
RESEARCH ARTICLE
www.advenergymat.de

Synergistic Effect of Bimetallic MOF Modified Separator for
Long Cycle Life Lithium-Sulfur Batteries

Rameez Razaq,* Mir Mehraj Ud Din, Didrik Rene Småbråten, Volkan Eyupoglu,
Saravanan Janakiram, Tor Olav Sunde, Nima Allahgoli, Daniel Rettenwander,
and Liyuan Deng*

Severe polysulfide dissolution and shuttling are the main challenges that
plague the long cycle life and capacity retention of lithium-sulfur (Li-S)
batteries. To address these challenges, efficient separators are designed and
modified with a dual functional bimetallic metal-organic framework (MOF).
Flower-shaped bimetallic MOFs (i.e., Fe-ZIF-8) with nanostructured pores are
synthesized at 35 °C in water by introducing dopant metal sites (Fe), which
are then coated on a polypropylene (PP) separator to provide selective
channels, thereby effectively inhibiting the migration of lithium polysulfides
while allowing homogeneous transport of Li-ions. The active sites of the
Fe-ZIF-8 enable electrocatalytic conversion, facilitating the conversion of
lithium polysulfides. Moreover, the developed separator can prevent dendrite
formation due to the uniform pore size and hence the even Li-ion transport
and deposition. A coin cell using a Fe-ZIF-8/PP separator with S-loaded
carbon cathode displayed a high cycle life of 1000 cycles with a high initial
discharge capacity of 863 mAh g−1 at 0.5 C and a discharge capacity of
746 mAh g−1 at a high rate of 3 C. Promising specific capacity has been
documented even under high sulfur loading of 5.0 mg cm−2 and electrolyte to
the sulfur ratio (E/S) of 5 μL mg−1.
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1. Introduction

The ever-increasing dependence on
portable/rechargeable energy sources
and the urgent need for energy storage
for renewable energy and the green
transition has triggered a rapid devel-
opment in battery technologies with
long life, high-energy density, materials
sustainability, and safety.[1] Currently,
the rechargeable battery market is dom-
inated by lithium-ion batteries (LiBs).
However, after more than three decades
of development, the LiBs are facing
fundamental limitations in terms of
energy density, safety, and cost. For
example, electric vehicles still need
to further upgrade the energy den-
sity to improve the driving range to
at least 1000 km.[2] Hence, there is a
tremendous effort to develop battery
technologies that can meet this demand.

In this scenario, lithium-sulfur
(Li-S) batteries are considered a

ground-breaking technology because they have five times the the-
oretical specific capacity (1675 mAh g–1) of LiBs with high spe-
cific energy density (2600 Wh kg–1).[2b] However, a long-standing
issue that hinders the practical implementation of Li-S batter-
ies is the dissolution of intermediate polysulfides in organic
electrolytes. These polysulfides migrate unimpededly through
a highly porous separator (e.g., Celgard) toward the Li-anode,
where they are further reduced on the Li-metal anode to form
insoluble Li2S/Li2S2, resulting in loss of active material and pas-
sivation of Li-metal anode.[3] Furthermore, the formation of the
Li-dendrites due to uneven dissolution/deposition of Li may lead
to internal short circuits and, consequently, explosion, which is a
typical risk in lithium-based batteries.[3–4]

One of the well-accepted strategies to tackle the challenges
to improve the performance of Li-S batteries has been to im-
mobilize sulfur and polysulfides within a sulfur cathode, which
is typically achieved by physically confining them in conduc-
tive carbon hosts as a cathode material.[5] However, the non-
polar carbon could not hold the polar polysulfides for a long
time, leading to poor electrochemical performance.[6] Therefore,
different kind of sulfur hosts has been designed to chemically
confine the sulfur and polysulfides, such as conductive doped

Adv. Energy Mater. 2024, 14, 2302897 2302897 (1 of 11) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

http://www.advenergymat.de
mailto:rameez.razaq@ntnu.no
mailto:liyuan.deng@ntnu.no
https://doi.org/10.1002/aenm.202302897
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202302897&domain=pdf&date_stamp=2023-11-21


www.advancedsciencenews.com www.advenergymat.de

carbon-based materials,[7] transition metal sulfides,[8] oxides,[9]

single-atom catalysts,[10] and MXenes.[11]

Various strategies have also been taken to reduce or prevent
the formation of Li-dendrites, such as by employing Li-metal al-
loys and artificial solid electrolyte interface (SEI) layers,[12] but
not simultaneously. The synthesis of these materials usually in-
volves a complex, high-temperature synthesis process involving
expensive and toxic reagents. Therefore, it is desired to develop
sustainable materials in a more cost-effective route for Li-S batter-
ies that can simultaneously suppress the shuttling of polysulfides
and lithium dendrite formation.

An intuitive solution to prevent polysulfide dissolu-
tion/shuttling and uneven deposition of Li-ions in Li-S batteries
is to introduce a selective membrane, or separator, between the
electrodes. In this regard, metal-organic frameworks (MOFs)
can be a promising candidate due to their unique “size effects”
on multiple molecular and ionic guests.[13] The unique sieving
capability of MOF-based materials[14] inspired us to redesign it
as an active separator for Li-S batteries with the multifunction
of blocking and catalytic conversion of soluble polysulfides to
prevent shuttling in rechargeable Li-S batteries.[15] The uniform
sized MOFs also allow even and free transport of Li-ions. Previ-
ous studies have used various MOFs in modified separators,[16]

but it is not sufficient to block polysulfides by the specific pore
size of MOF material alone. In this regard, introducing a 2nd
active metal site as an electrocatalyst for electro-catalytically
converting the blocked or adsorbed polysulfides into active
materials may be an effective solution.

Herein, we report a dual functional bimetallic three dimen-
sional (3D) MOF-based separator designed specifically for Li-S
batteries, which is expected to selectively block and convert poly-
sulfides while providing even transport of Li-ions. ZIF-8 was se-
lected as the parental MOF to construct the Fe-doped ZIF-8 (Fe-
ZIF-8) to prepare the bimetallic MOF as the separator material
because its 3D channel structure contains highly ordered mi-
cropores with pore sizes of ≈3.4 and ≈10Å,[17] which is signifi-
cantly smaller than the diameters of intermediate chain length
of lithium polysulfide;[18] thus, it is well suited for blocking poly-
sulfides. At the same time, the dopant Fe sites are anticipated
as an efficient electrocatalyst for the adsorption and conversion
of polysulfides. Owing to the unique structural design, the Li-S
batteries with Fe-ZIF-8 coated polypropylene (PP) as separators
deliver the specific capacity even at a high current rate. Further-
more, it exhibits the extraordinary capacity retention of 92% after
100 cycles at 0.1 C with a high areal sulfur loading of 3.6 mg cm−2

and a low electrolyte/sulfur (E/S) ratio of 10 μL mg−1. It is worth
mentioning that the synthesis process of Fe-doped ZIF-8 is en-
vironmentally benign and cost-effective, using H2O as the only
solvent and synthesizing at merely 35 °C.

2. Results and Discussion

The flower shape 3D Fe-ZIF-8 was prepared by a one-step solu-
tion phase synthesis method using binuclear Fe and Zn paddle
and methylimidazole linkers in H2O at 35 °C (Figure 1a; Figure
S1, Supporting Information). The structural integrity of ZIF-8
and Fe-ZIF-8 was demonstrated by the powder X-ray diffraction
(PXRD) (Figure 1b). The PXRD clearly shows that the peak inten-
sity of the Fe-ZIFs decreased slightly as compared to those of the

parent ZIF-8, suggesting the loss of crystallinity during the metal
exchange from Zn2+ to Fe2+, which might be due to the octahe-
dral coordination of Fe (II) into tetrahedral coordination.[19] Fur-
thermore, a noticeable transformation in color from white (ZIF-
8) to light brown (Fe-ZIF-8) was observed (insets of Figure 1b).

The morphology of the Fe-ZIF-8 was observed by scanning
electron microscope (SEM). SEM images disclose that Fe-ZIF-8
exhibited incomplete formation of a flower-like structure when
it was synthesized for 12 h (Figure S2, Supporting Information).
However, it was found that more and more micro-sized flowers
appeared when the reaction time increased, accompanying the
significant decrease of irregular nanoplates, especially when the
time was increased to 24 h (Figure 1c,d). The energy dispersive
X-Ray (EDX) mapping of the Fe-ZIF-8 shows the presence of dif-
ferent elements (such as Zn, N, C, and Fe) (Figure 1e–h). Detailed
structural characteristics of Fe-ZIF-8 have been extensively stud-
ied and are available in the literature.[17b,c,20] The parental ZIF-8
also shows a similar 3D flower-like structure with many ZIF-8
nanoplates, as can be seen in Figure S3 (Supporting Informa-
tion).

Since the primary objective of developing the modified sepa-
rator in the current work is to eliminate the polysulfide shuttling
to improve the electrochemical performances in Li-S batteries,
the modified separator should be able to block the shuttling of
polysulfides and electro-catalytically convert the captured poly-
sulfides, and also provide enough space for free transport of salt,
solvents, and Li-ions across the separator. The structure and mor-
phology of the separator were studied with respect to their effects
on the transport properties of polysulfides and Li-ions. The dig-
ital images of the modified separator demonstrate that the PP
separator is fully covered with Fe-ZIF-8 (Figure 1i). The Fe-ZIF-8
separator was twisted twice, but it has the ability to hold its initial
shape, which implies that Fe-ZIF-8 is firmly bound to the separa-
tor and possesses high mechanical stability with sufficient flexi-
bility (Figure 1j-l). The thickness of the coated layer on the sep-
arator was only ≈8 μm (Figure 1m). Furthermore, SEM images
of the pristine PP separator (Figure S4, Supporting Information)
and the Fe-ZIF-8/PP separator (Figure 1n) were performed. The
PP separator contains a porous structure with pores in a wide
range of up to several hundreds of nanometers, which allows
the penetration of polysulfides dissolved in the electrolyte, while
the SEM images of the Fe-ZIF-8 coated separator clearly show
that the separator is fully coated with the Fe-ZIF-8 (Figure 1n).
This coating is aimed to provide the pore structure and func-
tionality that block polysulfides. The uniformly sized pores in-
side the MOFs should also prevent lithium dendrite formation.
Thermal shrinkage of the separator is a significant factor in the
safety characteristics of the battery. Unlike commercial separa-
tors, the Fe-ZIF-8 separator is exceptionally thermally stable and
does not shrink when subjected to heating, e.g., up to 150 °C
(Figure 1o–r). This superior thermal tolerance could prevent in-
ternal electrical short circuits at elevated temperatures during cell
cycling.

Firstly, Li||Li symmetric cells were employed to evaluate the
polarization effect by using PP, ZIF-8/PP, and Fe-ZIF-8/PP sep-
arators. The Li electrode with the PP separator exhibits a high
initial overpotential (72 mV) at a current density of 0.5 mA cm−2

and an areal capacity of 1 mA h cm−2. The Li electrode with
the ZIF-8/PP separator shows a lower overpotential (38 mV).
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Figure 1. Schematic illustration for the preparation of Fe-ZIF-8 a). XRD pattern of ZIF-8 and Fe-ZIF-8 b), SEM images and EDX mapping of the Fe-ZIF-
8 c–h). Digital images of Fe-ZIF-8 coated separator i), single and double folded j,k), and recovered l). Thickness measurement of the coated layer of
Fe-ZIF-8 on PP m), SEM image of Fe-ZIF-8 coated on PP n). Thermal stability test of Fe-ZIF-8/PP and PP at room temperature and 150 °C (o-r).

However, the Fe-ZIF-8/PP battery delivers the minimum polar-
ization (36 mV) (Figure 2a). Likewise, symmetric cells with the
Fe-ZIF-8/PP separator also show steady polarization vibrations
with increased current densities from 1 to 10 mA cm−2 under
an areal capacity of 1 mA h cm−2 (Figure 2b,c). The voltage hys-
teresis of the symmetrical cell with the PP separator started to

increase ≈700 h (Figure S5, Supporting Information), which is
probably due to the growth of Li dendrites and the consump-
tion of electrolytes. Figure 2d shows the ultra-long-term cycling
performance of a symmetric cell with a Fe-ZIF-8/PP separator,
which performed stably for more than 4000 h with a low volt-
age hysteresis. All these results confirm that the Fe-ZIF-8/PP
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Figure 2. Li plating/stripping performance in symmetric cells with PP, ZIF-8/PP, and Fe-ZIF-8/PP separators at different current densities with an areal
capacity of 1 mA h cm−2 a), the enlarged voltage profiles of PP, ZIF-8/PP, and Fe-ZIF-8/PP separators at the current densities of 1–4 mA cm−2 b), the
enlarged voltage profiles of PP, ZIF-8/PP, and Fe-ZIF-8/PP separators at the current densities of 4–10 mA cm−2 c), and the Li plating/stripping behavior
with an area capacity of 1 mA h cm cm−2 at 0.5 mA cm−2 ≈4000 h d). Schematics illustration of Li deposition on an electrode through a PP separator
and through MOF channels (e). SEM images of Li anodes with PP separator f,g) and Fe-ZIF-8 protected PP separator h,i).

separator can promote uniform Li stripping and plating, which
is highly desirable for the long-term cycle stability of the battery.

The effect of the Fe-ZIF-8/PP separator on promoting the uni-
form deposition of Li-ions is demonstrated by the surface evolu-
tion of the Li metal. The inhomogeneous Li-ion flux from the PP
separator causes the overgrown Li dendrites due to the absence
of uniform nanochannels, which also triggers the slow transport
speed (Figure 2e). Benefitting from the ordered porous structure
of Fe-ZIF-8, the homogeneous Li-ion flux from the Fe-ZIF-8/PP
separator facilitates uniform Li plating on the Li electrode sur-
face (Figure 2e). To reveal the role of Fe-ZIF-8/PP in the Li plat-
ing/stripping process, the surface morphologies of the plated Li
after 1000 h cycles were examined by SEM. The surface of Li

metal with a conventional PP separator presents cluttered Li den-
drites (Figure 2f,g), but that with the Fe-ZIF-8/PP separator still
maintains a smooth surface (Figure 2h,i), indicating a more ef-
fective function of the Fe-ZIF-8/PP separator in suppressing the
growth of lithium dendrites.

High permeation resistance toward soluble polysulfides is
critical for modified separators in Li-S batteries (Figure 3a). In
this regard, the permeation experiment was conducted by us-
ing the H-type cell to examine the polysulfide permeation across
the separators (Figure 3c,d). The polysulfide solution (0.1 m
Li2S6) was added to the left side, and the blank electrolyte
was introduced into the right side of the cell. The polysulfide
permeation for the PP, ZIF-8/PP, and Fe-ZIF-8/PP modified
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Figure 3. Schematics of the polysulfides permeation by PP and MOF modified separators a), polysulfide permeation test with PP separator, ZIF-8/PP
separator, and Fe-ZIF-8/PP separator at different times c,d).

separator was investigated under similar conditions for differ-
ent periods of time. For the PP separator, polysulfides diffuse to
the right side of the H-cell quickly after 10 min, while for ZIF-
8/PP, polysulfides diffused after 3 h, implying a poor capability
of the highly porous PP separator in preventing the migration of
polysulfides (Figure 3b,c). In contrast, the Fe-ZIF-8/PP separator
demonstrates significant improvement in blocking the polysul-
fides. Even after 12 h, the polysulfide migration is still negligi-
ble, showing the superior polysulfide blocking capability of the
Fe-ZIF-8/PP separator (Figure 3d). The permeation experiment
was conducted for an extended time (24 h). As can be seen from
Figure S6 (Supporting Information), only a nearly neglectable
amount of polysulfide leakage was found toward the blank elec-
trolytes. Nevertheless, during the charge/discharge, polysulfide
conversion is expected to be more efficient during the cycling of
cells, where only a controlled amount of polysulfides is formed

in comparison to the permeation test with a flood of polysulfide.
Therefore, such a small leakage is not a concern for the Li-S bat-
tery. The polysulfide permeability test confirms that the Fe-ZIF-
8/PP separator has the ability to mitigate the shuttling of polysul-
fides (Figure 3d).

To provide further insight into the performance of the Fe-ZIF-
8 modified separator, we have calculated the adsorption energies
for relevant polysulfides in the sulfur reduction reaction (SRR)
on the (001) surface using density functional theory (DFT) cal-
culations (Figure 4a,b). Since Fe-segregation to the surface is not
yet understood, we have investigated the effect of Fe present on
the surface by varying the surface Fe content.

The (001) surface is formed by cleaving the metal(M)-N
bonds,[21] resulting in an undercoordinated metal cation on the
surface. The polysulfides are anchored to the surface by bond-
ing between S anion and the undercoordinated metal cation
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Figure 4. Illustration of the atomistic configurations of the ZIF-
(Zn1-x,Fex)−8 (0 0 1) surface and S8 and Li2Sn (n = 8, 6, 4, 2, 1) along
the SRR reaction path a), and calculated binding energies for the different
adsorbates as a function of surface Fe-content x in ZIF-(Zn1-x,Fex)−8, b).
Here, a positive binding energy implies a favorable binding interaction.

(Figures S7–S16, Supporting Information). All adsorbates except
Li2S are further stabilized by binding two S to two opposite metal
cation sites. The resulting M-S bond lengths are in the range of
2.3–2.4 Å, which is comparable to the bulk Zn-N bond length of
2.0 Å. The polysulfides could, in principle, be anchored to the
surface through Li-N bonding, as reported for 2D-MOFs.[22] This
is, however, prohibited on the ZIF-8 (001) surface due to steric
hindering. Note that chains of polysulfides have been reported to
be anchored to the surface through M-S and O-Li bonds for an
M-MOF (M = Ni, Co) with a comparable surface configuration to
our system.[23] Here, we focus on the most commonly reported
ring-like polysulfides only.

The binding energies for the different adsorbed polysulfides
with varying surfaces’ Fe contents are plotted in Figure 4b. The
binding energies for S8 and Li2Sn (n = 8, 6, 4) range from 3.52 to
5.10 eV, suggesting a strong anchoring effect. The binding energy
for Li2S2 ranges from 1.09 to 1.59 eV, suggesting a weaker anchor-
ing effect, while the binding energies for Li2S are negative and
suggesting no anchoring effect. It is worth noting that the bind-
ing energies for Li2S2 and Li2S are comparable to those for S8 and
Li2Sn (n = 8, 6, 4) when using isolated molecules in vacuum as
reference states (see Figures S16,S17, Supporting Information).
To highlight the effect of Fe-substitution on the energetics, we
first focus on the two endmembers, i.e., the fully Zn- and Fe-
covered surfaces (x = 0.00 and x = 1.00, respectively). We find
no significant difference in the adsorption energies for the two
end members. Thus, Fe-substitution alone cannot explain any
observed changes in permeation. This is also in agreement with
observations for M2(dobdc) (M = Fe, Zn) MOFs in literature.[24]

The substitution of Zn with Fe gives only subtle changes in the
surface structure, reasoned from the comparable ionic radii of
Zn2+ and Fe2+ of 0.60 and 0.63, respectively. The comparable ad-
sorption energetics could therefore be explained by similar sur-
face structures. Interestingly, the intermediate compositions x =

0.25 and x = 0.50 show comparable energies that lie 0.2–0.5 eV
lower in energy relative to the end members. Since the optimized
configurations are comparable for all compositions, this suggests
that there might be some systematic effect by having both cations
on the surface of the adsorption energetics. We note that aliova-
lent substitution in, e.g., Al/Cu-MOFs has been reported to give
significant surface reconstruction.[25] Fe can, in principle, pos-
sess multiple different oxidation states. However, we can safely
assume that iron is in the Fe2+ oxidation state as for the bulk Fe-
analogue of ZIF-8 (denoted MUV-3).

Common for all compositions investigated is that the poly-
sulfides strongly bind the surface, with relatively subtle changes
in adsorption energetics with respect to Fe-content. Hence,
the changes in permeation with Fe-substitution (Figure 3a–d;
Figure S8, Supporting Information) cannot be explained solely by
changes in adsorption properties. Additional effects should also
be investigated, i.e., bulk diffusion, rotation of the imidazolate
rings,[26] and catalytic behavior; these will require further and ex-
tensive calculations in a separate theoretical study. A recent study
on bulk Zn-ZIF-8, Mg-ZIF-8, and Fe-ZIF-8[26] suggested that Fe-
ZIF-8 could allow for catalysis of reactions that require the direct
involvement of the metal, such as the reactions on the electrode
surfaces studied here.

The catalytic effects of the ZIF-8 and Fe-ZIF-8 electrodes were
conducted on the redox conversion of polysulfides by cyclic
voltammetry (CV) of symmetric cells within a Li2S6-containing
electrolyte. Two pairs of distinct and highly reversible redox peaks
(I, II, III, and IV) appeared for the battery with Fe-ZIF-8 counter
and reference electrodes at −0.3 V, −0.02 V, 0.3 V, and 0.02 V, re-
spectively (Figure 5a). Since upon polarization, it is assumed that
in the anodic scan, Li2S6 was reduced to lower order polysulfides
(Li2S2/Li2S) at the working electrode (peak I), while oxidized to
S on the counter electrode. In the anodic scan on the working
electrode, Peak II shows the formation of Li2S6 by oxidation of
Li2S2/Li2S. Likewise, on the working electrode, peaks III and IV
are identical in appearance to peaks I and II, showing the oxi-
dation of Li2S6 to S and the reduction of S to Li2S6, respectively.
Henceforth, the peaks at −0.3 V/0.02 V and −0.02 V/0.3 V were
paired redox features of the symmetric cell. The overall reactions
are summed up in Figure S17 (Supporting Information).[27]

In contrast, in the symmetric cells with ZIF-8 electrodes, redox
peaks with broad features were detected. The dramatic increase
in the current densities of Fe-ZIF-8-containing symmetric cells
indicates that dopant Fe sites accelerate the catalytic conversion
of polysulfides.

To further evaluate the catalytic transformation of sulfur
species in a full cell, the electrochemical performance of Li-S bat-
teries was investigated using PP, ZIF-8/PP, and Fe-ZIF-8/PP sep-
arators with Li as the anode and S-CNT/GO as the cathode (Figure
S18, Supporting Information). The CV curves of Li-S batteries
with PP, ZIF-8/PP, and Fe-ZIF-8/PP separators were examined
under the voltage window of 1.7–2.8 V at a scan rate of 0.1 mV s−1.
Figure 5b shows two distinct reductions; peaks I and II are as-
signed to the conversion of S8 molecule to high-order soluble
polysulfides and their further transformation to Li2S2 and Li2S.
The oxidation peaks (III and IV) corresponded to the conversion
of Li2S2 and Li2S to the sulfur molecule. However, the CV curve
of Fe-ZIF-8/PP showed two sharp redox peaks, i.e., the signifi-
cant negative move of the oxidation peak and the positive move
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Figure 5. Electrocatalytic conversion of sulfur species. CV curves of the symmetric cells with the ZIF-8/PP and Fe-ZIF-8/PP electrodes in electrolytes with
from −1.4 to 1.4 V a), CV profiles b), peak voltages c), and onset potential d), of the Li-S batteries based on PP, ZIF-8/PP, and Fe-ZIF-8/PP. Galvanostatic
charge/discharge profiles e) and QH and QL capacities for the Li-S batteries based on PP, ZIF-8/PP, and Fe-ZIF-8/PP.

of the reduction peak, suggesting the reducing polarization and
much better electrocatalysis, while the well-echoed peaks indicate
the reversible electrochemical reactions that occurred in the elec-
trode materials.[28] Furthermore, the variations in peak voltages
and onset potentials for the reduction and oxidation peaks were
obtained from CV. Figure 5c,d clearly shows the increase in ca-
thodic peak intensities and a decrease in the anodic peaks for Fe-
ZIF-8/PP in comparison with ZIF-8/PP and PP, suggesting the
efficient conversion of the polysulfides, namely, electrocatalytic
effects.

Electrochemical polarization was studied for Fe-ZIF-8/PP,
ZIF-8/PP, and PP separators to further confirm the improved
conversion of polysulfides. As shown in Figure 5e, the discharge
plateaus of Li-S with Fe-ZIF-8/PP are flatter, along with a higher
discharge and charge capacity. Moreover, Fe-ZIF-8/PP shows less
voltage hysteresis (∆E = 0.16 V) compared with ZIF-8/PP (∆E
= 0.21 V) and PP (∆E = 0.30 V). In the galvanostatic discharge
curves, QH corresponds to the high discharge plateaus, and QL
corresponds to the low discharge plateaus for the conversion re-

action of the polysulfides. The QH and QL for Fe-ZIF-8/PP, ZIF-
8/PP, and PP cell configurations are presented in Figure 5e,f.
The Li-S battery with Fe-ZIF-8/PP displays the highest specific
capacity for QH and QL compared with ZIF-8/PP and PP cells
(Fe-ZIF-8/PP: QH: 378, QL: 658; ZIF-8/PP: QH: 210, QL: 545; PP:
QH: 344, QL: 334 mAh g−1). The high discharge capacity values
for QH and QL confirm that the electrocatalytic conversion of the
polysulfides improved the utilization of active material. Further-
more, the oxidation of Li2S back to sulfur during battery charging
is highly important in accomplishing high reversible capacity.[29]

Compared with ZIF-8/PP (2.34 V), Fe-ZIF-8/PP considerably re-
duces the height of the potential barrier to 2.29 V (Figure S19,
Supporting Information). The lower potential barrier in the case
of Fe-ZIF-8/PP separator suggests that the charge transfer resis-
tance and overpotential are reduced to a great extent.

These experimental results show a clear improvement in
the electrocatalytic behaviors for the Fe-doped ZIF-8. To fur-
ther study the effect of the Fe-content in the ZIF-8 on the sul-
fur SRR activity, we have calculated the reaction energies for

Adv. Energy Mater. 2024, 14, 2302897 2302897 (7 of 11) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202302897 by N
tnu-H

else M
idt, W

iley O
nline L

ibrary on [02/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 6. Energy-storage properties of the Li-S batteries with different separators. Long-term cycling performance of the Li-S batteries at 0.5 C a), The rate
capability at different current densities b), Discharge and charge profiles at different Crates for Li-S batteries with ZIF-8/PP and Fe-ZIF-8/PP separators
c,d), comparison of the voltage hysteresis for PP and ZIF-8/PP, Fe-ZIF-8/PP separators, and f) Cycling performance of Li-S batteries with Fe-ZIF-8/PP
separators with a sulfur loading of 2.5 mg cm−2 and b) 3.6 mg cm−2.

each elementary reaction step in the SRR as a function of the
surface Fe-content. The energy diagrams are shown in Figure
S20 (Supporting Information). Note that the energy diagrams
are evaluated from the ground state energies of the reactants
and products in each elementary reaction. This simplified ap-
proach will only provide a minimum value for the energy bar-
rier for each elementary reaction step. To properly determine
the electrocatalytic behavior, it would be necessary to calculate
the minimum energy paths for intermediate atomic configu-
rations along the elementary reaction steps. This requires fur-
ther in-depth theoretical studies beyond the scope of the present
work.

The Li-S batteries with PP and ZIF-8/PP, Fe-ZIF-8/PP separa-
tors, S-CNT/GO cathode, and Li anode were assembled into 2032-
type coin cells, and their long-term cycling performances were
evaluated. As shown in Figure 6a, Fe-ZIF-8/PP exhibits 865 mAh
g−1 discharge capacity, ending with 409 mAh g−1 after 1000 cycles
with a Coulombic efficiency of ≈100% at 0.5 C. The capacity fad-
ing in the initial 200 cycles can be associated with the release of
sulfur from the cathode architecture due to volume expansion
during cell discharge, which is a well-known phenomenon in Li-
S batteries, leading to lower sulfur utilization due to accumula-
tion of dead or non-conducting sulfur because of contact loss with
conductive carbon. In contrast, Li-S batteries of ZIF-8/PP and PP

Adv. Energy Mater. 2024, 14, 2302897 2302897 (8 of 11) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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showed lower initial capacities (683 and 466 mAh g−1), endings
with 249 and 167 mAh g−1 after 1000 cycles, and Coulombic effi-
ciency of 100%. (Figure S21, Supporting Information). Further-
more, rate capability was measured at different current rates (C-
rates) to confirm the reversibility of the specific capacity. The bat-
tery with the PP separator showed dramatic capacity decay at dif-
ferent C-rates (Figure 6b). At 0.3 C, the initial capacity can reach
up to 763 mA h g−1 for the ZIF-8 separator. On cycling at var-
ied C-rates, namely 0.5 C, 1 C, 2 C, and 3 C, the capacities re-
mained at 737, 664, 603, and 494 mA h g−1, respectively. When
the current density was switched back to 0.5, the capacity reverted
to 640 mA h g−1, showing 0.36% capacity decay per cycle. In
contrast, the Li-S battery with Fe-ZIF-8 separator demonstrated
much better performance (1036 mA h g−1 at 0.3 C). On cycling at
0.5 C, 1 C, 2 C, and 3 C, the capacities remained at 903 mAh g−1,
830 mA h g−1, 785 mA h g−1, and 746 mA h g−1, respectively. Fi-
nally, the capacity returned to 882 mA h g−1 at 0.5 C, while the
capacity decay was merely 0.06% per cycle. In addition, discharge
and charge voltage curves at various C-rates for selected cycles are
shown in Figure 6c,d and Figure S22 (Supporting Information).
All the discharge curves of Li-S batteries with Fe-ZIF-8 separa-
tors demonstrate two plateaus. Most importantly, the discharge
curves show that even at 3C, the values of QH and QL were high
and clearly visible with the lowest voltage hysteresis for Fe-ZIF-8,
but the discharge and charge plateaus with the ZIF-8, and par-
ticularly with the PP separator, are not obvious at 3 C. Moreover,
the voltage hysteresis for ZIF-8 and PP are quite high with the
increase of the current rate compared with Fe-ZIF-8 (Figure 6e).
Most importantly, cell performance was measured at 50 °C, con-
firming the best cycling performance at elevated temperatures
(Figure S23, Supporting Information).

For the commercialization of Li-S batteries, addressing the
challenge of achieving high sulfur loading is crucial. Up to now,
most of the researchers could gain high capacity and long cycle
life when under low areal sulfur loadings <1.0 mg cm−2 while
using a high amount of electrolyte. In the current work, to deal
with this problem, the areal sulfur loading was increased from 2.5
to 5.0 mg cm−2 by fabricating a thick electrode. The Li-S batter-
ies with 2.5 mg cm−2 areal sulfur loading and electrolyte to the
sulfur ratio of 10 μL per mg of sulfur exhibited a 603 mAh g−1

discharge capacity, ending with 555 mAh g−1 after 100 cycles at
the Coulombic efficiency of ≈100% with 92% capacity retention
(Figure 6f; Figure S24, Supporting Information). Similarly, with
an areal loading of 3.6 mg cm−2, Li-S batteries with Fe-ZIF-8/PP
showed a 92% capacity retention after 33 cycles (Figure 6g; Figure
S25, Supporting Information). Furthermore, areal loading of sul-
fur was increased to 5.0 mg cm−2, and the electrolyte to sulfur
ratio was reduced to 5 μL mg−1. Surprisingly, without engineer-
ing the cathode structure, Li-S battery with Fe-ZIF-8/PP separator
could deliver capacity around 517 mAh g−1 at 0.05 C (Figure S26,
Supporting Information). Henceforth, the developed dual func-
tional bimetallic 3D MOF-based separator containing active func-
tional sites is an effective approach to selectively block and con-
vert the dissolved polysulfides and efficiently reduce the lithium
dendrite formation, resulting in improved overall battery perfor-
mance.

To prove the stability of coated separators, the cycled cell is dis-
assembled (disassembling was performed inside the glove box),
and the separator was removed and washed with DME solvent.

After subsequent drying at 50 °C in the glove box, the digital im-
age and SEM-EDS of the separator of the separator has shown
an intact MOF coating, which confirms the mechanical stability
of the separator during cycling (See Figure S27, Supporting In-
formation). While EDS analysis of modified separator toward the
anode side clearly shows the neglectable amount of polysulfides
migration (Figure S28, Supporting Information).

For the readers’ convenience, the performance data of the Li-S
batteries with Fe-ZIF-8 coated separator in this work and similar
battery systems published in leading journals are summarized in
Table S1 (Supporting Information). Li-S batteries with a coating
thickness of only 8 μm of Fe-ZIF-8 on PP separator shows the ca-
pacity decay of merely 0.05% per cycle after 1000 cycles at 0.5 C.
Furthermore, the sustainability of the material in terms of syn-
thesis strategy, temperature, and capacity retention at high areal
loading are compared in Table S2 (Supporting Information).

3. Conclusion

A novel, cost-effective 3-D bimetallic Fe-ZIF-8 modified separator
with designed functionalities was developed to selectively block
and convert the dissolved polysulfides while sieving Li-ions in Li-
S batteries. Remarkably higher catalytic activity was observed for
the conversion of polysulfides by the Fe-doped ZIF-8 compared
to the parent ZIF-8. Meanwhile, incorporating Fe (II) centers into
the ZIF framework dramatically improved the specific capacity
and rate capability. The Li-S battery using Fe-ZIF-8/PP separa-
tor displays a high cycle life of 1000 cycles and exhibits a high
initial capacity of 863 mAh g−1 at 0.5 C and 746 mAh g−1 at 3 C.
Furthermore, the Fe-ZIF-8/PP separator delivers desirable sulfur
electrochemistry even under the relevant conditions of high sul-
fur loading and lean electrolyte. At the same time, Li||Li symmet-
rical cell with Fe-ZIF-8/PP separator exhibited outstanding cy-
cling performance at a high current density of up to 10 mA cm−2.
These encouraging results validated the unique sieving capabil-
ity of the Fe-ZIF-8/PP separator with the synergistic effects of
blocking and catalytic conversion of soluble polysulfides to pre-
vent shuttling in rechargeable Li-S batteries while allowing free
and uniform transport of Li-ions. Furthermore, it also sheds light
on the development of 3-D bimetallic MOF-based materials as
modified separators for other metal-sulfur battery applications.

4. Experimental Section
Synthesis of Bimetallic ZIF-8 and Fe-Doped ZIF-8: ZIF-8 was synthe-

sized following the following steps:

1) Dissolving the ZnSO4•7H2O (575 mg) in 30 mL of water and 1.314 g
of 2-Methylimidazole in 30 mL of water in another beaker.

2) Stir the solutions for several minutes at room temperature and add
the metal solution into the solution of 2-Methylimidazole followed by
continuously stirring for 24 h at 35 °C.

3) The white precipitate in the beaker was collected by centrifugation,
washed with DI water, and dried for 12 h at 70 °C. The Fe-doped
ZIF-8 was synthesized by the same method, however, FeSO4•7H2O
(46.3 mg) was also added to the aqueous solution of ZnSO4•7H2O in
step 1. The subsequent steps are the same as with ZIF-8. The obtained
samples were labeled as ZIF-8 and Fe- ZIF-8.
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Fabrication of Modified Separator: ZIF-8 and Fe- ZIF-8 modified sepa-
rators were engineered by coating the slurry containing ZIF-8 and Fe-ZIF-
8, Super P, and PVDF onto the Celgard 2400. Briefly, the slurry was pre-
pared by mixing Fe- ZIF-8, Super-P, and PVDF in NMP in a weight ratio of
75:15:10, respectively, and ball milled in a sealed Teflon jar for ≈40 min.
The obtained slurry was cast onto a Celgard 2400 separator and dried at
60 °C for 12 h. After drying, the modified separator was punched into a
round shape with a diameter of 19 mm.

Preparation of Sulfur Electrodes: Sulfur was loaded in CNT/GO (1:1)
by the conventional melt-diffusion method. In brief, sulfur powder and
CNT/GO were thoroughly mixed by grinding and then sealed in a glass
vial. The glass vial was then transferred inside the autoclave and heated
at 155 °C for 12 h. The slurry for the cathode was fabricated by mixing S-
CNT/GO powder (90 wt.%) with a PVDF binder (10 wt.%) using NMP as
the solvent. The obtained slurry was then cast onto carbon-coated Al foil
by the doctor’s blade and dried at 60 °C for 12 h to prepare electrodes.
Finally, the electrodes were cut into 12 mm discs. The areal sulfur loading
in the resultant cathode is in the range of 1–5.0 mg cm−2.

Electrochemical Measurement: Common CR2032-type coin cells were
assembled inside an argon-filled glovebox consisting of a sulfur cathode,
MOF-modified Celgard separator, and a Li foil anode. The electrolyte con-
tained 1 M LiTFSI and 0.1 m LiNO3 in 1:1 (v/v) 1,2-dimethoxyethane
(DME) and 1,3-dioxacyclopentane (DOL). For comparison, the coin cell
with the pristine separator was also prepared. The charge/discharge volt-
age range was 1.7–2.8 V. The rate performance was also tested by varying
the current density from 0.1 to 3 C (1 C = 1675 mA g−1). The CV tests were
performed on an electrochemistry workstation (SP-300) at a scan rate of
0.1 mVs−1.

Assembly of Li2S6 Symmetric Cells: Li2S6 symmetric cells were assem-
bled by using identical electrodes working simultaneously as the anode
and the cathode. The slurry for the electrode was made by mixing ZIF-8
and Fe-ZIF 8, super P with PVDF in NMP with a mass ratio of 8:1.1 us-
ing a ball mill for 40 min, and then the slurry was coated on the Al foil
and dried at 60 °C for 24 h. Finally, prepared electrodes were punched into
12 mm discs. Two identical electrodes as the cathode and anode were as-
sembled into a 2032-coin cell with Li2S6 electrolyte and Celgard separator.
The electrolyte containing Li2S6 was prepared by dissolving Li2S and S with
a molar ratio of 5:1 in DM/EDOL under continuous stirring for 12 h. The
electrolyte also contained 0.15 mol L−1 LiNO3 and 0.50 mol L−1 LiTFSI.
CV was performed on an electrochemical workstation. CV was performed
at a scan rate of 1 mV s−1 in a voltage window from −0.14 to 0.14 V.

Materials Characterization: XRD patterns were recorded on Bruker
AXS D8 ADVANCE (from 2005) X-ray Diffractometer with CuK𝛼 radia-
tion and a Våntec-1 SuperSpeed detector using 40 kV as tube voltage and
40 mA as tube current. The morphology of the samples was investigated by
S(T)EM, (Hitachi High-Tech SU9000) mode equipped with field emission
scanning electron microscopy. TGA (Netzsch TG209F1) was performed to
determine the weight ratio of the components in the samples.

Density Functional Theory Calculations: DFT calculations were per-
formed using the projector augmented wave (PAW) as implemented in
VASP.[30] The calculations were carried out with a plane-wave cutoff en-
ergy of 550 eV and an electronic convergence criterion of 10–5 eV. C (2s,
2p), H (1s), N (2s, 2p), Zn (4s, 3d), Fe (4s, 3p, 3d), S (3s, 3p), and Li (1s,
2s) were treated as valence electrons. The PBE+U[31] functional with U =
4 eV applied to Fe 3d was used, benchmarked to the density of states calcu-
lations on bulk ZIF-8 and Fe(II) analogue to ZIF-8 (denoted MUV-3) using
HSE06 (see Figures S13,S14, Supporting Information).[32] The neighbor-
ing Fe-sites were anti-ferromagnetically coupled. Long-range interactions
were described by the DFT-D3 method.[33] The (0 0 1) surface was mod-
elled by a 276 atoms thick slab, where the 4 bottom atomic layers were
fixed during structural optimization. The periodic images were separated
by a 25 Å vacuum region, including dipole corrections to reduce spurious
interactions. Adsorption was modeled on the c(1×1) surface. The refer-
ences for S8 and Li2Sn (n = 8, 6, 4) were modelled as isolated molecules
in vacuum in a 20×20×20 Å simulation box, while the references for Li2S2
and Li2S were modelled by their solid phases.[34] Atomic positions were
relaxed until the residual forces on all atoms were below 0.05 eV Å–1. The
binding energies were calculated by EB = EMOF+ELiP-Eads, where EMOF are

the energies for the clean MOF surfaces, ELiP the reference energies for the
lithium polysulfides, and Eads the energies for the adsorbed systems.[22b]

The overall SRR S8 + 16Li+ + 16e− → 8Li2S was modelled by the following
elementary reaction steps.[22b]

∗S8 + 2Li+ + 2e− → ∗ Li2S8 (1)

∗ Li2S8 → ∗ Li2S6 +
1
4

S8 (2)

∗ Li2S6 → ∗ Li2S4 +
1
4

S8 (3)

∗ Li2S4 → ∗ Li2S2 +
1
4

S8 (4)

∗ Li2S2 → ∗ Li2S + 1
8

S8 (5)

where * refers to an adsorbed species on the surface.
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Supporting Information is available from the Wiley Online Library or from
the author.
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