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Supplementary Note 1. Methods 

Cell Assembly. For low reactant concentration (0.1 M) Li−R-Ph-SF5 tests (Fig. 2), two-electrode 

Swagelok cells were used as they are easy to disassemble and thus most suitable for cathode 

retrieval for subsequent ex situ analysis. The cells were constructed in the argon glovebox and 

consisted of KB as the cathode substrate and a 9 mm diameter disk of Li metal as the anode (0.75 

mm thick, 99.9% metals basis, Alfa Aesar) which was placed on a stainless steel plunger. A 12 

mm diameter stainless steel mesh (McMaster) was used as the cathode current collector. The 

separator (13 mm diameter Whatman filter paper) was impregnated with 50 μL of electrolyte 

solution (0.1 M R-Ph-SF5/0.1 M LiClO4 / DMSO). The Li−SF6 cell in Fig. 1 was discharged with 

0.1 M LiClO4 / DMSO electrolyte with a cell headspace containing excess SF6 gas (pressurized to 

~ 1.6 bar), and all other conditions identical to R-Ph-SF5 cells. For high concentration Li−NO2-

Ph-SF5 cells (≥0.5 M, based on total volume of NO2-Ph-SF5 and DMSO, Fig. 3), Li−CFx cells (Fig. 

4), and hybrid cells (Fig. 4), two-electrode coin cells were used to provide better sealing over long 

testing times (up to one month) given the large proportion of reactants. Cells were constructed 

inside the Ar glovebox using a 15 mm diameter cathode substrate (carbon foam or CFx electrode), 

a 16 mm diameter Whatman separator, a 15 mm diameter Li anode, two stainless steel disks (MTI 

Corp.) as anode and cathode current collectors, and 50 μL electrolyte. All coin cells were 

assembled using an electric crimper (MSK-160E, MTI Corp.) with a constant mass loading of 0.82 

tons. 

 

Electrochemical impedance spectroscopy (EIS). EIS were conducted on two-electrode coin 

cells. Li|C and Li|Li half cells, with 50 μL of 4 M NO2-Ph-SF5 / 0.2 M LiClO4 / DMSO as catholyte, 

were rested at 50 oC during measurements. A potential perturbation of 5 mV was applied in a 

frequency range from 1 MHz to 100 mHz at OCV.  

 

X-ray Diffraction (XRD). Pristine or discharged cathodes (DME-rinsed and dried) were stored 

inside the glovebox. Samples were sealed in an air-sensitive holder inside the glovebox that 

remained sealed throughout the XRD measurements. XRD patterns were collected on a 

PANalytical X’Pert Pro multipurpose diffractometer with a copper anode (Cu Kα). Scans were 
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performed from 5° < 2θ < 90° at a scan rate of 0.5° min-1. Reference data for LiF: space group: 

𝐹𝐹𝐹𝐹3�𝐹𝐹, JCPDS: 00-004-0857. 

 

Spectroscopy. Raman spectroscopy was performed on the rinsed/dried discharged cathodes using 

a Renishaw Invia Reflex Raman Confocal Microscope. The samples were sealed under Ar inside 

the glovebox using a Linkam FTIR600 stage (quartz window, sealed ports) and remained sealed 

throughout the measurements. A 785 nm bar laser at an operating power of 100 mW was used as 

the excitation source with a 1200 l∙mm-1 grating and 10% at 50 cm-1 shift Rayleigh filter. 

Accumulations of spectra were obtained to improve the signal to noise ratio.  

For gas chromatrography/mass spectroscopy (GC/MS) and GC-only experiments, custom-

designed gas-tight two-electrode cells with a headspace of ~6 mL were used. Before each 

experiment, the cells were purged with clean Ar and pressurized to ~30 psi. Gases evolved during 

rest/discharge accumulated in the closed headspace of the cell. After rest/discharge, 2.5 mL gas 

samples were extracted from the headspace of the cell with a gas-tight syringe, and then 

immediately injected into the appropriate instrument for gas characterization. GC/MS samples 

were manually injected into a GC instrument (Agilent 7890B) fitted with a MS detector (Agilent 

5977B) capable of detecting species in the 10-200 Da range. The final ionization mass spectra 

were obtained by integrating the signal intensity over all scans. GC-only samples were manually 

injected into a GC instrument (Agilent 7890B) fitted with flame ionization (FID) and thermal 

conductivity (TCD) detectors. 

 

Operando Pressure Measurement. A custom built electrochemical cell coupled with a pressure 

transducer ((PX309, OMEGA Engineering, Inc.) was used for operando pressure measurements. 

Detailed cell design can be found in Ref. 1. After assembling, the cell was pressurized with Ar to 

~18 psi, sealed and placed in the 50 ◦C incubator. After resting at OCV (~3.1 V vs. Li/Li+) for 5 h, 

galvanostatic discharge was conducted from OCV to 1.9 V vs. Li/Li+, with 150 μL 0.1 NO2-Ph-

SF5 / 0.1 M LiClO4 / DMSO as catholyte at 40 μA∙cm-2. In the meantime, the pressure transducer 

(powered by a regulated DC power supply, Digi-Key) was connected to the same potentiostat via 

a DB9 connector, and the voltage output of the transducer was recorded and converted to the 

pressure based on a calibrated factory specification. Additional resting for 10 h was conducted 



 
 

4 
 

after cell discharge to establish the pressure baseline (linear fit of pressure as a function of time). 

To calculate the projected cell pressure with the assumption that 1 mol of gas (e.g. NO or NO2) is 

generated per 8 mol of e− transfer, the ideal gas law was applied to calculate the pressure increase 

(in psi, 1 psi = 6894.76 Pa) by 3.6( ) / 6894.76
8

nRT RT QP
V V F

∆ ×
∆ = =

×
, where V is the headspace 

volume, which was measured to be 4.77×10-6 m3 (4.77 mL); T is temperature (323 K); R is 

universal gas constant (8.314 J∙mol-1∙K-1); Q is discharge capacity (in mAh); F is the Faraday 

constant (96485 C∙mol-1). The projected cell pressure is then projected baselineP P P= + ∆ , where baselineP  

is the baseline pressure. 

 

Electrolyte Ionic Conductivity Measurements. Ionic conductivity measurements were 

performed inside the glovebox using an Oakton CON 700 benchtop meter equipped with a 

conductivity probe. The probe has a cell constant K=L/A=1 (L is the distance between the probe’s 

electrodes; A is the effective surface area of the electrodes). To measure ionic conductivity at 

temperature, the vial containing the electrolyte was placed in a heating block on a hot plate set at 

50 ◦C. Ionic conductivity was measured by immersing the probe in 3 mL of the electrolyte solution 

until a steady reading was obtained. The measurement was repeated three times for each solution, 

from which an average value was determined. 

 

Density Functional Theory (DFT) Calculations. All calculations were carried out using the 

Gaussian 03 program 2. To obtain HOMO and LUMO structures, molecular geometries in the gas 

phase were optimized to minimized energy at the B3LYP/6-31G+ level for SF6 and all R-Ph-SF5 

molecules, except for p-I-Ph-SF5, where B3LYP/3-21G was used so that the basis set is suitable 

for iodine. The atoms-in-molecules (AIM) analysis and localized orbital bonding analysis (LOBA, 
3) were performed on Multiwfn 3.8 software 4 using the optimized structure obtained from 

Gaussian 03. 
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Supplementary Note 2. Calculation for electron transfer number 

The average number of electrons transferred per molecule (ne) was calculated following 

equation (1): 

 

6

*3.6 /
10e

Q Fn
V c−=
× ×

           (1) 

In which: 

V−total electrolyte volume (μL); typical electrolyte volume was 50 μL. 

c−concentration of reactant molecule (M) 

Q−discharge capacity (mAh) 

F−Faraday constant (96485 C∙mol-1) 

 

The calculation assumes all electrons are consumed by reduction of the liquid fluorinated reactant. 
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Supplementary Note 3. Calculation for theoretical capacities in Fig. 3c 

The sub-stack level theoretical capacities of NO2-Ph-SF5 ( sub stack
theoQ − , units of mAh/g) listed in 

Fig. 3c are calculated using the following equation (2): 

 
3

3

/ 3.6 10
10

sub stack e
theo

electrolyte e Li

c n FQ
c n Mρ

−
−

−

× × ×
=

+ × × ×
     (2) 

In which: 

c−concentration of reactant molecule (M) 

ne−number of electron transfer per molecule (assumed to be 8) 

F−Faraday constant (96485 C∙mol-1) 

MLi – Molar mass of Li (6.9 g∙mol-1) 

electrolyteρ −density of electrolyte (g∙mL-1). This is calculated using the density of DMSO (

DMSOρ , 1.1 g∙mL-1) 5 and NO2-Ph-SF5 (
2 5NO Ph SFρ − − , 1.6 g∙mL-1 measured in the liquid state, 

see Chemicals and Materials section) using the equation below (where Vcomponent is the 

volume of the indicated component (mL), and mM is the molar mass of NO2-Ph-SF5, 249.16 

g∙mol-1): 

 

2 5 2 5

2 5 2 5 2 5 2 5

2 5

3
2 5

Electrolyte mass: 
NO -Ph-SF  mass: 10

electrolyte electrolyte electrolyte NO Ph SF NO Ph SF DMSO DMSO

NO Ph SF NO Ph SF NO Ph SF electrolyte NO Ph SF

electrolyte NO Ph SF

m V V V
m V c V M

V V

ρ ρ ρ
ρ

− − − −
−

− − − − − − − −

− −

= × = × + ×
= × = × × ×

= DMSOV




 +

 

 

 
2 5 2 5 2 5

3 310 (1 10 / )electrolyte NO Ph SF DMSO NO Ph SF NO Ph SFc M c Mρ ρ ρ− −
− − − − − −⇒ = × × + × − × ×   

 

The electrolyte salt (LiClO4) has negligible influence on the electrolyte density (<2 wt% of total 

electrolyte), thus is not included in the calculation. 
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 Calculation examples are shown below: 
  

c (M) 
electrolyteρ  

(g∙mL-1) 

NO2-Ph-SF5 weight ratio in 

electrolyte (α )a 
ne 

Theoretical capacity sub stack
theoQ −  

(mAh∙gsub-stack
-1)b 

0.1 1.11 2% 8 19 

1.0 1.18 21% 8 174 

2.0 1.26 40% 8 314 

3.0 1.33 56% 8 429 

4.0 1.41 71% 8 526 

4.5 1.45 77% 8 568 

5.0 1.49 84% 8 607 

6.4 1.60 100% 8 703 
a 

2 5

310 /NO Ph SF electrolytec Mα ρ−
− −= × ×  

b The unit mAh∙gsub-stack
-1 represents mAh∙gNO2-Ph-SF5+electrolyte+C+Li

-1. The weight of carbon is assumed 

to be 0, because it is not intrinsic to the theoretical performance. 
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Supplementary Note 4. Comment on electrolyte-to-cathode weight ratio for Li−CFx and 

Li−NO2-Ph-SF5 cells 

For Li−CFx and Li−NO2-Ph-SF5 cells fabricated in house, in the absence of optimized 

vacuum filling to enhance pore-infiltration of electrolyte, 50 μL was found to be the minimum 

electrolyte volume needed to ensure sufficient wetting of the electrodes. Further reducing the 

electrolyte amount resulted in decreased utilization of active materials. The weight of 50 μL 

electrolyte, depending on the NO2-Ph-SF5 concentration, ranges from ~55 mg to ~75 mg (from 0 

M to 5 M).  

To form a fair comparison with the Li−NO2-Ph-SF5 cell (with 4 M reactant, typical attained 

capacity of ~17 mAh∙cm-2), comparable cell capacities are ideal, meaning a CFx loading of ~ 20 

mg∙cm-2 is ideal. However, given the electrolyte pore filling issue mentioned above, and the limited 

control over pressing pressure when fabricating CFx cathodes in-house, an average CFx loading of 

11.5±1.3 mg∙cm-2 was used as CFx cathodes with higher loading exhibit less active material 

utilization (<90% of the theoretical capacity), and thus underestimate CFx performance. The CFx 

performance values reported in this manuscript are therefore conservative as they will overestimate 

performance obtainable with higher mass loadings commensurate with NO2-Ph-SF5 loading.  
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Supplementary Note 5. C rate calculation  

Theoretical capacity of NO2-Ph-SF5  

The theoretical capacity of NO2-Ph-SF5 reactant 2 5NO Ph SF
theoQ − − is calculated by the following 

equation (3): 

2 5

2 5

2 5

1
NO -Ph-SF

/ 3.6 8 96485 / 3.6 861 mAh g
249.16

NO Ph SF e
theo

NO Ph SF

n FQ
M

− − −

− −

× ×
= = = ⋅        (3) 

where ne is the number of electron transfer per NO2-Ph-SF5 and is assumed to be 8; 

2 5NO Ph SFM − − is the molar mass of NO2-Ph-SF5 (249.16 g∙mol-1); F is Faraday constant (96485 C∙mol-

1). 

 

Theoretical capacity of CFx  

The theoretical capacity of CFx ( xCF
theoQ ) can be calculated using same method with x assumed 

to be 1 (i.e. CF1), as equation (4): 

 

x

1

-1
CF

/ 3.6 1 96485 / 3.6 865 mAh g
31

xCF e
theo

CF

n FQ
M
× ×

= = = ⋅                    (4) 

where ne is for CFx is 1, and the molar mass of CFx (or CF1, 
1CFM ) is 31 g∙mol-1. 

 

C rate calculation 

The C rate is calculated by equation (5): 

 

2 5

2 5

C rate
x

x

NO Ph SF CF
NO Ph SF theo CF theo

I
m Q m Q− −

− −

=
⋅ + ⋅

     (5) 

where: 

I – discharge current (mA) 

2 5NO Ph SFm − − − weight of NO2-Ph-SF5 in cell (g) 

xCFm − weight of CFx in cell (g) 
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Calculation examples are shown below: 

 

Cell type 2 5NO Ph SFm − −

(g) 

xCFm  

(g) 

Total theoretical 

capacity (mAh) 

Current I  

(mA) 

Areal current 

(mA∙cm-2) 
C rate 

4 M NO2-Ph-SF5 

(Fig. 3) 

0.050 0 42.9 0.07 0.04 0.002 

0.050 0 42.9 0.18 0.1 0.004 

0.050 0 42.9 0.53 0.3 0.012 

0.050 0 42.9 1.77 1 0.041 

0.050 0 42.9 3.54 2 0.083 

0.050 0 42.9 5.31 3 0.124 

CFx 

(Fig. S16) 

0 0.022 18.7 0.19 0.11 0.010 

0 0.017 15.0 0.75 0.42 0.050 

0 0.022 19.4 1.94 1.10 0.100 

0 0.017 14.6 2.18 1.23 0.150 

4 M NO2-Ph-SF5 + CFx 

(Fig. 4) 

0.050 0.022 61.9 0.18 0.1 0.003 

0.050 0.017 57.8 0.53 0.3 0.009 

3.5 M NO2-Ph-SF5 + CFx 

(Fig. S19) 

0.044 0.022 56.7 1.77 1 0.031 

0.044 0.020 54.5 3.54 2 0.065 
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Supplementary Note 6. Calculation for capacity projection for hybrid cells (Fig. S20)  

The projected sub-stack capacity Qhybrid (mAh∙gNO2-Ph-SF5+CFx+electrolyte+C
-1) of the hybrid cell 

was calculated following equation (6): 

 
2 5

2 5

2 5

x

x

x

NO Ph SF CF
theo NO Ph SF theo CF

hybrid
NO Ph SF CF DMSO C Li

Q m Q m
Q

m m m m m

− −
− −

− −

⋅ + ⋅
=

+ + + +
    (6) 

where: 

2 5NO Ph SFm − − − weight of NO2-Ph-SF5 in cell (g) 

xCFm − weight of CFx in cell (g) 

2 5NO Ph SF
theoQ − − − 861 mAh∙gNO2-Ph-SF5

-1 

xCF
theoQ − 865 mAh∙gCFx

 -1 

DMSOm – weight of DMSO (g); When NO2-Ph-SF5 concentration >0, DMSOm  is related with 

2 5NO Ph SFm − − , following: the total weight of liquid =
2 5 2 5

/NO Ph SF DMSO NO Ph SFm m m α− − − −+ =  (α is the 

NO2-Ph-SF5 weight ratio in electrolyte, with exact values listed in the calculation for Fig. 3c). 

Therefore, 
2 5

(1/ 1)DMSO NO Ph SFm mα − −= −  

Cm – weight of carbon, fixed at 10% of total weight of liquid (catholyte or, for CFx-only cells, 

electrolyte) in all experiments and calculations. The inclusion of carbon is to ensure basic 

electronic conductivity and sufficient active surface for LiF growth. 

Lim − weight of Li, which is determined by the total theoretical capacity: 

2 5

2 5

3.6( )x

x

NO Ph SF CF Li
Li theo NO Ph SF theo CF

Mm Q m Q m
F

− −
− −

×
= ⋅ + ⋅ × , where the molar mass of Li ( LiM )=6.9 

g∙mol-1. 

 

Set x to be the weight ratio of NO2-Ph-SF5 /total F-reactant (i.e. 2 5

2 5 x

NO Ph SF

NO Ph SF CF

m
x

m m
− −

− −

=
+

 or 

2 5

1
xCF NO Ph SF

xm m
x − −

−
=  ), then Qhybrid can be expressed as: 
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2 5

2 5 2 5

2 5

2 5 2 5 2 5

1

1 1( 1) 0.1

xNO Ph SF CF
theo NO Ph SF theo NO Ph SF

hybrid
NO Ph SF

NO Ph SF NO Ph SF NO Ph SF Li

xQ m Q m
xQ mxm m m m

x α α

− −
− − − −

− −
− − − − − −

−
⋅ + ⋅

=
−

+ + − + ⋅ +
 

Therefore, 

2 5

2 5

1

3.61 1.1 1( )

x

x

NO Ph SF CF
theo theo

hybrid
NO Ph SF CF Li
theo theo

xQ Q
xQ Mx xQ Q

x x Fα

− −

− −

−
+ ⋅

=
×− −

+ + + ⋅
         (7) 

 

For each NO2-Ph-SF5 concentration (>0), α  is determined, and Qhybrid as a function of x is 

plotted (Fig. S20). 

A constraint was assumed to limit practical cell assembly, namely that the mass of liquid in 

the cell cannot be substantially lower than the mass of solids given poor wetting and thus 

decreasing solid utilization at low liquid amounts. For this boundary condition where solid mass 

= liquid mass, i.e. 
2 5x NOCF C D OS SPh F Mm m m m− −+ = + , the value of α can be expressed as a function 

of x, following: 

2 5

2 5 2 5 2 5

1 10.1 ( 1)NO Ph SF
NO Ph SF NO Ph SF NO Ph SF

mx m m m
x α α

− −
− − − − − −

−
+ ⋅ = + −  

1 1 0.1x
x α
− −

=  

0.9
1

x
x

α =
−

 

For Li−CFx cells with no NO2-Ph-SF5, the boundary condition solid=liquid is still applicable 

with 0xα = = . In this case:  
xCF C DMSOm m m+ = , and 0.1C DMSOm m= ⋅ , thus / 0.9

xDMSO CFm m= . 

Thus, Qhybrid can be expressed as: 

3.60.1 1.1/ 0.9

x x

x x

xx
x x x

CF CF
theo CF theo CF

hybrid
CF LiCF DMSO DMSO Li

CF CF theo CF

Q m Q m
Q Mm m m m m m Q m

F

⋅ ⋅
= =

+ + ⋅ + + ⋅ + ⋅
 

-1
sub-stack354 mAh g

3.61.11
0.9

x

x

CF
theo

hybrid CF
theo Li

QQ
Q M

F

= = ⋅
× ×

+ +
   (8) 
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 Sulfur oxidation state analysis 

 SF6 Ph-SF5 p-I-Ph-SF5 m-NO2-Ph-SF5 p-NO2-Ph-SF5 

AIM charge 2.28 1.90 2.36 1.89 1.91 

LMO threshold Oxidation state from LOBA 

50% 6 4 4 4 4 

55% 6 4 6 6 4 

60% 6 4 6 6 6 

70% 6 6 6 6 6 

80% 6 6 6 6 6 

 

Figure S1 | Electronic structure of pentafluorosulfanyl arenes. The bond length of the S−F and 

S−C bonds are as indicated. The aromatic group breaks the symmetry around the sulfur redox 

center with the F on the top octahedral vertex being closer to S than the four F that share the same 

plane. To estimate the oxidation state (OS) of sulfur, the localized orbital bonding analysis 

(LOBA) method was utilized with different localized molecular orbital (LMO) thresholds as 

indicated in the table. If the atomic contribution to one LMO is higher than the selected threshold, 

electrons in the LMO are treated as originating from the atom (here, S). Typically, a threshold of 

50% or 60% is used 3. The OS of S in R-Ph-SF5 is found to be around 4−6 and is relatively sensitive 

to the LMO threshold, which can be attributed to the complex bonding nature (mixed ionic and 

covalent). Consequently, LOBA analysis provides an estimate of electronic structure although is 

not precise here for determining OS of S in R-Ph-SF5 
6. 
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Figure S2 | Optical image of a, 0.1 M R-Ph-SF5  / 0.1 M LiClO4 / DMSO catholyte and b, NO2-
Ph-SF5  / 0.2 M LiClO4 / DMSO catholyte with different NO2-Ph-SF5  concentrations. Generally, 
NO2-Ph-SF5 was found to be miscible with multiple common electrolyte solvents (e.g. PC, 
TEGDME, EC/DMC) in addition to DMSO.   
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Figure S3 | Galvanostatic discharge of R-Ph-SF5 cells from Fig. 1b reported as a, capacity 
normalized to mass of reactant and b, absolute capacity.  
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Figure S4 | SEM of a pristine KB cathode (left) and a KB cathode discharged to 1.9 V (right) 
with 0.1 M NO2-Ph-SF5 / 0.1 M LiClO4 / DMSO. 
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Figure S5 | XRD of discharged cathodes from Li−R-Ph-SF5 cells with 0.1 M R-Ph-SF5, discharged 
at 40 μA∙cm-2 and 50 ◦C. Cell discharge capacities: 0.93, 0.78, 0.73, and 0.70 mAh∙cm-2, for p-
Li−NO2-Ph-SF5, m-NO2-Ph-SF5, p-I-Ph-SF5, and Ph-SF5 cells, respectively. For Li−p-NO2-Ph-
SF5, m-NO2-Ph-SF5 cells, the capacity of the high voltage plateau was 0.58 and 0.47 mAh∙cm-2, 
respectively.  
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Figure S6 | a, S 2p and b, N 1s high resolution XPS scans of discharged cathodes to the indicated 
voltages. Reference peaks: polysulfide: 162.9 eV 7; S8: 164.0 eV 8 oxidized sulfur: ~167.8 eV, e.g. 
SOx 9 or DMSO 10. The peaks located at 399.4 and 405.0 eV can be attributed to –NO2-containing 
organic compounds, while the N signal detected from pristine KB might be attributed to residual 
NMP 8. Negligible Li3N (~395.5 eV) 11 was detected. c, Atomic composition at different degrees 
of discharge from XPS quantification. d, O 1s high resolution XPS scans of discharged cathodes 
to the indicated voltages. Reference peaks: Li2CO3: 531.4 eV; LiClO4 (residual electrolyte salt): 
532.9 eV 8. e, Raman spectra of discharged cathodes to the indicated voltages.   Reference peaks: 
Li2CO3: 1080 cm-1 12; −CH2 stretching: 1464 cm-1 13,14. 
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Figure S7 | Energy dispersive X-Ray spectroscopy (EDX) analysis of cathodes discharged to 
different voltages. Top: 2.07 V vs. Li/Li+; bottom: 1.90 V vs. Li/Li+.  
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Figure S8 | SEM of discharged cathodes in a, Li−R-Ph-SF5 cells (with LiClO4 salt) and b, 
Li−NO2-Ph-SF5 cells with LiClO4 or LiPF6 as electrolyte salt (as indicated). All cells were 
discharged at 40 μA∙cm-2 at 50 ◦C with 0.1 M R-Ph-SF5 / 0.1 M salt in DMSO. 
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Figure S9 | a, Mass spectroscopy and b, gas chromatography of the headspace gas from a fully- 
discharged Li−NO2-Ph-SF5 cell with 150 μL 0.1 M NO2-Ph-SF5 / 0.1 M LiClO4 / DMSO 
electrolyte and KB electrode at 40 μA∙cm-2. Background comparisons were conducted on the 
headspace gases from cells with the same electrolyte and cathode (without Li) after resting at 50 
◦C for 3 days. In part b, the peaks at 4.4−4.5 min and 8 min are due to valve switches.  
  



 
 

22 
 

 
Figure S10 | Galvanostatic discharge of a Li−NO2-Ph-SF5 cell with 150 μL 0.1 M NO2-Ph-SF5 / 
0.1 M LiClO4 / DMSO as catholyte at 40 μA∙cm-2 and 50 ◦C, with the corresponding cell pressure 
(blue symbols). The grey solid line is the projected pressure baseline, which is extrapolated from 
the linear fit of cell pressure profile during post-discharge resting (for 10 h). To provide a 
quantitative scale for these measurements, the yellow dashed line is the estimated cell pressure 
increase if 1 mol of gas were generated per 8 mol of electron transfer, e.g. one NO, NO2, or SFx 
gas molecule (e.g. SF4). The calculation detail for projected cell pressure projectedP  is in the methods 
section. 
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Figure S11 | Discharge of Li−NO2-Ph-SF5 cells as a function of reactant concentration at fixed 
total electrolyte volume (50 µL). The data are the same as Fig. 3a and show different 
normalizations: a, Electron transfer number per NO2-Ph-SF5; b, Cathode areal capacity; or c, 
Absolute cell capacity without normalization. 
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Figure S12 | Discharge profiles at 0.1 mA∙cm-2 from the Li−NO2-Ph-SF5 cells in Fig. 3c. 
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Figure S13 | Ionic conductivity of NO2-Ph-SF5-containing electrolytes as a function of NO2-Ph-
SF5 concentration at 50 ◦C and at room temperature (RT).  
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Figure S14 | SEM of discharged carbon cathodes of cells with 4 M NO2-Ph-SF5 / 0.2 M LiClO4 
DMSO electrolyte at different current densities and 50 ◦C. 
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Figure S15 | Shelf-life tests for Li−NO2-Ph-SF5 cells with 4 M NO2-Ph-SF5 / 0.2 M LiClO4 / 
DMSO. The cells were rested for different timespans after assembly and prior to discharge (upper) 
or after partial discharge (lower).  
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Figure S16 | Discharge data of Li−CFx cells at a, 50 ◦C and b, room temperature (RT). Sub-stack 
= CFx + carbon + electrolyte + consumed Li. 
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Figure S17 | Discharge profiles of primary batteries. Data for 4 M NO2-Ph-SF5 and CFx are 
measured at room temperature (RT), with 0.2 M LiClO4 in DMSO at 60 h and 100 h rate, 
respectively. The other discharge profiles are adapted from Ref. 15 (Fig. 8.2, at a 30−100 h rate). 
Given the voltage incompatibility between the SOCl2 catholyte and CFx, the hybrid cathode 
concept has only been applied on solid-solid phases, e.g. CFx/MnO2 hybrid cells 16,17. Unlike 
SOCl2, discharge voltages of Li−NO2-Ph-SF5 and Li−CFx cells are similar at comparable C-rates 
which enables them to be readily combined. 
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Figure S18 | Weight of cell components in Li−CFx, Li−NO2-Ph-SF5, and hybrid cells. The 
calculations assume an electrolyte weight in the CFx cell equal to the CFx weight (~22 mg), which 
is lower than that actually used in experiments (~55 mg) due to difficulties with low electrolyte 
volume infiltration in a noncommercial setting. This estimate was used to fairly represent 
performances obtainable in commercial Li−CFx cells where typical cathode-to-electrolyte weight 
ratios are 1:118,19. All other weights reported in the figure are those used in actual cell assembly. 
The weight of electrolyte salt (LiClO4) is negligible (≤2 wt% of electrolyte weight) and is omitted 
for simplicity. 
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Figure S19 | Rate performance of hybrid cells using CFx as solid cathode and NO2-Ph-SF5 / 0.2 
M LiClO4 / DMSO as electrolyte. Cells were discharged with a, 4 M NO2-Ph-SF5 at 50 ◦C, and b, 
3.5 M NO2-Ph-SF5 at 70 ◦C. 
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Figure S20 | Projection of theoretical capacity of hybrid cells with different weight ratios (see 
associated discussion and detailed calculations, p. 11 of this document). The shaded region, where 
the weight of solid components (CFx + C) is higher than that of liquids, is deemed as non-practical 
because it is difficult for electrolyte to sufficiently wet the electrode under this condition. The 
maximum attained capacity in Fig. 4c (with 4 M NO2-Ph-SF5) is labeled as “attained”. 
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Figure S21 | Low concentration discharge of NO2-Ph-SF5 at a, 50 ◦C and b, RT. All cells were 
discharged with 0.1 M NO2-Ph-SF5 / 0.1 M LiClO4 / DMSO. 
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Figure S22 | Room temperature discharge of a, Li−NO2-Ph-SF5 and b, hybrid cells. Cells in a 
utilized 4 or 3 M NO2-Ph-SF5 / 0.2 M LiClO4 / DMSO as catholyte, while cells in b utilized 3 M 
NO2-Ph-SF5 / 0.2 M LiClO4 / DMSO.  



 

 

35 

 

 
 

Figure S23 | Electrochemical impedance spectra evolution of a, a Li|C cell and b, a Li|Li half-cell 

after different resting times at 50 ◦C. Cells utilized 4 M NO2-Ph-SF5 / 0.2 M LiClO4 / DMSO as 

catholyte. Both cells showed an initial increase in impedance after resting for one day due to 

wetting, and then the impedance slowly decreased and stabilized over the course of one week, 

indicating the formation of a stable/electronically passivating solid electrolyte interphase (SEI). c, 

SEM of a Li anode after resting at 50 ◦C in Li−NO2-Ph-SF5 (4 M) Swagelok cells with 50 μL 

electrolyte for 5 h or 1 week. d, EDX mapping and elemental distribution of a Li anode after resting 

in Li−NO2-Ph-SF5 cells for 5 h at 50 ◦C. The SEM demonstrates conformal formation of a thin 

(~100 nm) LiF layer on the Li surface after 5-hour resting. EDX confirmed the layer to consist 

primarily of F (as LiF) with negligible amounts of other elements (e.g. no S or N; note that Li is 

too light to be detectable from EDX). This layer grows thicker as the resting time increases and 

reaches ~200 nm after one week (corresponding to stabilization of the impedance spectrum). A 

200 nm thick interface, assuming it to consist entirely of LiF, corresponds to ~0.72 μmol reactant 

consumed (assuming 5 F−/reactant), i.e. 0.36% of total reactant or 0.15 mAh capacity lost.   
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Figure S24 | SEM image of a Li anode after resting at room temperature for one week in 
Li−NO2-Ph-SF5 cell (4 M reactant), showing sparser SEI formation.  
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Table S1 | Performance comparison of Li primary batteries. 
 Part 1 | Performances of state-of-the-art Li primary batteries at room temperature15

 

Cathode State 
Theoretical Capacity 

Q (mAh∙g-1) Voltage (V) 
Active Material Energy 

Practical V × Theoretical Qb 
Packaged Energy15 

Commercial cells 
  Cathode 

Active only 
Cathode+Li 
Active only 

Theoretical Practical Gravimetric 
(Wh∙kg-1) 

Volumetric 
(Wh∙L-1) 

Gravimetric 
(Wh∙kg-1) 

Volumetric 
(Wh∙L-1) 

MnO2 Solid 308 286 3.5 2.9 830 2560 230−270 545−620 

SO2 Liquid 419 377 3.0 2.8 1055 1255 260 415 

SOCl2 Liquid 450 403 3.65 3.6 1450 1950 480−590 950−1100 

CFx
a Solid 865 706 3.1 2.8/2.9 1980/2050 3065/3175 250−800 560−1160 

a Values measured at room temperature or 50 ◦C, following the format: room temperature/50 ◦C. 
b The Theoretical Q used to calculated the Active Material Energy is based on the weight of cathode + Li. 

 
 Part 2 | Performances of Li−R-Ph-SF5 batteries at 50 ◦C 

Cathode 
# e− / 

reactant 
Theoretical Capacity 

Q (mAh∙g-1) Voltage (V) 
Active Material Energy 

Practical V × Theoretical Q 
  Cathode 

Active only 
Cathode+Li 
Active only 

Practical Gravimetric (Wh∙kg-1) Volumetric (Wh∙L-1) 

p-NO2-Ph-SF5
a 8 646/215/861 553/204/704 2.9/2.1/2.6 1605/430/1845 1995/620/2165 

m-NO2-Ph-SF5
a 8 646/215/861 553/204/704 2.8/2.2/2.6 1550/450/1830 1925/650/2145 

p-I-Ph-SF5 6 487 433 2.5 1075 1680 

Ph-SF5 6 788 654 2.8 1565 1790 

a Due to multiple voltage plateaus observed from NO2-Ph-SF5 discharge, performances are reported separately for high voltage 
(OCV−2.54 V), low voltage (2.54 V−1.9 V), and overall discharge (OCV−1.9 V) following the format: high voltage/low voltage/overall 
discharge. 
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Table S2 | Safety comparison of battery electrolytes* 
   

 SOCl2 20 
LIB 

electrolyteb 21 CFx electrolyted Ph-SF5 22 p-I- 
Ph-SF523 

m-NO2- 
Ph-SF524 

p-NO2- 
Ph-SF525 

State at RT liquid liquid liquid liquid solid liquid solid 

Boiling point 79 ◦C  ~100 ◦Cc -- ≥148 ◦C ~220 ◦Ce ~273 ◦Cf ~197 ◦Cg  

  Category 1−5, with 1 the most hazardous 
Acute toxicitya          

  LiPF6 EC LiBF426 DME27     
        Oral 4 3 4 4 -- -- 4 4 3 

        Dermal -- -- -- 4 -- -- -- 4 3 

        Inhalation 3 -- -- 4 4 -- -- 4 3 

  Category 1−3, subcategory A−C, with 1A the most corrosive.  

Skin irritationa 1A 1A 1B 2 2 2 2 2 

Eye irritationa 1 1 1 2 2A 2A 2A 2A 

  Hazard rating 0−4, with 4 the most hazardous 
NFPA ratingh         

        Health 4 3   3 3 3 3 
        Fire 0 3   2 0 1 1 
        Reactivity  2 0   0 0 0 0 
a Toxicity and irritation categories are reported following the globally harmonized system (GHS) classification.  
b 1 M LiPF6 in ethylene carbonate/ethyl methyl carbonate (EC/EMC, 3:7), a commonly used electrolyte for Li-ion 
batteries (LIB). 
c The boiling point for 1 M LiPF6 EC/EMC (3:7) is not available, thus the data for 1 M LiPF6 EC/EMC (1:1) is used 
here, from Ref.28. 
d Commonly used electrolyte in Li−CFx batteries is LiBF4 or LiClO4 in PC/DME29,30. 
e Converted to 1 atm based on the reported value of 50 ◦C @ 0.75 mmHg (conversion based on Ref.31. Same for note 
f and g). 
f Converted to 1 atm based on the reported value of 106 ◦C @ 2 mmHg. 
g Converted to 1 atm based on the reported value of 76-77 ◦C @ 12 mmHg.  
h NFPA: National Fire Protection Association. W means the material reacts violently or explosively with water. 
 
* The major risk for SOCl2 is its high corrosivity and low stability (high reactivity). Specifically, 
it reacts with water (e.g. in air) to release SO2 and HCl. The relatively low boiling point increases 
the risk of vapor inhalation. In addition, during battery use, Li−SOCl2 cells face risk of thermal 
runaway due to heat generation, or explosion due to internal cell pressure increase (due to evolution 
of SO2 gas, a major product, during discharge32). 

A major risk for commercial Li-ion battery electrolytes based on carbonate solvents, which are 
also used in Li−CFx batteries, is high flammability. Note that these electrolytes also cause severe 
skin or eye damage if in contact. 

1 
3 0 

1 
3 0 

0 
3 0 

0 
4 2 

W 

3 
3 0 

2 
3 0 

3 
2 0 

0 
3 1 
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In contrast, R-Ph-SF5 reactants are thermally and chemically stable, less corrosive, have relatively 
low flammability (1 vs. 3 on the NFPA and HMIS ratings), and high boiling points (typically >150 
◦C, e.g. m-NO2-Ph-SF5: 273 ◦C at 1 atm). The use of solvent might increase the flammability of the 
electrolyte (e.g. DMSO has a flammability rating of 2 in NFPA and HMIS systems5), but noting 
that the solvent volume will be minimized in a practical cell to maximize the reactant 
concentration, safety concerns are expected to be less severe than in a dilute DMSO-based 
electrolyte. 
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