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ABSTRACT: Present theoretical and experimental work provides an in-depth understanding of 

the morphological, structural, electronic, and optical properties of hexagonal and monoclinic 

polymorphs of BiPO4. Herein, we demonstrate how microwave irradiation induces the 

transformation of the hexagonal to a monoclinic phase one in a short period of time and thus, the 

photocatalytic performance of BiPO4. To complement and rationalize the experimental results, 

first-principle calculations have been performed within the framework of the density functional 

theory. This was aimed at obtaining the geometric, energetic and structural parameters as well as 

vibrational frequencies; further, electronic properties (band structure diagram and density of 

states) of the bulk and the corresponding surfaces of both hexagonal and monoclinic surfaces of 

BiPO4 were also acquired. A detailed characterization of the low vibrational modes of both 

hexagonal and monoclinic polymorphs is key in explaining the irreversible phase transformation 

from hexagonal to monoclinic. Based on the calculated values of the surface energies, a map of 

the available morphologies of both phases was obtained by using the Wulff construction and 

compared with the observed SEM images. The BiPO4 crystals obtained after 16-32 min of 

microwave irradiation provided excellent photodegradation of Rhodamine B under visible light 

irradiation. This enhancement was found to be related to the surface energy and the types of 

clusters formed on the exposed surfaces of the morphology. These findings provide details of the 
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hexagonal to monoclinic phase transition in BiPO4 during microwave irradiation; further, the 

results will assist in designing electronic devices with higher efficiency and reliability.

INTRODUCTION

Bismuth phosphate (BiPO4) is a promising photocatalyst that is activated by visible light. It 

demonstrates double the activity of TiO2 (P25, Degussa) for the degradation of organic dyes 

under ultraviolet (UV) light1; further, it exhibits enhanced photocatalytic activity toward NO 

purification2,3. BiPO4 presents hexagonal and monoclinic polymorphs that comprise both 

distorted tetrahedral [PO4] and octahedral [BiO6] clusters, which are the primary building blocks 

of the polymorph. However, both polymorphs present different photocatalytic activity, which is 

highly dependent on the structure, electronic properties, morphology of these phases; 

consequently, it is reliant its exposed surfaces as well2, 4-7. In particular, Fu et al.8 have reported 

that the monoclinic phase of BiPO4 is the preferred crystalline structure for the degradation of 

benzene; this is due to the structural distortion of the tetrahedral [PO4] cluster and the large band 

gap structure9-11. The preparation of BiPO4 polymorphs (hexagonal and monoclinic) has been 

successfully carried out by several methods. The pure hexagonal phase of BiPO4 has already 

been obtained by conventional hydrothermal12, microwave assisted hydrothermal (MAH)13, and 

sonochemical14,15 methods under mild synthesis conditions. In turn, the pure monoclinic phase is 

usually obtained by the conventional hydrothermal method, which exhibits long synthesis 

periods (2h-96h) and temperatures up to 200 °C1, 2, 16-18. Wang et al. also observed the formation of 

the monoclinic phase using the MAH method, but with the addition of an ionic liquid in the 

reaction medium19. Few studies in the literature also show the conversion of the hexagonal phase 

to the monoclinic phase by the hydrothermal method12 through the incorporation of compression20 

or doping processes21, 22. Chen et al. observed complete conversion by employing the time frame 
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of 1 to 3h at a temperature of 200 °C23. Further, Zhu et al. required up to 12h of synthesis at 150 

°C to complete the conversion of the hexagonal phase to monoclinic24. In these studies, it is 

evident that complete conversion from one phase to the other was directly proportional to the 

temperature employed during the synthesis.

Among the different solution-based synthesis techniques, microwave irradiation has garnered a 

widespread scope of remarkably new opportunities to explore its applications in the area of 

material science. Microwave irradiation in a suitable solvent has been widely applied for the 

rapid synthesis of inorganic solids at relatively lower temperatures within a short reaction time 

(within minutes) as compared to conventional heating25-27; further, it has received special 

attention owing to its interesting advantages, which include rapid, uniform, and selective heating, 

reduced processing costs, better production quality, and the possibility of modifying the phase 

stability and the morphology beyond thermodynamic equilibrium. This has led to the fabrication 

of new materials that are technologically important such as meta-stable phases, which are not 

accessible by conventional methods28-30. Further, microwave heating is an inexpensive, facile, and 

relatively fast method for the preparation of crystalline samples, which exhibit unique or 

enhanced properties; further, these can be used to fabricate products with narrow particle size 

distribution and increased phase purity30-34. However, microwave-specific thermal effects and 

microwave non-thermal effects are still poorly understood, especially during synthesis 

procedures35.

Recently, the structures and energetics of four low index stoichiometric surfaces ((001), (010), 

(011), and (100)) of monoclinic monazite BiPO4 have been studied from a theoretical point of 

view by using density functional theory (DFT) calculations36. Fun et al.37 showed that monoclinic 

BiPO4 exhibits a dendritic morphology, and performs well as a photocatalyst for the degradation 
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process of benzene; this is due to the presence of highly energetic (002), (012), and (031) 

surfaces and the oxygen vacancies (). However, the role of the exposed surfaces and morphology 

on the photocatalytic activity are still unrevealed. To the best of our knowledge, reports on the 

direct visualization of the transition process between hexagonal and monoclinic phases have 

been very limited; in addition, deep insight into the surface-dependent photocatalytic activity of 

both hexagonal and monoclinic polymorphs of materials based on BiPO4 has not been yet carried 

out.

An attractive alternative, but yet underexplored strategy to gain control over phase transition is 

provided by regulating the microwave irradiation while keeping all other parameters constants. 

Therefore, understanding the phase transition process, at the atomic scale, can allow an efficient 

phase-controlled synthesis that leads to crystal structure with improved properties and thus may 

have new materials with potential for various technological applications. Inspired by the above 

considerations, we report a novel study on the gradual transformation of hexagonal BiPO4 to the 

monoclinic polymorph upon microwave irradiation without the addition of any surfactants and 

templates; the BiPO4 microcrystals initially exhibit a hexagonal structure and are obtained by a 

simple co-precipitation (CP) method. Our principal aim was to understand the fine effects of the 

microwave irradiation on the morphology and photoluminescence (PL) emissions of the as-

synthesized BiPO4 crystals, and to investigate the role of the electronic structure on their 

photocatalytic activity. Herein, we elucidate these points by performing a detailed theoretical and 

experimental study on the photocatalytic activity in the degradation process of Rhodamine B 

(RhB) under visible irradiation. The synthesized materials were characterized by X-ray 

diffraction (XRD) with Rietveld refinement, scanning electron microscopy (SEM), and micro-

Raman spectroscopy. Moreover, their optical properties were investigated by using ultraviolet-
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visible (UV-vis) spectroscopy and PL measurements at room temperature. First-principles 

theoretical calculations within the framework of density functional theory (DFT) were employed 

to obtain atomic level information of the geometry and electronic structure, local bonding, band 

structure, density of states (DOS), and vibrational frequencies. The morphologies of the as-

synthesized samples are obtained by SEM images, and their corresponding transformations are 

rationalized; this is achieved by using the Wulff construction and altering the relative values of 

the surface energies of the different surfaces. The effect of time on the formation of hexagonal 

and monoclinic phases and on their structural, morphological, and absorption properties was 

investigated. Furthermore, by combining the results obtained from first-principle calculations 

and experimental measurements, the crystal structure, electronic properties, and surface energies 

characteristics of BiPO4 were analysed; this was aimed at achieving deep insights into the 

morphology characteristics, optical properties, and photocatalytic activity toward RhB. The 

accurate prediction of the structure, stability, electronic structure, and morphologies of BiPO4 is 

an essential prerequisite for tuning their electronic properties and functions.

This paper contains three more sections. The next section is the experimental section where the 

synthesis, characterization, computational details, and model systems are elucidated. In section 

three, the results are presented and discussed. The main conclusions are summarized in the fourth 

section.

EXPERIMENTAL

Synthesis. The BiPO4 samples were synthesized by the CP method at 30 °C in an aqueous 

medium. The precursors used were Bi(NO3)3·5H2O (98%, Aldrich) and (NH4)2HPO4 (98%, Alfa-

Aesar). Further, 1 x 10-3 mol of Bi(NO3)3·5H2O and 1 x 10-3 mol of (NH4)2HPO4 were dissolved 
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separately in 30 ml of deionized water. The Bi(NO3)3·5H2O solution was poured into the 

(NH4)2HPO4 solution and stirred for 20 min. The suspensions obtained were transferred to a 

Teflon autoclave, sealed, and placed in the MAH system (2.45 GHz, maximum power of 800 

W). The reaction mixtures were heated to 160 °C for 2, 4, 8, 16 and 32 min. Subsequently, the 

precipitate was decanted and washed several times with distilled water and dried at 60 °C for 12 

hours.

Characterization. The BiPO4 samples were structurally characterized by XRD using a 

D/Max-2500PC diffractometer (Rigaku,) with Cu Kα radiation (λ = 1.5406 Å) in the 2θ range of 

10 - 110° and a scanning speed of 1°min-1 in the Rietveld routine. The Rietveld refinement 

method was employed to understand the structural differences and the phase composition of the 

BiPO4. In this analysis, the refined parameters were: the scale factor, background, shift in the 

lattice constants, profile half-width parameters (u, v, w), isotropic thermal parameters, lattice 

parameters, strain anisotropy factor, preferred orientation, and atomic functional positions. 

Further, micro-Raman spectra were recorded using the iHR550 spectrometer (Horiba Jobin-

Yvon) coupled to a Silicon CCD detector and an argon-ion laser (Melles Griot, USA), which 

operated at 514.5 nm with a maximum power of 200 mW; moreover, a fiber optic microscope 

was also employed. UV-Vis diffuse reflectance measurements were obtained using a Varian 

Cary spectrometer model 5G in the diffuse reflectance mode, with a wavelength range of 200 to 

800 nm and a scan speed of 600 nm min-1. Photoluminescence measurements were performed at 

room temperature by using a 355 nm laser (Cobolt/Zouk) as an excitation source, which was 

focused on a 200 µm spot at a constant power of 5 mW. The luminescence signal was dispersed 

by a 19.3 cm spectrometer (Andor/Kymera) and detected by a Silicon Charged Coupled Device 
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(Andor/IdusBU2).The morphologies, textures, and sizes of the samples were observed with a 

SEM, which operated at 10 kV (Supra 35-VP, Carl Zeiss).

Photocatalysis. To perform the photocatalysis experiments, 50 mL of RhB (95%, Malinkrodt) 

solution 1x10-5 molL-1, was mixed with 50 mg of BiPO4. The mixture, consisting of the dye and 

photocatalyst, was irradiated in a dark box using 6 lamps (PHILIPS TL-D, 15 W). Before the 

illumination, the suspensions were sonicated for 15 min in an ultrasonic bath (42 kHz, model 

1510, Branson, USA) to allow saturated absorption of RhB onto the catalyst. Subsequently, the 

dispersion containing the catalyst and the dye was transferred to a vessel inside the photo-

reactor, with the temperature maintained at 20°C via a thermostatic bath and vigorous stirring in 

the dark for 30 min. After this process, the solution is exposed to light, and 2 mL aliquots were 

withdrawn at 0, 2, 4, 6, 8, 10, 15, 20, 30, 40, 50 and 60 min, each aliquot of the suspension was 

removed and placed in centrifuge tube, which was then spun at 10000 rpm for 10 min to separate 

the solid catalyst from the liquid phase. Finally, the kinetics of the dye photodegradation process 

were monitored in a commercial cuvette via UV-Vis spectroscopy (JASCO V-660) at 554 nm.

Computational Details and Model Systems. Hexagonal (P3121) and monoclinic (P121/n1) 

phases of the BiPO4 have been studied by using periodic DFT calculations with the B3LYP 

hybrid functional38 using the CRYSTAL14 code39. Bi atom was described by using the effective 

core potential (ECP) modified from Hay and Wadt40 while the P and O atoms were described 

from all-electrons pob_TZVP_2012basis sets41, as obtained from the Crystal web site.

The accuracy of the Coulomb and exchange integral calculations (TOLINTEG) was controlled 

by five parameters set to 10−7, 10−7, 10−7, 10−7 and 10−14, the reciprocal space was considering in a 

6x6 mesh (SHRINK) corresponding to 6 independent k-points in the Brillouin zone according to 
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the Pack-Monkhorst method42. The band structure and DOS were obtained for 100 k-points along 

the appropriate high symmetry paths of the adequate Brillouin zone.

The equilibrium morphology of a crystal was calculated based on the classic Wulff 

construction43, by minimizing the total surface energy () at a fixed volume, providing a simple 

relationship between the  of the plane (hkl) and its distance in the normal direction from the 

center of the crystallite44.  is defined as the energy per unit area required to form the surface 

relative to the bulk and is calculated according to equation:

Eq.4

Where  is the energy of the relaxed slab, is the number of BiPO4 units in the slab and  is the 

energy of the bulk, and A is the surface area. The factor 2 in the denominator represents the 

upper and lower surfaces of the slab. The position of all atoms of the slab was relaxed.

Slab models were employed to simulate the surfaces of low index for both BiPO4 hexagonal 

(with Miller indices (hkl):, , ,, , , ), and monoclinic (with Miller indices (hkl): , ,, , , , , )) were 

used in the calculations. The thickness of each slab model was optimized until convergence of 

cutting energy was achieved. The calculations were carried out using slabs with atomic layers 

and periodic boundaries as the bulk in a and b directions while c is a non-periodic direction with 

a sufficient number of layers to minimize the interaction between the upper and lower surfaces of 

the slab. The number of layers in the slabs for the hexagonal phase is: 51 for , 36 for , 54 for , 50 

for , 80 for , 90 for  and 106 for  the thickness value corresponding to the number of layer to each 

surface is: 1.796 nm, 1.856 nm, 1.615, 1.746, 1.409, 1.433 and 1.540 nm, respectively. The 

number of layers in the slab for the monoclinic phase was selected as: 72 for , , , ,  and ) surfaces 

and 60 for   and  surfaces, the thickness value corresponding to the number of layer to each 

surface is: 1.748, 1.937, 1.713, 1.950, 1.467, 1.400, 1.905 and 1.885 nm, respectively. 
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Furthermore, in order to reduce the calculation cost and keep charge neutrality, the stoichiometry 

of the slab model is maintained as in the bulk model. 

The procedure to obtain the complete set of morphologies, which are based on the Wulff 

construction and the surface energy, has been previously presented by our research group45; 

further, it was successfully used to obtain the morphology of materials, including PbMoO4, α-

Ag2MoO4, BaMoO4, BaWO4, CaWO4, Ag3PO4, Ag2CrO4 and LaVO4
46-53.

In addition, the broken bonding density (), which is defined as the number of bonds broken per 

unit cell area when a surface is created can be calculated by using Eq. 554,55:

Eq. 5

Where  is the number of broken bonds per unit cell area on a specific surface and A is the area 

unit of the surface. From the values derived from , we can predict the order of surface stability as 

we know that higher values are related to larger quantities of defects present on the surface56.

The polyhedron energy () was calculated with Eq. 6 and energy profiles were constructed, 

allowing us to associate the ideal morphology with the final experimental morphology.

Eq. 6

Where  is the percentage contribution of the surface area to the total area of polyhedron () and  

is the surface energy57.

RESULTS AND DISCUSSION

X-Ray Diffraction. Figure 1 shows the XRD patterns of the BiPO4 samples obtained by the 

CP method and also of those subjected to microwave irradiation at different times. XRD analysis 

were performed to demonstrate the order/disorder transition at long-range, or to determine the 

periodicity and arrangement of the crystalline lattice. All samples exhibit well defined diffraction 

peaks, indicating a good degree of structural order at long-range in the crystalline lattice.
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<INSERT FIGURE 1>

The samples synthesized by the CP method and irradiated by microwave at 2 and 4 min 

correspond to BiPO4 with hexagonal structure and space group P3121; this was in accordance 

with card no. 6798658 in the Inorganic Crystal Structure Database (ICSD) with lattice parameters 

a = 6.9885 Å, c = 6.4867 Å, α = β = 90°, and γ = 120°. For the samples irradiated by microwave 

at 8 and 16 min, the formation of the monoclinic phase of BiPO4, belonging to the space group 

P121n/1, was observed in addition to the hexagonal phase of BiPO4; this was in accordance with 

card no. 6798758 in the ICSD. The lattice parameters of the monoclinic phase are a = 6.7626 Å, b 

= 6.9516 Å, c = 6.4822 Å, α = γ = 90 °, and β = 103.7°. For the sample obtained after 32 min, 

only the monoclinic phase was observed. Thus, by increasing the time of exposure of the 

microwave irradiation, a complete conversion occurs from the hexagonal to the monoclinic 

phase. A schematic 3D representation of the structure hexagonal and monoclinic of BiPO4 is 

depicted in Figure 2, theoretical and experimental values of the P–O and Bi–O distances and 

O–P–O and O–Bi–O angles are presented in Tables SI-1 and Table SI-2 (in the Supporting 

Information, SI).

<INSERT FIGURE 2>

The parameters obtained in the Rietveld refinements of BiPO4 powders are shown in Table SI-

3 and Table SI-4, and their structural results are presented in Figure 3, in which the statistic 

fitting parameters (Rwp and GOF see Table SI-3, Supporting Information) indicate that the quality 

of structural refinement data is acceptable (Figure SI-1). The calculated equilibrium lattice 

parameters of the two phases of BiPO4 are also shown in Table SI-4. 

An analysis of the results presented in Table SI-1 and Table SI-2 renders slight differences 

between the calculated and experimental data of bond distances and angles, which can be 
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attributed to differing synthesis conditions. Following the proposal of Xu et al.36, and Zhu et al.59 

we assumed that both polymorphs can be described by [BiO6] and [PO4] clusters.

Thus, more specifically, the [BiO6] clusters correspond to a distorted octahedron in the 

hexagonal phase with the Bi–O bond length in the range of 2.368 Å to 2.558 Å (see Table SI-3) 

and a distorted oblique triangular prism in the monoclinic phase with the bond length of Bi–O in 

the range of 2.326 Å to 2.523 Å (see Table SI-4). Both [BiO6] and [PO4] clusters are more 

distorted in the monoclinic polymorph with respect to the hexagonal one. The larger variety of 

Bi-O and P-O bonds in monoclinic BiPO4 is responsible for the significant structural distortions 

at both [BiO6] and [PO4] clusters. Such behaviour is primarily observed in the [PO4] tetrahedron, 

and has assumed to be responsible for the higher photocatalytic activity of monoclinic 

polymorph when compared with the hexagonal phase of BiPO4
60, 61.

It is observed in Figure SI-2A that a partial conversion between hexagonal and monoclinic 

phases occurs after 8 min of microwave irradiation, while pure monoclinic polymorph is 

obtained at 32 min. In order to understand how the conversion between phases occurs, an 

analysis of the lattice parameters was performed from the Rietveld refinement data. It is 

observed that during the first 4 min of microwave irradiation, there is a reduction in the a and c 

lattice parameters of the hexagonal structure; this indicates a contraction of the crystalline cell 

(Figure SI-2B and C). The phase transformation process from hexagonal to monoclinic requires 

energy, which was supplied by the dipolar polarization of the water solvent and ionic conduction 

from the dissolved precursors in the reaction medium; this led to the rapid heating of the system 

that enhanced the energy transfer process during the microwave irradiation62. The energy 

provided to the system is used to induce a rearrangement in the positions of atoms in the unit 

cell, i.e. the Bi and P cations in the [BiO6] and [PO4] clusters, respectively, undergo changes in 
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both Bi–O and P–O bond lengths as well as O–Bi–O and O–P–O bond angles. The sample 

obtained after 4 min of microwave irradiation has sufficient energy to induce structural 

distortions at these clusters, which are essentially precursors of the monoclinic structure. After 8 

min of microwave irradiation, an expansion in the lattice parameters of the hexagonal phase was 

observed, until it was completely converted into a monoclinic polymorph. When the monoclinic 

phase is formed, the hexagonal unit cell relaxes and expansion of the crystal lattice can be 

detected. Otherwise, when both phases coexist, a decrease in the values of the lattice parameters 

(a, b and c) can be observed (see Figures SI-2D, E and F) for the monoclinic phase. However, 

when the monoclinic phase is obtained, there is an increase in the values of these lattice 

parameters.

Micro-Raman Spectroscopy. Micro-Raman spectroscopy (Figure 3) is an important 

technique for understanding the effects of structural order/disorder transition at short-range in 

crystalline solids. The Raman spectrum, for a crystal without defects, should comprise of lines 

corresponding with central points in the allowed zone, which is in accordance with the rules of 

selection. According to group theory analysis, the allowed representation for each of the 

corresponding Wyckoff positions of the hexagonal structure of BiPO4 in the symmetry group  

indicates 26 active Raman modes corresponding to the decomposition at the point Γ = (8A1 + 

18E1)10. For the monoclinic structure of BiPO4, which belongs to the group of symmetry , 36 

corresponding Raman active modes of decomposition of the point Γ = (18Ag +18 Bg) are 

obtained10, 63. Micro-Raman spectra of the samples synthesized in 4 min exhibit only active modes 

that are associated with the hexagonal phase; for samples synthesized in 8 min, the appearance of 

the active modes of the monoclinic phase can be observed. For the sample synthesized after 32 

min, only the modes referring to the monoclinic structure were observed in Raman as well as in 
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XRD spectra; this indicates the complete conversion of the hexagonal structure to a monoclinic 

one.

<INSERT FIGURE 3>

For the hexagonal structure of the BiPO4, 11 modes are observed. There are three modes 

located at 89.7, 138.6 and 198.9 cm-1, which are assigned to the symmetric bending of the O-Bi-

O moiety10, 13, 14, 64. The three modes observed at 397.4, 439.4, and 466.6 cm-1 are related to 

bending vibrations (ν2) of the [PO4] clusters10, 13, 14, 64. The Raman modes observed at 544.6 and 

584.6 cm-1 are attributed to asymmetric stretching vibrations (ν4) of the [PO4] cluster10, 13, 14, 64. The 

most intense modes, observed at 964.0 and 1053.2 cm-1, are associated to symmetric (ν1)10, 13, 14, 64. 

For the monoclinic structure of the BiPO4, 13 modes are observed. The modes located at 91.7, 

122.9, 163.0, 225.7, and 272.3 cm-1 are associated with the stretching of the Bi-O bonds6, 65. The 

modes observed at 379.5 and 399.5 cm-1 correspond to the bending vibrations (ν2) of [PO4] 

clusters, while the modes at 450.9, 548.9, and 589.1 cm-1 correspond to the bending vibrations 

(ν4) of [PO4] clusters6, 65. The highest intensity modes at 961.7 and 1030.9 cm-1 are related to the 

symmetric (ν1) and asymmetric (ν3) stretching modes of the cluster [PO4], respectively6, 65. 

Further, it was observed that samples that are subjected to synthesis for up to 4 min comprise 

only the modes that are associated with the hexagonal phase; meanwhile, for the synthesis above 

8 min, the samples display active modes for the monoclinic phase. For the sample synthesized 

with 32 min, as well as in XRD spectrum, only the modes associated with the monoclinic 

structure are observed; this indicates a complete conversion of the hexagonal structure to a 

monoclinic one.

Figure SI-3 displays a comparison between the experimental and calculated values of the 

Raman modes of both hexagonal (Figure SI-3A) and monoclinic (Figure SI-3B) structures. Both 
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experimental and theoretical results are in accordance with results previously reported in the 

literature (see Table SI-5 and SI-6)10, which indicate that our computational methodology and 

optimized unit cells provide a good representation of the two polymorphs of BiPO4.

Proposed Mechanism. Based on the analysis of the above results and, in particular, the 

characteristics of both [BiO6] and [PO4] clusters along the transformation from hexagonal to 

monoclinic structure, we propose the following mechanism for the formation of both polymorphs 

and their subsequent irradiation transformation.

Bi(NO3)3(aq), (NH4)2NaPO4(aq) are the precursors of the Bi and P cations, respectively, along the 

CP synthesis method and their environments control the geometry and electronic properties of 

both [BiO6] and [PO4] clusters, as final constituents of both hexagonal and monoclinic 

polymorphs of BiPO4. 

First, Bi(NO3)3 was dissolved in water, giving the hexahydrate complex of Eq. 7, while the 

phosphate source was dissolved in water to form (PO4)3- (Eq. 8), both processes can be described 

as a chemical equilibrium:

Eq. 7

Eq. 8

On the other hand, (Bi(OH2)6)3+ and (PO4)3- can be considered as the precursors of [BiO6] and 

[PO4] clusters in the solid state, respectively. In the next step both clusters are capable to form 

the hexagonal BiPO4 phase and posterior microwave irradiation converts this to monoclinic 

BiPO4 polymorph, as it is represented in Figure SI-4.

Along the CP method used to obtain BiPO4, the formation of the hexagonal polymorph, with 

presence of [BiO6] and [PO4] clusters with minor structural distortions, is favored due to the low 

temperature and mild conditions. When this polymorph is irradiated by microwaves, a 
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combination of recrystallization/dissolution processes are promoted and a symmetrical breaking 

process takes place, in which more structurally distorted [BiO6] and [PO4] clusters appear, 

enhancing formation of monoclinic polymorph. As reported in the literature, the phase transition 

requires only a small rotation of the polyhedron for a suitable symmetrical arrangement38, 40, 66, 

therefore, it is expected that a coherent coupling between the microwave field radiation with low 

frequency modes of the system, translational and rotational modes, can induce the structural 

changes at both [BiO6] and [PO4] clusters. 

The theoretical vibrational spectrum present five low frequency modes (<100 cm-1) in 

hexagonal BiPO4 at wavelength of 66.57, 70.68, 77.7, 85.6 and 97.45 cm-1. By the analysis of the 

animation of these vibrational modes using CRYSPLOT, we can visualize the atomic 

movements in each wavelength. The phase transition hexagonal to monoclinic is then attributed 

to the combination of these five modes, i.e. the mode at 66.57 cm-1 is responsible of the 

displacement of the Bi cation, the vibrational mode at 70.67 cm-1 (Figure 4) is linked to the 

rotation of the O anions at [BiO6] cluster, while the vibrational mode at 77.7 cm-1 is assigned to 

the rotation of the O anions at [PO4] cluster.

<INSERT FIGURE 4>

These findings seem to indicate that the energetic stimuli, provided by the microwave 

irradiation, is capable to active these low vibrational modes to enhance the phase transformation, 

from the hexagonal to the monoclinic polymorph. At the local coordination, the distorted 

octahedron [BiO6], at the hexagonal phase, undergoes a structural rearrangement to distorted 

oblique triangular prism [BiO6] in the monoclinic polymorph. This monoclinic BiPO4 phase 

presents low vibrational modes at 71.3 and 78.28 cm-1, but the corresponding movements are not 

associated to the transformation from monoclinic to hexagonal polymorph. Therefore, these 
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results seem to indicate that the phase transition from hexagonal to monoclinic, induced by 

microwave irradiation, corresponds to an irreversible process. 

A note of caution is mandatory here, our previous analysis is based on the low vibrational 

modes of the hexagonal phase to explain the initial vibrational modes responsible for the phase 

transition, but a correct explanation need to be obtained by characterizing transition state, and in 

particular their transition vector, i.e, their unique imaginary vibration mode that controls this 

phase transition.

Photoluminescence (PL) Emissions. PL measurements were also performed in order to 

investigate the influence of structural ordering of defects of BiPO4 samples. Figure 5A shows the 

PL emissions under a UV laser excitation (λ = 355 nm). All samples show PL emission in the 

range of the visible spectrum with a broad-band profile, which is characteristic of multi-phonon 

processes, ruled by the presence of high density of electronic levels within the band gap67-70. In 

order to verify the whole PL emission, an analysis by Commission Internationale de l´Éclairage 

(CIE) coordinates was performed by SpectraLux software71. Figure 5B shows the CIE 

chromaticity diagram for PL spectra of all samples. Although there are slight differences in the 

color shades, all samples presented emissions in the green region of the visible spectrum.

<INSERT FIGURE 5>

The PL emissions were deconvoluted using the Voigt function, to quantify the contributions of 

each defect to the PL emission, as shown in Figure SI-5. There were three components centered 

at 470, 535 and 607 nm, corresponding to blue, green and orange of visible spectrum, 

respectively. It is known that each emitted color derives from an associated type of defect acting 

as a luminescent center within the material72-74. In the broad-band PL model, defects that emit 
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higher energy in the visible spectrum, as blue and violet, are assigned to structural defects, i.e. 

angular distortions at the [BiO6] and [PO4] clusters, which leads to larger changes in the 

electronic levels of the material, termed shallow defects. The emission of green and orange 

colors is associated to the presence , presenting a range of energies due to the contribution of 

charge transfer between neutral (), mono-ionized () and doubly-ionized () states of oxygen 

vacancies, also called as deep defects75-77.

Table SI-7 presents the contribution of the components of the PL spectra. We observed that the 

blue contribution which corresponds to structural defects raised in the initial 4 min of synthesis, 

decreased as function of time of exposure of microwave irradiation. the sample obtained at 4 min 

of microwave irradiation presents higher structural distortions compared to other samples when 

studied by Rietveld refinement, and a larger contraction of both a and c lattice parameters can be 

sensed. These structural strains induce angular distortions on the clusters that compose the unit 

cell. To gain a deeper insight on the nature of structural and electron changes the green and 

orange components in the emission (correspond to the presence of ) were summed and 

considered as deep defects in Table SI-7. An analysis of the results indicates that while blue 

coloration increases, the deep defects contribution decreases. It is believed that the oxygen 

vacancies originate from the variations in the lengths of Bi/P-O bonds and that this is a sign of 

increase in the structural distortions at both [BiO6] and [PO4] clusters, and subsequently growth 

in the lattice parameters of the unit cell. It can also be noted that the 8 min sample shows an 

expansion of both a and c lattice parameters of the unit cell, we also see increase in the 

contribution of deep defects to the PL emissions. In the 16 min sample, a slight increase in the 

blue contribution as observed in comparison to the 8 min sample, indicating a decrease in deep 

defects. These changes can also be confirmed by the results of Rietveld refinement due to the 
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slight decrease of the lattice parameter c of the hexagonal unit cell. This contraction arises 

possibly due to the abrupt increase in the monoclinic phase content compared with the 8 min 

sample, which can generate a mismatch in the interface between both phases. These results 

indicate that the strain in the lattice parameter c axis had a large contribution to the defects that 

act as luminescent centers for BiPO4 samples. The sample irradiated for 32 min presents an 

increase in the deep contribution versus 16 min, which can also be confirmed by the enlargement 

of the of a, b and c lattice parameters of the monoclinic unit cell. This behavior can be 

considered as a signature of the presence of both oxygen vacancies and distorted [BiO6] and 

[PO4] clusters. Therefore, we are capable to connect the results of the PL emissions and Rietveld 

refinement, i.e. larger structural distortions, involving Bi–O and P–O distances, and O–Bi–O and 

O–P–O bond angles increases the contribution to blue emission. Moreover, with an increase of 

oxygen vacancies, a larger expansion of the unit cell takes place with a concomitant increase of 

green and orange emissions.

Electronic properties of the bulk. The band structures were obtained for 100 k-points along 

the appropriate high symmetry paths of the adequate Brillouin zone, and the diagrams of states 

were calculated for analysis of the corresponding electronic structures. Figure SI-6 and SI-7 

present the band structure, the total DOS projected in all atoms of the bulk and of the surfaces for 

both polymorphism and also the partial DOS (PDOS) projected in the s and p (px, py and pz) 

orbitals in the bulk for the two BiPO4 structures. As can be observed in Figure SI-6, for the 

BiPO4 hexagonal phase, the top of the valence band (VB) is located between K and H points of 

Brillouin zone and the bottom of conduction band (CB) and also located at the same region of 

the k-space close to the H point. The calculated band gap value is 5.40 eV corresponding an 

indirect transition while the experimental value in this work was 4.60 eV.



20

In the case of the monoclinic phase (Figure SI-7), the top of the VB is located mainly between 

D and C points and the bottom of the CB is located at the region between  and Γ points. The 

band gap calculated is 4.60 eV corresponding to an indirect transition and the experimental value 

report in this work was 3.80 eV. Band gap experimental values between 3.5–4.6 eV have been 

reported, which depend on the size of the particle and the method of synthesis59, 66, 78.

Based on the analyses of DOS and PDOS, it can be deduced that both hexagonal and 

monoclinic BiPO4, the VB is predominantly formed by the contribution of the O atoms, with a 

small contribution of P and Bi atoms. In this VB an overlap of O  orbitals with the Bi  orbitals 

occur. The CB is formed mainly by the  orbitals from the Bi atoms with a small contribution of 

the  orbitals of the O atoms and  orbitals of the P atoms. These results are in accordance with 

other calculations reported in the literature59, 66, 78.

Scanning Electron Microscopy (SEM) Analysis. The SEM images of the morphologies of 

the obtained BiPO4 samples are displayed in Figure 6. It is clearly seen that the synthesized 

BiPO4 suffers change in its shape with the increase of the microwave irradiation. The BiPO4 

obtained by CP method (hexagonal phase) has the shape of needles that agglomerate to form 

larger deformed rods (Figures 6A). When the BiPO4 is subjected to microwave irradiation at 2, 4 

and 8 min (Figures 6B-D), the hexagonal phase is predominantly observed, and there is an 

increase in the size of the needles that form the rod microstructure, and well-defined hexagonal 

rods appear. When the monoclinic phase is predominant, at 16 and 32 min of microwave 

irradiation, (Figures 6E-F), the microstructures change into beveled tetragonal rods. This effect is 

due to the continuous dissolution/recrystallization processes that occur in BiPO4 induced by the 

microwave irradiation, and thus, structural changes take place at short, medium and long-

distance, as discussed above.
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<INSERT FIGURE 6>

Structure of BiPO4 surfaces. The key to investigating the photocatalysis on model surfaces is 

a detailed knowledge of bare surface structures. In the absence of this information, mechanistic 

interpretation of photochemical reactions can only be speculative. Sometimes, it may simply be 

incorrect. Through direct tracking the evolution of crystal surfaces using a combination of SEM 

images and first-principle calculations on model BiPO4 surfaces for both hexagonal and 

polymorphs is discussed. Then the details of our photocatalysis on the model surfaces are 

presented, attempting to probe the Bi–O and/or P–O bond cleavages with formation of under-

coordinated [BiO6] and [PO4] clusters at the exposed surfaces step by step. Figure 7 displays the 

slab models of the , , ,, , , and  surfaces of the hexagonal BiPO4, while in Figure 8, the slab 

models of the  (, ,  ,, , , and  surfaces for the monoclinic BiPO4. At the top of each surface model, 

Figures 7 and 8 can be observed different kinds of under-coordinated cluster for the Bi and P 

cations when compared with the bulk, which are generated because of direct cutting of the 

crystal along the surface in the slab construction where different bonds have been broken.

<INSERT FIGURE 7>

<INSERT FIGURE 8>

Thus, for the hexagonal phase the  and ,  surfaces, present only one kind of under-coordinated 

cluster , it is worth noting that all studied surfaces present this kind of under-coordinated cluster, 

with exception for the surface which present only an under-coordinated cluster . In  surface, 

under-coordinated cluster of  and  is present. The  surface is formed by ,  and  clusters. The most 

unstable surfaces,  and , are formed by under-coordinated  and  clusters which are common to 

both surfaces, while on the  surface, the  clusters appear, and in  surface,   and  clusters are found.
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In the case of the monoclinic phase, under-coordinated Bi cation,  and  and   clusters, can be 

observed, and under-coordinated   and  clusters centered around the P cation can be sensed. More 

specifically, , ,  and   surfaces are characterized for present only the under- coordinated  cluster. 

In the case of  surface can be observed ,   clusters as well as  cluster. On the other hand,  surface 

presents four kind of under-coordinated cluster: , ,  and . The  surface displays the  and  clusters, 

while  surface, is formed for the under-coordinated   and  clusters, and it is the only surface that 

present   clusters.

By comparison of the calculated  values shown in Table SI-8 and Table SI-9. It is possible to 

establish an order of thermodynamic stability for these surfaces, thus, to BiPO4 hexagonal the 

following order of decreasing stability is established:  >  >  >  >  >  >  while for BiPO4 

monoclinic of decreasing order of stability is:  >  > >  >  >  >  > .

With the  reported in Table SI-8 and SI-9 and employing the Wullf construction method, the 

ideal crystal morphology for each polymorph was constructed, as well as the complete map of 

available morphologies by changing the values of the  (increases or decrease) of the different 

surfaces. Figures 9 and 10 (top) show the available morphologies of both hexagonal and 

monoclinic polymorphs of BiPO4. Experimental SEM images are also included for comparison 

purposes with the calculated morphologies.

<INSERT FIGURE 9>

<INSERT FIGURE 10>

The ideal morphology of the hexagonal phase is characterized by a six-fold geometry (see 

Figure 9) that is controlled by ,  and  surfaces. Starting from the ideal morphology and aiming to 

obtain a similar morphology to the experimental SEM images, which present a six-fold 

pyramidal geometry, the values of the surface energy for the  and  were decreased and the 
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surface energy for  was increased, simultaneously. On the other hand, a similar morphology of 

experimental geometry can also be obtained through stabilization of the (1012) surface. 

However, we associated the experimental morphology with the controlled morphology for the  

surface, as reported by Li et al.13 in which the HR-TEM image of an individual BiPO4 

nanoparticle shows the presence of  plane in the hexagonal phase.

In the case of the monoclinic phase of the BiPO4 (see Figure 10 (top)), the ideal morphology is 

controlled by , , and  surfaces. The experimental morphology was simulated by means of two 

paths: the first from shape A and by stabilizing  surface to obtain shape A1 and subsequently by 

stabilizing  and destabilizing  simultaneously, obtaining shape A2. The second path was reached 

stabilizing  surface which is theoretically the most unstable surface and   surface, simultaneously 

to obtain shape B1 and destabilizing  surface, to obtain shape B2. We have associated our 

experimental morphologies with the B1 and B2 shapes. The A2 and D morphologies generated 

are similar to that reported by Li et al.21

Furthermore, the polyhedron energy () was calculated and also the energy profiles which 

allows to connect the ideal morphology with the final experimental morphology were 

constructed and are depicted in Figure 9 and 10 (bottom) for BiPO4 hexagonal and monoclinic, 

respectively. The reaction diagram to obtain the final experimental morphologies of BiPO4 

hexagonal evidences a process barrier less thermodynamically favorable (Figure 9 (bottom)) 

while the reaction path for BiPO4 monoclinic presents a minimum of energy via morphology B1 

(Figure 10 (bottom)). The parameters used to calculate  are reported in Table SI-10 and SI-11.

According to Table SI-8 for hexagonal BiPO4 there is a correlation between the surface 

stability and the broken bond number (). The  and  surfaces have the lowest energy with similar 

values of = 0.44 and 0.47 Jm-2, respectively, and the lowest value of the broken bond number 
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(=2) establishing an equal stability order for these two surfaces. The , , , , and  surfaces follow a 

decreasing order of stability with = 0.52, 0.55, 1.06, 1.28 and 1.39 Jm-2, respectively, and with = 

4, 6, 8, 12, 14, respectively.

In the case of the monoclinic BiPO4, Table SI-9,  and  surfaces have the lowest energy with 

similar values = 0.66 and 0.69 Jm-2, respectively, with the same broken bond number = 2. The ,  

surface with = 0.86 and 1.05 Jm-2, respectively, with equal value of = 4. Additionally, , ,  and  

surfaces present decreasing order of stability from values = 1.23, 1.36, 1.74 and 2.56 Jm-2, 

respectively, with the = 6, 8, 12, 14. Therefore, in this case, we are unable to establish a 

correlation between the surface stability and the broken bond number.

In relation to the electronic properties of the surfaces (Figure SI-6B and SI-7B), in both 

hexagonal and monoclinic phases all surfaces present an insulating band gap as the original bulk. 

The energy gap values for each surface are presented in Table SI-8 and SI-9 for hexagonal and 

monoclinic phases, respectively. 

In general, on the surfaces of both polymorphs the main contributor to the VB region is the O 

2p orbitals and P 3p orbital and fewer contributions from the Bi 3s orbitals. To the CB 

predominantly we observed Bi 3p orbitals and P 3p orbitals, in the  and  surfaces of the 

hexagonal phase and the  and  surfaces of monoclinic phase, where important contributions from 

P 3p orbitals are observed. The presence of under-coordinated clusters in the surfaces, modifies 

the distribution of the electron states and induce the formation of intermediate energy levels, flat 

bands in the band gap region. Thus, in the monoclinic phase the band gap of the surfaces 

decrease as the oxygen vacancies increase while in the hexagonal phase the band gap is reduced 

in ,  and  surfaces due to the presence of an under-coordinated cluster of   and . Oxygen 

vacancies also split-off in the O 2p orbitals in the VB observed. 
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Photodegradation Process. The photocatalytic activity of the BiPO4 samples were tested for 

chromophore degradation of RhB under visible light irradiation. RhB shows a characteristic 

absorption peak located at 556 nm, relative to its conjugated chromophore xanthene ring, in the 

presence of light and BiPO4 it undergoes a hypochromic absorption displacement as a result of 

the de-ethylation of the N,N'-diethylammonium functional groups33. When RhB solution was 

subjected to visible light irradiation without a catalyst, (photolysis test) practically no 

degradation was observed. The photodegradation results are shown in Figure 11A by variations 

of RhB concentration (Cn/C0) as function of irradiation time, being Cn and C0 the concentration at 

a time t and the initial concentration, respectively. Since most of the heterogeneous 

photocatalytic mechanisms for semiconductors are considered as pseudo-first order reaction due 

to the low initial concentration of dye and the constant concentration of catalyst, the Langmuir-

Hinshelwood (L-H) model was used79,80:

Eq. 9

Here, k is the rate constant and t the reaction time. Therefore, if the reaction order is of pseudo-

first order, the plot of -ln(Cn/C0) as a function of irradiation time gives a straight line in which the 

angular coefficient is the k value. The L-H plots were performed in order to verify the reaction 

order and to obtain the rate constant for all samples, as shown in Figure 11B.

<INSERT FIGURE 11>

The photodegradation behavior change is observed according to the time employed at the 

microwave irradiation. The hexagonal phase BiPO4 synthesized by the CP method has an 85% 

rate of RhB chromophore photodegradation. After the sample was subjected to microwave 

irradiation for 2, 4 and 8 min, an inhibition of photodegradation activity is observed. This 

happens because the surfaces employed in the electron-hole recombination process of the 
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hexagonal phase of BiPO4 observed predominantly in these samples (2, 4 and 8 min) is different 

to that observed in the BiPO4 sample obtained by the CP method. The surface stabilization of the 

obtained materials is intrinsically linked to the kinetic change in the balance of ordered and 

disordered [BiO6] clusters due to microwave action. The sample obtained by CP method has no 

defined surfaces and may have several different types of oxygen vacancies () on its surface, both 

coming from Bi clusters and P clusters. When the hexagonal samples of BiPO4 obtained at 2, 4 

and 8 min by microwave irradiation are analyzed, we can observe the stabilization of the surfaces 

, which has two clusters with  (), and ), which has three  in the clusters  and . The stabilized 

surfaces employed in the photodegradation process cannot perform electron-hole recombination, 

becoming ineffective in this process. Moving from the hexagonal phase to the monoclinic phase 

of the BiPO4, at the 16 and 32 min samples, an efficiency of 83 and 79% is observed for 

photodegradation respectively. This is due to the stabilization of the surfaces , which has two 

cluster with  (), , which has two clusters with   () and , which has six  in the clusters ,   and .

Photocatalytic activity is dependent on the electron-hole recombination rate of the material. 

The hexagonal structure of BiPO4 obtained by CP has a high degree of order/disorder, so the 

electron-hole recombination rate is more effective, enabling RhB photodegradation. Analyzing 

the structures obtained in 2, 4 and 8 min, the hexagonal phase reorganization was observed, 

resulting in new morphologies of BiPO4. The results obtained for these samples at long-distance 

(XRD) correspond with an increase of material organization, creating new active sites and 

reducing electron-hole recombination. The transformation from hexagonal to monoclinic 

structure causes a structural reorganization, generating new active sites for electron-hole 

stabilization, making the photodegradation process of RhB effective again.
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Due to these results, photocatalytic experiments using scavenger reagents were performed for 

the BiPO4 CP and the BiPO4 32 min samples, in order to understand the photodegradation 

mechanism. As a control for these experiments, tert-butyl alcohol (TBA), silver nitrate (SN), p-

benzoquinone (BQ), and ammonium oxalate (AO) were used as scavengers for hydroxyl 

radicals, electrons, superoxide radicals, and holes, respectively. Figure 11C shows the 

photodegradation efficiency of samples of BiPO4 with and without scavengers. All the 

experiments for both samples, i.e. the absence of hydroxyl radicals, electrons, superoxide 

radicals, and holes for reactions, presented inhibited or lower photodegradation efficiency 

compared to the BiPO4 samples without scavengers. From these results, we propose a 

photodegradation mechanism, as given by Figure 12, which were constructed with Kröger-Vink 

notation81.

<INSERT FIGURE 12>

In Figure 16, the BiPO4 surface clusters are represented for the general formula  (where A = P 

and Bi, y = 2, 4 and 5, n = 1 and 2, to represent ,  and ). The  presents in the clusters can become  

and  according to the movement of electrons and holes in the BiPO4 surface by cluster-cluster 

charge transfer (I, II and II in Figure 12). Losing electrons (I and II in Figure 12), the formation 

of  and  in the clusters favors the processes that lead to oxidation of H2O and reduction of O2 (IV 

and V in Figure 12), which generate reactive oxygen species (ROS), the hydroxyl radical  and 

the hydroperoxyl radical . This process can be observed for samples obtained by CP method and 

at 16 and 32 min of microwave irradiation. After ROS production, the clusters regenerate, 

continuing the oxidation processes (VI in Figure 12). The  is generated by the reaction of the 

proton () with the superoxide radical 82. Electron recovery for the formation of  is not favorable 
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for photocatalysis oxidation processes, which probably occur for samples obtained at 2, 4 and 8 

min of microwave irradiation (III and VII in Figure 12).

CONCLUSIONS

As has emerged from this work, microwave irradiation upon materials can be exploited for 

enhance phase transition. Here, we present a combined theoretical and experimental study 

dedicated to analyze the microwave-driven hexagonal to monoclinic transition in BiPO4. The 

study has been made possible by the combination of experimental techniques (XRD with 

Rietveld refinement, SEM, and micro-Raman and UV-vis spectroscopies, and PL measurements) 

and first principle calculations, at the DFT level. We have observed the phase transition of 

hexagonal to monoclinic BiPO4 under microwave irradiation; in addition, by analyzing the 

structural ad electronic differences between these polymorphs and their exposed surfaces, the 

highest photocatalytic activity of monoclinic BiPO4 exhibited when compared with the 

hexagonal BiPO4 is disclosed.

The main conclusions of this work can be summarized as follows:

(i) BiPO4 crystals with hexagonal structure were successfully synthesized by the simple co-

precipitation method and, for the first time, the effect the microwave irradiation to induce the 

irreversible phase transition from hexagonal into monoclinic BiPO4 polymorph have been 

reported. Hexagonal BiPO4 is unstable under microwave irradiation, spontaneously transforming 

to the monoclinic phase BiPO4 in short time and thus, enhancing photocatalytic performance of 

BiPO4.
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(ii) The first-principles calculations performed at the DFT level provide an in-depth 

understanding of the electronic and structural properties of the bulk and selected surfaces of both 

polymorphs of BiPO4, namely: hexagonal and monoclinic.

(iii) A detailed analysis of the low vibrational modes of both hexagonal and monoclinic 

polymorphs depicts that the movements associated with these modes are the key to explain the 

irreversible phase transformation of hexagonal to monoclinic, which is induced by microwave 

irradiation. 

(iv) Present understanding suggests that structural and electronic distortions of [PO4] and 

[BiO6] clusters produced by microwave irradiation are capable of decreasing the energetic barrier 

of the path connecting the two polymorphs.

(v) Based on the analysis of the geometry and electronic properties of the under-coordinated 

clusters (local coordination of P and Bi cations) appearing at the exposed surfaces of the 

morphology, we are capable to rationalize the mechanism of the photodegradation process of 

Rhodamine B under visible light irradiation.

Our findings elucidate the structural and electronic alterations along the phase transition 

between hexagonal and monoclinic phases of BiPO4, which are induced by microwaves; further, 

these results serve as guidelines for engineers to optimize the structure and performance of future 

photocatalysts for environmental remediation applications.
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FIGURES

Figure 1. XRD of BiPO4 powders obtained by CP and microwave irradiation at different times.



40

Figure 2. A 3D representation of hexagonal and monoclinic BiPO4 structures. The [BiO6] and 

[PO4] clusters, as building blocks of these materials, are displayed.
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Figure 3. Micro-Raman spectra of BiPO4 powders obtained by CP and under microwave 

irradiation at different times.



42

Figure 4. Representation of the vibration mode located at 70.67 cm-1, associated to the rotation 

of the O anions at [BiO6] that are responsible to the phase transition from the hexagonal 

(distorted octahedra [BiO6]) to monoclinic (distorted oblique triangular prism [BiO6]) polymorph 

of BiPO4 under microwave irradiation.
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Figure 5. PL spectra of BiPO4 powders obtained by CP method and posterior microwave 

irradiation at different times and b. Commission International de l'Eclairage (CIE) chromaticity 

coordinates for the samples obtained by SpectraLux software.
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Figure 6. SEM images of BiPO4 powders obtained by a. CP and at b. 2, c. 4, d. 8, e. 16 and f. 32 

min of microwave irradiation.
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Figure 7. Surface models , , ,, , , and  of hexagonal BiPO4. Bi, P, and O atoms are represented by 

orange, yellow, and red balls, respectively. The under-coordination clusters for Bi and P presents 

at top of each surface are also displayed. The vacancies of oxygen are indicated using the 

Kröger-Vink notation.
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Figure 8. Surface models  (, ,  ,, , , and   of monoclinic BiPO4. Bi, P, and O atoms are represented 

by orange, yellow, and red balls, respectively. The under-coordination clusters for Bi and P 

presents at top of each surface are also displayed. The vacancies of oxygen are indicated using 

the Kröger-Vink notation.
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Figure 9. Available morphologies of hexagonal BiPO4 obtained by the Wulff construction 

considering the , , ,, , , and   surfaces (top). Experimental SEM image is also included for 

comparison purposes. Energy profile connecting the ideal and experimental morphology 

(bottom).  in Jm-2.
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Figure 10. Available morphologies of monoclinic BiPO4 obtained by the Wulff construction 

considering the , ,, , , ,  and  surfaces (top) Experimental SEM images are also included for 

comparison purposes. Energy profile connecting the ideal and experimental morphology 

(bottom).  in Jm-2.
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Figure 11. a. Relative concentration of RhB dye (Cn/C0), b. reaction kinetics of RhB degradation 

-ln(Cn/C0) versus time (min) for of BiPO4 powders and c. efficiency of degradation (%) of RhB 

dye under exposure to UV-vis radiation, in the presence of different scavengers for the BiPO4 CP 

and the BiPO4 irradiated by microwaves for 32 min.
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Figure 12. Mechanism for the generation of the reactive oxygen species of the BiPO4 samples.
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