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1 Introduction

The nanoparticles were generated by the ammorphisation/recrystalization approach based on

the works published by Sayle’s group along the years.1,2 Here, we included the tests performed

along the work, the optimized final nanoparticle generation approach and the results omitted in

the main paper for simplicity and easy reading.

2 Ammorphisation

2.1 Pristine Crystal Construction and Relaxation

Our first step was to reproduce the ammorphisation/recrystalization process from Sayle and

Parker works3 and build a cubic CeO2 nanostructure using a simple Buckingham model
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(without the charge polarization) in LAMMPS. A specific approach was developed based

in the information from the Sayle and Parker papers.

Figure S1: Visualization of the cell extracted from the original CIF file and used to build the
initial box configurations/supercells.

First, the CIF with the computed structure for CeO2 was downloaded from COD,4,5

Figure S1, and a 6×6×6 supercell containing 2592 atoms was built using LAMMPS, Figure S2.
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Figure S2: The 6×6×6 supercell built in LAMMPS using the CIF. This is the initial
configuration used in the relaxation simulations.

In order to optimize the initial box structure, a minimization/relaxation was carried out

following the steps:

• Cojungated Gradient minimization simulation.

• NpT simulation at 300 K at 1 MPa for 100 ps.

• Steep Descent minimization simulation.

• Cojungated Gradient minimization simulation.

• NpT simulation at at 1500 K at 1 MPa for 100 ps.

In the above steps, all atoms were allowed to move and periodic boundary conditions (PBC) in

the 3 dimensions was applied.
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2.2 Nanoparticle Ammorphisation

After the crystal relaxation, we proceeded with the amorphisation. We started from the

configuration containing the 6×6×6 crystal relaxed structure and 15.0 Å of vacuum in all sides.

Figure S3 shows the initial box structure used in the nanoparticle ammorphisation. The vacuum

regions were added to avoid any contact between the particle and its images generated by the

periodic boundary condition. Additionally, Lennard–Jones walls were set around the box in all

the directions to avoid that the atoms move between the PBC boxes due to the high temperature

used in the simulation. In LAMMPS, this approach is performed using fix wall/lj126.

The ε and σ were 1.0 eVÅ
−2

and 5.0 Å with a 5.0 Å cutoff. Those values were selected to

ensure a higher repulsion in the walls in comparison to the NP internal forces.

Figure S3: Simulation box containing the relaxed 6×6×6 CeO2 supercell and 15.0 Å of
vacuum in all sides.

The role of the amorphisation is to generate a particle without any structural correlation

with the initial structure simulation, Figure S3. The Sayle’s group perform simulations in high

temperatures applying constant forces to speedup the amorphisation step and ensure that all the
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initial structure was lost. In our work, the amorphisation can be summarized in the following

stages:

1. NVT simulation at 4500 K for 200 ps, in which one 2 layers are flexible and 4 layers are

kept fixed.

2. NVT simulation at 4500 K for 300 ps, in which one 4 layers are flexible and 2 layers are

kept fixed.

3. NVT simulation at 4500 K for 100 ps, in which all particles and layers are allowed to

move.

4. NVT simulation at 4500 K for 700 ps with tension applied in the crystal to improve the

amorphisation.

5. Annealing NVT simulation from 4500 K to 5500 K for 400 ps.

6. NVT simulation at 5500 K for 100 ps.

7. 1000 ps NVT simulation with temperature ramp from 5500 K to 8500 K, in the end the

CeO2 amorphous sample is obtained.
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Figure S4: Last configuration of each amorphisation step described above. Last configuration at
Stage 6 is the full amorphised CeO2 nanoparticle.

Figure S4 shows the final configuration of each amorphisation stage in the nanoparticle
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amorphisation simulation. The nanoparticle configuration shown at the stage 6 is the fully

amorphised CeO2 nanoparticle.

Figure S5: Radial distribution function for the Ce - O interaction in the relaxed crystal structure
and the fully amorphised nanoparticle structure

Figure S4 show that the nanoparticle was fully amorphised and the cubic initial configuration

was lost. However, to prove that all the initial structure was lost, radial distribution functions

(g(r)) for the Ce - O interaction were calculated for the relaxed crystal structure and for the last

configuration in the amorphisation simulation. Looking to the rdfs in Figure S5 is possible see

that the well defined peaks in the relaxed crystal structure were lost and the fully amorphous

structure has a "liquid-like" profile, with less defined peaks. Therefore, we can conclude that the

CeO2 nanoparticle has a entire different structure from the crystal.

3 Recrystalization Tests

Once the amorphisation process defined, several recrystalization protocol were tested to find

the best one to generate the CeO2 nanoparticle. Two main approaches were defined, (i) the

annealing decreasing the temperature from 5500 K until reach 0.0 K in alternated temperature

ramps and fix temperature equilibrations, and (ii) the annealing also from from 5500 K to 0.0 K,

but done in a single temperature ramp.

S-8



Figure S6: Recrystalization approaches. At right, we show the Ramp and Equilibrium Steps
approach, the temperature is decreased in small ramps and consequent short equilibrium
stages. Several tests were performed with different ∆T and step times. At Left, the Ramp
approach. Decreasing of the temperature from 5500 K directly to 0 K. The simulation time and
consequently the temperature rate can be changed.

Several temperature rates and total simulation times were tested in both recrystalization

approaches described above. The following tests were carried out:

1. Ramp and equilibrium steps, 50 ps each step and ∆T 1000 K - Trajectory length 850 ps -

D1000-50

2. Ramp and equilibrium steps, 100 ps each step and ∆T 1000 K - Trajectory length 1700 ps

- D1000-100

3. Ramp and equilibrium steps, 200 ps each step and ∆T 1000 K - Trajectory length 3400 ps

- D1000-200

4. Ramp and equilibrium steps, 300 ps each step and ∆T 1000 K - Trajectory length 5100 ps

- D1000-300

5. Ramp and equilibrium steps, 50 ps each step and ∆T 100 K - Trajectory length 5050 ps -

D100-50

6. Ramp and equilibrium steps, 100 ps each step and ∆T 100 K - Trajectory length 10100 ps

- D100-100

7. Ramp and equilibrium steps, 200 ps each step and ∆T 100 K - Trajectory length 20200 ps

- D100-200
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8. Ramp and equilibrium steps, 300 ps each step and ∆T 100 K - Trajectory length 30300 ps

- D100-300

9. Ramp and equilibrium steps, 500 ps each step and ∆T 100 K - Trajectory length 51000 ps

- D100-500

10. Ramp and equilibrium steps, 1000 ps each step and ∆T 100 K - Trajectory length 51000 ps

- D100-1000

11. Ramp, fix temperature rate 2.750 Kps−1 - Trajectory length 2000 ps - R2

12. Ramp, fix temperature rate 1.375 Kps−1 - Trajectory length 4000 ps - R4

13. Ramp, fix temperature rate 0.917 Kps−1 - Trajectory length 6000 ps - R6

14. Ramp, fix temperature rate 0.550 Kps−1 - Trajectory length 10000 ps - R10

15. Ramp, fix temperature rate 0.275 Kps−1 - Trajectory length 20000 ps - R20

16. Ramp, fix temperature rate 0.1375 Kps−1 - Trajectory length 40000 ps - R40

17. Ramp, fix temperature rate 0.055 Kps−1 - Trajectory length 100000 ps - R100

Figure S7 shows the last configuration of each annealing approach explained above.

Figure S7: Last frame of the CeO2 structures generated by all the annealing simulations carried
in the tests step. The caption above the structure means the name of the annealing approach used
to generate it.

Once the annealing simulations have reached the 0 K, 2000 ps production simulations at 0 K

were performed to generate data for the calculation of the structural and energetic properties of
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interest. Figures S8, S9 and S10 are the total potential energies, volume and surface areas of the

CeO2 nanoparticles at 0 K obtained with OVITO.
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Figure S8: Total potential energies for the CeO2 nanoparticles. The gray columns are the total
energies for 2.0 ns of simulation at 0.0 K, while the red columns are the total energies for the
minimized CeO2 nanoparticle. The minimization were performed for the last configurations
from the 2.0 ns simulation, to ensure that the nanoparticles were in the minimum energy.

Figure S9: Nanoparticles volumes for the CeO2 nanoparticles at 0 K.

S-11



Figure S10: Surface area for the CeO2 nanoparticles at 0 K. For the Nanoparticles names, check
above.

Figure S11: Radial distribution functions (g(r)) for the pairs Ce – O, O – O and Ce – Ce in the
surface and core regions for the lowest energy nanoparticles from the annealing tests (R-100,
D100-500 and D100-1000, Figure S7), as well as the relaxed crystal structure, Figure S3. Only
very small differences can be seen in the plots for the annealed particles, showing that they
display the same local ordering.
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4 Final Recrystallization Protocol Details

In virtue of recent literature contributions of Sayle group,6,7 we are using for the recrystallization

process the potential parameters as the ones used by Grimes group.8 The new parameters set (see

table on main paper) was tested and directly compared with the original parameters set to certify

that we can choose the best parameters to represent the physical nature of this system. We have

run a series of simulations with Sayle’s parameter set. We did not performed the full analysis on

those test calculation, but we performed XRD and vacancy characterizations, because they open

the opportunity of direct comparing results to experimental measurements. Figures S13 and S14

present sample analysis with the structures obtained using original Sayle’s potential parameters.

Figure S12: Comparison between Sayle and Grimes proposed pair potential, including
Buckingham and Coulomb interaction, for CeO2 and Ce2O3.
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Figure S13: Sample of the analysis regarding number of vacancies in a structure as function
of the temperature in the annealing process. This result was obtained for a 6× 6× 6 CeO2
nanoparticle.

Figure S14: Sample of the XRD calculated by LAMMPS for our 6×6×6 CeO2 nanoparticle at
300 K (non-equilibrium single frame). The experimantal result was extracted from reference9.
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5 Umbrella Sampling Details

In special cases where the system can be described as a reaction coordinate R, the biased free

energy FBiased(R) can be written as the sum of the unbiased free energy FUnbiased(R) with the

Ωn(R) function,10,11

Ωn(R) =
1
2

K(R−R0)
2 , (1)

where Ωn is a harmonic potential, K is the force constant and n the MD window in which the

US is calculated. The unbiased free energy is obtained from the thermodynamic average of the

distribution function described below,

Φ(R) =
∫

δ (Rr−R)e
−E(rN )

kBT dr′N∫
e
−E(rN )

kBT dr′N
, (2)

where Φ(R) represents the probability distribution in all simulation frames and E(rN) is the

potential energy. In this way, unbiased free energy is obtained using the US technique using the

following equation,

FUnbiased(R) =
1

kBT
ln(Φ(R))−Ωn(R)+Fm . (3)

The constant Fm arises naturally due to the self-consistent nature of the method, by

minimizing the displacement of free energy between different MD frames. In this way, applying

US simulations in series, we can obtain the energy barrier between two regions of the simulated

model. Weighted average free energies are obtained using the weighted histogram analysis

method (WHAM),12 which evaluates a weighted average of the individual window distributions

generated by MD simulations.
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6 Additional Data for 6×6×6 Supercell Particle

6.1 Density versus Temperature plot
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Figure S15: Density evolution in the system as time evolves in the annealing process. The
results shown in this plot are from the 6×6×6 CeO2-Ce2O3 nanoparticles.
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Figure S16: Density evolution in the system as time evolves in the annealing process. The
results shown in this plot are from the 6×6×6 CeO2-Gd2O3 nanoparticles.
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Figure S17: Density evolution in the system as time evolves in the annealing process. The
results shown in this plot are from the 6×6×6 CeO2-La2O3 nanoparticles.
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6.2 XRD for pristine systems in all phases available in Material Project
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Figure S18: X-ray diffraction pattern obtained for our final structures for CeO2 and Ce2O3
compered with the same materials from Materials Projects. For our results, we done a 300 K
molecular dynamics using the 0 K structure, taking average XRD over 500 ps. For the structures
from Materials Project, we build a 6×6×6 supercell and done single frame XRD pattern. All
data was post processed with an 1 / low-pass filter to remove noise.
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6.3 g(r) for all 0 K structures
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Figure S19: Partial g(r) obtained for each pair or species in our final CeO2 structure. This result
is the average data from the same 500 ps 300 K molecular dynamic used to get XRD data.
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Figure S20: Partial g(r) obtained for each pair or species in our final Ce3+ mixed structures.
This result is the average data from the same 500 ps 300 K molecular dynamics used to get XRD
data.

Figure S21: Partial g(r) obtained for each pair or species in our final Gd3+ mixed structures.
This result is the average data from the same 500 ps 300 K molecular dynamics used to get XRD
data.
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Figure S22: Partial g(r) obtained for each pair or species in our final La3+ mixed structures.
This result is the average data from the same 500 ps 300 K molecular dynamics used to get XRD
data.

Figure S23: Partial g(r) obtained for each pair or species in our final Zr4+ mixed structures.
This result is the average data from the same 500 ps 300 K molecular dynamics used to get XRD
data.
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6.4 Radial Distribution Function at 0K

Figure S24: Radial distribution of cation species for the 6× 6× 6 CeO2-Ce2O3 mixed
nanoparticles at 0 K.

Figure S25: Radial distribution of cation species for the 6× 6× 6 CeO2-Gd2O3 mixed
nanoparticles at 0 K.

S-22



Figure S26: Radial distribution of cation species for the 6× 6× 6 CeO2-La2O3 mixed
nanoparticles at 0 K.

Figure S27: Radial distribution of cation species for the 6 × 6 × 6 CeO2-ZrO2 mixed
nanoparticles at 0 K.
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In a mixed system AB with radial distribution of particles of the specie A in relation to the

geometric center described by the function gA(r), we can define:

gA
rel(r) =

gA(r)
gA(r)+ gB(r)+ ε

(4)

where epsilon = 0.001 is included to prevent zero denominator error in the automated obtaining

of this data. The physical meaning of gA
rel(r) is that it you chose randomly a particle P particle

(that can be only one of the species A and B) that is rP apart from the geometric center of the

system, the probability that this particle is of the type A is given by gA
rel(rP).

Figure S28: Relative radial distribution of cation species for the 6×6×6 CeO2-Ce2O3 mixed
nanoparticles at 0 K.

Figure S29: Relative radial distribution of cation species for the 6×6×6 CeO2-Gd2O3 mixed
nanoparticles at 0 K.

Figure S30: Relative radial distribution of cation species for the 6×6×6 CeO2-La2O3 mixed
nanoparticles at 0 K.
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Figure S31: Relative radial distribution of cation species for the 6×6×6 CeO2-ZrO2 mixed
nanoparticles at 0 K.

6.5 Excess Energy plot for each alloying specie

Figure S32: Excess energy plot for the obtained systems as used in x-ray diffraction (300 K).
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6.6 Vacancy Creation Energy in pure CeO2

Figure S33: Variation of energy in the creation of vacancies as a function of the nanoparticle
radius. In red, vacancies in the optimized structure have less energy variation than the not
optimized structure in black.
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6.7 Oxygen sites population

Figure S34: Evolution of the number of oxygen sites (or cation tetrahedra) in the pure systems.
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7 Data for 5×5×5 Supercell Particle
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Figure S35: Final geometry, at 0 K, for the test cases starting from a 5×5×5 supercell.
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Figure S36: Excess energy calculated for the systems shown in Figure S35.

Figure S37: Dependency of the number of oxygen vacancies in the final structure on the relative
concentration of the cation on mixed nanoparticles.
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Figure S38: Map of electrostatic potential obtained with PME analysis for all nanoparticle
structures at 0 K in relation to the M/Ce4+ ratio.
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