[bookmark: _Hlk72329874]The effect of Polyvinylpyrrolidone on the morphology of cerium carbonate crystals was studied by first principles
Deyun SUN 1,2,3，Yanhong HU 1,2,3,*，Mao TANG 1,2,3,Ze HU 1,2,3，Peng LIU1,2,3，
Zhaogang LIU 1,2,3，Jinxiu WU1,2,3
[bookmark: _Hlk79068901]  (1. College of Materials and Metallurgy, Inner Mongolia University of Science and Technology, Baotou 014010, China;
2.Key Laboratory of Rare Earth Hydrometallurgy and Light Rare Earth Application in Inner Mongolia Autonomous Region, Baotou 014010, China;
  3.Key Laboratory of Green Extraction and Efficient Utilization of Light Rare Earth Resources, Ministry of Education, Baotou 014010, China;）
Abstract: The mechanism of controlling the morphology of cerium carbonate hydrate crystal by polyvinylpyrrolidone (PVP) can be divided into nucleation and growth. At the nucleation stage, the bonding changes of atoms in the system before and after the addition of precipitant are calculated. It is found that the ketone group in PVP would preferentially combine with Ce3+ to form a complexes and provide a heterogeneous nucleation sites for the system. During the growth stage, by studying the energy change between the easily exposed crystal faces and the adsorption energy between PVP, determine the relative growth rate between the crystal planes, to simulate the process of crystal growth. It is found that when there is no PVP adsorption on the crystal surface, the surface energies of (120), (010) and (001) crystal faces are very different. When PVP is added to simulate adsorption, the order of adsorption energies is (120) > (010) > (001), and there is only 2eV error between (010) and (001) crystal faces. It is indicated that the growth of (120) crystal face is most impeded due to the adsorption of PVP during the growth of heterogeneous nucleation point, so that the probability of (120) crystal face is the largest under the equilibrium state, and finally the morphology of hexagonal flake cerium carbonate crystal with (120) crystal face as hypotenuse is formed.
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1 Introduction
Using polymers as self-assembly templates to control the physical properties of materials provides a new idea for the artificial synthesis of crystal materials and bio-intelligent materials with special functions. The growth environment of crystals is complex, and its growth is not only controlled by thermodynamics, but also affected by factors such as kinetics and defect structure. The kinetic influence is mainly determined by the activation energy of nucleation, growth and phase transition. It is a multi-step reaction process. Each step may have a great impact on the final morphology of the crystal, making it difficult to predict correctly in theory. Utilizing the electrical properties of the polymer's carbon chain and functional groups, and the selective adsorption of the exposed crystal planes, the surface energy of the corresponding crystal planes can be changed, so that the activity of the crystal planes can be increased or decreased, so that the growth can be controlled, and finally the result will be changed crystal morphology. 1-5 The adsorption energy and electronic structure of polymer on different crystal planes were calculated to find the most easily adsorbed crystal plane. The crystal morphology was simulated and predicted according to the crystal nucleation theory.6-10 With the help of molecular dynamics, Liu Ning et al. used molecular dynamics to study the crystal growth morphology of FOX-X crystals in H2O/N, N-dimethylformamide, and found that (011), (10 -1) and (101) three crystal planes are the main growth planes of the crystal, and the final growth is a long prism shape. 11-12 Wu Donghai et al. used first-principles research methods to study the crystal structure of calcite CaCO3 by constructing a crystal surface slab model for surface relaxation. The results show that the (0001) crystal plane has a higher surface energy, a smaller Fermi energy level (NEF) and charge density than the (1010) crystal plane, which makes the (0001) crystal plane grow slower. Showing the most stable surface properties.13 Balbuena Cristian et al. used molecular dynamics methods to study the synthesis of silver nanoparticles with polyvinylpyrrolidone as a capping agent, analyzed the nucleation of atomic groups and the subsequent growth of nanoparticle formation, and found the process of crystal formation follow Ostwald's law of phase transition and determine the transformation process of silver nanoparticle morphology.14 Li Erxiao and others by using molecular dynamics method, through the experiment and the method of computer simulation, the combination of polymer PVP in cerium carbonate was studied on the main directions of adsorption state, to verify that the PVP regulation of cerium carbonate crystal morphology, the study found that PVP is mainly adsorption in cerium carbonate crystal (010), (001) and (120) Planes, the three crystal, Before the addition of precipitant, PVP mainly complexed with PVP, and after the addition of precipitant, PVP reduced its crystal surface energy by adsorption on crystal face and finally exposed crystal face.15 In this paper, first-principles research methods were used to simulate the interaction mechanism between PVP and Ce3+ and H2O molecules in aqueous solution before adding precipitant, and the adsorption process of PVP on the main crystal plane after adding precipitant. By analyzing its electronic structure and energy changes under different conditions, without the aid of experimental data, explain the transformation in the morphology of cerium carbonate crystals under the control of polymer PVP from an atomic point of view.16-20
2 Computing Method
In this paper, the Vienna ab initio simulation package VASP code was used to perform DFT (density functional theory) calculations using the GGA (generalized gradient approximation) method,21-26 and the LOBSTERsoftware package involving chemical bond analysis was used to study the nucleation and growth of cerium carbonate crystals with and without precipitators.27.28 Because Ce exists in the ionic state of +3 valence in the cerium carbonate crystal, there is only one electron in the 4f orbital, and along with the extreme shrinkage of the orbital radial distribution, it shows Similar to semi-core characteristics, so it does not participate in bond formation. [28] In view of the above situation, in the selection of the calculation method, the simplified pseudopotential that uses the f orbital electron of Ce as the inner electron, the other elements use the ordinary pseudopotential, and the PBEsol functional is used in the selection.28 Other related calculation parameters are as follows: the energy of the plane wave truncation energy ENCUT is 350eV, and the K point in the Brillouin region is the Gamma point of grid a×K=20. The evaluation of the total energy convergence is based on 10-7eV /atom, which is interatomic. Therefore, in the simulation, In the constructed slab model, the convergence standard of adding force based on the density of 1g/cm3 is 0.05eV/. Considering that the atoms at the top and bottom layers of the crystal face of the cerium carbonate crystal are not the same, the crystal face dipole correction is introduced to correct the above problem. 
During static calculation, the system before precipitation was an aqueous solution system of CeCl3 and polymer PVP. In the constructed slab model, add 2 Ce, 6 Cl, 20 H2O, 3 polymerized PVP polymer molecules according to the density of 1 to make them randomly distributed in the slab model. According to the above convergence criteria, the whole slab model was optimized, the COHP (crystal orbital Hamiltonian population) and ICOHP (integral of COHP) were calculated, and the interaction mechanism between PVP and other elements in the system was studied.29.30 In order to simulate the mechanism of PVP regulating cerium carbonate crystal after adding precipitant, the crystal structure of cerium carbonate derived from the ICSD (Inorganic Crystal Database) crystal library is shown in Figure 1. Three crystal planes (010), (001) and (120) which are easy to be exposed were selected. According to the atomic ratios of the cerium carbonate crystal, the crystal plane layer thickness of 9.3546Å, 9.037Å and 7.989Å was cut, respectively. And we put those atomic layers on the bottom to create a slab with a top vacuum layer 13Å thick. According to different thickness, the bottom of each crystal face is fixed in proportion to 60%, the rest is released, (001) crystal face is fixed from the bottom of 0-9.4Å thickness atoms; (010) The atoms of 0-5.4Å thickness are fixed from the bottom of the crystal plane; The atoms with the thickness of 0-4.8Å are fixed from the bottom of the crystal plane, and the whole slab configuration is optimized according to the above convergence criteria to meet the relevant convergence requirements.
[image: ]
Figure 1 Ce2(CO3)3 crystal structure diagram, in which the yellow ball represents the Ce element, and each Ce element is surrounded by 4 carbonate ions and 4 water molecules
In the AIMD（Ab Initio Molecular Dynamics） simulation, the nucleation and growth of  in solution synthesis is analyzed through molecular dynamics simulations. With this aim, a collection of 、 and  homogeneously distributed in the simulation box is used as the initial configuration. The temperature and density are controlled to 300 K and 1g/cm3, respectively, for all the simulations in the NVT ensembles, where these values are representative of the synthesis conditions in experiments. We analyze the temporal evolution of the system integrating the equations of motion of all the particles through an NVT ensemble at 300 K and 1 g/cm3, for a total time of 1500 ps. Periodic boundary conditions in three dimensions are applied in all the simulations.
In the optimization of the PVP molecule, considering the DFT calculation resources and the electronic structure analysis of the crystal surface, only the PVP polymer monomer (Figure 2) is used for structural optimization, and then the adsorption relationship with the crystal surface and the subsequent electronic structure analysis are studied. 
[image: ]
Figure 2 Schematic diagram of PVP monomer molecule
3 Results and Discussion
3.1 Mechanism study
3.1.1 The interaction mechanism of PVP in the system before precipitation
In the constructed slab model of PVP before precipitation, the results before and after optimization are shown in Figure 3. The relative comparison between the two shows that PVP, H2O molecules and Cl- in the system will gradually gather around Ce3+, in which the ketone group in PVP, O in H2O molecules and Cl- will interact around the center Ce3+. And there's a tendency to bond, and there's a hydrogen bond between the H atom in the water molecule and the ketone group in the PVP. As the atoms move to the position where the force is the least, the atoms in the entire system will aggregate toward the Ce3+ position to form the corresponding complex. Table 1 shows the ICOHP (Integrated COHP) and bond lengths between the main bonding atoms in the system. The analysis found that the stability of the chemical bond formed between PVP—Ce3+ is stronger than that of PVP—H2O, between H2O—H2O. This shows that the bonding effect between Ce3+ and PVP is the greatest, so when no precipitation agent is added, the PVP molecules in the system will preferentially complex with Ce3+ to form a more stable complex.
[image: ]
Figure 3 Optimization diagram of each atom in the system before precipitation
Table 1 The bond length and ICOHP value between each atom after the optimization before precipitation is completed
	atomNU
	atomNU
	distance(Å)
	-ICOHP(eV)

	O in PVP
	Ce3+
	2.38
	-3.57

	O in PVP
	H2O
	1.65
	-1.17

	H2O
	H2O
	1.86
	-0.90


3.1.2 Analysis of crystal plane easily exposed without polymer PVP
[image: ][image: ][image: ]
Figure 4 (a) cerium carbonate crystal (001) crystal plane before and after optimization, (b) cerium carbonate crystal (010) crystal plane before and after optimization, (c) cerium carbonate crystal (120) crystal plane before and after optimization
According to the research results of Li Erxiao and others,15 select the crystal planes that are easy to show in the PVP adsorption cerium carbonate crystal, and the (001), (010), (120) crystal planes before and after the optimization of each crystal plane cut out are shown in Figure 4. It is found that after the optimization of these three crystal planes, the reconstruction of the crystal planes has occurred, and the bonding distance between the surface layer atoms and the bottom layer atoms has slightly increased. This is because the top of the constructed surface is in a vacuum layer. The surface atoms are only subject to the interaction between themselves and the bottom atoms, resulting in different forces from the internal atoms.
The formula for calculating the surface energy of crystal plane is shown in Formula 1. [31] Where is the surface energy of the crystal,  is the relaxation energy, indicates the energy released when the crystal plane is optimized to a stable state.  is the energy of the slab configuration after optimization,  is the number of atoms in the slab configuration,  is the energy of a single atom in the bluck structure, Represents the ratio of the energy of the unit cell to the number of atoms in the unit cell after optimization. The calculated results of (001) 、(010) and (120) crystal planes are shown in Table 2, the surface energy of the (120) crystal plane was the lowest, 9.48J/m2, and its growth rate was the slowest; the (001) crystal plane had the highest energy, 17.1 J/m2, and its growth rate was the fastest, and it is easy to reveal the order of growth speed between crystal planes is (001) > (010) > (120). 
     (Formula 1)
Table 2 Relative crystal plane parameters of crystal planes that are easy to show when PVP is not added
	planes
	Erel(meV)
	Natoms
	Esurf(eV)
	Ebulk(eV)
	A(Å2)
	(J/m2)

	001
	2.19
	152
	-766.41
	-6.11
	77.23
	17.1

	010
	3.94
	152
	-748.27
	-6.11
	133.29
	11.1

	120
	1.36
	304
	-1514.18
	-6.11
	301.35
	9.48



3.1.3Analysis of crystal planes easily revealed after adding polymer PVP
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Figure 5 (a) The best adsorption structure of PVP monomer on the surface of stoichiometric cerium carbonate (001), showing two side views in the plane model, (b) the best PVP monomer on the surface of stoichiometric cerium carbonate (010) Adsorption structure, showing two side views in the plane model, (c) the best adsorption structure of PVP monomer on the surface of stoichiometric cerium carbonate (120), showing two side views in the plane model
    Figure 5 shows the adsorption structure diagram of the PVP monomer on the (001), (010), (120) crystal planes of cerium carbonate crystals after calculation by DFT. In terms of bond length, the O contained in the ketone group in the PVP monomer and the (010) crystal plane exposed to the Ce3+ formed Ce-O bonds bond length is the smallest, 2.37 Å, and the longest bond length formed by (120) crystal plane, 2.42Å。The Ce-O bonds after adsorption is shorter than the Ce-O bonds in the cerium carbonate crystal. From the analysis of the C-O bonds length inside the PVP monomer, it is found that, except for the (001) crystal plane adsorption which causes the C-O bonds bond length to remain unchanged, the (010) and (120) crystal plane adsorption will cause the C-O bonds bond length to be elongated. From the analysis of the Ce-O-C bonds angle formed by the adsorption of Ce3+ from the PVP monomer ketone group, it is found that the bond angle formed by the adsorption of the (010) crystal plane is the smallest, 155.25°, and the bond angle formed by the adsorption of the (120) crystal plane is the largest, 169.76 °. From the analysis of the bond angles of O-C-N bonds and O-C-C bonds formed inside the PVP monomer after adsorption, it is found that both the bond angle of O-C-N bonds and the bond angle of O-C-C bonds after adsorption are smaller than the corresponding bond angle before adsorption， because the Ce-O bonds formed by the ketone group and Ce3+ in the PVP monomer has a certain interaction with the C and N connected to the O inside the PVP monomer after adsorption, which makes the bond angle generally smaller.
[bookmark: _Hlk74297905]The adsorption energy of the molecules adsorbed on the crystal surface calculation is shown in formula 2,31 where  is the adsorption energy of PVP adsorbs the cerium carbonate crystal face,  is the total energy of the system after PVP adsorbs the cerium carbonate crystal face, and  is the single point energy of the PVP monomer.  is the total energy of the cerium carbonate crystal face system without adsorption of PVP monomer. The crystal planes calculated according to Formula 2 are shown in Table 3. The adsorption energy of each crystal plane is analyzed. When the adsorption energy is positive, additional absorption energy is required for the occurrence of adsorption, and when the adsorption energy is negative, the energy is released. Based on the definition of adsorption can be found that no matter which crystal and the adsorption of PVP monomer can negative. It shows that the PVP monomer needs to release energy after adsorbing (001), (010), (120) crystal planes, compare the size of the adsorption can be found (120) crystal plane can maximum adsorption, (001), (010) crystal plane of adsorption can only about 2eV energy difference between, the indicates that PVP molecules are more likely to adsorb (120) crystal planes during the growth of cerium carbonate crystals, and inhibit the growth of crystal planes so that they can eventually be exposed.

              (Formula 2)
Table 3 After adding PVP, PVP monomer and easy to show surface adsorption related energy parameter table
	planes
	Etot(eV)
	Esolv(eV)
	Esurf(eV)
	Ebind(eV)

	001
	-1023.43
	-110.31
	-768.60
	-144.51

	010
	-1008.87
	-110.31
	-752.21
	-146.34

	120
	-1930.42
	-110.31
	-1527.74
	-292.37



3.1.4 Electronic structure analysis of the growth mechanism of cerium carbonate crystals regulated by PVP
In order to further study the interaction mechanism between PVP and cerium carbonate crystal surface, the COHP value of PVP monomer adsorption on different crystal faces was calculated, and its electronic structure was analyzed. When cerium ions are exposed on the crystal surface, the central cerium ion loses two water molecular ligands along the +b axis, which reduces the original 10-ligand structure (Figure 6a) to an 8-ligand structure (Figure 6b), and appears the phenomenon of coordination unsaturation has a greater tendency to be adsorbed by the polar element O in the system.
The COHP of each crystal plane adsorbed by PVP is shown in Figure 7，the COHP value of each crystal plane adsorbed by PVP monomer is analyzed. It is found that the three crystal planes (001), (010), and (120) have basically the same bonding conditions after adsorption of the PVP monomer, only when the (100) crystal surface is adsorbed, a negative peak of -COHP value appears near the fermi level, which indicates that there is an unstable component at this position. Because the peak is small, it almost has no effect on the bonding stability. Comparing the ICOHP value after PVP adsorption on each crystal plane, the ICOHP value of (120) crystal plane is the smallest, which is -3.49eV, indicating that the stability of PVP monomer and (120) crystal plane adsorption is the strongest.
[image: ][image: ]
Figure 6 (a) 10 ligand structure diagram; (b) 8 ligand structure diagram
[image: ]
Figure 7 (a) PVP monomer adsorption (001) crystal plane COHP map, (b) PVP monomer adsorption (010) crystal plane COHP map, (c) PVP monomer adsorption (120) crystal plane COHP map
3.1.5 AIMD simulates PVP to regulate the growth process of cerium carbonate crystals
[image: ][image: ][image: ][image: ]
Figure 8 Snapshot of AIMD simulation of PVP-controlled cerium carbonate crystal growth process at 300K
In this section, an ab initio molecular dynamics（AIMD）method is used to simulate the process of PVP regulating the growth of cerium carbonate crystals at the atomic scale. Figure 8 shows a sequential snapshot of the complex formed by  and PVP and Ce3+ from the initial state to 1500ps. In the initial state, the atoms are uniformly distributed in the system. With the passage of simulation time,  gradually shifts to the heterogeneous nucleation site formed between PVP and Ce3+. When the simulation time reaches 1500ps, it can be seen that growth of cerium carbonate crystals along the PVP adsorption direction is inhibited, leading to the growth of cerium carbonate crystals in other directions.
3.2 Simulation of PVP Controlling Cerium Carbonate Crystal Growth Process
[image: ]
Figure 9 Process diagram of PVP regulating cerium carbonate crystal growth
Figure 9 is a simulation process diagram of using polymer PVP liquid phase precipitation method to control the morphology of cerium carbonate crystals, which is mainly divided into the following three stages:
1.In the first stage, CeCl3, PVP and H2O are added to the slab configuration and optimized to a stable state. The ketone groups in the system and PVP will preferentially form complexes, providing heterogeneous nucleation sites for subsequent crystal crystallization.
2.In the second stage, with the addition of precipitant, the complex formed by PVP 
[bookmark: _Hlk72316236]and Ce3+ is combined to produce heterogeneous nucleation. With the continuous addition of the precipitating agent, combines at the heterogeneous nucleation point where PVP molecules are adsorbed and gradually grows into cerium carbonate crystals. However, during the growth process,  will combine with the heterogeneous nucleation points according to the symmetry of the cerium carbonate crystal PBNB, which leads to the inhibition of the growth of the (010) crystal plane along the  axis and the +b axis, (001) The crystal plane is suppressed along the  axis direction, the growth of (120) crystal plane along axis (210) and ± c axis was inhibited, and (120) adsorption capacity of the crystal plane and PVP is the strongest, and the growth rate is the slowest, which leads to the highest probability of (120) crystal face appearing in the system.
3. In the third stage, after crystal gradually fills the whole solution system, each crystal face fragment will combine with each other. According to the classical crystal growth theory,32 the crystal face with a faster growth rate will disappear, while the crystal face with a slower growth rate will eventually remain, because the PVP molecules are adsorbed on the (120) crystal plane and hinder the (120) crystal plane. Compared with other crystal planes such as (001) and (010) crystal planes, the growth rate of (120) crystal plane is the slowest, so the (120) crystal plane has a greater probability of being retained, so that each crystal face finally grows around the (120) crystal face into a hexagonal plate-shaped cerium carbonate crystal.
3.3 Experimental verification analysis
3.3.1 SEM analysis of products in different growth stages of cerium carbonate crystals
[bookmark: _Hlk73889127]Figure 10 shows the carbonic acid prepared by using the liquid phase precipitation method in the experiment, CeCl3 is the Ce source, PVP is the template, NH4HCO3 is the precipitant, the SEM image of the cerium carbonate crystal morphology prepared when the Ce3+ concentration is 0.03M, the pH value of the initial solution is 2, and the R value (The ratio of to Ce3+) is about 2:1. Figure 10 (a) is the SEM image obtained when the precipitating agent (NH4HCO3) is added dropwise for 10 minutes. At this time, the cerium carbonate crystals are slightly rounded at both ends, slender and fusiform, without obvious edges and corners. This is because the reaction has just started. Cerium carbonate crystal grows into an amorphous state, and the crystal lattice is not perfect yet. Figure 10 (b) is the SEM image obtained when the precipitating agent (NH4HCO3) is dropped for 30 minutes. The cerium carbonate crystals have been transformed from the original fusiform shape to the angular, narrow and long hexagonal flake. With the extension of the precipitant dropping time, the morphology of the cerium carbonate crystals remained in the shape of hexagonal flake, and the length of each side changed significantly. The length of the sides on both sides of the tip part gradually became longer, and the length of the length direction gradually became shorter. Indicating that the growth process of cerium carbonate crystals is regulated by PVP. At the beginning of the reaction, because the reaction speed is too fast, PVP has not yet played a regulatory role. Cerium carbonate crystals rapidly nucleate and grow into a long and narrow spindle shape. As the reaction progresses, PVP is selectively adsorbed on the crystal surface of cerium carbonate, which makes Cerium carbonate crystals eventually grow into hexagonal flake.
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Figure 10 SEM images of different reaction stages of cerium carbonate crystals: (a) 10 min, (b) 30 min, (c) 50 min
3.3.2 Analysis of crystal morphology
[bookmark: _Hlk73890062]Figure 11 shows the transmission electron microscopy (TEM) of the hexagonal flake cerium carbonate crystal. From the figure, it can be measured that the angles formed by each plane of the hexagonal flake cerium carbonate crystal are about 90° and 135°. Since the cerium carbonate crystal belongs to the orthorhombic system, formula 3 can be used to calculate the angle of each crystal plane, where cos φ is the cosine of the angle between the two crystal planes, ， is the crystal plane index of two crystal planes. The unit cell parameters obtained from PDF card (#38-0377) are: a = 9.482 Å, b = 16.938 Å, c = 8.965 Å. The cosine values of the angles between the crystal planes are listed in Table 4.
            (Formula 3)
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Figure 11 Transmission electron microscope image of hexagonal flake cerium carbonate crystal

Table 4 Cosine value of the included angle of each crystal plane of cerium carbonate
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	0.947
	0.100
	1
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[bookmark: _Hlk73893053][bookmark: _Hlk73893609]The diffraction pattern of hexagonal flake cerium carbonate crystal is shown in Figure 12. According to the measurement of the ruler in the diffraction pattern from near to far, the distance R between the surrounding spots and the central spot is calculated, according to d=1/R, the crystal plane spacing d of each spot around the center diffraction spot is calculated, and the PDF card（#38-0377）of the cerium carbonate crystal is found to preliminarily determine the crystal plane represented by each spot. According to the angles of crystal planes measured in Figure 9, looking up Table 4 can finally determine that the sides of the hexagonal flake cerium carbonate crystal are (002), (040), and (240) respectively.
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Figure 12 Diffraction pattern of hexagonal flake cerium carbonate crystal
Figure 13 shows the X-ray diffraction pattern (XRD) of cerium carbonate crystals under the control of polymer PVP. The four strongest peaks are (020), (040), (060), and (200) crystal planes. These four crystal planes belong to the {100} crystal plane family. Because (240) crystal plane is inclined plane of hexagonal flake crystal, the intensity of (240) crystal plane peak is relatively weak in XRD, therefore, the hexagonal flake   cerium carbonate crystal with (240) crystal plane as inclined plane and {100} crystal plane group as top and side can be seen in the SEM.
[image: ]
Figure 13 XRD pattern of hexagonal flake cerium carbonate crystal
4 Summarize
In this paper, the influence of PVP on the morphology of cerium carbonate crystals in the nucleation and growth stages of PVP is studied by the method of computer simulation, combined with DFT theory and first principles. Through the analysis of the bonding situation, the electronic structure analysis after the interaction of (001), (010), (120) crystal faces, and the relative adsorption energy changes of each crystal face after adsorption, the interaction mechanism is studied, predict the crystal morphology and verify it through experiments, and the conclusions are as follows:
1.In the absence of precipitant, the ability of PVP to form complex complexes with Ce3+ in the system is stronger than that of O in water molecules, which indicates that PVP will preferentially complex with Ce3+ after adding solution, and act as the nucleation point for heteronormative of cerium carbonate crystals.
2.Calculate the surface energy of (120), (001), (010) three easy-to-display crystal faces of unadsorbed PVP and find that (120) the surface energy of the crystal surface is the lowest, followed by (010), and the highest is (001), indicating that when the polymer is not added, each crystal surface grows at a large rate during crystal growth. The small sort is (120) < (001) < (010). After adding the PVP polymer, the order of the adsorption energy of each crystal surface is arranged as follows: (120) > (001) > (010), and the bonding stability arrangement between PVP and the crystal surface is (120) > (001)> (010), indicating that PVP is highly adsorbed on (120) crystal surfaces. The sequence that causes the growth rate between the crystal surfaces is (120) < (001) < (010), and eventually form a six-sided sheet-like cerium carbonate crystal.
5 Conclusions
The morphology of cerium carbonate crystal controlled by PVP was simulated by computer. When adding PVP without precipitating agent, the ketone group in PVP would preferentially complex with Ce3+ to form a complex. After adding precipitant, heterogeneous nucleation points of cerium carbonate crystal would be formed around the complex and grow gradually around the nucleation points. By calculating the interaction relationship between exposed Ce3+ and polymer PVP on three crystal faces of cerium carbonate (120), (010) and (001), it is found that the absolute value of adsorption energy of (120) crystal surface is the largest, and the gap of adsorption energy of (010) and (001) is only about 2eV, which indicates that the adsorption of PVP in the growth process of cerium carbonate crystal is due to the adsorption of PVP. The growth resistance of the (120) plane is much greater than that of the (010) and (001) plane, In the equilibrium state, the probability appears of the (120) crystal plane is the greatest, and the hexagonal plate-like cerium carbonate crystal structure that grows around the (120) crystal plane will eventually appear.
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