solution pH 
simultaneously governs crystal phase evolution, morphology, crystallinity, optical behaviour, colloidal stability, and 
wettability. Consequently, the lack of a comprehensive structure–property relationship limits the development of 
BiOI-based multifunctional materials for advanced environmental and energy-related applications [4,5,12,18,19]. 
Moreover, although green plant-mediated synthesis has gained increasing attention, systematic pH-controlled 
synthesis of BiOI remains insufficiently explored. Plant-derived phytochemicals act as natural reducing and stabilizing 
agents, yet their influence on phase stability, defect formation, crystal evolution, and surface functionality has not 
been comprehensively established [5,18–19]. Another major limitation is the absence of integrated characterization 
capable of correlating structural evolution with surface physicochemical properties. Parameters such as zeta potential, 
contact angle, FTIR, EDX, and optical band structure are equally important because they govern particle dispersion, 
interfacial interactions, aqueous stability, and multifunctional surface performance [17–21]. Furthermore, a 
comprehensive understanding of how synthesis pH simultaneously governs the crystal growth, crystallinity, 
morphology, optical band gap, colloidal stability, surface chemistry, and wettability of green-synthesized BiOI 
nanoparticles remains limited, despite the strong interrelationship among these physicochemical properties and their 
importance for functional applications [18–22]. 

In the present work, BiOI nanoparticles were synthesized through an environmentally benign hydrothermal approach 
using curry leaf (Murraya koenigii) extract as a plant-derived component under four different pH conditions (5, 8, 10, 
and 13). The influence of synthesis pH on the crystal structure, crystallinity, morphology, elemental composition, 
chemical bonding, optical absorption, surface charge, colloidal stability, and wettability was systematically 
investigated using X-ray diffraction (XRD), scanning electron microscopy coupled with energy-dispersive X-ray 
spectroscopy (SEM–EDX), Fourier-transform infrared spectroscopy (FTIR), UV–Visible spectroscopy, Tauc 
analysis, zeta potential measurements, and contact-angle analysis. Rather than attributing novelty solely to the pH-
dependent evolution of BiOI, which has been explored in previous studies, the present work focuses on the integrated 
experimental assessment of structural, morphological, optical, and interfacial changes produced by varying the 
synthesis pH within a green hydrothermal system. The results provide a comparative view of the synthesis–structure–
property relationships of BiOI, including the observed structural transformation under strongly alkaline conditions 
and the accompanying changes in morphology, surface charge, optical response, and wettability. These observations 
may be useful for understanding and controlling the physicochemical characteristics of BiOI through synthesis 
conditions. The present study therefore provides a systematic experimental framework for examining the influence of 
reaction pH on multiple properties of green-synthesized BiOI nanoparticles. The combined characterization results 
help clarify how changes in solution chemistry are associated with variations in crystal structure, morphology, surface 
characteristics, and optical behaviour. Such information may be relevant to the further development of BiOI-based 
materials for applications such as photocatalysis, photo-electrochemical systems, optoelectronics, self-cleaning 
surfaces, and atmospheric water harvesting; however, these potential applications were not directly evaluated in the 



present study and require dedicated experimental investigation. The main contribution of this work is thus the 
comparative correlation of pH-dependent structural and morphological evolution with optical, surface-charge, and 
wettability characteristics of BiOI synthesized using a plant-assisted hydrothermal route, providing a basis for further 
studies on the application-specific performance of these materials. 

2. Materials and Method 

Bismuth nitrate pentahydrate (Bi(NO3)3·5H₂O; (13.78 g) was dissolved in 100 mL of distilled water and magnetically 
stirred at 600 rpm for 30 min to ensure complete dissolution. Separately, sodium iodide (NaI; 4.71 g) was dissolved 
in 100 mL of distilled water and stirred at 600 rpm for 30 min. Fresh curry leaves (50 g) were dried at 50 °C until 
completely dry. The dried leaves were then ground into a fine powder using a mortar and pestle. The resulting powder 
was dispersed in 50 mL of distilled water and stirred continuously for 2 h at room temperature to obtain the curry leaf 
extract. The mixture was subsequently filtered through filter paper to remove the insoluble plant residues, and the 
obtained filtrate was collected in a clean beaker for further use in the synthesis process. The preparation of curry leaf 
extract is schematically illustrated in Figure 1.(a). Subsequently, both solutions [(Bi(NO3)3·5H₂O and NaI] were 
combined under constant stirring, and 50 mL of freshly prepared curry leaf extract was added to the mixture. The 
reaction proceeded for an additional 30 min at 600 rpm to facilitate uniform blending of the precursors. The pH of the 
resulting solution was adjusted to 5, 8, 10, and 13 by careful dropwise addition of sodium hydroxide (NaOH), allowing 
for the controlled investigation of pH-dependent synthesis. The final reaction mixture was transferred into a Teflon-
lined stainless-steel autoclave and subjected to hydrothermal treatment at 180 °C for 18 h. Upon cooling to room 
temperature, the resulting precipitate was collected via centrifugation at 3200 rpm for 20 min. The isolated material 
was washed thoroughly with distilled water to remove any residual ions and then oven-dried at 60 °C for 48 h to obtain 
the final BiOI nanomaterials. Figure.1 (b). shows the preparation of BiOI nanomaterials via the hydrothermal method. 
For zeta potential measurements, 5 mg of BiOI/Bi5O7I nanoparticles was dispersed in 20 mL of distilled water, 
corresponding to a concentration of 0.25 mg/mL, and the resulting suspension was thoroughly mixed before 
measurement. For water contact angle measurements, 10 mg of BiOI nanoparticles was dispersed in 20 mL of distilled 
water and ultrasonicated for 30 min at 50 °C to obtain a homogeneous suspension. A clean glass slide was placed 
horizontally in a suitable tray, and the prepared BiOI/Bi5O7I suspension was poured uniformly over the glass substrate. 
The coated substrate was subsequently dried at 60 °C for 12 h to obtain a BiOI-coated surface. The water contact angle 
was then measured on the dried BiOI-coated substrate to evaluate its surface wettability. 

3. Results and Analysis 

3.1. Structural Analysis 

3.3.1 X-ray diffraction (XRD) Analysis 

The analysis of the nanostructural properties of the prepared sample within the scanning angle range of 20° to 60° was 
performed using X-ray powder diffraction (model: D8 Advance Eco, BBAU) using CuKα (1.5406 Å) radiation. The 
XRD patterns of the BiOI nanoparticles synthesized by maintaining reaction pH values of 5, 8, 10, and 13 are shown 
in Fig. 2 (a–d).  For the samples synthesized at pH 5,8 and 10 the distinct diffraction peaks observed at various 2θ 
angles correspond to the characteristic reflection planes of pure BiOI (JCPDS No. 10-0445), confirming a highly 
crystalline tetragonal structure. Conversely, as the synthesis medium becomes highly alkaline i.e. pH 13, the pure 
BiOI phase completely collapses, resulting in the absolute formation of a highly crystalline orthorhombic Bi5O7I phase 
(JCPDS No. 40-0548). A comparison of the measured and standard values of the d-spacing for the (hkl) planes further 
verified that BiOI exhibited a tetragonal polycrystalline structure. The absence of any major impurity peaks in the pH 
5–10 samples indicates the successful formation of phase-pure BiOI nanostructures, suggesting that controlled pH 
conditions effectively regulate the hydrolysis-condensation kinetics during crystal growth. 



For the tetragonal planes, the lattice parameters were evaluated using the following relation [23]: 

                                                     
૛࢒࢑ࢎࢊ𝟏 = ૛܉૛ܓ+૛ܐ] ] + (  ૛)                                      (1)܋૛ܔ

For the orthorhombic planes, the lattice parameters were evaluated using the following relation [24]: 

                                                                            
૛࢒࢑ࢎࢊ𝟏 = ૛܉૛ܐ + ૛܊૛ܓ +     ૛                                                     (2)܋૛ܔ

                                                

Table 2 represents the lattice parameter values for BiOI. The crystallite size (D) was determined using the Debye-
Scherrer formula (Eq. (2)) [25]: 

                                                       ۲ = ۹ૃ઺ ܛܗ܋ ી                                                 (2) 

In the above equation, the FWHM of the diffraction peaks is denoted as full width half maximum and is expressed in 
radians, symbolized as β. In this experiment, λ is the X-ray wavelength, and θ (Bragg angle) is the angle at which 
diffraction occurs according to Bragg’s Law. 

Equation (3) was employed to ascertain the strain (ϵ) [25]: 

                                                     ૓ = ઺૝ܖ܉܂ી                                                         (3) 

The parameter δ often known as dislocation density is the total length of dislocation lines in a unit volume of the 
crystal, calculated employing equation. (4) [25]: 

                                                       ઼ = 𝟏۲૛                                            (4) 

The effects of reaction pH on the phase purity, crystal structure development, and structural properties of BiOI/Bi5O7I 
nanoparticles obtained through a green chemistry method were analyzed using X-ray diffraction (XRD). It should be 
noted that the diffraction spectra reveal the fact that pH of the reaction solution plays a significant role in controlling 
crystal nucleation, ordering, and crystallite growth. The systematic changes in the diffraction spectrum with increasing 
pH indicate the structural tuning of BiOI through the influence of pH on the crystallization process. The X-ray 
diffraction patterns (Figure.2) reveal a clear pH-dependent evolution of the crystalline structure of the synthesized 
BiOI/Bi5O7I. The diffraction peaks observed for the samples prepared at pH 5, 8, and 10 are consistently indexed to 
the characteristic reflections of tetragonal BiOI, confirming the formation of a well-defined tetragonal phase within 
this pH range. The corresponding 2θ values, interplanar spacing (d), and crystallographic (hkl) planes are presented 
in Table 1. The observed variations in peak position with synthesis pH indicate changes in the crystallographic 
environment and crystallite characteristics associated with the pH-dependent nucleation and growth of BiOI. In 
particular, the differences in peak broadening suggest variations in crystallite size and lattice disorder among the 
samples. At pH 13, however, the diffraction pattern undergoes a pronounced structural change, with the appearance 
of additional reflections that are not consistent with the tetragonal BiOI phase [24]. These reflections indicate the 
development of an orthorhombic Bi5O7I phase under the strongly alkaline synthesis condition. This structural 
evolution suggests that the tetragonal BiOI phase is preferentially stabilized between pH 5 and 10, whereas the highly 
alkaline environment at pH 13 alters the nucleation and growth pathway and promotes a tetragonal-to-orthorhombic 
phase transformation. Therefore, the XRD results demonstrate that synthesis pH plays a decisive role in controlling 
the phase stability and crystallographic evolution of BiOI. 



The results of the calculation of structural parameters, such as crystallite size, lattice strain, dislocation density, 
crystallinity %, and lattice parameters, are listed in Table 2. As shown in Fig. 2 (a,b,c) the diffraction spectrum of the 
sample obtained by maintaining pH 5, pH 8 and pH 10 demonstrates well-defined peaks corresponding to the reflection 
of the tetragonal form of BiOI, which includes (101), (102), (110), (004), (200), (212); (101),(102),(110), (103), (104), 
(200), (211/055), (211) and (001), (101), (102), (110), (112), (200), (212) crystallographic planes respectively, 
indicating the successful formation of pure-phase BiOI (JCPDS no. 10-0445 and 73-2062) [26,27]. The diffraction 
peaks of the samples synthesized at pH 5, pH 8, and pH 10 indicating the formation of nanocrystals with crystallite 
size of 25.30±7.82, 18.67±4.86, and 20.37±4.86 nm respectively. The relatively sharp and intense diffraction peaks 
indicate enhanced crystallinity and larger crystallite sizes, suggesting that crystal growth predominated over nucleation 
during the hydrothermal synthesis process under the optimized reaction conditions [28]. Consequently, the sample 
synthesized at pH 5 exhibited a crystallinity of 97.75% and a dislocation density of 2.09 × 10¹⁵ m⁻², indicating a 
relatively lower density of lattice defects compared with the samples synthesized at pH 8 and 10. The relatively low 
value of the lattice strain 5.27 × 10-3 shows that crystal growth does not occur completely, which is confirmed by the 
morphology of the cauliflower-like aggregates in the SEM images. Compared with the BiOI nanoparticles synthesized 
by maintaining the reaction pH at 5, the diffraction spectrum of the sample obtained by maintaining pH 8 also 
demonstrates well-defined peaks corresponding to the reflection of the tetragonal form of BiOI. As the synthesis pH 
increased from 5 to 8, a slight decrease in crystallite size to 18.67 ± 4.86 nm and crystallinity to 92.42% was observed, 
accompanied by an increase in lattice strain to 6.14 × 10⁻³ and dislocation density to 3.46 × 10¹⁵ m⁻² [29]. This behavior 
suggests that maintaining the reaction pH at 8 provides favorable conditions for the nucleation and crystal growth of 
BiOI, resulting in relatively well-ordered crystalline domains while limiting excessive particle aggregation. The 
combination of relatively high crystallinity (92.42%) and a crystallite size of 18.67 ± 4.86 nm indicates the formation 
of well-crystallized nanoscale domains with comparatively low structural disorder. These structural characteristics 
may contribute to the formation of the hierarchical architectures observed in the SEM images. The BiOI nanoparticles 
synthesized at pH 8 therefore exhibited favorable structural ordering and crystallinity, as evidenced by the XRD 
analysis [30]. Notably, the characteristic (001) reflection for pH 8 at 2θ = 12.41° exhibits comparatively broad peak 
width, with an FWHM of 1.25°. The pronounced broadening of this reflection may be associated with the small 
coherent crystallite dimensions and the anisotropic growth characteristics of the layered BiOI structure. Considering 
the layered crystal structure of BiOI and the corresponding SEM observations, this behavior is consistent with the 
formation of nanoscale plate-like or sheet-like structural features. However, the XRD peak broadening alone is not 
considered definitive evidence of a specific morphology. The sample synthesized by maintaining the reaction pH 10, 
accompanied by a sudden decrease of crystallinity to 86.92%, with the crystallite size slightly increasing to 20.37±4.86 
nm. However, the structural rearrangement in the highly alkaline environment induced considerable lattice stress, 
yielding a microstrain of 7.12× 10-3 and a dislocation density of 2.96× 10¹⁵ m⁻². These observations suggest that crystal 
growth becomes dominant under mildly alkaline conditions, where the coarsening of larger crystallites at the expense 
of smaller ones is consistent with an Ostwald ripening growth mechanism [31].  This observation is consistent with 
the SEM results, which show a transition from flower-like structures toward more compact plate-like and thicker 
sheet-like morphologies at higher pH. These results suggest that pH 10 provides favorable conditions for the 
development of the observed BiOI morphology [32].  Under extremely alkaline conditions at pH 13 (Fig. 2d), a 
complete phase transformation occurred, marking the absolute collapse of the pure BiOI framework and the emergence 
of a highly crystalline orthorhombic Bi5O7I phase. The diffraction spectra displayed distinct new peaks corresponding 
to the (200), (312), (004), (204), (020), (023), (315), (622), and (516) reflection planes [JCPDS No. 40-0448 and 40-
0445] [32-33]. While the overall crystallinity increased to 95.37 %, the crystallite size increased significantly to 
30.37±11.34 nm. This structural rearrangement yielded the lowest dislocation density 1.80× 10¹⁵ m⁻² among all 
samples alongside a notable microstrain of 4.39× 10-3. The presence of this lattice strain, even within larger grown 
crystals, is attributed to the aggressive alkaline environment facilitating continuous dissolution and recrystallization 
during hydrothermal synthesis [28]. These structural modifications perfectly corroborate the morphological shifts 
observed via SEM, illustrating a transition from hierarchical flower-like architectures to enlarged block-like and sheet-
like structures. The lattice parameter ‘a’ of tetragonal BiOI remained nearly constant at 3.98 Å for pH 5 and pH 8, but 
decreased to 3.87 Å at pH 10, indicating a slight change in the lattice structure at higher pH. In contrast, the lattice 



parameter of tetragonal BiOI, ‘c’, exhibited a non-monotonic variation with increasing pH. The c value increased from 
9.23 Å at pH 5 to 9.45 Å at pH 8, followed by a pronounced decrease to 8.75 Å at pH 10. This variation suggests that 
changes in the synthesis pH influence the lattice arrangement and local structural environment of BiOI, resulting in 
pH-dependent distortion or rearrangement of the crystal lattice [34]. At pH 13, the tetragonal BiOI phase undergoes a 
pronounced structural transformation toward an orthorhombic Bi5O7I phase. The resulting orthorhombic structure is 
characterized by lattice parameters of a = 16.09 Å, b = 5.34 Å, and c = 11.46 Å, confirming the significant pH-induced 

change in the crystal structure of BiOI under strongly alkaline conditions. The XRD analysis indicates that the pH 

plays a critical role in controlling the phase evolution, lattice distortion, crystallinity, and defect chemistry of BiOI 
nanostructures, thus governing their functional surface and optical properties. 

3.2. Surface Chemistry and Functional Groups 

3.2.1. Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR spectra were recorded using a Spectrum Two FTIR spectrometer (PerkinElmer Inc., Waltham, MA, USA) at the 
Malaviya National Institute of Technology (MNIT), Jaipur, India. The FTIR spectra of the BiOI/Bi5O7I nanoparticles 
synthesized by maintaining reaction pH values of 5, 8, 10, and 13 are shown in Fig. 3(a–d). Specific absorption peaks 
were observed in the FTIR spectra owing to OH groups, adsorbed water molecules, precursor species, and Bi–O/Bi–
I lattice vibrations. Although there are commonalities in all the FTIR spectra, the variation in the positions and 
intensities of the peaks shows that the reaction pH level influences the bonding, growth mechanisms, and surface 
chemistry of the BiOI/ Bi5O7I nanoparticles. This is consistent with the results obtained from XRD, SEM, UV–Vis, 
zeta potential, and contact angle analyses. The specific FTIR absorption peaks of the BiOI/ Bi5O7I nanoparticles 
synthesized at various reaction pH levels, together with their vibrational assignments, are listed in Table 3. The 
observed FTIR absorption peaks confirm the formation of the BiOI/ Bi5O7I framework and indicate that the pH level 
leads to changes in local bonding, surface hydroxylation, and lattice vibrations, which can be correlated with structural 
and morphological changes observed from the XRD and SEM analyses. The FTIR spectrum of the BiOI nanoparticles 
synthesized by maintaining the reaction pH at 5 (Fig. 3a) displays a broad absorption band centered at 3423.49 cm⁻¹, 
which is may be attributed to due to the O–H stretching vibration of surface hydroxyl groups and residual 
phytochemicals from the curry leaf extract [35-37]. The peak at 1628.47 cm⁻¹ is attributed to the H–O–H bending 
vibration of adsorbed water molecules [35] that indicates the hydrophilicity of the nanoparticle surface. The peak at 
1383.95 cm⁻¹ belongs to the asymmetric stretching vibration of NO₃⁻ ion species from the bismuth nitrate precursor, 
implying the trace residual of nitrate species after crystallization [35]. The absorption peak at 1012.09 cm⁻¹ 
corresponds to the Bi–O stretching vibrations in the [Bi₂O₂] layer of the BiOI structure, whereas the peak at 838.80 
cm⁻¹ corresponds to the Bi–O–I lattice vibrations of tetragonal BiOI [32-33]. The low-frequency peaks at 666.54 and 
536.72 cm⁻¹ correspond to Bi–O and Bi–I lattice vibrations, respectively, confirming the successful formation of the 
BiOI framework [35]. The relatively broad Bi–O and Bi–I peaks are in accordance with the lower crystallinity and 
cauliflower-like aggregated morphology observed in the XRD and SEM analyses. In the case of BiOI nanoparticles 
synthesized by maintaining the reaction pH at 8 (Fig. 3b), the O-H stretching peaks shifted to 3247.89 cm⁻¹, 
demonstrating that there were modifications in the hydrogen bonds and surface hydroxyls formed during the 
crystallization process. The absorption peak for H-O-H bending shifted to 1633.34 cm⁻¹, while the nitrate band 
remained almost constant at 1382.88 cm⁻¹, demonstrating that the conversion of the precursor was performed 
efficiently [29]. The Bi–O stretching vibration shifted to 1058.01 cm⁻¹, suggesting a strengthened Bi–O coordination 
environment under alkaline conditions. Furthermore, the intensified Bi–O–I vibration at 846.86 cm⁻¹ and the sharper 
Bi–I lattice vibration at 548.89 cm⁻¹, compared with BiOI nanoparticles synthesized by maintaining the reaction pH 
at 5, indicate improved structural ordering and enhanced crystallinity [36]. 

These changes are consistent with the XRD and SEM results, which indicate relatively high crystallinity and the 
formation of flower-like hierarchical nanostructures under moderately alkaline conditions. The FTIR spectrum of the 



BiOI nanoparticles synthesized by maintaining the reaction pH 10 and Bi5O7I  nanoparticles synthesized by 
maintaining pH 13 (Fig. 3 c & d) exhibits a broad absorption band centered at 3432.43 cm⁻¹ and 3458.54 cm⁻¹ 
respectively, which may also arises due to the presence of abundant surface hydroxyl groups originating from the 
nanoparticle surface and residual phytochemicals of the curry leaf extract [37].The absorption peaks at 1631.76 cm⁻¹ 
and 1382.83 cm⁻¹ correspond to adsorbed water and nitrate, respectively, which proves that the conversion process 
was performed efficiently [32]. The Bi-O stretching peak is shifted to 1015.89 cm⁻¹, while there are two characteristic 
lattice vibrations at 897.39 and 844.37 cm⁻¹, respectively. Moreover, there are two low-frequency vibration peaks at 
536.47 and 455.52 cm⁻¹, which are assigned to Bi-I and lattice Bi-O vibrations, respectively [36,38]. The FTIR 
spectrum of the BiOI nanoparticles synthesized by maintaining the reaction pH 13 (Fig. 3d) exhibits the vibration of 
H-O-H bending is observed at 1634.99 cm⁻¹, whereas the vibration of the nitrate band is observed at 1384.26 cm⁻¹ 
[35]. The Bi-O stretching vibration shifts to 1060.68 cm⁻¹, along with an additional vibration at 996.60 cm⁻¹, which 
shows a change in the Bi-O bonding environment. The vibration of the lattice at 847.43 cm⁻¹ indicates the retention 
of the Bi-O-I framework. Most importantly, the vibrations at low frequencies of 611.86, 570.41, and 504.36 cm⁻¹ 
show the strengthening of Bi-O lattice vibrations in a highly alkaline medium [. This observation is consistent with 
the XRD results, which reveal enhanced crystallinity and crystal growth under strongly alkaline conditions, indicating 
that the increased alkalinity significantly influences the structural and morphological evolution of BiOI nanoparticles. 

 

3.3. Morphological and Elemental Analysis 

3.3.1. Scanning Electron Microscopy (SEM) Analysis 

The surface morphologies of the green-synthesized BiOI nanoparticles synthesized at different pH values were studied 
using scanning electron microscopy (SEM) (Model- JSM 6490LV, BBAU Lucknow). The SEM micrographs of the 
BiOI/ Bi5O7I nanoparticles synthesized by maintaining the reaction pH at 5, 8, 10, and 13 are presented in Fig. 4(a–
h). The SEM studies clearly show a distinctive pH-dependent morphological development process in the green 
synthesis of BiOI nanoparticles. This shows that the pH level of the reaction is an important parameter in controlling 
the nucleation rate, crystal growth, self-assembly, and phase stability of BiOI/ Bi5O7I nanoparticles. The changes in 
morphology are consistent with the XRD results, which show that the structure and size of the crystallites depend on 
the pH level of the synthesis. In particular, Fig.4 (a-b) shows that the BiOI nanoparticles synthesized by maintaining 
pH 5 have a highly agglomerated moss rose flower-like microsphere made up of many small nanoparticles [26]. The 
rough surface features and irregular particle boundaries indicate a fast nucleation process under acidic conditions. The 
fast hydrolysis of Bi³⁺ ions causes a high nucleation rate, leading to many nuclei within a short time [39]. The 
incomplete crystal growth process leads to the formation of many primary nanoparticles, which tend to aggregate to 
minimize the surface energy and form a compact cauliflower-like structure [26,36]. The BiOI nanoparticles 
synthesized by maintaining the reaction pH 8 (Fig. 4c–d) exhibit well-developed cauli-flower-like hierarchical 
microspheres composed of interconnected ultrathin nanosheets, indicating controlled anisotropic crystal growth and 
hierarchical self-assembly. Thus ultrathin nanosheets appear, and then self-assembly of them in flower-like structures 
occurs. It is worth noting that the crystallite size at pH 8 (18.67 ± 4.86 nm) is comparatively smaller than those obtained 
at the other investigated pH conditions, whereas the SEM images show relatively larger hierarchical structures. This 
difference can be attributed to the formation of secondary assemblies composed of multiple nanoscale crystallites, as 
SEM primarily reflects the overall particle morphology rather than individual coherent crystallite domains determined 
by XRD. 

The BiOI nanoparticles synthesized at pH 8 exhibited relatively higher crystallinity and good structural characteristics, 
as indicated by the XRD analysis. These features suggest favorable conditions for the formation of BiOI with a well-
defined crystalline structure. The BiOI nanoparticles synthesized by maintaining the reaction pH at 10 (Fig. 4e–f) 
exhibit interconnected rod-like crystallites that gradually self-assemble into larger plate-like architectures, indicating 



the predominance of crystal growth and oriented attachment under mildly alkaline synthesis conditions. This 
morphological evolution indicates that the alkaline medium promoted the oriented attachment and coalescence of 
neighboring crystallites, resulting in a denser and more ordered microstructure than that observed for the BiOI 
nanoparticle synthesized by maintaining pH 8. These observations were consistent with the XRD results, which 
showed a crystallite size of 20.37±4.86 nm and relatively lower crystallinity compared with the other synthesized 
samples. The SEM micrographs of the BiOI nanoparticles synthesized by maintaining the reaction pH at 13 (Fig. 4g–
h) reveal a pronounced morphological evolution, in which the well-defined hierarchical flower-like and rod like 
architecture transformed into densely agglomerated plate or sheet-like structures with a few elongated rod-like 
crystallites, indicating significant crystal coarsening under highly alkaline synthesis conditions. The larger plates 
appear to be decorated with numerous fine crystallites, producing compact aggregates with considerably lower 
porosity than those observed at lower pH values. The morphological evolution observed in the SEM micrographs is 
in good agreement with the XRD analysis. The increase in crystallite size from 20.37±4.86 nm at pH 10 to 30.37±11.34 
nm at pH 13, together with the reduction in dislocation density to 1.80 × 10¹⁵ m⁻² , indicates that crystal coarsening 
became dominant under highly alkaline synthesis conditions [34]. This crystallographic evolution is reflected in the 
SEM images by the disappearance of the well-defined hierarchical flower-like architecture and the formation of 
densely packed plate-like and sheet-like structures with a few elongated rod-like crystallites. The morphological 
features observed by SEM are in good agreement with the structural characteristics identified by XRD analysis. The 
relatively broad diffraction peaks observed for the BiOI nanoparticles synthesized at pH 5 correspond to a relatively 
smaller crystallite size of 25.30 ± 7.82 nm, suggesting the presence of nanoscale crystalline domains with 
comparatively limited crystallite growth. At pH 8, the crystallite size decreased further to 18.67 ± 4.86 nm, while the 
diffraction peaks became relatively sharper and more intense, particularly the (102) and (110) reflections, indicating 
improved crystallographic ordering. These structural characteristics are consistent with the well-defined flower-like 
hierarchical morphology observed in the SEM images. Upon increasing the reaction pH to 10, the crystallite size 
increased slightly to 20.37 ± 4.86 nm, accompanied by relatively well-resolved diffraction peaks. This structural 
evolution is consistent with the compact plate-like and thicker sheet-like features observed in the SEM micrographs, 
suggesting that the change in pH influences both crystallite development and the resulting hierarchical morphology. 
At pH 13, the increased crystallite size together with sharper major diffraction peaks reflects crystal coarsening, 
leading to densely agglomerated plate or sheet-like structures. These results suggest a relationship between the 
crystallographic changes observed by XRD and the pH-dependent morphological variations observed by SEM [26,36]. 
Consequently, the SEM and XRD results collectively demonstrate that the synthesis pH plays a decisive role in 
regulating the crystallite growth, particle aggregation, and morphological evolution of green-synthesized BiOI 
nanoparticles, thereby enabling controlled tailoring of their microstructure for potential functional applications [6,7]. 

3.3.2. Energy Dispersive X-ray (EDX) Analysis 

To investigate the elemental composition of the BiOI/ nanoparticles greenly synthesized by maintaining pH (5,8,10, 
and 13), an energy-dispersive X-ray spectroscopy (EDX) analysis was performed, and the respective spectra are shown 
in Fig. 5(a–d). The results obtained confirmed that the BiOI/ Bi5O7I nanoparticles were formed due to the presence of 
characteristic peaks attributed to Bi, O, and I in all samples, meaning that the hydrothermal synthesis method in 
combination with curry leaves extract is quite efficient for the production of BiOI/Bi5O7I without impurities. Intensive 
Bi peaks detected at about 2.4, 10.8, and 11.8 keV in addition to I peaks in the range of 3.9–4.3 keV are in line with 
the characteristic X-ray emission lines of BiOI and corroborate the phase identified based on the results of the XRD 
analysis [40]. The oxygen peaks appearing at lower energies also confirm the formation of Bi-O bonds characteristic 
of the BiOI layered crystal structure. The minor carbon (C) signal observed in the EDX spectra may be associated 
with residual organic components from the curry leaf extract and/or the carbon-based conductive substrate used during 
SEM analysis.  



In addition, the weak Na signal may be associated with residual sodium-containing reagents used during sample 
preparation, such as NaOH/NaI, whereas the origin of the weak Si signal could not be conclusively identified and may 
arise from the sample holder, substrate, or other background contributions. These minor signals were not considered 
characteristic components of the synthesized BiOI nanoparticles.  The EDX spectrum of the BiOI sample synthesized 
at pH 5 (Fig. 5a) exhibited characteristic signals of Bi, O, and I, indicating the presence of the principal constituent 
elements of BiOI. These elemental observations are consistent with the phase identified by XRD analysis. Relatively 
intensive Bi peaks along with cauliflower-like agglomerated morphology indicate a fast nucleation process in the 
acidic environment, leading to dense packing of particles with low crystallinity. The BiOI nanoparticles synthesized 
by maintaining the reaction pH at 8 (Fig. 5b) exhibit an unchanged elemental composition, while a more homogeneous 
distribution of Bi, O, and I is observed. The observed elemental distribution is consistent with the cauliflower- like 
hierarchical morphology seen in the SEM micrographs, suggesting relatively uniform growth under the synthesis 
conditions. This observation is also consistent with the XRD results, which indicate a crystallite size of 18.67±4.86 

nm and comparatively good crystallinity for the sample. Equally intense peaks of Bi and I indicate successful iodide 
incorporation into the layered structure of BiOI, and the lack of other peaks indicates the high phase purity of the 
obtained materials. The enhanced homogeneity of the elemental composition is explained by the hydrolysis of Bi³⁺ 
ions in a moderately alkaline medium, which promotes the anisotropic growth and self-assembly of hierarchical 
structures [36]. The EDX spectrum of the BiOI nanoparticles synthesized at pH 10 (Fig. 5c) showed prominent signals 
corresponding to Bi, O, and I, representing the major constituent elements of BiOI. No additional prominent impurity-
related signals were observed within the detection limits of the EDX analysis. These elemental observations are 
consistent with the XRD results, which identified a tetragonal BiOI phase with comparatively higher crystallinity 
among the synthesized samples. The plate-like morphology observed in the SEM images is accompanied by the 
observed elemental composition, suggesting that the synthesis conditions at pH 10 may favor the development of this 
morphology.  

The EDX spectrum of the sample synthesized at pH 13 (Fig. 5d) showed signals corresponding to Bi, O, and I, 
representing the major elements associated with the BiOI-based sample. No prominent additional elemental signals 
were detected within the limits of the EDX analysis. The observed elemental composition remained broadly consistent 
despite the changes in crystallite size, crystallinity, and morphology observed under highly alkaline conditions. These 
structural and morphological variations were identified from the XRD and SEM analyses, respectively. Since EDX 
provides elemental rather than crystallographic information, the EDX results alone cannot distinguish between 
different crystal structures or phases [6]. Nevertheless, the SEM images show a pronounced morphological variation 
from hierarchical flower-like assemblies to more densely agglomerated plate-like and sheet-like structures decorated 
with fine crystallites. The XRD results also indicate changes in crystallite growth and diffraction peak sharpness at 
pH 13. These observations suggest that the strongly alkaline synthesis conditions are associated with changes in crystal 
growth, particle aggregation, and microstructural features of the BiOI-based samples, while the major elemental 
constituents detected by EDX remain unchanged [7]. The combined EDX, SEM, and XRD results therefore indicate 
a relationship between the elemental composition, structural characteristics, and morphology of the synthesized 
samples. Overall, the results suggest that synthesis pH may influence the crystallite size, structural ordering, and 
morphological features of the green-synthesized BiOI-based materials. 

3.4. Optical properties 

3.4.1 UV-Vis Analysis 

Fig. 6(a–d) shows the optical absorption spectra of the BiOI nanoparticles synthesized by maintaining pH 5,8,10,13 
respectively obtained from LAMBDA 750 (Perkin Elmer) UV-vis NIR Spectrophotometer instrument. The materials 
exhibit a high absorbance level in the visible-light range, indicating the visible-light response of BiOI owing to its 
narrow band gap and layered tetragonal structure. A clear shift in the absorption edge based on the pH value of the 



solution was observed, suggesting that the reaction pH value plays an important role in tuning the electronic structure 
and optical response of the synthesized nanoparticles. The absorption edges are determined to be 730, 532, 590, and 
738 nm for the BiOI nanoparticles synthesized by maintaining pH values of 5, 8, 10, and 13, respectively, which 
correspond to an optical band gap energy of 1.69, 2.33, 2.10, and 1.67 eV, respectively, estimated from the absorption 
edges. The absorption-edge variation can be associated with the pH-dependent changes in crystallite characteristics 
and morphology, as synthesis conditions are known to influence the crystal growth, particle dimensions, and optical 
response of BiOI materials. At pH 5, the relatively large crystallite size of 25.30 ± 7.82 nm and highly agglomerated 
moss-rose/flower-like morphology are accompanied by a long-wavelength absorption edge at 730 nm. Such 
morphology-dependent optical variation is consistent with reports showing that different BiOI morphologies can 
exhibit different visible-light absorption and band-gap characteristics [6,7, 41]. At pH 8, the crystallite size decreases 
to 18.67 ± 4.86 nm and the morphology changes to hierarchical cauliflower-like microspheres composed of 
interconnected ultrathin nanosheets, accompanied by a pronounced blue shift of the absorption edge to 532 nm. The 
smaller crystallite dimensions and altered nanosheet-based architecture can modify the electronic and optical response 
through changes in crystal growth, surface structure, and defect/surface-state characteristics [41]. At pH 10, the slight 
increase in crystallite size to 20.37 ± 4.86 nm together with the development of interconnected rod-like crystallites 
and plate-like architectures is associated with an intermediate absorption edge of 590 nm. This further supports the 
influence of morphology and crystallite characteristics on the optical response of BiOI [41]. At pH 13, the crystallite 
size increases to 30.37 ± 11.34 nm, while densely agglomerated plate/sheet-like structures with elongated rod-like 
crystallites and the formation of the Bi₅O₇I phase are observed. The corresponding red shift to 738 nm and lower 
estimated band gap of 1.67 eV can therefore be associated with the combined influence of crystal growth, morphology, 
and phase evolution rather than crystallite size alone [7,41]. The overall trends observed in the UV–Vis spectra, XRD 
analysis, and SEM morphology therefore show consistent pH-dependent variations in the optical, structural, and 
morphological characteristics of the materials. However, these observations alone do not establish a direct causal 
relationship between crystallite size or morphology and the observed optical response. Instead, the variations are 
reasonably considered to reflect the combined influence of crystallite characteristics, morphology, and phase evolution 
induced by the synthesis pH. 

3.4.2 Optical Band Gap Analysis using Tauc Plot 

A Tauc plot is a graphical method used to determine the optical bandgap (Eg) of a material from UV–Vis absorption 
data. This provides important information regarding the electronic band structure and optical transition behavior of 
semiconductor nanomaterials. Tauc plots of (αhν)1/2 versus photon energy (E) and (αhν)2 versus photon energy (E) are 
shown in Figure.7 & Figure. 8 for BiOI nanoparticles prepared by maintaining (a)pH 5, (b) pH 8, (c) pH 10, and (d) 
pH 13. This is especially important for semiconductors, such as BiOI nanoparticles. The relationship used in the Tauc 
plot is as follows: (ࢎࢻʋ)࢔ = ʋࢎ)࡭ −  (ࢍࡱ

where α is the absorption coefficient, ࢎʋ is the photon energy, A is a proportionality constant, and Eg is the optical 
bandgap energy. 

In the present study, the UV–Vis absorption spectra were recorded using aqueous dispersions of the synthesized BiOI 
nanoparticles in distilled water. The absorption coefficient (α) was calculated from the measured absorbance using the 
relation α = 2.303A/t, where A is the absorbance and t (=1 cm) is the optical path length of the cuvette. The photon 
energy was calculated from the wavelength using hν = 1240/λ, where λ is the wavelength in nm. For the Tauc analysis, 
(αhν)1/2 versus E (=hν) was used to estimate the indirect allowed transition, whereas (αhν)2 versus E (=hν) was used 
to estimate the direct allowed transition. The linear portions of the respective Tauc plots were selected and fitted by 
linear regression, and the optical bandgap was determined from the extrapolated intercept of the linear fit with the 



photon-energy axis. The goodness of the linear fitting was evaluated using the coefficient of determination (R2). In 
addition to the regression-based values, the band gaps were also estimated graphically by drawing a 
tangent/extrapolated line through the linear portion of each Tauc plot and determining its intercept with the photon-
energy axis. Apparent optical transition energies obtained from linear regression and graphical tangent extrapolation, 
together with the coefficients of determination (R²) and linear fitting ranges for BiOI nanoparticles synthesized at 
different pH values are listed in Table.4. 

To gain insight into the electronic transitions, the optical band gaps of the BiOI nanoparticles were calculated based 
on the Tauc relation. The indirect-allowed and direct-allowed Tauc models were evaluated using the (αhν)1/2 versus 
photon energy (E) plots [Fig. 7(a–d)] and (αhν)2 versus photon energy (E) plots [Fig. 8(a–d)] respectively. The 
apparent optical transition energies obtained from linear regression and graphical tangent extrapolation are 
summarized in Table 3. In general, the regression-derived values were in close agreement with the corresponding 
graphical tangent values, indicating consistent estimation of the apparent optical transition energies. The fitting regions 
were selected from the approximately linear portions of the respective Tauc plots, and the corresponding regression 
coefficients (R2) are also provided in Table 4. The fitted regions showed high linearity, supporting the reliability of 
the comparative analysis. The apparent indirect-allowed transition energy increased from pH 5 to pH 8 and 
subsequently decreased at pH 10 and pH 13. A similar trend was observed for the direct-allowed transition energy, 
with the highest value obtained for the pH 8 sample. These results indicate that the optical transition energies vary 
systematically with the synthesis conditions; however, the Tauc analysis alone does not establish the simultaneous 
occurrence of direct and indirect electronic transitions. Therefore, the values obtained from the two transition models 
are considered apparent optical transition energies and are used primarily for comparative analysis.  

The graphical tangent method yielded indirect-transition energies of approximately 1.65, 2.23, 1.82, and 1.69 eV and 
direct-transition energies of approximately 2.20, 2.54, 2.41, and 2.29 eV for the samples synthesized at pH 5, 8, 10, 
and 13, respectively. The corresponding regression-derived direct-transition energies were approximately 2.170 ± 
0.012, 2.523 ± 0.009, 2.404 ± 0.017, and 2.234 ± 0.008 eV, while the indirect-transition energies were approximately 
1.607 ± 0.005, 2.202 ± 0.011, 1.759 ± 0.007, and 1.626 ± 0.006 eV, respectively. The small differences between the 
graphical tangent and regression-derived values can arise from the selection of the linear fitting region and the 
graphical extrapolation of the fitted region to the photon-energy axis. Nevertheless, both approaches show a similar 
overall variation in the apparent optical transition energies with synthesis pH, with the highest values observed for the 
pH 8 sample. For quantitative comparison, the regression-derived values and their associated uncertainties were used, 
while the graphical tangent values are presented as a visual representation of the extrapolated optical absorption edge. 

For the BiOI samples synthesized at pH 5, 8, and 10, the indirect-transition model was considered the primary model 
for estimating the fundamental optical absorption edge, consistent with previous reports describing BiOI as an indirect-
band-gap semiconductor with reported experimental values generally in the range of ~1.8–2.0 eV [42–43]. The direct-
transition model was additionally evaluated because direct optical transitions have also been reported to contribute to 
the optical absorption of BiOI [42–44]; however, these values are considered complementary apparent transition 
energies rather than independent fundamental band gaps. The indirect-transition energies were 1.607 ± 0.005, 2.202 
± 0.011, and 1.759 ± 0.007 eV for pH 5, 8, and 10, respectively, while the corresponding direct-transition energies 
were 2.170 ± 0.012, 2.523 ± 0.009, and 2.404 ± 0.017 eV. At pH 13, the XRD results indicate the formation of Bi₅O₇I 
rather than pure BiOI; therefore, its optical response was considered separately. Bi₅O₇I has been reported as an 
indirect-band-gap semiconductor with optical band-gap values of approximately 2.56–2.59 eV [44,45]. Since the 
obtained indirect value of 1.626 ± 0.006 eV is substantially lower than this reported range, it is treated as an apparent 
optical transition energy rather than the definitive fundamental band gap. Similarly, the direct-transition value of 2.234 
± 0.008 eV is considered a complementary apparent transition energy. These lower-energy features may be associated 
with structural disorder, defect-related states, surface states, or other contributions to the absorption response under 
strongly alkaline conditions [47,48]. Thus, the Tauc analysis is primarily used here to compare the optical absorption-
edge behavior of the samples rather than to establish simultaneous direct and indirect fundamental transitions. The 



variation in the apparent transition energies with synthesis pH may reflect changes in phase composition, crystallinity, 
morphology, defects, and surface-related states [24,46–48]. 

3.5. Surface Charge and Colloidal Analysis 

3.5.1 Zeta Potential Analysis 

The high negative zeta potentials observed for the synthesized BiOI nanoparticles at different pH conditions have an 
obvious impact on the binding of the BiOI nanoparticle surface with polar water molecules during the air-to-water 
process [49]. The zeta potential measurements were carried out using a Zetasizer Nano ZSP (ZEN5600, Malvern 
Panalytical, UK) at the Central Instrumentation Facility, Malaviya National Institute of Technology (MNIT), Jaipur, 
India. Zeta potential measurements were performed for the green-synthesized BiOI nanoparticles to identify their 
surface charge and colloidal stability, as depicted in Fig. 9(a-d). The zeta potential measurements and corresponding 
statistical values are summarized in Table 5. The zeta potentials of the BiOI nanoparticles synthesized at pH 5, 8, 10, 
and 13 were -30.93 ± 1.61, -38.03 ± 0.24, -38.40 ± 1.56, and -40.83 ± 0.34 mV, respectively.  All the samples possessed 
negative zeta potential values in the range higher than -30 mV, which explains that they are highly dispersed and 
exhibit great stability with electrostatic repulsive forces within the particles [47].  The higher the negative zeta 
potential with increasing pH, the more the pH of the solution affects the nature of the surface chemistry and mechanism 
for the stabilization of BiOI nanoparticles [49]. For example, with a comparatively low value of negative zeta potential 
of -30.93 ± 1.61 mV of BiOI synthesize by maintaining pH 5, we anticipate some extent of protonation on the 
phytochemical functional groups of curry leaf extracts and surface hydroxyl groups of BiOI NPs. Moreover, under 
acidic conditions. Higher amounts of H + ions lead to a decrease in the density of negative charges on the surfaces, 
thus resulting in weak inter-particle repulsive forces. These findings correlate positively with the SEM results, where 
highly packed clusters in cauliflower morphology suggest that particle aggregation prevails at low values of the surface 
charge.  In addition, owing to the relatively weak crystallinity and high number of defects at acidic pH, as confirmed 
by the XRD data, rapid nuclei formation with a passive surface film of immature size could reduce colloidal stability 
[50]. 

Upon increasing synthesis pH to 8 and 10 further made the zeta potential negative more (-38.03 ± 0.24 and -38.40 ± 
1.56 mV) which shows an increase in the adsorption of hydroxide ions on the surface as well as increase in 
deprotonation of oxygen-containing surface functional group of the nanoparticles. More numbers of negatively 
charged surface sites will result in a larger repulsive force preventing particles from agglomerating, which in turn 
resulted in better dispersed morphological flower-like morphology and interconnected nanosheets with less 
aggregation (fig. 2a and b), which are corroborated well with our above interpretation. Simultaneously, XRD indicates 
enhanced crystallinity, fewer lattice defects, and greater structural ordering of the nanoparticles formed with optimum 
pH conditions under a moderately alkaline medium, which is favorable for preparing well-ordered structures and well-
dispersed colloidally stable BiOI nanoparticles. A higher negative surface charge enhances the electrostatic attraction 
of polar molecules to the nanoparticle surface, which is advantageous for applications such as photocatalysis, 
environmental remediation, and atmospheric water harvesting. The highest negative zeta potential (-40.83 ± 0.34 mV) 
obtained for the sample synthesized at pH 13 indicates excellent colloidal stability arising from strong electrostatic 
repulsion between the suspended nanoparticles [50]. Under strongly alkaline conditions, the increased concentration 
of OH⁻ ions promote the deprotonation of surface hydroxyl groups, resulting in a higher density of negatively charged 
surface species. This behavior is consistent with the enhanced hydrophilicity observed from contact-angle 
measurements and the morphological evolution revealed by SEM. Although the XRD results indicate an increase in 
crystallite size and the SEM images show the formation of densely aggregated plate-like and sheet-like structures, the 
nanoparticles retain high suspension stability because the surface electrostatic repulsion effectively counterbalances 
the tendency for particle aggregation in dispersion. Therefore, the present results suggest that while the hydrothermal 



synthesis conditions strongly influence crystal growth and morphology, the colloidal stability of BiOI nanoparticles 
is predominantly governed by their surface charge characteristics and electrostatic interactions [49–50]. 

The progressive increase in the negative zeta potential with increasing synthesis pH is consistent with the FTIR results, 
which reveal a broad O–H stretching band associated with surface hydroxyl groups and oxygen-containing 
phytochemical constituents derived from the curry leaf extract. These functional groups are likely to participate in the 
surface functionalization of BiOI nanoparticles during hydrothermal synthesis, thereby contributing to the 
development of a more negatively charged surface and improved colloidal stability through enhanced electrostatic 
repulsion between the nanoparticles. The combined FTIR and zeta potential analyses therefore highlight the dual role 
of the curry leaf phytochemicals as natural reducing and surface-capping agents, enabling the formation of stable BiOI 
nanoparticles without the use of synthetic surfactants or polymeric stabilizers. The increasingly negative surface 
charge is expected to enhance the adsorption of positively charged species and improve interfacial interactions, which 
may be advantageous for surface-dependent processes such as photocatalysis, environmental remediation, and 
atmospheric water harvesting. Furthermore, the high negative zeta potential (up to -40.83 ± 0.34 mV) confirms 
excellent suspension stability, ensuring a well-dispersed colloidal system that is desirable for subsequent functional 
and catalytic applications. 

3.6 Surface Wettability and Hydrophilicity 

3.6.1 Contact Angle Measurements 

The water contact angle of the synthesized BiOI nanoparticles was measured using a Drop Shape Analyzer (DSA 25) 
goniometer (KRUSS GmbH, Hamburg, Germany) at the Centre for Nanoscience, Indian Institute of Technology (IIT) 

Kanpur, India. To test the surface wettability of the BiOI nanoparticles green-synthesized, water contact angle was 

measured at two different locations on each BiOI-coated glass substrate. At each location, the contact angles obtained 
from the left and right sides of the water droplet were averaged to obtain a location-specific contact angle. The mean 
contact angle and standard deviation (SD) were subsequently calculated from the two location-specific average values 
and reported as mean ± SD. Representative water contact angle images corresponding to the measured values closest 
to the calculated mean ± standard deviation were selected for presentation. The representative images for the BiOI 
samples synthesized at pH 5, 8, 10, and 13 are shown in Figure 10(a–d), respectively. The water contact-angle 
measurements and corresponding statistical values are summarized in Table 6. 

The water contact angle (WCA) decreased systematically from 53.57 ± 2.23° for pH 5 to 43.47 ± 1.52°, 31.57 ± 2.29°, 
and 23.03 ± 2.29° for pH 8, 10, and 13, respectively, indicating progressively enhanced surface wettability. At pH 5, 
the relatively large crystallite size (25.30 ± 7.82 nm) and highly agglomerated moss-rose/flower-like microspheres 
observed by SEM provide a comparatively less accessible surface for water spreading, resulting in the highest WCA. 
With increasing pH to 8 and 10, the crystallite size decreased to 18.67 ± 4.86 and 20.37 ± 4.86 nm, respectively, while 
the morphology evolved into hierarchical nanosheet- and interconnected rod/plate-like structures, which can increase 
the effective surface area and facilitate water spreading [51,52]. The further decrease in WCA to 23.03 ± 2.29° at pH 
13, despite the increase in crystallite size to 30.37 ± 11.34 nm and formation of densely packed plate/sheet-like Bi5O7I 
structures, indicates that crystallite size alone does not control wettability; rather, the morphology, surface topography, 
and phase-dependent surface characteristics collectively contribute to the observed hydrophilicity [52,53]. For rough 
hydrophilic surfaces, increased surface texture can enhance apparent wettability by increasing the effective solid–
liquid interaction area, consistent with the Wenzel wetting model [53]. 

The consistent trends observed in XRD, SEM, FTIR, zeta potential, and water contact-angle measurements 
demonstrate that synthesis pH governs the structure–morphology–surface characteristics of the green-synthesized 
BiOI/Bi₅O₇I materials. The progressive decrease in contact angle from 53.57 ± 2.23° to 23.03 ± 2.29° indicates 



enhanced surface wettability with increasing synthesis pH, which is associated with the pH-dependent evolution of 
crystallite structure, hierarchical morphology, and surface chemical characteristics [50–53]. Such hydrophilic surfaces 
can promote water spreading and facilitate the removal of surface contaminants, providing potential for self-cleaning 
coatings [53-55]. In practical applications, wettability-controlled self-cleaning coatings have been investigated for 
glass windows, building surfaces, vehicle glazing, photovoltaic panels, and other exposed surfaces where reduced dust 
and contaminant accumulation is desirable [53-57]. Therefore, the pH-controlled BiOI/Bi₅O₇I system provides a 
promising basis for designing functional surfaces with tunable wetting behavior, although dedicated self-cleaning and 
durability tests would be required to establish its practical performance. 

4. Conclusion 

In this study, BiOI/Bi5O7I nanoparticles were synthesized through a green hydrothermal route using Murraya koenigii 
(curry leaf) extract at reaction pH values of 5, 8, 10, and 13. The results show that synthesis pH has a substantial 
influence on the structural, morphological, optical, and interfacial characteristics of the resulting materials. XRD 
analysis indicated that the samples prepared at pH 5, 8, and 10 retained the tetragonal BiOI structure, whereas a 
structural transformation toward an orthorhombic phase was observed under strongly alkaline conditions at pH 13. 
Changes in crystallite size, crystallinity, lattice strain, and defect-related parameters were also observed with variation 
in synthesis pH. The highest crystallinity (95.37%) and crystallite size (30.37±11.34 nm) were obtained for the pH 13 
sample, indicating enhanced crystal growth under strongly alkaline conditions. FTIR analysis identified characteristic 
vibrational features associated with the bismuth oxyiodide framework and surface functional groups. The possible 
contribution of plant-derived species to surface stabilization is considered in the context of the green synthesis route, 
although their specific chemical identity and surface binding require further investigation. SEM analysis revealed clear 
morphological changes with increasing pH, from cauliflower-like and hierarchical flower-like structures at pH 5 and 
8 to interconnected rod-like assemblies at pH 10 and densely aggregated plate- and sheet-like structures decorated 
with fine crystallites at pH 13. These morphological variations were accompanied by the structural changes observed 
by XRD, indicating that solution chemistry plays an important role in crystal growth and microstructural development. 
EDX analysis confirmed Bi, O, and I as the principal constituent elements in the investigated samples, while the 
relative elemental composition showed no major change sufficient to account for all of the observed morphological 
variations. UV–Vis measurements showed changes in the absorption behaviour with variation in synthesis pH. Tauc 
analysis provided estimated indirect band-gap values of 1.607 ± 0.005, 2.202 ± 0.011, 1.759 ± 0.007, and 1.626 ± 
0.006 eV and direct-transition estimates of 2.170 ± 0.012, 2.523 ± 0.009, 2.404 ± 0.017, and 2.234 ± 0.008 eV for the 
samples prepared at pH 5, 8, 10, and 13, respectively. These values indicate variations in the optical response with 
synthesis conditions; however, the Tauc-derived values should be regarded as estimates associated with the selected 
transition models rather than definitive evidence for simultaneous direct and indirect electronic transitions. The 
variation in optical band-gap values may be associated with changes in crystallinity, crystallite size, structural disorder, 
and local structural environment. Further optical and electronic-structure investigations would be required to establish 
the underlying mechanisms more conclusively. 

Surface characterization also demonstrated pH-dependent changes in the interfacial properties. The zeta potential 
became progressively more negative, reaching −40.83 ± 0.34 mV for the pH 13 sample, suggesting increased 
electrostatic repulsion and improved colloidal stability under the measurement conditions. The water contact angle 
decreased from 53.57 ± 2.23° to 23.03 ± 2.29°, indicating a substantial increase in surface wettability with increasing 
synthesis pH. These changes demonstrate that synthesis pH can influence not only the bulk structural characteristics 
but also the surface properties of the resulting materials. The main contribution of the present study is the integrated 
experimental comparison of pH-dependent structural, morphological, optical, surface-charge, and wettability changes 
in plant-assisted hydrothermally synthesized bismuth oxyiodide materials. Rather than considering pH-dependent 
structural evolution as a new phenomenon, this work examines how several experimentally measured properties vary 
together under the selected green synthesis conditions. In particular, the observed tetragonal-to-orthorhombic 



structural transformation at strongly alkaline pH, together with the accompanying morphological and interfacial 
changes, provides a useful basis for understanding the influence of synthesis conditions on these materials. 

Among the investigated conditions, the sample prepared at pH 8 showed well-developed hierarchical morphology and 
high structural ordering, whereas the pH 13 sample exhibited the largest crystallite size, highest negative zeta potential, 
and lowest contact angle among the investigated samples. These differences demonstrate that the preferred synthesis 
condition may depend on the specific property of interest. However, the present study does not directly evaluate 
photocatalytic, photo-electrochemical, optoelectronic, self-cleaning, antibacterial, or atmospheric water-harvesting 
performance. Therefore, the observed structural, optical, and surface characteristics may provide a basis for future 
application-oriented investigations, but further experiments are required to establish the suitability of these materials 
for such applications. Overall, the study demonstrates that reaction pH is a useful processing parameter for modifying 
the physicochemical characteristics of plant-assisted bismuth oxyiodide materials and provides a comparative basis 
for their further investigation. 
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Figure 1(a). Schematic representation of the preparation of curry leaf extract from fresh curry leaves. (b) Schematic 
illustration of the synthesis route for BiOI/Bi5O7I nanoparticles prepared by the green hydrothermal method while 
maintaining the reaction pH at 5, 8, 10, and 13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) Schematic illustration of the synthesis route for BiOI/Bi5O7I nanoparticles 



Figure 2. XRD patterns of BiOI nanoparticles synthesized at different pH conditions: (a) pH 5, (b) pH 8, (c) pH 10, 
and (d) pH 13. 
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Figure 3. FTIR spectra of the BiOI nanoparticles synthesized by maintaining pH values of (a) pH 5, (b) pH 8, (c) 
pH 10, and (d) pH 13 
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Figure 4. SEM micrographs of BiOI nanoparticles synthesized by maintaining pH conditions: (a-b) pH 5, 
(c-d) pH 8, (e-f) pH 10, and (g-h) pH 13.  
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Figure 5. EDX spectra of BiOI nanoparticles synthesized at different pH conditions: (a) pH 5, (b) pH 8, (c) 
pH 10, and (d) pH 13. 
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Figure 6. UV–Vis absorption spectra of BiOI nanoparticles synthesized at different pH conditions (a) pH 
5, (b) pH 8, (c) pH 10, (d) pH 13; showing the variation in optical absorption behavior with wavelength. 
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Figure 7. Tauc plots of (αhν)1/2 versus photon energy (eV) for BiOI nanoparticles prepared at (a)pH 5, (b) 
pH 8, (c) pH 10, and (d) pH 13.  
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Figure.8. Tauc plots of (αhν)2 versus photon energy (E) for BiOI nanoparticles prepared at (a)pH 5, (b) pH 
8, (c) pH 10, and (d) pH 13.  
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Figure 9. Zeta potential analysis of BiOI nanoparticles synthesized at different pH conditions: (a) pH 5, (b) 
pH 8, (c) pH 10, and (d) pH 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) pH 5, Zeta Potential= -30.93 ± 1.61mV 

(b) pH 8, Zeta Potential= -38 ± 0.24mV 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) pH 10, Zeta Potential= -38.40 ± 1.56mV 

(d) pH 13, Zeta Potential= -40.83 ± 0.34mV 



Figure 10. Contact angle measurements of BiOI nanoparticles (deposited on glass substrate) synthesized 
at different pH conditions: (a) pH 5, (b) pH 8, (c) pH 10, and (d) pH 13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) pH 5 

(b) pH 8 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) pH 10 

(d) pH 13 



Table 1. XRD peak positions (2θ), interplanar spacing (d), and corresponding crystallographic (hkl) planes of BiOI 
nanomaterials synthesized at different pH levels. 

 

Table 2. Structural and nanocrystalline parameters of BiOI nanomaterials at different pH values, including crystallite 
size (D), dislocation density (δ), microstrain (ε), percentage crystallinity, and lattice parameters (a and c), highlighting 
the influence of pH on crystallinity, defect density, and structural tuning. 

 

Composition pH D 

nm 

δ (1015) 

m-2 

ϵ (10-3) % Crystallinity 

 

Lattice parameter 

(Å) 

a b c 

BiOI/Bi5O7I 

 

5 25.30±7.82 2.09 5.27         97.75 3.98 3.98 9.23 

8 18.67±4.86 3.46 6.14         92.42 3.99 3.99 9.45 

10 20.37±4.86 2.96 7.12         86.92 3.87 3.87 8.75 

13 30.37±11.34 1.80 4.39         95.37 16.09 5.34 11.46 

 

 

Crystal 
Structure 

Pure Tetragonal Orthorhombic 

pH 5 8 10 13 
JCPDS 
Card No. 
10-0445, 
40-0548, and 
73-2062 
 

2θ d- 
spacing 

(Å) 

hkl 2θ d- 
spacing 

(Å) 

hkl 2θ d- 
spacing 

(Å) 

hkl 2θ d- 
spacing 

(Å) 

hkl 

23.80 6.89 101 23.88 3.72 101 12.46 7.09 001 10.98 8.04 200 

29.19 3.73 102 29.01 3.07 102 23.85 3.72 101 28.18 3.16 312 

31.75 2.81 110 31.71 2.81 110 29.76 2.99 102 31.18 2.86 004 

39.02 2.30 004 37.19 2.41 103 32.71 2.73 110 33.13 2.69 204 

45.42 1.99 200 42.18 2.14 104 41.72 2.16 112 33.54 2.66 020 

54.80 1.67 212 45.43 1.99 200 46.90 1.93 200 46.27 1.96 223 

   49.63 1.84 055/211 56.54 1.62 212 47.83 1.90 315 
54.76 1.67 212    53.56 1.70 622 

   58.71 1.58 516 

   



Table 3. Assignment of the characteristic FTIR absorption bands of green-synthesized BiOI nanoparticles prepared 
at different reaction pH values (5, 8, 10, and 13), along with their corresponding vibrational modes and chemical bond 
assignments. 

Assignment 
pH 5 
(cm⁻¹) 

pH 8 
(cm⁻¹) 

pH 10 
(cm⁻¹) 

pH 13 
(cm⁻¹) Reference(s) 

O–H stretching vibration (surface hydroxyl 
groups and phytochemicals) 

3423.49 3247.89 3432.43 3458.54 [35-36] 

H–O–H bending vibration (adsorbed 
water) 

1628.47 1633.34 1631.76 1634.99 [32], [35] 

NO₃⁻ asymmetric stretching vibration 1383.95 1382.88 1382.83 1384.26 
[29], [32], 

[35] 

Bi–O stretching vibration ([Bi₂O₂] layer / 
Bi–O coordination) 

1012.09 1058.01 1015.89 1060.68 
[32-33], [36-

38] 

Bi–O stretching vibration — — — 996.60 [38] 

Additional Bi–O–I lattice vibration — — 897.39 — [35,38] 

Bi–O–I lattice vibration 838.80 846.86 844.37 847.43 
[32-33], 
[36,38] 

Bi–O lattice vibration 666.54 — 455.52 
611.86, 
570.41 

[35-38] 

Bi–I lattice vibration 536.72 548.89 536.47 504.36 [35,38] 

 

Table 4. Apparent optical transition energies obtained from linear regression and graphical tangent extrapolation, 
together with the coefficients of determination (R²) and linear fitting ranges for BiOI nanoparticles synthesized at 
different pH values. 

pH Bandgap (Regression) 
eV 

Bandgap (Tangent) 
eV 

Coefficient of 
Determination (R2) 

Fitting Range 

Indirect  Direct Indirect Direct Indirect Direct Indirect Direct 

5 1.607 ± 0.005 2.170 ± 0.012 1.65 2.20 0.99989 0.99823 2.6-2.9 2.6-2.9 

8 2.202 ± 0.011 2.523 ± 0.009 2.23 2.54 0.99928 0.99942 2.7-3.0 2.7-3.2 

10 1.759 ± 0.007 2.404 ± 0.017 1.82 2.41 0.99941 0.99866 2.5-3.3 2.8-3.3 

13 1.626 ± 0.006 2.234 ± 0.008 1.69 2.29 0.99964 0.99922 2.5-3.1 2.6-3.3 

 

 

 

 



Table 5. Zeta potential values of BiOI/Bi5O7I samples synthesized at different pH conditions. The measurements were 
performed in triplicate, and the results are presented as mean ± standard deviation (n = 3). 

Sample Zeta potential (mV) Zeta Potential  
(Mean ± SD) mV 

Run 1 Run 2 Run 3 

BiOI pH-5 -29.1 -31.6 -32.1 -30.93 ± 1.61 

BiOI pH-8 -38.6 -37.8 -37.7 -38.03 ± 0.24 

BiOI pH-10 -36.6 -39.2 -39.4 -38.40 ± 1.56 

Bi5O7I pH-13 -41.7 -40.5 -40.3 -40.83 ± 0.34 

 

Table 6. Water contact-angle values of BiOI/Bi5O7I samples synthesized at different pH conditions. Measurements 
were performed at two different locations on each sample surface, with left and right contact angles measured for each 
droplet. The average of the left and right angles was used for each location, and the final values are presented as mean 
± standard deviation (n = 2). 

Sample Average Contact Angle (°) Contact angle  
(Mean ± SD)° 

Measurement 1 Measurement 2 

BiOI pH-5 51.95 55.20 53.57 ± 2.23 

BiOI pH-8 42.40 44.55 43.47 ± 1.52 

BiOI pH-10 33.20 29.95 31.57 ± 2.29 

Bi5O7I pH-13 24.65 21.40 23.03 ± 2.29 

 

 

 

 

 

 

 

 

 



    𝟏    𝒅  𝒉 𝒌 𝒍  𝟐 =  [     𝐡  𝟐 +   𝐤  𝟐    𝐚  𝟐 ] +  (     𝐥  𝟐    𝐜  𝟐 )  


    𝟏    𝒅  𝒉 𝒌 𝒍  𝟐 =     𝐡  𝟐    𝐚  𝟐 +     𝐤  𝟐    𝐛  𝟐 +     𝐥  𝟐    𝐜  𝟐                              


        𝐃   =   𝐊 𝛌  𝛃   𝐜 𝐨 𝐬 ⁡  𝛉


            𝛜 =   𝛃  𝟒 𝐓 𝐚 𝐧 𝛉                                                                                                                 ( 3 )


          𝛅 =   𝟏    𝐃  𝟐


     ( 𝜶 𝒉 ʋ )  𝒏 = 𝑨  ( 𝒉 ʋ −   𝑬  𝒈 )


  𝒉 ʋ

