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HIGHLIGHTS

Li-S battery cathode host based

on metallic, lightweight, high-

surface-area MgB2

First-principles calculations reveal

unique binding of sulfides with

boride surface

Surface-mediated polysulfide

redox yields a high exchange

current at interface

Stable cycling at high sulfur

loadings of 9.3 mg cm�2 with low

electrolyte volume
We report lightweight MgB2 as a metallic sulfur host for Li-S batteries, which fulfills

both electron conduction and polysulfide immobilization properties. The excellent

conversion kinetics for polysulfide redox afforded by the MgB2 surface are

demonstrated by its 2-fold higher exchange current density compared with MgO

or carbon. The surface-mediated charge transfer on MgB2 results from both its

electron-conductive nature and its unique and intimate binding of polysulfide

anions with both B- and Mg-terminated surfaces as demonstrated by first-

principles calculations.
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Context & Scale

Rechargeable batteries are key for

many applications such as electric

vehicles, drones, and robots.

Although Li-ion dominates the

market, it is limited by relatively

high cost, and specific energy,

which is reaching practical

bounds. Li-S batteries are a

possible alternative due to their

high theoretical storage capacity

and low raw material cost. Their

implementation, however,

requires concurrent address of

multiple challenges to achieve
SUMMARY

The lithium-sulfur battery, despite possessing high theoretical specific energy,

faces practical challenges of polysulfide shuttling and low cell-level energy den-

sity and hence requires significant functional advances over porous carbon for

the cathode host. Here we report the lightweight superconductor MgB2—

whose average mass/atom is comparable with carbon—as a metallic sulfur

host that fulfills both electron conduction and polysulfide immobilization prop-

erties. We show by means of first-principles calculations that borides are unique

in that both B- and Mg-terminated surfaces bond exclusively with the Sx
2� an-

ions (not Li+), and hence enhance electron transfer to the active Sx
2� ions. The

surface-mediated polysulfide redox behavior results in a much higher exchange

current in comparison with MgO and carbon. By sandwiching MgB2 nanopar-

ticles between graphene nanosheets to form a high-surface-area composite

structure, we demonstrate sulfur cathodes that achieve stable cycling at a

high sulfur loading of 9.3 mg cm�2.
lightweight cells with practical

energy density. Here, we show

that metallic conductive MgB2 is

superior to carbon-based

electrode hosts but with

comparable mass per atom. The

unique boride-sulfide interaction

enhances electron transfer at the

sulfur/host interface and

accommodates high sulfur

loading while minimizing both

electrolyte volume and loss of

sulfide into the electrolyte. This

new avenue toward Li-S cathodes,

when coupled with a protected

lithium metal anode, may lead to

practical implementation of

batteries that are lighter, yet

robust.
INTRODUCTION

Rechargeable batteries are key technologies for clean energy storage and electric

vehicle applications. Conventional lithium-ion batteries are somewhat limited by

their high cost (i.e., $ per kWh) and specific energy (i.e., Wh kg�1).1 Among alterna-

tive electrochemical systems, lithium-sulfur (Li-S) batteries are promising due to their

high theoretical capacity (1,675 mA g�1) and natural abundance of sulfur.2–5 How-

ever, the real implementation of Li-S batteries now faces two challenges: the intrinsic

polysulfide shuttling that leads to capacity loss, and low coulombic efficiency; and

the low volumetric energy density practically delivered due to the low areal sulfur

loading and high electrolyte/sulfur ratio utilized in many realizations of such cell

chemistry.6–9

There have been continuous efforts to design materials chemistry and electrode

architectures to tackle polysulfide shuttling. The first-generation materials were

centered on porous carbons, which provide an excellent electron-conducting sub-

strate for sulfur redox reactions and physical confinement of the polysulfides.10–14

However, these carbons suffered from insufficient interaction with polysulfides and

overly high pore volumes resulting in low tap density, and more importantly,

required high electrolyte/sulfur ratios (generally >15 mL/mg) that compromise

the cell-level energy density.15,16 In light of this problem, transition metal com-

pounds, including oxides, sulfides, carbides, and nitrides (MX, M = Ti, Co, V,

Nb; X = O, S, C, N), have been utilized to immobilize the polysulfides by surface

adsorption.17–22 The efficacy of this approach is attributed to the strong chemical
Joule 3, 1–13, February 20, 2019 ª 2018 Elsevier Inc. 1



Figure 1. Photographs that Visualize the Tap Density of Different Host Materials and Sulfur

Composites

(A and B) Graphene (ACSMaterials), Ketjenblack (KB), Vulcan carbon (VC), a commercial nano-sized

TiN, and the as-synthesized MgB2 materials that all have the same mass (A); and the corresponding

sulfur composites that have the same mass (B).
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interaction of such hosts with polysulfides, where both M-S or X-Li bonding have

been identified as the interactive modes.23,24 In particular, compounds that are

metallic in nature are advantageous,25,26 because they allow the adsorbed polysul-

fides to be reduced/oxidized in situ, rather than the case of non-conductive sub-

strates that require that the polysulfides diffuse to where electrons are present.19

This adsorptive reaction mechanism is a typical electrocatalysis process that lowers

the energy barrier of a redox reaction.16,22,27 Greatly extended cycling life has

been demonstrated using these materials. However, these compounds, based

on transition metal and Lewis basic counter-ions, face two challenges. One is

that the strong Li-X bonding (Lewis acid-base) impedes direct electron transfer

to the polysulfide and likely delays the Li+ diffusion, retarding the reaction kinetics.

It is preferable for the conductive substrate to exclusively bind the shuttling poly-

sulfide anions. Furthermore, because inactive transition metal compounds are

relatively high in mass, they are less desirable for practical surface adsorption of

polysulfides where gravimetric energy density is of paramount concern (the bulk

density of some exemplary materials: Ti4O7, 4.19 g cm�3; MoS2, 5.06 g cm�3;

TiN, 5.4 g cm�3, versus graphitic carbon, 2.26 g cm�3). Therefore, it is necessary

to find a material, being metallic and polar, that exhibits comparable mass to car-

bon to allow a high sulfur fraction, while exerting efficient polysulfide adsorption

and mediation.

Herein, instead of relying on transition metal chalcogenides/nitrides, for the first

time we introduce a metal boride—MgB2—as the sulfur host material. While

MgB2 is a superconductor at very low temperature (TC � 40 K), it is metallic at

room temperature. Importantly, it is ultra-light and shows a comparable density

with carbon (2.57 g cm�3). Also, in contrast to porous carbons, this material does

not rely on porosity to confine polysulfides, and exhibits relatively higher tap den-

sity, as visualized by the images of porous carbons (graphene; Ketjenblack; Vulcan

carbon [VC]) and nano-MgB2 (Figure 1). MgB2 also has comparable tap density with

transition metal compounds that have shown much promise as Li-S cathode hosts,

exemplified by TiN.20 This is vital to fabricate compact electrodes and utilize a low

electrolyte volume for high cell-level energy density.28–30 Importantly, owing to its

metallic nature and strong exclusive binding with polysulfide anions—as deter-

mined by first-principles calculations and spectroscopic studies—we demonstrate

surface-mediated charge transfer for polysulfide redox on MgB2. We further show-

case stable cycling of high-loading electrodes (9.3 mg cm�2) at a relatively low elec-

trolyte/sulfur ratio (6.5 mL/mg), by sandwiching the MgB2 nanoparticles between

graphene layers.
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Figure 2. Synthesis and Physical Characterizations of Nano-MgB2

(A) A schematic illustration of the synthesis strategy by vapor-solid reaction of the boron/carbon

nanopowders with Mg in a sealed Ta vessel (black and gray indicate carbon and boron,

respectively).

(B and C) X-ray diffraction pattern of nano-MgB2 (inset: selected area electron diffraction pattern)

(B) and SEM image of MgB2 (C).
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RESULTS AND DISCUSSION

Synthesis of Nano-MgB2

Recent efforts in exploring metallic and polar compounds for sulfur hosts have

focused on transition metal chalcogenides, carbides, and nitrides, where the overlap

of the transition metal d bands with the anionic p band results in high electronic con-

ductivity. As shown in Figure 2A, MgB2 has a layered structure consisting of inter-

leaved B and Mg layers. Boron atoms form a primitive graphitic lattice and the Mg

layer consists of closely packed Mg. While bonding within the B layers is mostly

covalent, the B-Mg bonding is ionic in nature, as the Mg is substantially polarized.31

The strong inter-layer hybridization of dangling B 2pz and Mg 3s orbitals allows the

Mg 3s electrons to be delocalized between the layers. In fact, MgB2 has a very similar

band structure as graphite:32 this makes MgB2 a metallic hole-type compound that

exhibits electron conductivity as high as 104 S cm�1.33 It has been extensively stud-

ied in the superconducting industry,31–33 but has not yet been reported for energy

storage applications.

The synthesis of nanostructured MgB2 has been reported only as nanofibers.34 We

synthesized MgB2 nanoparticles by a vapor-solid reaction between vaporized Mg

and boron nanopowder, as shown schematically in Figure 2A. The boron

(�50 nm, Figure S1A)/carbon mixture and the Mg pellet were placed on two

ends of a tantalum tube, which was then sealed by arc melting. The reaction occurs

at a temperature above the melting point of Mg and excess Mg is necessary to

yield pure MgB2, the most Mg-rich member in the MgBx family. The X-ray diffrac-

tion pattern and selected area electron diffraction show that MgB2 is primarily crys-

talline (phase group P6/mmm, Figure 2B); we also observe a marginal fraction of

MgO that is presumably formed by reaction of Mg with a trace amount of oxygen

in the tantalum chamber. The nanocarbon additive serves primarily as a capping

agent to inhibit excessive particle sintering and particle growth (a heat dispenser)

during the vapor-solid reaction, yielding particles of �100 nm in size (Figure 2C).

The carbon accounts for 20 wt % in the final MgB2/carbon composite. For
Joule 3, 1–13, February 20, 2019 3



Figure 3. First-Principles Calculations of the Interaction of MgB2 and MgO Surfaces with Lithium Polysulfides

(A–F) The optimized coordination of Li2S2 adsorbed on the (A) B-terminated, (B) Mg-terminated MgB2 (0001) surfaces, and (C) MgO (110) surface. (D) A

plot summarizing the binding energy of Li2S, Li2S2, Li2S4 on the MgB2, MgO, and carbon surfaces, with the primary bonding type indicated. The

optimized coordination of Li2S adsorbed on the (E) B-terminated and (F) Mg-terminated MgB2 (0001) surfaces. Green, yellow, blue, and orange balls

represent the Li, S, B, and Mg atoms, respectively.
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comparison, we also prepared MgO (polar but insulating) and carbon host mate-

rials (conducting but non-polar), by ball-milling MgO (�50 nm) or VC carbon

with carbon additives, respectively.

Polysulfide Binding and Surface-Mediated Redox

It is important to understand the mechanism of chemical interaction between mag-

nesium boride and lithium polysulfides to decipher its role in immobilizing andmedi-

ating polysulfide redox. Previous studies on chalcogenides, nitrides, and carbides

indicate that their interaction with polysulfides occurs primarily through X-Li

and M-S bonding, based on Lewis acid (Li+ cation, M center)-Lewis base (Sx
2� and

Xn� anions) principles.19,24,27,35 Here we investigated the binding mechanism by

first-principle calculations using Li2S4, Li2S2, and Li2S as the model molecules for

the ‘‘probes.’’ The optimized starting geometry of the polysulfide molecules is

shown in Figure S2.

The MgB2 surface can be terminated either with a B or a Mg layer, which potentially

exhibit distinct scenarios in lithium polysulfide binding; we calculated both cases.

Both B- andMg-terminated surfaces exhibit a high binding energy of�5.1 eV toward

Li2S2 (Figures 3A and 3B), in contrast to 0.23 eV for graphitic carbon (Figure S3A). It is

also higher than some of the recently reported transition metal oxides (Table S1).

Indeed, experimentally, MgB2 can adsorb �20 times more of Li2S4 than VC (Fig-

ure S4). Surprisingly, both B- and Mg-terminated surfaces bond exclusively with

the S2
2� anions via S-B or S-Mg interactions (Figures 3A and 3B); the Li+ ions, despite

being a Lewis acid, do not show substantial bonding on either surface. Specifically,

on the B-terminated surface, all Li-B atom distances are longer than 2.15 Å, whereas
4 Joule 3, 1–13, February 20, 2019
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the S-B bonds are as short as�1.89 Å (B-B bonds in MgB2 are�1.68 Å for reference).

This is in sharp contrast to the metal chalcogenides, in which the O/S atoms act as

Lewis basic sites and coordinate with Li+; the B atom has an empty 2p orbital, allow-

ing it to be a Lewis acid and coordinate with the S2
2� anion. On the Mg-terminated

surface, the Mg centers, which are positively charged owing to electron donation to

the B layer, bond with S2
2� through electrostatic forces. This is kinetically advanta-

geous for Li2Sx redox reactions because electrons can transfer from the

conductive MgB2 surface directly to the active Sx
2� ions in the absence of Li+ cations.

Also, the absence of strong bonding with the Li+ cation facilitates its diffusion. Also

for Li2S and Li2S4, the same interaction mode was observed for MgB2 surfaces (Fig-

ures 3E, 3F, and S3). In contrast, the representative MgO (110) surface, terminated

with both Mg and O atoms (1:1), shows a typical scheme of both Li-O and S-Mg

bonding (Figure 3C), which inevitably retards charge transfer and Li+ diffusion. The

polysulfide binding scheme of MgB2 here is also different from the reported

metal sulfides (for example, MoS2 nanosheets)22,36 and nitrides,37 which heavily

depend on S-Li (N-Li) interactions. These binding energies are summarized in Fig-

ure 3D. We also observe extensive S-S bond breaking in the Li2Sx on both B- and

Mg-terminated surfaces (Figures 3A, 3B, S3B, and S3C), probably as a consequence

of the very strong bonding with the Sx
2� anions that is not available on the MgO

surface (Figures 3C, S3D, and S3E). In principle, facile S-S bond breaking would result

in a low barrier for polysulfide redox reactions. This agrees with our experimental

observation of surface-mediated Li2Sx reduction/oxidation, as shown below. The

observed binding scheme based on first-principle calculations are further

supported by X-ray photoelectron spectroscopy studies on Li2S4 and MgB2 (Fig-

ure S5), where the sulfur shows a positive binding energy shift indicating electron

density loss, while the lithium does not show any obvious change. Correspondingly,

boron shows a negative binding energy shift, signifying electron density gain from

the S4
2� (see further discussion of Figure S5).

Electrochemical Kinetics and Cycling Performance

We investigated the electrochemical kinetics of polysulfide redox reactions on three

surfaces: MgB2, MgO, and VC carbon. A sulfur composite with 60 wt % sulfur was

used to fabricate the electrodes with an areal sulfur loading of 2.0 mg cm�2. An elec-

trolyte/sulfur ratio of 8 mL/mg was used. The initial discharge profiles at C/20 (1C =

1,675 mA g�1) illustrate that the MgB2/S electrode exhibits the highest capacity of

1,270 mAh g�1, compared with 1,175 and 1,110 mAh g�1 for the MgO/S and

VC/S electrodes (Figure 4A). The increased capacity derives mainly from the sloping

region and the second plateau. A higher discharge voltage for MgB2/S indicates

improved conversion kinetics of Li2Sx to Li2S, whereas MgO shows the same voltage

as the carbon electrode (Figure 4A). The oxidation of Li2S/Li2Sx upon charge also ex-

periences improved conversion kinetics on the MgB2 surface, as confirmed by the

voltage profiles at the start and end of charge (Figure 4B). The galvanostatic inter-

mittent titration experiments confirm a purely kinetic effect rather than one based

on thermodynamics (Figure S6). The differences in the kinetic behavior were eluci-

dated by exchange current measurements using linear scanning voltammetry (LSV)

with a Li2S4 catholyte solution in a three-electrode cell. We assume single-redox

behavior even though more than one polysulfide may be present due to dispropor-

tionation reactions. The superior conversion kinetics afforded by the MgB2 surface is

clearly demonstrated by its high exchange current density (0.41 mA cm�2),

compared with 0.22 and 0.19 mA cm�2 for MgO and VC, as obtained from the Tafel

plots (Figure 4C). We believe that the surface-mediated charge transfer on MgB2 re-

sults both from its intimate binding of polysulfide anions and its electron-conducting

nature.
Joule 3, 1–13, February 20, 2019 5



Figure 4. Electrochemical Behavior of the MgB2, MgO, and VC Carbon-Based Cathodes in Li-S Batteries

(A–D) The galvanostatic voltage profiles during (A) the discharge and (B) charge at a rate of C/20; insets are the enlarged view of the boxed areas. (C) The

Tafel plots of the Li2S4 solution redox on different host materials, derived from linear sweep voltammetry scans. The linear part of the plots was fitted to

calculate the exchange current density, as shown by the straight dashed lines. (D) The capacity and coulombic efficiency evolution over 200 cycles at

C/2; first cycles are at C/20.
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The sulfur cathodes were subjected to long-term cycling to understand the impact

on capacity stability (Figure 4D). The cells were conditioned at C/20 for the first cycle

before cycling at C/2. The VC/S cathode shows continuous capacity fading over

200 cycles with a capacity retention of 510 mAh g�1, owing to uncontrolled polysul-

fide shuttling. The MgO/S cathode maintained a fairly stable capacity for the first

100 cycles, but experienced a rapid capacity decay thereafter. The sudden capacity

drop indicates the cumulative surface passivation from randomly precipitated

Li2S/S8 on the MgO electrode surface, which only becomes pronounced on

extended cycling. In contrast, the MgB2 electrode maintained stable capacity over

200 cycles with a retention of 81%. The coulombic efficiency of the MgB2 cathode

is between 99.9% and 98.4% over 200 cycles, in significant contrast to 84.0% and

94.2% after 200 cycles for MgO and VC electrodes, respectively (Figure 4D), indi-

cating greatly suppressed polysulfide shuttling and overcharge for the MgB2 host.
High-Surface-Area MgB2 and High-Loading Li-S Cells

High surface area is important to allow high sulfur utilization in high-loading cath-

odes while maintaining efficient polysulfide binding and redox mediation. Our
6 Joule 3, 1–13, February 20, 2019



Figure 5. SEM Characterization and the Electrochemical Behavior of the Graphene-MgB2

Cathode (G-MgB2)

(A) Representative SEM image of G-MgB2 showing the distribution of MgB2 within the graphene

nanosheets.

(B) Capacity retention of the G-MgB2/S75 composite with an areal loading of 9.3 mg cm�2 at C/5;

first cycle is at C/20.
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calculation of the surface area required for full polysulfide adsorption provides a

guideline for the fabrication of such materials (see Experimental Procedures for de-

tails). For example, theoretically, a surface area of 145 m2/g is required for a cathode

with 60 wt % sulfur. We designed an approach to achieve high surface area by sand-

wiching the MgB2 nanoparticles between graphene nanosheets (Figures 5A and

S7A). The benefits are two-fold. First, the MgB2 nanoparticles evenly disperse

along the open graphene nanosheets (see below), preventing particle aggregation

and thus fully utilizing the MgB2 surface for polysulfide adsorption and mediation.

Second, the long-range connected graphene nanosheets establish a hierarchical

and compact structure while assisting in electrolyte penetration and electron trans-

fer between individual MgB2 particles. This is important to allow a low electrolyte/

sulfur ratio and fabrication of high sulfur-loading electrodes with efficient mass

and electron transport across the electrode. The precursor for the graphene-MgB2

composite (noted as G-MgB2) was prepared by ultra-sonication of boron

nanopowder with graphene nanosheets in isopropanol. The�70-nmMgB2 nanopar-

ticles are uniformly distributed over the graphene nanosheets (Figure 5A), which

results in a surface area of 102 m2/g, four times higher than the above MgB2 synthe-

sized without graphene (29.5 m2/g). The composite loaded with 75 wt % sulfur

does not show the existence of large sulfur particles, indicating efficient sulfur

encapsulation (Figure S7B).

Thin cathodes with 2.0 mg cm�2 of sulfur loading were first used to demonstrate

proof-of-concept. Pure graphene-based cathodes experienced rapid fading over

200 cycles at C/2, in contrast to the G-MgB2 cathode that maintained 92% capacity

over 200 cycles, with a fade rate as low as 0.04% per cycle (Figure S8). The G-MgB2

sulfur cathode also shows higher capacity than the MgB2-based cathode with a

loading of 75 wt % sulfur. We note that the color of the separator after cycling is

vastly different between the G-MgB2 and graphene cells: the nearly colorless sepa-

rator for the MgB2 cell indicates greatly suppressed polysulfide shuttling (Figure S9).

We examined the morphological degradation of the sulfur cathodes and Li anodes

to identify possible factors that impact cycling stability by disassembling the cells af-

ter 200 cycles at full discharge (Figure 6). The graphene cathode G/S75 exhibits a

rather loosely packed morphology replicating that of pristine graphene (Figure 6A).

We observe ubiquitous large glassy islands on the surface that we tentatively ascribe

to Li2S (Figure S10),25 formed from the disproportionation reactions of polysulfides.

Once Li2S nucleates on the conductive carbon surface, dissolved polysulfides are
Joule 3, 1–13, February 20, 2019 7



Figure 6. SEM Imaging of the Sulfur Cathodes (2.0mg cm�2) and Li Anodes after 200 Cycles at C/2

(A–D) The surface SEM images of (A) G/S75 and (B) G-MgB2/S75 cathodes after cycling and

(C and D) the cross-sectional images of the corresponding Li anodes. The dotted lines in (A) and

(C and D) outline the glassy Li2S islands and the Li corrosion layer, respectively.
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then preferentially adsorbed to these Li2S nuclei rather than carbon,38 and dispro-

portionate to form solid Li2S and other higher-order polysulfides that undergo the

same process until completion. This is clearly indicative of extensive polysulfide

dissolution. In contrast, the G-MgB2/S75 electrode exhibits a relatively compact

structure without clear formation of Li2S islands (Figure 6B). The delay of surface

passivation leads to high-utilization of sulfur over long-term cycling. This is also re-

flected in examining the degradation of the Li anode, where the electrode pulveri-

zation thickness (cross-section) is correlated to crossover polysulfides that engage

in parasitic reactions with Li. The Li electrode coupled with the G-MgB2/S75 cathode

exhibits only about a third as much electrode pulverization when paired with the G/

S75 cathode (Figures 6C and 6D). Combined with its higher coulombic efficiency, we

thus conclude that the MgB2 surface supports greatly suppressed polysulfide shut-

tling by surface adsorption and mediated redox.

Most importantly, we demonstrate the feasibility of fabricating high sulfur-loading

electrodes of 9.3 mg cm�2 using the G-MgB2 composite. As shown in Figure 5B,

the cathode can sustain a high capacity of above 665 mAh g�1 (6.18 mAh cm�2)

over 100 cycles at C/5, without any apparent capacity decay for 50–100 cycles.

The cathode performance reported herein is superior in comparison with some

recently reported transition metal compound-based cathodes when considering pa-

rameters such as sulfur fraction, areal sulfur loading and electrolyte/sulfur ratio, as

shown in Table S1. This highlights the dual advantage of the G-MgB2 sulfur cathode

in chemically binding/catalyzing polysulfides and physically establishing efficient

mass/electron pathways. Nevertheless, we observed slightly faster capacity fading

than exhibited by the 2.0 mg cm�2 cathode, indicating partial degradation of the
8 Joule 3, 1–13, February 20, 2019
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cathode structure or more likely the lithium anode. These data were achieved using a

low electrolyte/sulfur ratio of 6.5 mL/mg. This is possible due to the compact struc-

ture of the cathode, which is largely free of large void space, unlike the sponge-like

3D cathodes made from porous carbons.12,13,15 Even lower electrolyte volumes are

possible for pouch cells with marginal dead space. This low ratio of 6.5 mL/mg rep-

resents a significant advancement for the conventional glyme electrolyte.

Conclusions

We show that the ultra-light metallic and polar boride, MgB2 can effectively adsorb

polysulfides and mediate their redox reactions on its surface. First-principles calcu-

lations and spectroscopic studies show that, contrary to oxide/sulfide-based com-

pound hosts, the polysulfide anions are exclusively bonded to the B and Mg

surfaces, greatly enhancing interfacial charge transfer. The ultra-light mass of

MgB2 compared with previously reported transition metal compounds (oxides;

sulfides) allows efficient utilization of sulfur. The rationally designed graphene-

MgB2 composite allows stable cycling of high-loading compact electrodes of

9.3 mg cm�2 at a rather low electrolyte/sulfur ratio (6.5 mL/mg), which is significant

for achieving high cell-level energy density for Li-S batteries. This not only addresses

the concern of using heavy transition metal compounds for Li-S batteries, but also

offers a new avenue to design new classes of cathode materials with full consider-

ation of high sulfur loading and low electrolyte volume.

EXPERIMENTAL PROCEDURES

Synthesis of MgB2 and G-MgB2

For preparation of MgB2, the two precursors—the mixture of boron nanopowder

(Specialty Materials) with carbon nanopowder (carbon nanotubes�8 nm), and a pel-

let of Mg powder—were placed at each end of a tantalum tube (�10 mm diameter),

which was sealed using arc melting under the protection of a blanket of argon. An

excess of Mg (20%) was used to ensure formation of the MgB2 phase. The boron/car-

bon mixture was prepared by ball-milling at 200 rpm for 1 hr. The sealed Ta tube was

carefully placed in a tube furnace for heat treatment under an Ar flow. The temper-

ature was ramped to 700�C at 10�C/min, held for 2 hr and then ramped to 850�C at

6�C/min for 2 hr. Higher temperature results in the formation of a MgB2C2 phase,

which is an insulator. For the preparation of G-MgB2, boron powder and graphene

(ACS Materials) were mixed by ultra-sonication in isopropanol (2 mg/mL) in Ar for

2 hr. The powder was retrieved by centrifugation and vacuum drying at room tem-

perature. The amount of carbon in the final composite was targeted at 20 wt %.

The MgO/carbon or VC/carbon composites were prepared by ball-milling MgO

nanoparticles (�50 nm, Sigma-Aldrich) or VC with carbon nanotubes (20 wt %) at

200 rmp for 1 hr.

The sulfur composites with 60 wt % or 75 wt % of sulfur were prepared by diffusion

from the melt at 155�C for 12 hr.

Physical Characterization

X-ray diffraction was performed using on a Bruker D8 Advance diffractometer. Scan-

ning electronmicroscopy (SEM) imagingwas performed using a LEO1530 field emis-

sion SEM (Zeiss) and transmission electronmicroscopy (TEM) imagingwas carried out

on a JEOL 2010F TEM/STEM operating at 200 KeV. Cycled cells were dissembled in-

side the glovebox and the recovered electrodes were thoroughly washed with dime-

thoxyethane, dried in vacuo and transferred to the microscopes in Ar-filled vials with

minimal exposure to ambient atmosphere. The N2 adsorption/desorption isotherms
Joule 3, 1–13, February 20, 2019 9
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for surface area measurement were obtained using a Quantachrome Autosorb-1

system at 77 K. The Brunauer-Emmett-Teller method was used based on multi-point

analysis. The compounds were degassed at 100�C before measurement.

First-Principles Calculations

First-principles calculations were performed using the plane wave-based VASP

code. The Perdew-Burke-Ernzerhof version of the generalized gradient approxima-

tion and projector-augmented wave pseudopotentials were used to describe the

electronic exchange correlation effect and electron-ion interactions.39,40 Spin-polar-

ized calculation was employed. A cutoff energy of 500 eV was used for the plane

wave basis set to ensure convergence. Li2S, Li2S2, and Li2S4 were employed as the

representative lithium polysulfides. A four-layer slab model with the two bottom

layers frozen was applied to model the (0001) MgB2 surface (either B- or Mg-termi-

nated). A four-layer slab model was used for the representative (110) MgO surface

that has a Mg:O ratio of 1:1. A two-layer 6 3 6 slab with the bottom layer frozen

was used for graphite. A vacuum layer of 25 Å was used in the vertical direction to

avoid the interaction between the layer and its images. The conjugate-gradient

algorithm was used for ionic relaxation. The binding energy (Eb) of Li2Sx on the sub-

strates is defined as:

Eb = (Esub + Eps � Esub+ps)

where Esub, Eps, and Esub+ps represent the ground-state energies of the substrate,

polysulfide, and substrate-polysulfide. A larger positive value means greater bind-

ing ability.

Electrochemical Characterization

Electrodes with either 2.0 or 9.3mg cm�2 sulfur loading were prepared bymixing the

MgB2, MgO, or carbon-based sulfur composites with Super P and PVDF binder in di-

methylformamide in a weight ratio of 8:1:1. The slurry was doctor-blade coated onto

carbon paper (AvCarb P50) to prepare the cathodes. The P50 carbon paper has a

rough surface for optimized adhesion to the active materials. It is composed of car-

bon microfibers of several micrometers in size, which is fundamentally different from

3D foam current collectors made from carbon nanotube/fibers. The electrodes were

dried at 60�C overnight. Coin cells (2325) were assembled with a lithium foil

anode and an electrolyte comprising 1 M bis(trifluoromethanesulfonyl)imide lithium

(LiTFSI) and 2 wt % of LiNO3 in a mixture of 1,2-dimethoxyethane and 1,3-dioxolane

(v/v = 1:1). The cells were operated in a voltage window of 1.8–3.0 V using an Arbin

BT2000 battery cycler (Arbin Instruments). Cycling voltammetry experiments were

performed on coin cells on a VMP3 potentiostat/galvanostat station.

Exchange Current Measurement

The redox kinetics of polysulfides on the surface of MgB2, MgO, and VC were exam-

ined using an LSV technique on a three-electrode Swagelok cell. The working elec-

trodes consist of the host materials cast onto P50 carbon paper with Super P and

PVDF (wt/wt, 8:1:1). Li foil was used as reference and counter electrode. A Li2S4
(5 mg/mL) solution with LiTFSI (1 M) and LiNO3 (2 wt %) in DME was used as

the lithium polysulfide electrolyte. The scan speed of the LSV experiment was

0.2 mV s�1, with the voltage range limited to G30 mV from open-circuit voltage

(OCV). Each cell was conditioned under OCV for at least an hour between each

scan. The overpotential and the current response from the LSV experiment were

used to construct the Tafel plot. The linear region of the semi-logarithmic Tafel

plot was manually fitted and extrapolated to obtain the exchange current density
10 Joule 3, 1–13, February 20, 2019
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according to the Bulter-Volmer equation. The average of the oxidation/reduction

current is presented as the exchange current density.

Theoretical Calculation on the Surface Area Required for Full Polysulfide

Adsorption

Here we provide a simplifiedmodel to calculate, from a theoretical point of view, the

relation between the surface area of the substrate (A, m2/g), the fraction of sulfur (Xo)

in the cathode, and the percentage of polysulfides generated (as a fraction of the

entire sulfur mass) at a given time of real cell operation that need to be effectively

adsorbed (f). The following assumptions are made: (1) all the S8 molecules convert

to Li2S8 and this is the representative polysulfide used for calculation; (2) on the

MgB2 surface, either one Mg atom (on a Mg-terminated surface) or two B atoms

(on a B-terminated surface) can interact effectively with the one Li2S8 molecule;

the spatial arrangement of Li2S8 on the MgB2 surface is not taken into account

and is free from steric hindrance; (3) the calculation utilizes the lattice parameters

of the MgB2 (a = 3.086 Å) to model the specific surface area per Mg (or two B)

atom (Ao, m
2), not taking into account any surface re-arrangement; and (4) all of

the surface area of MgB2 is accessible to interaction with polysulfides.

ð1� XoÞA
Ao

R
f,Xo,NA,

M

where Ao = 8.253 10�20 m2, NA = 6.02 3 1023/mol, M is the mass of sulfur per mole

of Li2S8, 256 g/mol, which simplifies the equation to

A R
193 f ,Xo

1� Xo

This means that with a sulfur fraction of 60 wt % (75 wt %), assuming f to be 50%, a

surface area of 145m2/g (289m2/g) is required for the substrate, if all generated pol-

ysulfides are to be adsorbed. However, we note that the generation of polysulfides in

the Li-S cells is dynamic (i.e., f changes) due to the gradual consumption (formation)

of sulfur (Li2S), which may require a dynamic evolution of this relation and, therefore,

this can only be considered to be a theoretical guidance. Application of this equation

to other materials requires modification of the surface lattice parameters.

Polysulfide Adsorptivity Measurements

The polysulfide adsorptivity was evaluated by electrochemical titration, which deter-

mines the amount of residual Li2S4 in a solution after contact with the host materials.

Sample Li2S4 solutions of a known concentration in tetraethylene glycol dimethyl

ether were first prepared and the host materials of certain mass were added and

stirred overnight. The supernatant solution was collected after centrifugation, and

subjected to a titration wherein the polysulfide content was determined by electro-

chemical oxidation.41 Extrapolation from a calibration curve using standard mate-

rials was used (see Manthiram et al.3 for details). All procedures were performed

in an argon-filled glovebox.
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