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ABSTRACT: Rechargeable Mg batteries (RMBs) represent a 5

possible route for low-cost energy storage applications, but they are ..

lacking a satisfactory cathode material. Conventional sulfur (Sg)

cathodes have shown promise, yet they suffer from poor cycling AW
stability and low reversibility. Here, we investigate the organosulfur \2/ \2/
compound dipentamethylene thiuram tetrasulfide (PMTT) as the ——T=r-——-=—==-—=-=—-=-—-gg--—-—--—-====------
source of redox active sulfur. In its pristine form with carbon black Improved .,

as a conductive additive, an initial discharge capacity of 295 mA h performance < R

g~! is reported, which is one of the highest capacities reported for \

an organosulfur compound for RMBs. A reaction mechanism is Mg anode Cathode

proposed, supported by density functional theory calculations.

Through a mild heat treatment, a PMTT-derived sulfur/mesoporous carbon composite is investigated. PMTT’s unique chemistry
and the resulting molecular mixture of active and inactive components enable a high cycling stability (76% capacity retention in the
100th cycle after one formation cycle) and excellent rate performance (185 mA h g™ at S00 mA g~') for an RMB. The PMTT-
derived sulfur/mesoporous carbon composite outperforms reference cells with a conventional Sy composite and, combining with
further electrolyte development, may open up for cost-competitive RMBs.

KEYWORDS: organosulfur, magnesium, battery, polysulfide, carbon

1. INTRODUCTION volumetric (3833 mA h cm™) capacity of Mg is very high and
it has a reasonably low redox potential. However, the progress
of rechargeable Mg batteries (RMBs) has been hindered by the
challenging tasks of finding suitable electrolytes and practical
cathodes.”'” As a small (86 pm for Mg ion vs 90 pm for Li
ion) divalent cation, the high charge density of 120 C mm™
(Li = 54 C mm™) causes sluggish kinetics, high voltage
hysteresis, and irreversible side reactions in oxide-based
intercalation cathodes.'” Chalcogenide cathodes, such as the
Mo,S; Chevrel phase'" and the Ti,S, thiospinel,"> demonstrate
improved cycling performance enabled by the more polarizable
anions. Still, the obtainable energy densities are limited due to
moderate capacities and/or low operating voltage.

A reaction pathway based on conversion reactions, such as
sulfur redox, may circumvent the sluggish Mg ion insertion/
diffusion.'” Thus, sulfur is in many aspects an ideal Mg
cathode, but due to its electrophilic nature, it is not compatible
with many of the conventional nucleophilic Mg electro-

High-performing, low-cost, and safe energy storage based on
abundant and environment-friendly materials is highly
desirable for consumer electronics, grid storage, and electric
mobility." An extensive case study for Los Angeles indicated
that the high cost was a more important factor against electric
vehicle adoption than a limited driving range,” emphasizing the
need for a lower relative battery cost ($ kWh™"). This can be
achieved by further increasing the energy density (at the same
cost) or reducing the cost, where the battery materials stand
for one of the highest cost segment of a finished battery pack.”

New redox chemistries are required for a drastic increase in
energy density compared to today’s state-of-the-art Li ion
battery (LiB)." Li—S batteries have become one of the most
promising candidates, much due to sulfur’s high theoretical
capacity of 1675 mA h g™ and its low cost and high natural
abundance."**° Still, the use of Li metal as an anode has so far
represented a too high safety risk in secondary batteries due to
Li dendrite formation causing short circuiting of the battery,’
in addition to not meeting commercial standards for
electrochemical performance and large-scale processing.'
Replacing Li with Mg offers several key advantages: (1) little
or no risk of dendrite growth of the Mg anode; (2) abundance
and low cost of Mg; and (3) the inherently less reactive and
safer Mg.”® Furthermore, the gravimetric (2205 mA h g™') and
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lytes."”'* In recent years, several improvements have been
reported for electrolytes that are compatible with sulfur,">"> =
which has sparked increased interest in Mg—S batteries. The
first demonstration of a reversible Mg—S battery in 2011 was
by Kim et al,,"> who reported a high initial discharge capacity
of 1200 mA h g !, but severe overcharge and fast capacity
fading attributed to polysulfide shuttling. The polysulfide
shuttling (explained below) is still one of the most critical
challenges for both Mg—S and Li—$ batteries.'”'***

The charge storage mechanism of Mg—S batteries has been
under study in several works.”>*">” The mechanism can be
summarized as

8
SS,solid - Mgsx,soluble (x =4 - 8) - Mgs ,solid (}’ = gr 2; 1):

where the middle intermediates MgS, . (x = 4—8) are
soluble in the electrolyte, whereas the end products MgS, .4
(y = 8/3, 2, and 1) are insoluble, and the exact compositions
depend on the electrolyte and the current density used during
cycling.”"**7*° The solubility of the intermediate Mg
polysulfides is both an advantage and an inherent challenge,
where the solid-to-liquid reaction improves the kinetics and
sulfur utilization,”>*® but the soluble species can and will
diffuse to the Mg anode and be reduced.”® The latter will not
only eventually form a gassivating film of electronically and
ionically insulating MgS™® but may also cause overcharging
and/or the so-called polysulfide shuttling. For example, during
charging, the discharged solid products MgS, (y = 8/3,2, and
1) are oxidized to soluble polysulfides MgS, (x = 4—8), which
can diffuse to the Mg anode. At the Mg anode, the soluble
species will be reduced. If the soluble species are reduced to a
solid (MgS),, y =8/3, 2, and 1), they will deposit as a solid and
passivate the Mg anode. On the contrary, if the reduced species
are still soluble (MgS,, x = 4—8), they can diffuse back to the
cathode where they are reoxidized. The continuous loop where
soluble species are reduced at the anode and reoxidized at the
cathode is referred to as polysulfide shuttling. Depending on
the severity of the shuttling, it will result in poor coulombic
efficiencies or even an “infinite” charging behavior, where the
cell cannot reach the upper voltage limit during galvanostatic
charging.”>*” In the latter case, the side current originating
from polysulfide shuttling equals the charging current used to
charge the battery. In fact, it has been argued that we need to
completely prevent any polysulfides from reaching the Mg
anode to enable practical Mg—S$ batteries.”® Moreover, the
poor reversibility of MgS and Mg;S; conversion reactions
resulting in large overpotentials and fast capacity fade has been
stressed as another major challenge.”*

Two thiuram organosulfur compounds were recently
demonstrated to enable good cycling performance under
high areal loading and lean electrolyte conditions for Li—S
batteries.”” The high capacity retention was attributed to the
dual function of the thiuram molecule as both an active
material and a polysulfide anchor, as one of the discharge
products exhibited strong coulombic interactions to poly-
sulfides. Thiuram polysulfides are commonly known as
vulcanization accelerators in the rubber industry”' and could
thus be a cheap, non-toxic, and commercially available cathode
alternative. Although organosulfur compounds were inves-
tigated as cathode materials for Mg—S batteries a decade ago,*”
the topic was left largely unexplored due to low reversibilitgf,
poor stability, and high solubility in the electrolyte.”
Moreover, the obtained initial capacities were low (30—117

mA h g™') due to the limited sulfur content in the organosulfur
compounds and low sulfur utilization.” Inspired by the work
on thiuram compounds for Li—S and the recent sulfur-
compatible Mg electrolytes, we were intrigued by a cathode
based on dipentamethylene thiuram tetrasulfide (PMTT) for
Mg—S batteries. PMTT offers a considerably higher sulfur
content than the previously reported organosulfur compounds
for Mg batteries, in addition to exhibiting the reported dual
function as both an active material and polysulfide anchor,
which could alleviate the polysulfide shuttling issue with high
sulfur content cathodes.

This work is the first report on PMTT as a novel Mg
cathode material, which demonstrates promising electro-
chemical performance, even with a non-optimized electrolyte.
A simple composite of PMTT with carbon black is first
presented, accompanied with electrochemical characterization
and postmortem analysis. The reaction mechanism is
elucidated by density functional theory (DFT). Finally, the
performance of a PMTT-derived composite with a meso-
porous carbon framework is reported.

2. EXPERIMENTAL SECTION

2.1. PMTT/Carbon Black Composite. Dipentamethylene
thiuram tetrasulfide (Tokyo Chemical Industry, 58% sulfur) was
mixed with carbon black and a pre-dissolved solution of
polyvinylidene fluoride binder (PVDF) (Kynar F2801) in l-ethyl-2-
pyrrolidone (NEP) (Merck, 98%). The mass ratio of PMTT/carbon
black/PVDF was 50:35:15. Additional NEP was added to ensure a
suitable viscosity for drop-casting. The mixture was mixed using a
shaker mill (Retsch MM 400) at 15 Hz for 45 min with a 7 mm
stainless steel ball. The slurry was drop-cast on precut graphite paper
disks (Spectracarb 2050A-0550). The electrodes were dried for 30
min at 60 °C on a hot plate, air-dried overnight at room temperature,
and lastly dried for 3 h under vacuum at room temperature. The
obtained loading was 0.2—0.4 mg PMTT cm™>

2.2. PMTT-Derived Sulfur/Mesoporous Carbon Composite.
PMTT was first dissolved in acetone (0.01 M at 50 °C, e.g,, 0.3 g in
70 mL of acetone) before a dispersion of mesoporous carbon (Merck,
>99.95%, average pore diameter of 100 A + 10 A) in acetone was
added to the PMTT solution. The mass ratio of PMTT and
mesoporous carbon was 1:2 (e.g, 0.6 g in 30 mL of acetone to the
above solution). The mixture was stirred at S0 °C in a covered beaker
for 1 h before the cover was removed and the temperature was
increased to 80 °C to evaporate the acetone. After the acetone was
evaporated, the powder was transferred to a sample bottle and further
dried for 1 h under vacuum at room temperature. The powder was
mortared and subsequently pressed into a 10 mm-diameter pellet
using a pressure of 3 kN. The pellet was placed in a covered sample
bottle and heat-treated for 15 h at 155 °C, with a ramp up time of 1 h
and 30 min. Consecutively, the sample bottle was taken out and
cooled to room temperature before the pellet was mortared to a fine
powder.

A similar drop-casting procedure to the PMTT/carbon black was
followed with two exceptions. Poly(vinyl alcohol) (PVA, Merck, M,
of ~61,000) in water was used as a binder material instead of PVDF,
and a ratio of 0.85:0.075:0.075 for the composite/carbon black/PVA
was used. The loading was 0.2—0.4 mg PMTT cm™ based on the
initial amount of PMTT in the composite.

2.3. Sg/Mesoporous Carbon Composite. The Sg/mesoporous
carbon composite was prepared similar to the PMTT-derived sulfur/
mesoporous carbon composite, but due to the limited solubility of Sg
in acetone, the mixing of Sg and mesoporous carbon was done using a
mortar and pestle. Then, the powder mixture was pressed into a pellet
and heat-treated. The same slurry procedure using PVA as a binder
was followed. The sulfur loading was 0.2—0.4 mg cm™.

2.4. Electrolyte Preparation. An organic magnesium borate-
based (OMBB) electrolyte was used and prepared based on an earlier
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Figure 1. Chemical structure of dipentamethylene thiuram tetrasulfide (PMTT) (a). Micrographs of as-received PMTT powder (b) and drop-cast
PMTT/carbon black composite on carbon paper disk with corresponding EDX mapping (c). Electrochemical performance of PMTT/carbon black
composite cathodes: voltage profiles (d), cycling stability (e), and potential vs cycling time (f). Cycling between 0.1 and 3 V at 50 mA g™, with a

charge limit of 250 mA h g’ I PMTT.

study.'” First, 0.25 M anhydrous MgCl, (Sigma, 99.9%) was mixed
with 0.5 M tris(2H-hexafluoroisopropyl) borate (B(HFP);) in 1,2-
dimethoxyethane (DME). DME was dried with molecular sieves
(Merck, 3 A) for more than 48 h prior to use. Then, 0.05 g mL™' Mg
powder (Alfa Aesar, 99.8%, 325 mesh) was added to the mixture
based on another study,34 and the mixture was stirred for 24 h. Last, it
was filtered through a syringe filter (Whatman Puradisc, 0.2 um,
PTFE) and the resulting clear electrolyte was used.

2.5. Electrochemical Characterization. The cathode compo-
sites were assembled in CR2016 coin cells vs a polished Mg metal
anode (Solution Materials) with a porous polypropylene (Celgard
2400) separator and 60 uL of OMBB electrolyte inside an Argon
glovebox (MBraun, O, < 0.1 ppm, H,O < 0.1 ppm). The cells were
galvanostatically cycled using either a MACCOR 4200 or a Bio-Logic
BCS-805 cycler in a temperature-controlled room of 20 °C. Three-
electrode cells (PAT-cell from EL-CELL) were similarly assembled
but with a Mg ring incorporated into the glass fiber separator as a
reference electrode, an electrolyte volume of 110 uL, and cycled on a
Bio-Logic VMP-300 potentiostat.

2.6. Material Characterization. XRD was carried out on a
Bruker D8 Focus Diffractometer utilizing Cu K, radiation. SEM and
EDX were done on a Carl Zeizz AG — ULTRA 55 SEM with an
equipped X-ray detector (XFlash 4010). For SEM micrographs, a
working distance of 5 mm and an acceleration voltage of 2 kV were
used. For EDX, a working distance of 10 mm and acceleration voltage
of 10 kV were used. The optical images were acquired using a
confocal Raman spectroscope (WITec alpha300 R). XPS measure-
ments were performed on a Kratos Analytical Axis Ultra DLD.
Monochromatic Al K, X-rays were used with a pass energy of 20 eV
and 15 sweeps per orbital for regional scans. CasaXPS (version
2.3.19PR1.0) was used for curve fitting, where the results were
calibrated by setting the C 1s peak to 284.8 eV. The fitting utilized a
combination of Gaussian (70%) and Lorentzian (30%) line shape and
a Shirley background. The peak area of the S 2p;/, and 2p, ;, doublets
was constrained to 2:1 ratio, and the peaks were separated by 1.18 eV.
Moreover, the full width half-maximum of the fitted S 2p peaks was
constrained not to differ by more than +0.25 eV and the assigned
bonding positions not to differ more than +0.25 eV between samples.

2.7. DFT Calculations. The plane wave code Vienna Ab Initio
Simulation Package (VASP)*™*” was used for the DFT calculations.
The B3LYP functional®®*® described by the projector augmented
wave method (PAW) was used for all calculations. The simulations
were performed with 1 gamma centered k-point in a 30 X 30 X 30 A
unit cell. This ensured a minimum of 18 A vacuum between

neighboring images across the repeating boundaries. The electronic
ground-state energies were converged to 107% ¢V, and the geometrical
relaxation was converged until the forces were less than 0.01 eV A™!
using the conjugate gradient method. For cases of slow convergence, a
quasi-Newton algorithm (RMM-DIIS) was used.*® All calculations
were spin-polarized, and the plane wave cutoff was 800 eV. Gaussian
smearing with a width of 0.05 eV was used for treating partial orbital
occupancies. Hard pseudopotentials were chosen for C, S, N, and H,
with 4, 6, S, and 1 valence electrons, respectively. For Mg, a
pseudopotential using 10 valence electrons was chosen. The voltage
for a Mg atom reacting with PMTT in vacuum forming a S, molecule
and Mg(PMDTC), was calculated from the following expression

Ve (Emgemrey, + Es,) = (Epurr + Eg)

n
where all energies are for the species in vacuum and n = 2 due to Mg
being divalent. The bond strengths were calculated from

Ebond = EPMTT - (Efragmentl + Efragment 2)

where the fragments are the infinitely separated parts remaining of
PMTT after a bond is broken. The fragments were also geometrically
relaxed.

The LUMO, HOMO, and charge density were visualized using
VESTA."!

3. RESULTS AND DISCUSSION

3.1. PMTT/Carbon Black Composite. The electro-
chemical performance of a simple PMTT/carbon black
composite cathode is shown in Figure 1. It should be noted
that the micron-sized PMTT crystals (Figure 1b, chemical
structure in Figure 1a) easily dissolve in NEP during the slurry
preparation, distributing the PMTT throughout the electrode
as evidenced by energy-dispersive X-ray spectroscopy (EDX)
in Figure lc. With an organic magnesium borate-based
(OMBB) electrolyte,'” the PMTT/carbon black composite
cathode demonstrated reversible electrochemical activity
(Figure 1d—f), with significantly higher capacities than
previously reported organosulfur compounds for Mg batteries
(30—117 mA h g_I by NuLi et al,>® Table S1 in the
Supporting Information). The first discharge exhibits three
distinct voltage plateaus, where the first is located at ~1.3 V vs
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Mg/Mg?**, the second at ~0.9 V vs Mg/Mg’*, and the third at
~0.4 V vs Mg/Mg*" (cyan curve in Figure 1d). The first
discharge capacity reaches 295 mA h g' (PMTT), which
matches reasonably well with a 4-electron reaction (279 mA h
g~!, with a PMTT molecular weight of 384.69 g mol™"). This is
71% of the theoretical capacity of 418 mA h g~' observed by
Bhargav et al. for Li ions (6-electron reaction).*® It should be
noted that our Li reference cells (vs Li-metal anode and a Li-
containing electrolyte) reached a capacity of only 220 mA h
g~ in the first cycle (shown in Figure SI in the Supporting
Information). Bhargav et al. also observed three voltage
plateaus, both for discharge and charge.30 However, Figure 1d
shows that on the consecutive charge, a large overpotential
followed by an apparent infinite charging behavior is observed
for Mg ions (charge capacity was arbitrarily limited to 250 mA
h g'). In the second cycle (orange), a modest discharge
capacity of 60 mA h g™ is obtained, and the overpotentials
increase on the charge. From cycle three, the discharge
capacity increases, and the overpotentials on charge and
discharge decrease. After seven cycles, the cell appears to
stabilize and enter a region with reversible capacities of 150
mA h g™, The first discharge plateau is barely visible (~10 mA
h g'), whereas the second discharge plateau is responsible for
the main redox activity of around 140 mA h g~', matching well
with a 2-electron reduction (139 mA h g™'). NuLi et al. also
observed a capacity increase after the initial cycles, attributed
to improved active material utilization.”” At cycle 25 (pink in
Figure 1d), the overpotential of the first discharge plateau has
further decreased, but the overpotential of the second
discharge plateau has increased with a corresponding decrease
in capacity. The apparent infinite charging starts to diminish,
where the potential curve rises toward end of charge. This
starts from cycle 19 (Figure 1f), and the potential approaches a
high cutoff potential of 3 V. After 10 more cycles, the cell fails
in cycle 28.

Postmortem analysis of the cell components after cell failure
revealed a substantial amount of black spots on the Mg anode
(Figure 2) and both sides of the separator (Figure S2 in the
Supporting Information). The black spots were identified by
EDX to contain a high content of Mg, S, and O as well as small
amounts of C, Cl, and F (Figure 2 and Table S2). The large
aggregates are hence likely a Mg—S compound (MgS,R with z
= 1-8 and R = PMTT derivative or none), while the rest of
the detected elements may originate from the tris(2H-
hexafluoroisopropyl) borate (B(HFP);) anion receptor, the
MgCl, salt or DME solvent in the OMBB electrolyte. It should
be noted that the Mg anode was exposed to ambient air for
approximately S min before being inserted into the SEM. This
may cause a Mg—S compound to oxidize and form sulfates/
thiosulfates analogous to what was claimed by Bhargav et al.*’
and/or hydrolyze with moisture and form Mg(OH), and H,S,
thereby increasing the oxygen content. Due to the difficulty of
detecting light elements such as C and N, it is challenging to
conclude if the Mg—S compound is a PMTT derivate or solely
consists of Mg and S. It appears that the smaller spherical
particles (1—10 pm) grow into larger aggregates (100—200
um) during extended cycling. Given the size of these
aggregates and their corresponding appearance on both sides
of the separator (Figure S2 in the Supporting Information), a
probable reason for cell failure is that there is indeed Mg—S
species shuttling, which forms large aggregates upon cycling
and eventually short circuits the cell. The shuttling of Mg—S
species can also explain the infinite charging behavior as

Figure 2. Optical image of Mg anode after 28 cycles and cell failure
(Figure 1d—f) with corresponding SEM and EDX. The black spots in
the optical image were identified to consist of high amounts of Mg, S,
and O.

discussed in the Introduction as well as being an important
reason for the capacity fading for cycle 10—28. The apparent
diminishment of the infinite charging behavior upon cycling is
addressed in Section 3.2.

Due to the high cutoff potential used with a chloride-
containing electrolyte and steel cell components, it was
important to exclude corrosion as a possible explanation for
the redox activity. Insignificant corrosion was confirmed (see
the Supporting Information for details).

3.2. Reaction Mechanism of PMTT. The cathodic
reaction mechanism of PMTT with Mg ions was elucidated
by DFT calculations (computational details in the Exper-
imental Section). The lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO)
were calculated, as shown in Figure 3ab, respectively.
Consistent with frontier molecular orbital theory,* an
electrochemical reduction will be initiated at the LUMO. As
seen in Figure 3a, the LUMO is predominantly located at the
sulfur atoms, with an antibonding character for the sulfur—
sulfur bonds. To investigate possible structural changes during
electrochemical reduction, the bond strengths of the carbon—
sulfur and sulfur—sulfur bonds for PMTT were also calculated
(Table S3 in the Supporting Information). They showed that
the C=S double bond was considerably stronger than the C—
S single bond (200—250%), which again was considerably
stronger than the S—S bonds (20—110%). Among the S—S$
bonds, the bonds confining the two middle S atoms ($2—s®
and $*—S® in Figure 3d) were 30—40% weaker than the bond
between the two middle sulfur atoms (S3>—S*). This is also
reflected in the “gap” in the charge density shown in Figure 3c.
Hence, it is suggested that an electrochemical reduction will
break the PMTT molecule at S>~S® and/or $*—S,® consistent
with the reported mechanism for PMTT® and a similar
dipyridyl polysulfide compound (Py,S,, 3 < x < 8)* for Li
ions. The latter group proposed that two Li ions will split the
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Figure 3. LUMO (a), HOMO (b), and charge density (c) of the
PMTT molecule. Possible reaction mechanism of PMTT with Mg
based on DFT calculations (d).

dipyridyl polysulfide molecule and bond to the pyridyl end
groups, whereas the middle sulfur atoms are separated out as a
S, diradical. Given the relatively weak bonds confining the two
middle S atoms in PMTT, we believe an analogous reaction
mechanism to be probable for PMTT with Mg ions, depicted
in Figure 3d. The reaction between PMTT and a Mg atom
forming magnesium pentamethylene dithiocarbamate (Mg-
(PMDTC),) and S, was indeed found to be energetically
favorable (—409 kJ mol™ in vacuum, Table S4). The two
middle sulfur atoms may polymerize or react with more Mg,
forming MgS, with x = 1 or 2. The proposed reaction can be
seen as a related two-electron analogue to the reaction
mechanism presented by Wang et al.*’ for dipyridyl
polysulfides and has similarities to the mechanism proposed
by Bhargav et al. for PMTT with Li ions.”® Bhargav et al.
suggested a more complex reaction pathway with a gradual
splitting of PMTT by forming monoradicals. Both Wang et
al* and Bhargav et al.” reported three distinct voltage
plateaus, where the first is non-typical to regular Sg
electrochemistry, while the consecutive two are typical to Sg
electrochemistry.

Comparing the reversible voltage profiles of the carbon
black/PMTT composite (e.g., cycle 10) with a Sg/mesoporous
carbon composite (Figure S4a in the Supporting Information)
reveals indeed a close resemblance. Material characterization of
the Sg/mesoporous carbon composite can also be found in the

Supporting Information (Figure S5). The first discharge curve
of the Sg cell (Figure S4a) has also three discharge plateaus.
From the second cycle, the first discharge plateau is barely
visible, and the second discharge plateau is sloping, similar to
the PMTT/carbon black composite. However, a third plateau
appears below 0.5 V, which is not seen in the stable cycling of
PMTT. The third plateau from 0.5 V may be ascribed to the
conversion of Mg;Ss/MgS, to MgS.”*~>* The above analysis
suggests that the cleavage of PMTT to PMDTC is not
reversible and that the two middle S atoms in PMTT are
mainly responsible for the observed reversible capacity.
Moreover, the two middle S atoms appear to cycle with a
two-electron reaction (corresponding to 140 mA h ¢! pristine
PMTT) that is limited to MgS, with x > 2. The total reaction
can thus be summarized as

PMTT + 2Mg** + 4e” — Mg(PMDTC), + MgS,

MgS, is insoluble in the electrolyte. However, the intermediate
sulfur radicals in the proposed reaction mechanism can react
with other radicals and form longer chains or Sy rings.*> When
these react with Mg, they may form soluble MgS, (x = 4—8),
offering an explanation to the observed Mg—S compound
shuttling. With prolonged cycling, the soluble species will likely
diffuse to and reach all available surface area. This initial
polysulfide shuttling can result in a thinner layer of active
material, effectively improving the charge kinetics, reduce
further polysulfide shuttling, and make the cell reach the upper
charge limit.

Another layer of complexity is added by the strong Mg—Cl
bond in the electrolyte that is not easily broken,"* questioning
if the electrochemical reaction is between PMTT and Mg** or
a one-electron reaction with MgCl*. This will have important
consequences for a balanced full cell with lean electrolyte
amounts and should be investigated further.

Considering that PMTT appears to behave similar to pure
S the role of the residual part of PMTT should be addressed.
Interestingly, when PMTT is used merely as a sulfur source
together with a mesoporous carbon framework as discussed in
the next section, the PMTT-derived sulfur outperforms a
regular Sy cathode, demonstrating improved cyclability and
rate capability.

3.3. PMTT-Derived Sulfur/Mesoporous Carbon Com-
posite. To further explore PMTT as the source of redox active
sulfur, a composite of PMTT and mesoporous carbon was
prepared by heating the blend above the melting point of
PMTT (details in the Experimental Section). The mesoporous
carbon offers a high surface area and porous network that can
improve the kinetics and physically restrict the polysulfide
shuttling. After evaporation of the acetone from the PMTT
solution/mesoporous carbon dispersion, the dried powder
consisted of a mixture of recrystallized PMTT and the micron-
sized carbon particles, as visible from X-ray powder diffraction
(XRD) (Figure 4c) and SEM (Figure S6a). EDX showed that
barely any PMTT was incorporated into the mesopores
(Figure S6b). Due to the similar melting point of PMTT and
sulfur, a typical melt diffusion procedure from Li—S battery
research® was followed. The dried powder mixture was
pressed into a pellet and subsequently heat-treated at 155 °C
for 15 h to melt and incorporate PMTT into the carbon
mesopores. Considering the density of PMTT (1.437 g cm™ *)
and the pore volume of the mesoporous carbon (0.5 cm® g™'),
a conservative weight ratio of PMTT/mesoporous carbon of
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Figure 4. Material characterization of the PMTT-derived sulfur/
mesoporous carbon composite. SEM and EDX after heat treatment
(HT) at 155 °C for 15 h (a and b), where (a) magnifies the blue
circle in (b). The EDX mapping shows clear overlap of carbon and
sulfur. XRD of mesoporous carbon, PMTT, and the composite before
and after heat treatment (c) reveals no crystalline PMTT after the
heat treatment.

1:2 was used (44% excess pore volume) to ensure full
incorporation of PMTT in the mesoporous carbon.

The heat treatment may also lead to structural changes of
PMTT, as the molecule can transform via a free-radical
mechanism above 90 °C.*® From vulcanization theory, thermal
scission of PMTT is believed to involve a homolytic cleavage
along the S—S chain, which produces radicals and new S—S§
chain lengths."® After the heat treatment, SEM and EDX
confirmed the homogeneous distribution of sulfur and no
visible recrystallized PMTT particles (Figure 4a,b), in contrast
to the pristine sample. XRD proved the disappearance of
crystalline/long-range ordered PMTT after the heat treatment
(Figure 4c), which may suggest an ultrathin and/or amorphous
distribution of PMTT inside the carbon mesopores, or a
thermal decomposition.

To investigate the effect of the heat treatment, pure PMTT
powder without mesoporous carbon was similarly heat-treated
at 155 °C for 15 h. Optical microscopy (Figure Sa) and X-ray
photoelectron spectroscopy (XPS) (Figure Sb,c) of the
resulting powder after heat treatment clearly suggest that
PMTT decomposes during the heat treatment. The XPS
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Figure S. Optical image (a) of pure PMTT before and after a similar
heat treatment as the mesoporous composite (155 °C for 15 h). XPS
of pure PMTT before (b) and after (c) the heat treatment. The S
2p3/2 and S 2p1/2 doublets are shown with the same color, and the
fitting procedure is described in the Experimental Section.

measurements indicate two or three sulfur chemical environ-
ments. Specifically, the appearance of a strong peak at 168.2 eV
after the heat treatment suggests an oxidation of sulfur to
sulfones (or sulfates), at the expense of the C=S bond
observed before heat treatment. A strong peak corresponding
to S—S and/or C—S remains after the heat treatment. It should
be noted that the presence of the graphitic mesoporous carbon
may very well change the reaction pathway and cause C—S
bonds between the PMTT and the carbon framework in the
prepared composite. The electrochemical characterization also
provides clear evidence that PMTT transforms to a structure
that resembles elementary sulfur, discussed in the following.
The electrochemical performance of the PMTT-derived
sulfur/mesoporous carbon composite is noticeably different
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and substantially enhanced compared to the carbon black/
PMTT composite. The cycling stability and overpotentials of
the mesoporous carbon composite are significantly improved.
A discharge capacity of 100 mA h g™' is maintained even after
100 cycles (Figure 6b), corresponding to a capacity retention
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Figure 6. Voltage profiles (a) and cycling stability (b) of the PMTT-
derived sulfur/mesoporous carbon composite at 50 mA g~' between
0.1 and 2.5 V, with a charge limit of 250 mA h g~". The capacities are
reported per gram PMTT used in the preparation of the composite.
The color gradient illustrates increasing cycle number. CE =
coulombic efficiency.

of 76% from the second cycle. The better cycling performance
can be attributed to the high surface area of the mesoporous
carbon, providing many reaction sites, as well as physical
confinement of soluble polysulfides offered by the mesoporous
carbon network. Instead of three discharge plateaus as seen for
the PMTT/carbon black composite (Figure 1d), the first
discharge only exhibits one distinct voltage plateau and one
long sloping regime (Figure 6a). The difference is even more
apparent for the Li reference cells (Figure Sla,b), where the
first discharge plateau at ~2.65 V is only present in the
PMTT/carbon black composite cell. The first discharge
plateau with Li represents the formation of crystalline lithium
pentamethylene dithiocarbamate (LiPMDTC),”® and its
absence in the PMTT-derived sulfur/mesoporous carbon
composite is consistent with a thermal transformation of
PMTT after the heat treatment. In fact, the two discharge and
charge plateaus observed for the mesoporous carbon
composite closely resemble the voltage profile for elementary

Sg.*> Combined with the discussion above, the heat treatment
is believed to lead to the formation of sulfur radicals,
elongation of the sulfur chain and/or Sg domains, a partly
conversion of the C=S bond to sulfones, and possible
anchoring of sulfur to the mesoporous network through C—S
bonds.

The kinetics of the PMTT-derived sulfur/mesoporous
carbon composite was further tested, and it demonstrated an
excellent rate capability (Figure 7). Even at a high current
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Figure 7. Rate capability including voltage profiles (a) and cycling
stability (b) of PMTT-derived sulfur/mesoporous carbon composite:
10 initial cycles at 50 mA g™ and then 6 cycles at 100, 250, and 500
mA g ' before cycling at SO0 mA g~ '. The capacities and current
densities are reported per gram PMTT used in the preparation of the
composite.

density of S00 mA g, the cell delivered a discharge capacity
of 185 mA h g™. In fact, this is higher than the regular cycling
at 50 mA g~ (~150 mA h g™'). A closer look at the voltage
profiles (Figure 7a) reveal that the overpotentials on the
second discharge plateau increase with higher current density.
This is expected, as the reactions become diffusion-limited at
high currents, corresponding to a limited transport rate of Mg
ions. However, the first discharge plateau appears to follow an
opposite trend—increased capacity and decreased over-
potential with higher current density. This may be explained
by a higher fraction of actual charging compared to polysulfide
shuttling. A higher current density seems to disfavor the
infinite charging behavior, where the voltage rises toward the
cutoff voltage. As the polysulfide shuttling depends on
diffusion of relatively large soluble species between the
anode and the cathode, the corresponding shuttling current
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! and discharge current of 50 mA g™' (a). Voltage profiles of cells with a

charge limit of 100 mA h g™! (200 cycles) and 500 mA h g™ (50 cycles) cycled at 50 mA g™* (b). Voltage profiles of the first seven cycles (c) and
cycling stability (d) when no charge capacity limit was used. The first charge capacities were 2280, 1040, and 655 mA h g™/, as shown in Figure S7
in the Supporting Information. After 30 cycles, the upper charge voltage was restricted to 2.2 V (e). The capacities and current densities are
reported per gram PMTT used in the preparation of the composite. The color gradient illustrates increasing cycle number. CE = coulombic

efficiency, SOC = state of charge.

should be limited to a specific current (given by, e.g, the
concentration of soluble species and the diffusion coefficient).
If the applied charge current is considerably higher than the
shuttling current, oxidation of the active material should
dominate (if the Mg** transport is sufficient). This is
supported by cycle 30 (yellow in Figure 7a), which in the
prior cycle, was charged at 500 mA g~' (ie., high degree of
oxidation of active material) but discharged at SO mA g~'. With
the slow discharge, a high capacity of 215 mA h g™ was
obtained and the most prominent first discharge plateau was
achieved. On the consecutive cycles, the charge current was
lower (50 mA g') and hence the amount of polysulfide
shuttling higher, causing a lower discharge capacity. An
alternative interpretation of the reduced polysulfide shuttling
with higher rates is simply that the fast discharging/charging
reduces the time for dissolution to occur, emphasizing the
importance of the cycling current used upon reporting the
cycle life of Mg—S cells.

Despite the promising performance of the PMTT-derived
sulfur, polysulfide shuttling is still largely present in the form of
an apparent infinite charging behavior and low coulombic
efficiency. Following the reasoning explained above, a
sufficiently high charging current should reduce the shuttling
substantially. In fact, charging at 500 mA g_1 and discharging
at S0 mA g~' reduce shuttling significantly (Figure 8a). Even
though overcharge is still observed, the cell reaches the 2.5 V
cutoff already from cycle 3. To gain further insights, the charge
capacity was fixed to either 100 or S00 mA h g~" (Figure 8b).
Compared to a discharge capacity of ~150 mA h g™" with a
250 mA h g_l charge limit, doubling the charge limit to 500
mA h g™ only resulted in a 50 mA h ¢! higher discharge
capacity of ~200 mA h g”'. A charge limit of 100 mA h g™'

10607

resulted in an initial discharge capacity of ~70 mA h g that
increased to ~90 mA h g~'. Hence, the first part of charging
(<100 mA h g™') seems to be less problematic than the
following part of charging (>100 mA h g™'). An explanation
could be that the relatively short charge time sets restrictions
to the diffusion and hence polysulfide shuttling, or that the
initial charge products are less soluble than the consecutive
charge products. Interestingly, if the charge is not capacity-
limited at all (Figure 8c—e), the cell eventually reaches the 2.5
V cutoff voltage in the first charge (at a charge capacity of 2280
mA h ¢!, as shown in Figure S7 in the Supporting
Information). This enables a capacity of 290 mA h g~ in
the consecutive discharge. The operating voltage is increased
as well, where the mid-way voltage at 50% state of charge is
1.03 V. In the following cycles, the overcharge is substantially
reduced, and the coulombic efficiencies increase. From cycle
30, the upper charge voltage limit was restricted to 2.2 V,
enabling an average coulombic efficiency of 93% for cycle 30—
50. The remaining overcharge may also be partly attributed to
small corrosion currents, as observed with other chlorine-
containing electrolytes, and may be eliminated by adding a
corrosion inhibitor."”

The low voltage efficiency (i.e., the difference between
charge and discharge voltage) was inspected by a three-
electrode cell, and a large overpotential on the Mg anode
during charging is observed (Figure S8 in the Supporting
Information). This is consistent with a partial passivation of
the Mg anode caused by polysulfide shuttling and similar
observations by earlier work.' %>’

The PMTT-derived sulfur/mesoporous carbon composite
outperforms even the Sg/mesoporous carbon reference cell.
The Sg cell delivers a high first discharge capacity of around

https://dx.doi.org/10.1021/acsaem.0c01655
ACS Appl. Energy Mater. 2020, 3, 10600—10610


http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01655/suppl_file/ae0c01655_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01655/suppl_file/ae0c01655_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01655/suppl_file/ae0c01655_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01655/suppl_file/ae0c01655_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01655?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01655?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01655?fig=fig8&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01655/suppl_file/ae0c01655_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01655/suppl_file/ae0c01655_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01655?fig=fig8&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c01655?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

760 mA h ¢! (Figure S4). However, the capacity decays
rapidly, and the cell suffers from large overpotentials. Already
in the second cycle, the discharge capacity is reduced to 355
mA h g_l, where 50% of the reaction occurs below 0.35 V
(compared to 290 mA h g™" and 1.03 V for the PMTT-derived
sulfur composite, directly compared in Figure S9). Hence, the
specific energy is significantly higher for the PMTT-derived
sulfur composite (300 Wh kg™' vs 125 Wh kg™, only
considering the cathode active material). The cycling stability
of the Sq cell is also worse, and the cell becomes unstable in the
10th cycle and fails. This was consistent for all cells tested. The
improved performance of the PMTT-derived sulfur composite
is attributable to at least one of the following reasons: (1) the
molecular mixture of active (sulfur chains/Sg domains) and
inactive components (nitrogen-containing hydrocarbon and
sulfones) preventing large isolating MgS domains; (2)
polysulfide anchoring by PMTT derivates (nitrogen-containing
hydrocarbon and sulfones); and (3) covalently bonded sulfur
through C—S bonds to the mesoporous carbon formed during
the heat treatment. These are known strate(gies to restrict the
polysulfide shuttling from Li—S research.””*® To determine
which of these reasons are dominant requires further
investigations.

Last, the scope of this study was restricted to comparing the
performance of the PMTT-based cathodes with Sg using the
same electrolyte. Compared to the state-of-the-art Mg—S cells
that obtain considerably higher capacities with a higher areal
loading,"® the performance of the PMTT-based cathodes
presented here is still inferior. However, as the PMTT-based
cathodes outperformed the Sg cells with the OMBB electrolyte
and given the strong dependency of cycling stability with
electroly‘ce,49 significant improvements of the cyclability of
PMTT could thus be expected by optimizing the electrolyte.
Hence, we believe this work may give rise to a rebirth of
research on similar organosulfur compounds for practical and
low-cost RMBs or other multivalent battery chemistries.

4. CONCLUSIONS

Cathodes based on organosulfur compounds, such as PMTT,
may offer significant benefits compared to conventional Sg
cathodes, where a capacity reduction can be exchanged by
higher cycling stability and improved rate performance. A
simple physical blend of PMTT with carbon black demon-
strated reversible electrochemical activity of PMTT with Mg
ions for the first time, revealing considerably higher capacities
than previously reported organosulfur compounds. An
improved PMTT-derived sulfur/mesoporous carbon compo-
site was also reported, delivering a discharge capacity of >100
mA h g™ after 100 cycles and excellent rate performance (185
mA h ¢! at 500 mA g '). Polysulfide shuttling was still
observed but was found to be reduced at higher charging rates
and with prolonged cycling. Restricting the charge capacity
improved cycle life and coulombic efficiencies. A maximum
capacity of 290 mA h g™ with a 50% SOC voltage of 1.03 V
was achieved with a non-optimized electrolyte, yielding a
specific energy of 300 Wh kg™'. The reversible reaction of
PMTT was found to closely resemble Sg electrochemistry, and
the good electrochemical performance is mainly ascribed to the
PMTT residual derivatives (nitrogen-containing hydrocarbons
and sulfones) and the molecular mixture of active and inactive
components. Given the cheap, scalable, non-toxic nature of
many organosulfurs, they represent a promising approach for
rechargeable Mg batteries for low-cost battery applications.
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