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Abstract

To reach energy density demands greater than 3 mAh/cm2 for practical applications, the 

electrode structure of lithium-sulfur batteries must undergo an architectural redesign. Freestanding 

carbon nanofoam papers derived from resorcinol–formaldehyde aerogels provide a three-

dimensional conductive mesoporous network while facilitating electrolyte transport. Vapor-phase 

sulfur infiltration fully penetrates >100 µm thick electrodes and conformally coats the carbon 

aerogel surface providing areal capacities up to 4.1 mAh/cm2 at sulfur loadings of 6.4 mg/cm2. 

Electrode performance can be optimized for energy density or power density by tuning sulfur 

loading, pore size, and electrode thickness. 

Corresponding Author: Rachel Carter, Rachel.carter@nrl.navy.mil

1. Introduction

Sulfur is a naturally abundant, low-cost, nonstrategic resource to exploit for 

electrochemical energy-storage applications.1 Interest in sulfur-based batteries is further driven by 

the high theoretical specific capacity of 1675 mAh/g that derives from the 16-electron reduction 

of S8 to 8 S2–.2 Despite being investigated since the 1940s in high-temperature battery systems,3 

the implementation of ambient-temperature sulfur-based batteries faces many remaining 
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challenges before practical commercialization: intrinsically poor electronic conductivity, low 

sulfur utilization, limited cyclability, and redox shuttling of soluble polysulfides. The twenty-first 

century pursuit for battery cell chemistries delivering specific energy >500 Wh/kg has kindled a 

renaissance of academic and commercial research in lithium–sulfur (Li–S) batteries aimed to solve 

these roadblocks.1

For practical battery use, sulfur should be expressed in a conductive, porous matrix that 

contains and constrains the sulfur and its electrochemical byproducts (i.e., polysulfides).4 

Numerous nanostructured carbons such as carbon nanotubes,5-10 graphene,11, 12 and “yolk-shell” 

spheres13-15 have also been demonstrated as hosts for sulfur, providing polysulfide confinement, 

facile electronic conduction, and short ion transport pathways. While reports of porous carbon 

hosts for Li–S batteries are numerous, many lab-scale studies use electrodes comprising carbons 

with needlessly low density, insufficient sulfur weight loadings, or those made via processes that 

would otherwise be difficult to scale. Coupled with unrealistic electrochemical testing protocols 

that are sometimes employed, the results of such early-stage investigations often fail to yield 

results directly relevant to large-scale, real-world Li–S batteries.3, 16 

The design of sulfur–carbon composite electrodes must account for such performance 

metrics as gravimetric, volumetric, and geometric capacity, as well as high-rate capability. These 

metrics are, in turn, affected by such cathode-specific factors as pore size distribution, accessible 

surface area, local and macroscale electronic conductivity, sulfur distribution within the electrode, 

and porosity/tap density.17, 18 High-surface-area microporous carbons offer better confinement of 

polysulfides but typically have lower sulfur loadings and correspondingly suboptimal capacity. 

Mesoporous, macroporous, and hierarchical porous structures allow more space for higher sulfur 

loadings and promote electrolyte transport to maximize sulfur utilization.1, 19-24  Melt-infiltration is 
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a common approach to load sulfur into these porous hosts, but such methods rely on capillary 

action and require time to produce uniform and conformal distributions of sulfur.5, 12, 17, 20, 25-29 

These sulfur–carbon composites are often prepared in powder form and mixed with carbon black, 

binder, and solvent, then cast as a slurry onto a foil current collector.5, 9, 12, 17, 19, 20, 26-31 The resulting 

electrodes have suboptimal conductivity and mechanical strength, impeding rate capability and 

hindering the use of thicker electrodes to achieve high areal capacity. 

Among mesoporous/macroporous scaffolds, carbon aerogels and related aerogel-like 

carbons (e.g., nanofoams) exhibit many desirable structural characteristics for serving as an 

effective sulfur host, including through-connected pore networks of tunable size (nm to m), high 

specific surface area (100s of m2/g), and moderately high electronic conductivity (10s of S/cm).32-

36 Carbon aerogels have shown promising initial results in Li–S cells when the aerogel powder is 

infused with sulfur and then processed into a conventional composite electrode with polymer 

binder.26, 31, 37 Alternatively, we have demonstrated the electrochemical versatility of freestanding 

carbon nanofoam papers (CNFPs), in which porous aerogel-like carbon networks fill and span the 

macroscale voids of a supporting carbon-fiber paper.38-46  The CNFP requires no additional binders 

or conductive additives before incorporation into an electrochemical cell, and the continuity of 

intermingled networks of conductive carbon and void volume is not interrupted across the 

macroscale thickness of the electrode, as would be the case for most powder-composite 

constructions. 

In order to take advantage of the freestanding nature of the CNFPs, we here utilize 

isothermal vapor infiltration7, 8, 47-49 to incorporate sulfur (forming “S@CNFP”) and then deploy 

the resulting S@CNFP object as a cathode in a Li–S cell without any additional processing. We 

examine the performance of Li–S cells with S@CNFPs while varying such structural parameters 
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as pore size distribution, sulfur weight loading, and electrode thickness. Our findings illustrate the 

ability to balance pore size and weight loading to tune high capacity with respect to mass, volume, 

or footprint to optimize Li–S performance.

2. Experimental

Synthesis of Carbon Nanofoam Papers

Freestanding CNFPs with tunable pore size distributions were synthesized via a resorcinol–

formaldehyde (RF) sol–gel process described elsewhere.41 In brief, resorcinol (R) and 

formaldehyde (F) in a 1R:2F mole ratio were mixed in water with a Na2CO3 catalyst (C) and aged 

at room temperature for 3 h creating a sol precursor. The CNFP formulations are designated by 

their RF-water wt% and R:C molar ratio, herein labeled as “RF wt%/R:C”, with three formulations 

selected for testing: 40/300, 40/500, and 40/1000. Commercial carbon fiber papers (Lydall 

Technimat®, density 0.2 g/cm3, ~90 µm thick) were cut to 4  4 cm2 and cleaned in an air/ice ×

plasma for 45 min then soaked in the RF sol under vacuum. The RF-soaked carbon fiber papers 

were sandwiched between glass slides with excess sol added and clamped together with binder 

clips. Multi-ply CNFPs were made by stacking multiple sheets of sol-infused carbon fiber paper 

in between glass slides. The assemblies were wrapped in duct tape to prevent leaking of sol and 

packaged together in aluminum foil with a few milliliters of water added to maintain humidity, 

then aged at room temperature for an additional 21 h. The aluminum foil packages were then cured 

in a commercial pressure cooker (Nesco 3-in-1 pressure cooker) set to steam mode for 9.5 h on 

slow-cook setting (~88–94 °C) followed by a 14.5 h warm cycle (~80 °C). The RF–polymer @ 

CNFP nanofoam composite sheets were soaked in water and then acetone for 1–2 h, followed by 

drying in air at room temperature. The dry polymer nanofoam papers were pyrolyzed into CNFPs 

under flowing argon, ramping at 1 C°/min and holding at 1000 °C for 2 h.
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Synthesis of S@CNFPs

Based on our prior work,7, 8, 47, 48 sulfur vapor deposition into CNFP was performed in a 

round chamber (~3 cm tall with a 3.75 cm radius, inner volume ~106 cm3) consisting of a PTFE 

body and cap with a Viton O-ring for sealing (Figure S1). The CNFP was punched into 15 mm 

diameter discs and placed onto a piece of stainless-steel mesh which sat on a ledge above a well 

containing 1 g of sulfur powder. The infiltration chamber was sealed and placed inside a muffle 

furnace preheated to 175 °C. Vapor infiltration time varied, and lasted for 2 h, 6 h, or 18 h 

depending on the experiment. After infiltration to the set time, the chamber was removed from the 

furnace and allowed to cool for ~30 min. The S@CNFP were weighed before and after infiltration 

to determine the sulfur loading. A simplified schematic of the synthesis of S@CNFPs can be found 

in Figure S2.

Structural Characterization of Carbon Nanofoam Papers

Scanning electron microscopy (SEM; Zeiss Supra 55) was performed on CNFP cross-

sections prepared by fast fracturing samples soaked in liquid nitrogen with a fresh razor blade. 

Pore size distribution and specific surface area were determined by nitrogen physisorption 

(Micromeritics ASAP 2020 Plus) with samples degassed prior to testing for 10 h at 150 °C. Pore 

size distributions were calculated from the adsorption isotherm data using a density functional 

theory (DFT) model. Apparent porosities and total specific pore volumes were estimated by 

Archimedes principle using water.

Electrochemical Characterization  

Coin cells (CR2032) were fabricated with the sulfur-infiltrated CNFP discs versus a Li chip 

electrode (MTI, 16 mm diameter, 0.6 mm thick), an Entek Gold LP separator (19 mm diameter), 
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and ~80 µL of electrolyte (1 M LiTFSI (Sigma-Aldrich, bis(trifluoro-methane)sulfonimide lithium 

salt, 99.95% trace metals basis) and 0.2 M LiNO3 (ACROS Organics, lithium nitrate salt, 99.999% 

trace metals basis) in a 1:1 ratio of DOL (Sigma-Aldrich, 1,3-dioxolane, anhydrous, contains 

~75 ppm BHT as inhibitor, 99.8%) and DME (Sigma-Aldrich, 1,2-dimethoxyethane, anhydrous, 

99.5%, inhibitor free). The coin cell components (can, spacer, and wave spring) were purchased 

through Hohsen Corp (Japan), and the cells were assembled using Hohsen Corp’s automatic coin 

cell crimper for 2032 cells.

Cycling was performed at a C-rate of 0.1C (based on the theoretical capacity of the sulfur 

deposited on the specific electrode) between 1.8 V and 2.6 V on a Maccor model 4300 desktop 

automated test system. Rate studies were performed on an Ametek PARSTAT MC Multichannel 

Potentiostat using PMC-1000 modules. These symmetric rate studies utilized C-rates of 0.1C for 

10 cycles, 0.2C for 5 cycles, 0.5C for 5 cycles, 1C for 5 cycles, and a return to 0.1C for 10 cycles.

3. Results and discussion

3.1 Carbon Nanofoam Paper

Three variants of CNFPs were prepared in which the pore size distribution within the CNF 

component is tuned by controlling the resorcinol:catalyst (Na2CO3) ratio in the precursor RF sols. 

Increasing the R:C ratio (decreasing catalyst concentration) results in larger RF particles and 

correspondingly larger pores in the polymer nanofoam, and ultimately in the pyrolyzed carbon 

form (Figure 1). 32, 35 Consequently, the nitrogen adsorption isotherms change from mesoporous 

type IV to macroporous type II behavior (Figure S3) and pore size distributions broaden and shift 

to larger pore sizes (Figure 2) while specific surface areas decrease from 515 m2/g for CNFP-

40/300 to 480 and 420 m2/g for CNFP-40/500 and CNFP-40/1000, respectively (Table 1). 
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Table 1. Pore size distribution, volume, and surface area of CNFPs determined by nitrogen physisorption and Archimedes 
principle.

CNFP
Total Surface 

Areaa 
(m2/g)

Micropore 
Areab

(m2/g)

Micropore 
Volumeb 
(cm3/g)

Mesopore 
Areac 
(m2/g)

Pore 
Volumec 
(cm3/g)

Bulk Densityd 
(g/cm3)

Bulk Pore 
Volumed 
(cm3/g)

Bulk 
Porosityd 

(%)

40/300 515 238 0.12 270 1.45 0.46 1.60 74.0

40/500 480 302 0.15 225 1.54 0.47 1.56 74.0

40/1000 420 338 0.17 198 0.70 0.42 1.80 76.5
a Total surface area determined by Brunauer-Emmett-Teller (BET) specific surface area. b Micropore surface area and volume 
estimated using t-plot method. c Mesopore surface area and pore volume determined by DFT. d Bulk properties determined by 
Archimedes Principle using water.

Figure 1. Scanning electron micrographs of 1-ply CNFP cross-sections for CNFP-40/300 (a), CNFP-40/500 (b), and CNFP-
40/1000 (c), and their respective magnified images (d–f). In (a-c), the carbon nanofoam appears as a solid filling the gaps in the 
carbon fiber paper, and the pores are only visible at much higher magnifications (d-f).

The nitrogen physisorption-measured pore volume in CNFPs is dominated by mesopores 

(2–50 nm) and macropores (> 50 nm), with micropores (< 2 nm) contributing only a small fraction. 

CNFP-40/300 and CNFP-40/500 possess similar specific pore volumes of about 1.5 cm3/g; 

however, CNFP-40/1000 results in a drastically lower pore volume of 0.7 cm3/g in mesopores and 

small macropores. This result reflects the limits of nitrogen physisorption to measure pores >100 
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nm, a size range that is prevalent in CNFP-40/1000, as evident in SEM images (see Figure 1). In 

comparison to nitrogen physisorption, bulk density determined by the Archimedes Principle 

estimates the total pore volume of CNFPs to be between 1.6 – 1.8 cm3/g, which better demonstrates 

the contribution of pores >100 nm. All formulations should nominally have the same total pore 

volume because all derive from a 40 wt% RF sol.

The CNFPs provide higher volumetric surface areas between 168 – 259 m2/cm3 compared 

to other as-synthesized high-surface area carbon aerogels with porosities over 90% due to the 

higher bulk density of the former.31 The bulk density of freestanding CNFP is also directly related 

to its electrode tap density without need for further processing. 

Figure 2. Pore size distributions of CNFPs determined by nitrogen physisorption using the DFT model.

 When employing mesoporous/macroporous materials that are expressed as unitary 

macroscale objects, self-limiting non-line-of-sight coating/modification schemes are essential to 

decorate interior surfaces without clogging the pore structure, as we previously demonstrated with 

CNFPs coated with nanoscale metal oxides44-46 and polymers.50 Thus, the present vapor-phase 

approach7, 8, 30, 47-49 is ideally suited to incorporate sulfur within the device-ready CNFP 

architecture. When tracking the CNFP mass as a function of vapor-infiltration time, uptake is 
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initially rapid, with weight loading correlating to the specific surface area of a CNFP (Figure 3a). 

Beyond 6 h infiltration, the rate of weight gain for all CNFP formulations stabilizes at about 1 

wt%/h, reaching 69, 63, and 40 wt% sulfur loadings after 18 h for CNFP-40/300, CNFP-40/500, 

and CNFP-40/1000, respectively. The decrease in deposition rate beyond 6 h indicates that all 

nanostructured carbon surfaces are coated by sulfur, emphasizing the self-limiting nature of the 

vapor infiltration process, which prevents the formation of thick regions of sulfur. 

Elemental mapping using EDS reveals uniform incorporation of sulfur throughout the CNF 

component but not along the supporting carbon fibers (Figure 3b&c). The supporting carbon-fiber 

paper component contributes ~34 wt.% of the total mass of the CNFP and provides mechanical 

integrity and enhanced electrical conductivity, but the carbon fibers themselves contribute 

minimally to the charge-storage capacity.39 Thus, we also note sulfur loading as normalized to the 

mass of the CNF domains in the CNFP in Figure 3a for fundamental comparison with other porous 

carbons.

Figure 3. (a) Mass uptake by CNFPs upon vapor infiltration of S8 as a function of time: solid line represents the measured mass 
uptake in the CNFP, and the dotted line shows the mass of S8 uptake relative to the carbon nanofoam component of the CNFP. 
Scanning electron microscopy and cross-sectional EDS analysis of C and S for (b) 2 h and (c) 6 h infiltrations.

Sulfur coating thicknesses derived mathematically based on BET surface area, sulfur mass 

loadings, and density of sulfur (~2 g/cm3) result in coatings between 1–9 nm thick (Table S1). In 

Page 9 of 19 Nanoscale



10

general, CNFPs with smaller pores obtain thicker coatings. The condensation of sulfur from the 

vapor phase is influenced by surface energy, whereby smaller pores of negative curvature have 

higher surface energies.8 In contrast, the supporting carbon fiber paper has larger positive 

curvature, along with a dense non-porous interior, that results in the low sulfur EDS signal.   

Thicker sulfur coatings result in higher pore-volume occupation by sulfur and this relation 

is stronger for smaller pores (Table S2). For example, after 18 h infiltration CNFPs nominally have 

68, 53, and 18 vol% of pore-volume occupied by sulfur corresponding to 69, 63, and 40 wt% sulfur 

loading for CNFP-40/300, CNFP-40/500, and CNFP-40/1000, respectively. Comparing between 

CNFP-40/300 and CNFP-40/1000, the smaller pore CNFP-40/300 has 73% greater sulfur mass 

loading but corresponds to 278% greater pore-volume occupation due to the smaller pore radius. 

Remaining void space in S@CNFPs is important to facilitate volume expansion and electrolyte 

diffusion. If pore volume is insufficient the electrode will suffer from electrolyte starvation and 

high concentration overpotentials.

Table 2. Average areal sulfur loadings in 1-ply CNFP electrodes.

Areal Loading ( )mgsulfur /cm2
CNFPInfiltration 

Time (h) 40/300 40/500 40/1000

2 2.5 1.9 1.1

6 6.1 3.7 1.7

18 10.2 6.7 3.0

The porous carbon network with minimal dead volume grants high volumetric sulfur 

loadings up to 1 g/cm3 for 1-ply S@CNFP-40/300-18h (Table S3). However, areal sulfur loading 

is a more important metric to the design of practical Li-S battery cathodes. Average sulfur loadings 

for 1-ply CNFP samples are tabulated in Table 2, with the highest reaching 10.2 mg/cm2 for 

S@CNFP-40/300-18h. Novel thin-film and composite electrodes may exhibit high gravimetric 
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and volumetric capacities but lack practical applicability due to low areal weight loadings. 

Increasing sulfur loadings by producing thick-film composite electrodes are prone to cracking and 

separation from the current collector. In contrast, the interconnected mesoporous carbon 

framework and carbon fiber backbone of CNFPs act as an integrated current collector and allow 

for thick electrode structures without sacrificing electronic conductivity.

3.2 Li–S battery performance

Multiple variants of sulfur-loaded CNFPs were incorporated into Li–S coin cells and 

electrochemically evaluated by galvanostatic charge–discharge. These cells show the two typical 

discharge plateaus associated with sulfur reduction to soluble, anionic polysulfides commencing 

at ~2.4 V followed by reduction to insoluble Li2S at ~2.1 V (Figure 4). The re-dox activity at these 

voltages is further revealed with dQ/dV in Figure S4.

Figure 4. Charge–discharge curves of S@CNFPs with different sulfur infiltration durations.
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Specific capacity metrics in sulfur-cathode studies are often reported in terms of mAh/gsulfur, which 

only considers the mass of the active sulfur material. This method of calculation can often be 

misleading, sometimes overstating the capabilities of certain cathode materials that have efficient 

sulfur utilization but require significant additional mass from other electrode components. Here, 

we also tabulate specific capacity normalized to total weight of the CNFP-based electrode 

(mAh/gelectrode), which includes the mass of the infiltrated sulfur, the carbon nanofoam domains, 

and the supporting carbon fibers (which themselves do not store significant sulfur, as noted above). 

Charge–discharge cycling at a 0.1C (0.167 A/gsulfur) rate illustrates general trends in measured 

capacity as a function of CNFP pore structure and sulfur loading (Figure 5a). For example, CNFPs 

with intermediate sulfur loadings at 35–50wt% exhibit the best specific capacity values (up to 350 

mAh/gelectrode at cycle 30 for S@CNFP-40/500-6h at 48 wt% sulfur), while capacity rapidly 

decreases as loadings surpass ~50%, as seen for S@CNFP-40/300-6h and S@CNFP-40/500-18h.

Sulfur utilization, the fraction of sulfur that is redox active, is another important metric to track 

across this series. Figure 5b shows that highest sulfur utilization is realized at low weight loadings 

(e.g., S@CNFP-40/1000-2h), but at the expense of overall specific capacity. We find an optimal 

balance of utilization and electrode capacity with S@CNFP-40/500-6h at 48% S loading and 

719 mAh/gsulfur at cycle 30. We attribute decreasing sulfur utilization at high loadings to increased 

electronic resistance from thicker sulfur coatings, as evidenced by impedance spectroscopy (Figure 

S6). The decrease in both total capacity and sulfur utilization at the highest weight loadings is 

likely caused by impeded electrolyte transport from pore narrowing. Insufficient electrolyte flux 

results in local saturation of soluble polysulfide species during discharge, which increases 

overpotential due to reduced conductivity and increased viscosity (see S@CNFP-40/300-6h, 

S@CNFP-40/300-18h, and S@CNFP-40/500-18h; Figure 4).25, 51 Our findings show that a balance 
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of electrode pore volume and sulfur loading is needed to achieve optimal specific capacity for 

given electrochemical conditions. Prior studies with mesoporous carbons have shown that partial 

sulfur fillings lead to improved performance.27-29 Upon identifying S@CNFP-40/500-6h as a  pore-

solid architecture that balances sulfur utilization and electrode specific capacity, we cycled 

additional cells for 100 cycles demonstrating good capacity retention and high coulombic 

efficiency (>95%).

Figure 5. (a) Summary of Li–S cycling capacities at 0.1C for CNFPs using different sulfur infiltration durations and (b) their 
corresponding gravimetric capacities per weight sulfur and per total electrode weight after cycle 30 versus their sulfur weight 
loadings. (c) Long-term cycling of the S@CNFP-40/500-6h sample to 100 cycles. Results are summarized in Table S4, and 
cycling capacity normalized to sulfur mass is shown in Figure S5.

The role of pore structure in transport and concentration polarization are further 

exacerbated at higher rates. In order to explore rate capability within varied pore structures, we 

selected CNFPs of similar sulfur loadings―S@CNFP-40/300-2h (37 wt% S), S@CNFP-40/500-
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6h (48 wt% S), and S@CNFP-40/1000-18h (40 wt% S)―probing specific currents of 0.1, 0.2, 0.5, 

1, 2, and 5 A/gsulfur (0.06, 0.12, 0.3, 0.6, 1.2, and 3 C), followed by a return to 0.1 A/gsulfur (0.06C) 

to assess the damage issued as a result of high rate excursion; see Figure 6a. At moderate rates, the 

intermediate pore-sized S@CNFP-40/500-6h demonstrates superior specific capacity as observed 

in Figure 5. Yet, sharp capacity loss is observed at 1 A/gsulfur where transport limitations dominate. 

Overall, we see that CNFPs with larger pores (mix of mesopores and macropores) support 

moderately lower capacity but better rate capability, while CNFPs that are primarily mesoporous 

(2-50 nm) deliver higher capacity at low rates but inferior rate performance. The Ragone plot in 

Figure 6b summarizes the tradeoff in capacity and rate for this series, highlighting the high specific 

energy that can be achieved with S@CNFP cathodes at moderate power requirements, but also 

showcasing the ability for respectable energy density under high power conditions (i.e., 578 

Wh/kgelectrode at 166 W/kg and 388 Wh/kgelectrode at 700 W/kg). 

Figure 6. (a) Rate study of Li–S coin cells from 0.1A/gsulfur to 5A/gsulfur, (b) the Ragone plot produced from the third cycle of each 
rate, and (c–e) their corresponding charge–discharge curves.
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Looking more closely at the charge–discharge voltage profiles, increasing polarization is 

evident as the discharge rate is increased for S@CNFP-40/300 and S@CNFP-40/500, as 

demonstrated by the decrease in the discharge voltage at higher rates, possibly arising from 

electrolyte starvation due to small pore volume (Figure 6 c–e). We calculated the moles of lithium 

ions residing in internal void volume and divided by the number of moles required to satisfy the 

specific capacity recorded at 0.1 A/gsulfur, determining ratios of 0.11, 0.10, and 0.33 for S@CNFP-

40/300-2h, S@CNFP-40/500-6h, and S@CNFP-40/1000-18h, respectively. Significantly more 

lithium from outside the electrode must diffuse into the voids of S@CNFP-40/300 and S@CNFP-

40/500 compared to S@CNFP-40/1000 with larger pore size, leading to poor sulfur utilization and 

low energy density at high power demand. The effect that pore size has on concentration 

polarization at high rate in CNFPs is analogously observed in aqueous lithium-ion electrochemical 

capacitors.43  

In some discharge profiles we observe a dip in voltage between these two plateaus, a feature 

ascribed to the nucleation of solid lithium sulfide products, which is strongly influenced by kinetic 

transport limitations. At a modest rate of 0.5 A/gsulfur the voltage minima of this transition are 2.03, 

2.00, and 2.06 V for S@CNFP-40/300-2h, S@CNFP-40/500-6h, and S@CNFP-40/1000-18h, 

respectively. Prior studies conclude that sulfide nucleation is limited by mass transfer rather than 

electron transfer.51, 52 Pore clogging in S@CNFP-40/500-6h restricts ion transport to a greater 

extent and generates higher concentration polarization, in turn lowering specific energy more 

severely when diffusion limitations dominate at higher rate.

3.3 Multi-ply carbon nanofoam papers

The thickness of CNFPs can be varied based on the number of carbon fiber paper plies 

used during the RF-sol infiltration step in increments beyond the “1-ply” used for CNFPs discussed 
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thus far.43 As a means to further increase areal-capacity metrics, we fabricate 2-ply and 3-ply 

CNFPs (Figure 7a), which exhibit average thickness values of 210 and 290 m, respectively, 

compared to 120 µm for 1-ply CNFP. The nonlinearity in thickness per ply results from increased 

clamping force on RF sheets during curing due to increased ply count. Subjecting these multi-ply 

CNFPs to vapor-phase sulfur infiltration for 6 h decreases sulfur loading as thickness increases 

(Table S5). Non-constant weight loading suggests that sulfur loading depends on total surface area, 

not just specific surface area, thus longer vapor exposure times are required for thicker electrodes. 

Additionally, the 2- and 3-ply CNFPs have a larger mass fraction of inactive carbon fiber due to 

their smaller thicknesses.

Figure 7. (a) Schematic of multi-ply CNFPs and (b) the gravimetric, volumetric, and areal capacities of these multi-ply papers.

The areal discharge capacity of multi-ply S@CNFP-40/500-6h at a rate of 0.1C (Figure 7b) is 

highest for 3-ply S@CNFP-40/500-6h at 4.1 mAh/cm2. Tradeoffs appear between gravimetric and 
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volumetric capacity due to decreased sulfur loading and greater inactive carbon fiber content. This 

areal capacity is much higher compared to carbon-based powder composite cathodes with lower 

areal sulfur loadings (Table S6). The scalable and tunable properties of the CNFP proves valuable 

to applications where footprint is the dominant constraint. We also note the impressive tap density 

of the device-ready 1-ply CNFP supports high volumetric capacity of 209 mAh/cm3 .

4. Conclusions

Carbon nanofoam papers are efficacious cathode architectures for rechargeable Li–S cells. The 

adaptable nature of the CNFP synthesis permits pore structure tuning to optimize sulfur loading 

and ultimately balance such electrochemical performance metrics as gravimetric/volumetric/areal 

capacity and rate capability. In contrast with the ad hoc structures of most conventional 

Li–S cathodes, the CNFP provides the benefits of designer pore–solid architectures expressed in 

freestanding form factors that are device ready and require minimal additional processing or 

components. The ability to scale the CNFP in thickness while maintaining electronic and ionic 

continuity through the volume of the architecture electrode also enables high areal capacity, which 

is becoming an important performance metric for many energy-storage applications. 
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