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Abstract  

Discovery of new electrochemical redox motifs are essential to expand the design landscape for 

energy-dense batteries. We report a family of fluorinated reactants based on pentafluorosulfanyl 

arenes that allow for high electron-transfer numbers (up to 8-e−/reactant) by exploiting multiple 

coupled redox processes including extensive S–F bond breaking, yielding capacities of 861 5 

mAh∙greactant
-1 and voltages up to ~2.9 V when used as catholytes in primary Li cells. At a cell 

level, gravimetric energies of 1085 Wh∙kg-1 are attained at moderate temperatures of 50 ºC, with 

853 Wh∙kg-1 delivered at >100 W∙kg-1, exceeding all leading primary batteries based on electrode 

+ electrolyte (sub-stack) mass. Voltage compatibility of R-Ph-SF5 reactants and carbon 

monofluoride (CFx) conversion cathodes further enabled investigation of a hybrid battery 10 

containing both fluorinated catholyte and cathode. The hybrid cells reach extraordinarily high cell 

active mass loading (~80%) and allow for significant boosting of sub-stack gravimetric energy of 

Li−CFx cells by at least 20% while exhibiting good shelf life and safety characteristics.  

Significance Statement 

To widen the design space for advanced batteries, developing new electrochemical conversion 15 

reactions is challenging yet critical. Primary Li batteries have the highest energy densities among 

all battery technologies, owing to the successful exploitation of light-weight non-transition-metal 

redox centers, and thus represent exemplar systems for maximizing energy storage in chemical 

bonds. Here we report a novel class of fluoro-organosulfur catholyte that allows up to 8-e− transfer 

per molecule and boosts the energy of the leading Li primary battery chemistry (Li−CFx) by 20% 20 

based on electrode+electrolyte weight. More broadly, we illuminate an unpreceded 

electrochemical mechanism exploiting full defluorination of S–F bonds, opening new strategies to 

tailor S-based redox systems of broader relevance to the battery field. 
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Introduction 

Extending the classes of reactions that underlie electrochemical energy storage systems is of 

fundamental and practical importance to enable improved mobility, autonomy, medical devices 

and electronics. Li-ion batteries rely on reversible electrochemical Li+ insertion with transition-5 

metal redox centers (Mn, Fe, Co, Ni) comprising metal-oxygen or metal-polyanion bonds (1, 2), 

which permit l−2 electrons transferred/active-metal site although limit gravimetric energy (~500 

Wh∙kgactive-material
 -1 or ~260 Wh∙kgpackaged

-1) (3, 4). Primary Li batteries, which fill critical needs in 

healthcare, autonomy, and many other applications where reliability is requisite, surpass the limits 

of Li-ion batteries by utilizing lighter electroactive units based on non-transition-metal redox 10 

centers such as carbon or sulfur. This substantially lessens the weight per electrical charge (5), 

although their electrochemistry is not reversible so these batteries are not rechargeable. Such 

commercial batteries include Li−carbon monofluoride (Li−CFx), Li−thionyl chloride (Li−SOCl2) 

and Li−SO2, with energy densities ranging from 200−800 Wh∙kgpackaged
-1 and 400−1160 

Wh∙Lpackaged
-1 (Table S1). Li−CFx has the highest energy, reaching up to 800 Wh∙kgpackaged

-1 in 15 

low-rate, high-energy cells and offers good safety and storage characteristics due to the solid nature 

of the CFx cathode. However, Li−CFx has limited performance at higher discharge rates (6). 

Alternatively, Li−SOCl2 and Li−SO2 offer a broader range of operation for high delivered energy, 

but these cells incorporate corrosive and easily vaporized sulfur-based catholytes and are limited 

to specialty applications due to the associated safety concerns. The Li-primary battery field is quite 20 

mature, with very few fundamental innovations in cell chemistries in the past 40 years (7, 8).  

The redox centers of carbon (+4 to −4), nitrogen (+3 to −5), sulfur (+6 to −2), or phosphorus 

(+3 to −5) are of particular interest to exploit for advanced battery formulations given their light 
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weight and large theoretically-accessible electron transfer numbers. Sulfur (S)-based redox has 

received particular focus given the reversibility of its lowest oxidation states (0 to −2) as exploited 

in rechargeable Li−S batteries (9, 10). The higher range of sulfur’s oxidation states have been 

realized in commercial primary chemistries based on (halo)oxides, viz. Li−SOCl2 (S oxidation 

state: +4 to 0) (11), Li−SO2 (+4 to +3) (12, 13), and in Li−SO2Cl2 (+6 to +4) (14). Motivated by 5 

earlier development of stored chemical energy propulsion systems that employ a thermochemical 

reaction between molten Li and sulfur hexafluoride (SF6) gas at 500−600 ◦C (15), we previously 

developed a room-temperature electrochemical analogue in the form of a primary Li battery with 

SF6 dissolved in an organic electrolyte (16). The cell discharge reaction is SF6 + 8Li → 6LiF + 

Li2S, analogous to the thermochemical system, and thus successfully exploits the full oxidation-10 

state range of sulfur (+6 to −2). In spite of unrivaled high theoretical energy densities of 3920 

Wh∙kgLi+SF6
-1 based on weight of reactants, Li−SF6 cells exhibited sluggish discharge reactions in 

practice associated with low gas solubilities (~1−5 mM) and hindered activation of symmetric SF6 

in which octahedrally-coordinated F− ligands shield the redox-active S6+ center (17), making this 

first generation of S−F redox systems of scientific interest but unable to fully realize the 15 

intrinsically high energy density.   

 Here we demonstrate that these challenges can be overcome through design of catholytes 

that extensively exploit S−F bond electroactivity (Fig. 1A), providing high delivered energy with 

facile kinetics. We examined the family of pentafluorosulfanyl arenes (18, 19) with the formula 

R-Ph-SF5, where Ph is a phenyl ring and R is an electron-withdrawing group. When used as a 20 

catholyte in Li−carbon cells, R-Ph-SF5 reactants are found to undergo complete defluorination 

(corresponding to 5-e−, or 1-e− per fluoride) with additional reduction possible up to a total of 8-

e− transfer per molecule, yielding competitive gravimetric energies up to 1845 Wh∙kgLi+R-Ph-SF5
-1 

and excellent rate capability. Inspection of the discharge pathways illuminates a coupling of S−F 
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bond cleavage with further S-based redox that is highly sensitive to the reactant structure and R-

group functionality, providing multiple motifs for design and manipulation of electrochemical 

defluorination reactions as an emerging class of high-capacity and energy-dense storage vectors. 

Practically, voltage compatibility of R-Ph-SF5 and solid CFx cathodes further enables design of a 

hybrid battery that achieves remarkably high active mass loading in the cell, boosting the attainable 5 

gravimetric energy of Li−CFx batteries by a minimum of 20%. 

Results and discussion 

Intrinsic electroactivity and products of R-Ph-SF5 discharge 

The reactant structures and their incorporation into a Li primary battery are shown in Fig. 1. R-

Ph-SF5 reactants exhibit multiple design handles, including the nature of the aromatic group, R-10 

group composition and position (Fig. 1B). Compared to SF6(g), molecular structure and lowest 

unoccupied molecular orbital (LUMO) calculations (Fig. S1) show that the aromatic group of R-

Ph-SF5 breaks the S−F symmetry while retaining a similar electronic structure around the sulfur 

redox center. The aromatic group also imparts miscibility with organic solvents up to 5 M 

concentration (Fig. S2). Notably, R-Ph-SF5-class reactants have safety ratings favorable to both 15 

SOCl2 and typical Li-ion electrolyte formulations due to low corrosivity, low flammability, high 

boiling point and high chemical stability (Table S2). Cells (Fig. 1A) were assembled with a Li 

metal anode, a carbon cathode substrate (Ketjen black or carbon foam), and a catholyte comprising 

R-Ph-SF5 (0.1−5 M) with LiClO4 salt and dimethyl sulfoxide (DMSO) solvent. LiClO4 was used 

to avoid additional sources of F for characterization purposes whereas the use of additional DMSO 20 

solvent was necessary to dissolve electrolyte salt. In addition, DMSO was shown previously to 

support high capacities of fluoride conversion cathodes given the ability to partially solubilize LiF 

(17).  
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To examine the intrinsic redox behavior, Fig. 1C shows discharge of cells containing 0.1 

M R-Ph-SF5 at 40 µA/cm2 as a function of electrons reacted per molecule (calculation details in 

supplementary note 2). Cells were tested at 50 ºC to maximize capacity; temperature effects are 

revisited later. Unsubstituted Ph-SF5 and Ph-I-SF5 exhibited modest voltages of ~2.5 V vs. Li/Li+ 

over a single plateau. Increasing the Hammett coefficient of the electron-withdrawing functionality 5 

to −NO2  in the meta (m) or para (p) position (0.71 or 0.78, vs. 0.18 for –I at para) (20) led to higher 

discharge voltages. The highest cell voltage was obtained with −NO2 in the para (p) position and 

yielded a three-stage discharge profile with plateaus at 2.9, 2.3 and 2.1 V vs. Li/Li+ with a total 

capacity of 8 e−/molecule (861 mAh∙gR-Ph-SF5
-1, identical to the theoretical capacity; Fig. S3). Given 

its leading performance, all subsequent studies utilize p-NO2-Ph-SF5 with the ‘p’ henceforth 10 

omitted. 

To examine the conversion process in detail, 0.1 M NO2-Ph-SF5 was discharged to varying 

terminal voltages (Fig. 2A) after which cathodes and/or electrolyte were extracted for analysis. At 

2.54−2.38 V vs. Li/Li+, the cathodes consisted of cubic crystallites of ~270 ± 50 nm in Fig. 2B 

(SEM of a pristine cathode in Fig. S4), confirmed to be LiF (rocksalt, 3Fm m ) from X-ray 15 

diffraction (Fig. S5) and in the XPS F 1s spectrum (684.9 eV, Fig. 2C). Given the electronically 

insulating nature of LiF, the energy-minimized structure and large particle size suggests that LiF 

particles grow via a solution-mediated process (17, 21). The amount of solid sulfur products in the 

cathode S 2p spectra was negligible (< 0.1 at. %, Fig. 2D and Fig. S6A) (22) after the high-voltage 

plateau, however, ultraviolet-visible (UV-vis) spectroscopy and visual analysis confirmed that 20 

most of the sulfur was present in solution as polysulfides, with S8
2− predominant (Fig. 2E, 2F).  

The data collectively indicate that the high-voltage plateau corresponds to near-stoichiometric 

defluorination of all 5 F ligands in Ph-NO2-SF5, a process that liberates S intermediates from the 
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parent molecule which then undergo polymerization reactions in solution. Polysulfide generation 

continued upon further discharge to 2.07 V vs. Li/Li+ (~ 1 e−), with a slight increase in cathode S 

content (to ~0.8 at. %, Fig. 2D).  

Full discharge to 1.90 V vs. Li/Li+ c led to near-complete disappearance of any species 

detected by UV-vis (23) (Fig. 2E) and XPS indicated a modest increase in the cathode’s S and N 5 

content (to ~1.5 and 1.3 at.%, respectively, Fig. 2D and Fig. S6A-C). Prior studies have reported 

the tendency of nitro-functionalized aromatics to react with short-chain (S2
2−) polysulfides in 

DMSO and undergo ring thiol substitution with NO2
− as a leaving group (24), a possible 

mechanism that could account for S-poor solid phases in discharged cathodes and retention of 

reduced S in the liquid phase, along with minor increases in N. O content in the cathode also 10 

increased from 16.8 to 27.0 at.% between 2.07 and 1.90 V vs. Li/Li+ (Fig. 2D and Fig. S6C), while 

corresponding SEM images indicated nucleation of a new phase with spherical morphology (Fig. 

2B), confirmed to be O-rich and N, F, S-poor by energy-dispersive X-ray analysis (Fig. S7). The 

XPS O 1s (Fig. S6D) and Raman spectrum (Fig. S6E) indicated this phase to be Li2CO3, which 

might arise from −NO2-derived interactions with DMSO or prior formation of Li2O, a plausible 15 

reduction product of the nitro group that could react further with electrolyte or trace CO2 to yield 

Li2CO3. These spherical particles formed only with –NO2 containing reactants and regardless of 

salt, excluding the possibility that they originate from LiClO4 (Fig. S8). Significantly, cell 

headspace analysis by gas chromatography and mass spectroscopy (Fig. S9) ruled out formation 

of NO, NO2, or N2O, and cells discharged with a pressure transducer showed negligible gas 20 

evolution (Fig. S10) of any kind. While the precise mechanism of multi-electron NO2-Ph-SF5 

reduction is complex, the overall mechanism indicates extensive S−F, S−S, C−S, and N−O bond 

activation and reduction, yielding solid and liquid products that accumulate throughout the cell.  
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Discharge performance of Li−NO2-Ph-SF5 cells  

The electrochemical performance was examined as a function of reactant concentration to evaluate 

feasibility as a high-concentration catholyte. Fig. 3A shows galvanostatic discharge at 

concentrations of 1−5 M at 40 µA/cm2, where capacities are here normalized to the weight of NO2-

Ph-SF5 as an intrinsic measure of reactant utilization. Discharge at concentrations of 1.0−2.0 M 5 

led to attainable capacities of 818 and 786 mAh∙gNO2-Ph-SF5
-1 respectively, with retention of a 

similar discharge profile. Further increasing concentration (≥3 M) saw disappearance of the lower-

voltage plateau at ~2.1 V vs. Li/Li+, with capacities of 544 mAh∙gNO2-Ph-SF5
-1 attained at 5.0 M. The 

loss of the lower-voltage plateau indicates that the carbon cathode surface became passivated by 

LiF at high potentials before NO2-Ph-SF5 could be fully reduced, i.e., cells switched from being 10 

reactant-limited to surface passivation-limited. This was confirmed by SEM of discharged 

cathodes showing extensive crystallization of cubic LiF particles and no visible carbon substrate 

remaining (Fig. 3B vs. Fig. 2B).  

In spite of lower per-molecule utilization, increasing the concentration enables improved 

cell-level metrics. Fig. S11 plots the same data in Fig. 3A at 40 µA/cm2 in units of total or areal 15 

capacity, showing a monotonic increase from 5.8−19.1 mAh∙cm-2 between 1.0 and 5.0 M. To 

accurately represent the cell performance on a gravimetric basis, normalization was additionally 

conducted based on the weight of all cell materials (i.e. NO2-Ph-SF5 + electrolyte + carbon cathode 

+ consumed Li) excluding only the current collectors, separator, binder, and cell housing (25), 

henceforth denoted as “sub-stack”. Fig. 3C shows these sub-stack capacities and gravimetric 20 

energies at a slightly higher current of 0.1 mA∙cm-2 (Fig. S12). Capacities increased from 292 to 

362 mAh∙gsub-stack
-1 as concentration increased from 3 M to 4 M, beyond which further gains were 

negligible. The maximum gravimetric energy of 1085 Wh∙kgsub-stack
-1 was obtained at 4.5 M. 

Capacity and energy decreased with concentrations exceeding 4.5 M due to diminishing supporting 
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solvent (DMSO, ~16 wt% of the catholyte at 5 M) which led to significant decline in ionic 

conductivity from 6.4 to 0.6 mS∙cm-1 from 0.1 M to 5 M (Fig. S13). Additionally, low DMSO 

content decreases the ability to solubilize LiF, making electrode passivation effects more severe. 

The rate capability of cells at 4.0 M concentration is shown in Fig. 3D and the corresponding rate-

dependent LiF morphology is shown in Fig. S14. Capacities remained constant at ~362 mAh∙gsub-5 

stack
-1 from 0.3 – 1.0 mA∙cm-2 (0.01 C − 0.04 C-rate; calculation in supplementary note 5) and 

decreased moderately thereafter up to 3 mA∙cm-2 (0.12 C), indicating excellent rate capability. 

Critically for primary battery applications, Fig. S15 shows that as-assembled Li−NO2-Ph-SF5 cells 

rested for 30 days at 50 ◦C exhibited no capacity loss upon subsequent discharge, and cells also 

exhibited negligible voltage fade upon interruption at partial depth-of-discharge and resting for 10 

10−30 days, indicating good shelf life characteristics. 

To compare performance with state-of-the-art primary batteries, Li−CFx cells were 

assembled and tested (Fig. S16). The breakdown of the cell masses is shown in Fig. 4A. Typical 

electrolyte-to-active solid mass fractions in commercial cells range from 0.7–1.3 (26, 27), a lean 

electrolyte loading that is challenging to achieve in-house. Consequently, Li−CFx cells (20.4 ± 2.3 15 

mg of CFx, 11.5 ± 1.3 mg∙cm-2 loading) were tested in a flooded electrolyte configuration but 

normalized assuming a 1:1 electrolyte:cathode mass ratio dictated by commercial standards. In 

Li−NO2-Ph-SF5 cells, the active material is in the liquid phase, hence design considerations favor 

a substantially larger electrolyte-to-solid ratio (carbon being electrochemically inactive) of ~8:1 

w/w, with 5 mg∙cm-2 of carbon and ~28 mg∙cm-2 of NO2-Ph-SF5 for 4 M concentration. A Ragone 20 

plot in Fig. 4B shows that Li−NO2-Ph-SF5 cells attain comparable sub-stack level performance to 

Li−CFx cells at low power (~1000 Wh∙kgsub-stack
-1 at ~15 W∙kgsub-stack

-1). These values compare to 

active-mass theoretical values of 1845 Wh∙kgactive
-1 (Li−NO2-Ph-SF5) and 2050 Wh∙kgactive

-1 

(Li−CFx), which, in contrast to sub-stack metrics, omit inactive electrolyte/carbon (Table S1). The 
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numbers indicate the following: First, both cell formulations, as expected, exhibit significant 

decreases in gravimetric energy when inactive masses (electrolyte + carbon) are accounted for on 

the more-realistic sub-stack basis. Second, Li−NO2-Ph-SF5 cells with liquid reactants exhibit 

proportionally higher active mass utilization, which in turn enables comparable or higher cell 

energies in practice. This gain arises from the ability to minimize dead weight of electrolyte 5 

compared to Li−CFx (both cells utilize comparable inactive C). Moreover, Li−NO2-Ph-SF5 cells 

show advantages over Li−CFx at moderate powers (50−100 W∙kgsub-stack
-1) which is attributed to 

facile kinetics in the liquid phase. These gains diminish at higher powers (>150 W∙kgsub-stack
-1) for 

this particular formulation due to limitations of ionic conductivity of NO2-Ph-SF5-based 

electrolytes, which will require future studies to engineer and optimize.  10 

Hybrid solid-liquid cell design 

The chemical compatibility and voltage matching of Li−NO2-Ph-SF5 and Li−CFx creates new 

possibilities to design hybrid cell concepts that surpass the gravimetric energy of any known 

formulation (Fig. S17) (28, 29). To demonstrate this, we designed cells containing a NO2-Ph-

SF5:CFx mass ratio of ~2:1 (Fig. 4A and Fig. S18). The total sub-stack percentage of active 15 

materials was ~80%, compared to the Li−CFx (~50%) or Li−NO2-Ph-SF5 cells (~70%). A 

gravimetric capacity of 421 mAh∙gsub-stack
-1 was obtained at 0.1 mA∙cm-2 with the hybrid cell, 

significantly higher than the respective individual cells (≤362 mAh∙gsub-stack
-1, Fig. 4C). The 

gravimetric energy, reaching 1195 Wh∙kgsub-stack
 -1 at 5 W∙kgsub-stack

-1, represents a ~20% 

improvement over Li−CFx at the sub-stack level (Fig. 4B). SEM images (Fig. 4D) of discharged 20 

cells showed formation of LiF crystallites on CFx graphite flakes that were not present in CFx-only 

cells, further confirming utilization of both solid and liquid capacities. We note that the hybrid cell 

utilized a commercial CFx powder blend optimized for conventional cell performance and does 

not necessarily provide optimal surface area to accommodate NO2-Ph-SF5 discharge, which may 
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be improved through future development. Indeed, higher rates in the hybrid cell configuration led 

to decreasing capacity due to premature passivation by LiF (Fig. S19A). Thus, as a second example 

of hybrid cell design for higher power, reactant concentrations were lowered to 3.5 M and 

temperatures were increased to 70 ◦C. At 2.0 mA∙cm-2, a capacity of 363 mAh∙gsub-stack
-1 was 

obtained, corresponding to a 38% capacity increase than that obtained at 50 ◦C with 4 M NO2-Ph-5 

SF5 (Fig. S19).  

We emphasize that these metrics, which demonstrate several pathways to exceed 

performance of commercial CFx at mild temperature (50−70 ◦C), were tested in cells subjected to 

limited optimization. Further improvements in cell performance are envisioned possible with 

continued development, including cell conditions that can finely-tune electrolyte-to-solid ratios. 10 

The theoretical expected energy of a hybrid cell is computed in Fig. S20 and indicates that 

maximum performance for 5 M reactant occurs around a NO2-Ph-SF5:CFx mass ratio of 1:1.1 and 

627 mAh∙gsub-stack
-1, a ~50% increase compared to the above numbers attained in practice so far.  

Temperature effects 

Additional efforts are needed to realize competitive operation of fluorinated liquid cathode 15 

batteries at room temperatures. Without heating, the high-voltage discharge plateau exhibits 

truncation and capacities that are 15−20% lower (Fig. S21). Rate effects are also more severe (Fig. 

S22), which may result from hindered transport, e.g. decreased diffusivity of reactant or LiF 

product solubility, noting that ionic conductivities were not strongly sensitive to temperature (Fig. 

S13). Future improvements lie with all aspects of electrolyte engineering, including reactant, 20 

solvent, and salt to balance the demands for high reactant solubility, high salt solubility, and low 

viscosities throughout discharge. Second, cathode engineering to tailor active surface and pore 

sizes may help to accommodate larger amounts of LiF prior to passivation, allowing improved 
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performance at lower temperatures. Temperature effects on the Li anode should also not be 

overlooked: at 50 ◦C, Li anodes from Li−NO2-Ph-SF5 cells rested for one week showed, via SEM 

and electrochemical impedance spectroscopy, growth and stabilization of a ~200 nm thick solid 

electrolyte interphase (SEI) consisting primarily of LiF (Fig. S23). This SEI can effectively protect 

the Li anode against sustained parasitic reactivity. At room temperature, LiF particles on Li were 5 

sparser and smaller, even after resting for one week (Fig. S24). The results suggest that Li anode 

engineering to favor optimal SEI growth is a compelling future direction.  

Conclusions 

Through molecular design, advanced catholytes have been developed that successfully exploit the 

wide oxidation state window of S in non-metal-containing, lightweight reactants. These catholytes 10 

yield high capacities and permit high cell active mass loadings, enabling the gravimetric energy of 

all known Li primary batteries to be exceeded at a sub-stack level. Handles to further tailor 

capacity, voltage, and kinetics in fluorosulfur catholytes at a fundamental level include number 

and positioning of fluoride/halide ligands, chemical and electronic structure of the aromatic group, 

its linker to the −SF5 moiety, and R-group functionality. At the cell level, the wide landscape for 15 

electrolyte design and solid-liquid balancing highlight significant remaining room for 

improvement. Although lowering the temperature requirements is attractive, many battery 

technologies operate at mildly elevated temperatures either intrinsically (due to operation 

requirements) (5) or reach such temperatures due to self-heating (30); there is no intrinsic 

limitation identified at present to prevent competitive metrics at room temperature if key 20 

challenges can be addressed. Looking ahead, learning how to adapt S-based molecular redox to 

achieve both large oxidation state changes and reversibility is tantalizing and remains a grand 

challenge for future high-energy battery development.  
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Materials and Methods 

Chemicals and Materials. 4-nitrophenylsulfur pentafluoride (p-NO2-Ph-SF5, >96%, TCI), 4-

iodophenylsulfur pentafluoride (p-I-Ph-SF5(p), >94%, TCI), phenylsulfur pentafluoride (Ph-SF5, 

>98%, TCI), 3-nitrophenylsulfur pentafluoride (m-NO2-Ph-SF5, Synquest), dimethylsulfoxide 

(DMSO, anhydrous, > 99.9%, Sigma-Aldrich), and 1,2-dimethoxyethane (DME, 99.5%, Sigma-5 

Aldrich) were stored inside an argon-filled glovebox (H2O content <0.5 ppm, O2 content <0.3 ppm, 

MBRAUN). The density of p-NO2-Ph-SF5 in the liquid state is 1.60 ± 0.04 g∙mL-1, which was 

determined by measuring the weight of 1 mL p-NO2-Ph-SF5 liquid upon heating to just above the 

melting temperature (30−40 ◦C). LiClO4 (99.99% trace metals basis, Sigma-Aldrich) and Whatman 

filter paper (Grade QM-A, 2.2 μm pore size, 450 μm thickness, Sigma-Aldrich) were dried in a 10 

Buchi glass oven under active vacuum for 24 hours at 120 °C prior to transferring into the glovebox. 

 

Cathode Preparation. All electrodes were dried under active vacuum in a glass oven (Buchi) 

overnight at 90 °C and stored in an Ar glovebox. Ketjen black (KB) electrodes used in Fig. 1 and 

2 were fabricated in-house by uniformly coating sonicated inks composed of KB powder 15 

(AzkoNobel), N-methyl-2-pyrrolidone (NMP), and polyvinylidene difluoride (PVDF) binder 

(weight ratio of KB:PVDF = 80:20) onto a sheet of Toray paper (TGP-H-030, 5% wet proofing, 

Fuel Cell Earth). The resulting carbon loading was 0.6 ± 0.1 mg∙cm-2 (average and error bar based 

on ten measurements). The obtained coated Toray paper was dried at room temperature and then 

punched into circular disks (12 mm diameter) prior to further drying as indicated above. Carbon 20 

foam cathodes (gas diffusion layer coated with a microporous layer, EQ-bcgdl-1400S-LD, MTI 

Corp.) used in Fig. 3 and 4 has a carbon loading reported as 5 mg∙cm-2. The as-received carbon 

foam was punched into 15 mm-diameter disks and dried as above. The CFx powder mix has a CFx 

(ARC 1000)/carbon/polytetrafluoroethylene (PTFE) ratio of 85/10/5. The as-received powder mix 

was rolled into a film and punched into circular disks with a diameter of 15 mm before drying. 25 

The typical CFx loading of the obtained electrode is 11.5 ± 1.3 mg∙cm-2 (based on ten 

measurements).  

 

Galvanostatic Discharge. All the cells were constructed in the argon glovebox and consisted of 

carbon or CFx as the cathode substrate, a Li metal disk as anode (0.75 mm thick, 99.9% metals 30 
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basis, Alfa Aesar). The separator (Whatman filter paper) was impregnated with 50 μL of catholyte 

solution (cell assembling details in Supplementary Information). All cells were rested at open 

circuit voltage (OCV) for 5 h before initiating galvanostatic discharge. All discharge tests 

(BioLogic VMP3 potentiostat or MPG2 workstation) were conducted at the indicated current 

density with a voltage window ranging from OCV (typically ~2.9 (Li−CFx), ~3.0 (Li−m-NO2-Ph-5 

SF5), ~3.2 (Li−p-NO2-Ph-SF5), ~3.3 (Li−p-I-Ph-SF5), ~3.4 (Li−Ph-SF5) V vs. Li/Li+) to a lower 

voltage cutoff of 1.9 V vs Li/Li+. For galvanostatic discharge at 50 or 70 °C, cells were placed 

inside an incubator (Memmert GmbH + Co. KG). 

 

Scanning Electron Microscopy (SEM). Following discharge, cells were disassembled inside the 10 

glovebox and the cathode substrate and/or Li anode were extracted, rinsed with DME, and dried 

in the argon glovebox. For cathode characterization, samples were sealed in a glass vial in the 

glovebox and quickly transferred into the SEM chamber to minimize exposure to ambient. For 

characterization of Li anodes, samples were sealed in an air-sensitive holder in the glovebox and 

transferred to the SEM chamber without exposure to ambient. All SEM characterization was 15 

conducted on a Zeiss Merlin high-resolution SEM operating at an accelerating voltage of 5 kV and 

beam current of 100 pA. 

 

Spectroscopy. Discharged cathode substrates were harvested from cells inside the glovebox and 

dried under vacuum overnight at room temperature. XPS analysis was conducted on a PHI 20 

VersaProbe II X-ray Photoelectron Spectrometer. The binding energies were calibrated by the LiF 

peak at 684.90 eV, except for the pristine carbon sample without LiF, in which case energies were 

calibrated to the C−F binder peak at 688.40 eV. High-resolution spectra were deconvoluted using 

CasaXPS software with a Shirley-type background and a 70% Gaussian/30% Lorentzian line 

shape. Ultraviolet-visible (UV-vis) spectroscopy measurements were conducted using an Agilent 25 

Cary 60 UV-vis spectrometer. To prepare samples, the separator was harvested from the 

discharged cell inside the glovebox and soaked in 1 mL DMSO. The resulting solution was then 

diluted by ~20x for UV-vis measurements inside the glovebox, and 1 mL of this diluted solution 
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was transferred to a cuvette and sealed under Ar. A typical UV-vis measurement (including scan 

time) takes around 10 minutes. 
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Figures 

 

Figure 1. Pentafluorosulfanyl arenes (R-Ph-SF5) as a class of fluorinated catholytes. (A) 
Schematic depicting Li−R-Ph-SF5 batteries. (B) Molecular structures of R-Ph-SF5 reactants, with 
the corresponding discharge profiles shown in (C). All R-Ph-SF5 cells were discharged with 0.1 5 

M R-Ph-SF5 / 0.1 M LiClO4 / DMSO as catholyte, Ketjen Black as cathode substrate, at 40 μA∙cm-

2 and 50 ◦C. Li−SF6 discharge is included in C for comparison. Additional cell details are in the 
Methods section.  
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Figure 2. Characterization of NO2-Ph-SF5 discharge products. (A) NO2-Ph-SF5 discharge 
profile under reactant-limited conditions with different cell termination voltages. (B) SEM of 
carbon cathodes from cells discharged to 2.38 or 1.90 V vs. Li/Li+. (C) High resolution F 1s XPS 
spectra of discharged electrodes. The two C−F peaks at 688.4 and 686.4 eV are from the 5 

polyvinylidene difluoride (PVDF) binder. (D) XPS survey spectra (left) with corresponding F, O 
and S atomic percentage (right). (E) UV-vis spectra of extracted electrolyte from discharged cells 
(diluted in DMSO) as a function of termination voltage(31, 32). (F) Corresponding photographs 
of samples in E. All cell conditions as in Fig. 1. 
  10 
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Figure 3. Concentration and rate effects on Li−NO2-Ph-SF5 cell discharge. (A) Galvanostatic 
discharge of Li−NO2-Ph-SF5 cells as a function of NO2-Ph-SF5 concentration at 40 μA∙cm-2. (B) 
SEM of carbon cathodes fully discharged with 3 M NO2-Ph-SF5 / 0.2 M LiClO4 / DMSO 
cathode/electrolyte at 0.3 mA∙cm-2. (C) Theoretical/attained capacities and attained gravimetric 5 

energies of Li−NO2-Ph-SF5 cells as a function of catholyte concentration. All cells were 
discharged at 0.1 mA∙cm-2. Theoretical capacities correspond to 8 e− per molecule (calculation 
details in the supplementary note 3).  (D) Rate capability of cells with 4 M NO2-Ph-SF5 / 0.2 M 
LiClO4 / DMSO. Note that 1 C = ~490 mA∙gsub-stack

-1 = 24 mA∙cm-2 at 4 M concentration. ‘Sub-
stack’ weight denotes NO2-Ph-SF5 + electrolyte + carbon cathode + consumed Li. 10 
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Figure 4. Energy and power of primary Li batteries with fluorinated cathodes and catholytes. 
(A) Weight breakdown of cell components in Li−CFx, Li−NO2-Ph-SF5, and hybrid cells. (B) 
Ragone plot comparing rate performance of the same cells. Average value and error bar 
(representing standard deviation) were based on three cells each. (C) Rate performance of hybrid 5 

cells using CFx as solid cathode and 4 M NO2-Ph-SF5 / 0.2 M LiClO4 / DMSO as catholyte. ‘Sub-
stack’ for Li−CFx denotes CFx + electrolyte + carbon + consumed Li; for hybrid cells, the weight 
of NO2-Ph-SF5 is also included. (D) SEM of discharged cathodes from each cell type (0.3 mA∙cm-

2 for Li−NO2-Ph-SF5 and hybrid cells, 0.1 mA∙cm-2 for Li−CFx).  
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