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12 Abstract

13 Alpha-alumina (α-Al₂O₃) nanoparticles (NPs) were synthesized via a controlled co-precipitation 

14 method using three different bases: sodium hydroxide (NaOH), potassium hydroxide (KOH), and 

15 ammonium hydroxide (NH₄OH). The influence of each base on the structural, optical, and surface 

16 properties of the synthesized nanoparticles was systematically investigated. Characterization 

17 techniques, including powder X-ray diffraction (PXRD), dynamic light scattering (DLS), UV-Vis 

18 spectroscopy, and zeta potential analysis, were employed. Crystallite size, estimated using multiple 

19 models, ranged from 54.67 nm to 94.74 nm, with NH₄OH yielding the smallest size and highest 

20 specific surface area (28.36 m²/g). Rietveld refinement confirmed complete α-phase formation for 

21 the NaOH and NH₄OH samples, while the KOH-derived sample exhibited minor potassium oxide 

22 impurities. UV-Vis analysis revealed a wide band gap (5.4-5.5 eV), and zeta potential 

23 measurements indicated enhanced colloidal stability for samples synthesized using NaOH and 

24 NH₄OH. Thermogravimetric and differential scanning calorimetry confirmed α-phase 

25 development between 1047-1121°C. Transmission electron microscopy revealed spherical 

26 morphology and nanoscale particle size. These findings highlight the critical role of base selection 

27 in tuning the physicochemical properties of α-alumina and demonstrate the effectiveness of 
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28 NH₄OH in producing fine, phase-pure, and stable α-Al₂O₃ nanoparticles suitable for applications 

29 in high-temperature ceramics, electronics, and photocatalysis.

30

31 Keywords: α-alumina, Nanoparticles, Co-precipitation, X-ray diffraction, WPPF.
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32 1. Introduction

33 Alumina (Al2O3) is a crucial oxide extensively utilized in ceramics, electrical engineering, and 

34 petrochemical sectors [1][2]. Among its polymorphic forms, the alpha phase (α-Al2O3), also 

35 known as corundum, is particularly valued for its superior thermal stability, high hardness, 

36 chemical inertness, and electrical insulating properties [4][5][6]. These features make α-alumina a 

37 critical material in a broad range of industries, including electronics, catalysis, protective coatings, 

38 and structural ceramics [7][8]. The α-phase is the most stable crystallographic form of alumina, 

39 especially at elevated temperatures, and exhibits a hexagonal close-packed structure [9]. Typically, 

40 the formation of α-alumina requires calcination at temperatures above 1100 °C, during which 

41 metastable transitional phases such as γ-, δ-, or θ-alumina may form and gradually convert to the 

42 α-phase [10]. Therefore, the control of synthesis parameters is essential for obtaining pure α-phase 

43 alumina nanoparticles with desirable properties [11]. Among the various synthesis techniques 

44 developed to produce alumina nanoparticles, such as sol gel [12], hydrothermal [13], and 

45 combustion methods [14], the co-precipitation approach stands out for its simplicity, scalability, 

46 and low production cost [15][16]. This method enables precise control of stoichiometry, particle 

47 morphology, and size distribution by adjusting key process parameters [17].  Notably, the nature 

48 of the base used during precipitation plays a significant role in influencing the nucleation rate, 

49 crystallinity, and final morphology of the product. Different bases introduce varying ionic 

50 environments that can affect the hydrolysis and condensation kinetics of the aluminum precursor 

51 [18]. Previous studies have typically focused on individual bases, leaving limited comparative 

52 insight into how different hydroxides systematically affect crystallite size, morphology, phase 

53 stability, and colloidal performance.

54 This study offers a systematic and comparative evaluation of how different alkaline bases, NaOH, 

55 KOH, and NH₄OH, influence the physicochemical characteristics of α-alumina NPs synthesized 

56 by co-precipitation. Unlike previous studies that focused on a single base, this work employs X-

57 ray diffraction along with thermal analysis, optical analysis, morphological observation, and 

58 particle size measurements to comprehensively investigate the influence of different bases on the 

59 material. The findings offer a practical pathway to tailor nanoparticle properties for advanced 

60 ceramic, catalytic, and electronic applications, and highlight ammonium hydroxide as a superior 

61 base for producing fine, stable, and phase-pure α-alumina NPs.

62
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63 2. Materials and Methods

64 2..1 Materials

65 The chemicals employed in this study included Aluminum nitrate nonahydrate [Al (NO3)3.9H2O, 

66 99.60%, Merck, Germany], Methanol [99.90%, Merck, Germany], Sodium hydroxide, Potassium 

67 hydroxide, Ammonium hydroxide solution (NH4OH) [25.0%, Merck, Germany] and deionized 

68 (DI) water utilized throughout the experimental procedures. The DI water was sourced from the 

69 deionized water plant, Inorganic Pigment and Chemical Research Division (IPCRD), IGCRT plant 

70 of BCSIR, Bangladesh.

71

72 2.2. Synthesis Route of Alumina

73 5.0 grams of Al(NO₃)₃·9H₂O were precisely weighed [ATY224, Shimadzu, Japan] and solubilized 

74 in 100.0 mL of deionized (DI) water. The mixture was subjected to continuous stirring [UC 152, 

75 Stuart, USA] at ambient temperature for 30.0 minutes to ensure total solubility of the component. 

76 Then base solution was slowly added to the solution until the pH was precisely adjusted to 9.0, 

77 monitored using a pH meter (STARTER 3100, OHAUS, China). The mixture was further stirred 

78 for 30.0 minutes, then allowed to stand for 12.0 hours to ensure complete settling of the precipitate. 

79 The obtained precipitate was repeatedly washed three times with DI water and three times with 

80 ethanol to eliminate ions and any remaining water and ethanol-soluble impurities. The precipitate 

81 was then dried at 110.0 °C for 12.0 hours in an oven (ED115, BINDER, USA) to ensure the 

82 complete removal of moisture and volatile organics. Finally, the dried powder was finely crushed 

83 using a mortar and then calcined in a muffle furnace (LHTC 08/16, Nabertherm, Germany) at 

84 1200.0 °C for 4.0 hours in air, employing a controlled heating rate of 5.0 °C/min to synthesize α-

85 Al₂O₃ powders. The procedure was repeated under identical conditions, with variation in the base 

86 used for the pH adjustment, specifically: (A) sodium hydroxide, (B) potassium hydroxide, and (C) 

87 ammonium hydroxide, each at a concentration of 0.01 M.

88

89 3. Characterization

90 3.1.1. Crystallographic analysis

91 Powder X-ray diffraction (PXRD) was employed to characterize the crystallinity and crystal 

92 structure of the synthesized α-alumina NPs [19][20][21]. Using X-rays and periodic atom 

93 alignments with materials that have a consistent crystalline nanostructure, PXRD is a non-
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94 destructive analysis technique. By exposing the powdered sample of α-alumina NPs to an intense 

95 single wavelength X-ray beam, the methodology collected XRD data. Additionally investigated 

96 by PXRD were the crystallographic structure, shape, average size, d-spacing, dislocation density, 

97 and lattice parameters. In SmartLab SE [Rigaku, Japan], the copper cathode tube receives 50.0 

98 mA× 40.0 kV as the X-ray's power source. Under standard operation mode (SOM), a one-

99 dimensional scan was executed with a scanning speed of 5°/min, employing a step size of 0.01° 

100 and a standard detector head. The analysis was carried out within a 2θ angular range of 5.0° to 

101 90.0°, employing an incident slit width of 0.5° and a length limiting slit of 10 mm to ensure precise 

102 beam definition. The whole powder pattern fitting (WPPF) method, utilized for quantitative 

103 analysis with the ICDD PDF5+ standard and crystal symmetry, was explored by VESTA software. 

104 The Scherrer equation [22] was employed for crystallite size calculation by PXRD. The Scherrer 

105 equation typically yields a smaller crystallite size than the actual value, since it attributes 

106 diffraction peak broadening solely to finite crystallite dimensions. In practice, additional 

107 contributions from lattice strain, structural defects, and other microstructural factors also broaden 

108 the peaks, which leads to an underestimation of the true crystallite size [23]. 

109 𝐷 = 𝐾𝜆
𝛽𝑐𝑜𝑠𝜃                                    (1)

110 Here, crystallite size is presented as D, λ is the wavelength of the X-ray source (Cu tube; λ= 0.1541 

111 nm), K is the crystallite-shape factor (k=0.9), β is the full width at half maximum, and θ is the 

112 diffraction angle or Bragg angle. The interplanar distance between the atoms in a crystal system is 

113 expressed as the d-spacing values that were determined employing Bragg’s law [24].

114 𝑑 = 𝑛𝜆
2𝑠𝑖𝑛𝜃                                                      (2)

115  Crystallographic analysis of the synthesized NPs included the evaluation of lattice parameters, 

116 microstrain, relative intensity, dislocation density, unit cell volume, packing efficiency, preferred 

117 growth orientation, specific surface area, and crystallinity index. These parameters were calculated 

118 using Eqs. (3) to (12) as presented below.

119 Lattice parameter for hexagonal crystal structure,  1
𝑑2 = 43  ℎ2+ℎ𝑘+𝑘2

𝑎2 + 𝑙2

𝑐2      (3)    

120 Micro-strain, 𝜀 = 𝛽
4 𝑡𝑎𝑛𝜃      (4)

121 Dislocation density, 𝛿 = 1
(𝐷)2       (5)

122 Specific surface area, 𝑆 = 6×103

𝜌×𝐷        (6)
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123 Volume of hexagonal unit cell, 𝑉 = 𝑎2𝑐       (7)           

124 Crystallinity index, CI = 𝐻101+𝐻004+𝐻200

𝐻101
       (8)

125 Relative intensity, RI = 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑝𝑙𝑎𝑛𝑒, 𝐼𝑐

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑛𝑦 𝑡ℎ𝑟𝑒𝑒 𝑝𝑙𝑎𝑛𝑒𝑠, (𝐼1+𝐼2+𝐼3)       

126 (9)

127 Preference growth, P = 𝑅𝐼𝑠𝑎𝑚𝑝𝑙𝑒―𝑅𝐼𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝐼𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
      (10)

128 Atomic packing factor (APF) = 𝑁𝐴𝑙𝑉𝐴𝑙+𝑁𝑜𝑉𝑜

𝑎2𝐶
                             (11)

129 Crystallinity (%) = 𝐼101

𝐼101+𝐼004+𝐼200
× 100      (12)

130

131 The letter H signifies the plane’s height, I denotes the plane’s peak intensity, “a” and “c” are the 

132 lattice parameters of the tetragonal unit cell and h k l correspond to the Miller indices.

133

134 3.2. Evaluation of Crystallite Size Through Various Models

135 Several techniques, including the Scherrer equation, Williamson-Hall plot, Monshi-Scherrer 

136 method, and size strain plot model, Shahadat-Scherrer model, and Linear Straight-Line model, 

137 were applied to evaluate the crystallite size of the NPs.

138

139 3.2.1. Williamson-Hall plot

140  The Williamson-Hall plot is used to investigate how crystal size and microstrain contribute to 

141 broadening peaks observed in X-ray diffraction patterns [25].

142 𝛽𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝜃 = 𝑘λ
𝐷

+4.𝜀𝑠𝑖𝑛𝜃                                                                                                  (13)

143 By relating Eq. (13) to the typical linear equation  (𝑦 = 𝑚𝑥 + 𝑐) we acquired the crystallite size. 

144 By plotting 𝛽𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝜃 on the Y-axis and 4𝑠𝑖𝑛𝜃 on the X-axis, a straight line is constructed. The 

145 intercept provides a means to calculate the crystallite size.

146

147 3.2.2. Monshi-Scherrer model

148 The Monshi-Scherrer model minimizes errors and incorporates all reflections by reformulating the 

149 Scherrer equation through logarithmic transformations. According to the published research, Eq. 

150 (14) provides a detailed mathematical expression of this strategy [26].
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151 𝑙𝑛(𝛽) = 𝑙𝑛 1
𝑐𝑜𝑠𝜃

+𝑙𝑛𝑘λ
𝐷  (14)

152 Plotting 𝑙𝑛(𝛽) versus ln (1/ 𝑐𝑜𝑠𝜃) as per Eq. (14) and aligning with the linear equation 

153 (𝑦 = 𝑚𝑥 + 𝑐), the crystallite size can be assessed from the intercept.

154

155 3.2.3. Size-Strain plot model

156 For assessing the strain and crystallite size in anisotropic crystals, the size-strain plot is a 

157 commonly used method. By focusing on low angle diffraction peak with minimal overlap, this 

158 method improves the reliability of crystallite size and strain determinations. The associated 

159 equation for this model is shown as Eq. (15) in the referenced literature [27].

160 (𝑑ℎ𝑘𝑙𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃)2 = 𝑘λ
𝐷

 𝑑2
ℎ𝑘𝑙𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 + 𝜀

4

2
 (15)

161 By positioning (𝑑ℎ𝑘𝑙𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃)2 on the Y-axis and 𝑑2
ℎ𝑘𝑙𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃  on the X-axis. Eq. 15 was then 

162 compared to a straight-line equation to estimate the crystallite size, which is derived from the slope.

163

164 3.2.4. Linear Straight-Line model

165 The Scherrer equation only uses the widening of a single diffraction peak to determine the 

166 crystallite size. For precise material characterization, comprehensive calculations are therefore 

167 essential. The Scherrer equation yields the linear straight model Eq. (16), which is a trustworthy 

168 model for evaluating crystallite size [27].

169 cos(𝜃) =  𝑘λ
𝐷 × 1

𝛽 (16)

170 Crystallite size was obtained from the intercept of the 1/ 𝛽 versus  cos(𝜃).

171

172 3.2.5. Sahadat-Scherrer model

173 Assuming that strain broadening is separable, this model was established by removing the 

174 instrumental broadening contributions from the diffraction peak broadening. The Scherrer formula 

175 yielded Eq. (17), which shows an algebraic expression related to this model. When the straight line 

176 crosses the origin, the model's accuracy rises [29]. The Sahadat-Scherrer model's mathematical 

177 representation is as follows:

178 𝑐𝑜𝑠 (𝜃) =  𝑘λ
𝐷𝑠―𝑠

× 1
𝐹𝑊𝐻𝑀            (17)
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179 A linear relationship is obtained by plotting 1/FWHM against 𝑐𝑜𝑠 (𝜃) results in a straight line that 

180 passes through the origin. The resulting straight line passes through the origin, following the form 

181 of the equation  (𝑦 = 𝑚𝑥). The size of crystallites can be calculated by associating 𝑘λ/𝐷𝑠―𝑠 with 

182 the slope of the equation. 

183

184 3.2.6. Halder-Wagner method

185 The Halder-Wagner technique states that XRD reflections are not a blend of the Gaussian and 

186 Lorentzian profiles, but rather a combination of both. A Lorentzian function describes the tail part, 

187 whereas a Gaussian function fits the peak region. This suggests that a Voigt function can correctly 

188 represent the XRD diffraction pattern. The model evaluates strain using the Gaussian component 

189 and determines crystallite size using the Lorentzian component. Eq. (18) provides the 

190 mathematical foundation for calculating strain and size using this approach [30].

191 𝛽ℎ𝑘𝑙

𝑑ℎ𝑘𝑙

2
= 1

𝐷
𝛽ℎ𝑘𝑙

𝑑2
ℎ𝑘𝑙

+ 𝜀
2

2
 (18)

192 Crystallite size can be evaluated from the slope by plotting 𝛽ℎ𝑘𝑙

𝑑ℎ𝑘𝑙

2
along the Y-axis and 𝛽ℎ𝑘𝑙

𝑑2
ℎ𝑘𝑙

 

193 along X-axis using Eq. 18. Halder-Wagner method is based on assumed strain distribution models 

194 that are not necessarily applicable to all cases, and its application is comparatively more 

195 demanding than simpler approaches, as it requires rigorous analysis and high precision diffraction 

196 data [31].

197

198 3.3. Zeta Potential and Dynamic Light Scattering

199 A vial containing 0.1 mg of the generated α-alumina NPs powder and 20.0 ml of deionized water 

200 was employed as a dispersion medium. The vial was then placed in an ultrasonic bath for 30.0 

201 minutes in order to assess the zeta potential [POWER SONIC 510, UK; Power: 410 W]. DLS 

202 measures the change in scattering intensities at a single point caused by the particle's Brownian 

203 motion by directing monochromatic light through the sample cell and measuring the 

204 autocorrelation function of the photocurrent at a given angle. In this analysis, a zeta potential 

205 analyzer and particle size analyzer [ZSU5700, Malvern Panalytical, UK] were used.

206

207 3.4. UV-Visible Spectrophotometry (UV-Vis)
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208  A UV-1800 spectrophotometer [Shimadzu, Japan], was utilized for UV-Vis analysis in the 

209 wavelength range of 200-800 nm and a photometric range of -4 to 4 absorbance and transmittance 

210 (0 % to 400 %). The sample is exposed to UV and near-visible radiation, and radiation absorbance 

211 or transmittance was evaluated according to the principles of the Beer-Lambert law [32]. To 

212 formulate the sample solution for UV-Vis spectroscopic analysis, 0.2 mg of the synthesized α-

213 alumina NPs sample was mixed with 4.0 mL of ethanol solution.  The Tauc plot approach [33], 

214 which is based on the following equation, was used to examine the absorption data: 

215 (𝛼ℎν)𝑛 = 𝐴 ℎν ― 𝐸𝑔  (19)

216 In this equation, α stands for the absorption coefficient, hν corresponds to the photon energy, Eg is 

217 the band gap energy, A is a proportionality constant, and n varies depending on the nature of the 

218 electronic transition. 

219

220 3.5. Thermogravimetric Analysis and Differential Scanning Calorimetry (TGA and DSC)

221 Simultaneous Thermal Analyzer (STA) 449 F5 Jupiter (Brand: NETZSCH, Germany) was utilized 

222 to carry out TGA-DSC analysis. DSC was carried out under a nitrogen atmosphere (for inert 

223 condition) at a heating rate of 5 °C/Min, with a resolution of less than 1 µW, depending on the 

224 sensor used. DSC records the changes in enthalpy associated with physical or chemical 

225 transformations of α-alumina NPs as a function of time or temperature. TGA was conducted on 

226 the same instrument under identical conditions, with a mass resolution of 0.025 µg. TGA monitors 

227 the mass loss of α-alumina NPs as the temperature increases, providing insight into various thermal 

228 decomposition and transformation processes.

229

230 3.6. Transmission Electron Microscopy (TEM)

231 The internal morphology and elemental composition of the synthesized α-alumina NPs were 

232 examined using a multipurpose TEM integrated with EDS [JEM2100 Plus, JEOL, Japan]. The 

233 instrument operated at an accelerating voltage of 200 kV to ensure adequate electron beam 

234 penetration through the samples. The instrument runs on an input voltage of 210-240 VAC at 50 

235 or 60 Hz, with the maximum load capacity of 20 A, an input breaker rated at 25 A, and a short-

236 circuit current rating (SCCR) of 10 kA. Elemental analysis was conducted under same accelerating 

237 voltage, and a probe current of 7.475 nA. using EDS at an accelerating voltage of 200.0 kV, with 

238 a real time of 53.06 s, live time of 50.00 s, energy range of 0-40 keV, and probe current of 7.47500 
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239 nA, Data were collected using a silicon drift detector (SDD) under PHA (pulse height analysis) 

240 mode T3, with a 5 % dead time and a counting rate of 4724 counts/sec. 

241

242 4. Results and Discussions 

243 4.1.  Crystallographic Analysis

244 X-ray diffraction (XRD) is an effective method for evaluating the crystalline structure of powdered 

245 materials. It reveals key details such as crystallinity, phase identity, and purity of the sample [34].  

246 Fig. 1 illustrates the XRD pattern obtained for the synthesized α-alumina NPs. The fabricated NPs 

247 were verified to have a hexagonal crystal system within the R-3c (No. 167) space group, as 

248 confirmed by comparison with the ICDD standard [card number # 01-076-8186]. The investigation 

249 aimed to examine the structural properties of the materials utilizing various bases for pH 

250 regulation. For samples A and C, eight noticeable diffraction peaks were found. In contrast, 

251 additional peaks appeared in sample B due to the presence of KOH-related phases. In Fig. 1 the 

252 main diffraction angles for sample A observed at 24.810°, 34.389°, 37.011°, 42.594°, 51.7948°, 

253 56.7189°, 65.748°, and 67.418° align with (0 1 2), (1 0 4), (1 1 0), (1 1 3), (0 2 4), (1 1 6), (2 1 4), 

254 and (3 0 0) miller indices. The heights observed for sample A of 7406 cps, 15042 cps, 7327 cps, 

255 17309 cps, 7286 cps, 14860 cps, and 5119 cps. The prominent diffraction peaks noticed for sample 

256 B were 25.544°, 34.834°, 36.998°, 43.516°, 51.751°, 56.711°, 65.721°, and 67.412°, while those 

257 for sample C were 24.764°, 34.322°, 36.957°, 42.502°, 51.729°, 56.644°, 65.684°, and 67.400°, 

258 corresponding to the same Miller indices in both cases. Bishwas et al. reported comparable 

259 diffraction peaks associated with the same miller indices [35]. Corresponding peak heights were 

260 observed for sample B as 485 cps, 437 cps, 4079 cps, 341 cps, 4199cps, 7501 cps, 2600 cps, and 

261 3834 cps, and for sample C as 6447 cps, 13723 cps, 6383 cps, 14432 cps, 5951 cps, 11742 cps, 

262 3997 cps, and 6848 cps.    

263
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264
265 Fig. 1. X-ray diffraction pattern of the prepared α-alumina NPs.

266

267 For sample A. the average crystallite size was found to be 68.43 nm for sample A, 94.74 nm for 

268 sample B, and 54.67 nm for sample C. Among the three, the smallest crystallite size was exhibited 

269 by sample C.

270

271

272 Table 1. Crystallite size calculation of α-alumina NPs.

2Ɵ (°) Reflection FWMH 
(°)

Intensity
(CPS)

Height 
(CPS)

d-spacing 
(Å)

Crystal
lite 

size, D, 
(nm)

Average 
Crystallite 
Size (nm)

                                  NaOH Base (Sample: A)

24.810 (0 1 2) 0.127 1230 7406 3.5858 66.7

34.389 (1 0 4) 0.125 2544 15042 2.6058 69.4

37.011 (1 1 0) 0.111 1166 7327 2.42692 78.8

42.594 (1 1 3) 0.123 3078 17309 2.12085 72.5 68.43

51.7948 (0 2 4) 0.125 1149 7286 1.76366 70.0

56.7189 (1 1 6) 0.125 3003 14860 1.62167 75.1

Page 11 of 39 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

0/
15

/2
02

5 
4:

35
:4

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5MA01083G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01083g


65.748 (2 1 4) 0.158 1197 5119 1.41913 62.5

67.418 (3 0 0) 0.138 1844 8732 1.38799 72.5

kOH Base (Sample: B)

25.544 (0 1 2) 0.099 56 485 3.4844 85.5

34.360 (1 0 4) 0.072 842 8617 2.6078 121.1

36.998 (1 1 0) 0.073 548 4079 2.4278 119.7

42.576 (1 1 3) 0.079 1027 9267 2.1217 113.1 94.74

 51.751 (0 2 4) 0.080 465 4199 1.76503 115.9

56.711 (1 1 6) 0.088 981 7501 1.62189 107.7

65.721 (2 1 4) 0.092 361 2600 1.41965 106.8

67.412 (3 0 0) 0.106 468 3834 1.38810 94.2

                                   NH4OH Base (Sample: C)

24.764 (0 1 2) 0.131 1203 6447 3.5923 64.9

34.322 (1 0 4) 0.139 2647 13723 2.6107 62.4

36.957 (1 1 0) 0.131 1175 6383 2.4303 66.7

42.502 (1 1 3) 0.153 3107 14432 2.12524 58.2 54.67

51.729 (0 2 4) 0.183 1525 5951 1.76574 50.5

56.644 (1 1 6) 0.173 2943 11742 1.62364 54.6

65.684 (2 1 4) 0.218 1152 3997 1.42037 45.3

67.400 (3 0 0) 0.184 1771 6848 1.38831 54.2

273

274 The main diffractions for the nanocrystal at 34.799° (1 0 4), 42.903° (1 1 3), and 56.890° (1 1 6) 

275 in the ICDD data revealed a slight leftward shift to 34.389°, 42.594°, and 56.719° for sample A, 

276 and 34.322°, 42.502°, and 56.644° for sample C. Conversely, rightward shift observed for sample 

277 B this contraction is typically associated with a reduced unit cell volume, which shortens the 

278 distance between atomic planes. As a result, the Bragg angle increases, causing a rightward shift 

279 in the diffraction peaks due to constructive interference at higher 2θ values. whereas diffraction 

280 shifted to 34.834°, 42.502° and 56.644°. A shift toward lower 2θ angles indicates an increase in 

281 interplanar spacing, implying lattice expansion within the crystal structure. The expansion is 

282 commonly linked to an increase in the unit cell volume, which enlarges the distance between 

283 atomic planes. This greater spacing reduces the Bragg angle, resulting in a leftward shift of the 
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284 diffraction peaks due to enhanced constructive interference. In contrast, rightward shift indicates 

285 a decrease in interplanar spacing [36][37].

286

287 Table 2 and Table 3 present the peak indexing calculation using theta (𝜃) and inter-planar 

288 distance. Three primary diffraction peaks were identified at 2θ = 34.389°, 42.594° and 56.719° for 

289 sample A.  For sample B, the peaks occurred at 2θ values of 34.834°, 42.502° and 56.644°, while 

290 sample C showed peaks in the plane of (1 0 4), (1 1 3) and (1 1 6) which are completely similar to 

291 the standard data [ICDD Card No: 01-076-8186] crystal plane. The peak profiling information for 

292 the synthesized NPs, determined using the diffraction angle (𝜃), is summarized in Table 2. The 

293 calculated profile values suggest a uniform atomic distribution along specific crystal planes (Miller 

294 indices), indicating a preferred crystallographic orientation. Furthermore, the d-spacing-based 

295 peak analysis presented in Table 3 supports this observation, confirming preferential growth 

296 within the α-alumina NPs crystal structure [38][39].

297

298 Table 2. Profiling of diffraction peaks based on the diffraction angle (θ).

2Ɵ Ɵ 1000× Sin2 Ɵ Reflection Remarks 

NaOH Base (A)

34.389 17.195 87.3939 (1 0 4) 12+02+42=17

42.594 21.297 131.9160 (1 1 3) 12+12+32=11

56.719 28.3595 225.6271 (1 1 6) 12+12+62=38

KOH Base (B)

34.834 17.417 89.5948 (1 0 4) 12+02+42=17

42.576 21.288 131.8097 (1 1 3) 12+12+32=11

56.711 28.355 225.5615 (1 1 6) 12+12+62=38

NH4OH Base (C)

34.322 17.161 87.0590 (1 0 4) 12+02+42=17

42.502 21.251 131.373 (1 1 3) 12+12+32=11

56.644 28.322 225.08 (1 1 6) 12+12+62=38

299

300 Table 3. Diffraction peak profiling by interplanar distance or d-spacing (d).

301
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2Ɵ Ɵ d-spacing (Å) 1000/d2 Reflection Remarks

NaOH Base (A)

34.389 17.195 2.6058 147.2712 (1 0 4) 12+02+42=17

42.594 21.297 2.1209 222.3207 (1 1 3) 12+12+32=11

56.719 28.3595 1.6217 380.2551 (1 1 6) 12+12+62=38

KOH Base (B)

34.834 17.417 2.5735 150.9912 (1 0 4) 12+02+42=17

42.576 21.288 2.1217 222.1427 (1 1 3) 12+12+32=11

56.711 28.355 1.6219 380.1519 (1 1 6) 12+12+62=38

NH4OH Base (C)

34.322 12.650 2.6107 146.7189 (1 0 4) 12+02+42=17

42.502 19.088 2.1252 221.4033 (1 1 3) 12+12+32=11

56.644 23.935 1.6236 379.3329 (1 1 6) 12+12+62=38

302

303 Table 4. Estimated crystallographic parameters of the synthesized α-alumina NPs.

Parameters Sample A Sample B Sample C

Average crystallite size (nm) 68.43 94.74 54.67

Microstrain 0.000250 0.000179 0.00327

Lattice parameters a=b=4.8267 Å,

 c= 13.102Å

a=b=4.8002 Å, c= 

13.117 Å

a=b=4.8324 Å, c= 

13.178 Å

Angular parameters α = β = 90°, 𝛾=120° α = β = 90°, 𝛾=120° α = β = 90°, 𝛾=120°

Crystallinity (%) 35.69 36.02 35.73

Lattice volume (Å3) 264.344 261.738 266.516

Crystal strain (%) 0.150 0.153 0.174

Dislocation density (nm-2) 0.000217 0.000120 0.000351

Specific surface area (m2 g-1) 22.66 16.36 28.36

Crystallinity Index 2.727 2.104 2.764

Preference Growth 0.132 0.544 0.114

304

305 4.1.2. Quantitative analysis by Rietveld refinement in WPPF method

306 As shown in Fig. 2, the Whole Powder Pattern Fitting (WPPF) technique applies detailed crystal 

307 structure and lattice constant information to perform profile fitting across an extensive angular 

308 span. This approach enables the concurrent refinement of both diffraction intensity and angle 
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309 during the pattern fitting process [40]. The experimental XRD data were compared against the 

310 reference pattern for α-Alumina NPs (ICDD Card No: 01-076-8186). Rietveld refinement using 

311 the WPPF method confirmed that samples A, B, and C consisted entirely (100.0%) of the α-

312 Alumina phase, exhibiting a hexagonal crystal structure. 

313
314 Fig. 2. Quantitative analysis of α-alumina NPs by WPPF method.

315
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316 Fig. 2  illustrates the synthesis of 100 %  α-Alumina NPs for sample A and C and 97.1% α-Alumina  

317 NPs with 2.9% potassium oxide for sample B under varying fitting conditions, where (Rwp, 

318 46.34% %; Rp, 31.43 %; S 1.8121; χ² 3.2836  for sample A, Rwp, 41.26% %; Rp, 29.29 %; S 

319 1.5154; χ² 2.2963, for sample B and Rwp, 44.46 % %; Rp, 31.32 %; S 1.7806; χ² 3.1705 for sample 

320 C). Crystal lattice parameters were obtained through structural refinement using the Rietveld 

321 approach. The refined lattice parameters for the nanoparticles were determined to be a = b = 4.8267 

322 Å, c = 13.1019 Å (sample A), a = b = 4.8002 Å, c = 13.117 Å (sample B), and a = b = 4.8324 Å, 

323 c = 13.187 Å (sample C), all with =β= 90.0, =120. 0. In contrast, the corresponding standard 

324 values were a = b = 4.807 Å, c = 13.116 Å; =β= 90.0 =120.

325

326 Table 5. Comparison study and quantitively analysis of synthesized α-alumina NPs.

Comparison study of Experimental (Exp.) and Standard (Std.) Diffraction Data for sample A

2Ɵ

(Exp.)

2Ɵ 

(Std.)

d (Å)

(Exp.)

d (Å)

(Std.)

Intensity, I 

(cps)

(Exp.)

Intensity, I 

(cps)

(Std.)

Crystallinity 

(%)

(Exp.)

Crystallinity 

(%)

(Std.)

34.389 34.799 2.6058 2.57591 82.66 100.0

42.594 42.904 2.1209 2.10621 100.00 98.6

56.719 56.890 1.6217 1.61717 97.56 96.2

35.69 33.92

Quantitively analysis by WPPF method

Pattern fitting 

condition

Lattice volume, 

(Å³)

Strain (%) Phase (%) Lattice parameter

Rwp, 46.34% %; 

Rp, 31.43 %; S 

1.8121; χ² 3.2836

264.344 0.15 100

[Corundum]

a=b=4.8267 Å, c= 13.1019Å; 

=β= 90.0,=120. 0

Lattice parameter 

[Corundum: 01-

076-8186] (std.)

a=b=4.807 Å, c= 13.116 Å; =β=90.0,=120.0; Volume: 262.47 Å³; MolVol:34.01; 

Calculated density: 3.87 g/cm³; Structural density: 3.87 g/cm³; Space Group: R-3c 

(167).

Comparison study of Experimental (Exp.) and Standard (Std.) Diffraction Data for sample B

2Ɵ

(Exp.)

2Ɵ 

(Std.)

d (Å)

(Exp.)

d (Å)

(Std.)

Intensity, I 

(cps)

(Exp.)

Intensity, I 

(cps)

(Std.)

Crystallinit

y (%)

(Exp.)

Crystallinit

y (%)

(Std.)
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Comparison study of Experimental (Exp.) and Standard (Std.) Diffraction Data for sample C

2Ɵ

(Exp.)

2Ɵ 

(Std.)

d (Å)

(Exp.)

d (Å)

(Std.)

Intensity, I 

(cps)

(Exp.)

Intensity, I 

(cps)

(Std.)

Crystallinit

y (%)

(Exp.)

Crystallinit

y (%)

(Std.)

34.322 34.799 2.6107 2.57591 85.19 100.0

42.502 42.904 2.1252 2.10621     100.00 98.6

56.644 56.890 1.6236 1.61717     94.72 92.2

35.73 33.92

Quantitively analysis by WPPF method

Pattern fitting 

condition

Lattice volume, 

(Å³)

Strain (%) Phase (%) Lattice parameter

Rwp, 44.46 % %; 

Rp, 31.32 %; S 

1.7806; χ² 3.1705

266.516 0.174 100

[Corundum]

a=b=4.8324 Å, c= 13.178 

Å; =β=90.0, = 120.0

327

328

329 4.1.3. Crystallite size estimation employing multiple models

330 Several analytical models, such as Williamson-Hall plot, Monshi-Scherrer method, Size-strain plot 

331 model, Linear-straight-line model, Sahadat-Scherrer model and Halder-Wagner method (refer to 

332 Eqs. 13–18), were applied to determine the crystallite size of the synthesized α-alumina NPs 

333 sample A, B and C. Their crystallite sizes were summarized in Table 6.

334

335 The Williamson-Hall plot extends the Scherrer equation by incorporating the impact of microstrain 

336 in the crystal lattice, which also contributes to peak broadening. It is assumed that the overall 

337 broadening of X-ray diffraction peaks results from a combination of size-induced broadening and 

34.834 34.799 2.5735 2.5759 82.03 100.0

42.576 42.904 2.1217 2.1062 100.00 98.6

56.711 56.890 1.6219 1.6172 95.58 96.2

36.02 33.92

Pattern fitting 

condition

Lattice volume, 

(Å³)

Strain (%) Phase (%) Lattice parameter

Rwp, 41.26% %; 

Rp, 29.29 %; S 

1.5154; χ² 2.2963

261.738 0.1526% 97.1

[Corundum]

a=b=4.8002 Å, c= 13.117 

Å; =β= 90.0, = 120.0
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338 strain effects, which is caused by the limited crystallite size, and strain broadening, which is caused 

339 by lattice distortions, or microstrain, in the material forms the basis of the Williamson-Hall plot.

340 Through the analysis of several diffraction peaks, the Monshi-Scherrer model enhances crystallite 

341 size determination by enabling precise average size and taking crystal anisotropy into concern. 

342 The Scherrer equation was modified to minimize mistakes and incorporate all reflections for 

343 determining crystallite size by rearranging it and applying the logarithm to both sides. For 

344 nanoscale materials with high strain, this minimizes the inaccuracies common in conventional 

345 Scherrer calculations. Averaging several diffraction peaks along with partial correction for 

346 anisotropic broadening leads to an increased calculated crystallite size that was achieved using this 

347 model as opposed to the conventional Scherrer eq. The model's multi-peak structure tends to lessen 

348 the underestimate seen in single-peak approaches, offering a more precise estimate for 

349 nanomaterials with moderate strain even though it does not specifically account for microstrain.

350 The Size Strain Plot model analyzes strain effects and crystallite size in a single computation by 

351 using a linear plot. This yields a more accurate approximation than approaches that presume that 

352 strain or size alone is the cause of broadening. The SSP model is appropriate for materials having 

353 anisotropic (direction-dependent) characteristics since it takes into consideration several crystal 

354 planes. By using many peaks, the errors that come from depending just on one diffraction peak are 

355 decreased. The SSP model reduces these assumptions, producing a more precise assessment of 

356 crystallite size and strain, in contrast to the Scherrer model, which assumes that peak broadening 

357 is mostly caused by crystallite size. This is particularly helpful for materials at the nanoscale, where 

358 peak broadening is greatly influenced by both factors. 

359 The linear straight-line model, a variant of the Scherrer model, is widely used to estimate crystallite 

360 size. In contrast to other models, this approach produced a noticeably bigger crystallite size, 

361 suggesting that this material system is not very reliable. The primary limitation arises from the 

362 model’s assumption of negligible strain and instrumental broadening effects, which causes systems 

363 where peak broadening is not exclusively attributable to crystallite dimensions to overestimate 

364 size. The model's applicability for α-alumina is further diminished by the significant deviation in 

365 linear fitting introduced by the substantial variety in peak widths across various reflections. 

366 Sahadat-Scherrer model calculates crystal size more accurately in order to get around the 

367 drawbacks of the linear straight-line model. There are multiple crystallite size restrictions 
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368 (crystallite size with a larger value) depicted in the models discussed above. Thus, it is essential to 

369 overcome these restrictions. That is why the Sahadat-Scherrer model is illustrated. One benefit of 

370 this model is that it provides a more accurate crystal size since it accounts for the straight line that 

371 passes through the origin. Estimated crystallite sizes are in good agreement with results from 

372 traditional Scherrer equation, demonstrating that this approach effectively minimizes 

373 overestimation without compromising analytical ease.

374 According to the Halder-Wagner technique, the XRD reflection is a combination of both a 

375 Lorentzian and a Gaussian function. This approach states that a Lorentzian function governs the 

376 reflection's tail. It is suggested that a Voigt function can explain the XRD diffraction because the 

377 peak simultaneously conforms to a Gaussian function. In this model, the strain is estimated using 

378 the Gaussian equation, and the crystallite size is determined using the Lorentzian function. The 

379 Halder-Wagner method's mathematical formulation for calculating size and strain.

380

381

382

383

384

385

386

387

388

389

390

391

392
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393 Table 6. Calculated crystallite sizes of the synthesized α-alumina using various models

394

395

396 Among the models applied, the Size-Strain plot and Halder-Wagner models demonstrated the 

397 best correlation, as evidenced by their highest R² values during analysis.

398

399 4.1.4. Structural Mechanism

Methods 

Name

Crystallite 

size

(nm) for 

sample A

Correlation

Coefficient

(R2)

Crystallite 

size (nm) 

for sample 

B

Correlation

Coefficient

(R2)

Crystallite 

size (nm) 

for sample 

C

Correlation

Coefficient

(R2)

Williamson-

Hall plot

69.69 -0.1558 73.38 0.06148 85.08 -0.1558

Monshi-

Scherrer 

method

70.04 0.437 84.49 -0.166 64.92 0.8151

Linear-

straight-line 

model

249.06 -0.1663 307.17 0.01759 167.27 0.1951

Sahadat-

Scherrer 

model

75.37 0.9796 105.87 0.9523 61.09 0.9780

Size-strain 

plot

63.04 0.9959 74.56 0.9732 67.98 0.9757

Halder-

Wagner 

method

96.47 0.994 81.54 0.968 89.99 0.981
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400 The structures illustrated in Fig. 3 were created with the aid of VESTA software, based on 

401 structural parameters for Al2O3 NPs, Al atom is located x=0.000, y=0.333 and z=0.000 and O atom 

402 x=0.166, y=0.166 and z=0.220. α-Alumina (Al2O3) exhibits a hexagonal crystal structure and 

403 belongs to the rhombohedral space group R-3C (space group number 167). The structural 

404 visualization using VESTA software provided a clear representation of the α-alumina NPs crystal 

405 framework. Ball-and-stick and plane model visualizations reinforced the identification of 

406 dominant atomic arrangements and confirmed uniformity across samples in terms of 

407 crystallographic symmetry and atomic coordination. Fig. 3 demonstrates the crystal structure 

408 dominant plane of α-alumina NPs where 3(a), 3(b) and 3(c) depict the ball-and-stick 

409 representations for samples A, B, and C, respectively, while 3(d) to 3(f) illustrate the 

410 corresponding predominant planes.

411
412 Fig. 3. Crystal structure of the synthesized α-alumina NPs (a) sample A, (b) sample B, and (c) 

413 sample C, and (d), (e), (f) their corresponding crystal plane (1 1 3).
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414 A strong diffraction peak observed along the (113) plane indicates a preferred orientation and 

415 significant atomic alignment in this direction [41].  The angular parameters remain consistent 

416 across all samples, with α = β = 90.00° and γ = 120.00°. The lattice parameters for the samples are 

417 as follows: sample A exhibits a=b=4.8267 Å and c= 13.1019Å; sample B shows a=b=4.8002 Å 

418 and c= 13.117 Å; and sample C has a=b=4.8324 Å, c= 13.178 Å. For all three samples, the highest 

419 intensity diffraction peak is observed along the (113) plane, indicating a preferred crystallographic 

420 orientation and suggesting a higher degree of atomic alignment in this direction.

421

422 4.2. Band gap Analysis

423 The optical band gap of α-alumina NPs was evaluated using the Tauc plot method (Eq. 19), as 

424 shown in Fig. 4, where (𝛼ℎ𝜗)𝑛was plotted against hν. The band gap energy was determined by 

425 extrapolating the linear segment of the curve to the photon energy axis. The extrapolation yielded 

426 a calculated band gap of the synthesized NPs. The best linear fit was obtained for n=2, confirming 

427 an allowed indirect transition [42]. This value aligns with the characteristic band gap range of the 

428 α-alumina phase, typically reported between 5.0 to 6.0 eV [43]. The slight differences in band gap 

429 values may be attributed to variations in crystallite size, lattice strain, and surface defects 

430 introduced during synthesis. Synthesized NPs exhibit a wide band gap of about 5.4-5.5 eV, 

431 indicating strong insulating behavior. Its excellent thermal conductivity and chemical inertness 

432 further support its integration in electronic, optical, and high-temperature technologies [43]. These 

433 combined properties make it highly desirable for advanced functional applications. A material with 

434 a higher band gap energy typically has stronger atomic bonds, which increases the material's 

435 mechanical strength. Wide band gaps in nanoparticles are usually associated with higher hardness 

436 and thermal stability. Among the synthesized samples, sample C exhibited the highest band gap 

437 energy (5.58 eV), followed by sample A (5.53 eV) and sample B (5.54 eV).
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438
439 Fig. 4. Taucʼs curve for band gap of (a) sample A, (b) sample B and (c) Sample C.

440

441 4.4 Hydrodynamic Diameter and Zeta Potential Analysis

442  Fig. 5. presents the size distribution scatter pattern acquired through DLS analysis. Panels 5(a), 

443 5(b), and 5(c) correspond to the DLS size distribution results for samples A, B, and C, respectively. 

444 Dynamic light scattering (DLS) was conducted to evaluate the hydrodynamic diameter of the 

445 prepared α-alumina NPs [45] [46] [47]. The hydrodynamic diameters were 492.3 nm for sample 

446 A, 420.0 nm for sample B, and 418.12 nm for sample C, indicating relatively comparable size 

447 distributions among the samples. The nanoparticles synthesized with NH4OH base (sample C) 

448 showed a polydispersity index (PDI) of o.4341, reflecting slight agglomeration, yet the majority 

449 of particles were predominantly within the nanoscale domain.  Nanoparticles synthesized with 

450 using NaOH base (sample A, PDI 0.516) and KOH base (sample B, PDI 0.6124) exhibited higher 

451 polydispersity, reflecting increased heterogeneity in particle size. This reflects greater 

452 agglomeration and less controlled growth compared to those produced with NH4OH as the base.

453

454
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455 Fig. 5. Particle size distribution curves (a) for sample A, (b) for sample B, and (c) for sample C.

456

457  Sample C demonstrated the smallest hydrodynamic diameter among all samples, indicating better 

458 dispersion and lower agglomeration compared to samples A and B.

459

460  Fig. 6 represents the zeta potential measurements obtained by electrophoretic light scattering 

461 (ELS), where panels 6(a), 6(b), and 6(c) corresponds to samples A, B, and C, respectively. In 

462 general, any particles that have a zeta potential higher than ±30 mV are typically remain 

463 electrostatically stable [48]. 

464
465 Fig. 6. Zeta potential distribution curves (a) for sample A, (b) for sample B, and (c) for sample C.

466

467 Sample A demonstrated a zeta potential range from –28.65 mV to 33.86 mV, whereas sample B 

468 exhibited a narrower range of –31.62 mV to +4.75 mV, and sample C showed a range from –22.36 

469 mV to +34.01 mV.  Zeta potential measurements revealed that samples prepared with NaOH and 

470 NH4OH base exhibited broader potential ranges, indicating superior colloidal stability.

471 DLS analysis indicated that sample C possessed the smallest hydrodynamic diameter, reflecting 

472 better particle dispersion and reduced agglomeration, whereas sample A exhibited the largest size. 

473 ELS results showed that samples A and C had wider zeta potential ranges, suggesting improved 

474 colloidal stability relative to sample B. These findings highlight the significant role of the base in 
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475 controlling both hydrodynamic diameter and surface charge, with NH4OH promoting finely 

476 dispersed particles and both NaOH and NH4OH base enhancing electrostatic stabilization.

477

478  These samples maintained particle dispersibility due to higher surface charges, which is 

479 advantageous for applications involving suspensions or coatings. In contrast, the KOH-based 

480 sample showed a narrower potential range, implying reduced electrostatic repulsion and lower 

481 stability.

482

483 4.5. Thermogravimetric and Differential Scanning Calorimetric Analysis

484 TGA-DSC curves of the synthesized NPs (Fig. 7-9) reveal multiple stage mass loss behavior 

485 associated with the stepwise dihydroxylation of Al(OH)3 to Al2O3. In sample A, as it can be seen 

486 from TGA curve, mass loss began at approximately 89.19 °C and was completed around 1140.24 

487 °C, giving a total reduction of 38.96%. Distinct stages were identified: 17.57 % (86.84 0C-

488 254.620C), 10.14 % (255.12 0C-445.63 0C), 4.64 % (446.21 0C-725.35 0C), and 5.67% (726.57 0C-

489 1123.80 0C). The cumulative mass loss corresponds to the release of volatile decomposition 

490 products, confirming that thermal decomposition proceeds through the elimination of water 

491 components and ultimately yields aluminum oxide as the sole product. The substantial residual 

492 mass of 61.04 % up to 1200 0C temperature reflects better thermodynamic resistance during 

493 subsequent high temperature processing. In case of sample B, decomposition initiated at 86.39 °C 

494 and finished near 1091.37 °C, with a cumulative loss of 65.27%. Sequential reductions were 25.45 

495 % (86.39 0C-209.6 0C), 15.17 % (210.29 0C-286.45 0C), 13.90 % (287.82 0C-619.10 0C), 6.85% 

496 (620.13 0C-788.94 0C), and 5.47% (789.59 0C-1091.37 0C). The higher overall mass loss compared 

497 with sample A is attributed to water evolution and volatile impurities, including potassium oxide 

498 species. The residual mass at 1200 0C was 34.73 %. For sample C, thermal decomposition started 

499 at 81.70 °C and concluded by 1033.86 °C, resulting in a total weight loss of 55.72%. Individual 

500 stages comprised 25.71 % (81.70 0C-)260.920C, 13.64 % (261.61 0C-460.98 0C), 13.84 % (461.04 

501 0C-912.41 0C), and 2.54% (913.53 0C-1033.28 0C). A final mass of 44.28 % remained at 1200 0C, 

502 indicating moderate thermal resilience.
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503

504 Fig. 7. (a) Thermogravimetric and (b) differential scanning calorimetric analysis of sample A.

505

506 Fig. 8. (a) Thermogravimetric and (b) differential scanning calorimetric analysis of sample B.

507
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508

509 Fig. 9. (a) Thermogravimetric and (b) differential scanning calorimetric analysis of sample C.

510

511 The thermal phase transitions of Al(OH)3 were investigated by differential scanning calorimetry 

512 (DSC) over the temperature range of 30°C to 1200°C. Figure 7-9 presents the DSC curves of 

513 samples A, B, and C. For sample A, an endothermic feature extending from about 51.87°C to 

514 112.41 °C, is associated with the release of physically bound water.  [49]. The DSC curve displays 

515 an endothermic peak at 885°C is attributed to the  γ-Al2O3 to δ-Al2O3 phase transition. A 

516 subsequent exothermic event near 1121.4°C signifies the formation of the α-Al2O3 phase [50]. For 

517 sample B, the DSC curve shows a broad endothermic feature from about 54.22°C to 103.28 °C, 

518 attributed to the release of physically absorbed water. An endothermic peak at 446.4°C followed 

519 by an exothermic peak at 582.0°C is associated with the presence of impurities. An exothermic 

520 peak at approximately 1075.1°C indicates the onset of α-Al2O3 crystallization. In case of sample 

521 C, the DSC profile shows a broad endothermic feature between 51.87°C and 100.93 °C, 

522 corresponding to the removal of physically bound water. An endothermic peak at 873.9°C is 

523 attributed to the  γ-Al2O3 to δ-Al2O3 phase transition. Formation of α-Al2O3 is indicated by the 

524 exothermic peaks observed at 1047.5°C and 1121.4°C. In comparision of TGA-DSC among the 

525 three samples, saple A showed the lowest mass loss (38.96%) and highest residual mass (61.04%), 

526 indicating superior thermal stability, while sample B had the highest mass loss (65.27%) due to 
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527 volatile impurities. Sample C exhibited intermediate behavior (55.72% mass loss).  DSC analysis 

528 revealed slight differences in the γ-Al2O3 to δ-Al2O3 transition temperatures, whereas α-Al2O3 

529 formation occurred between 1047-1121°C.

530

531 4.6. Transmission Electron Microscopy Analysis

532 4.5.1 Internal morphology analysis

533 TEM analysis was carried out to examine the internal morphology of the synthesized α-alumina 

534 nanoparticles [51]. As shown in Fig. 10a–c, the particles predominantly displayed faceted 

535 hexagonal domains, consistent with the crystallographic structure of α-alumina. Some regions 

536 exhibited partial fusion, which we attribute to agglomeration during calcination. To obtain reliable 

537 particle size distributions, measurements were performed on well-dispersed regions of the 

538 micrographs, and more than 150 particles were analyzed using ImageJ. The histograms (Fig. 10d–

539 f) follow a Gaussian distribution, yielding average particle sizes of 71.34 nm for sample A, 95.78 

540 nm for sample B, and 57.48 nm for sample C, confirming their nanoscale dimensions. Notably, 

541 particle sizes observed by TEM were larger than the crystallite sizes estimated from XRD, 

542 indicating that individual TEM-observed particles consist of multiple crystallites.
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543
544 Fig. 10. Internal morphology analysis of α-alumina NPs.

545

546 The variation in particle size across samples reflects the influence of base selection during 

547 synthesis. Sample B, prepared with KOH, exhibited greater agglomeration and the largest average 

548 particle size, likely due to reduced nucleation efficiency and clustering effects. In contrast, sample 

549 A (NaOH) and sample C (NH₄OH) showed relatively uniform particle distributions and smaller 

550 average sizes, with the NH₄OH-derived sample exhibiting the lowest clustering degree. This 

551 interpretation is supported by its lower polydispersity index (PDI = 0.321) compared to the NaOH- 

552 and KOH-derived samples, indicating enhanced dispersion and surface reactivity. The particle size 

553 range obtained here aligns well with values reported in the literature [52], further validating our 

554 findings. 

555

556

557 4.5.2 Energy Dispersive Spectroscopy (EDS) Pattern Analysis
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558 Energy dispersive spectroscopy (EDS) facilitates microscale elemental analysis, allowing the 

559 identification of constituent elements and the detection of possible impurities within the sample 

560 [53]. Fig. 11 represents the elemental profile of the synthesized α-alumina NPs through EDS 

561 analysis. Distinct peaks corresponding to aluminium, oxygen, and sodium were detected in sample 

562 A; aluminium, oxygen, and potassium in sample B; and only aluminium and oxygen in sample C, 

563 thereby confirming their respective elemental compositions. Additional signals of carbon and 

564 copper were observed, which originated from the carbon coated copper grid used to ensure 

565 electrical conductivity during the analysis.

566

567
568 Fig. 11. EDS pattern of synthesized α-alumina NPs.

569

570 The EDS results for sample C revealed atomic mass percentages of aluminium (52.93%) and 

571 oxygen (47.07%), with no detectable impurities. The lack of additional elemental signals beyond 

572 aluminium and oxygen confirms the high purity of the synthesized α-alumina NPs.  In sample A, 

573 the elemental composition was aluminium (51.89%), oxygen (46.66%), and sodium (1.45%), 

574 while in sample B, aluminium (51.69%), oxygen (46.37%), and potassium (1.94%) were 

575 identified. The synthesized α-alumina NPs exhibit complete purity, confirming their uniformity 

576 and phase purity in the sample.

577

578 5. Conclusion

579 This study demonstrates the significant influence of base selection on the co-precipitation 

580 synthesis of α-alumina NPs. Using aluminum nitrate as the precursor, three bases, NaOH, KOH, 
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581 and NH₄OH, were evaluated for their impact on crystallinity, morphology, and surface properties 

582 of the synthesized α-alumina NPs powders. Comprehensive analysis revealed that NH4OH 

583 produced the smallest crystallite size (54.67 nm), the highest specific surface area (28.36 m²/g), 

584 and complete phase purity, as confirmed by XRD and Rietveld refinement. In contrast, the KOH-

585 based synthesis resulted in larger crystallites, lower surface area, and minor secondary phase 

586 formation. Multiple crystallite size determination models were applied to ensure accuracy and 

587 validate structural trends. UV–Vis spectroscopy indicated wide band gaps (5.4–5.5 eV) 

588 characteristic of α-alumina NPs, while DLS and zeta potential analyses confirmed better colloidal 

589 stability for NH₄OH and NaOH derived samples compared to KOH. The dominant (1 1 3) growth 

590 orientation was preserved across all samples. TGA-DSC analysis further revealed that NH₄OH-

591 derived samples exhibited higher residual mass, indicating superior thermal stability, while all 

592 samples exhibited α-Al2O3 formation occurred between 1047-1121°C. TEM analysis of sample C 

593 (NH₄OH base) revealed uniformly distributed NPs with spherical morphology and minimal 

594 agglomeration. Particle size analysis confirmed the smallest average size (57.48 nm), consistent 

595 with XRD resuts. Samples A and B showed comparatively higher agglomeration and larger 

596 particle sizes. Overall, this work presents a detailed comparative approach to understanding how 

597 base type governs the structural and functional attributes of α-alumina NPs. This study was limited 

598 to NaOH, KOH, and NH₄OH, but future work should explore other bases, scale up the NH₄OH-

599 assisted route for industrial feasibility, and evaluate the synthesized α-alumina nanoparticles in 

600 applications like ceramics, catalysis, and photocatalysis.

601
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