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Oxidation energetics of Cr

and Mn fluorides
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Figure S1: Variation of fluorination reaction enthalpy (solid line) with increasing U in the Hubbard U corrected
strongly constrained and appropriately normed (SCAN+ U, panels a and ¢) and the U corrected restored regularlized
SCAN (r2SCAN+U, panels b and d) frameworks Cr (panels a and b) and Mn (panels ¢ and d). Horizontal dotted
line of a given colour in each panel reflects the experimental oxidation enthalpy for the reaction considered, with the
vertical dashed line of the same colour signifying the U value that minimizes error between SCAN+ U /r2SCAN+ U
predictions and experiments for the respective reaction. Vertical blue and orange dashed lines indicate optimal
U (magnitude is annotated as text with the same colour as the line) for SCAN+U and r2SCAN+ U functionals,

respectively.



Magnetic configuration of transition metal fluorides (TMF's)

MF, MnF,

Figure S2: The ground state ordering of magnetic moments on the transition metal (TM) ions in TMFs. The light
blue and orange spheres represent the TM and F atoms, respectively. M in MF5 represents Cr, Mn, Fe, Co, Ni,
or Cu, while M in MFj signifies Ti, V, Cr, Fe, Co, or Ni. Red arrows indicate the direction of magnetic moments
on TMs. All the structures presented here have similar antiferromagnetic (AFM) (G-type or T/1]) ordering, except
MnF3 which has an A-type AFM (111{) ordering. Note that NiF3 exhibits a ferromagnetic (FM) ground state in
preference to the AFM configuration displayed here. CuF and TiF, are non-magnetic and are not presented here.



Figure S3: Different ferromagnetic and AFM orderings of CrF4 (panels a-c) and MnF, (panels d-i) considered in

calculated

Panel ¢ and i are the SCAN-

our calculations. All notations used in this Figure are similar to Figure

ground states for CrFy and MnF, respectively.



Oxidation energetics of Ni and Cu fluorides

)
~—

T T T T T T b) _24

T L] L] L] L] L] L] L]
0.4} T Experiment 7 '
I |—@— SCAN-NIF,NiF, S
1 2 . . 1
0.0} ! [ZO—r'SCANNINIF, _ -28p 1+ [ Experiment 7
: : —@— SCAN-CUF/CuF,
-04F}F i 3.2} '3 — 00— SCAN-CUF/CUF, |
. . : 1
1 1 g
1 1
_O 8 = 1 i 1
' i -36}F i
1
1
1
1
1
1
4

Reaction Enthalpy (eV/F,)

-1.2F 2 -
° -40} ! ]
e T S OO ; :
! 44} ! :
_20 : 1 1 1 1 1 1 : 1 1 1 1 1 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
UeV) U(eV)
C L] L} L} L} L} L] L] L] L] L] d) _4-8 T T T T T T T T
) 08F '+ - Experiment 7
—@—SCAN-NiF,/NiF;[ e e s s s m s s s nnnn e nne
00 _56 N T Experiment T
—®—SCAN-CuF/CuF,
-0.8 -6.4F .
-1.6 -7.2 i

-8.0

Reaction Enthalpy (eV/F,)
Reaction Enthalpy (eV/F,)

-8.8}F

-5 -12 -9 -6 -3 0 3 6

U(eV)

Figure S4: Oxidation enthalpy versus applied U within the SCAN+U and r?>SCAN+ U frameworks for (a) Ni and
(b) Cu fluorides. Oxidation enthalpy versus applied U for a wider range of -3 to 6 ¢V for (¢) Ni and -15 to 6 eV for
(d) Cu fluorides within the SCAN+ U framework. Notations on the plot are similar to those used in Figure 2 of the
main text.



Projector Augmented Wave potentials

Table S1: Projector augmented wave potentials used to describe the core electrons in our calculations.

Element Potential

Ti Ti_pv 07Sep2000

A% V_pv 07Sep2000

Cr Cr_pv 02Aug2007
Mn Mn_pv 02Aug2007
Fe Fe_pv 02Aug2007
Co Co_pv 23Apr2009
Ni Ni_pv 06Sep2000

Cu Cu_pv 06Sep2000
Na Na_pv 19Sep2006
F F 08Apr2002




Optimized U with data at 298 K and 0 K

Table S2: Experimental enthalpy of formation at 0 K extrapolated from enthalpy measured at high temperature (>
298 K) as presented in [I] and the corresponding calculated U value of 3d transition metal fluorides (TMFs) for
SCAN+U and r*SCAN+U.

Compound AH;}Xpt U (eV)
(eV/atom) at 0 K SCAN+U 1r2SCAN+U
TiF3 -3.713
TiF, -3.414 45 4.5
VF3 -3.272
VFy -2.904 3.0 33
CrFo -2.687
CrF; -2.997 1.7 1.1
CrFy -2.581
MnF, 2.954
MnF3 -2.770 3.9 3.2
MnF, -2.239
FeFo -2.479
FeF, -2.628 3.6 3:5
CoF9 -2.323
CoFs -2.043 3.7 52




Lattice parameters, on-site magnetic moments, and band gaps

Table S3: Experimental, SCAN, SCAN+ U, r?SCAN, and r2SCAN+ U lattice constants (A), lattice angles (°), band

gaps (eV), and average on-site magnetic moments (up, on the 3d ions) of all the TMFs considered in

this work. The structural space group is also listed for all compositions.

Lattice constants Lattice angles Band gap On-site
Composition  Source (A) ) magnetic
(space group) a b c ! B y (eV) moment (ug)
TiFs Expt. 5.52 5.52 5.52 59.1 59.1 59.1 _ 0.0
(R3cR) SCAN 5.48 5.43 5.51 58.6 59.1 58.8 0.19 0.9
SCAN+U 5.59 5.51 5.63 58.6 59.0 58.6  3.71 0.9
r’SCAN 5.48 5.46 5.53 58.7 59.0 58.8 0.19 0.9
r’SCAN+U  5.60 5.53 5.64 58.5 59.0 58.6  3.68 0.9
TiFy Expt. 22.81 3.85 9.57 90.0 90.0 90.0 _ -
(Pnma) SCAN 22.26 3.86 9.47 90.0 90.0 90.0 4.37 0.0
SCAN+U 22.38 3.91 9.51 90.0 90.0 90.0 4.72 0.0
r’SCAN 22.43 3.87 9.51 90.0 90.0 90.0 4.37 0.0
r’SCAN+U  22.52 3.93 9.56 90.0 90.0 90.0 4.73 0.0
VF; Expt. 5.37 5.37 5.37 575 57.5 57.5 _ 2.0 [2]
(R3cR) SCAN 5.34 5.34 5.33 57.1 57.1 572 0.75 1.8
SCAN+U 5.41 5.41 5.41 575 57.6 57.6 3.84 1.9
r’SCAN 5.37 5.37 5.37 575 57.5 57.5 0.58 1.8
r’SCAN+U  5.44 5.44 5.44 575 57.5 57.5  3.88 1.9
VF, Expt. 5.38 5.17 5.34  90.0 59.7 90.0 _ 1.0 [3]
(P21/c SCAN 5.29 5.16 5.27  90.0 60.5 90.0 1.18 1.0
SCAN+U 5.34 5.20 5.30  90.0 60.7 90.0 3.54 1.0
r2’SCAN 5.32 5.16 5.30  90.0 60.3 90.0 1.14 1.0
r’SCAN+U  5.36 5.21 5.32  90.0 60.6 90.0 3.64 1.0
CrFq Expt. 4.73 4.72 3.50 90.0 96.5 90.0 _ 3.6 []
(P21/c SCAN 4.68 4.62 3.58  90.0 97.6 90.0 1.68 3.7
SCAN+U 4.70 4.68 3.52  90.0 95.7 90.0 2.24 3.7
r’SCAN 4.71 4.67 3.57 90.0 97.7 90.0 1.47 3.7
r’SCAN+U  4.71 4.68 3.56  90.0 96.8 90.0 2.20 3.7
CrF; Expt. 5.26 5.26 526 56.6 56.6 56.6 3.0 [2]
(R3cR) SCAN 5.24 5.24 524 57.0 57.0 57.0 1.90 2.8

Continued on next page



Table S3: Experimental, SCAN, SCAN+ U, r2SCAN, and r2SCAN+ U lattice constants (A), lattice angles (°), band
gaps (eV), and average on-site magnetic moments (up, on the 3d ions) of all the TMFs considered in

this work. The structural space group is also listed for all compositions. (Continued)

SCAN+U 5.26 5.26 5.26  57.0 97.0 97.0 2.24 2.8
r’SCAN 5.25 5.25 5.25  56.9 56.9 56.9 1.59 2.8
r’SCAN+U  5.27 5.27 5.27  56.9 56.9 56.9 2.24 2.8
CrFy Expt. 8.30 8.30 3.74  90.0 90.0 90.0 _ -
(P42/mnm) SCAN 8.07 8.07 3.78  90.0 90.0 90.0 0.00 1.9
SCAN+U 8.10 8.10 3.79  90.0 90.0 90.0 0.30 2.0
r2’SCAN 8.14 8.14 3.79  90.0 90.0 90.0 0.21 2.0
r’SCAN+U  8.13 8.11 3.80  90.0 90.0 90.0 041 2.0
MnF, Expt. 4.87 4.87 3.31  90.0 90.0 90.0 _ 5.0 [5]
(P42/mnm) SCAN 4.85 4.85 3.30  90.0 90.0 90.0 2.60 4.9
SCAN+U 4.87 4.87 3.31  90.0 90.0 90.0 3.89 4.7
r’SCAN 4.86 4.86 3.30  90.0 90.0 90.0 2.74 4.6
r’SCAN+U  4.89 4.89 3.32 90.0 90.0 90.0 3.81 4.7
MnF'3 Expt. 10.07 5.12 5.29 63.7 61.6 60.5 _ 4.0 [2]
(C12/c1) SCAN 9.80 5.02 0.27 64.7 62.3 60.8 1.06 3.6
SCAN+U 9.80 5.04 59.29 644 62.4 61.0 2.56 3.8
r’SCAN 9.88 5.06 5.28 64.3 62.1 60.8 0.89 3.7
r’SCAN+U  9.92 5.09 5.29 64.0 62.0 60.9 2.08 3.8
MnF, Expt. 12.63 12.63 6.05 90.0 90.0 90.0 _ 3.9 [6]
(I41/a) SCAN 5.93 9.36 9.36 84.3 71.6 715 218 2.6
SCAN+U 5.95 9.40 941 84.3 71.6 71.6 241 2.9
r’SCAN 5.98 9.39 9.39 84.2 71.4 71.4 1.86 2.7
r’SCAN+U  5.98 9.44 9.44 84.2 71.5 715 213 2.9
FeFq Expt. 4.70 4.70 3.31  90.0 90.0 90.0 _ 3.8 [7]
(P42/mnm) SCAN 4.65 4.65 3.30  90.0 90.0 90.0 0.88 3.7
SCAN+U 4.70 4.70 3.30  90.0 90.0 90.0 3.57 3.8
r’SCAN 4.66 4.66 3.32 90.0 90.0 90.0 0.94 3.7
r’SCAN+U  4.72 4.72 3.30  90.0 90.0 90.0 3.54 3.8
FeF'3 Expt. 5.36 5.36 5.36 579 57.9 57.9 5.0 [2]
(R3cR) SCAN 5.36 5.36 5.36 579 57.9 97.9 2.62 4.2
SCAN+U 5.36 5.36 5.36 579 97.9 97.9 5.27 4.5
r’SCAN 5.37 5.37 5.37 579 97.9 97.9  2.67 4.2

Continued on next page



Table S3: Experimental, SCAN, SCAN+ U, r2SCAN, and r2SCAN+ U lattice constants (A), lattice angles (°), band
gaps (eV), and average on-site magnetic moments (up, on the 3d ions) of all the TMFs considered in

this work. The structural space group is also listed for all compositions. (Continued)

r2SCAN+U 537 537 537 57.9 579 579 5.20 45
CoF, Expt. 470 4.70 3.18  90.0 90.0 900 2.6 [§]
(P42/mnm)  SCAN 465 465 3.18  90.0 90.0  90.0 1.59 2.7
SCAN+U 468 468 3.18  90.0 90.0  90.0 4.58 2.8
r2SCAN 466  4.66 3.19 90.0 90.0  90.0 1.44 2.7
r2SCAN+U  4.69  4.69 3.18  90.0 90.0  90.0 4.92 2.9
CoF's Expt. 5.28 5.28 528 57.0 570  57.0 3.2 [9]
(R3cR) SCAN 5.22 5.30 531 56.3 554 554 0.75 3.1
SCAN+U  5.26 5.25 528 55.7 558 552 293 3.4
r2SCAN 5.31 5.26 533 55.9 565  56.0 0.71 3.1
12SCAN+U  5.22 5.31 528 56.4 560  56.0 3.23 3.4
NiF, Expt. 465 465 3.08  90.0 90.0  90.0 2.0 [10]
(P42/mnm)  SCAN 462 462 3.05 90.0 90.0  90.0 2.83 1.7
r2SCAN 463 463 3.06  90.0 90.0  90.0 2.78 1.7
NiF3 Expt. 5.53 7.70 537 90.0 90.0  90.0 ,
(R3R) SCAN 5.11 5.11 511 55.5 555 555 0.41 1.6
r2SCAN 5.11 5.11 511 55.5 555 555 0.43 1.6
CuF Expt. 6.69 6.69 6.69 60.0 60.0 600 - 0.0
(F43m) SCAN 6.73 6.73 6.73  60.0 60.0  60.0 0.00 0.1
r2SCAN 6.71 6.71 6.71  60.0 60.0  60.0 0.00 0.1
CuF, Expt. 330 456 4.64 90.0 833 900 0.73 [11]
(P21/c) SCAN 333 4.50 454 90.0 83.0  90.0 1.25 0.8
r2SCAN 329 453 459 90.0 831  90.0 0.96 0.8
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Density of states calculations

The electronic density of states (DOS) for all TMFs calculated with SCAN, SCAN+ U, r2SCAN, r2SCAN+U
(for U optimized at 298 K formation enthalpy) are illustrated from Figures S5—S12. For V and Fe-fluorides the
calculated DOS with U optimized using experimental data at 0 K and 298 K are depicted in Figures S13 and S14.
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Figure S5: DOS for TiF3 calculated using (a) SCAN, (b) SCAN+U, (c) r2SCAN and (d) r2SCAN+U. DOS for TiF,
calculated using (e) SCAN, (f) SCAN+U, (g) r2SCAN and (h) r2SCAN+ U. Solid orange and green lines represent
F p and transition metal (Ti) d states. Dotted blue lines are band edges, with text notations indicating band gaps.
In metallic structures, dashed black lines indicate the Fermi level. The zero of the energy scale is referened to the
valence band edge in non-metals and to the Fermi level in metals.
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Figure S7: DOS for CrFy (top row), CrF3 (middle row), and CrFy (bottom row) calculated using SCAN (panels a,
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Figure S13: Comparison of DOS for VF3 (top row) and VF4 (bottom row) calculated using SCAN+U with U
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Figure S14: Comparison of DOS for FeFy (top row) and FeFs3 (bottom row) calculated using SCAN+U with U
optimized using experimental data at (panels a, ) 0 K and (b , f) 298 K, and r2SCAN+U with U optimized using
experimental data at (¢, g) 0 K and (d, h) 298 K. Notations in each panel are similar to Figure
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Powder colors and band gaps

The estimated empirical band gap values of most TMFs lies within the range of 1.6 and 3.2 eV. For instance, the
colour of TiF3, MnF, and CrFs lies in the violet, blue and green-blue colour spectrum which corresponds to a band
gap of ~3.1, ~2.7 and ~2.4 eV, respectively, while for VF4, CrF3, CrFy, FeF; lies in the blue (corresponds to band
gap of ~2.2 eV) colour spectrum. Similarly, the colour of VF5 and NiFs, CoFj is lies in the green-yellow (~2.1 eV),
yellow (~1.9 eV), and brown (~1.8 eV) colour spectrum, respectively, while MnFy, MnF3, CoF5 is red (~1.7 eV).
Whereas the band gap of NiF3 is approximated ~1.0 eV, due to its black powder colour appearance. Note that a

material with black powder colour might also corresponds to a metallic character or zero band gap.

Table S4: Powder sample colors of binary TMF's and corresponding numerically approximated band gap values from
literature sources.

Powder Estimated
Compound sample colors band gap (eV)
TiFs Violet [12] 3.1
TiF, White [12] 3.2
VF3 Yellow-green [12] 2.1
VFy Green [12] 2.3
CrF, Green-blue [12] 2.5
CrFs Green [12] 2.3
CrFy Green [12] 2.3
MnF, Red [12] 1.7
MnF3 Red [12] 1.7
MnF, Blue [12] [13] 2.7
FeFy White [12] 3.2
FeF3 Green [12] 2.3
CoF4 Red [12] 1.6
CoF3 Brown [12] 1.8
NiFs Yellow [12] 2.1
NiF; Black [12} 4] 1.6
CuF White [12] 3.2
CuF, White [12] 3.2
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U with 298 K data versus U with 0 K data

Table S5: Comparison of calculated and experimental lattice parameters, on-site magnetic moments, and band gaps
for V- and Fe-fluorides. Calculated values with optimal U derived using experimental data at 0 K and 298 K are
listed for both SCAN+U and r?SCAN+-U.

Lattice constants On-site
Composition Source (A) Band gap magnetic
a b c (eV) moment (4p)

Expt. 5.37 537  5.37 , 2.0 2
SCAN+U 5.41 5.41 5.41 3.84 1.9
VF; Uat 298 K agcAN+ U 544 544 544 388 1.9
U at 0K 2SCAN+U 5.38 5.41 5.38 2.92 1.9
r*SCAN+U 5.41 5.42 5.41 3.05 1.9

Expt. 5.38 517  5.34 , 1.0 [3]
SCAN+U 5.34 5.20 5.30 3.54 1.0
VE, Uat28 K ag0AN+U 536 5.21 532 3.64 1.0
U at 0 K 2SCAN+U 5.31 5.19 5.27 2.93 1.0
r*SCAN+U 5.34 5.20 5.33 3.04 1.0

Expt. 4.70 470 331 , 3.8 [
SCAN+U 4.70 4.70 3.30 3.57 3.8
FeF, Uat28 K agoaNt+U 472 472 330 3.54 3.8
U at 0 K SCAN+U 4.68 4.69 3.30 2.76 3.8
r’SCAN+U 4.70 4.70 3.31 2.77 3.8

Expt. 5.36 536 5.36 , 5.0 2
SCAN+U 5.36 5.36 5.36 5.27 4.5
FeF Uat28 K ag0AN+U 537 537 537 5.20 45
U at 0 K SCAN+U 5.36 5.36 5.36 4.46 4.4
r’SCAN+U 5.37 5.37 5.37 4.44 4.4
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Band gap comparisons
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Figure S15: Band gap difference (in eV) across all TMFs considered between the experimental (approximated
from powder sample color) and computed values using SCAN (first row), SCAN+ U (second), r*SCAN (third), and
r2SCAN+U (fourth) are displayed. We define the difference as the experimental gap minus the calculated gap. The
grey (red) square boxes indicates an underestimation (overestimation) of the calculated gaps against the experimental
gaps. Hatched squares in second and fourth rows indicate absence of SCAN+U and r2SCAN+U calculations, since
a U correction is not required for Ni and Cu fluorides.

Table S6: Comparison of SCAN, SCAN+U, r?SCAN and r2SCAN+U calculated band gaps with hybrid functional
(HSE06) for TiF3, FeFy and CoF5. Additionally, we compared our calculated band gaps in VF3, CrF3, MnF3, FeF3,
CoF3, and NiF3 against computed HSE06 band gaps reported in Ref [15]

. We used the U values optimized using experimental data at 298 K for the comparison here.
Calculated band gaps (eV)

Systems —epo6 SCAN SCANTU 2SCAN 2SCANTU
TiF3 2.54, 2.87 ﬂm 0.19 3.71 0.19 3.68

FeF2 3.3 0.88 357 0.94 3.54

CoF2 4.48 1.59 4.58 1.44 4.92

VF3 3.40 [175] 0.8 3.8 0.6 3.9

CrF3 4.91 m 1.9 2.2 1.6 1.8

MnF3 3.03 m 1.1 2.6 0.9 2.1

FeF3  5.35 [I5] 26 53 9.7 5.2

CoF3  3.95 [I3] 0.7 29 0.7 3.9

NiF3 3.28 m 0.4 - 0.4 -
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Average voltage calculations

The reaction involving an insertion/extraction of Na™ in an iron fluoride cathode during discharging/charging

process can be represented by the redox reaction in Equation 1:

FeF3 4+ Na®™ 4+ ¢~ == NaFeF3 (1)

The average intercalation voltage due to (de)intercalation of one mole of Nat can be calculated using the Nernst

equation (Equation 2) as follows:
_AG  E(NaFeFs) — [E(FeF3) + fina) @)
F F
Where AG is the Gibbs energy change, which is approximated by the total energy (E) change as calculated by
DFT (i.e., AG = AFE), F is the Faraday constant, and un, is the Na chemical potential in pure Na metal.

(V)=
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Figure S16: Structure of fully charged (FeF3) and discharged (NaFeF3) phase of iron fluoride cathode, for a topotactic
Na intercalation. Na and F are indicated by yellow and grey spheres, respectively, while the FeFg octahedra are
represented by blue polyhedra. NaFeFs3 adopts an orthorhombically-distorted perovskite structure (space group:
Pnma).

23



Linear response theory calculations
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Figure S17: Determination of Hubbard U for FeF; and VFj3 using the linear response method and the SCAN
functional within a smaller range of a values.
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Figure S18: Determination of Hund’s J for VF3 using the linear response method and the SCAN functional. The

panel depicts the variation in the on-site magnetic moment (My) within the d orbitals of a single TM site, as a
function of the applied perturbation (« in eV).
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Hybrid functional calculations
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Figure S19: Calculated DOS for (a) TiF3, (b) FeFa, and (¢) CoF5 calculated using the HSE06 functional. Notations
in each panel are similar to Figure
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Charge density difference
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Figure S20: Differential charge density isosurface plotted for FeFy by subtracting the charge density of SCAN+ U
from SCAN. The yellow (green) isosurface corresponds to a negative (positive) net charge difference (of 0.01 e~
Bohr~3), while the cross section of the isosurface is illustrated in blue. The Fe and F atoms are represented by light
blue and orange spheres, respectively.
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Figure S21: Differential charge density isosurface plotted for (a) TiFy, (b) TiO2, (¢) MnF,4, and (d) MnOy by
subtracting the charge density of SCAN+U from SCAN. The yellow (cyan) isosurface corresponds to a negative
(positive) net charge difference (of 0.002 e~ Bohr=3), while the cross section of the isosurface is illustrated in blue.
The light blue, maroon, orange and red spheres represent Ti, Mn, F, and O atoms, respectively.
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Convex hull calculations
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Figure S22: 0 K ternary Na-M-F phase diagrams calculated using SCAN (panels a and c¢) and SCAN+U (b and
d), where M = V (a and b), and Cr (c and d). Stable entities within each phase diagram are indicated by green
circles. Black lines connecting different compositions are tie-lines. Unstable/metastable phases are indicated by
hollow circles, with the energy above the convex hull (EM!") provided in parenthesis.
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Figure S23: SCAN (panels and ¢) and SCAN+U (b and d) calculated 0 K ternary Na-M-F phase diagrams, where
M = Mn (a and b), and Fe (¢ and d). Notations in the figure are identical to Figure
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