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Table S1. Rietveld refinement of synchrotron XPD data for synthesized samples of Fe3Oa,

ZnFe>04, and MgFe20a.

FesOq ZnFe204 MgFez0s
No. phases 1 1 2
Crystal System cubic cubic Phase 1 - cubic Phase 2 - cubic
Space Group Fd-3m Fd-3m Fd-3m Fd-3m
Rwp (%) 3.64 6.35 5.24
Weight Fraction 1 1 0.57 0.43
a=b=c(A) 8.3754(2) 8.4306(2) 8.3683(4) 8.440(6)
Size (nm) 9.7(2) 13.2(2) 15.2(2) 2.7(2)
Fe (8a) % 100 - 75(4)
Mg (8a) % - - 25(4)
Zn (8a) % - 100 -
Fe (16d) % 100 100 63(2)
Mg (16d) % - - 37(2)
Zn (16d) % - - -
O Coord 0.25280(3) 0.2588(1) 0.25171(1)
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Figure S1. Rietveld refinement of synchrotron XPD data for (a) FesOa4, (b) ZnFe2O4 and (c)
MgFe20s.
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Figure S2. Representative current vs. potential cyclic voltammetry profiles for FezOs, MgFe2Og,
and ZnFe>Os. Cycles (a) 1, (b) 2, and (c) 3 are shown using a scan rate of 0.1 mV/s between 0.05

Table S2: Combined R-factor from EXAFS fits of k, k? and k3 k-weights for Fes04, MgFe204

and ZnFe20s.
State FesOq MgFe:0. (i';ie;;)e‘; (err']':eeé;“)

unlithiated 0.9 2.1 0.9 2.7
0.5 e- lithiation 1.3 2.0 0.9 2.6
1 e- lithiation 3.9 2.4 0.8 1.1
2 e- lithiation 1.2 2.0 11 1.6
4 e- lithiation 0.8 2.1 1.0 1.6
6 e- lithiation 1.9 2.4 1.8 25
full lithiation 0.7 2.4 3.2 3.1
4 e- delithiation 3.2 2.7 2.1 0.8
full delithiation 4.2 5.0 3.4 0.9
2 lithiation 1.2 1.0 0.7 1.9
2" delithiation 2.9 4.9 2.7 0.8




Table S3: Fitted Eo from EXAFS fits of k, k? and k® k-weights for FesOs, MgFe204 and

ZnFe20q.
State FesOq MgFe:Ou (ZFZZGJ;DS (ZZ';]FeeéSe“)

unlithiated -1+1 S5+1 S5+1 62
0.5 e- lithiation 2 1 S5+1 -1+1 61
1 e- lithiation 2%1 4+1 -3+1 33
2 e- lithiation 51 S5+1 -1+1 0x1
4 e- lithiation 3x1 5+2 2+1 2%1
6 e- lithiation -3%1 -8+2 2%2 2+1
full lithiation 21 52 4+2 5+2
4 e- delithiation -1x7 2+1 62 4+1
full delithiation 2+1 2+1 1+1 4+1
2" lithiation 2+1 5+1 4+1 411
2" delithiation -1+2 3+l -1+1 4+1
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Table S4: Debye-Waller factor fit results for FesOs, MgFe204 and ZnFe;Oa.

State FesOs MgFezOs ZnFe204 (Fe ZnFe204 (Zn edge)
edge)
(0)0.010£0.002 | (0)0.01%0.01 (0) 0.005 + 0.001 (0) 0.006 + 0.003
unlithiated (Fe) 0.010 + (Fe) 0.009 +0.002 | (Fe)0.005+0.001 | (Fe)0.006 +0.003
0.002 (Mg) 0.009 +0.002 | (Zn) 0.008 +0.002 (zn) 0.002 £ 0.004
(0)0.010£0.001 | (0)0.01%0.01 (0) 0.005 + 0.001 (0) 0.007 +0.003
0.5 e- lithiation (Fe) 0.010 + (Fe) 0.008 +0.002 | (Fe)0.005+0.001 | (Fe)0.007 +0.003
0.002 (Mg) 0.008 + 0.002 | (Zn) 0.007 £0.002 | (Zn) 0.002 + 0.004
(0) 0.010 + 0.003 (0) 0.004 + 0.004 (0) 0.006 £ 0.002 (O) 0.003 £ 0.005
1 e- lithiation (Fe) 0.010 + (Fe) 0.008 +0.002 | (Fe)0.007+0.001 | (Fe)0.007 +0.004
0.002 (Mg) 0.008 +0.002 | (Zn) 0.005 + 0.002 (Zn) 0.009 + 0.005
(0) 0.010 + 0.001 (0) 0.012 + 0.002 (0) 0.011 £ 0.002 (0) 0.012 £ 0.002
2 e- lithiation (Fe) 0.014 + (Fe) 0.012+0.002 | (Fe)0.01£0.001 | (Fe)0.012+0.002
0.001 (Mg) 0.012 + 0,002 | (Zn)0.01£0.001 | (Zn)0.011+0.003
(0)0.01 £0.003 | (O) 0.010 +0.002 (0) 0.012 + 0.002
(0) 0.01 £ 0.002
e- lithiation e) 0.01 £ 0. e) V. +0. e) 0. +0.
4 e- lithiati (Fe) 0.01 +0.003 | (Fe)0.011+0.005 | (Fe)0.013 +0.002
(Fe) 0.01 £ 0.002
(Mg) 0.01 £0.003 | (Zn) 0.008 +0.006 | (Zn) 0.010 + 0.003
(0) 0.004 + 0.002 (0) 0.006 + 0.003 (0) 0.010 £ 0.003 (O) 0.009 £ 0.002
6 e- lithiation (Fe)0.010+ | (Mg)0.006+0.003 | (Fe)0.013+0.004 | (Fe)0.011 +0.003
0.002 (Fe) 0.007 +0.003 (Zn) 0.011 £ 0.003
(Fe) 0.010 +£0.003 | (O) 0.011 + 0.002
full lithiation (Fe)0010+ 1 roy 6,011 +0.003
0.001 (Zn) 0.018 + 0.002
e (0) 0.010 +0.09 (0) 0.006 + 0,005 (0) 0.002 + 0.005 (O) 0.030 + 0.004
e- delithiation
(Fe) 0.012 + (Fe) 0.006 + 0,005 (Fe) 0.007 £0.002 | (Zn) 0.030 + 0.004
0.003
— (0) 0.006 + 0.002 (0) 0.007 + 0,002 (0) 0.007 + 0.002 (0) 0.016 + 0.002
u elithiation
(Fe) 0.006 + (Fe) 0.007 + 0,002 (Fe) 0.026 +0.004 | (Zn) 0.016 + 0.002
0.002
(0) 0.010 +0.001
2 Jithiation (Fe)0.010+ | oy 6010+ 0002 | (Fe)0.009 + 0.002
0.002 (Zn) 0.018 + 0.001
. (0) 0.008 + 0.005 (0) 0.008 + 0,005 (0) 0.012 + 0.003 (O) 0.004 + 0.001
nd delithiation
(Fe%) .%827 + (Fe) 0.008 + 0005 (Fe) 0.023 +£0.004 | (Zn) 0.014 +0.009
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Table S5: EXAFS fitting results for interatomic distances for Fe3Os. Paths associated with the
Fes0s, FeO, and Fe metal structures are highlighted in red, blue, and green, respectively. Fe-O
paths which are not part of the Fe3O4, FeO, or Fe metal structures but were utilized in the model
are highlighted in orange.

Tetrahedral Iron

Octahedral Iron

State
Fe-O (A) | Fe-Fe (A) Fe-O (A) Fe-Fe (A) Fe-O (A) Fe-Fe Metal (A)
1.93+0.01 | 3.48+0.02 360311
unlithiated 1.98 £ 0.01 :
3.61+0.08 | 3.63+0.02 3.48 +0.02
1.92+0.01 | 3.48+0.01 3.00+0.01
0.5 e- lithiation 2.00 +£0.01
3.55+0.05 | 3.63+0.01 3.48 +£0.01
1.94+0.01 | 3.49+0.01 3.02+0.01
1 e- lithiation 2.04 +£0.01
3.62+0.01 | 3.64+0.01 3.47 £0.01
2.08 +£0.01
2 e- lithiation 3.06 £ 0.01
3.73+ 0.04
2.06 +0.01
4 e- lithiation 3.04 £0.01
3.62 + 0.03
2.04 £0.01 2.54 + 0.02
6 e- lithiation 3.09 +£0.02
3.65+ 0.05 2.93+£0.02
245+ 0.01
full lithiation
2.81+£0.01
2.47 + 0.04
4 e- delithiation 1.83+0.06 | 2.79+0.06
2.79+£0.16
. 3.05 +
full delithiation 1.93+0.01 0.03 3.21+£0.05
2.46 £ 0.01
2" lithiation
2.81+0.01
2" delithiation 1.94+0.02 | 3.17 £0.06 2.53+0.04
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Table S6: EXAFS fitting results for the near neighbors for FezOs. Paths associated with the
Fes0s, FeO, and Fe metal structures are highlighted in red, blue, and green, respectively. Fe-O
paths which are not part of the Fe3O4, FeO, or Fe metal structures but were utilized in the model
are highlighted in orange.

Tetrahedral Iron Octahedral Iron
State
Fe-O Fe-Fe Fe-O Fe-Fe Fe-O Fe-Fe Metal
1.2+£0.2 35+05 35204
Unlithiated 35+0.4
35+05 1.2+0.2 35204
1.2+£0.1 3.7+£0.3 3.7+04
0.5 e- Lithiation 3.7+0.4
3.7+£0.3 1.2+0.1 3.7+04
1.2+0.1 3.6+0.3 3.6+04
1 e- Lithiation 3.6+0.4
3.6+0.3 1.2+0.1 3.6+04
47+04
2 e- Lithiation 9.4 +0.7
47+ 04
3.8+0.2
4 e- Lithiation 75205
3.8+ 0.2
1.6+0.2 15+ 04
6 e- Lithiation 3.4+05
16+ 0.2 15+04
5.2+ 0.7
full Lithiation
21+0.6
46+ 15
4 e- delithiation 15+0.8 1.3+0.7
0.7+0.3
Full delithiation 24+0.2 19+ 0.3 0.4+0.3
52+0.9
2 lithiation
249+0.9
2nd delithiation 24+05 0.8+0.6 1.1+0.6
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Table S7: EXAFS fitting results for the interatomic distances for MgFe>O4. Paths associated
with the MgFe2O4 structure, a modified structure with all Fe and Mg ions in octahedral sites, and
the Fe metal structure, and the FeO structure are highlighted in red, blue, and green, and yellow
respectively. Additional Fe-O paths which are not part of these three structures but were utilized
in the models are highlighted in orange.

State

Tetrahedral Iron

Octahedral Iron

Fe-O(A) | Fe-Fe(R) | Fe-Mg(A) | Fe-O(R) | Fe-Fe(A) | Fe-Mg(R) | Fe-0 (A) Fe'F(eA'\)"eta'
183+
0.01 3.46 £0.01 1.97+001 | 294+ 0.01
unlithiated 3.46 +0.01 2.94 +0.01
347+ | 3614001 3.64+001 | 3.46+0.01
0.01
184+
05 e 0.01 3.46 +0.02 1.99+001 | 2.94+0.02
i 3.46 +0.02 2.94 +0.02
ithiation 347+ | 3.61+0.02 3.64+0.01 | 3.46+0.02
0.02
188+
le 0.03 3.46 +0.02 2024003 | 2.94+0.02
i 3.46 +0.02 2.94 +0.02
ithiation 347+ | 360+0.02 3.63+0.02 | 3.46+0.02
0.02
”e 2.06 +0.02
e 3.05+0.01 | 3.05+0.01
lithiation 3.67 + 0.05
4e 2.06 +0.01 254+ 0.02
e 3.07+0.02 | 3.07+0.02
lithiation 3.68+ 0.06 2.92 +0.02
5o 2.00 £ 0.02 252+ 0.02
o 3.06+0.02 | 3.06+0.02
lithiation 3.60+ 0.08 2.90 +0.02
full 249+ 0.02
lithiation 2.79 + 0.04
4e-
e 1.92+001 | 3.15+0.06 253+ 0.02
delithiation
full 310+
selithiation 2.00+0.01 | 3.04+ 003 0.03
2.48 0.01
21 Jithiation
2.80 +0.02
ond 3.12 +
delithiation LeBss i | SEEnls 0.09




Table S8: EXAFS fitting results for the coordination numbers for MgFe>O.. Paths associated
with the MgFe2O4 structure, a modified structure with all Fe and Mg ions in octahedral sites, and
the Fe metal structure, and the FeO structure are highlighted in red, blue, and green, and yellow
respectively. Additional Fe-O paths which are not part of these three structures but were utilized
in the models are highlighted in orange.

Tetrahedral Iron

Octahedral Iron

State Fe-Fe
Fe-O Fe-Fe Fe-Mg Fe-O Fe-Fe Fe-Mg Fe-O (A) Metal (A)
11+01 | 16402 33+04 16+ 02
unlithiated 1.6+0.2 1.6+0.2
32404 | 11+01 3.3+0.4 49+04
05 6 11+01 | 16+02 3.3+04 17+02
i 16+02 17+02
ithiation 33+04 | 1.1+01 3.3+04 33+04
Le 10+03 | 1504 15+04 3.0+08 15+04 15+06
lithiation | 35408 | 08+02 3.0+08 3.0+08
” e 43+05
lithia 57+0.7 29+04
ithiation 43+ 05
ie. 29+05 12+ 04
e 38+06 1.9+03
lithiation 29+ 0.5 09+0.3
66 16+04 14+ 05
fithian 21405 1.0£02
ithiation 16+ 04 1.1+04
wull 47+ 13
lithiation 16+1.1
4e 1.7+04 0.5+0.4 11+ 05
delithiation SEY D EY =
full 21403 | 07+03 21+0.4
delithiation D T D
50+0.9
2" Jithiation
1.8+09
2nd
delithiation 24+07 1.0£09 23404
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Table S9: EXAFS fitting results for the interatomic distances for ZnFe>O4 (Fe edge). Paths
associated with the ZnFe>Og4 structure, a modified structure with all Zn and Fe ions in octahedral
sites, the FeO structure, and the Fe metal structure are highlighted in red, blue, orange and green,

respectively.

Octahedral Iron
State
Fe-O(A) | Fe-Fe(A) | Fezn(A) | F© F&'\)"Eta'
2.01 +0.01 3.47 £0.01
unlithiated 3.00+ 0.01
3.55 + 0.04
i 2.01+0.01 3.48 +0.01
05¢ 3.00 +0.01
lithiation 3.58 + 0.04
1e- 2.02+0.01 3.45 +0.02
lithiati 2.99 +0.01
ithiation -} 3 56 +0.01 2.99 +0.01
9 2.05 +0.01
_ex 3.03+0.01 | 3.03+0.01
lithiation 361+ 0.03
e 2.05 +0.01
A 3.02+0.01 | 3.02+0.01
lithiation 359+ 0.04
6o 1.97 +0.02 252+ 0.02
lithiati 297 £0.02 | 2.97+0.02
fthiation 1 337 + 0.05 2.90 +0.02
full 2.48 + 0.02
lithiation 286+ 0.09
e 1.87 +0.02 2.48 + 0.03
delithiati 2.88 +0.08
elithiation 13 45 + 0.02 2.68 + 0.08
1.90 +0.01
; I.tf#." i 3.15+ 0.03
elithiation 1 3 49 + 0.01
2.47 +0.01
2n lithiation
2.80 +0.03
ond 1.89 +0.01
delithiat 3.14 +0.03
elithiation | 3 48 + 0.01




Table S10: EXAFS fitting results for the interatomic distances for ZnFe.O4 (Fe edge). Paths
associated with the ZnFe>Og4 structure, a modified structure with all Zn and Fe ions in octahedral
sites, the FeO structure, and the Fe metal structure are highlighted in red, blue, orange and green,

respectively.

Octahedral Iron
State
Fe-O Fe-Fe Fe-zn | F&FeMetal
A)
5.0+ 0.4 50+ 0.4
unlithiated 50+ 0.4
6.6+05
05 - 50+04 50+04 50+04
lithiation 6.6+05
le 46+04 46+04 25+04
lithiation 6.1+05 12+04
26 49+04
i 49+0.4 25+0.2
1thiation 6.6+ 05
e 46+05
i 46+05 2308
1thiation 6.1+ 0.6
6o 19+04 27 =2 L2
it 19404 09+02
ithiation 25+ 0.6 20409
aull 43+ 1.7
lithiation 32413
e 08+02 34+ 08
e 16 05
delithiation | 11103 25+06
26+03
df&mf 52+ 06
elitiation 1+ 354+ 0.4
46+07
2n lithiation
34406
ond 38+04
delithiation | 51406 4809
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Table S11: EXAFS fitting results for the interatomic distances for ZnFe>O4 (Zn edge). Paths
associated with the ZnFe,Og4 structure, a modified structure with all Fe and Zn ions in octahedral
sites, the Zn metal structure, and the ZnO structure are highlighted in red, blue, and green, and
yellow respectively. Additional Zn-O paths which are not part of these structures but were
utilized in the models are highlighted in orange.

Tetrahedral Zn

Octahedral Zn

State Zn-Zn
Zn-0(A) | zn-Fe(A) | Zn-zn(R) | zZn-OR) | Zn-Fe(A) | zn-zn(A) | zn-O0(A) Metal (A)
2.00 £
0.02
unlithiated 3.50+0.02 | 3.65+0.03
349+
0.05
1.99 +
) 0.02
I'tOh.'St? 351+0.02 | 3.65+0.03
ithiation 349 +
0.05
Le. 169(?61 2.07 +0.06
e : 350+0.09 | 3.64+0.09 303003 | 3.03+0.03
lithiation 3.85 +0.01
3.49+0.1 T
2o 2.05+0.01
oe 302001 | 3.02+001
lithiation 351+ 004
e 2.06 +0.01
. 3.03+£0.01 3.03+£0.01
lithiation 361+ 006
6o 2.04+0.02
e 3.05+0.02 3.05+0.02
lithiation 3.60 + 0.05
full 192+ 002 | 251+ 0.02
lithiation
e 1.96 % 0.01
L 3.24+£0.05
delithiation 3.76 + 0.04
1.96 +0.01
ful 321+ 0.02
delithiation 3.76 + 0.03
2" Jithiation 1.93+0.01 2.51 +0.01
ond 1.96 +0.01
. 3.21+0.01
delithiation 3.75 + 0.03
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Table S12: EXAFS fitting results for the interatomic distances for ZnFe>O4 (Zn edge). Paths
associated with the ZnFe,Og4 structure, a modified structure with all Fe and Zn ions in octahedral
sites, the Zn metal structure, and the ZnO structure are highlighted in red, blue, and green, and
yellow respectively. Additional Zn-O paths which are not part of these structures but were
utilized in the models are highlighted in orange.

Tetrahedral Zn

Octahedral Zn

State Zn-Zn
Zn-0 Zn-Fe Zn-Zn Zn-0 Zn-Fe Zn-Zn Zn-0 (A) Metal (A)
2905
unlithiated 86+15 2905
86+15
] 29%05
r%?? 86+15 | 2905
ithiation 86+15
Le- 16:08 20:14
lithiati 47+24 1.6+0.8 20+14 1.0+0.7
Ithiation 47+24 26+1.9
”e 50£05
lithiati 5005 25+0.3
Ithiation 6.6+ 0.7
1o 49+05
lithiati 49+0.5 24+£0.3
Ithiation 6.5+ 0.7
66 34+04
lithiati 1.0+0.5 1.7+£0.2
Ithiation 45+05
full
lithiation 1.1+£0.2 40+ 0.2
] 27+02
dri?' 41402
elithiation 6.1 +04
28+0.2
dr?”_ 42+ 0.3
elithiation 6.4+ 0.4
2 Jithiation 1.4+0.2 40+£0.2
ond 29+0.2
L 43+0.3
delithiation 6.5+05
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Figure S3. Operando synchrotron XRD (a) Fe3Oa, (b) MgFe>04, and (¢) ZnFe>Os. All peaks are
indexed to the following phases: spinel, Li metal, Cu metal, and Al metal.
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Fe(MQ)oct- Fe(MQ)oct, Fe(MQ)oct-O, Fe(Mg)tet-O in MgFe204 at different lithiation stage and Fe-O
in FeO bulk, Mg-O in MgO bulk, Fe-Femeta in metallic Fe bulk structures to describe the
lithiation states after phase separation. (b) Distances of nearest-neighbors Zntet-Zntet, Zntet-Feoct,
Fe(Zn)oct- Fe(ZNn)oct, Fe(ZN)oct-O, Znet-O in ZnFe204 at different lithiation stage and Fe-O in FeO
bulk, Zn-O in ZnO bulk, Fe-Femeta in metallic Fe bulk, Zn-Znmeta in metallic Zn bulk structures
to describe the lithiation states after phase separation.
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Figure S6. Structures of FesO4, MgFe204, and ZnFe204 electrode materials in the unlithiated
state and after 2 e” of lithiation.
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