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S1. Electrochemistry 

A. Cyclic Voltammetry 

 

Figure S1. CVs of other candidate redox mediators in Ar- (red) and O2-saturated (blue) solutions 

1a (a), 3b (b), 5 (c) and DBBQ (d). 
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Figure S2. (a and b) Experimental evidence for RO-OR formation upon electrochemical 

reduction of 2a and 2b in the presence of O2. CVs (a and b) taken in the presence of O2 (red 

trace) show chemical irreversibility with no apparent current enhancements. Furthermore, a 

return oxidation feature appears at potentials greater than 5.0 V vs. Li+/Li which is assigned to 

the oxidation feature of RO-OR. The return oxidation feature overlays well with the oxidation of 

chemically derived peroxides of 2a (2a/RO-OR) and 2b (2b/RO-OR) which are shown as green 

traces. 2a/RO-OR appears to have two oxidation features which may be attributed to presence 

of two different organic peroxides (RO-OR and RO-O•. (c and d) Experimental evidence for the 

lack of reaction between RO-OR and Li+ ions. UV-Vis absorption spectra of the chemically 

synthesized RO-OR shows no reaction and re-emergence of R+ when Li+ is added to solution 

over a four-hour period. 

 



 S-4 

 

Figure S3. CVs of 1c recorded in Ar-purged (a and c) and O2-purged electrolyte (b and c). [O2] 

and [1c] were changed for each CV, but their ratio (γ) was held constant at values of 0.63 (a and 

b) and 2 (c and d). A steady change in ratio of current observed in the presence of substrate 

(Icat) and without substrate (Id) normalized by γ confirmed that kinetic control is by forward 

reaction between R• and O2.1,2 

 

Table S1. Catalyst (1c) and substrate (O2) concentrations and calculated dimensionless current 

from redox catalysis CVs. 

[1c] mM [O2] mM γ Icat/(γ×Id) 

0.5 0.31 0.63 4.32 

1.0 0.63 0.63 4.70 

2.0 1.25 0.63 5.12 

3.0 1.88 0.63 5.01 

0.16 0.31 2.0 1.85 

0.31 0.63 2.0 2.49 

0.63 1.25 2.0 2.68 
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0.94 1.88 2.0 3.27 

 

a. Scan rate-dependent diffusion coefficient determination 

Diffusion coefficients for the outer-sphere mediators (1b, 1c, 1d, 1e and 4) were determined by 

increasing the scan rate in successive CV cycles and analyzing the relationship between peak 

current response and square root of scan rate (ν) using the Randles-Sevcik equation below: 

𝑖" = 0.4463 ∙ 𝑛
+
, ∙ 𝐹

+
, ∙ 𝐴 ∙ 𝐶 ∙ 0 1

23
4
5
, ∙ 𝜐7/9    (S1) 

Where ip is the baseline-subtracted peak reduction current in A, n is the number of electrons 

transferred, F is Faraday’s constant in C/mol, A is electrode area in cm2, C is concentration in 

mol/cm3, R is the gas constant in J/mol•K, T is temperature in K, ν is scan rate in V/s, and D is 

diffusion coefficient in cm2/s. Plotting ip vs. ν1/2 yielded a straight line and D was solved for from 

the slope. 

 
Figure S4. Plots of peak current (Ip) as a function of ν1/2 for outer-sphere redox mediators 1b (a), 

1c (b), 1d (c), 1e (d), 4 (e) and O2 (f). Diffusion coefficient values were determined for each 

mediator based on the slope and a concentration of 1 mM. 
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Table S2. Table of redox mediator and O2 diffusion coefficients experimentally determined by 

fitting scan rate-dependent CV data to the Randles-Sevcik equation. 

 

Redox mediator Slope  (𝐴 ∙ 𝑠7/9 ∙ 𝑉<7/9) Diffusion coefficient (cm2/s) 

1b 5.776 × 10-5 8.060 × 10-6 

1c 7.379 × 10-5 1.315 × 10-5 

1d 5.021 × 10-5 6.089 × 10-6 

1e 5.195 × 10-5 6.520 × 10-6 

4 6.058 × 10-5 8.866 × 10-6 

O2 2.136 × 10-4 5.730 × 10-4 

 

 

 

b. CV data fitting  

All experimental CV data were fit using the DigiElch 8 software package provided by Gamry, 

using the following model: 

R> + e< ⇄ R∙ 
R∙ + O9 ⇄ R> + O9< 

k1 (S2) 
Keq,2, k2, k-2 (S3)

 

Heterogeneous electron transfer rate constants (k1) were determined for each mediator using 

CV data recorded in Ar-purged solutions. Input parameters for the fit were as follows: (i) ER+/R• 

were obtained as E1/2 values from CV data shown in Figure 2; (ii) diffusion coefficients DR+ and 

DR• were obtained by plotting scan-rate dependent CV data according to the Randles-Sevcik 

equation (see previous section); (iii) concentration of R+, electrode area and scan rate were set 

to match the experimentally used values of 1 mM, 0.075 cm2 and 100 mV/s, respectively; (iv) 

charge transfer symmetry factor (α) was set to 0.5. Resulting fits to the experimental data are 

shown in Figure S5, while the fitted parameters are listed in Table S3. 
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Figure S5. Experimental CV data (blue trace) in Ar-purged solutions and best fit (red dots) for 

extraction of electron transfer rate constant (ks) for outer-sphere redox mediators. 

 

Bimolecular rate constants for the forward chemical reaction between R• and O2 (k2) were 

obtained by fitting the experimental CV data recorded in O2-purged solutions. The simulation 

was performed using the same input parameters as for fitting of Ar-purged CV data and 

additional parameters, as follows: (i) [O2] was set equal to its experimental value (1 mM); (ii) 

DO2 was obtained from scan-rate dependent CV data of the O2/O2
- reduction to the Randles-

Sevcik equation. Fits to the experimental values are shown in Figure S6. Overall fits did not 

perfectly match experimental CVs, likely due to overlapping current associated with non-

catalyzed, baseline reduction of O2 to Li2O2. Input and fitted parameters are listed for each 

outer-sphere redox mediator and O2 in Table S3. 
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Figure S6. Experimental CV data (blue trace) in O2-purged solutions and best fit (red dots) used 

for extraction of bimolecular rate constants (k2) for electron transfer between R• and O2. 

 

 

 

Table S3. Input parameters and extracted values for fitting of redox mediator CV data. 

 

 

B. Battery Discharge 

Redox 

mediator 

[R+] 

(mM) 
ER+/R•  DR+ (cm2/s) α 

k1 

(cm/s) 

[O2] 

(mM) 
DO2 (cm2/s) k2 (M-1 s-1) 

log(k2) 

1b 1 2.70 8.060 × 10-6 0.5 0.0130 1 5.730 × 10-4 5.85 × 104 4.77 

1c 1 2.77 1.315 × 10-5 0.5 0.0199 1 5.730 × 10-4 2.15 × 104 4.33 

1d 1 2.66 6.089 × 10-6 0.5 0.0135 1 5.730 × 10-4 4.46 × 104 4.65 

1e 1 2.93 6.520 × 10-6 0.5 0.0170 1 5.730 × 10-4 325 2.51 

4 1 2.53 8.866 × 10-6 0.5 0.0148 1 5.730 × 10-4 8.306 × 105 5.92 
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Figure S7. Battery discharge data recorded at varying redox mediator concentrations for 1b, 1c, 

1d, 1e and 4 at 300 μA/cm2 showing the concentration dependence of discharge capacity. 

 

 

 

 

 

Table S4. Discharge performance of Li-O2 cells shown in Figure 3. 

Redox mediator [R+] (mM) Discharge potential (V vs. 

Li+/Li) 

Discharge capacity 

(mA/cm2) 

Capacity 

enhancement 

Baseline 0 2.53 0.05 -- 

1b 200 2.61 1.31 26 

1c 125 2.61 1.03 21 

1d 40 2.57 0.61 12 

1e 75 2.71 1.13 23 

4 25 2.54 0.42 8 

DBBQ 20 2.61 0.72 14 
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a. Li2O2 quantification 

Table S5. Li2O2 percent yields for redox mediator-containing Li-O2 batteries based on TiOSO4 

titration. 

Redox mediator % yield Li2O2 based on TiOSO4 titration 

1b 70.1 

1c 66.7 

1d 80.2 

1e 84.8 

4 53.8 

Baseline 35.7 

 

 

 

 

 

 

 

 

b. Raman measurements 
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Figure S8. Raman spectra of carbon electrodes taken after discharge with redox mediator-

containing TEGDME electrolyte solutions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c. SEM characterization 
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Figure S9. SEM images of pristine carbon electrodes and electrodes taken from Li-O2 cells 

discharged to a final potential of 2.0 V. The scale bar is shown in white in the bottom right 

corner of each image.  
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S2. Calculations 

All calculations were performed on Gaussian 09 or 163 software using the computational resources from 

the Laboratory Computing Resource Center at Argonne National Laboratory. Gas-phase optimization 

was performed using the B3LYP or uB3LYP hybrid functional4,5 and 6-311g(d)6 basis set. Single-point 

energies were calculated at the same level of theory using diethyl ether solvation as implemented in the 

IEFPCM model.7 Vibrational frequency analysis showed the presence of no imaginary frequencies in our 

optimized structures. 

Standard reduction potentials (Step 1) for R+/R• couples (E0(R+/R•)) were calculated according to 

previously reported computational methods.8 They are derived from the calculated driving forces ΔG0
1 

for the reaction:  

 

R+ + e- à R•      (S4) 

 

where R+ is the triarylmethyl cation and R• is the one-electron reduced, neutral radical form of the same 

compound. 

 

∆G7E = F𝜀EHIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ R2• − F𝜀E

HIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ R2U   (S5) 

 

where  𝜀EHIJ 	represents electronic energies taken from single point energies in the solvated phase, 

Δ𝐺LIMM
NOH 	is the gas phase thermal correction to the Gibbs free energy which was obtained from 

optimization calculations, and ∆𝐺E→∗  is the standard state correction with a value of 1.891 kcal/mol for 

all species that do not have gaseous standard state. Calculated Δ𝐺 values were used to obtain E0(R+/R•) 

values based on the equation EE = 	− ∆Y
Z[

. Computed absolute potentials were converted to be 

referenced against NHE and subsequently Li+/Li by subtracting 4.5 V (vs. NHE)9 and then adding back 

3.04 V (vs. Li+/Li). 

 

ΔG0
2 values (Step 2) were calculated according to the following reaction between R• and O2. 

 

2R• + O2 à RO-OR     (S6) 

 

and ΔG0
2

 can be expressed as: 
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∆𝐺9E = F𝜀EHIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ R2\<\2 − ]2 ∗ F𝜀E

HIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ R2• + F𝜀E

HIJ + ∆𝐺LIMM
NOH R\,_ 

 (S7) 

 

ΔG0
3

 (Step 3) was calculated for the reaction between organic peroxides and 2 Li+ cations to reform 2R+ 

and Li2O2. 

 

RO-OR + 2Li+ à 2R+ + Li2O2     (S8) 

 

and ΔG0
3 was expressed as: 

 

∆𝐺`E = ]2 ∗ F𝜀EHIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ R2U + F𝜀E

HIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ Rab,\,_ − ]F𝜀E

HIJ + ∆𝐺LIMM
NOH +

∆𝐺E→∗ R2\<\2 + 2 ∗ F𝜀E
HIJ + ∆𝐺LIMM

NOH + ∆𝐺E→∗ RabU_  (S9) 

 

The expression was rearranged as follows: 

 

∆𝐺`E = ]2 ∗ F𝜀EHIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ R2U − F𝜀E

HIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ R2\<\2_ + ]F𝜀E

HIJ + ∆𝐺LIMM
NOH +

∆𝐺E→∗ Rab,\, − 2 ∗ F𝜀E
HIJ + ∆𝐺LIMM

NOH + ∆𝐺E→∗ RabU_  (S10) 

 

 

The value for [F𝜀EHIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ Rab,\, − 2 ∗ F𝜀E

HIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ RabU] was determined to be 

94,551 kcal/mol by summing the DFT-calculated Gibbs free energy of O2 (F𝜀EHIJ + ∆𝐺LIMM
NOH R\,) with the 

known Gibb’s free energy for the electrochemical O2/Li2O2 reduction ( ∆G0(O2/Li2O2) = 136.5 

kcal/mol,10,11 derived from Eo(O2/Li2O2) =2.96 V vs. Li+/Li = 4.42 V vs. Vac.12): 

 

∆𝐺`E = ]2 ∗ F𝜀EHIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ R2U − F𝜀E

HIJ + ∆𝐺LIMM
NOH + ∆𝐺E→∗ R2\<\2_ − 94551	𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 (S11) 

Table S6. DFT-calculated ∆G values for Steps 1-3 and DFT-calculated standard R+/R• reduction 

potentials referenced against Li+/Li and compared with the experimentally determined standard 

R+/R• reduction potential.  
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Cation ∆𝐺7E (eV) ∆𝐺9E (eV) ∆𝐺`E (eV) DFT E0
(R+/R•) 

(V vs. Li+/Li) 

Exp E(R+/R•) (V vs. Li+/Li) 

1a -8.52 -1.66 1.26 2.78 2.71 

1b -8.32 0.47 -1.07 2.68 2.70 

1c -7.27 0.43 -2.09 2.15 2.77 

1d -7.84 0.05 -1.13 2.44 2.66 

1e -8.92 0.50 -0.50 2.97 2.93 

2a -9.44 -1.04 1.56 3.23 3.33 

2b -9.46 0.24 0.30 3.24 3.31 

2c -9.09 -0.35 0.43 3.06 3.28 

3a -8.24 -1.56 0.84 2.64 3.10 

3b -9.19 -0.30 0.56 3.11 3.41 

3c -9.92 0.40 0.60 3.47 N/A 

3d -7.43 -1.52 0.02 2.23 N/A 

3e -10.07 0.06 1.10 3.55 N/A 

3f -9.58 -0.22 0.88 3.30 N/A 

4 -7.55 0.33 -1.71 2.29 2.53 

5 -6.81 -0.69 -1.42 1.92 2.08 
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Scheme S1. Scheme used during the DFT evaluation of redox mediator cations. In step 1, 

standard R+/R• potentials were calculated for each cation. If the calculated potential fell outside 

the 2.10-3.26 V vs. Li+/Li window, it was removed. In step 2, we evaluated the diverging inner- 

and outer-sphere mechanisms. If ∆G0
2 values were below -0.5 eV, radical species are likely to 

spontaneously react with O2 to form an organic peroxide through the inner-sphere mechanism. 

Values above that threshold are likely to behave as outer-sphere electron transfer redox 

mediators. Of the compounds which reacted via inner-sphere pathway, ∆G0
3 values were 

evaluated. Those with negative ∆G0
3 values are expected to react spontaneously with Li+ ions to 

form Li2O2 and close the inner-sphere catalytic cycle. 

S3. Chronopotentiometry modeling 

Chronopotentiometry simulations were performed using the model involving electron transfer and a 

follow-up chemical step, as defined by equations S2 and S3.  Partial differential equations associated 

with these processes are expressed as modified Fick’s equations13: 

 

mnoU(q,s)
ms

= 1oUm,noU(q,s)
mq,

+ 𝑘9 ∙ 𝐶\9 ∙ 𝐶2∙(𝑥, 𝑡)     (S12) 
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mno∙(q,s)
ms

= 1o∙m,no∙(q,s)
mq,

− 𝑘9 ∙ 𝐶\9 ∙ 𝐶2∙(𝑥, 𝑡)     (S13) 

 

Here, DR+ and DR• are the diffusion coefficients for R+ and R• species. These were assumed to be equal 

and were taken to be the average diffusion coefficient of the five outer-sphere redox mediators we 

investigated (DR+ = DR× = D=8.5 × 10-6 cm2/s). CO2 is the concentration of O2 in solution, CO2 =0.8 mM. 

Constant k2 is the bimolecular electron transfer rate constant for reaction between R• and O2, which is 

determined using eqn. (3) in the main text. The following boundary conditions were used: (i) the fluxes 

or R+ and R• are equal at the electrode surface and in opposite directions (equation S14); (ii) the flux at 

which R+ is reduced at the electrode’s surface is constant and defined by the current density i0 used in 

the experiment (equation S15). 

𝐷 ]mnoU(q,s)
mq

_
qxE

= −𝐷 ]mno∙(q,s)
mq

_
qxE

    (S14) 

 

𝐷 ]mnoU(q,s)
mq

_
qxE

= by
z∙{

     (S15) 

 

Here, n is the number of electrons transferred, n = 1. The initial conditions were set such that initial 

concentrations of R+ and R• are as follows: 

 

 𝐶2>(𝑥, 0) = 𝐶2>E  

 𝐶2∙(𝑥, 0) = 0.  

 

Here, 𝐶2>E  is the initial bulk concentration of R+. Furthermore, the concentrations at large distances from 

electrode are expressed as: 

 

𝐶2>(∞, 𝑡) = 𝐶2>E   

 𝐶2∙(∞, 𝑡) = 0  

 

These partial differential equations are solved using the Laplace transformation method, and the 

solutions for functions 𝐶2∙(0, 𝑡) and 𝐶2>(0, 𝑡) are as follows: 

 



 S-18 

𝐶2⋅(0, 𝑡) =
by∙~��	[(�,∙n�,∙s)5/,]
{∙(1∙�,∙n�,)5/,

        (S16) 

 

𝐶2>(0, 𝑡) = 𝐶2>E − by∙~��	[(�,∙n�,∙s)5/,]
{∙(1∙�,∙n�,)5/,

    (S17) 

 

The transient time (τc) was determined as the time when 𝐶2>(0, 𝜏n) = 0. The expression for τc was 

derived from Eqn S17 to give: 

 

𝜏L =
�M��5�

�∙(�∙�,∙��,)5/,∙�oU
y

�y
�
,

�,∙n�,
     (S18) 

 

In this model, the transient time will become infinity if the redox mediated process always maintains 

sufficient  𝐶2>(0, 𝑡)	concentration to satisfy the current density i0 (because of the infinite supply of 

oxygen in our model). Thus, the conditions for successful redox mediation can be found by setting 𝜏L =

∞, and this value will be obtained when the argument inside erf-1 becomes 1 or larger: 

 

{∙(1∙�,∙n�,)5/,∙noU
y

by
≥ 1     (S19) 

 

This condition was used to plot the zone diagrams in Figure 4. 
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