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ABSTRACT: Demands for energy storage and delivery continue
to rise worldwide, making it imperative that reliable performance is
achievable in diverse climates. Lithium−sulfur (Li−S) batteries
offer a promising alternative to lithium-ion batteries owing to their
substantially higher specific capacity and energy density. However,
improvements to Li−S systems are still needed in low-temperature
environments where polysulfide clustering and solubility limi-
tations prohibit complete charge/discharge cycles. We address
these issues by introducing thiophosphate-functionalized metal−
organic frameworks (MOFs), capable of tethering polysulfides,
into the cathode architecture. Compared to cells with the parent
MOFs, cells containing the functionalized MOFs exhibit greater capacity delivery and decreased polarization for a range of
temperatures down to −10 °C. We conduct thorough electrochemical analyses to ascertain the origins of performance differences
and report an altered Li−S redox mechanism enabled by the thiophosphate moiety. This investigation is the first low-temperature
Li−S study using MOF additives and represents a promising direction in enabling energy storage in extreme environments.
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To accommodate an increasingly electrified society, it is
paramount that energy storage devices are able to operate

safely and reliably in a variety of climates. Widespread
adoption of battery-powered electric vehicles is particularly
challenged by poor driving range at low temperatures (near or
below 0 °C), where charge storage and power output of
current Li-ion batteries are severely diminished.1,2 Complex
thermal systems are generally used to warm the battery in these
environments, which consume energy that could otherwise be
used for vehicle operation.3,4 Removing the need for external
heaters would enable more efficient use of space and energy in
the system. Furthermore, expanding applications into battery-
powered space-, air-, and seacraft for commercial and military
use will necessitate operation in extreme environments with
temperatures far below 0 °C. Advanced batteries beyond Li-ion
technologies may offer a solution to the rising needs for low-
temperature energy storage.
Lithium−sulfur (Li−S) batteries are desirable as an

alternative to incumbent Li-ion technologies owing to a high
theoretical energy density (∼2600 Wh kg−1) that enables
longer device operation between charges. The high energy
density is attained by converting neutral sulfur (S8) to fully
reduced Li2S, which is a 16-electron process involving discrete
polysulfide equilibria.5,6 At low temperatures, however, Li−S
batteries struggle to fully charge and discharge due to strong
cell polarization (resistance within the cell) arising from poor
charge transfer and slow ionic mobility (Scheme 1, left).7 The
reduction of Li2S4 to Li2S is particularly difficult at cold

temperatures due to the low solubility of Li2Sx in conventional
electrolytes, restricting the discharge process and limiting the
electrical output upon precipitation.8 Furthermore, the
accumulation of Li2S4 encourages the formation of strongly
aggregated clusters, which hinders the electrochemical
accessibility of the active sulfur species.9 These issues worsen
as the temperature decreases, thus presenting significant
challenges to implementing high-capacity Li−S batteries in
frigid climates.
To date, there have been very few studies on the Li−S

battery charge/discharge at low temperatures.7−18 One
strategy to improve cycling performance is to optimize the
electrolyte composition.7,9,10 Other efforts have focused on
functionalized cathode materials to trap or attract Li2Sx near
the electrode surface to maximize sulfur utilization.12−17 One
such study promoted the conversion of Li2Sx at 0 °C by
installing MnS nanoparticles as chemisorption sites in the
sulfur cathode.14 Another study utilized a two-dimensional
(2D) MoSe layered material with edge sites that aid in
adsorption and catalytic reduction and oxidation of Li2Sx at 0
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and −25 °C.16 The best performance reported to date was
achieved using graphene-supported boron nitride (BN)
nanosheets to promote the strong adsorption of Li2Sx at the
BN edge sites, enabling operation at temperatures from −40 to
70 °C.11 It also has been suggested that limiting undesirable
Li2Sx film deposition, which is prevalent at low temperatures,
mitigates passivation of the cathode surface.19,20 Motivated by
these studies, we leveraged the advantages of chemical
tethering to improve the capacity delivery for Li−S batteries
operating at low temperatures.
We, among others, have demonstrated the efficacy of

covalently tethering Li2Sx to metal−organic frameworks
(MOFs) and covalent organic frameworks (COFs) in
composite cathodes to improve battery performance at
ambient temperature.21−24 Specifically, the incorporation of
lithium thiophosphate (LPS) in a Zr-based MOF provided
sulfur-anchoring sites and led to decreased cell polarization,
higher charge capacity, and superior rate capabilities.21,23

Based on this previous work, we hypothesized that the ionic
LPS tethering group would have similar impacts at reduced
temperatures by disrupting polysulfide clusters and preventing
Li2S film deposition (Scheme 1). Herein, we use two different
LPS-functionalized MOFs to investigate the influence of
chemical tethering on low-temperature Li−S electrochemistry.
The MOFs are integrated into composite sulfur cathodes and

explored at a range of temperatures to gain insights into
determinants of performance in cold environments.
Two zirconium-based MOFs, UiO-66(50Benz) (“UB”, a

defected UiO-66 structure) and MOF-808 (“M8”), were
selected as candidate materials for this study. Our previous
investigation demonstrated that the hexanuclear Zr nodes can
be functionalized with LPS, yielding UB-LPS and M8-LPS,
respectively.21 Owing to the higher number of open sites on
the Zr cluster, M8 can incorporate nearly twice the
concentration of LPS as UB. To deconvolute contributions
arising from purely structural differences in these two data sets,
the unfunctionalized “parent” MOFs were also explored in
cathodes to benchmark the LPS-functionalized counterparts.
The following sections describe the resulting performance
differences gleaned from various electrochemical analyses.
Composite cathodes containing sulfur and the MOF

additives were prepared and integrated into coin cells with
Li metal anodes as described in our previous report.21 We
selected an electrolyte composition of 0.5 M lithium triflate
(LiOTf) and 0.5 M LiNO3 based on its use in previous studies
where temperatures as low as −40 °C were investigated.7,8,11

The assembled cells were allowed to equilibrate for several
hours before undergoing three cycles at room temperature to
overcome the difficult first reduction of neutral S8 to
Li2Sx.

11,12,25 After this initiation, the cells were cycled 20
times at each temperature of −10 °C, 0 °C, 10 °C, and briefly

Scheme 1. Reduced Temperatures Limit Electrochemical Access to Li2Sx Species via Polysulfide Clustering and Poor
Solubility. Chemical Tethering via Lithium Thiophosphate (LPS) Improves Electrochemical Accessibility by Disrupting the
Polysulfide Clusters and Preventing Early Deposition

Figure 1. (a) Discharge capacity for each cycle at various temperatures. All cells were cycled at a rate of C/10 (168 mA g−1) 3 times at 22 °C
(“RT”, to prime the cell), 20 times at all reduced temperatures (−10 °C, 0 °C, 10 °C), and then 5 times at RT. (b) Comparative performance of
the capacity of each cell across the examined temperature range relative to the initial capacity at RT. The LPS-functionalized MOFs facilitate
cycling, enabling higher absolute and relative capacities than their unfunctionalized counterparts.
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at 22 °C (RT) (Figure 1a). Both charge and discharge
processes were conducted at a rate of C/10 (168 mA g−1) at
the designated temperature.
The capacities delivered by all cells follow a stepwise

behavior as the cycling temperature is increased (Figure 1a),
illustrating the electrochemical difficulties inherent to low-
temperature Li−S cycling. Across all temperatures studied, the
cells containing the LPS-functionalized MOFs delivered
substantially higher capacities than those containing the parent
MOFs. After 20 cycles at −10 °C, the lowest temperature
studied, cells containing M8-LPS and UB-LPS were able to
deliver roughly 810 and 530 mAh g−1, respectively. This
improvement is a considerable improvement from the cells
without LPS, which both delivered approximately 280 mAh g−1

at −10 °C. Similar differences in capacity were maintained as
temperatures increased. In Figure 1b, we plot capacity delivery
at lower temperatures relative to room temperature to more
clearly visualize the capacity enhancement. It is evident from
these results that the LPS moiety improved both absolute and
relative capacities across the various conditions studied. The
performance of a control cathode containing no MOF is also
compared in Figure S1, wherein cells containing M8-LPS and
UB-LPS deliver higher relative capacity at all temperatures
studied.
Differences in cycling performance prompted us to evaluate

the electrochemical profiles of the individual cells. The
galvanostatic cycling curves contain a wealth of information
about the feasibility of Li−S redox reactions at each
temperature, including polarization and polysulfide equilibria
(Figure 2). The total cell polarization is made up of a number
of factors, including resistance to mass transport, ohmic
resistance, and resistance to charge transfer.26 Stronger degrees
of polarization result in lower discharge voltages and higher
charge voltages, which limits the power output and cyclability
of the cell. The measured cell polarization shows a higher

polarization at lower temperatures for every cell examined
(Tables S1 and S2). At −10 °C, the total cell polarization was
large enough so that the M8 cell failed to yield a lower plateau
above the voltage limit of 1.6 V vs Li/Li+ (Figure 2b), while
UB eked out a short lower plateau (Figure 2e). In contrast, the
galvanostatic profiles from the M8-LPS and UB-LPS cells
shown in Figure 2a,d exhibit long, flat plateaus even at −10 °C
with only minor variations in potential across the temperature
range.
All cells achieved the typical two-plateau behavior at

temperatures of 0 °C and above, where the decreased
polarization permitted the second discharge plateau within
the voltage window. The differences in discharge polarization
relative to the room temperature profile are compared directly
in Figure 2c,f. The clear temperature dependence suggests that
the primary difficulties at −10 °C are likely related to mass
transport and premature deposition of Li2Sx, both of which are
strongly correlated to temperature.27 From the comparative
results, it is evident that LPS plays a key role in diminishing
cell polarization, particularly for M8-LPS, which has a greater
concentration of LPS than UB-LPS.21

In addition to polarization effects, we also observe changes
to the Li−S cycling mechanism in both the M8-LPS and UB-
LPS cells when cycled at −10 °C. A new plateau feature
appears during discharge near 2.2 V vs Li/Li+ (denoted with *
in Figure 2a,d and enlarged in Figure S4), differing from the
typical two-plateau behavior. Usually, the upper plateau near
2.4 V vs Li/Li+ corresponds to longer-chain Li2Sx (x > 4),
while the lower plateau near 2.1 V vs Li/Li+ is made up of the
shorter, more reduced Li2Sx species (x ≤ 4). Splitting of the
two characteristic plateaus into additional features suggests
favorability of extra equilibria, a phenomenon previously
reported at −40 °C with an expanded voltage window,7 in a
cell featuring a polymer electrolyte,28 and when other species
are present to alter the ionic environment of Li+.29 In these

Figure 2. Galvanostatic cycling curves from the final cycle for each temperature at C/10 (168 mA g−1) for (a) M8-LPS, (b) M8, (d) UB-LPS, and
(e) UB. Colors correspond to RT (red), +10 °C (light red), 0 °C (light blue), and −10 °C (blue) as indicated in panels (b) and (e). Discharge
polarization relative to the RT curve is plotted in (c) and (f). Additional equilibria features discussed in the text are denoted here with an asterisk
(*) and displayed more clearly in the Supporting Information (SI).
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cases, the multiplateau behavior was attributed to the
stabilization of additional equilibria that would otherwise be
transient.
We observed similar multiplateau behavior in our previous

study only when LPS-MOF cells were cycled at high C-rates.21

We suspect that stabilization of the additional equilibrium is a
contributing factor in how UB-LPS and M8-LPS maintain
appreciable sulfur utilization in mass transport limited cycling
conditions such as fast rates and low temperatures. In the
current study, the positioning of the extra discharge feature
near 2.2 V vs Li/Li+ suggests an additional stabilized reaction
step prior to Li2S4 formation. The capacity of the two plateau
regions at 2.4 and 2.2 V is consistent with the capacity of the
concerted single plateau event at RT (Figure 2a,d), further
suggesting the partitioning of the electrochemical equilibrium.
Thus, we propose the uppermost two discharge plateaus in the
LPS cells at −10 °C correspond to the following simplified
polysulfide equilibria

F FS Li S Li S ( 2.4 V)8 2 8 2 6 ∼

FLi S Li S ( 2.2 V)2 6 2 4 ∼

This phenomenon is in contrast with the typical two-plateau
behavior, where the upper portion corresponds only with the
conversion to Li2S4.

6 While further experiments are necessary
to confirm the chemical species present in the equilibria, we
hypothesize the LPS functional group provides favorable
covalent and electrostatic stabilization to Li2Sx at the electrode
surface over the bulk electrolyte solution. This interaction
consequently influences the equilibration process; the steps of
which become more pronounced and observable under unique
conditions such as low temperatures.21,30

To illuminate the altered electrochemical mechanisms, we
investigated the behavior with variable temperature cyclic
voltammetry (CV) experiments (Figure 3). At 10 °C and RT,
all cells exhibit normal behavior with two broad reductive

features near 2.25 and 1.85 V vs Li/Li+, which correspond to
the two galvanostatic discharge plateaus. All cells display one
wide oxidative feature around 2.6 V vs Li/Li+, which
corresponds to the broad galvanostatic charge curve. Each of
these features shifts to less favorable potentials with decreased
temperatures as resistance to charge transfer and mass
transport limitations exacerbate cell polarization.
The most distinct differences are observed at −10 and 0 °C,

where cells without LPS suffer strong polarization, particularly
evidenced by the lack of a second reductive feature within the
voltage window. In contrast, the lower potential events, along
with additional features highlighted in Figure 3c,f, are observed
in both UB-LPS and M8-LPS voltammograms. This
observation is in agreement with the multiplateau behavior
observed in the galvanostatic cycling experiments described
above. Thus, CV further reveals the unique ability of LPS to
substantially alter the Li−S redox mechanisms toward
pathways that enable sustained cycling performance in extreme
conditions.
To further probe electrochemical differences among these

cells, we apply the galvanostatic intermittent titration
technique (GITT), which subjects the cell to pulses of applied
current followed by long rest periods. The resulting capacity−
voltage profiles obtained at different temperatures (10 °C in
Figure 4, RT in Figure S5) provide qualitative information
about electrochemical diffusion as well as polarization in the
cell.31−33 First, we observe polarization effects by comparing
the height of the voltage spike from the plateau at each pulse,
plotted for clarity in Figure S7. The trends align well with our
discussion above regarding polarization, where UB-LPS
exhibits smaller and more consistent equilibrium potential
differences than UB at all depths of discharge and temper-
atures. In addition, GITT experiments demonstrate that LPS
functionalization led to cells with relatively higher and more
constant diffusion coefficients at the second plateau compared
to the parent framework. Analysis of the M8 and M8-LPS cells
reveals similar relative diffusion coefficient trends (Figure S6)

Figure 3. Cyclic voltammetry plots at each temperature for (a) M8, (b) M8-LPS, (d) UB, and (e) UB-LPS. Currents are normalized to the mass of
sulfur. The cycle obtained at −10 °C is highlighted in each panel and compared in (c) and (f) showing new features (noted with *) obtained with
LPS.
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and polarization values (Figure S7), consistent with our UB/
UB-LPS discussion.
Following our electrochemical analyses, we sought to

investigate the ability of thiophosphates to disrupt polysulfide
clustering at reduced temperatures. Due to the heterogeneity
and low concentration of thiophosphates in the MOF, probing
polysulfide clustering directly in the MOF pores was not
feasible. Instead, solution 7Li NMR spectroscopy of Li2S4
solutions in 1:1 (v/v) DOL:DME in the presence and absence
of thiophosphates was performed over the range of 15 to −30
°C (Figure 5). Owing to the higher solubility of P2S5 compared

to Li3PS4, we generated the thiophosphate-polysulfide group
from the reaction of P2S5 with Li2S4. Confirming a reaction
occurs between P2S5 and polysulfides,31P NMR data (Figure
S8) show signals above 50 ppm for various thiophosphate
ions.34,35

As temperature is reduced, the broad peak in the 7Li NMR
spectra of Li2S4 in the absence of thiophosphate splits into
multiple features and shifts upfield (Figure 5a). The emerging
peaks, which become prominent by −10 °C, indicate multiple

electrostatic coordination environments for Li+. This observa-
tion has previously been attributed to polysulfide clustering,
which is believed to be responsible for diffusion limitations and
typically coincides with poor performance such as the lack of a
lower discharge plateau at reduced temperatures.9,29,36

Conversely, the NMR spectra for the Li2S4 + P2S5 solution
exhibit a similar peak profile across the temperature range as
the peaks shift upfield (Figure 5b). The lack of change in the
peak profile suggests that the electrostatic coordination
environment for Li+ in the presence of thiophosphates is
similar at these temperatures and distinct from that of the
clustered polysulfide environment seen without thiophos-
phates. The upfield shifts arise from increased shielding as
the coordination environment for Li+ tightens in colder
temperatures. Similar electrostatic effects imparted by solvent,
cation, anion, and solute concentrations have previously been
shown to disrupt polysulfide clustering and lead to improve-
ments in electrochemical cycling performance reminiscent of
those we have observed in this study.29,36,37

The field of low-temperature Li−S battery research is
nascent at this time, but it represents an area with immense
potential to impact future electric vehicles ranging from cars to
aircraft and spacecraft. In this work, we demonstrated that the
covalent tethering of polysulfides to lithium thiophosphates
(LPS) in MOF cathode additives is a promising method to
improve the Li−S battery performance at reduced temper-
atures. M8-LPS, possessing the greatest concentration of LPS
in this study, permitted the best low-temperature performance
with the delivery of more than 800 mAh g−1 even at −10 °C.
Importantly, the cells containing LPS were capable of
ameliorating polarization and altering redox mechanisms with
new features appearing in both low-temperature galvanostatic
and voltammetric experiments. 7Li NMR spectra further
elucidate the influence of thiophosphates on the Li−S
chemistry. Ultimately, we believe that chemical tethering
techniques represent a promising approach for further
exploration of low-temperature Li−S performance. Further
studies featuring other sulfur-anchoring cathode formulations,
as well as fundamental studies of polysulfide behavior at low
temperatures, are promising directions for this emerging
research area.
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Figure 4. Results from GITT experiments at 10 °C including (a) the discharge profiles comprised of 10 min current pulses and (b) the calculated
diffusion coefficients for each marked point, relative to UB-LPS at ∼20% depth of discharge.

Figure 5. Variable-temperature 7Li NMR of (a) 0.1 M Li2S4 and (b)
0.033 M P2S5 + 0.1 M Li2S4 from 15 to −30 °C. The peak for the
Li2S4 solution at 15 °C broadens and new peaks are observed at
reduced temperatures. In contrast, the peak for P2S5 + Li2S4 retains a
similar profile at all temperatures, suggesting a unique electrostatic
coordination environment for Li+. Chemical shifts are calibrated to
the LiCl/d8-tetrahydrofuran (THF) reference peak (dotted line).
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Information regarding the preparation of materials and
instrumental methods are provided along with supple-
mentary electrochemical data, and photographs of the
low-temperature cycling chamber (PDF)
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