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1. Literature Overview

Table S1. Literature overview on calculated bulk MO, and MF4 monoclinic crystals with M = Zr or
Hf. For plain wave calculations the cutoff energy is given in eV. The k-grid is given as k,xk,xk. or
if not available in number of irreducible k-points (kj;req.). The main aims are abbreviated as phase
transitions (PT), band structure or gap (BS), elastic (EP) and dielectric properties (DP) or phonon

spectra (Ph):
system setup aim
Kralik et al.[1] 710, LDA+GW(-/1361 eV /2 kirred ) BS
Jomard et al. [2] ZrO; LDA+PWO91+PB(VASP/300 eV /4x4x4) PT
Kuwabara et al. [3] ZrO, PWO91(VASP /500 eV /3x3x3) PT
Fadda et al.[4,5] ZrOy LDA+PBE(ABINIT /1633 eV /4x4x4) EP+DP+Ph
. PBE+PBEsol+RPBE+TPSS w/o +U
Delarmelina et al.[6] ZrOy w/0 D2/D3(VASP /550 eV /5x5x5) PT+BS+EP+DP
Demkov[7] ZrOy+HfO, | LDA(CASTEP /750 eV /4x4x4) BS
Zhao and Vanderbilt[8,9] ZrO+HfO; | LDA+PBE(-/340 eV /4x4x4) Ph+DP
Jaffe et al.[10] ZrOy+HfO, | LDA+PWI1(VASP /495 eV /9x9x9) PT+BS
Luo etal.[11] ZrO,+HfO, | LDA(VASP /800 eV /8x8x8) PS+Ph
Mullins et al.[12] ZrO,+HfO, | PBE(VASP /550 eV / 6x6x6) surface etching
Debernardi and Fanciulli[13] HfO, LDA(PWSCF /476 eV /4x4x4) PT+Ph
. ) LDA+8eV Hf-5d +6eV O-2p
Lietal[14] HIO; (CASTEP/380 eV /24x24x24) BS
. LDA+8eV Hf-5d +4.35 eV O-2p
Lietal[l5] HfO, (CASTEP /380 eV /6x6x6) BS
. HfO, PBE+6eV Hf-5d +4eV O-2p
Laudadio etal.[16] (QuantumATK /1200 eV /15x15x15)
Low et al.[17] HfO, PBEsol(ABINIT /2721 eV /6x6x6) PT+Ph
Rivas-Silva et al. [18] ZrF4+HfEs | CIS(Gaussian/STO/ cluster) BS

2. Choice of Functional

Delarmelina et al.[6] published a very elaborate benchmark on various properties
for the three phases of ZrO; with different functionals (PBE, PBEsol, RPBE and TPSS)
with/without D2 or D3 dispersion correction and /or Hubbard-type correction (+U) onto
Zr-4d. For the performance onto the atomic structure of monoclinic ZrO,, they found that
the relative error versus experiment for each lattice vector varies just from 0.2-0.3% (PBEsol)

to 1.2-2.2% (RPBE). For the original PBE, the relative errors are in between with 0.7-1.2%.
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Thus, there is little variation between these meta-/GGA functionals onto the very ionic
bulk crystal. When comparing the +U correction, the relative lattice vector errors even grow
with U. At the highest U = 8 eV, these are 1.7-3.3% (PBEsol+U 8 eV) to 2.9-4.9% (RPBE+U 8
eV). By applying D3 on a smaller U of 2 eV, the relative errors are considerably lower again
with 0.1-0.6% (PBEsol+U 2 eV + D3) to 1.5-1.6% (RPBE+U 2 eV +D3), but still higher than
PBEsol without any addition. It should also be noted that Delarmelina et. al. refer their
results to an older experimental value with lattice vectors of a = 5.145 A, b = 5.207 A and
¢ = 5.242 A [19]. When instead referencing to the slightly larger values of 2 = 5.150 A,
b =5212 A and ¢ = 5.317 A measured 23 years later by high-resolution neutron powder
diffraction [20], the relative errors of their reported PBE (550 eV cutoff/5x5x5 k-grid) are
significantly smaller with 0.2-0.8%. Compared to this newer experimental value, their
tested 0.1-1.8% (PBEsol+U 2 eV + D3) performs equally in relative errors as simple PBEsol
but worse than simple PBE. By using the hard PAW-potential on oxygen, the accurate
numerical setting and a larger cutoff, our now reported PBE (773 eV cutoff/4x4x4 k-grid)
vectors are even closer with only 0.1-0.3%. Summing up, on geometrical data of monoclinic
ZrO», applying a dispersion correction or +U correction onto the Zr-4d does not improve
the results.

The reason behind the non-observed enhancement by +U onto the crystal structure
lies within the nominal IV oxidation state, which is present in all the studied bulk crystals
within this paper. Formally, Zr(IV) possesses the electronic configuration of krypton and
Hf(IV) of xenon. Measurements on MO; have shown, that the Zr(IV)-4d and Hf(IV)-5d
form the conduction band (CB) instead of the valence band (VB), which is constructed from
the O-2p suggesting that there are no correlated d-electrons to localize by +U [21,22]. For a
longer discussion we would also like to refer to a study on HfO, by Low et al. [17].

We have seen that other authors use LDA+U on MO, with a big +U of 8 eV on Zr-4d
(or 6-8 eV on Hf-5d), in combination with another 4.35 eV (or 4-6 eV for HfO;) on O-2p to
obtain better band gap agreement [14-16]. However, for the reasons above, we chose to not
apply a large +U onto non-occupied orbitals and to simultaneously apply two empirical
+U parameters on a binary compound.

Moreover, we do not expect that the Zr-4d and Hf-5d CB significantly mixes into the
bonding to oxide or fluoride, as the band gaps of these materials are far in the insulating
regime (ZrO,: 5.83 eV [21]; HfO,: 5.86 eV [23]; ZrF4: 9.4 eV [18]; HfF4: 10.3 eV [18]). It is
well known, that GGAs generally underestimate band gaps as the electronic structure is
too delocalized. However, given the high band gaps of these ionic crystals, there is a large
tolerance before the underestimation would severely change the nature of conductivity. As
our paper does not discuss band structures, electronic excitations or other optical properties
but merely relative stabilities between the bulk solids, we chose the simple GGA approach.

3. Convergence of Computational Setup

Unless stated differently, the computational details given in the main paper apply.

3.1. k-grid Convergence

The k-grid has been tested for convergence by single point calculations on the respec-
tive experimental crystal structures. All grids are Monkhorst-Pack-type and possess an
equal number of k-points in all three dimensions. For the metallic unit cells, the converged
smearing width of 0.05 eV has been applied. As the metallic unit cells are just needed for
the cohesive energies with elemental reactants (see main paper Table 2), we considered the
convergence of AEy < 2.5 meV per unit cell enough and chose to not increase the k-grid
further than n = 17.
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Figure S1. k-grid convergence for ionic unit cells. Plotted is the difference in total energy in meV
per unit cell to the finest grid (AEy). The convergence area of AEy < 1.5 meV is visualized by
two horizontal lines. Values for n = 1,2 are not included in this zoomed-in plot due to their high
deviation.

Table S2. k-grid converged total energies (Ep) in eV for ionic unit cells. Given are the values for
the finest grid, the within 1.5 meV converged grid size and their difference (AEy). The latter is also

plotted in Figure S1:
compound | Eg (n=4) Eo(n=29) | AEy
ZrO; —~115.13051  —115.12933 | —118 x 107
HfO, —133.12904 —133.12876 —28 x107°
ZrFy —205.28538  —205.28405 | —133 x 107>

HfF, —232.20100 —232.20218 118 x 107°




Version December 13, 2022 submitted to Inorganics 54 of 511

Eyx atngrid - Eg at n =17 grid

30 4 + + Zr

+ Hf

20 -

10 A
i + -

0 —

-10 - +

AFEp in meV

-204 4
—30 1 +

_40 -

_50 T T T T T T T
3 4 5 7 9 15 17

nofk-pointgridnxn xn

Figure S2. k-grid convergence for metallic unit cells. Plotted is the difference in total energy in
meV per unit cell to the finest grid (AEp). The convergence area of AEy < 2.5 meV is visualized by
two horizontal lines. Values for n = 1,2 are not included in this zoomed-in plot due to their high
deviation.

Table S3. k-grid converged total energies (Ep) in eV for metallic unit cells. Given are the values for
the finest grid, the within 2.5 meV converged grid size and their difference (AEy). The latter is also
plotted in Figure S2:

compound | Eg (n =15) Eo (n=17) | AE,
Zr —17.042727  —17.040550 | —218 x 1075
Hf —25.479629  —25.480518 89 x 107°

3.2. Electronic Smearing Convergence

For the two metallic unit cells of Zr and Hf, the second order Methfessel-Paxton
smearing has been tested for different smearing widths () by single point calculations
on the respective experimental crystal structures applying the converged k-grid of n = 15.
The o-value of 0.05 eV has been selected for both metals as it yields the smallest deviation
between total energy (Ep) and free energy at 0 K (F), which differ by the electronic entropy.
However, for the set of tested values, all give a much smaller deviation than the k-grid
convergence error. Therefore, as well as we only need the total energy of the metal unit cell
to construct the cohesion energies, we did not sample further o-values.
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Figure S3. Second order Methfessel-Paxton smearing convergence for different smearing widths (¢)
in meV per unit cell. Plotted is the difference of free energy at 0 K (F) minus the total energy (Ey).

4. Validation on Known Crystal Structures 78
4.1. Unit Cells of Known Crystals 79

To evaluate the performance of our computational setup on the geometrical parame-
ters, Table 5S4 gives the calculated and literature unit cell parameters for all experimentally
known crystal structures used within the main paper. It also gives the absolute difference to
the experimental literature value (A exp) and the deviation from experiment in percentage
(Ao, exp) according to Equation 1.

|calc — exp|

Aoexp = oxp

% 100% = 2P 1 1009 )
exp
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Table S4. Relaxed unit cell parameters versus experimental (lit. exp) and calculated literature (lit.
PB91) values. Given are the unit cell vector lengths (a, b, c), unit cell volume (V), unit cell volume
per formula unit (V¢ ) and the non-orthogonal angle (B), each relaxed parameter is also given as
absolute difference to the experimental literature value (A exp) and the deviation from experiment
in percentage (Aq, exp); note, that for monoclinic oxides and fluorides: & = y = 90°, while for hcp
metals: « = = 90° and y = 120°:

Compound | a(Ad) b@A) c@A VA)| BO

ZrO, 5154 5224 5332 14156 | 99.55
lit. PB91 [10] | 5.197 5279 5349 14474 | 99.53
lit. exp [20] 5150 5212 5317 140.88 99.23
A exp 0.004 0.012 0.015 0.68 0.32
A% exp 0.1 0.2 03 05 0.3
HfO, 5105 5182 5277 137.64 | 99.54
lit. PB91[10] | 5128  5.191 5297 139.25 99.71
lit. exp [24] 5114 5168 5290 138.03 99.21
A exp 0.009 0.014 0.013 0.39 0.33
A% exp 0.2 0.3 02 29 0.3
ZrF, 11.694 9.889 7.660 710.40 | 126.68
lit. exp [25] 11.845 9.930 7.730 73253 | 126.32
A exp 0.151  0.041 0.070 22.13 0.36
A% exp 1.3 0.4 09 30 0.3
HfF, 11.609 9.816 7.600 694.85 | 126.65
lit. exp [26] 11.725 9.869 7.636 713.48 | 126.15
A exp 0.116  0.053 0.036 18.63 0.50
A% exp 1.0 0.5 05 26 0.4
Zr 3234 3234 5168 46.82

lit. exp. [27] | 3.242 3242 5.166 47.03

A exp 0.008  0.008 0.002 0.21

A% exp 0.2 0.2 0.03 04

Hf 3202 3202 5.056 4491

lit. exp. [28] | 3.198  3.198 5.061 44.83

A exp 0.004 0.004 0.005 0.08

A% exp 0.1 0.1 01 02

4.2. Bonding Situation in Known Crystals

We also tested our computational method on the bond lengths published for the Zr-
species. The bonding situation within the oxides is shown in Figure S4. The bond lengths
between the metal center and each of the seven oxygen atoms are listed in Table S5. For any

of the seven bond lengths, the difference to experiment (AReZ);}i O) is only 0.000-0.011 A. By
that, AR?  is one order of magnitude smaller than the difference between the two relaxed

geochemical twins ARy, with one exception. For M—Oy4, ARM_0, and AR;;p_O4 possess
the same order of magnitude.
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Figure S4. Bonding situation in a subunit of Zr/HfO». The oxygen atoms are labeled in accordance

to the bond lengths given in Table S5.

Table S5. Bond lengths between metal center and oxygen atoms (Ry_o) in relaxed ZrO, /HfO; with

the absolute difference in bond length between the two M-species (ARy-o). For comparison, also

the experimental bond lengths for ZrO; (Rez);rio) [20] are given together with the absolute difference

to the relaxed values (AR;’S O) . All values are given in A.

| Rz—o Rut-o

ARm-o | R

7o 1201

exp
ARZr— o

bond

M -0,
M -0,
M — 03
M — 0y
M —Os
M — O
M — 0Oy

2.265
2.070
2.155
2.253
2.052
2.175
2.163

2228
2.051
2.138
2.236
2.041
2.165
2.137

0.037
0.019
0.017
0.017
0.011
0.010
0.026

2.267
2.063
2.153
2.242
2.052
2.176
2.157

0.002
0.007
0.002
0.011
0.000
0.001
0.006

Figure S5. Bonding situation in a subunit of Zr/HfF4. The fluorine atoms are labeled in accordance
to the bond length in Table Sé.

The bonding situation of the fluorides is shown in Figure S6 and listed in Table Sé.

In contrast to the oxides, the relaxed bond lengths differ stronger to the experimental
bond lengths with 0.003-0.049 A. Thus, AReZ);liF and ARy_g are about the same order of
magnitude for most bonds.
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Table S6. Bond lengths between metal center and fluorine atoms (Ry;_g) in relaxed ZrF4/HfF4 with
the absolute difference in bond length between the two M-species (ARy-f). For comparison, also the
experimental bond lengths for ZrF, (Rez);f: F) [25] are given together with the absolute difference to

the relaxed values (ARQZ);RF) . All values are given in A.

bond | Rzr-r  Rusr ARm-F | RPp[25] ARZP:
Ma—F | 2082 2067 0015 2.072 0.010
My —F | 2082 2067 0015 2.072 0.010
My—F | 2082 2068  0.014 2.072 0.010
My —Fy | 2082 2068 0014 2.072 0.010
My—F | 2151 2133 0018 2.180 0.029
My —F; | 2151 2133 0.018 2.180 0.029
My —F | 2069 2054 0015 2.052 0.017
My —E) | 2069 2054 0015 2.052 0.017
Mp—F | 2097 2033  0.064 2.132 0.035
Mp—F | 2110 2093 0017 2.159 0.049
Mp—F; | 209 2083 0013 2.127 0.031
Mg —Fy | 2085 2068  0.017 2.088 0.003
Mp—Fs | 2126 2111 0015 2.148 0.022
Mp—Fs | 2051 2035 0016 2.048 0.003
Mp—F | 2095 2076  0.019 2.118 0.023
Mp—F, | 2047 2083  0.036 2.031 0.016

5. Literature ZPE Energies on MO,

Table S7. ZPE energies per formula unit (f.u.) obtained from the published optical phonon frequencies
at the I'-point calculated with the PBE, LDA or PW91 functional:

ZPE(MOQO3) in eV /f.u.
M =Zr M = Hf
Zhao and Vanderbilt[8] PBE — 0.190
Luo etal.[11] LDA 0.203 0.206
Kuwabara et al. [3] PW91 | 0.192 —
LDA 0.202 —
Fadda et al.[5] PBE 0.190 .

6. Discussion on Zr/Hf differences in AE vs. AG

The main focus of our paper is to compare the affinity of Zr(IV) vs. Hf(IV) to form
oxide or fluorides. We do not strive to accurately predict the formation energy released
under experimental conditions, but rather the relative energy difference between Zr and
Hf. For the comparison of the respective Zr(IV) and Hf(IV) reaction in Table 2, only the
solid bulk compound changes. The molecular reactants or products remain identical when
comparing the same reaction. Within this study, we compare Zr(IV) and Hf(IV) bulk
materials. Within the bulk crystals itself, we do expect little temperature and due to their
hardness very little pressure dependent contributions. A pressure induced phase transition
would only occur at 3 GPa for ZrO;[29] and even 11 GPa for HfO,[30]. Thermally, all
studied Zr and Hf oxides and fluorides are stable until at least 910°C [29,31,32]. Ab initio
molecular dynamics calculations on the monoclinic to tetragonal phase transition of HfO,
found a linear temperature dependence of AG up to 730°C [17]. This suggests that the
anharmonic contributions are only decisive for temperatures beyond. Within their surface
etching study, Mullins et al.[12] did calculate their AG as:

AG = AEpgr + AZPE + AW(T) — TAS + RTIn(Q)

The last term of volume work (RTIn(Q)) is included, as they considered a variable
number of gaseous molecules and thus variable pressures for reactants and products. Most
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importantly, they considered a bulk or surface to gas-phase reaction. Q is the quotient of
partial pressures of gaseous products divided by gaseous reactants. As entropic contri-
butions (AS), they included the translational entropy of the gaseous molecules, as well
as the surface entropy. Both do not play a role when comparing the Zr vs. Hf difference
in bulk to bulk reactions. The enthalpic contributions (AW(T)) and the difference in zero
point energy (AZPE) have been calculated for the gaseous molecules by the rigid rotator,
harmonic oscillator model, as well as for the first layer of surface atoms by a harmonic
phonon calculation. They do not clarify, whether they also performed a phonon calculation
for the bulk compounds.

Table S7 lists all found harmonic phonon DFT calculations by literature. No phonon
calculations could be found for the fluorides. The only found measured spectra could only
resolve 20 vibrations for ZrF, but 29 for HfO,, while by symmetry the monoclinic unit cell
should have 27 optical phonons [33]. The ZPE of ZrO, at the LDA-level from Luo et al.[11]
and Fadda et al.[5] agree very well, just do the two GGAs PBE and PW91 on ZrO,. One also
sees that the ZPE at the PBE-level is identical to at least 1 meV per formula unit between
ZrO, and HfO; when comparing from two sources. The only source calculating the full
phonon spectra of both compounds at the LDA-level of Luo et al.[11] gives a slightly higher
ZPE for the heavier HfO, by 3 meV per formula unit.

Harmonic vibrations are proportional to the force constant and anti-proportional to
the square root of the reduced mass. Judged by the mass, the vibrational frequencies of
HfO, should be lower than for the much lighter ZrO,. However, the Hf —-O bond distances
and thus the force constants of HfO, are significantly stronger. Because the mass difference
dominates, the low frequency modes are considerably higher in energy for ZrO; than for
HfO, as shown by calculations of Luo et al.[11] and measurements by Quintard et al. [34].
Within the high frequency regime of oxygen-dominated vibrations, both found slightly
higher frequencies for HfO, than for ZrO» due to the stronger force constants.

Based on these observations on MO;, we make the following assumptions for the
ZPE of MF,. Because of the slightly higher mass of F than O, the reduced masses of a
single Hf -F bond grows stronger than the Zr one compared to the oxides. This should
decrease the vibrational frequencies and thus lower the ZPE of HfF4 vs. ZrF4. Comparing
the ZPE per formula unit of the oxides vs. the fluorides, we expect a considerably higher
value for the latter, because the formula unit contains 5 instead of 3 atoms. However,
all additional atoms are fluorine and all Hf —F bonds are also shorter and thus expected
to have stronger force constant than Zr—F. Consequently, these should add more high
frequency vibrations dominated by fluorine. These could make the possible difference
between Hf and Zr-species even smaller than the found 0-3 meV per formula unit for the
oxides. Summing up, we expect the effect of stronger mass increase per single M-F bond
within the fluorides on the one side and more anion-dominated vibrations with shorter
interatomic distance Hf —F than Zr—F on the other side to counterbalance as they did in
the oxides.

6.1. Test Calculations in the Gas-Phase

To invest why the bulk to gas-phase reactions reported by Mullins et al. [12] predict the
opposite Zr to Hf trend as our bulk to bulk reactions, we performed additional gas-phase
calculations.

We relaxed tetrahedral ZrF4 and HfFy in the gas-phase by ORCA 5.0.3[35] at the
PBE/def2-TZVP[36] level applying D, symmetry, a TightSCF and a final DFT grid of 5.
When applying the Karlsruhe basis of def or def2, most programs use the corresponding
Stuttgart effective core potentials (ECP) per default. For Zr, this default ECP contains 28
core electrons, while for Hf, this default ECP is a very large core with 60 electrons [37]. For
comparison, we performed the same relaxation as all-electron calculation with additional
ZORA [38,39] to account for the scalar relativistic effects. By the analytical Hessian, we
obtain the ZPE. The relaxed bond lengths and ZPE are given in Table S8.
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Table S8. Comparison of M—F bond length in A and ZPE in meV per formula unit for molecular
ZrF4 and HfF4 with or without ZORA:

PBE/def2-TZVP PBE/def2-TZVP/ZORA
Rv_r ZPE  Ryr ZPE

ZiF, | 1103 2175  1.100 2143

HfF, | 1.104 2097  1.097 2143

Table S8 shows that with the default ECP, PBE predicts a too large Hf —F bond distance,
which results in a too small ZPE. Note that this is not observed in the solid state calculations,
that are giving a smaller Hf -F than Zr-F distance. These test calculations suggest that for
the gas-phase, it is vital not to use the default large core on Hf but to include all electrons
and treat the scalar relativistic effects more explicitly than by ECP. However, according to
their paper, Mullins et al. [12] did not include any relativistic correlation. They also do not
state if they used a non-default smaller core on Hf.
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