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Abstract

Cerium carbonate crystal morphology is predicted using density functional theory (DFT) simulations in this paper. In
the nucleation phase, the ketone group in polyvinylpyrrolidone (PVP) will preferentially bind to Ce3+ to form complexes
and provide heterogeneous nucleation sites for the system, prompting the nucleation of cerium carbonate crystals. In the
growth stage, due to the adsorption of PVP, the probability of (120) crystal plane appearing in the equilibrium state is the
greatest, resulting in the formation of hexagonal flake cerium carbonate crystals with (120) crystal plane as the oblique
edge. Experimentally, hexagonal sheet cerium carbonate crystals were successfully prepared using PVP as a template
agent. Therefore, DFT can be used to predict the morphology of cerium carbonate crystals, which not only elucidates the
growth mechanism of cerium carbonate crystals, but also greatly reduces the experimental cost.
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1. Introduction

Rare earth ore resources in Bayan Obo, Baotou rank
first in the world, with light rare earths accounting for more
than 98%, while 50% of them are cerium resources. Due
to its special electronic structure, cerium oxide has supe-
rior oxygen storage and redox ability. It is widely used in
many fields such as electronic ceramics, polishing powder,
catalyst, sensors, fuel cells, UV absorption, etc.!"!! It has
become an indispensable material for high-tech industries
and cutting-edge innovations. The cerium oxide with differ-
ent morphologies has obvious functional differences, which
will have a huge impact on the performance of products.
Therefore, the development of industrial preparation tech-
nology of rare earth compounds with special morphology
is very important. So far, cerium oxide with special mor-
phology has been prepared by physical, chemical and many
other ways at home and abroad.!>!* Using polymers as
self-assembly templates to regulate material properties pro-
vides a new idea for the artificial synthesis of crystal materi-
als and bio-intelligent materials with special functions.!>18

The self-assembly-template method is favored by more and
more experts and scholars because of its simplicity, low cost
and strong controllability. Sodium polystyrene sulfonate
(PSS), nonylphenol polyoxyethylene ether (NPEO), polyal-
lylammonium chloride (PAH), polyvinylpyrrolidone (PVP)
and ethylenediaminetetraacetic acid disodium (EDTA-2Na)
were used as templates in our research group. Spherical ceri-
um oxide for catalytic materials, shuttle-shaped cerium ox-
ide for improving glass properties, hexagonal flake cerium
oxide for solid oxide fuel cells, and flower-like cerium oxide
for UV absorption were prepared by self-assembly tem-
plate method.'”-?? Lin Wang et al. synthesized polyaniline
(PANI) with nanoscale spherical or string-like morpholo-
gy using PS-b-P2VP as a templating agent for modulation
by template-self-assembly method, and the average diam-
eter of each sample was found to be less than 200 nm and
showed a tendency to decrease with increasing pH.? Using
chitosan as a new carbon and nitrogen source precursor and
triblock amphiphilic copolymer (F127) as a soft template,
nitrogen-doped mesoporous carbon nanoparticles (NMCs)
with pore size distribution between 3.05 and 6.09 nm were
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successfully prepared by Xianshu Wang et al. The analysis
revealed that the nitrogen-doped mesoporous carbon ma-
terials have well-developed pores, and the nanoparticles
have a spherical shape with an average diameter of about
300-400 nm and a worm-like mesoporous structure.?*

With the rapid progress of science and technology and
the development of interdisciplinary, the method of com-
puter theoretical calculation to synthesize new materials has
attracted more and more attention of scientists. Ab initio
quantum chemistry method can be used to study the nucle-
ation mechanism and growth mode of materials from the
atomic or molecular scale, and disclose the mechanism that
cannot be explained in experiments. The morphology con-
trol mechanism of cerium carbonate crystals, the precursor
of cerium oxide, was studied in our previous research, by
molecular dynamics method, and the interaction between
the template agent and the crystal surface was simulated.
The relationship between the template agent and the crys-
talline surface of cerium carbonate crystals was revealed
from the energy perspective, and the growth mechanism of
cerium carbonate crystals was further disclosed.?>-2¢ Ning
Liu et al. successfully predicted the crystal habit of FOX-7
to be spindle-shaped under vacuum conditions with the
help of molecular dynamics method. The crystalline habit
of FOX-7 in H,O/DMF solution conditions varied signifi-
cantly with temperature conditions, and the crystalline hab-
it in different ratios of solvents was blocky when the tem-
perature was 298 K27 Balbuena Cristian et al. studied the
synthesis of silver nanoparticles with polyvinylpyrrolidone
as capping agent, the nucleation of atomic clusters and the
subsequent growth of nanoparticles by molecular dynam-
ics, finding that the formation of crystals follows Ostwald *
s law of phase transition. As the process progresses, a series
of ordered structures appear inside the particle: icosahedral,
body-centered cubic and face-centered cubic, and finally a
block-silver equilibrium configuration.?®

This paper uses a combination method of computa-
tional simulation and experimental research. The interac-
tion mechanism of PVP with Ce** and H,O in aqueous
solution before precipitation and the adsorption of PVP
on the main crystal plane after precipitation were calcu-
lated and simulated. The process of morphological change
of cerium carbonate crystals under the regulation of PVP
is explained from the atomic point of view by analyzing
the electronic structure and energy change in different cas-
5.3 And the morphology of cerium carbonate crystals
was predicted. Then, the cerium carbonate crystals were
successfully prepared by the self-assembly-template meth-
od using CeCl; as raw material, NH,HCOj as precipitant
and PVP as template agent. The phase structure, morphol-
ogy and dimensions of cerium carbonate crystals were
characterized by Scanning electron microscope (SEM),
Transmission electron microscope (TEM) and Diftraction
of X-rays (XRD). The experimental results are compared
and analyzed with the simulated prediction results to veri-
fy the correctness of the prediction results.

2. Material and Methods
2. 1. Experimental Materials

The cerium chloride (CeCls) used in this experiment
was prepared by dissolving and de-hybridizing industrial ce-
rium carbonate provided by Baogang Rare Earth High-Tech
Company, Inner Mongolia, China, and hydrochloric acid
(analytically pure) provided by Tianjin Damao Chemical
Reagent Factory, Tianjin, China. NH;HCO; and anhydrous
ethanol were produced by Tianjin Beilian Fine Chemicals
Development Co. Ltd., Tianjin, China, and polyvinylpyrro-
lidone was produced by Shanghai Maclean Biochemical
Technology Co. The selected chemicals were analytically
pure, which could be used without further purification. The
water used in all experiments was deionized water.

2. 2. Preparation Method of Ce,(CO3);
Crystals

At room temperature, deionized water was added to
a certain concentration of CeCl; solution to dilute to 0.05
mol/L, and then PVP was added to prepare the mixed solu-
tion of PVP and CeCl,. After stirring at a constant speed for
15 min, 0.05 mol/L NH,HCOj solution was dropped into
the mixed solution of CeCl; and PVP at a certain speed
by a peristaltic pump for 1 h. After dripping, the solution
was stirred with a stirring paddle at constant speed for 15
minutes before aging. The precipitate obtained by aging at
room temperature was filtered, washed and dried to obtain
Ce,(CO3); crystals. The prepared Ce,(CO3); crystals were
characterized by SEM, TEM and XRD.

2. 3. Characterization

XRD was performed using Bruker D8 Advance
X-ray diffractometer with CuKa radiation(graphite mon-
ochromator). The crystal structure was determined using
CuKa radiation(40kV, 40mA), 4° step and the geometric
scanning Bragg-Brentano(6-0) and the angle range from
5-60°(28)were performed. SEM images were taken with
Quanta 400 produced by Holland JEI Company;, fitted with
a field emission source, and working at 15 kV. All samples
were mounted on copper stubs and sputter-coated with
gold prior to examination. TEM images were taken with
a JEM-2100 transmission electron microscope produced
by JEI Company, Netherlands, with electron diffraction
selected to characterize the samples, observe the morphol-
ogy and analyze the crystal structure.

2. 4. Computing Method

In this paper, the Vienna Ab Initio simulation soft-
ware package®*~%” was adopted to perform DFT calculation
using GGA (Generalized Gradient Approximation) meth-
0d.384! The nucleation and growth of cerium carbonate
crystals before and after precipitation were studied using
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the LOBSTER software package involving chemical bond-
ing analysis.*>~*3 Since Ce is in the +3 valence ionic state in
cerium carbonate crystals, making only one electron in the
4f orbital. And the 4f orbitals are usually significantly low-
er in energy than the 5d orbitals and are accompanied by
an extremely contracted radial distribution of the orbitals,
exhibiting a hemi-nucleation-like property and therefore
not involved in bonding.* For the sake of brevity, the den-
sity of states (DOS) of the PBEsol+U pseudopotential con-
sidering the f-orbital electrons, DOS that treats the f-orbit-
ing electrons as a simplified pseudopotential of the inner
layer electrons, and fractional density of states (PDOS) of
each element were calculated using the PBEsol function,
as shown in Figure 1. Without considering the peak inten-
sity, it is found that in the electronic structures calculated
by these two methods, there is not much deviation in the
positions of the peaks produced by the total and partial
density of states of C, H and O, except Ce. The PBEsol+U
pseudopotential is compared with the simplified pseudo-
potential and it is found that the spin-up a and spin-down
B orbitals are not equal in energy in the 6s and 5p orbitals
of Ce. The spin-up o orbitals near the Fermi energy level
have DOS for f and d orbitals but not on the  orbitals and
exhibit 100% spin polarization for the f orbitals. This is be-
cause Ce is not pure +3 valence, and the electrons in its 4f
orbitals are partially out of domain, so there is a mixed 4f
and 5d feature on the PDOS, and the f orbitals have a cor-
responding effect on the 6s and 5p orbitals making their
a and f orbitals unequal in energy. In this way, although
the mixed f-d orbitals are near the Fermi energy level, they
do not interact with other elements in the cell because the
f orbitals are occupied by only one electron and have low
energy. Therefore, the density of states with little differ-
ence is reflected in the total DOS diagram. In view of the
above situation, considering the calculation efficiency, the
f-orbit electrons of Ce are selected as the simplified pseu-
dopotential of the inner electrons in the calculation meth-
od, while PBEsol functional is selected as the functional
file.##-4> Other relevant calculation parameters are as fol-
lows: the plane wave truncation energy ENCUT is 350 eV,
and the point K in Brillouin zone is divided by Gamma
point with grid size of 4 x 3 x 2. The pseudopotential file
Ce selects the simplified pseudopotential of + 3 valence,
and the pseudopotential of other elements such as H, O,
CL N, C, selects the PAW pseudopotential of + 1, -2, -1, +
5, + 4 valence. Until the energy difference between the two
iteration steps is stabilized below 10-7 eV and the force
is stabilized less than -0.05 eV/A. Considering the spin
polarization of the whole system, the Ce outer electron in
the simplified pseudopotential is 6s25p®, and there is no
solitary electron. Therefore, the system can be represented
by a single molecular orbital Wi, which can be regarded as
a closed-shell system. The whole calculation process is op-
timized with interatomic static force at 0 K. The optimized
structure is a relatively stable ground state structure with
high similarity to the experimental value.
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Figure 1. DOS and PDOS plots calculated by PBEsol functional (a)
DOS and PDOS plots calculated by PBEsol+U pseudopotential (b)
DOS and PDOS plots calculated by PBEsol simplified pseudopoten-
tial (c) PDOS plots calculated by PBEsol+U for Ce

For the analysis of chemical bonds, we used the
LOBSTER package to calculate the COHP (Crystal Orbital
Hamiltonian) as well as the ICOHP (Integral of COHP)
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method. COHP can obtain bonding information from the
calculation results of energy band structure; the bond-
ing, non-bonding and anti-bonding interactions between
paired atoms in the material can be determined. COHP,
which is the Hamiltonian matrix multiplied by the corre-
sponding density of states matrix, is calculated as shown
in equation (1),

z fi"3i5("’~i - E) = Z f; z Z u;{L,jHRLJR'L'uR‘L.'J]'Ia(Ei - E)
i i

RL RL

. Z z HpirL z f; u*RLJuR‘L-‘i-S(s]- - s)

RL R'L j

= Z Z HRL,R'L'NRL,R'L' (e)

RL R'L
= Xro 2R COHPgy gy (8)

where f; represents the occupation number, ¢ represents
the energy band energy, R represents the atom, L repre-
sents the atomic orbital, j represents the energy band (mo-
lecular orbital), Hy g1 represents the Hamiltonian matrix
element, and Ny p/ (€) represents the DOS (density of
states) matrix. Bonding contribution reduces the energy of
the system, and COHP is negative; the inverse bond con-
tribution increases the system energy, and COHP is pos-
itive; the non-key contribution is represented by the zero
value of COHP. In practical applications, positive, negative
and zero values of-COHP are commonly used to represent
bond, anti-bond and non-bond interactions. The integral
over the entire occupied orbital COHP is usually denot-
ed as ICOHP, which allows a quantitative analysis of the
bonding strength between pairs of atoms. It is defined by
equation (2):

1

ICOHP = Epana = J-. Xri X COHPy, oy (€) de (2)

Analysis of the absolute value of ICOHP alone has
no meaning, only comparative analysis of its relative value
can reflect the significance of ICOHP. In comparison, the
smaller the value of ICOHP, the stronger the stability of
bonding and vice versa.*346-47

2. 5. Modeling

During the static calculation, the system before pre-
cipitation was an aqueous solution system of CeCl; and
polymer PVP. Scaling to a scale based on actual experi-
mental density with “Calculation” in “Material Studio”
software,*® the slab model of the aqueous solution system
mixed with CeCl; and polymer PVP was constructed; ac-
cording to the density of 1 g/cm?, 2 Ce, 6 Cl, 20 H,0, and 3
PVP molecular monomers were added to make them ran-
domly distributed in the slab model. Following the above
convergence criteria, we optimized the whole slab model,
calculated its COHP, ICOHP, and studied the interaction

mechanism of polymer PVP monomer with other elements
in the system. The mechanism of PVP modulation of ceri-
um carbonate crystals after the addition of precipitant was
simulated, and the cerium carbonate crystal structure was
derived from the ICSD (Inorganic Crystal Database) crys-
tal library as shown in Figure 2. Three crystal planes (010),
(001) and (120), which are easy to be exposed were select-
ed. According to the atomic ratios of the cerium carbonate
crystal, the crystal plane layers with thickness of 9.3546 A,
9.037 A and 7.989 A were cut respectively. These atomic
layers were put at the bottom to construct a slab configu-
ration with a top vacuum layer thickness of 13 A. Accord-
ing to different thickness, the atoms at the bottom of each
crystal plane are fixed at a ratio of 60%, and the rest are
released. (001) crystal plane is fixed from the bottom with
0-9.4 A thickness atoms; (010) crystal plane is fixed from
the bottom with 0-5.4 A thickness atoms; (120) crystal
plane is fixed from the bottom with 0-4.8 A thickness at-
oms. The entire slab configuration is optimized according
to the above convergence criteria and meets the relevant
convergence requirements.

Figure 2. Ce,(COj3); crystal structure diagram, in which the green
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) simu-
lation,*-! using “Calculation” function in “Material Stu-
dio” software, scaling based on actual experimental density
in a certain proportion, the slab model of mixed aqueous
solution system of Ce**, Ce?~ nd polymer PVP monomer
was constructed. According to the density of 1 g/cm?, 8
Ce**, 12 Ce#, 20 H,0O and 2 PVP polymer monomers
were added to make them randomly distributed in the slab
model. The nucleation and growth of Ce2(COs3); crystals
in solution were analyzed by molecular dynamics simula-
tions, and the set of uniformly distributed Ce** Ce#~ and
H,0 in the slab model was used as the initial configuration.
The NVT ensemble at 300 K is selected, and these values
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represent the synthesis conditions in the experiment. The
total simulation time for the equilibrium motion was 1500
ps with a time step of 1 fs, during which data were collect-
ed every 500 ps for subsequent analysis.

In the optimization of PVP molecules, considering
that the use of DFT calculations for macromolecular poly-
mers will occupy too many resources, while the electronic
structure analysis of the crystal surface only needs to con-
sider the interaction between a small part of the crystal
and the polymer monomer atoms, and the PVP polymer
monomer has similar properties to the PVP polymer, only
the PVP polymer monomer (Figure 3) was taken for struc-
tural optimization, and then its adsorption relationship
with the crystal surface and subsequent electronic struc-
ture analysis were investigated.

Figure 3. 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, the results before and
after optimization are shown in Figure 4. The two Ce**

#8_Ce

the constructed slab model are #7_Ce and #8_Ce, respec-
tively, and it is found that the PVP, H,O and Cl" in the sys-
tem are gradually aggregated around Ce?®', in which C=0
in PVP, O in H,0, and CI~ will interact around the center
Ce3* with a tendency to form bonds, while H atoms in H,0
will form hydrogen bonds with C=0 in 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* posi-
tion to form the corresponding complex. The ICOHP and
bond lengths between the major bond-forming atoms in
the system are shown in Table 1. The analysis revealed that
although the bond length of the chemical bond formed be-
tween PVP-Ce**was the longest, its ICOHP value was the
smallest. It is because of the large atomic radius and atomic
mass of Ce', and its unique electronic structure as well as
chemical properties. Thus, although the bond length be-
tween PVP-Ce’* is the longest, the stability is stronger than
that between PVP-H,0 and H,0-H,0 to form chemical
bonds. 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 Ce** to form a more stable complex.

Table 1. The bond length and ICOHP value between each atom af-
ter the optimization before precipitation is completed

atomNU atomNU  bond length (A) -ICOHP(eV)
O in PVP Ce? 2.38 -3.57
O in PVP H,0 1.65 -1.17
H,0 H,0 1.86 -0.90

#7_Ce

3. 1. 2. Analysis of Crystal Planes Easily Exposed
Without Polymer PVP

According to the research results of Li Erxiao and
others,?¢ crystal planes easy to display in PVP adsorp-
tion cerium carbonate crystal were selected, and the
(001), (010), (120) crystal planes before and after the

Figure 4. Optimization diagram of each atom in the system before precipitation
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Figure 5. (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

optimization of each crystal plane cut out are shown in
Figure 5. 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 con-
structed 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,>2 where o is the surface
energy of the crystal; E* is the relaxation energy, indicates
the energy released when the crystal plane is optimized to
a stable state; Eq ¢ is the energy of the slab configuration
after optimization; Ny is the number of atoms in the
slab configuration; Ey . is the energy of a single atom in
the bluck structure and represents the ratio of the ener-
gy 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, indicating
that the surface energy of the (120) crystal plane was the
lowest, 9.48 J/m?, and its growth rate was the slowest; the
(001) crystal plane had the highest energy, 17.1 J/m?, and
its growth rate was the fastest. The order of growth speed
between crystal planes is (001) > (010) > (120).

6= (1/2 (Egyt— Natoms * Epuc? + EreD) /A 3)

Table 2. Relative crystal plane parameters of crystal planes easily
exposed when PVP is not added

planes Erel Natoms Esurf Ebulk A Y
(meV) V) (V) (A (/m?)
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. 3. Analysis of Crystal Planes Easily Exposed
after Adding Polymer PVP

Figure 6 shows the adsorption structure diagram of
the PVP monomer on the (001), (010), (120) crystal planes
of cerium carbonate crystals after calculation by DFT. The
length of the Ce-O bond formed by the O contained in the
ketone group in the PVP monomer and the Ce** of the
(010) crystal plane is the smallest, 2.37 A, while the Ce-O
bond length formed by O and Ce** of (120) crystal plane
is the longest, 2.42A. The Ce-O bonds after adsorption is
shorter than the Ce-O bonds in the cerium carbonate crys-
tal. 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
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Figure 6. (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

formed by the adsorption of Ce** 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 and O-C-C bonds
formed inside PVP monomer after adsorption, it is found
that the bond angles of O-C-N bonds and O-C-C bonds
after adsorption are smaller than the bond angles before
adsorption. It is because the Ce-O bond formed by the ke-
tone group and Ce*" in PVP monomer after adsorption

has a certain interaction with C and N attached to O in-
side PVP monomer, which makes the bond angle smaller
in general.

The adsorption energy of the molecules adsorbed
on the crystal surface calculation is shown in formu-
la 2,52 where Ey;,q is the adsorption energy of PVP ad-
sorbs the cerium carbonate crystal face, E is the total
energy of the system after PVP adsorbs the cerium car-
bonate crystal face, and E, is the single point energy of
the PVP monomer. E ¢ is the total energy of the ceri-
um carbonate crystal face system without adsorption of
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PVP monomer. The crystal planes calculated according
to Formula 2 are shown in Table 3. The adsorption en-
ergy of each crystal plane is analyzed. When the adsorp-
tion energy is positive, additional absorption energy is
required for the occurrence of adsorption, and when the
adsorption energy is negative, the energy is released. The
definition of adsorption indicates that the adsorption
energy of whichever crystal plane and PVP monomer is
negative. It shows that the PVP monomer needs to re-
lease energy after adsorbing (001), (010), (120) crystal
planes. Comparing the size of adsorption energy, it is
found that the adsorption energy of (120) crystal plane
is the largest. The adsorption energy difference between
(001) and (010) crystal planes is only about 2eV, indicat-
ing that PVP molecules are more likely to adsorb (120)
crystal planes during the growth of cerium carbonate
crystal, and inhibit the growth of crystal planes, so that
they can finally be exposed.

Ebind = Etot - (Esnlv + Esurf) (4)

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-li-
gand structure (Figure 7a) to an 8-ligand structure (Figure
7b), and coordination unsaturation occurs, therefore the
cerium ions have 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 8, and 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. Compar-

ing the ICOHP value after PVP adsorption on each crys-
tal plane, the ICOHP value of (120) crystal plane is the
smallest, which is -3.49¢V, indicating that the stability of
PVP monomer and (120) crystal plane adsorption is the
strongest.

: O 0O
O\> 3+%0 O\C 3+%O ’
s ~ ¢ ~
OO H 9) OO% H 0
OO0 00

Figure 7. (a) 10 ligand structure diagram; (b) 8 ligand structure di-
agram

i

Energ;« (eV)

T T T T T T
3 -2-1 0 1 2 3 4-2 -1

Figure 8. (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 Simulation of Growth Process of
Cerium Carbonate Crystals Regulated by
PVP

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 9 shows sequential snapshots of the
complex formed by Ce?~ and PVP and Ce** from the ini-
tial state to 1500ps. In the initial state, the atoms are uni-
formly distributed in the system. With the passage of sim-
ulation time, Ces~ gradually shifts to the heterogeneous
nucleation site formed between PVP and Ce®*. When the
simulation time reaches 1500ps, it can be seen that growth
of cerium carbonate crystals along the PVP adsorption di-
rection is inhibited, leading to the growth of cerium car-
bonate crystals in other directions.
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Figure 9. Snapshot of AIMD simulation of PVP-controlled cerium carbonate crystal growth process at 300K

3. 2. Simulation of PVP Controlling Cerium
Carbonate Crystal Growth Process

Figure 10 is a simulation process diagram of using
polymer PVP liquid phase precipitation method to con-
trol the morphology of cerium carbonate crystals, which is
mainly divided into the following three stages:

1. In the first stage, CeCl;, PVP and H,O are added to
the slab configuration and optimized to a stable state. The

PVP complexed
with Ce? * to form |
heterogeneous <
nucleation sites

+ Growth direction __

—
P-° %0

Heterogeneous
nucleation

§ —
L- b - Growth direction -}

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 precip-
itant, the complex formed by PVP and Ce*" is combined
to produce heterogeneous nucleation. With the continu-
ous addition of the precipitating agent, Ce3~ combines at
the heterogeneous nucleation point where PVP molecules

=  Growth direction +

j_ﬂ_

~+ Growth direction —

A.'-’

Figure 10. Process diagram of PVP regulating cerium carbonate crystal growth

Sun et al.:

Modulation of Cerium Carbonate Crystal Growth ...

141



142

Acta Chim. Slov. 2022, 69, 133-146

are adsorbed and gradually grows into cerium carbonate
crystals. In the process of crystal growth, according to the
symmetry of cerium carbonate crystal PBNB, the growth
of (010) crystal plane along the C axis and + B axis is inhib-
ited, (001) crystal plane along the C axis is inhibited, (120)
crystal plane along the axis (210) and C axis is inhibited.
Moreover, the (120) crystal plane has the strongest PVP
adsorption ability and the slowest growth rate, making the
(120) crystal plane most likely to appear 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,
the crystal face with a faster growth rate will disappear, while
the crystal face with a slower growth rate will eventually re-
main. For the PVP molecules are adsorbed on the (120) crys-
tal plane and hinder the (120) crystal plane, the growth rate of
(120) crystal plane is the slowest compared with other crys-
tal planes such as (001) and (010) crystal planes, so the (120)
crystal plane has a greater probability of being retained, and
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

Figure 11 shows the SEM images of the cerium car-
bonate crystal morphology prepared using the liquid phase
precipitation method, with CeCl; as the Ce source, PVP as
the template, NH,HCOj as the precipitant, when the Ce**
concentration is 0.03M, the pH value of the initial solution
is 2, and the R value (The ratio of Ce;?~ to Ce**) is about

2:1. Figure 11 (a) is the SEM image obtained when the pre-

cipitating agent (NH,HCO;) is added dropwise for 10 min-

utes. At this time, the cerium carbonate crystals are slightly
rounded at both ends, slender and fusiform, without obvi-
ous edges and corners. This is because at early reaction stage
cerium carbonate crystal grows into an amorphous state,
and the crystal lattice is not perfect yet. Figure 11 (b) is the

SEM image obtained when the precipitating agent (NH,H-

CO3) is dropped for 30 minutes. The cerium carbonate crys-

tals 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 signif-
icantly. The length of the sides on both sides of the tip part
gradually became longer, and the length of the length direc-
tion gradually became shorter. It indicates 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. Ceri-
um 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 car-
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Figure 11. SEM images of different reaction stages of cerium car-
bonate crystals: (a) 10 min, (b) 30 min, (c) 50 min

bonate, which makes Cerium carbonate crystals eventually
grow into hexagonal flake.

3. 3. 2. Analysis of Crystal Morphology

Figure 12 shows the transmission electron microsco-
py (TEM) of the hexagonal flake cerium carbonate crystal.
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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 ¢ is the cosine of the angle between the two crystal
planes, (hy k; 1), (h, k, 1), is the crystal plane index of two
crystal planes. The unit cell parameters obtained from PDF
card (#38-0377) are:a=9.482 A, b =16.938 A, c = 8.965 A.
The cosine values of the angles between the crystal planes
are listed in Table 4 (Supplementary materials).
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Figure 12. Transmission electron microscope image of hexagonal
flake cerium carbonate crystal

The diffraction pattern of hexagonal flake cerium
carbonate crystal is shown in Figure 13. 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 dif-
fraction spot is calculated, and the PDF card (#38-0377)
of the cerium carbonate crystal is found to preliminarily

Figure 13. Diftraction pattern of hexagonal flake cerium carbonate
crystal

determine the crystal plane represented by each spot. Ac-
cording to the angles of crystal planes measured in Figure
12, it is determined that the sides of the hexagonal flake ce-
rium carbonate crystal are (002), (040), and (240) respec-
tively by looking up Table 4 (Supplementary materials).

Figure 14 shows XRD images of cerium carbonate
crystals regulated by 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 rel-
atively weak in XRD. Therefore, the hexagonal flake ceri-
um carbonate crystal with (240) crystal plane as inclined
plane and {100} crystal plane group as top and side can be
seen in the SEM.
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Figure 14. XRD pattern of hexagonal flake cerium carbonate crystal

4., Conclusions

The morphology of cerium carbonate crystal con-
trolled by PVP was simulated by computer. When adding
PVP without precipitating agent, the ketone group in PVP
would preferentially complex with Ce3*. After adding pre-
cipitant, heterogeneous nucleation points of cerium car-
bonate crystal would be formed around the complex, and
the cerium carbonate crystal would grow gradually around
the nucleation points. By calculating the interaction rela-
tionship between exposed Ce>* 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 adsorp-
tion energy of (010) and (001) is only about 2eV, which
indicates that due to the adsorption of PVP in the growth
process of cerium carbonate crystal, the growth resistance
of the (120) plane is much greater than that of the (010)
and (001) plane. In the equilibrium state, the probabili-
ty of forming (120) crystal plane is the greatest, thus the
hexagonal plate-like cerium carbonate crystal structure
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that grows around the (120) crystal plane will eventual-
ly appear. The experimentally prepared cerium carbonate
crystals were analyzed by SEM, TEM, and XRD. The mor-
phology of the prepared cerium carbonate crystals is a
hexagonal sheet-like cerium carbonate crystal with (240)
crystallographic planes as bevels and {100} crystallograph-
ic families as top and sides. It is found that the morpholo-
gy of cerium carbonate crystal prepared in the experiment
was similar to that of cerium carbonate crystal simulated
by computer. Therefore, density functional theory can be
used to predict the morphology of cerium carbonate crys-
tals, which not only elucidates the growth mechanism of
cerium carbonate crystals, but also greatly reduces the ex-
perimental cost.
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Povzetek

V prispevku smo opisali napoved morfologije kristala cerijevega karbonata z uporabo simulacij na osnovi teorije gos-
totnega funkcionala (DFT). V fazi nukleacije se bo ketonska skupina v polivinilpirolidinu (PVP) preferen¢no vezala na
Ce3+ in tako tvorila kompleks, kar povzroci nastanek heterogenih nukleacijskih mest in s tem nukleacijo kristalov ceri-
jevega karbonata. V fazi rasti je zaradi adsorpcije PVP najvecja verjetnost tvorbe (120) kristalnih ravnin v ravnotezju, kar
povzroci nastanek heksagonalnih kristalov cerijevega karbonata. Eksperimentalno smo uspesno pripravili heksagonalne
plasti kristalov cerijevega karbonata z uporabo PVP kot templata. Ugotovili smo, da metodo DFT lahko uporabimo za
napoved morfologije kristalov cerijevega karbonata, s ¢emer pripomoremo k boljsemu razumevanju mehanizma rasti
kristalov cerijevega karbonata in ob¢utno zmanjSamo stroske eksperimenta.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
BY Creative Commons Attribution 4.0 International License
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