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ABSTRACT

The elaborate design of functional separators is considered as an effective and
economical approach to accelerate the conversion of sulfur species and inhibit
shuttling effect of soluble lithium polysulfides (LiPSs). This work chooses ZIF-67
and HsPW;(V504-30H,0O (PW1(V5,) as the precursors to construct MOF/POM
composite by electrostatic interaction as the modified material of separator in
lithium—sulfur (Li-S) batteries. ZIF-67 with suitable size window of micropores
functions as a physical barrier to hinder polysulfides shuttling, while lithium
ions can flow freely across the modified separator. Furthermore, PW;,V, pre-
sents firm chemical anchoring for LiPSs and displays excellent catalytic activity
for polysulfides, which is conducive to preventing the soluble polysulfides from
reaching lithium anode and kinetically facilitating sulfur redox reaction kinetics.
Consequently, Li-S cells with ZIF-67/PW;oV,-modified functional separators
display an initial discharge capacity of 1637.6 mAh g~ under 0.2 C. After 120
cycles, superior reversible capacities of 1054.6 mAh g~' under 0.5 C and 802.7
mAh g~ under 2 C can still be maintained.
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Introduction

Lithium-sulfur (Li-S) batteries with superior theo-
retical specific capacity, environmental-friendliness
and low cost are the hopeful next-generation energy
storage systems [1-3]. However, the practical appli-
cation of Li-S batteries is plagued by many technical
bottlenecks; especially, the shuttle effect induced by
dissolution of the lithium polysulfides (LiPSs) leads
to sluggish redox kinetics and worse sulfur utiliza-
tion [4-6]. Actually, the generated polysulfides can
spread from cathode to anode, and polysulfides are
reduced to insoluble Li,S [7]. Therefore, utilizing a
functional interlayer between separator and sulfur
cathode to hinder shuttling is a feasible strategy
[8-10].

The metal-organic frameworks (MOFs) are com-
posed of metal ions and organic ligands [11-13],
which are a kind of porous materials developed
recently and have been employed as host matrixes for
sulfur cathode (such as MIL-101, ZIF-8 and MOF-525)
[14-16]. However, the skeleton gradually degrades
during long time cycling and is unable to restrain
soluble polysulfides. Besides, insulating nature of
MOFs and sulfur also hampers their success. Nota-
bly, the use of MOFs with highly ordered pores and
large surface area in Li-S cells as modified materials

of separator may be a suitable choice [17-19]. The size
window of micropores in MOFs can be regulated to
ensure the free migration of lithium ions, but prevent
the transfer of polysulfides. Therefore, MOFs-modi-
fied separator is expected to establish a reliable
physical barrier to mitigate severe shuttle effect of
polysulfides [20]. Note that although MOFs with
suitable pore size have the blocking effect on poly-
sulfides, the slow redox kinetics of sulfur species
during cycling cannot be conquered, which has cer-
tain limitations to meet the practical requirement
[21, 22].

Polyoxometalates (POMs) are a type of anionic
clusters connected by shared oxygen atoms to form
well-defined cluster frameworks, which display the
feasibility of efficient catalysts in biomass oxidation
and photocatalysis [23, 24]. Moreover, because POMs
have the ability of rapid redox reaction and trans-
ferring multiple electrons on per molecule, they have
become the potential electrode materials for green
energy devices [25, 26]. Interestingly, POMs have
been found that they can immobilize polysulfides
and accelerate transfer of soluble high-order Li,S,
(4 < x < 8) to LiyS,/Li,S, thus the reaction kinetics of
polysulfides is extremely enhanced [27]. According to
previous reports [28, 29], it can be concluded that
W-containing POMs present appropriate redox
potentials, which cover the range of equilibrium
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potentials of sulfur redox reactions, and thus is more
conducive to enhancing the electrochemical property
of Li-S batteries [30].

Given these observations, this work chooses Hj.
[PW12040]lxH,O (PW15), HiPW11VOy0-8H,O (PW1,V),
and H5PW10V2040'30H20 (PW10V2) as POMs as well
as ZIF-67 as MOF precursor to construct the MOF/
POM composites used as modified materials of sep-
arator, in which POMs are tightly and uniformly
attached to the surface of ZIF-67 by electrostatic
attraction. ZIF-67 exhibits highly ordered micropores
with a size window of 0.34 nm, which is remarkably
smaller than molecular size of LiPSs, so it is ideal to
obstruct polysulfides as a physical barrier. Moreover,
PW;,V, with strong chemisorption ability and cat-
alytic activity can further inhibit shuttle effect as well
as enhance the redox kinetics of LiPSs. Li-S cells with
ZIF-67 /PW;oyV,-modified separators obtain a supe-
rior initial discharge specific capacity of 1637.6 mAh
g_1 under 0.2 C. Meanwhile, it can reach up to 1054.6
mAh g~ under 0.5 C and still retain 802.7 mAh g~
under 2 C upon 120 cycles.

Experimental section
Preparation of ZIF-67

2.5 mmol Co(NO3),-6H,O and 19.8 mmol
2-methylimidazole were added into 120 mL metha-
nol under magnetic stirring, respectively. Afterward,
mixing the above solutions quickly and stirring for
another 24 h. The as-synthesized product was
washed several times with distilled water and
methanol by centrifugation. Finally, the resulting
products were dried at 80 °C.

Synthesis of MOF/POM composites

One hundred milligrams of pre-prepared ZIF-67 was
added into 40 mL methanol under magnetic stirring
at 40 °C for 12 h, denoted as solution A. Sixty mil-
ligrams of PW;,, PW;;V and PW;,V, was added in
40 mL methanol solution, respectively, denoted as
solution B. Subsequently, the mixed solution (in-
cluding A and B) was transferred to Teflon-lined
stainless steel autoclave and heated under 100 °C for
6 h. Finally, the obtained products were washed
several times with distilled water and methanol by
centrifuge separation and dried under 70 °C. Three

@ Springer

J Mater Sci (2022) 57:19946-19956

final products were marked as ZIF-67/PW,,, ZIF-67/
PW1,V and ZIF-67/PW,,V,, respectively.

Synthesis of MOF/POM-modified separator

MOF/POM composites, Super P and polyvinylidene
fluoride (PVDF) were added in N-methyl-2-pyrro-
lidinone (NMP) at a mass ratio of 7:2:1 under vigor-
ous stirring to generate a uniform slurry, which was
then coated on pristine Celgard 2500 (PP) separator.
The obtained functionalized separator was dried
under 50 °C. Finally, modified functional separators
were cut into discs with a diameter of 16 mm. The
mass loading of modified material in separator was

0.43 mg cm 2.

Results and discussion

Figure S1 shows that ZIF-67 with the diameter size of
400 nm presents the regular dodecahedron structure.
Afterward, PW;,, PWy;V and PW;,V, are evenly
distributed on the surface of ZIF-67 via electrostatic
attraction by one-step hydrothermal treatment, and
the resulting composites are marked as ZIF-67/PW5,
ZIF-67/PW1;V and ZIF-67/PWy,V,, respectively.
Morphology and structure of three MOF/POM
composites are presented via SEM and TEM (Fig. 1la—
). One can see that the skeleton of ZIF-67 is etched to
a certain extent during hydrothermal treatment due
to the strong acidity of POMs, while three MOF/
POM composites still maintain a relatively complete
skeleton structure. In Fig. 1d—f, one can see from
FTIR that the main peak positions of POMs and ZIF-
67 do not change significantly after hydrothermal
treatment. The characteristic peaks at 1579, 1430,
1139, 993 and 424 cm™! correspond with C =N, -
CHj;, C-N, N-H and Co-N groups of ZIF-67; mean-
while, peaks at 1078, 956, 890 and 827 cm ™! are in
accord with P-O,, W = O4, W-O,—W and W-O W
groups of POMs [15, 16, 31]. These results confirm the
successful combination of POMs and ZIF-67, which is
in correspondence with XRD patterns (Fig. S2). To
visually explore trapping effect of three MOF/POM
composites toward polysulfides, adsorption experi-
ments of Li,S¢ solutions is carried out in parallel
(Fig. 1g). After being adsorbed by the ZIF-67/
PWyV,, the solution changes from a dark brown to
almost colorless, and the adsorption capacity of
MOF/POM composites is in the following order: ZIF-
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Figure 1 SEM images of a ZIF-67/PWi,, b ZIF-67/PW,V and
¢ ZIF-67/PW 1V, (the inserts are TEM images); FTIR spectra of
d ZIF-67/PW,, e ZIF-67/PW;V and f ZIF-67/PW,,V,; g Optical
observation of Li,Ss solution adsorbed by ZIF-67/PW, (I), ZIF-

67/PW1oV, > ZIF-67/PW11V > ZIF-67 /PW3,, demon-
strating more firm anchoring of PW;,V, toward
polysulfides. Based on the analysis of the super-
natant, an obvious peak at approximately 280 nm
appears in the UV-Vis spectra before adsorption
(Fig. S3). The peak intensity significantly weakens

38

Binding energy (eV)

40 517 518 519 520

Binding energy (eV)

2 515 516
67/PW 1,V (I) and ZIF-67/PW oV, (I11); XPS analysis of ZIF-67/
PW 0V, and ZIF-67/PW 4V, + LiSe: h W 4f spectra and i V 2p
spectra.

when Li,S¢ solution is adsorbed by MOF/POM.
Particularly, ZIF-67/PW,,V, presents the weakest
absorption peaks, which further indicates the strong
adsorption capacity of PWV,.

Moreover, XPS tests are utilized to investigate the
chemical interactions between LiPSs and ZIF-67/
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PW,,V, adsorbent [25]. For pristine ZIF-67/PW;(V,,
two fitted peaks at 35.8 eV and 37.6 eV are in accord
with W 4f;,, and W 4f5,, of W (VD) (Fig. 1h), and the
fitted peaks at 516.9 eV and 519.6 eV agree well with
V 2ps/2 and V 2p; 5 of V (VD) (Fig. 1i). Note that the
spectra peaks of W 4f and V 2p shift to the lower
binding energies after interacting with Li,Se¢ [12],
while no significant change is found for Co 2p and
P 2p spectra (Fig. S4), confirming that the adsorption
behavior of LiPSs is mainly caused by PWy,V,
[7, 15, 22, 32]. For S 2p spectra of ZIF-67/PW,Va.
+ Li,Se (Fig. S5), the double peaks at 161.7 eV and
162.0 eV correspond with the terminal sulfur (St) of
Li,Se, the double peaks at 163.0 eV and 163.9 eV are
related to the bridging sulfur (Sg) of Li,Se, and other
two double peaks at high binding energies are in
accord with thiosulfate and polythionate, respec-
tively. Note that the spectra peaks positively shift by
0.13 eV for Sg and 0.43 eV for St compared to the
bare Li;Se, confirming the strong chemical capture of
ZIF-67/PW;oV, toward LiPSs [22, 33]. Nitrogen
adsorption/desorption tests are performed to further
confirm the texture properties of ZIF-67/PW;,V,, as
shown in Fig. S6. The BET surface area is estimated to
be 1171 m” g '. Additionally, the pore size of
approximately 1.1 nm is determined, featuring a
superior micropore property.

Subsequently, the designed MOF/POM compos-
ites as modification layers are scraped onto surface of
separators. Taking ZIF-67/PW;,V, as an example,
ZIF-67/PW;oV, coating thickness is approximately
5.4 um (Fig. 2a). No visible crack can be found on the
surface of separator in the folding process, suggesting
the excellent structural flexibility and ruggedness
(Fig. 2b). The element mappings prove that C, Co, N,
P, W, V and O elements are uniformly dispersed on
separator (Fig. S7), which is in accord with the dark-
field STEM image and EDX mapping (Fig. S8).
Meanwhile, the XRD result of ZIF-67/PW¢V,-mod-
ified separator agrees well with the XRD pattern of
ZIF-67/PW;oV, (Fig. S9), suggesting the stable exis-
tence of ZIF-67 and PW,(V, after coating process. The
contact angle tests are carried out by dripping elec-
trolyte on the pristine PP separator and ZIF-67/
PW,V,-modified separator (Fig. S10). Obviously, the
contact angle of ZIF-67/PW,V,-modified separator
is smaller than that of PP separator, illustrating the
ZIF-67/PW;oVo-modified separator with rich voids
greatly increases the wettability of electrolyte, which
is beneficial to reduce the interface concentration
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Pristine PP

ZIF-61/PWy,V, ZIF-67/PW,,V

r

Figure 2 a The cross section and b the top surface SEM images
of ZIF-67/PWoV,-modified separator (the insert shows the
folding process of ZIF-67/PWyV,-modified separator); ¢ The
penetration test with the pristine PP separator, ZIF-67/PW1,, ZIF-
67/PW 1,V and ZIF-67/PW,V,-modified separators at different
time.

gradient during lithium ions transmission. Li,Se
solution penetration test is performed by a H-type
cell configuration. One can see from Fig. 2c that 0.1 M
Li,Se solution (left) and bare DME/DOL (1:1 in vol-
ume) solvent (right) are separated by different sepa-
rators. The pristine PP separator undergoes severe
Li,Sg penetration, and the DME/DOL solvent renders
a yellow—brown color after 12 h. As expected, Li,S¢
penetration is effectively suppressed by MOF/POM-
modified separators; especially, only a slight color
change is observed for the DME/DOL electrolyte in
the right chamber using ZIF-67/PW;oV,-modified
separator after 12 h.

Li-S batteries with MOF/POM-modified separator
and S/KB cathode are assembled to test electro-
chemical property. Morphological feature of S/KB is
measured by SEM (Fig. S11), and sulfur loading in
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cathode material is 68.6 wt% (Fig. S12). Figure 513
shows CV curves of cells with ZIF-67/PW1,-, ZIF-67/
PW;;V- and ZIF-67/PW;oV,- modified separators
ranging from 1.7V to 28V at a scan rate of
0.1 mV s~'. Two obvious discharge platforms at
2.23 V and 2.01 V correspond with reduction of sul-
fur to long-chain LiPSs and further reduction to solid
LiS,/Li,S. Charge plateau at 2.43 V is consistent
with the oxidation of Li,S,/Li,S to long-chain poly-
sulfides as well as final formation of sulfur [34]. The
initial charge/discharge voltage curves of ZIF-67/
PW15-, ZIF-67 /PW1,V- and ZIF-67/PW;oV,-modified
separators under 0.2 C are presented in Fig. 3a.
Clearly, compared with ZIF-67/PWj, (1509.6 mAh
g~ 1) and ZIF-67/PW;;V (1550.8 mAh g™ '), the ZIF-
67/PW;oVo-modified separator possesses the supe-
rior discharge capacity of 1637.6 mAh g™ ' (this value
is close to theoretical specific capacity of the sulfur
cathode). In addition, ZIF-67/PW;,V,-modified sep-
arator displays a lower polarization value of 116 mV
than that of ZIF-67/PW;;V (161 mV) and ZIF-67/
PWi, (208 mV), suggesting decreased voltage hys-
teresis and fast redox reaction kinetics of cells based
on ZIF-67/PW1,V,. Figure 3b exhibits galvanostatic
discharge/charge experiments of ZIF-67/PW;,V,-
based cells at current densities of 0.2-2 C. It delivers
reversible capacities of 1637.6, 1502.6, 1290.5 and
1071.5 mAh g~ under 02 C, 0.5 C, 1 C and 2 C,
respectively, showing outstanding electrochemical
performance. Furthermore, cycling performance of
Li-S cells with MOF/POM-modified separators is
performed at current densities of 0.2 C (Fig. 3c). ZIF-
67/PW;oVo-modified separator delivers an excellent
reversible capacity of 1149.7 mAh g~ ! after 120 cycles.
However, the reversible capacities of ZIF-67/PW;,V-
and ZIF-67/PW,-modified separators drastically
decline to 979.6 mAh g ' and 946.3 mAh g~ in the
120th cycle. As current density raises to 0.5 C
(Fig. 3d), initial discharge capacity of 1502.6 mAh g~*
is obtained for ZIF-67/PW;,V,-modified separator
and is still remained at 1054.6 mAh g~' upon 120
cycles. In contrast, ZIF-67/PW1,V- and ZIF-67/PW15-
modified separators display poor performances with
reversible capacities of 962.8 mAh g~ ' and 910.3 mAh
g ' in the 120th cycle. To testify cycling stability at
higher discharge rates [35], we cycle cells with ZIF-
67/PW;oVo-modified separator at 1 C and 2 C
(Fig. 3e, f). As expected, it can reach up to
876.5 mAh g~ ' at 1 C and still maintain 802.7 mAh
g~ under 2 C after 120 cycles. Figure S14 shows the
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comparison of rate capability of cells with three
MOEF/POM-modified separators. Clearly, ZIF-67/
PW,oV,-modified separator delivers the superior
discharge capacities of 1636.5, 1262.2, 1081.8, 956.8
and 7852 mAh g~ ' at different current densities of
02C,05C,1.0C,2.0Cand 3.0 C, respectively. When
the current density decreases back to 0.2 C, the dis-
charge capacity can recover to 1254.6 mAh g~'. Fur-
thermore, the comparison of electrochemical
performance of cell with ZIF-67/PW;oV,-modified
separator and other modified materials reported in
the previous literatures is listed in Table S1. Out-
standing electrochemical property demonstrates high
sulfur utilization by the ZIF-67/PW,V, as a physical
barrier, and PW;,V, with effective catalytic activity
and strong capture ability for LiPSs is more beneficial
to accelerate redox kinetics of sulfur species during
discharge/charge process [36].

Moreover, the morphology characterization of
lithium anode after 50 cycles at 1 C is recorded
(Fig. S15). The surface of lithium anode presents the
obvious sulfur species for the cell with bare PP sep-
arator. Fortunately, there is no obvious sulfur species
when the separators are modified by three MOF/
POM composites, confirming that MOF/POM mate-
rials can prevent polysulfides from reaching the
lithium anode, especially ZIF-67/PW1,V,. To further
illustrate the structure and component of ZIF-67/
PW,V, composites upon cycling, the electrochemical
cell with ZIF-67/PW;oV,-modified separator is dis-
assembled in the argon-filled glovebox. It can be seen
from Fig. 516 that the morphology and structure of
ZIF-67 /PW{yV, are almost maintained. FTIR, XRD
and XPS results show the stable existence of ZIF-67
and PW;,V, during the repeated charging and dis-
charging (Fig. 517 ~ S19).

To further explore diffusion behavior of lithium ion
in the electrode materials, CV measurements with
different scan speeds are recorded (Fig. 4a-c).
Lithium ion diffusion coefficient is calculated via
Randles-Sevcik equation [20]:

I, = 2.69 x 10°n°2AD2 12

A is geometric area of cathode, D represents
lithium ion diffusion coefficient, I, represents peak
current, n refers to electron number, C represents
lithium ion concentration, and v refers to scan rate.
There is a linear relationship for I, and v'/2, and
resulting slope is related to lithium ion diffusion

@ Springer
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Figure 3 a Initial galvanostatic charge/discharge profiles of ZIF-
67/PW -, ZIF-67/PW,; V- and ZIF-67/PWoV,-modified
separators at 0.2 C; b initial galvanostatic charge/discharge
of ZIF-67/PW,oV,-modified current

profiles separator  at

ability. As displayed in Fig. 4d, one can see that the
cell with ZIF-67/PW,oV,-modified separator exhibits
the highest slopes among the three samples, sug-
gesting that PW;oV, can facilitate catalytic effect for
polysulfides conversion and decrease lithium ion
transfer barrier. EIS is performed to obtain a more
thorough insight into electrochemical behaviors of
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densities from 0.2 C to 2 C; cycling performance of ZIF-67/
PWi,-, ZIF-67/PW;; V- and ZIF-67/PW,V,-modified separators
atc02C,d05C, el Candf2C.

cells with MOF/POM-modified separators (Fig. 5a),
and the corresponding equivalent circuit diagram is
illustrated in Fig. 520. Obviously, ZIF-67/PW;,V,-
modified separator presents a lower charge transfer
resistance (38 Q) compared with ZIF-67/PW;V (59
Q) and ZIF-67/PW, (67 Q), suggesting the enhanced
electrochemical kinetics. Warburg coefficient, which
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is the slope of the plot between Z' with o '/
(o = 2mnf), also proves excellent lithium ion transfer
efficiency due to PW;,V, catalytic action (Fig. 5b).

Besides, we utilize GITT with both transient and
steady-state tests to detect reaction resistance evolu-
tion of «cells with three MOF/POM-modified
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Figure 6 The working
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separators (Fig. 521), which is performed by applying
current pulses under 0.1 C for 20 min followed by a
120-min relaxation process. Charge-discharge reac-
tion resistances could be analyzed by dividing over-
potential with pulse current [37]. As expected, ZIF-
67/PWyoVo-modified separator displays the lowest
reaction resistances in charge/discharge processes
(Fig. 5c and d), demonstrating the cell with ZIF-67/
PWyV, presents the excellent electrical conductivity.
As a consequence, ZIF-67/PW3V, as both catalyst
layer and barrier layer can prompt the sluggish
reaction kinetics of Li-S conversion and prevent
polysulfides from shuttling to the lithium anode.

Based on the above discussion, ZIF-67/PWiyV,»
composite as the modified material of separator in
Li-S batteries presents obvious advantages, which
are mainly due to the following points (as illustrated
in Fig. 6): (1) PWyyV, is tightly and uniformly
attached to the surface of ZIF-67 by electrostatic
attraction, ensuring the structural stability and syn-
ergetic effect of composite; (2) ZIF-67 with suit-
able size window of micropores acts as a reliable
physical barrier to obstruct polysulfides migration,
while lithium ions can flow freely across the ZIF-67/
PW,yV,-modified separator; (3) PWV; presents firm
chemical affinity and efficient catalytic activity
toward polysulfides, which is beneficial to prevent
the soluble polysulfides from reaching lithium anode
and kinetically accelerate redox reaction of sulfur
species during cycling.

Conclusion

This work proposes an available strategy to construct
MOEF/POM-modified separator, aiming to enhance
cycling stability as well as reversible capacity of Li-S

@ Springer

cell. ZIF-67 with suitable size window of micropores
could function as a reliable physical barrier to
restrain polysulfides shuttling, but allow flexible
migration of lithium ion. Significantly, PW;oV, com-
bined the merits of excellent catalytic activity and
firm adsorption ability plays an essential role in
refraining loss of active sulfur material and facilitat-
ing redox kinetics of sulfur species. Consequently,
the assembled cell with ZIF-67/PW;oV,-modified
separator achieves an increased specific capacity and
outstanding rate performance. This study affords a
feasible idea to manufacture functional separator
based on the MOF/POM composites for Li-S batter-
ies with remarkable performance. Meanwhile, this
research may be spread to other energy systems as
well as furnish creative insights into design of elec-
trode materials.
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