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ABSTRACT: Beyond lithium-ion technologies, lithium—sulfur batteries stand out because of their multielectron redox reactions
and high theoretical specific energy (2500 Wh kg™'). However, the intrinsic irreversible transformation of soluble lithium
polysulfides to solid short-chain sulfur species (Li,S, and Li,S) and the associated large volume change of electrode materials
significantly impair the long-term stability of the battery. Here we present a liquid sulfur electrode consisting of lithium
thiophosphate complexes dissolved in organic solvents that enable the bonding and storage of discharge reaction products without
precipitation. Insights garnered from coupled spectroscopic and density functional theory studies guide the complex molecular
design, complexation mechanism, and associated electrochemical reaction mechanism. With the novel complexes as cathode
materials, high specific capacity (1425 mAh g™" at 0.2 C) and excellent cycling stability (80% retention after 400 cycles at 0.5 C) are
achieved at room temperature. Moreover, the highly reversible all-liquid electrochemical conversion enables excellent low-
temperature battery operability (>400 mAh g~' at —40 °C and >200 mAh g™" at —60 °C). This work opens new avenues to design
and tailor the sulfur electrode for enhanced electrochemical performance across a wide operating temperature range.

Bl INTRODUCTION conductivities of solid sulfur species (S, Li,S,, and Li,S), and
large volume changes of the sulfur electrode (~80%).> These
issues lead to a range of undesirable battery chemistry, from
sluggish reaction kinetics to irreversibility, and hence poor
Coulombic efficiency, capacity, and cycle life.”~* Further, these
problems are exacerbated for energy storage applications in
cold climates where the battery is operated below 0 °C.”~"'
To date, extensive efforts have been made to trap soluble
polysulfides in order to mitigate their dissolution and shuttle
effect.'” Proposed methods include the use of confined
carbonaceous frameworks'* ™' and electrode/electrolyte addi-

Modern lithium-ion batteries have successfully enabled
rechargeable and mobile energy storage since the 1990s.'
While in practical battery applications, conventional lithium
intercalation-based chemistry is approaching its theoretical
capacity limit, the emergence of electric vehicles and grid
energy storage need calls for more energy-dense and lower-cost
battery options.””* As a known cathode material, elemental
sulfur is abundant, inexpensive, and nontoxic; it also possesses
a high theoretical capacity of 1672 mAh g~'.*° By pairing a
sulfur cathode with a metallic lithium anode, a lithium—sulfur

. 17-20 . . . 212
(Li—S) battery can theoretically provide a specific energy of tives'/ as well as deploying chemical catalysis.” ™"
2500 Wh kg_l.6 For this reason, it has been considered a

promising path to meeting future energy storage require- Received: May 19, 2023 =JIACIS
ments.""® A typical Li—S$ battery discharge process undergoes Published: August 17, 2023

multiphase redox reactions, with reactants, intermediates, and
products ranging from solid sulfur to soluble long-chain
lithium polysulfides, to insoluble Li,S,/Li,S.”* Such a chemical
process has multiple issues, including the shuttle effect, low
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Figure 1. Characterizations of mP,S;—nLi,S, complexes. (a) Photographs of Li,S, (top), P,Ss—Li,S, (middle), and mP,S;—nLi,Ss (bottom)
complexes dissolved in TEGDME; the amount of solvent is fixed at 80 wt %. (b) *'P NMR characterization of P,Ss—Li,S, and mP,S;—nLi,Sg
complexes. (c) Corresponding phosphorus short-range order structures with experimental (and theoretically predicted) chemical shifts. In the case

of dissimilar P atoms, the primary P is shown in a darker color.

Recently, various functionalized metal—organic framework
(MOF) and covalent—organic framework (COF) materials
were also developed to chemically tether soluble polysulfides
with enhanced cell reversibility and capacity delivery.”™>* On
the other hand, much less attention has been placed on
controlling the precipitation of solid Li,S,/Li,S. The
irreversible precipitation of Li,S,/Li,S not only leads to the
loss of active materials but also causes large charging
overpotentials and blocks the charge transfer pathway in
cathodes, hence reducing the utilization and practical capacity
of the sulfur electrode.”” The significant volume change of the
sulfur electrode also produces mechanical stress in the battery
cell and weakens the electrode mechanically.’”*' A possible
path to resolving the above issues is to render Li,S,/Li,S
soluble during battery operation. For example, ammonium
salts were demonstrated as effective additives to promote the
dissolution of Li,S in dimethyl sulfoxide.”> An e-caprolactam/
acetamide-based eutectic solvent was reported to dissolve
lithium polysulfides and lithium sulfide with improved battery
cycling performance.*

Herein, we introduce a unique lithium thiophosphate
complexation chemistry and show that as battery catholytes
lithium thiophosphate complexes successfully accommodate
discharge products (Li,S,/Li,S) that would otherwise precip-
itate. Specifically, we found that the complexation of P,Ss and
lithium polysulfides (Li,S,) establishes multiple tetrahedral
phosphorus(V) centers, which are capable of bridging
polysulfide chains of varying lengths through phosphorus—
sulfur (P—S) coordination or covalent interaction. Coupled
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experimental characterization and theoretical density func-
tional theory (DFT) calculations at the uB3LYP/6-31+G-
(2dfp) level of theory’*™>® were conducted to formulate the
complex structures and to understand the underlying complex-
ation and electrochemical reaction mechanisms. The novel
complexation chemistry was shown to prevent discharge
products from precipitating during the battery operation. At
room temperature, the specific capacity measured on the basis
of active sulfur was 1425 mAh g~ at 0.2 C charge/discharge
rate, and the capacity remained at 1270 mAh g~' after 200
cycles. Under a charge/discharge rate of 0.5 C, the cathode
exhibited 80% of capacity retention after 400 cycles. Moreover,
the enhanced electrochemical activities and all-liquid reaction
kinetics enable the cell operability to reduced temperatures
(>400 mAh g~' at —40 °C and >200 mAh g™' at —60 °C),
which offers great promise for enabling practical Li—S batteries
with wide-range temperature operability.

B RESULTS AND DISCUSSION

Molecular Design. Lithium thiophosphates were synthe-
sized by reacting lithium sulfide (Li,S), sulfur, and P,S;
powders in tetraethylene glycol dimethyl ether (TEGDME)
under mild conditions (see Methods section, Supporting
Information). The as-prepared complex solutions are denoted
as mP,S—nLi,S, (1 < x < 8). As such, the chemical
compositions of the complexes are tailored in two separate
dimensions—the S, chain length (x) and the P,S;:Li,S, molar
ratio (m:n)—to attain distinctive physicochemical and electro-
chemical properties. Solvent modification was also considered
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Scheme 1. Proposed Complexation Mechanisms: (a) Initial Complexation of P,S,, and 2Li,S, (m:n = 1:1) Yields a Four-Atom

Phosphorus Unit Structure with P>, P>”, P?, and P*> SROs;

(b) Complexation of 3P,S; and 2Li,S, (m:n = 3:2) Forms a Six-

Atom Phosphorus Unit Structure with P>, P?”, and P* SROs*
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“Both stoichiometries undergo ring-opening upon complexation with neighboring structures.

and demonstrated in low-temperature experiments. Figure la
shows photographs of vials of various solutions of Li,S, (1 < x
< 8) prepared in TEGDME without and with P,S¢ addition.
The solubility of Li,S, shows a strong dependency on the S,
chain length (Figure 1a, top). Long-chain polysulfides (x = 4
6, and 8) are, in general, more soluble, showing characteristic
dark red-brown colors. Short-chain polysulfides (x < 3), on the
other hand, exhibit limited solubilities. The addition of
stoichiometric P,Sq (m:n = 1:1) allows otherwise insoluble
or partially soluble Li,S, species to be completely soluble,
producing clear and homogeneous solutions that vary in color
from yellow to brown with an increased S, chain length
(Figure la, middle). No precipitation was found for all
stoichiometric ratios tested with S,_g chains; these include m:n
=1:2,2:3, 3:2, and 2:1 in addition to m:n = 1:1. However, m:n
= 1:2 and 2:3 led to incomplete complexation, as evidenced by
the distinct color differences seen in the bottom panel of
Figure la. Note that P,Sg alone has limited solubility in
TEGDME (Figure S1, Supporting Information). Also,
octasulfur (Sg) with cyclic eight-membered rings cannot

complex with P,S; in TEGDME due to the absence of
terminal sulfide anions (Figure S2).

Characterization of mP,S;—nLi,S, Complexes. To
understand the complexation chemistry, we followed the
common protocols in studies of glassy thiophosphate
materials’”~** and characterized the molecular structures in
mP,Ss—nLi,S, complexes in terms of phosphorus short-range
order structures (SROs) identifiable in the *'P nuclear
magnetic resonance (NMR) spectra (Figure 1b). Extensive
DFT calculations were also performed to identify the geometry
of P-SROs (Figure S3 and Table S1) and the corresponding
chemical shifts (Tables S2 and S3). Figure lc presents the
identified SROs, namely, P°, P?, P,S,, P3 and P?, with
theoretical results matching the NMR spectra of Figure 1b.
Essentially, each of the P-SROs corresponds to a local
phosphorus bonding environment. For example, P*, the most
prominent structure observed in long-chain complexes, refers
to a short-range-order structure, wherein a particular
phosphorus atom is bonded to three other phosphorus
atoms via bridging sulfur atoms. The occurrence of P’

18867 https://doi.org/10.1021/jacs.3¢05209
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Figure 2. Electrochemical performance evaluation at room temperature. (a) CV profiles of cells with P,S;—Li,S, complexes at a scan rate of 0.1 mV
s (b) CV profiles of cells with mP,Ss—nLi,Sg complexes at a scan rate of 0.1 mV s™". (c) Typical galvanostatic discharging voltage profiles of cells
with 3P,S—2Li,S,, P,Ss—Li,Ss, and Li,Sg catholytes at 0.1 C. (d) Proposed molecular structures of complexes at the discharged state (top: six-
atom phosphorus unit structure associated with the 3P,S;—2Li,Sg complex; bottom: four-atom phosphorus unit structure associated with the P,S;—
Li,Sg complex). Sulfur atoms in light blue indicate accommodated active sulfur. R groups refer to either a terminal Li or another P-SRO. (e)
Typical galvanostatic charging voltage profiles of cells with 3P,S—2Li,Sg, P,Ss—Li,Sg, and Li,Sg catholytes at 0.1 C. The inset shows the enlarged
area of the initial charging process. (f) Ex situ *'P NMR characterization of 3P,S;—2Li,Sg and P,S;—Li,S; catholytes held at different potentials over

a S h period.

indicates the presence of a four-membered ring structure.
Shorter chain complexes exhibit P> and P° instead, thus having
more sulfur atoms terminated by Li than P> In the case of
P,S;—Li,S, P* and P? are still observed but are dwarfed by the
P,S,y peak. The presence of P,S;, may be attributed to the
slow complexation reaction kinetics between Li,S and P,S;
(the monomer of P,S,,), as the Li—S bond in Li,$ is strong
and not readily dissociated by the solvent molecules.” As for
high m:n ratios, excessive P,Ss tends to react with P* to form
higher-order P> and P* networks, leading to the disappearance
of the P? resonance in the NMR spectra. For lower m:n ratios,
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on the other hand, reduced P,S; leads to less complexation and
an increased level of P—S termination by Li. This amplifies the
P? intensity and reduces the P’ (and even P*) connectivity.
Complementary Raman characterization confirmed the
presence of P-SROs and S, chains in the complexes as well
as their chemical interactions. Comparing the spectra shown in
Figures S4 and S5, the characteristic peaks of reactants
disappear, and new peaks arise upon complexation. As
indicated in Figure SS, the 482 cm™ peak is associated with
the —S—S— stretching vibrations of the S, chains in the
complexes,” while the peak at ~575 cm™ is assigned to the T,

https://doi.org/10.1021/jacs.3c05209
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stretching of tetrahedral units in all SROs,*™ which shifts to

lower energies with an increased S, chain length, suggesting
the interconnection between SRO units and S, chains.” _’42 The
peak at 386 cm™' corresponds to P? and/or P* SROs,**° and
that near 200 cm™ may be ascribed to P>.*>*’ The 250 cm™
peak reveals P*’ for the long-chain complexes.* An additional
peak at ~300 cm™" indicates P in short-chain complexes."’

The complexation of P,Ss and Li,S, is solvent dependent to
an extent. In addition to TEGDME, complexation occurs in
selected ether-based solvents, including 1,2-dimethoxyethane
(DME) and diethylene glycol dimethyl ether (DEGDME)
(Figure S6). However, the molar concentration (or weight
percent) of dissolved complex species in DME or DEGDME is
smaller than that in TEGDME. The '"H NMR spectra show no
chemical reaction between TEGDME and the complex (Figure
S7). Hence, the improved solvation in TEGDME is the result
of its dielectric constant (& = 7.9) being higher than DME (e =
7.2) and DEGDME (e = 7.3).***® Both P,S,—Li,S; and
3P,Ss—2Li,Sg complex solutions in TEGDME exhibit good
stability, as evidenced by their *'P and '"H NMR spectra, which
remain unchanged over 30 days of storage. However, the
2P,S;—Li,Sg complex shows an additional phosphorus peak
after extended storage, which suggests potential negative effects
from overdosing reactive P,S; (Figures S8 and S9).

Complexation Mechanism. P,S; generally exists in its
dimer state, P,S,,, in an adamantane-like cage structure.*® The
dissociation of P,S,, readily produces P,S; (Figure S10). As
shown in Scheme 1a, which outlines the complexation
mechanism of P,S¢—Li,Sg (or P,S;,—2Li,Sg), a pair of P—S
bonds in P,S,, are attacked initially by two separate Li,S,
molecules. The Li atom bonds with the S atoms from the
broken P—S bonds, and the long sulfur chains (S,) attach
themselves onto P atoms. The resulting structure contains a
six-membered P;S; ring attached to the fourth P atom and two
long sulfur chains terminated by Li. An isomerization reaction
follows, in which a P—S bond in the six-membered ring is
broken by a S—Li group, in a manner similar to the initial step
of the complexation mechanism. This leads to an open four-
phosphorus-atom configuration, consisting of four SROs: P¥,
P>, P3, and P2 As shown in Figure S3 and Table S1, the P
and P*” SROs correspond to P in four-membered P—S rings.
The P* SRO corresponds to P covalently bonded to three
other P atoms via S bridges, and the P> SRO corresponds to a
P atom bound to two other P atoms and one Li atom via S
bridges. An additional P,S; molecule may react with the
resulting four-P atom structure in the 3P,S;—2Li,Sg
stoichiometry via sequential nucleophilic additions, as shown
in Scheme 1b. A negatively charged S atom from P,S; binds
with Li and the positively charged P atom binds with §,
extending the four-P atom structure into a six-P atom
structure. A second nucleophilic addition (isomerization)
step leads to the formation of a P—S four-membered ring,
and the final six-P atom unit structure has two P® SROs,
associated with fully bridged P atoms, and two pairs of P> and
P2” SROs, associated with P—S rings. The absence of the P?
SRO in the 3P,S;—2Li,Ss stoichiometry is also evident in the
NMR spectrum of Figure 1b.

Not shown in Scheme 1 is the possible reaction of the other
end of the polysulfide chain. While one end of the Li,S, is
anchored onto the P—S backbone, the other end is capable of
networking with neighboring structures (Figure S11) following
the same mechanism as depicted in Scheme 1 and producing
higher-dimensional complex structures with S, chains as the

cross-links (Figure S12). In these structures, P is the
dominant SRO because all P atoms are interconnected via S
bridges. Long S, chains enable both intermolecular binding
and, more importantly, intramolecular isomerization owing to
their smaller steric hindrances, whereas short S, chains favor
intermolecular binding only. For this reason, a small m:n ratio
is expected to reduce the higher-order connectivity and hence
increase the intensities of the P* resonance and reduce P*’ and
P® contributions (Figure 1b). Overdosing P,S; (e.g, 2P,S—
Li,S,), on the other hand, produces undesirable electro-
chemical progerties because of the undesirable reactivity of
excess P,S;,* as will be discussed later. The complexation
mechanism proposed for m:n ratios other than 1:1 and 3:2 can
be found in Figures S13—S15.

Electrochemical Reaction Mechanism. We evaluate the
electrochemical properties and associated electrochemical
mechanisms of the mP,S;—nLi,S, complexes next in a coin
cell configuration using a Li metal anode and conductive
carbon paper as the cathode current collector (Figure S16). In
each coin cell, a 40 uL catholyte solution was added to the
carbon paper as the cathode material. Figure 2a shows the
cyclic voltammetry (CV) profiles of the P,S;—Li,S, (1 < x <
8) complexes. It can be seen that longer S, chains give higher
current densities. Also, long-chain complexes (x = 6, 8) exhibit
four reduction peaks, contrary to the Li,Sg catholyte, which
exhibits three reduction peaks under the same condition (see
Figure S17). In addition, the reduction peak at low potential
(1.84 V) tends to be appreciably larger for the complexes than
Li,S; without complexation (1.20 vs 0.47 mA cm™2),
suggesting that the electrochemical reactivity of short-chain
sulfur species is enhanced also with the P,S; complexation.

Moreover, the m:n ratio in mP,S;—nLi,Sg has a notable
effect on the electrochemical activities, as shown in Figure 2b.
Specifically, the 3P,S;—2Li,S; complex exhibits somewhat
better electrochemical reactivity over the stoichiometric P,Ss—
Li,Sg complex; it allows for a slightly higher current density
during reduction (e.g, 1.37 vs 1.20 mA cm™> for the lowest
voltage discharge peak at 1.75 V). In addition, the shift of the
oxidation peak to a lower potential (2.65 vs 2.76 V) suggests
faster reaction kinetics in 3P,S;—2Li,Sg than in the
stoichiometric P,S¢—Li,Ss. However, when the m:n ratio is
further increased from 3:2 to 2:1, we observed deteriorating
electrochemical activities: the oxidation peak shifted back to a
higher voltage (2.72 V), and the discharge voltage and current
density both decreased to some extent. This indicates that an
optimal stoichiometry exists for the complex; excess P,S
beyond a certain level does not offer added benefits. A full
comparison of the CV profiles of the complexes and Li,Sq
catholytes under different scan rates is shown in Figure S17;
the results over the range of scan rates are entirely consistent
with those shown in Figure 2b. A corresponding Randles—
Sevcik analysis suggests that, in general, the complex-based
catholytes have a better Li* diffusion rate during both
reduction and oxidation processes compared to the Li,Sg
catholyte without P,S; complexation (Figure S18).

Several insights can be garnered by examining the voltage
profiles by comparing the complexes and Li,Sg catholytes
cycled between 1.7 and 2.8 V. As shown in Figure 2,
complexation shifts the potential at open circuit and the
discharge plateaus (above 2.0 V) to higher values. Also, the
complexes with enhanced electrochemical activities and
diffusion rates render more complete reactions associated
with each discharge plateau than Li,Sg without complexation,
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leading to improved discharge capacities (1412, 1248, and
1015 mAh g™ for 3P,S,—2Li,Ss, P,S;—Li,Ss, and Li,Ss,
respectively). In relation to the attractive electrochemical
properties, bonding discharge products onto the complex
network is the key effect of the complexation chemistry. As
shown in Figure 2d, we propose that the four- and six-atom
phosphorus unit structures formed by m:n = 1:1 and 3:2
complexation, respectively, have different capabilities of
accommodating solid Li,S at the discharged state. These
structures arise from the final structures of Scheme 1, following
the networking with neighboring structures, S, chain short-
ening during discharge, and Li,S accommodation. Ideally, the
m:n = 3:2 complexation can anchor all 16 S atoms from 2Li,Sg
through covalent bonding or ring-opening (Figure 2d, top). In
contrast, the m:n = 1:1 complexation can accommodate 11 out
of 16 active S atoms from 2Li,Sg onto its P—S backbone
(Figure 2d, bottom). Detailed information on the number of
accommodated Li,S discharge molecules for different m:n
ratios can be found in Figure S19. In fact, this difference
underscores all property and performance differences that need
to be discussed. In particular, the 3P,S;—2Li,Sg complex
enables full Li,S anchoring without excess P,Sg; it effectively
reduces the overpotential during the charging process
compared to the stoichiometric P,S;—Li,Sg and Li,Sy
catholytes (see Figure 2e). The voltage profile of the 2P,S,—
Li,S; complex was also tested (Figure S20), showing no
notable improvement in electrochemical performance over the
3P,S;—2Li,S; complex, as the excess P,S; deteriorates Li*
diffusion rates (Figure S18).

To shed light on the molecular structures at different
charged and discharged states as well as during the discharge
process, we present the corresponding NMR characterizations
of complexes in Figure 2f. The NMR spectra were taken ex situ
after a cell was held at a certain potential over a S h period (see
the Methods section). It is seen that the P* SRO is the
dominant structure at the charged state of 3P,S;—2Li,Sg, as
well as upon discharge, with the difference being that its
chemical shift is slightly reduced due to the accommodation of
Li,S molecules onto the complex structure, as evaluated and
confirmed by DFT calculations (see Table S3). P> and P° are
also present at the discharged state, arising from the shortening
of edge sulfur chains, thus giving rise to Li-terminated
phosphorus. In the case of the stoichiometric P,S;—Li,Sg
complex, the dominant SRO is P° during discharge instead.
The presence of P? is explicable in the same way as for 3P,S;—
2Li,Sg and is identifiable in the molecular structures in Figure
2d. The prominent P° peak during discharge indicates that a
significant fraction of phosphorus is isolated from larger
complexes, as it is terminated by Li. In this process, a necessary
step is the cleavage of P—S—P sequences, and this may occur
spontaneously upon Li,S addition (see Figure S21), as
confirmed by the DFT calculation showing a corresponding
Gibbs free energy of —2.2 eV.

To verify the reversibility of the cathode chemistry, carbon
paper substrates that hold complex solutions (for ex situ NMR
analysis) were then washed and dried for scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) characterization (Figures S22 and S23). For compar-
ison, the Li,Sg catholyte was also subject to surface
characterization under the same conditions (Figure S24). At
1.7 V, neither the 3P,S;—2Li,Sg nor the P,S;—Li,Sg catholyte
exhibits apparent solid precipitation. However, irreversible
precipitation of Li,S was evident for the Li,Sg catholyte. In

addition, no solid S was observed at 2.8 V for the complex
catholytes. If the long polysulfide chains are oxidized to solid S,
then no characteristic SROs would be observed at 2.8 V in
Figure 2f, but this is not the case. The results, therefore,
indicate that the complex catholytes can be cycled reversibly
between 1.7 and 2.8 V. In contrast, the Li,Sg catholyte yields a
large amount of solid S at 2.8 V, which is indeed the cause of
its poor cycling reversibility, as will be discussed later. For
reference, the as-received pristine carbon paper is shown in
Figure S28.

The distinct reduction peaks of mP,S;—nLi,S, complexes in
CV correspond to discrete groups of reactions leading to the
successive consumption of Li" by the catholyte materials and,
hence, the successive shortening of the sulfur chains. An in-
depth understanding of reactions that occur at each major
reduction activity helps to reveal the underlying discharge
mechanism. Specifically, four types of electrochemical
reactions were considered for the complex catholyte during
discharge (see the Methods section). The corresponding
electrochemical potentials were calculated using DFT with S, _g
chains as initial reactants and are matched to the experimental
CV results, as presented in Table 1. The highest voltage
reduction peak at 2.4 V corresponds to long-chain complexes
being split into two shorter chains in a process that often
produces Li,S,. In the second peak at 2.27 V, the reduced S,
chains shortened further, producing short-chain complexes and
Li,S,. Similarly, at 2.09 V, short-chain complexes and Li,S are
produced. And finally, the remaining short-chain polysulfides
are reduced to Li,S at 1.84 V. Even though Li,S is predicted to
form upon discharge, it would be readily anchored onto the P—
S backbone instead of being precipitated out, as demonstrated
in Figure 2d and Figures S22 and S23. Electrochemical
reactions for the Li,Sq system are also presented in Table 1 for
comparison. The Li,Sg system features a similar mechanism,
with long polysulfide chains undergoing successive shortening
and eventually producing Li,S at 1.9 V. In both systems upon
discharge, the voltage in the CV scan is ramped down at a
given rate, and because reactions occur also at a finite rate, the
current density is expected to be observed at a somewhat lower
voltage than the electrochemical potential at which reactions
were initiated. Therefore, not only the voltage corresponding
to peak current density but also the voltage corresponding to
the onset of each reduction peak is included in Table 1.
Reactions with electrochemical potentials smaller than or equal
to that onset voltage are considered for every major peak. The
complete set of reactions and their calculated electrochemical
potentials can be found in Tables S5—S7.

Cell Performance Evaluation. Figure 3a shows the
galvanostatic cycling of battery cells with different catholyte
solutions at 0.2 C. The loading of the active material is ~1.1
mg cm™* unless otherwise mentioned. The complex catholytes
exhibit good cycling stability, high specific capacity, and
sustained capacity retention as opposed to the Li,Sg catholyte,
which shows a rapid decay of the capacity to <200 mAh g~!
after 200 cycles. The 3P,S;—2Li,Sg complex is superior to
P,S;—Li,Ss, achieving a high specific capacity of 1425 mAh g™
and remains at 1270 mAh g' over 200 cycles at the C rate
tested. This superior performance is attributed to the existence
of sufficient phosphorus in the 3:2 stoichiometry to fully
accommodate all active sulfur, as discussed earlier, which has
been converted to Li,S in the discharged state. The theoretical
capacity that can be delivered by the complex catholyte (based
on active sulfur) is 7/8 of 1672 mAh g™' (i.e,, 1463 mAh g™"),
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Table 1. Discharge Mechanism for mP,S;—nLi,Sg and Li,Sg

Chemistries”

observed peak
(onset), V

calculated
potential, V

P,S—Li,S;
2.37 (2.63)

P3-Sg-P? — P3-S,-P* + Li,S,
(2.51)

P3-8¢-P> - P35, P3 + Li,S,
(2.38)

P3-Sg-P3 — P3-S¢-Li + P>-
S,-Li (2.51)

P3-Sg-P3 — 2 P3-S,-Li
(2.34)

P3-Sg-Li — P3-S,-Li + Li,Sg
(2.63)

P3-Sg-Li — P3-S;-Li + Li,S;

227 (2.37)

P3-S¢-Li — P3-S,-Li +
Li,S, (2.23)

P3-Ss-P? — P3-S,-P3 +
Li,S, (2:31)

P3-S,-P® — DP3S,-P +
Li,S, (2.28)

P3-S,-Li — P%-S-Li + Li,S
(2.27)

P3-S-Li — P°-S;-Li +
Li,S, (2.35)

Li,Sg — 2 Li,S; (2.28)

(2.56)

P3-S¢-Li — P3-S,-Li + Li,S,
(2.47)

P3-Sg-Li —> P3-Si-Li + Li,S,
(2.36)

P3-Se-Li — P3-Sy-Li + LipS,
(2.45)

observed peak 2.09 (2.15) 1.84 (2.00)

(onset), V
calculated P3-S;-P® — P3S,-P3 + Li,S  Li,S; — Li,S, + Li,S
potential, V (2.01) (1.89)
P3-S,-P* — P3-S-P3 + Li,S
(2.02)
P3-S,-Li — P*-S;-Li + Li,S
(2.10)
P3-S;-Li — P*S,-Li + Li,S
(2.09)
Li,Ss = Li)S; + Li,S,
(2.14)

Li,S, — 2 Li,S (1.78)

Li,Ss

observed peak 2.35 (2.53) 2.14 (2.21)

(onset), V

calculated
potential, V

Li,Sg — 2Li,S, (2.45) Li,Sg — Li,S; + Li,S,
2.15)

Li,Sg — Li,Ss + LiS,

(2.35)
observed peak 1.92 (2.01)
(onset), V
calculated Li,S, — 2Li,S, (2.02)

potential, V

Li,S; — Li,S, + Li,S (1.88)

Li,S, — 2Li,S (1.78)
“Individual reactions, with corresponding calculated electrochemical
potentials stated in parentheses, are assigned to each electrochemical
reduction peak observed in CV experiments. The voltage at peak
current density and the voltage at the onset of the peak upon
discharge are stated. All reactions are written with 2Li, and 2Li,_,
omitted from the reactants and products, respectively, for brevity.

considering the charged state is equivalent to Li,Sg instead of
solid sulfur, as supported by the lack of sulfur precipitation on
the carbon paper (see Figures S22 and S23). Interestingly,
both 3P,S;—2Li,Sg and P,S;—Li,Sg complexes experienced an
activation period in order to realize their full capacity potential,
as the capacity rises slightly in the initial 100 cycles in all cases.
The cause is probably the gradually enhanced interfacial
wetting, as the complex solutions are relatively viscous (Figure
S27). Because of excess P,Ss, the cycling performance of
2P,Ss—Li, Sy is slightly inferior to the 3P,S;—2Li,Sg and P,Ss—
Li,Sg complexes (Figure S28). Note that P,S; itself does not
directly offer any electrochemical activity (Figure S29).

Electrochemical impedance spectroscopy (EIS) analyses of
the complex and Li,Sq catholytes are reported in Figure S30.
Cells with different catholytes were scanned after the 10th,
S0th, and 100th cycles, showing characteristic semicircles in
the high-to-middle frequency regions as well as an inclined
diffusion tail in the low-frequency region.””>" Based on the
equivalent circuit model proposed in Figure S30, the high-
frequency intercept at the real axis reflects the internal ohmic
impedance (R,) associated with the electrolyte, and the
semicircles in the high-to-middle frequency regions correspond
to the surface film resistance (R;) and the charge-transfer
resistance (R) of cells, respectively.”’ Other components in
the equivalent circuit include a constant phase element (CPE)
for double-layer capacitance as well as the Warburg impedance
(Z,,) and another CPE for space charge capacitance (CPE’).>!
From the fitting results, the 3P,S;—2Li,S; complex shows
smaller impedance values in comparison to the P,S;—Li,Sq
complex after 10 cycles. More importantly, both 3P,S;—2Li,S,
and P,S;—Li,S; complexes exhibit lower charge-transfer
resistances than the Li,Sg catholytes over extended cycles,
indicating improved charge-transfer kinetics in complex-based
catholytes due to their ability to accommodate Li,S,/Li,S.
Moreover, distinct diffusion tails can be observed for the
complexes (especially for 3P,S;—2Li,Sg), which suggests fast
Li* transport in the bulk solution, as this is also consistently
observed in the Randles—Sevcik analysis of Li" diffusion
properties (Figure S18). In contrast, it is difficult to distinguish
the diffusion tail of the Li,Sg catholyte due to its sluggish
diffusion kinetics.

Post-mortem surface characterization of catholyte substrates
provides further evidence about the superior electrochemical
reversibility of complexes compared with the Li,Sg catholyte
(Figure 3b). Carbon paper substrates with the 3P,S;—2Li,Sg
and P,S;—Li,Sg complexes remain nearly pristine after S0
cycles, with a weak S signal that possibly originates from
adsorbed soluble complexes. This confirms that the complex-
ation can effectively prevent the solid discharge products from
precipitating during battery operation and significantly extend
the battery’s cycle life. In contrast, the surface of the carbon
paper substrate dissembled from the Li,Sg cell displays a large
amount of solid precipitates after 50 cycles, thus explaining its
fast capacity decay and poor cycle life. The complete elemental
mapping information can be found in Figures S31-S33. A
schematic illustrating the distinct cycling reversibility between
complex and Li,Sg catholyte is presented in Figure S34.

To examine any potential negative effects (e.g., byproducts
or contamination) resulting from the introduction of P,S on
the anode, we further conducted SEM and X-ray photoelectron
spectroscopy (XPS) characterization of Li metal anodes paired
with different catholyte solutions after 50 cycles. As shown in
Figure S35, both 3P,S;—2Li,Sg and P,S;—Li,S catholytes lead
to more compact and homogeneous Li deposition compared to
the Li,Sg catholyte without P,S; complexation. In particular,
severe whisker-like dendrite growth is observed with the Li,Sg
catholyte, while such dendrite growth is absent in the 3P,S;—
2Li,Sg and P,S;—Li,Sg catholytes. These distinct surface
morphologies are closely related to the interfacial chemistries
and the solid electrolyte interface (SEI) compositions (Figure
S36). Specifically, similar C,, spectra are observed, suggesting
electrolyte decomposition on the Li metal surface with and
without P,Sq cornplexation.zo’*?’3 With complexation, however, a
strong phosphorus peak (132.6 eV) is observed in the P,,
spectra and can be attributed to the PS,*” group, which is
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Figure 3. Room temperature battery performance evaluation. (a) Galvanostatic cycling of cells with 3P,Ss—2Li,Sg, P,Ss—Li,Sg, and Li, S catholytes
at 0.2 C. (b) SEM images and corresponding S mappings of 3P,S;—2Li,Ss, P,Ss—Li,Ss, and Li,Sg catholyte substrates dissembled after S0 cycles at
the discharged state. (c) Rate performance of 3P,S;—2Li,Sg, P,Ss—Li,Sg, and Li,Sg catholytes. (d) Cycling performance of 3P,S;—2Li,Sg and P,Ss—
Li,Sg catholytes over a range of active material loadings. (e) Long-term cycling of cells with 3P,S;—2Li,Ss, P,Ss—Li,Ss, and Li,S, catholytes at 0.5
C.

known to be a superionic conductor that facilitates stable Li
plating.*' Because species with binding energy <132 €V in the
P,, spectra are absent, we can exclude potential risks associated
with P,Ss reduction.’ The formation of Li;PS, can be
supported also by the P=S group (161.6 eV) and the Li—
P—S group (163.5 V) in the Sy spectra.*' In contrast, the S
spectra of Li metal without P,S; complexation indicate the
formation of short-chain sulfur species as a result of
uncontrolled polysulfide reduction.””>* The remaining peaks
(with binding energy above 165 eV) in the S,, spectra are from
the decomposition of sulfone species in lithium bis(trifluoro-
methanesulfonyl)imide (LiTESI),””*” which can be found in
both the complexes and Li,Sg systems.

With regard to the rate performance (Figure 3c), 3P,S;—
2Li,S delivers capacities of 1350, 1258, and 860 mAh g™' at
0.2, 0.5, and 1 C, respectively, and the capacity rises back to
1435 mAh g™ when operated again at 0.2 C at room
temperature. Similarly, the capacities of P,S;—Li,Sg are 1264,
1184, 975, and 1350 mAh ¢! at 0.2, 0.5, 1, and 0.2 C,
respectively. In contrast, the Li,Sg catholyte shows weak rate
performance with a significant capacity reduction due to
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irreversible polysulfide dissolution and Li,S precipitation at
every cycle. Unlike complex-based catholytes, the Li,Sq
catholyte experienced fast capacity decay even after the rate
is returned to 0.2 C. As shown in Figure 3d, both 3P,S—
2Li,Sg and P,S;—Li,Sy complexes exhibit reasonably good
cycling performance when the active material loading was
increased to 2.3 and 3.4 mg cm™” from the baseline of 1.1 mg
cm™. The long-term cycling of the complex and Li,Sg
catholytes at 0.5 C is presented in Figure 3e. The 3P,S;—
2Li,Sg complex achieves 80% capacity retention after 400
cycles, while the P,S;—Li,Sg complex is at 72%. In contrast, the
Li,Sg catholyte experienced a drastic capacity decay and failed
within 100 cycles. As shown in Figure S37, the long-term
cycling of complex catholytes is also evaluated at 1 C. At this
C-rate, the 3P,S;—2Li,Sg complex exhibits somewhat inferior
performance to the stoichiometric P,S;—Li,Sg catholyte. This
behavior is also observed in Figure 3c. The performance of the
3P,S;—2Li,Sg complex at 1 C is probably hampered by an
increased viscosity (Figure S27) and decreased ionic
conductivity (Figure S38) compared to the P,S;—Li,Sq
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Figure 4. Low-temperature battery performance evaluation. (a) Temperature-dependent ionic conductivity of 0.5 M LiTFSI in different
combinations of TEGDME and DOL between 2S5 and —80 °C. (b) Temperature-dependent galvanostatic cycling of cell with P,S;—Li,Sg in DOL/
TEGDME (3:1) at 0.1 C from 0 to —60 °C. (c) Corresponding galvanostatic charge—discharge voltage profiles at 0.1 C from 0 to —60 °C. (d)
Long-term cycling of cell with P,S;—Li,Sg in DOL/TEGDME (3:1) at 0.1 C and —40 °C.

complex. This problem may be addressed by optimizing the
solvent or the substrate design in the future.”">>*
Low-Temperature Performance Evaluation. In addi-
tion to the significantly improved reversibility of complexes at
room temperature, the cell performance was further evaluated
at reduced temperatures to evaluate the response of the cell
performance to temperature variations. Because TEGDME has
a relatively high melting point (—30 °C) and large viscosity
(3.4 mPa-s),” it is unfavorable for low-temperature
applications. 1,3-Dioxolane (DOL), an essential electrolyte
component in conventional Li—S$ batteries,”**” is employed
instead as a cosolvent for the complexes owing to its low
melting point (=95 °C) and low viscosity (0.59 mPa-s),”® both
of which are beneficial to the low-temperature operation. In
particular, the low viscosity of DOL is expected to reduce the
viscosity of the DOL—TEGDME mixture and hence maintain
a reasonable level of ion conduction at reduced temperatures.
Figure 4a shows the temperature-dependent ionic conductivity
of 0.5 M LiTFSI in different volume ratios of TEGDME and
DOL. The higher DOL content (e.g,, 75 vol %) tends to give
higher ionic conductivities across the temperature range of 25
to —80 °C. However, due to the reduced solubility of
polysulfides (and hence the complexes) in DOL,” further
increasing the DOL content beyond 80 vol % would limit
battery performance. Moreover, decreasing the operating
temperature also impacts the complex solubility. As shown in
Figure S39, both 3P,S;—2Li,Sg and P,S;—Li,Sg complexes
exhibit good solubility in 75 vol % DOL and 25 vol %
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TEGDME (i.e., DOL/TEGDME (3:1)) at room temperature,
but solid precipitation starts to occur for the 3P,S;—2Li,Sg
complex below —35 °C. As such, here we demonstrate the low-
temperature battery performance with P,S;—Li,Sg in DOL/
TEGDME (3:1) only. Note that the addition of DOL does not
change the complex structure, as the same characteristic P-
SROs are all still present in the *'P NMR spectra (Figure S40).
'"H NMR characterization of P,S;—Li,S; in DOL/TEGDME
(3:1) (Figure S41) also does not show any side reactions due
to DOL addition.

P,S;—Li,Sg in DOL/TEGDME (3:1) delivers reasonably
high capacities of 1177, 864, 404, and 208 mAh g71 at 0.1 C
and 0, —20, —40, and —60 °C, respectively (Figure 4b). This
suggests that the low-temperature operability of the P,S;—
Li,Sg catholyte is improved by the addition of DOL. Also, the
capacity loss from the temperature step-down is recoverable as
the temperature rises back to 0 °C from —60 °C. As shown in
Figure 4c, even at a temperature as low as —40 °C, distinct
charge/discharge plateaus can still be observed. Because of
slower reaction kinetics toward low temperatures, cell
electrochemical windows are extended from 1.5-2.8 V (0
and —20 °C) to 1.3—3.0 V (=40 °C) and eventually 1.0-3.3 V
(—60 °C) in order to improve the charge/discharge capacity in
each case. Long-term cycling retains 83% of the initial capacity
(405 mAh g') over 200 cycles for P,Sq—Li,Sg in DOL/
TEGDME (3:1) at 0.1 C and —40 °C, as shown in Figure 4d.
These results indicate a further advantage associated with the
complexation chemistry, as it offers a key solution to
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overcoming the kinetic and reversibility limitations that plague
conventional Li—S batteries. Note that such superior wide-
temperature electrochemical performance of complexes
catholytes has not been reported in previous lithium—sulfur
battery studies using liquid sulfur cathodes (catholytes). A
detailed comparison of performance between the current study
and reported literature can be found in Table S10.

B CONCLUSIONS

We developed a series of lithium thiophosphate (mP,S;—
nLi,S,) complexes in TEGDME as promising catholytes for
Li—S batteries. Various degrees of optimization, including
sulfur chain length, complexation stoichiometry, and solvent
selection, are demonstrated to render complexes with
distinctive solubility and attractive electrochemical properties.
Insights garnered from the coupled spectroscopic and DFT
studies enable the formulation of the complex structures, the
complexation mechanism, and the associated electrochemical
reaction mechanism. We show that the complexation provides
a host molecular structure that can effectively accommodate
discharge reaction products that would otherwise precipitate
out of the solvent without complexation. Therefore, major
issues associated with Li,S,/Li,S production in lithium—sulfur
batteries, such as sluggish redox kinetics, volume expansion,
and voltage—polarization, are mended. The 3P,S;—2Li,S,
complex was predicted theoretically and confirmed exper-
imentally to exhibit superior battery performance with high
specific capacity (1425 mAh g~" at 0.2 C) and excellent cycling
stability (80% retention after 400 cycles at 0.5 C) at room
temperature. Low-temperature performance observed with
DOL as a cosolvent (>400 mAh g™' at —40 °C and >200
mAh g™ at —60 °C) is equally encouraging. Overall, this work
suggests a new route to liquid-sulfur-based cathodes with
excellent Li,S,/Li,S solubilities to improve the reversibility,
stability, cycling performance, and low-temperature capabilities
of Li—S batteries.
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