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Abstract 

Phase pure bismite nanoparticles were successfully prepared by means of hydrothermal method by varying the precursor 

solution pH from 10 to 13. The as-prepared nanoparticles were characterized by different techniques such as X-ray 

diffraction pattern (XRD), Raman spectroscopy, Scanning electron microscopy (SEM) and Energy dispersive X-ray 

spectroscopy (EDX).  The effects of pH on the structural properties of these nanoparticles were corroborated using XRD and 

Raman spectrum.  From the XRD pattern it is found that all the samples are polycrystalline in nature and the Raman spectra 

are used to confirm the phase transformation of the Bi2O3 nanoparticles.  At the low pH value, the SEM image reveals that as-

prepared samples are homogeneous with particle size of ~ 25 nm and with the increase in the pH value spherical particle 

forms uniform blocks like morphology for both the samples prepared at the pH 12 and 13. Copyright © 2017 VBRI Press. 
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Introduction 

Bismuth oxide (bismite) is a well-known metal oxide and 

it has been widely used due to its significant values of 

band gap, refractive index [1], polarization of Bi
3+

 cation 

[2] and good electrochemical stability [3, 4]. These 

properties make bismuth oxide one of the most promising 

materials for the application in antireflective coating, 

sensors, fuel cells and solar cells [5, 6, 7].  Bi2O3 consists 

of five polymorphs such as α, β, γ, δ and ω-Bi2O3 [8].  

Among these, low temperature α-phase & high 

temperature δ-phase are stable and the remaining three 

polymorphs are high temperature metastable phases [9].  

Each polymorph possesses different crystal structure and 

physical properties [3, 9].  Bismuth oxide nanoparticles 

were prepared by different methods like hydrothermal 

[10, 11], vapor-phase transport method [12], vapour phase 

deposition method [13] and so on. S. Hariharan et.al 

prepared α-Bi2O3 microrods through simple chemical 

method and studied its optical properties using UV-Vis 

absorption and photoluminescence spectra [14].  Yi Wang 

et.al fabricated metastable tetrahedral γ-Bi2O3 using one 

step precipitation method and discussed its phase 

transition and photoluminescence spectra with the 

assistance of polyethylene glycol [15]. Ya-Jing Huang et. 

al synthesized bismuth coordinated polymer by 

hydrothermal method. After calcinations the samples are 

completely transformed into α-Bi2O3 and the 

photocatalytic degradation also explained [16].  Up to our 

knowledge, no data had been reported on the role of  

pH in the preparation of phase pure α-Bi2O3 nanoparticles 

using hydrothermal technique. In the present paper the 

structural and morphological properties of Bi2O3 

nanoparticles prepared by hydrothermal method are 

investigated and discussed 

 

Experimental 

Materials/ chemicals details 

Bismuth (III) nitrate pentahydrate (Merck, 99.9 %, 

Mumbai), sulfuric acid (RANKEM, 69 % GR, UN) and 

sodium hydroxide (Merck, 99.9 %, Mumbai) were 

purchased and used for the sample preparation.  Double 

distilled water was used throughout the experiment. 

Material synthesis / Reactions  

Bismuth oxide nanoparticles were prepared by 

hydrothermal method using bismuth nitrate as a precursor.  

0.02 M of Bi(NO3)3.5H2O was dissolved in 1.12 M of 

sulfuric acid (0.4 ml)  and 39.6 ml of double distilled 

water was added to the above solution.  After obtaining a 

clear solution, 0.2 M of sodium hydroxide (NaOH) was 

added in drops with continuous stirring until the pH 

reaches 10 and the solution was stirred for 2 h. Now the 

resulting solution was transferred into a 50 ml Teflon-

lined stainless steel autoclave and hydrothermally treated 

at 120˚C in an oven for 6 h. Finally the autoclave was 

cooled to room temperature, the precipitates were 

centrifuged and washed several times using double 

distilled water. The resulting precipitates were dried 

overnight in an oven at 80˚C and the sample was named 

as B10. Similarly the samples were hydrothermally 
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treated by varying the pH (11, 12 and 13) of the precursor 

solution by adding NaOH and named as B11, B12 and 

B13 respectively. 

Formation of Bi2O3 nanoparticles 

Initially the Bi
3+

 ions created by hydration reacted during 

the hydrolysis process. Hence, bismuth hydroxide was 

formed in the first phase of reaction mechanism.  Then in 

the second phase of reaction mechanism, the condensation 

of OH groups proceeds and it accompanied by the 

formation of bismuth oxide.  In particular, the second step 

is strongly dependent on the pH in the reaction. The 

formation of Bi2O3 species is catalyzed by OH anions and 

proceeds through the formation of oxo-ligands which are 

stable at pH ≥12 [17].  

Characterizations / Device fabrications /Response 

measurements  

X-ray diffraction was performed on a PANalytical 

XPERT-PRO X-ray diffractometer with CuKα (λ = 1.5406 

Å) as an incident radiation.  The accelerating voltage and 

current was 40 kV and 30 mA respectively.  The surface 

morphology and composition were observed by a High 

Resolution Scanning Electron Microscope (FEI Quanta 

FEG 200) equipped with an Energy Dispersive X-ray 

spectroscopy (EDX).  The Raman spectrum was recorded 

using a BRUKER RFS 27: Stand alone FT-Raman 

Spectrometer. 

 

Results and discussion 

X-ray diffraction 

The XRD pattern of the samples prepared for the pH of 

10, 11, 12 and 13 are shown in Fig 1a, b, c and d 

respectively.  

From the XRD pattern it is found that, all the four 

samples are polycrystalline in nature.  No diffracted peaks 

concerning Bi are noticed in the XRD pattern.  The lattice 

parameters are obtained using “UNIT CELL” software.  

For sample B10, all the diffraction peaks belongs to 

bismuth hydroxide and there is no standard JCPDS 

pattern reported for bismuth hydroxide. Hence, the 

observed peaks are indexed using the software DICVOL 

06.  The peaks obtained are indexed to tetragonal phase 

with lattice constants a = b = 3.8673 (2) Å and c = 13.731 

(2) Å.  At   pH = 11, the sample exhibits the mixture of α, 

γ-Bi2O3 and Bi2O4. Here the maximum intensity peak 

belongs to α-Bi2O3 phase is observed at the diffraction 

angle of 2θ = 33.26˚ while the second peak at 2θ = 27.39˚ 

belongs to γ-Bi2O3 phase.  All the peaks are in agreement 

with the JCPDS data file number 76-1730 (α-Bi2O3) and 

71-0467 (γ-Bi2O3). In addition to these peaks another 

peak observed at 2θ value 23.84˚ corresponds to the plane 

(-1 1 1) of Bi2O4 (JCPDS: 83-0410). The lattice parameter 

values of α-Bi2O3 (monoclinic) are a = 5.838 (1) Å,  

b = 7.986 (8) Å, c = 7.609 (4) Å, cell volume = 326.1 (2) 

(Å)
3 

and for γ-Bi2O3 (cubic),  a = b = c = 10.2543 (4) Å, 

cell volume = 1078.2 (1) (Å)
3 

which is in agreement with 

the standard lattice parameter values in the JCPDS file. 

The XRD pattern of the system B12 is shown in  

Fig. 1c and it is found to have a mixture of two phases. 

Most of the observed X-ray peaks (except four peaks) are 

matched to α-Bi2O3 with JCPDS card number 76-1730 

with lattice constants, a = 5.8405 (6) Å, b = 8.254 (1) Å,  

c = 7.330 (1) Å & cell volume = 328.57 (6) (Å)
3
. The 

peaks at 2θ value 23.90˚, 29.47˚, 30.15˚ and 38.74˚ 

correspond to the planes (-1 1 1), (-3 1 1), (4 0 0) and  

(-3 1 2) of Bi2O4 respectively and are in agreement with 

the JCPDS data file number 83-0410. It is clear that, the 

metastable γ-Bi2O3 changed gradually into α-Bi2O3 as the 

pH increased. At pH = 13, all the X-ray peaks coincides 

with α-Bi2O3 of monoclinic phase and the lattice 

parameters are a = 5.8349(4) Å, b = 8.1363(6) Å,  

c = 7.5014 (8) Å. This is in agreement with the JCPDS 

data file number 76-1730 of Bi2O3 which crystallizes in 

the monoclinic system.   

 

 
Fig. 1. XRD pattern of the nanoparticles prepared at the pH of (a) 10 

(b) 11 (c) 12 and (d) 13. 

 All the sharp peaks reveal a high degree of 

crystallization and the peaks due to the impurity phases 

diminished with increase in pH value. No other X-ray 

peaks are observed, indicating the high purity of the  

α-Bi2O3 samples prepared at the pH of 13. The pH of the 

precursor solution have a great influence on the crystal 
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structure of the as-prepared samples and  our results show 

that, pure bismuth hydroxide can be obtained at the pH of 

10 and phase pure α-Bi2O3 at the higher pH of 13. The 

crystallinity increases with the increase in pH value 

except for pH 12 which is attributed to the mixed phase.  

Moreover, XRD clearly shows that among the four 

samples B13 (Fig 1d) have the highest crystallinity and 

the peaks intensities are higher. When the reaction was 

performed in the presence of a strong alkali medium, 

more number of hydroxide ions firstly reacts with Bi
3+

 to 

give bismuth hydroxide, which then gets dehydrated to 

form α-Bi2O3.  

The crystallite size of the samples are calculated using 

Scherrer’s formula,        

                                                                        (1) 

where, K - constant, usually equal to 0.9, λ - wavelength 

of X-ray, β - full width at half maximum and θ - Bragg’s 

angle. 

The crystallite size is calculated for all the samples by 

considering the first prominent peak and the values are 

58, 51, 23 and 45nm for pH 10, 11, 12 and 13 

respectively.  The crystallite size decreases from 58 nm as 

pH increases up to the pH value of 12 and then it 

increases to 45 nm for the highest pH. At pH 11 to 12, 

phase change have occurred during the hydrothermal 

process, which causes the crystallite size becoming small.  

On increasing the pH from 12 to 13 the crystallite size 

increases which may be associated with the faster growth 

of the nanoparticles [18].   

 

Raman analysis 

Raman analysis is used to confirm the phase 

transformation of the Bi2O3 nanoparticles synthesized by 

hydrothermal method.  A comparative structural study has 

been made on the nanoparticles prepared with the pH 10, 

11, 12 and 13. The Raman bands are of four types: 

acoustic Raman peaks in the low frequency (less than  

100 cm
-1

), heavy metal peaks in the region (70-160 cm
-1

), 

bridged anion peaks at the intermediate region  

(300-600 cm
-1

) and non-bridged anion peaks at higher 

frequencies [19, 20].  In the Raman spectra the bands 

from 0 to 1000 cm
-1

 of crystalline Bi2O3 can be divided 

into three regions (i) bands in the region of 0-300 cm
-1

 are 

derived from both acoustic Raman and heavy metal 

modes [21] (ii) the band from 300-600 cm
-1

 are assigned 

to symmetric stretching anion motion in an angularly 

constrained Bi-O-Bi configuration from BiO6 octahedral 

units [22] (iii) the region of 600-1000 cm
-1 

are assigned to 

Bi-O stretching vibrations [23].   

Fig. 2 displays the Raman spectra for the samples 

prepared at the pH of 10 and 11.  In the region below  

120 cm
-1

 and above 150 cm
-1

 are mainly attributed to 

vibration modes of heavy elements such as bismuth or 

lattice vibrations and oxygen vibrations.  The Raman 

bands with frequencies above 150 cm
-1

 are very broad in 

comparison with the band below 120 cm
-1

 which gives 

evidence for the strong anharmonicity of O modes [24].  

The peaks observed at 412, 529 and 628 cm
-1 

in Fig. 2(a) 

are confirming the presence of bismuth hydroxide [25] 

which is in agreement with the XRD pattern. 

With the increase in pH from 10 to 11, the intensity of 

Raman peaks get increased which is in agreement with 

the XRD results and the peaks obtained are due to the 

mixed phase of α and γ-Bi2O3.  From this it is clear  

that, increase in pH value leads to the structural 

transformation.  Raman features in the range of 50-600 

cm
-1

 and 50-900 cm
-1

 have been assigned to α and γ-Bi2O3 

respectively [26]. The Raman bands at 62 and 87 are 

assigned to Ag and Bg vibration modes of Bi in Bi2O3 [24, 

27].  However the appearance of the peaks at 62, 87, 206, 

277, 456, 537 and 622 cm
-1

 in the Bi2O3 system can also 

be assigned to the presence of α-Bi2O3 as evident in the 

XRD studies [28, 29, 30] which are attributed to 

displacement of the O atoms with respect to the Bi atoms 

causing Bi-O elongation [24, 30].   

 

 
 

Fig. 2. Raman spectra of the samples prepared at the pH of (a) 10 and 

(b) 11. 

 

The Raman spectrum Fig 3(a) and (b) presents Raman 

peaks that can be attributed to the α-Bi2O3 phase.  All the 

peaks agreed well with the literature which further 

confirms that the nanoparticles are composed of 

monoclinic α-Bi2O3.  Most of the peaks above 120 cm
-1

 

can be assigned to (Ag, Bg) modes of α-Bi2O3 [24]. The 

Raman bands observed in the range of 120-150 cm
-1 

are 

due to the displacement of both Bi and O atoms. The 

Raman absorption observed in the spectral region of  

100 – 200 cm
-1

 has been attributed to Bi
3+

-O vibrations in 

BiO6 octahedral [31]. The peaks observed at 68, 70, 85, 
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117, 120, 135, 138, 153, 162, 184, 212, 282, 285, 408, 

414, 418, 448, 470, 524 and 630 cm
-1

 are assigned to the 

presence of α-Bi2O3. The mode 119 cm
-1

 is coming from 

Ag symmetry and mode 138 may come from the 

displacements of both Bi and O atoms in the α-Bi2O3 

lattice [32, 33].    

 

 
 

Fig. 3. Raman spectra of the samples prepared at the pH of (a) 12 and 

(b) 13 and the inset figure shows the peaks observed in the range of  

50-1000 cm-1 

  

The band from 377 cm
-1 

is assigned to the Bi-O-Bi 

stretching vibrations of distorted BiO6 octahedral units 

and the small bands in the region 520-590 cm
-1

 are 

associated with the presence of Bi
3+ 

and oxygen 

vacancies.  The low shoulder around 601 cm
-1 

is assigned 

to Bi-O stretching vibrations of BiO6 octahedral units   

[32, 34]. When the pH changes from 12 to 13, some bands 

are shifted towards the lower frequency. The shifting of 

the band to 310 and 520 cm
-1

 shows the introduction of 

non-stoichiometry in α-Bi2O3 lattice with the insertion of 

oxygen [35].  Consequently with increase in pH value, the 

distortion on the octahedral structure increases which shift 

the Bi-O stretching mode 281 cm
-1

 to higher wave number 

[36]. Thus, the results of Raman spectra are in agreement 

with the XRD results. The Raman bands and their 

assignment are given in Table 1. 

SEM analysis 

The morphology of the samples are observed using field 

emission scanning electron microscope. Fig 4 shows the 

close up view on morphology of the samples synthesized  

 
Fig. 4. HR-SEM images of the nanoparticles prepared at the pH of  
(a) 10 (b) 11 (c) 12 and (d) 13. 

 

Table 1. The Raman bands and their assignment. 

 
 

at different pH values with the magnification of 50,000.  

In B10, Fig. 4(a) most of the grains are homogeneous 

with individual particles of size approximately 25 nm and 

there is no agglomeration occurred. However, bismuth 

hydroxide powders also have few larger particles of 

irregular shapes.   

The variation of morphology with pH Fig. 4(a) to  

Fig. 4(b), shows the formation of impurity phases and the 

shape of the aggregated particles is mainly platelets like 

structure. Fig 4 (c) shows that the sample prepared at pH 

12 composed of large quantity of uniform square blocks 

(see inset). Each sphere blocks contains uniform 

geometrical shaped particles with an average diameter of 

1 μm. When the pH value increases from 12 to 13, regular 

morphology is observed and the sizes of the blocks are 

larger (Fig. 4(d)) compared to Fig. 4(c).  The growth of 

the large square blocks is usually preferred in the 

hydrothermal synthesized Bi2O3 nanoparticles.  Moreover, 

in our present study it is found that the pH value of the 

precursor has an obvious effect on the morphology of 

Bi2O3 nanoparticles. NaOH selected to change the 

solutions pH, prevents the agglomeration between the 

particles during the formation of nanoparticles.  EDAX 

analysis shows that Bi2O3 consists of Bi and O element 

and no other impurities are present which confirms the 

purity of the samples.   

Wave 

number 

(cm-1) 

Band assignment 

100 - 200               Bi3+-O vibrations in BiO6 

octahedra 

120 - 150             displacement of bismuth and 

oxygen atoms 

300 - 600 symmetric stretching anion 

motion in an angularly 

BiO6 

octahedral 

units 600 - 

1000 

Bi-O stretching vibrations 
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Conclusion  

In summary, Bi2O3 nanoparticles were synthesized from a 

solution of bismuth nitrate pentahydrate in sodium 

hydroxide using simple hydrothermal process at the 

temperature of 120 ºC by varying the pH from 10 to 13.  

The effects of pH on the structural and morphological 

properties of Bi2O3 were investigated in the current study.  

The XRD pattern indicated that the samples prepared at 

the pH 13 were in pure monoclinic form with the 

existence of higher degree crystallinity. Scanning electron 

microscope analysis indicated that the surface 

morphology varied with the pH.  With the increase in pH, 

the morphology of the as-prepared samples transformed 

progressively from homogeneous particles to spherical 

blocks. At pH 10, the bismuth hydroxide obtained showed 

that the grains were homogeneous. The mixture of  

α-Bi2O3/γ-Bi2O3/Bi2O4 and α-Bi2O3/Bi2O4 obtained at pH 

11 and 12, yielded plates and spherical blocks with 

diameter of 1 micrometer. α-Bi2O3 nanoparticles obtained 

at pH 13 consisted of spherical blocks of various sizes.  

Raman spectroscopy was used to monitor the structural 

changes that occur in the hydrothermal process and the 

bismuth hydroxide to bismuth oxide transformation was 

due to the condensation of Bi-OH to Bi-O-Bi.  Hence, it is 

concluded that the pH plays an important role in deciding 

the structural and morphological properties of the 

samples. 
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