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X-ray diffraction of synthesized a-MnQO, nanowires
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Fig. S1: X-ray diffraction pattern of in-house synthesized a-MnO, nanowires. All major peaks of a-MnO, are resolved
confirming the effective synthesis of the intended phase.



Electrochemical activities of Cr and Mo in carbon-based electrodes
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Fig. S2: Galvanostatic performance of carbon-containing VC: promoter::LiNafion = 1:0.667:1 (mass ratios) air electrodes at 100
MA/gcamon- The increased activity of Cr and Mo promoted is confirmed during charging after discharge (in operando formation of
Li,0O, followed by its oxidation).

- -
o o
™ w

Current (MA/gp0t4)
o

Current (mA/gMetal)
o

0 400 800 1200 1600
Charge (mAh/gysata)

Fig. S3: Potential dependent Li,O, oxidation activity of carbon-containing VC:Cr,Mo:Li,O,:LiNafion = 1:0.667:1:1 electrodes
compared at 3.7, 3.8, and 3.9 Vy;. (a) Current profile vs. time; (b) Current profile vs. charge



X-ray absorption spectroscopy of Cr nanopowder
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Fig. S4: Cr L edge TEY XAS of Cr nanopowder versus Cr,0s.! Both edges show that the surfaces of Cr is oxidized to Cr** in a
Cr,0;-like environment. This observation is corroborated by XPS as reported previously.?



Transition metal L edge spectra of Mo nanopowder showing oxidation state of the
nanoparticle surfaces
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Fig. S5: Mo L edge spectra of Mo nanopowder compared with those collected from reference MoOs;, MoO, and Mo foil, which
indicate that the oxide layer on Mo powder is relatively thin. This thin Mo layer likely allowed access to the bulk Mo metal for
the formation of XRD detectable Li,Mo0O, as shown below in Fig. S5.

X-ray diffraction pattern of half-charged carbon-free Mo-catalyzed electrode
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Fig. S6: XRD of pristine Mo:Li,0, (0.667:1) electrode. Clear evidence of Li,M00Qy, is observed prior to electrochemical treatment
which attests of the strong chemical conversion of Mo with Li,O,.



Transition metal L edge spectra of Co nanopowder showing oxidation state of the
nanoparticle surfaces
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Fig. S7: Co L edge TEY spectra of Co nanoparticles compared to Co;O, shows that the surfaces of Co nanoparticles are mostly
oxidized to a Co;04layer.

Transition metal L edge spectra of Cr catalyzed electrodes at various state of charge
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Fig. S8: Metal L edge spectra of oxides MnO, and Co;0, nanoparticles, pristine, half-charged, and fully charged carbon-free

electrodes in the surface sensitive total electron yield (TEY) mode. Half and full charging for the electrodes examined here was
performed at 3.9 Vy;.



Verifying the absence of redox mediator effect during enhancement of Li,O, oxidation
reaction using transition metal oxides
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Fig. S9: Effect of impurities (transition metal species dissolved in the electrolyte, water, and other in operando impurities) during
Li,O, oxidation in (a) Mo-promoted electrodes, (b) Cr-promoted electrodes, and (c¢) Ru-promoted electrodes tested by
substituting a VC-promoted (VC:Li,O,:LiNafion = 1:1:1) electrode into the cell immediately after full charge of a VC:
promoter:Li,O,:LiNafion = 1:0.667:1:1. ICP-AES data revealed that dissolved metal cations from the preceding promoted
electrodes charged at 3.9 Vi ; were present. The inactivity of the VC-only electrode thus tested suggests that the dissolved cations

are not the source of activity in promoted electrodes.
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Fig. S10: Effect of electrolyte water (baseline 20 ppm, 100 ppm, and 5000 ppm) content on the activation of Li,O, oxidation in
(a) VC-promoted (VC:Li,O,:LiNafion = 1:1:1) and (b) the least active Mn-promoted (VC:Mn:Li,O,:LiNafion = 1:0.667:1:1). A
slightly lowered activation time might be evident in the VC-promoted electrode at the increased water content of 5000 ppm,
although still on the order of 10 hours compared to less than 1 hour in high activity Mo, Cr, and Ru promoted electrodes. The
overall activity (average current at the applied voltage of 3.9 Vi, <20 mA/gyromoter) Was not significantly enhanced at higher water

contents. In the case of Mn-promoted electrodes, addition of water appears detrimental to activity.



Derivation of current rate as function of enthalpies of conversion and applied delithiation
overpotential
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Fig. S11: Schematic of proposed mechanism of chemical conversion of chemical conversion of Li,O, and catalyst to Li,M,0,
followed by delithiation.

Derivation of log(i) as a function of enthalpy of conversion and applied overpotential.
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Thermodynamic data of Li,O, reaction with transition metal (oxides) towards formation of
lithiated metal oxides.

Table S1: List of potential reactions of the type Li,O, + M,0, = O, — LiyM,0, and associated enthalpy of reaction using the
materials project database.’

Reaction | Catalyst Reaction Enthalpy of reaction
Number per mole of Catalyst
(kJ/mol)
1 Li,0, + Mn0,51/2 0, + Li,Mn0,
-104.5
2 MnO, Li,0, + 2/3Mn0,=1/30, + 2/3Li;Mn0, 565
3 Li,0, + 4Mn0,50, + 2LiMn,0, -13.5
3 Li,0, + 1/3Mn;0,51/6 0, + Li,MnO, 10
4 Mn;0, Li,0, +2/9Mn;0,=1/90, + 2/3Li;Mn0, 349
5 Li,0,+4/3Mn;0, + 1/30,=2Li;Mn0, 918
6 Co0, Li,0, + 2/3C030,51/30, + 2LiCo0, N
7 Li,0, + Cr,05+ 0,5Li,Cr,0, -247
8 Li,0,+ 3Cr,05 + 5/20,52LiCr;04 -137.17
9 Li,0, + Cr,0,51/20, + 2LiCr0, 82
10 Cr0,8 Li,0, + 1/2Cr,0, + 1/20,5Li,Cr0, i
11 Li,0, + 1/3Cr,0,51/60, + 2/3Li5Cr0,
-338
12 Li,0, + Cr,045 + 0,5Li,Cr,0, 247
13 Li,0, + Mo + 0,5Li,Mo0,
-939
14 Li,0,+1/2Mo + 1/40,51/2Li,M00. -952
15 Li,0,+2/3Mo +1/60,51/3Li;Mo,0, -603.75
16 Mo Li,0, + Mo + 1/20,5Li,Mo0, 645
17 Li,0,+ 2Mo + 0,52LiMo0, -473.5
18 Li,0,+ 3/2Mo + 0,51/2Li,Mo,04 -609
19 Li,0,+5/2Mo + 13/40,5Li,M0:0, -837.3
Li,0, + Mo0,5Li,Mo0, + 1/20,
20 MoO; -158
18 Li,0, + Ru + 1/20,5Li,Ru0,
-446
19 Ru Li,0,+ 2/7Ru=1/70, + 2/7Li,Ru0
-463.5
20 Li,0, + 2Ru + 0,52LiRu0, -290.5
21 Li,0, + Ru0,=1/20, + Li,Ru0, -19.5
22 RuO, Li,0, + 2/7Ru0,=3/70, + 2/7Li,Ru0,
-37




Theoretical analysis of expected catalytic activity under mechanism of chemical conversion
of Li,O, and catalyst to Li,M,O, followed by delithiation

Table S2: Estimated values of log()~-AH +a-n-e- Napplied assuming o ~ 0.5 and n is the number of Li* cations in the
lithiated compound.

Intermediate
Catalysts Lithiated - AH(kJ /1 E\r/ev nat3s jarmeenn (._ A.H +
compound V) Vi (eV) a-n-e-n)
MnO, Li,MnO; -104.5 4.6* -0.7 -0.7 N/A (n<0)
Mn, Mn;0, Li,MnO; -492 4.6 -0.7 -0.7 N/A (n<0)
Cr,Cr,0; Li,CrO, -440 3.7° 0.2 0.2 4.78
Mo Li,Mo00, -939 2.00 1.9 1.9 11.66
Ru Li,RuQ; -446 3.57:8 0.4 04 5.04
RuO, Li,RuO; -37 3.57:8 04 0.4 0.78
Co, Co30, LiCoO, -151 3.8° 0.1 0.1 1.62
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Fig. S12: Electrochemical performance of carbon-containing VC: promoter:Li,O,:LiNafion = 1:0.667:1:1 (mass ratios)

electrodes at 3.9 Vy;. (a) Current per promoter BET surface area vs. time for metal nanoparticles promoted electrodes. (b) Current
per promoter BET surface area vs. time for metal oxide nanoparticles promoted electrodes. Separation of (a) and (b) is for clarity
purposes.

10




: 3.9V,
o _Al:Mo (ra@v) Li
> 10 " _Al:Mo (substracted
E L
(®)] 2’
E 10% Al:Mo (BG)
£ i
£ 10'F
=] 4
&)
0 L | L
Qo1 01 1 10 100

Time (hrs)

Fig. S13: Electrochemical performance of carbon-free Mo:Li;0O, = 0.667:1 (mass ratios, supported on aluminium foil)
electrodes at 3.9 V|; and associated background current (Mo on Al foil without Li,O,). Upon subtracting the background current
from the Li,O, oxidation current, it is clear that the large current observed in Mo-promoted electrodes cannot be attributed
electrolyte decomposition by Mo but rather Li,O, oxidation.
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