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 Abstract 

Bismuth vanadate (BiVO4), Bismuth phosphate (BiPO4), and Bismuth vanadate phosphate 

(BiV0.5P0.5O4) powder nanomaterials were successfully synthesized via the solution combustion 

method. Crystal structure, surface morphology, elemental composition, and stretching vibrations 

of the prepared powder nanoparticles were investigated by X-ray diffraction (XRD), scanning 

electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and Fourier transform 

infrared spectroscopy (FTIR).  XRPD patterns confirmed the formation of the crystalline 

monoclinic phase. SEM images revealed agglomerated spherical-like nanoparticle morphology 

in all samples. The presence of the carbon (C), oxygen (O), bismuth (Bi), vanadium (V), and 

phosphorus (P) chemical elements was confirmed by EDS. BiV0.5P0.5O4 was also verified by 

infrared stretching frequencies between 706 and 1068 cm
 -1

. The obtained results indicate that 

BiV0.5P0.5O4 can be a potential material for photocatalysis applications. 
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1. Introduction 
 

Significant efforts have been made to find semiconductor materials with photocatalytic activity 

under visible light [1]. Metal oxides with high photocatalytic activity under visible-light 

illumination have been studied, such as BaIn2O4, CaIn2O4, InVO4, TiO2, BiPO4, and BiVO4 [1,2]. 

Oxide materials are suitable hosts for luminous dopant ions because of their favorable optical 

properties, including a high damage threshold and good non-linearity [3]. Oxide materials are 

widely used in various devices, including lamps, lasers, and phosphors for televisions [4,5]. 

Among various oxides studied, BiVO4 and BiPO4 have received special attention due to their 

intriguing features [1,6]. 

 

BiVO4 is a promising photocatalyst for the destruction of organic pollutants in visible light with 

resistance to photo-corrosion and a narrow band gap (2.3-2.5 eV) [7,8]. Due to its strong thermal 

and chemical stability and the presence of components that are not hazardous to human health, 

BiVO4 is an environmentally friendly photocatalyst [9,7].  
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Monoclinic BiVO4, achieves higher photocatalytic performance, high stability, and low cost than 

the other two crystal phases [9,11]. However, due to the inability of monoclinic BiVO4 to 

effectively separate photogenerated electron-hole pairs, its actual photocatalytic activity is not 

ideal [12].  

 

However, BiPO4 has received much attention due to its cost-effectiveness, highly stable chemical 

structure, non-toxicity, and excellent optical, electronic, and photocatalytic properties [13-15]. 

As a wide band-gap material, BiPO4 has a weak response to visible light and low energy 

utilization, resulting in low catalytic activity of visible light, severely limiting its wider 

application [13]. Several strategies have already been developed to overcome such shortcomings, 

such as non-transition metal ion doping and narrower band gap semiconductor couplings [13-

14].  

The two hosts BiVO4 and BiPO4 rarely mix to form vanadate-phosphate multicomponent 

structures. This is achieved by partially replacing [VO4]
3−

 with [PO4]
3−

 ions or [PO4]
3−

 with 

[VO4]
3−

 to form so-called multicomponent systems. Bismuth vanadate phosphate crystallizes in a 

monoclinic structure depending on the vanadium-to-phosphorus molar ratio, the oxidation state, 

and the fabrication temperature [16,17]. BiVO4 and BiPO4 material have been previously 

prepared using various synthetic methods such as sol-gel, co-precipitation, combustion, 

hydrothermal, facile microwave, and solid-state [19-23]. Among them, the solution combustion 

method was used to synthesize BaVO4, BiPO4, and BiV0.5P0.5O4 nanopowders. The solution 

combustion method was chosen because of its advantages, such as versatility, easy incorporation 

of dopant ions, fast and self-sustaining reaction, and lower energy consumption [7,19,25]. 

 

2. Experimental 

2.1. Synthesis 

The synthesis of BiV0.5P0.5O4 nanomaterial was carried out using urea as fuel in a solution 

combustion method. As part of normal preparation, stoichiometric amounts of ammonium 

metavanadate (NH4VO3), ammonium dihydrogen phosphate (NH4H2PO4), bismuth (III) nitrate 

pentahydrate (Bi (NO3)3.5H2O) and urea (CH4N2O) were dissolved in deionized water. After 

vigorous stirring, a homogeneous solution was obtained. The homogeneous mixture was 

transferred to a crucible. The solution in a crucible was then placed in a furnace preheated to 600 

± 10 °C for 15 minutes. As a result of this high temperature, the water evaporated, and the 

reagents decomposed and released gases. The crucible was left in the furnace for 24 hours until it 

cooled down before it was taken out of the furnace and placed at room temperature. The 

resulting combustion ashes were ground gently using a pestle and mortar. This method was used 

for the preparation of BiVO4 and BiPO4 powder samples; the synthesized nanopowders were 

ready for characterization. 

 

2.2. Characterizations 

XRD analysis of the prepared powder nanomaterial was performed to determine the phase 

structure, purity, and crystallinity. The XRD used was Cu Kα radiation (λ =0.15418 nm, 40 kV, 

and 40 mA). The surface morphology and chemical composition of the samples were examined 

using the TESCAN VESA 3 SEM Oxford X-MAX
 
EDS. A Nicolet 6700 Fourier Transform 
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infrared (FTIR) spectrometer was used to analyze the vibration stretching modes frequencies of 

the samples.  

 

3. Results and Discussions 

3.1. X-ray diffraction 

XRPD analysis was performed on powder nanomaterials to determine the phase structure, purity, 

and crystallinity [24].  Figure 1A shows XRPD diffractograms of BiVO4, BiPO4, and 

BiV0.5P0.5O4 nanoparticles. XRPD results revealed that diffraction peaks of the BiVO4 sample 

are well indexed with the monoclinic crystalline structure according to the Joint Committee on 

Powder Diffraction Standards (JCPDS)-14-0688. BiV0.5P0.5O4 diffraction peaks correspond with 

XRPD peaks observed in BiVO4 and BiPO4 samples. It is worth noting that the XRPD peaks 

indicate the formation of the monoclinic BiV0.5P0.5O4 crystal structure. BiV0.5P0.5O4 

diffractograms are well indexed with the structure of JCPDS-14-0688 with a slight shift towards 

the low angles compared to the structure of JCPDS-15-0767 in Figure 1 A. This shift may be due 

to stress because of the difference in the ionic radius of vanadium (       ) and phosphorus 

(          [24]. The peaks are sharp and slightly broadened, indicating a well-crystalline 

powder with a small crystallite size [26]. There is good agreement between the peaks of BiPO4 

obtained from XRPD and the monoclinic structure of JCPDS-15-0767.  

 

The plot of       vs β     of BiV0.5P0.5O4 sample is shown in Figure 1B. According to the 

Williamson-Hall equation, the crystallite size of BiV0.5P0.5O4 was estimated to be 20.23 nm 

while the micro-strain was estimated to be 0.0118 nm using the Stokes-Wilson formula in 

equation 2. The Williamson-Hall (equation 1) is given by: 

               + 
  

 
            (1)                                 

         

   
 

      
  (2)            

 

Where D is the crystallite size,   is the lattice strain, λ is the wavelength, β is the full width at 

half maximum intensity, and θ is the diffraction angle at the peak position. The lattice parameters 

were calculated using Miller indices (002), (200), (-121), (012), and (020).  

 

 
 

Figure 1: (a) XRPD diffractograms of pure BiVO4, BiPO4, and BiV0.5P0.5O4 nanomaterials, (b) 

the Williamson-Hall plot of BiV0.5P0.5O4 powder samples. 

 

A B
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Table 1: Structural lattice parameters of the prepared powders nanomaterials. 

Lattice parameter (Å) a  b c 

BiVO4 5.20 11.70 5.09 

BiV0.5P0.5O4 6.84 5.11 6.40 

BiPO4 6.75 6.93 6.47 

 

 3.2 Scanning electron microscopy (SEM) 

SEM was used to examine the nanostructures and study the surface morphology of the samples 

[27].  

 
 

Figure 3: SEM images of as-prepared BiVO4, BiPO4, and BiV0.5P0.5O4 powder nanomaterial. 

 

Figure 3 shows the spherical surface morphology of BiVO4, BiPO4, and BiV0.5P0.5O4 powders. 

Agglomeration of spherical-shaped particles is visible from the SEM images in Figure 3. This 

agglomeration may be caused by the overlapping of small and middle particles caused by weak 

surface forces (soft agglomerates) or strong chemical bonds (hard agglomerates). The surface 

contains voids that could have resulted from the evolution of gaseous species during combustion 

[28]. As the solution combustion process proceeds, endothermic reactions result in the 

decomposition and removal of carbon dioxide (CO2) and water (H2O), which varies significantly 

depending on the precursor ingredients and the ratio of Bismuth to urea ratio [27]. Therefore, 

voids are attributed to these gases that evolved during combustion [27]. In Figure 3, A, B, and C, 
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show higher magnification images with primary spherical-shaped particles, while D, E, and F, 

are with lower magnification with secondary particles. 

 

 3.3 Energy-dispersive X-ray spectroscopy (EDS) 

Figure 4A depicts the EDS spectrum of BiV0.5P0.5O4 powder nanoparticles. The EDS spectrum 

indicates the presence of Carbon(c), oxygen (O), bismuth (Bi), Vanadium (V), and 

Phosphorus(P) elements in the sample [29]. EDS detected the percentage of the C element which 

is due to the carbon coating used to mount the sample. The EDS elemental mapping of 

BiV0.5P0.5O4 powder nanomaterial shows the uniform distribution of the elements on the surface. 

This uneven distribution might be due to the area of interest during EDS elemental mapping 

measurement. However, the elements detected in EDS are elements observed in XRPD 

indicating the formation of BiV0.5P0.5O4 nanoparticles.  

 

 
 
 

Figure 4: (a) EDS spectrum, and (b) EDS elemental mapping of BiV0.5P0.5O4 powder 

nanoparticles. 

 
 3.4 Fourier-transform infrared spectroscopy (FTIR) 

The FTIR technique was used to analyze BiVO4, BiPO4, and BiV0.5P0.5O4, which provides 

information on all the functional groups of amorphous and crystalline mixtures of the compound, 

as each group generates a unique molecular vibrational spectrum [7]. Figure 5 shows FTIR 

transmittance spectra recorded at room temperature in a range of 625- 4000 cm
-1

. Figure 5A 

shows the FTIR spectrum of BiVO4 with both asymmetric and symmetric stretching vibrations 

of V-O bonds of VO4
3-

 at 700- 900 cm
-1

 [7]. The presence of absorption peak at 1046- 3280 cm
-1

 

in pure BiVO4 samples is attributed to H2O molecules and hydroxyl ions adsorbed on the 

photocatalyst surface [30]. Figure 5B shows FTIR spectra of BiPO4 with strong absorption peaks 

between 907 and 1068 cm
-1

 which are attributed to P-O bond stretches of PO4
3-

 [31]. The 

combination of BiVO4 and BiPO4 results in a multicomponent BiV0.5P0.5O4 structure, different 

absorption peaks are observed at 706, 819, 990, and 1068 cm
-1

, corresponding to the V-O bond 
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stretches of VO4
3-

and P-O bonds of PO4
3-

 in Figure 5C. This analysis indicates the formation of 

BiV0.5P0.5O4 as a new material. 

 
 

Figure 5:  FTIR spectrum of (a) BiVO4, BiPO4, and (c) BiV0.5P0.5O4 powder samples. 

 

4. Conclusion 
The solution combustion method was successfully used to prepare BiVO4, BiPO4, and 

BiV0.5P0.5O4 powder nanoparticles. XRPD result showed the formation of the monoclinic phase 

of BiVO4 and BiPO4. On the other hand, the XRPD peaks of BiV0.5P0.5O4 agree well with those 

of BiVO4 and BiPO4, indicating that the phosphate ions were successfully incorporated into 

BiVO4. SEM micrographs showed that granules were formed from an agglomeration of 

spherical-shaped particles. EDS results confirmed the presence of major elements in the sample. 
FTIR was used to observe stretching vibrational modes. This analysis indicates the formation of 

BiV0.5P0.5O4 as a new material that can be alternatively used in photocatalysis applications.  
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