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ABSTRACT: Lithium−sulfur (Li−S) batteries are one promising
alternative to Li-ion batteries due to their higher theoretical
specific capacity and energy density. However, several technical
challenges such as polysulfide shuttling remain. As liquid
polysulfide diffusion into the electrolyte causes a loss of capacity,
different material classes have been explored to anchor lithium
polysulfides and reduce the active material loss. The metal−
organic framework (MOF) UiO-66 has been identified as one
candidate material due to its porosity, high surface area, and
zirconium oxide nodes that could anchor liquid polysulfides.
MOFs also allow for postsynthetic modifications that can increase
their adsorption specificity toward liquid polysulfides and reduce
shuttling. In this work, we combined atomistic simulations and
experimental characterization to probe the molecular interactions between lithium polysulfides and functionalized UiO-66 nodes.
We explored how lithium polysulfides adsorb to open sites caused by missing linker defects as well as sites functionalized with alkali
cations. Our results demonstrate that lithium polysulfides adsorb favorably to UiO-66 through Li−O electrostatic interactions. In
addition, we found that nodes functionalized with alkali metals demonstrated stronger adsorption of long-chain lithium polysulfides
(Li2S4−8) by facilitating charge transfer to the nodes. Experimental ultraviolet-visible and 7Li NMR measurements on Zr
polyoxometalates and UiO-66 provided further evidence that lithiation favors adsorption of long-chain polysulfides. Our findings
indicate that UiO-66 functionalization plays an important role in polysulfide adsorption, which may have implications in controlling
the shuttle effect. The fundamental insights into polysulfide adsorption shown here provide quantitative principles to design
functionalized moieties and further inhibit polysulfide shuttling.

■ INTRODUCTION
The demand for improved energy storage technologies is
increasing with the growth of the electric vehicle industry and
decarbonization of the electric grid.1 However, the current
mass-produced lithium-ion batteries are limited by the energy
density and specific capacity of their electrode materials.
Common Li-ion batteries have energy densities around 250
Wh kg−1 and specific capacities around 200 mAh g−1.2 One
alternative to current Li-ion batteries is lithium−sulfur (Li−S)
batteries using S8/Li2S cathodes. Li−S batteries have been a
subject of great interest due to their high theoretical energy
density and specific capacity of 2500 Wh kg−1 and 1600 mAh
g−1, respectively.3 The development of Li−S batteries currently
faces several difficulties, including low conductivity of the
electrode material, volume expansion during discharge, and the
polysulfide shuttle effect.4

The shuttle effect in Li−S batteries arises from the stepwise
reduction path of elemental sulfur (S8) to lithium sulfide
(Li2S), where multiple different electrochemical reduction
reactions occur at the cathode.5 These include S8 reduction to
liquid polysulfides Li2S4−8, the reduction of Li2S4 to insoluble
Li2S2, and the reduction of Li2S2 to Li2S.

6 Liquid lithium

polysulfide intermediates are highly soluble in ether electro-
lytes, allowing for diffusion from the cathode to the anode.
This loss of active material leads to self-discharge, low cycling
stability, and large overpotentials.7

To hinder the shuttle effect by way of restricting liquid
lithium polysulfide diffusion via cathode coatings, a range of
2D and 3D materials have been studied for applications in Li−
S batteries including polymers,8−10 carbons,11−13 Cu-BHT,14,15

and metal−organic frameworks (MOFs) such as UiO-66 and
MOF-808.16−18 MOFs are promising materials for Li−S
batteries as their high porosity and high surface area can
permit ion diffusion while containing a large number of
adsorption sites.19−23 We have previously shown that
increasing the number of missing linker defects and adding
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−OH and −OH2 capping agents can further improve battery
performance.16,24,25 These missing linker defects expose polar
oxygen sites that have been previously shown to effectively
anchor lithium polysulfides by way of Li−O electrostatic
interactions.26,27 Functionalizing these MOFs has also been
shown to further improve performance. One such modification
is the replacement of node-bound protons with lithium, where
modifying UiO-66 cathodes with both missing linker defects
and lithiated sites was found to increase the cycling stability of
Li−S cells relative to nonfunctionalized materials.24

UiO-66 comprises zirconium nodes [Zr6O4(OH)4]12+ with
12 linking sites, bridged by 1,4-benzenedicarboxylic acid
(BDC) linkers. UiO-66 contains a smaller tetrahedral cage of
7.5 Å and a larger octahedral cage of 12 Å as well as a pore size
of 6 Å. UiO-66 is characterized by its high porosity and surface
area, theoretically reaching 0.77 cm3 g−1 and 1160 m2 g−1,
respectively.28 These textural properties permit Li+ diffusion
through many adsorption sites and open the possibility for
further functionalization strategies.
Here, we performed atomistic simulations along with

experimental ultraviolet-visible (UV−vis) and 7Li NMR to
probe the underlying chemistry behind polysulfide adsorption
at defected MOF nodes. While the effect of UiO-66 films on
cell capacity has been demonstrated, the molecular level
interactions between lithium polysulfides and UiO-66 have not
yet been explored. In this paper, we develop a molecular level
understanding of the adsorption of lithium polysulfide to UiO-
66 open sites driven by electrostatic and steric interactions. We
performed density functional theory calculations to model
lithium polysulfide adsorption as well as investigated how node
functionalization using other alkali metals would affect
adsorption. Experimental UV−vis and 7Li NMR experiments
on Zr polyoxometalates revealed that lithiation leads to
changes in the speciation of adsorbed polysulfides.

■ METHODOLOGY
Density Functional Theory Calculations. We performed

ab initio calculations with the ORCA density functional theory
(DFT) package.29−31 We used the M06 hybrid functional for
electron−electron exchange and correlation interactions.32

This functional was chosen as it has previously demonstrated
accurate results for both polysulfides and metal−organic
frameworks. For example, a DFT assessment of lithium
polysulfide binding energies found that the M06 functional
performed well with regard to both atomization energies and
relative energies of Li2Sn isomers.33 M06 has also been shown
to accurately model noncovalent interactions for adsorbates on
metal−organic frameworks.34−37

The Def2-TZVP basis set was used in conjunction with the
Def2/J and Def2-TZVP/C auxiliary basis sets.38−41 RI and
RIJCOSX approximations were both utilized to improve the
computation time. van der Waals interactions were calculated
with the D3ZERO atom-pairwise dispersion correction with
the zero-damping scheme.42 Geometry optimizations were
performed with a convergence limitation of convergence 3.0 ×
10−4 Ha bohr−1.
MOF and Adsorbate Structures.We chose to represent a

single node using nonperiodic DFT to reduce computation
time and complexity, rather than simulate an entire periodic
framework. This is justified by our focus on the initial
adsorption process onto isolated nodes rather than polysulfide
adsorption at saturation. The UiO-66 node is represented with
a [Zr6O4(OH)4]12+ cation with the 12 linking sites represented

with carboxylate CH3COO− groups. As this study focuses on
adsorption to the node rather than to the linkers, these
truncated linkers can adequately represent a BDC2− linker. For
the open node, an open or defect site is represented by a
H3OO− group. A schematic of the node and missing linker
defect is shown in Figure S1a. Open sites modified with alkali
metals are produced by replacing a single hydrogen atom with
an alkali metal atom in the most energetically favorable
position discussed below.
We began by performing an initial geometry optimization

using molecular dynamics simulations with xTB by
Grimme.43,44 xTB is a semiempirical tight-binding quantum
mechanical method. It was used to perform molecular
dynamics simulations and generate candidate geometries that
were then optimized with DFT. These simulations used the
GFN2-xTB45 force field. Trials were performed at 298 K for 30
ps with a step of 2 fs and a hydrogen mass of 4 amu. Snapshot
geometries obtained from MD were then relaxed with DFT.

Adsorption Thermodynamics. The adsorption energy
was calculated according to eq 1.

=E E E Eads PS,node node PS (1)

where EPS,node is the energy of lithium polysulfide adsorbed to
the node, Enode is the energy of the node, and EPS is the energy
of the isolated charge neutral lithium polysulfide or other
adsorbate. To better sample the possible node−polysulfide
structures, we conducted geometry optimization trials
combining the UiO-66 node and the lithium polysulfide,
with the latter positioned near the open site. The positions of
all carbon atoms were constrained during the optimization of
the adsorbed polysulfide geometry to approximate the rigidity
of the linkers in a periodic MOF structure. We additionally
calculated Gibbs free energies in ORCA using the
thermochemistry package, which used the harmonic oscillator
approximation for adsorbed polysulfides. Gibbs free energy
figures are presented in Figures S11 and S12.

Electronic Structure Calculations. Charge transfer
analysis was conducted using Hirshfeld analysis,46 which was
calculated in ORCA. The charge to an atom or group of atoms
during adsorption to the node can be expressed by the
following:

=Q Q Qatom(s) adsorbed free (2)

where Qadsorbed is the Hirshfeld charge of the atom(s), while in
the adsorbate−node complex, and Qfree is the Hirshfeld charge
of the atom(s) in the free or gaseous state.

■ RESULTS AND DISCUSSION
Node Modifications at Defect Sites. We introduced

capping agents, one −OH group and one −OH2 group, to
replace the missing linker defects present in the material and
generate an “open site”. The open site structure is shown in
Figure S1b. All lithium polysulfide adsorption geometries that
we considered occur at the open site. In addition to the −OH
and −OH2 capping agents, the open site includes two Zr
atoms, one μ3-OH group and one μ3-O group. The UiO-66
node with one open site was modified to produce a cation site
by replacing one hydrogen atom with an alkali cation. We
tested multiple cation adsorption sites to find the most
energetically favorable adsorption configuration. The μ3-OH
hydrogen and −OH2 hydrogen atoms both proved relevant as
sites for modifications with the alkali metal, while the −OH
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hydrogen was not. For all four alkali metal modifications
tested, the alkali metal could adsorb at either the μ3-OH or the
−OH2 position depending on lithium polysulfide size. The
alkali metal was found to be the most energetically favorable in
the −OH2 position for the three smallest cations (Li, Na, and
K), while Rb was more energetically favorable in the μ3-OH
position.
The free energy change of the alkali metal shift from the μ3-

OH position to the −OH2 position increased with the cation
size (Li: −0.44 eV, Na: −0.24 eV, K: −0.06 eV, Rb: +0.18 eV).
This trend is likely due to strong Coulombic interactions
between metals with larger radii and additional oxygen atoms
when exchanged at the μ3-OH position. In the −OH2 position,
all alkali metals are restricted to bonding with O−OH and
O−OH2 regardless of their ionic radius. A second contributor to
the observed trend is the steric repulsion between the O−OH
and the O−OH2 at the open site when the alkali metal is in the

−OH2 position. The separation of these two oxygens is shown
to increase with the period and ionic radius of alkali metal (H:
2.62 Å, Li: 3.50 Å, Na: 3.62 Å, K: 3.81 Å, Rb: 4.49 Å). The
structures for the different cation-exchanged sites are shown in
Figure S2.

Lithium Polysulfide Adsorption to the Open Site.
Lithium polysulfides (Li2S2n, n = 1−4) were optimized in the
gas phase and used as reference states to find the geometry and
adsorption energy of lithium polysulfides at the UiO-66 open
site. The adsorbed polysulfides on the open sites and lithium-
exchanged sites are shown in Figure 1. Lithium atoms
originating from the exchanged site will be denoted as Linode
compared to Li originating from the polysulfide denoted as
LiPS. The adsorption geometry of Li2S2 to the open site (Figure
1a) shows Li2S2 adsorbing to the μ3-O side of the open site.
The adsorption favorability is largely driven by Li−O
electrostatic interactions. In addition, we see that the hydrogen

Figure 1. (a−h) Adsorption structures for Li2S2n on open sites and lithiated open sites at 298.15 K. Red (O), brown (C), gray (H), lime green
(Zr), yellow (S), and green (Li).

Figure 2. (a) Adsorption energy of lithium polysulfides to open sites and lithiated sites. (b) Differential adsorption energy of lithium polysulfides
for cation-exchanged sites compared with open sites.
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closest to H−OH2 has been replaced by Li. We observed this to
occur spontaneously during geometry optimizations and
verified by multiple initial conditions that this configuration
was favorable. Adsorption of the three liquid polysulfides,
Li2S4, Li2S6, and Li2S8, is driven by Li−O electrostatic
interactions, and lithium replacement was found to be
unfavorable (Figure 1b−d). The adsorbed Li ion on the μ3-
OH site interacts through Coulombic interactions with O−
OH2 and one OCH3COO−, and the Li on the μ3-O interacts
with O−OH and one OCH3COO−. Due to this diagonal
configuration, the lithium atoms are further separated
compared to the gas phase geometry as illustrated in Figure
1d where the Li−Li distance for adsorbed Li2S8 increases from
2.77 to 5.22 Å.
The sulfur ring remains largely unchanged during

adsorption, where the main geometric difference between the
gas phase and the adsorbed polysulfides is an increase in the
separation between the two Li bonded sulfur. As both Li ions
are further separated in the adsorbed geometry, both sulfurs
bond with only one lithium, as opposed to bonding to both Li+
ions at equal distances in the gas phase.
Lithium Polysulfide Adsorption to Lithium-Ex-

changed Sites. The adsorption of Li2S2 to the lithium site
resulted in a geometry with notable differences as compared to
adsorption to the open site, as shown in Figure 1e−h. Li2S2
adsorbs to the μ3-O side of the open site, Linode occupies the
−OH2 position, and there is no longer a hydrogen replacement
from −OH2. Despite the different adsorption geometries of
Li2S2 to the open site and the lithium-exchanged site, the
adsorption energy is slightly exergonic after the lithium
functionalization (ΔΔELi2S2 = +0.07 eV). The adsorption

energies as a function of polysulfide length are shown in Figure
2a.
The adsorption geometries of the longer chain lithium

polysulfides Li2S4−8 to the Li site also show differences from
the adsorption geometry to the open site. Both polysulfide Li
atoms retain the same position relative to the open site. In all
three adsorption geometries, Linode occupies the −OH2
position, and multiple polysulfide chain sulfur atoms interact
with Linode. The total number of Li−S interactions within 3 Å is
greater in the adsorbed geometry to the Li site than in the
open site. These new interactions and charge transfer between
Linode are additional effects that drive polysulfide adsorption to
the Li node.
The adsorption energies of Li2S4−8 are significantly affected

by lithium functionalization. These polysulfides adsorb more
favorably to the Li-modified site (Li2S4: ΔΔE = −0.68 eV,
Li2S6: ΔΔE = −0.84 eV, Li2S8: ΔΔE = −0.83 eV). This
improvement in adsorption favorability of liquid lithium
polysulfides after lithium functionalization of the open site
suggests that lithium-ion exchange can improve the lithium
polysulfide anchoring capabilities of UiO-66 nodes with
missing linker defects.

Experimental Characterization of Adsorbed Poly-
sulfides. We synthes ized Zr polyoxometa l la tes
(Zr6O4(OH)4L12, where L = propanoate)47 as models of the
Zr nodes to characterize polysulfide speciation on lithiated
nodes. An HCl activation process similar to previously
reported MOF procedures was used to remove the propanoate
ligands and mimic the calculated node models. The HCl-
activated Zr polyoxometalates are herein denoted as ZrPOM.
We subsequently deprotonated and lithiated with triethylamine

Figure 3. (a) UV−vis spectra of a Li2S8 solution (black) and a Li2S8 solution after the addition of ZrPOM (red) and Li-ZrPOM (blue). (b) 7Li
NMR spectra of ZrPOM (red) and Li-ZrPOM (blue) after soaking in Li2S8 and Li-ZrPOM before soaking (green). (c) UV−vis spectra of a Li2S8
solution (black) and Li2S8 solution after the addition of UiO-66 (red) and Li-UiO-66 (blue). (d) 7Li NMR spectra of extracted lithium polysulfides
from soaked UiO-66 (red) and Li-UiO-66 (blue). Absorbance solutions are in 1:1 DOL:DME, and NMR solutions are in DMSO-d6. All NMR ppm
shifts are referenced to LiCl in D2O.
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and LiNO3.
24 The lithiated Zr polyoxometallates were denoted

as Li-ZrPOM. More details on the synthesis and character-
ization of Zr polyoxometallates can be found in the Supporting
Information (Figures S3 and S4).
We performed polysulfide adsorption studies by soaking the

Zr polyoxometallates in Li2S8 in 1:1 dimethoxymethane:diox-
alane (1:1 DOL:DME) solutions. Lithium polysulfide
solutions contain an equilibrium of polysulfide chains of
various lengths, which can be evaluated by UV−vis absorbance
spectroscopy. Peaks around 280, 315, and 410 nm are
attributed to various chain lengths of Sx2− (x = 8, 6, and 4,
respectively) as reported in literature.48,49 In Figure 3a, the
absorbance profile of the resulting supernatant is notably
different for ZrPOM compared to Li-ZrPOM. The red-shifted
absorbance profile of Li-ZrPOM indicates the presence of
shorter-chained lithium polysulfides in the supernatant
compared to those in the ZrPOM supernatant. This
observation is corroborated by 7Li NMR spectroscopy of
isolated ZrPOM and Li-ZrPOM before and after soaking in
Li2S8 solutions (Figure 3b). After reuptake of the Li-ZrPOM
and soaked Zr polyoxometalates in DMSO-d6, we observe that
the resulting 7Li NMR spectra of residual lithium polysulfides
exhibit single narrow and symmetrical peaks, which points to
high lithium mobility and rapid lithium exchange in solution.
Loss of a clearly defined peak for the untreated Li-ZrPOM in
the spectra of soaked Zr polyoxometalates shows that lithium is
exchanged not only across polysulfide species but also with
dissolved Li-ZrPOMs. In addition, the 7Li NMR signal of
Li2S8-soaked Li-ZrPOM is downfield relative to that of the
Li2S8-soaked ZrPOM, suggesting a small shift in equilibrium
toward shorter-chained lithium polysulfides as short polysulfide
chains decreases the relative shielding of Li+ (Figure S5).50

We also experimentally compared polysulfide adsorption in
nonlithiated and lithiated UiO-66 (denoted as UiO-66 and Li-
UiO-66, respectively) to interrogate the influence of pore
confinement on polysulfide adsorption, which is not captured
in our computational model. Interestingly, both MOFs
adsorbed lithium polysulfides nearly equally, likely because
the pores play a dominant role in the physical encapsulation of
lithium polysulfides (Figure 3c). A near complete loss of the
S42− peak at 410 nm in the supernatant solution is attributed to
the enhanced pore penetration of the smaller chain-length
polysulfides in the framework. We next conducted 7Li NMR
spectroscopy to track polysulfide speciation. The MOF
powders soaked in Li2S8 solutions were isolated and
resuspended in DMSO-d6 to extract the trapped polysulfides.
The subsequent 7Li NMR spectra showed that the chemical
shift of Li-UiO-66 is downfield compared to that of UiO-66
(Figure 3d), which suggests that the extracted lithium
polysulfide is shifted to the short-chained species in Li-UiO-
66. This result is consistent with our computational analysis
that Li2S8 is held more tightly to lithiated nodes than Li2S4 and
further indicates that our polyoxometalate models provide
insight into adsorption onto MOF nodes. In addition, the rapid
lithium exchange observed in the 7Li NMR spectra
corroborates the finding that Linode (Li belonging to the
lithiated site) participates in adsorption and is likely solvated.
Lithium Polysulfide Adsorption to Alkali Cation-

Exchanged Sites. We investigated the role of different
exchange cations in polysulfide adsorption. Lithium polysulfide
adsorption to the larger alkali cation sites followed a similar
pattern to adsorption to the lithium exchange sites. Full
adsorption geometries of Li2S2n on all alkali metal-modified

sites can be found in Figures S6−S10. Similar to the lithium-
exchanged site, adsorption energies of Li2S4−8 to the heavier
alkali metal sites are more energetically favorable than those of
adsorption to the open site. The polysulfide adsorption energy
to each cation-exchanged site is shown in Table 1. Differential
changes in polysulfide adsorption on alkali-exchanged sites
relative to the open site are shown in Figure 2b as a function of
the polysulfide size.

Adsorption Energy Decomposition. To relate the
polysulfide adsorption energy to the alkali metal identity, we
decomposed the adsorption energy into three components
each associated with an energy contribution. These compo-
nents are an alkali cation shift (ΔEshift), the lithium polysulfide
geometric deformation (ΔEdeform), and the intrinsic lithium
polysulfide/open site interaction (ΔEinteract). The full ex-
pression of the adsorption energy separated into individual
components is given in eq 3:

= + +E E E Eads shift deform interact (3)

The alkali metal shift involves the energy change of the
cation exchanged at the node shifting between the μ3-OH and
−OH2 positions upon adsorption. This value is always positive
if a shift is present or zero if no shift during the adsorption
process occurs. The deformation energy is defined as the
change in energy of the polysulfide's most stable gas phase
geometry to its adsorbed configuration. As this geometric
deformation is defined relative to the gas phase configuration,
this term is always positive. Finally, the interaction energy
change includes all other energetic effects involving inter-
actions between the polysulfide and the node. This energy is
negative. In Figure 4a, we see a positive relationship when the
interaction energy is plotted against the ionization energy of
alkali metal. This shows that sites with heavier alkali metals
with loosely held valence electrons lead to the most favorable
interactions between the node and the polysulfide. As shown in
Figure 4b, for any given polysulfide, the ionic radius of the
alkali metal and the deformation energy are positively
correlated. This trend shows that increases in the cation van
der Waals volume lead to geometric deformation of the
polysulfide and an associated increase in energy. This is the
opposite trend compared to that for the interaction energy,
which scales negatively with cation size. These competing
relationships show that while larger alkali metals cause more
unfavorable geometric deformations in the polysulfide, this is
compensated for by a more favorable interaction between the
polysulfide and the node.

Charge Transfer Analysis. To further explain why certain
lithium polysulfides adsorbed more favorably than others and
why alkali cation functionalization decreases polysulfide
adsorption energy for liquid polysulfides, we analyzed electron
density transfer and Hirshfeld partial charges of lithium
polysulfide and open site atoms. Figure 5 shows electron

Table 1. Adsorption Energies of Lithium polysulfides to the
Open Site and to Alkali Metal Functionalized Sites

ΔEads (eV)

n (Li2S2n) open Li Na K Rb

1 −2.75 −2.82 −2.74 −2.73 −2.70
2 −1.65 −2.34 −2.27 −2.19 −1.98
3 −1.48 −2.33 −2.45 −2.42 −2.27
4 −1.96 −2.79 −2.85 −2.85 −2.81
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density transfer plots for Li2S4 and Li2S6 adsorption to the
open site and Li site. These plots show transfer of electron
density arising from the interactions between the lithium
polysulfide and the UiO-66 node. Both plots show increased
electron density around the Li atoms originating from the
polysulfide and decreased density around O and H atoms in
the node. The main difference between the two diagrams is the
volume of increased electron density between Linode and the
sulfur ring that is present in Figure 5b,d but not in Figure 5a,c.
This is visual evidence of sulfur rings promoting electron
transfer from the node to Mnode. This volume of increased
electron density under the sulfur ring is only present when
adsorbed to an alkali metal functionalized site.
We used charge analysis to show why Li2S adsorbs more

favorably than other lithium polysulfides. Hirshfeld charges are
listed in Figure 5. Based on our charge analysis data, we
distinguish two different sulfur atom types: α-sulfur is sulfur

atoms that are nearest-neighbor to lithium, whereas β-sulfur is
nearest-neighbor to other sulfur atoms. The average partial
charge of lithium decreases from +0.40 to +0.27 e, and the α-
sulfur partial charge increases from −0.81 to −0.36 e. As shown
in Figures 6a,b, Li2S has significantly more charge transfer than
the other polysulfides. Li2S2, the next most favorably adsorbing
lithium polysulfide, also has significant charge transfer. Lithium
partial charges decrease from +0.40 to between +0.27 and
+0.22 e when adsorbed. It should be noted that in Figure 6b,
the average α-sulfur partial charge for Li2S2 adsorbed to the
open site is larger than the partial charges adsorbed to the
alkali metal sites. The difference in α-sulfur partial charges
leads to Li2S2 adsorbing more favorably to the open site than
to any alkali metal functionalized site. Figure 5c shows that β-
sulfur has negligible charge transfer (on the order of 0.05 e),
showing that charge transfer predominantly occurs proximal to
lithium for all polysulfides.
The partial charge of cations exchanged on the node (Figure

6d) can explain the increased energetic favorability of liquid
polysulfide adsorption to alkali metal sites compared with the
open site. Without adsorbates, cation sites have a large positive
partial charge, while the remainder of the node has a large
negative partial charge. The largest changes in both partial
charges occur during the adsorption of Li2S6 and Li2S8, both of
which have large negative ΔΔE values (Table 1). This leads to
the proposed mechanism by which alkali metal functionaliza-
tion increases adsorption favorability of liquid polysulfides:
long sulfur rings energetically stabilize the exchange alkali
atoms upon adsorption by allowing electron transfer from the
negatively charged node into the positively charged alkali
metal. Longer sulfur chains permit the reorganization of charge
at alkali exchange sites, which stabilizes the adsorption energy
of the liquid polysulfides.

Electrolyte Adsorption. We calculated electrolyte adsorp-
tion energies to determine whether competitive adsorption
would occur at open sites or cation-exchanged sites. A
common electrolyte used in Li−S cells is 1 M LiTFSI in 1:1,
v:v DOL/DME.25 We calculated the adsorption energies of
DOL, DME, and the TFSI− anions to the open site and the Li
site and found that their adsorption free energies are weaker
than those of all polysulfides by at least 0.64 eV for open sites
and 0.94 eV for Li exchange sites. DOL, DME, and TFSI−
adsorption energies are shown in Table S1. These data indicate
that polysulfides preferentially adsorb to defect sites at the
node compared to the electrolyte solution.

Figure 4. (a) Adsorption energy change of polysulfide geometric deformation during adsorption to cation-exchanged nodes against cation first
ionization energy. (b) Adsorption energy change of lithium−polysulfide interaction energy during adsorption to cation-exchanged nodes against
the cation ionic radius.

Figure 5. Electron density change isosurface plots (red: +0.0012 e−,
blue: −0.0012 e−) for (a) Li2S4 adsorption to the open site, (b) Li2S4
adsorption to the Li site, (c) Li2S8 adsorption to the open site, and
(d) Li2S8 adsorption to the Li site.
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■ CONCLUSIONS
In this study, we demonstrated through ab initio simulations,
UV−vis, and 7Li NMR that missing linker defects in UiO-66
act as an anchor for adsorbing liquid lithium polysulfides. The
open sites favorably adsorb lithium polysulfides through both
Li−O and μ3-OH electrostatic interactions with sulfur. We
demonstrated that lithium polysulfides favorably adsorb to the
open site, also driven by Li−O interactions, and that replacing
hydrogen with alkali metal Li−Rb improves the adsorption
energy of long-chain (Li2S4−8) lithium polysulfides. Alkali
cations at the open site are energetically favorable, and we
demonstrated that polysulfide adsorption to the alkali metal
sites is dominated by alkali−sulfur charge interactions. These
interactions lead to a transfer of electron density from the node
to the sulfur ring, stabilizing charge on the node and increasing
the energetic favorability of adsorption. The conclusions that
lithiation stabilizes long-chain polysulfides were supported by
UV−vis and 7Li NMR adsorption experiments performed on
Zr polyoxometalates and Zr-MOF, UiO-66. Finally, we
demonstrated that common electrolytes do not compete with
lithium polysulfides for adsorption to open and lithium
functionalized sites.
These results show that defect engineering of MOFs with

cation-exchange sites can anchor liquid polysulfides as a
possible mechanism to prevent polysulfide shuttling in
lithium−sulfur batteries, and that node functionalization
provides an avenue for tuning electrostatic interactions,
thereby modulating polysulfide adsorption.
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