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ABSTRACT: Lithium−sulfur (Li−S) batteries are considered promising candidates for
next-generation energy storage devices because of their ultrahigh theoretical energy
density, low cost, and environmental friendliness. However, their practical application is
hindered by the shuttle effect of intermediate polysulfides and the sluggish redox kinetics
of sulfur cathodes. Herein, we designed and synthesized a 3D metal−organic framework
(MOF) by integrating azo-functionalized ligands with Lewis acidic zirconium (Zr)-oxo
clusters (namely, Zr-MTAC) and utilized it as a cathode host material for high-
performance Li−S batteries. Systematic experimental analysis and density functional
theory calculations confirmed that the introduced azo groups possess highly efficient
chemical adsorption ability for polysulfides and can serve as electron transport channels
to accelerate the redox kinetics of sulfur cathodes. Benefiting from the synergistic effect
of azo groups and Zr-oxo clusters, Zr-MTAC promotes the catalytic conversion of
polysulfides, enhancing the sulfur utilization and cycling performance of Li−S batteries.
Consequently, the composite sulfur cathodes based on Zr-MTAC exhibit superior
cycling reversibility, exceptional cycling stability (∼700 mAh g−1 remaining capacity after 1000 cycles), and improved rate capability.
This work highlights the enormous potential of azo-functionalized MOF materials in developing energy storage devices, providing a
practical and feasible solution for high-performance Li−S batteries.

■ INTRODUCTION
The rapid growth of portable electronics and electric vehicles
has driven demand for high-energy-density storage systems,1−4

while traditional Li-ion batteries (LIBs) have suffered from
performance bottlenecks owing to the limited specific capacity
of conventional intercalation-type electrodes.5,6 Lithium−
sulfur (Li−S) batteries are recognized as among the most
promising energy storage devices, offering a considerable
energy density of 2600 Wh kg−1 due to the ultrahigh
theoretical specific capacity of the sulfur cathode (1675 mAh
g−1).7,8 However, several major technical issues still hinder the
practical application of Li−S batteries, including the insulating
nature of sulfur and Li2S, the “shuttle effect” caused by the
diffusion of soluble polysulfides, and large volume changes
during the lithiation/delithiation process. Consequently, state-
of-the-art Li−S batteries still suffer from low sulfur utilization,
unsatisfactory cycling lifespan, and sluggish reaction ki-
netics.1,8−10 Strenuous efforts have been devoted to resolving
these problems to enhance the performance of Li−S batteries,
mainly including the physical confinement of sulfur,11,12 the
design of polysulfide-adsorbing host materials,13−15 Li anode
modification for uniform deposition,16,17 and the development
of electrocatalysts to accelerate polysulfide conversion.18−23

While previous studies have made encouraging progress, it is

still challenging to rationally design cathodic host materials for
efficient Li−S batteries.
Metal−organic frameworks (MOFs) are crystalline porous

materials composed of metal ions or clusters and organic
ligands.24−27 MOFs are well-known for their remarkable
characteristics, including tunable compositions, high porosities,
and large surface areas. Owing to these physicochemical
properties, MOFs have attracted increasing attention for
various applications in the fields of gas storage and
separation,28−32 catalysis,20,33 electrochemical sensors,34 en-
ergy storage devices,35−37 and many other areas.38−40 Recent
studies have shown that MOFs can be precisely designed for
Li−S batteries due to their ordered porosity and stable
chemical environments.15,41−43 Compared with traditional
porous carbon/metal oxide host materials, the ordered pores
and abundant polar functional groups of MOFs enable efficient
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polysulfide capture via physical confinement and chemical
adsorption. However, despite the great potential of these
materials,12,44−46 there are still limitations in addressing the
aforementioned challenges of Li−S batteries. Therefore, new
MOF host materials with novel structures and unique
properties are needed to improve the Li−S battery perform-
ance.
Azo groups (−N=N−), as a vital functional group in

chemistry and materials science, have attracted significant
interest due to their remarkable properties, including redox
activity,47−50 photoisomerization,51,52 and Lewis basicity.53 In
particular, aromatic azo molecules have recently garnered
significant attention for their potential applications in
rechargeable batteries. However, these small azo molecules
tend to dissolve substantially in electrolytes and have inferior
electrical conductivity, leading to sluggish reaction kinetics and
rapid capacity fading.54−56 In this context, the construction of
azo-linked MOFs is expected to yield a novel class of
crystalline coordination polymers with fascinating properties.
From the perspective of MOF chemistry, incorporating azo
functional groups into MOFs can provide not only π-
conjugated electronic structures but also rich active sites,57

making them highly promising for energy storage applications.
Inspired by these advancements, we explore the potential of
azo-functionalized MOFs as host matrices to effectively
suppress the shuttling effect of polysulfides in Li−S batteries.
Herein, we report the design and synthesis of a 3D MOF,

named Zr-MTAC, by incorporating azo-functionalized ligands
with Zr-oxo clusters, which can serve as a sulfur host material
for high-performance Li−S batteries. Meanwhile, an isostruc-
tural MOF without azo groups, named PCN-521,58−60 was
synthesized as a control sample. The synthesized Zr-MTAC
can efficiently capture polysulfides through both physical
confinement and chemical adsorption, in which abundant azo

groups act as electron transport channels to facilitate charge
transfer during polysulfide conversion, thereby leading to
accelerated redox kinetics, improved Coulombic efficiency, and
enhanced cycling stability. Moreover, experimental analyses
and density functional theory (DFT) calculations demonstrate
that the synergistic effect of azo groups and Zr-oxo clusters can
effectively reduce the activation energy of polysulfide
conversion and accelerate the catalytic conversion of
polysulfides. Notably, the Li−S batteries assembled with Zr-
MTAC as the cathode host exhibit a higher reversible specific
capacity of 1115.6 mAh g−1 at 1.0 C, compared with 834.2
mAh g−1 for the PCN-521 control sample, and maintain a
specific capacity of 699.4 mAh g−1 even after 1000 cycles.
Moreover, the Zr-MTAC host for the cathode exhibits a
favorable rate performance with a specific capacity of 856.5
mAh g−1 at 4.0 C. These results demonstrate the great promise
of this strategy in promoting the practical application of Li−S
batteries.

■ RESULTS AND DISCUSSION
Synthesis and Characterizations. To investigate the role

of azo groups in Li−S batteries, we designed a Zr6-cluster-
based MOF by incorporating azo groups into its structure. In
this work, we synthesized a ligand featuring azo linkers,
namely, 4′,4″,4‴,4⁗-methanetetrayltetra(azobenzene)-4-car-
boxylic acid (MTAC). The synthetic route for MTAC is
detailed in Schemes S1 and S2 (Supporting Information), with
its structure confirmed by 1H and 13C nuclear magnetic
resonance (NMR) spectroscopy (Figures S1−S4). The
framework of Zr-MTAC was synthesized by reacting ZrCl4
with MTAC under solvothermal conditions in N,N′-
dimethylformamide (DMF) at 130 °C for 5 days. For
comparison, the previously reported PCN-521, constructed

Figure 1. Schematic representation of the design of MOFs. (a) 8-Connected Zr6 clusters. (b) 4-Connected 4′,4″,4‴,4⁗-methanetetrayltetra
(azobenzene)-4-carboxylic acid and 4′,4″,4‴,4⁗-methanetetrayltetrabiphenyl-4-carboxylic acid. (c) Crystal structures of Zr-MTAC and PCN-521
feature a flu topology.
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using 4′,4″,4‴,4⁗-methanetetrayltetrabiphenyl-4-carboxylic
acid (MTBC) ligand, was referenced.58,60 Single-crystal X-ray
diffraction revealed that Zr-MTAC crystallizes in tetragonal
space group I4/m (Tables S1 and S2). The asymmetric unit of
Zr-MTAC contains three-fourths of a Zr4+ ion, one-fourth of a
MTAC4− linker, one O2− ion, and two water molecules
(Figures S5−S7). Topologically, the [Zr6(μ3-O)8(O)8]8−

clusters functioned as 8-connected nodes (Figure 1a), while
the MTAC or MTBC tetrahedral ligands served as 4-

connected nodes (Figure 1b), forming MOFs with the 4,8-
connected flu topology (Figure 1c). The powder X-ray
diffraction (PXRD) patterns of Zr-MTAC and PCN-521
matched well with the simulated patterns derived from their
single-crystal structures, confirming the phase purity of the
bulk samples (Figure 2a). However, upon solvent removal, Zr-
MTAC could undergo gradual phase transition with peak
shifts, a phenomenon also reported for other similar Zr-MOFs
with flu topology.61 This flexibility was further supported by

Figure 2. Structural and compositional characterizations of Zr-MTAC and PCN-521. (a) Experimental and simulated PXRD patterns of Zr-MTAC
and PCN-521, respectively. (b) FT-IR spectra of Zr-MTAC, PCN-521, and the corresponding synthetic precursors. (c) Raman spectra of Zr-
MTAC, PCN-521, and the corresponding synthetic precursors. (d, e) TEM images of Zr-MTAC. (d) The inset shows a perfect coincidence
between the TEM-observed structure and the simulated structure of Zr-MTAC. (e) The inset shows the lattice fringes of Zr-MTAC. (f) SEM-EDX
mappings of Zr-MTAC and PCN-521. (g−i) High-resolution XPS spectra at (g) Zr 3d, (h) N 1s, and (i) C 1s regions of Zr-MTAC and PCN-521.
(j, k) PXRD patterns demonstrating the stability of (j) Zr-MTAC and (k) PCN-521.
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the PXRD patterns of fully activated Zr-MTAC, which showed
significant peak shifts compared with those of the as-
synthesized sample (Figure S8).
The successful construction of Zr-MTAC and PCN-521 was

further demonstrated by Fourier transform infrared (FT-IR)
spectroscopy. In the FT-IR spectra of the ligands MTAC and
MTBC, the strong peak at 1691 cm−1 corresponded to C=O
stretching in free COOH. For Zr-MTAC and PCN-521, the
strong absorption peaks at 1414 and 1410 cm−1 originated
from the coordinated COO− groups. Moreover, the appear-
ance of a vibration band at 1459 cm−1 was attributed to the
N=N stretching vibration, indicating the formation of azo
groups in Zr-MTAC (Figure 2b). To collect more evidence
about the N=N bonds in the framework structure, Raman
spectroscopy analysis was performed. The results of the Raman
spectra were consistent with the FT-IR findings, with the
appearance of a vibration band at 1459 cm−1 attributed to the
formation of N=N bonds, further confirming the presence of
N=N bonds in the Zr-MTAC structure (Figure 2c). The
structure of Zr-MTAC observed by transmission electron
microscopy (TEM) matched perfectly with its simulated

crystalline models, indicating that the as-synthesized material
precisely matches the theoretical framework design (Figure
2d). TEM imaging further provided clear visualization of the
long-range crystalline order in Zr-MTAC. The distinct lattice
fringes with a lattice spacing of 0.31 nm correspond to the
(101) plane (Figure 2e and Figure S9). Scanning electron
microscopy (SEM) characterizations revealed that both Zr-
MTAC and PCN-521 had a polyhedral morphology with the
size in the range of 100−150 μm. The corresponding energy-
dispersive X-ray (EDX) elemental mappings confirmed the
homogeneous distributions of Zr and N elements for Zr-
MTAC and Zr and O elements for PCN-521 (Figure 2f).
To explore the chemical compositions and valence states of

the samples, X-ray photoelectron spectroscopy (XPS)
measurements were performed (Figure S10a). Four character-
istic peaks located at 183.7, 285.1, 399.9, and 531.4 eV were
detected in XPS full spectra of Zr-MTAC, corresponding to
the Zr 3d, C 1s, N 1s, and O 1s peaks, respectively. The high-
resolution XPS spectra of Zr 3d showed two peaks
corresponding to Zr 3d3/2 and Zr 3d5/2. The higher binding
energy at 184.7 eV was assigned to Zr 3d3/2 of Zr-MTAC and

Figure 3. Electrochemical kinetics evaluations for Zr-MTAC and PCN-521 as the host materials of sulfur cathodes. (a) Comparison of CV curves
for Li2S6 symmetric batteries assembled with Zr-MTAC/CP and PCN-521/CP electrodes at 0.5 mV s−1. (b) Potentiostatic discharge profiles at
2.05 V and (c) charge profiles at 2.35 V for the Zr-MTAC/CP and PCN-521/CP electrodes. (d) Tafel plots of Li2S6 symmetric batteries assembled
with Zr-MTAC/CP and PCN-521/CP electrodes. (e) Shuttle current density curves of Li||S@Zr-MTAC and Li||S@PCN-521 batteries. The inset
shows a partial magnification of the shuttle current density curves. (f) CV curves of Li||S@Zr-MTAC and Li||S@PCN-521 batteries at 0.1 mV s−1.
(g, h) CV curves of (g) Li||S@Zr-MTAC and (h) Li||S@PCN-521 batteries at different scan rates from 0.1 to 0.5 mV s−1. (i) Comparison of the
linearly fitted slopes obtained by the CV peak currents vs the square roots of scan rates (v1/2) plots.
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PCN-521, whereas the peak at 182.3 eV corresponded to Zr
3d5/2 of Zr-MTAC and PCN-521 (Figure 2g). The high-
resolution XPS spectra of O 1s showed three peaks
corresponding to three chemical states of oxygen in Zr-
MTAC and PCN-521. The three peaks at 529.6 eV (OL),
531.3 eV (OV), and 533.1 eV (OC) were assigned to bridging
O2− (Zr−O−Zr), carboxylate oxygen (Zr-COO−), and
hydroxides (Zr−OH), respectively (Figure S10b).62,63 In the
N 1s XPS spectra of Zr-MTAC, two distinct peaks were
detected at 402.8 and 400.2 eV, in line with C−N and N=N
bonds, respectively, demonstrating the existence of azo groups
in the Zr-MTAC structure (Figure 2h). The C 1s XPS spectra
of Zr-MTAC could be coherently fitted by three major
characteristic peaks, which were assigned to 289.1 eV (O−
C=O), 285.6 eV (C−N), and 284.8 eV (C−C/C=C) (Figure
2i). These results collectively demonstrate the successful
synthesis of Zr-MTAC and PCN-521 with the desired
chemical compositions and functional group architectures.
The PXRD patterns of Zr-MTAC and PCN-521 after

immersion in various solvents and aqueous solutions with
different pH values (pH = 2, 7, and 12) exhibited well-
maintained crystallinity and agreed with the simulated patterns,
confirming their superior structural stability (Figure 2j, k).
Thermogravimetric analysis (TGA) of Zr-MTAC and PCN-
521 showed that both frameworks possessed excellent thermal
stability up to 300 °C (Figure S11). Therefore, the melt
diffusion method was employed to prepare sulfur-loaded MOF
composite materials (denoted as S@Zr-MTAC and S@PCN-
521), where sublimed sulfur was introduced into the MOF
pores through melting after mechanical mixing with the MOF
precursors (Figure S12). Furthermore, TGA measurements
confirmed that the sulfur contents of S@Zr-MTAC and S@
PCN-521 were 80.3 and 81.6%, respectively, which were
basically consistent with the expected 80% sulfur content in the
experiments (Figure S13). Additionally, PXRD patterns
revealed that the structural integrity of both the Zr-MTAC
and PCN-521 MOFs was well maintained after sulfur loading
(Figure S14). The intense characteristic peaks of S@Zr-MTAC
and S@PCN-521 were primarily attributed to sulfur,
illustrating the successful infiltration of sulfur. After sulfur
impregnation, the specific surface areas of S@Zr-MTAC and
S@PCN-521 composites decreased to 15.12 and 68.40 m2 g−1,
respectively, which further confirmed the successful loading of
sulfur in porous Zr-MTAC and PCN-521 (Figure S15).
According to the results of FT-IR and Raman spectra, the
structures of Zr-MTAC and PCN-521 remained unchanged
after sulfur loading, verifying the structural stability of Zr-
MTAC and PCN-521 (Figures S16 and S17). EDX elemental
mappings revealed the uniform distribution of sulfur in the
pores of Zr-MTAC and PCN-521 (Figure S18). The full XPS
spectra of the S@Zr-MTAC composite exhibited five
characteristic peaks corresponding to S, Zr, C, N, and O. In
the S 2p XPS spectra, the characteristic peaks at 163.6 and
162.5 eV were assigned to the S 2p1/2 and S 2p3/2 bands of
elemental sulfur, respectively. No changes in the chemical
compositions or valence states corresponding to the other
elements were observed via XPS analysis (Figure S19).
Kinetic Performance of Li−S Batteries. To investigate

the electrocatalytic activity of Zr-MTAC and PCN-521 for
polysulfide conversion, systematic electrochemical measure-
ments were conducted using Zr-MTAC- or PCN-521-loaded
carbon paper electrodes (denoted as Zr-MTAC/CP or PCN-
521/CP, respectively). Cyclic voltammetry (CV) measure-

ments of Li2S6 symmetric batteries with different carbon paper
electrodes were performed at a scan rate of 0.5 mV s−1 within
the voltage range from −1.0 to 1.0 V (Figure 3a). The Zr-
MTAC/CP symmetric batteries displayed a pair of prominent
redox peaks at ±0.48 V, corresponding to the reversible redox
reactions of Li2S6. It suggests that the azo groups in Zr-
MTAC/CP act as electron transport channels to accelerate
electron transfer. Furthermore, the Zr-MTAC/CP electrodes
demonstrated higher electrochemical reactivity in the poly-
sulfide conversion process than PCN-521/CP electrodes at
increased scan rates (Figure S20). Electrochemical impedance
spectroscopy (EIS) was used to assess the charge-transfer
kinetics at the electrode−electrolyte interfaces (Figure S21).
The Li2S6 symmetric batteries with Zr-MTAC/CP electrodes
exhibited a smaller charge-transfer resistance, indicating better
mass-transfer kinetics for the Zr-MTAC/CP electrodes.
The nucleation of Li2S was investigated through the

potentiostatic discharge profiles at 2.05 V (Figure 3b). Zr-
MTAC/CP electrodes displayed a higher peak current for Li2S
deposition (0.57 mA) compared to those of PCN-521/CP
electrodes (0.29 mA). The reduction current response time for
Li2S nucleation on the Zr-MTAC/CP electrodes (1830 s) was
much shorter than those on the PCN-521/CP electrodes
(3621 s). The dissolution behavior of Li2S was examined
through the potentiostatic charge at 2.35 V (Figure 3c). Zr-
MTAC/CP electrodes demonstrated a higher peak current
(1.63 mA) and an earlier oxidation current response (935 s)
for Li2S decomposition, indicating highly efficient polysulfide
conversion on Zr-MTAC/CP electrodes.64,65 The above
conclusion was verified by measurements of Tafel curves
(Figure 3d), which show a higher exchange current density (i0)
for the Zr-MTAC/CP electrodes. Furthermore, shuttle current
densities were also measured based on different Li−S batteries.
As shown in Figure 3e, the S@Zr-MTAC cathodes exhibited a
lower shuttle current relative to the S@PCN-521 cathodes,
confirming the effective adsorption of polysulfides and
suppression of the shuttle effect.66

To demonstrate the polysulfide adsorption effectiveness and
electrocatalytic activity of Zr-MTAC as a sulfur host material,
the Li−S batteries were assembled using S@Zr-MTAC and
S@PCN-521 cathodes. The CV curves of Li||S@Zr-MTAC
and Li||S@PCN-521 batteries were recorded for the first three
cycles within the voltage window of 1.7−2.8 V at a scan rate of
0.1 mV s−1. As shown in Figure S22, the CV curves of two-type
Li−S batteries exhibited two pairs of sharp redox peaks,
corresponding to multistep electrochemical redox processes of
sulfur cathodes. Notably, the CV curves of the Li||S@Zr-
MTAC batteries exhibited a smaller voltage difference of redox
peaks (Figure 3f), and peak current densities were higher than
those of Li||S@PCN-521 batteries, indicating superior electro-
catalytic activity and improved polysulfide redox kinetics of S@
Zr-MTAC cathodes. The CV curves of Li||S@Zr-MTAC and
Li||S@PCN-521 batteries were also measured at various scan
rates ranging from 0.1 to 0.5 mV s−1 (Figure 3g, h). With the
increase of scan rates, both of the Li−S batteries exhibited
gradually increasing current responses, but the Li||S@Zr-
MTAC batteries demonstrated higher redox peak currents and
lower polarization potentials compared with the Li||S@PCN-
521 batteries. By linear fitting of CV peak currents with the
square root of scan rates, the Li+ diffusion coefficients (DLi

+) of
different Li−S batteries were calculated based on the classical
Randles−Sevcik equation.67 The fitting results confirmed that
the Li||S@Zr-MTAC batteries exhibited sharper slopes (Figure

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c16469
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16469/suppl_file/ja5c16469_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c16469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3i and Figure S23), indicating more rapid Li+ diffusion during
the redox reactions. Specifically, for reduction peaks (IR1, IR2)
and oxidation peaks (IO2, IO1), the Li||S@Zr-MTAC batteries
were characterized by DLi+ values of 5.23 × 10−6, 3.02 × 10−7,
2.15 × 10−5, and 8.60 × 10−7 cm2 s−1, respectively, much
higher than those of Li||S@PCN-521 batteries (Table S3). The
faster Li+ conducting behavior was attributed to the
suppression of the shuttling effect and the electrocatalytic

activity of the Zr-MTAC host, enabled by its azo-function-
alized active sites for accelerating polysulfide conversion
kinetics. These properties contributed to preventing the
formation of a high-viscosity electrolyte environment caused
by both the dissolution of polysulfides and the deposition of
insulating Li2S2/Li2S on electrodes.43,67

To verify that the framework material maintains structural
stability during the cycling of Li−S batteries, we conducted

Figure 4. Electrochemical performances of Li−S batteries based on the S@Zr-MTAC and S@PCN-521 cathodes. (a) Comparison of galvanostatic
charge−discharge profiles of Li||S@Zr-MTAC and Li||S@PCN-521 batteries at 1.0 C. (b) Cycling performances of Li||S@Zr-MTAC and Li||S@
PCN-521 batteries at 0.1 C. (c) Rate performances of Li||S@Zr-MTAC and Li||S@PCN-521 batteries at various current rates from 0.5 to 4.0 C. (d)
Potential differences between the charge/discharge plateaus of Li||S@Zr-MTAC and Li||S@PCN-521 batteries. (e, f) Galvanostatic intermittent
titration technique profiles of (e) Li||S@Zr-MTAC and (f) Li||S@PCN-521 batteries. (g) Cycling performances of Li||S@Zr-MTAC and Li||S@
PCN-521 batteries at 1.0 C. (h) Galvanostatic charge/discharge profiles during different cycles for Li||S@Zr-MTAC batteries at 1.0 C. (i) Cycling
performances of Li||S@Zr-MTAC and Li||S@PCN-521 batteries at 2.0 C. (j) Comparison of the electrochemical performances of Li||S@Zr-MTAC
batteries with previously reported Li−S batteries based on different MOF/COF host materials.
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Raman and XRD spectroscopic characterizations of the
composite sulfur cathodes after cycling. Raman spectroscopy
analysis on the desulfurized Zr-MTAC electrodes clearly
showed that the characteristic stretching vibration of azo
groups at 1459 cm−1 remained intact before and after charge/
discharge cycles (Figure S24). Moreover, the PXRD patterns
of Zr-MTAC and PCN-521 confirmed that the crystal

structures of MOFs remained identical after charge/discharge
cycles (Figure S25).
Cycling Performances of Li−S Batteries. The galvano-

static charge/discharge behaviors of the Li−S batteries based
on S@Zr-MTAC and S@PCN-521 cathodes were investigated
at a current rate of 1.0 C. As displayed in Figure 4a, the Li||S@
Zr-MTAC batteries exhibited a lower potential hysteresis and
higher discharge capacity than Li||S@PCN-521 batteries,

Figure 5. Chemical adsorption behaviors and DFT-calculated reaction pathways of Zr-MTAC and PCN-521 for polysulfide conversion. (a) UV−
vis absorption spectra and (the inset) optical images of a pristine Li2S6 solution and Li2S6 solutions mixed with Zr-MTAC, PCN-521, and CB host
materials. (b, c) High-resolution XPS spectra at (b) Li 1s and (c) S 2p regions of Zr-MTAC and PCN-521 after the adsorption of Li2S6 solution.
(d) High-resolution XPS spectra at the N 1s level of Zr-MTAC before and after the adsorption of Li2S6 solution. (e) Optimized geometric
configurations and binding energies of Li2S6 and Li2S4 absorbed on Zr-MTAC and PCN-521 models. (f) Binding free energies between LiPSs
adsorbed on Zr-MTAC and PCN-521 units were calculated by DFT. (g) Calculated Gibbs free energies for the stepwise reduction of Sx2− species
on the Zr-MTAC and PCN-521 units.
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indicating improved electrode polarization and accelerated
reaction kinetics. Figure 4b shows the cycling performances of
Li||S@Zr-MTAC and Li||S@PCN-521 batteries. After 100
cycles at 0.1 C, the reversible discharge capacity of the batteries
with S@Zr-MTAC cathodes remained at 1065.6 mAh g−1,
suggesting that the S@Zr-MTAC cathodes can effectively
block the shuttle effect of polysulfides, while the capacity of the
batteries with S@PCN-521 cathodes retained only 884.5 mAh
g−1. The rate performances of Li||S@Zr-MTAC and Li||S@
PCN-521 batteries were tested by cycling at various current
rates ranging from 0.5 to 4.0 C (Figure 4c). The Li||S@Zr-
MTAC batteries delivered specific discharge capacities of
1139.8, 1052.9, 967.1, 906.2, and 856.5 mAh g−1 at 0.5, 1.0,
2.0, 3.0, and 4.0 C, respectively. When the current rate
returned to 0.5 C, a well-recovered discharge capacity of
1107.5 mAh g−1 was obtained, suggesting superior rate
performance and electrochemical stability for the S@Zr-
MTAC cathodes. The superior rate performance of S@Zr-
MTAC cathodes should be attributed to the lower polarization
and better reaction kinetics than S@PCN-521 cathodes, which
was confirmed by the smaller potential differences between the
charge/discharge plateaus of S@Zr-MTAC cathodes (Figure
4d and Figure S26).
EIS analyses of the Li||S@Zr-MTAC and Li||S@PCN-521

batteries were conducted to verify the accelerated charge-
transfer kinetics (Figure S27). Before cycling (Figure S27a),
the Li||S@Zr-MTAC batteries had a lower charge-transfer
resistance (21.7 Ω) than the Li||S@PCN-521 batteries (38.8
Ω). After 50 cycles, the charge-transfer resistance correspond-
ing to the Li||S@Zr-MTAC batteries further decreased to 3.1
Ω, which is much lower than those of the Li||S@PCN-521
batteries (19.3 Ω) (Figure S27b), demonstrating faster
polysulfide conversion kinetics for the S@Zr-MTAC cathodes.
By further conducting EIS analyses after different cycles, the
charge-transfer resistances of the Li||S@Zr-MTAC batteries
were well maintained during the extended cycling process,
while those of the Li||S@PCN-521 batteries initially decreased
and then increased as the cycling process progressed,
demonstrating the formation of more stable interfaces in the
Li||S@Zr-MTAC batteries to support rapid ion-transport
kinetics throughout cycling (Figure S27c,d and Tables S4
and S5). The galvanostatic intermittent titration technique
(GITT) was further employed to investigate the real-time
internal resistances, as shown in Figure 4e, f. The Li||S@Zr-
MTAC batteries exhibited lower internal resistances at the
nucleation points of Li2S and the activation points of Li2S
dissolution (inset in Figure 4e) than the Li||S@PCN-521
batteries, indicating a lower energy barrier for the sulfur redox
reactions. The long-term cycling stabilities of Li−S batteries
with the S@Zr-MTAC and S@PCN-521 cathodes were
evaluated at current rates of 0.5 1.0, and 2.0 C. After 500
cycles at 0.5 C, the Li||S@Zr-MTAC batteries still delivered a
discharge capacity of 889.1 mAh g−1 and a stable Coulombic
efficiency of over 98.5%, while the Li||S@PCN-521 batteries
exhibited a discharge capacity of 563.1 mAh g−1 and a
Coulombic efficiency of only 93.6%. The Li||S@Zr-MTAC
batteries demonstrated well-defined galvanostatic charge/
discharge profiles with low voltage polarization across various
cycles (Figure S28). When cycled at a current rate of 1.0 C
(Figure 4g), the Li||S@Zr-MTAC batteries exhibited an initial
discharge capacity of 1115.6 mAh g−1 and a considerable
remaining capacity of 699.4 mAh g−1 over 1000 cycles,
corresponding to a capacity decay ratio of only 0.037% per

cycle. In contrast, the Li||S@PCN-521 batteries suffered from
fast capacity loss, with a large capacity decay ratio of 0.062%
per cycle. The Li||S@Zr-MTAC batteries exhibited well-shaped
galvanostatic charge/discharge profiles with low voltage
polarization at different cycles, while Li||S@PCN-521 batteries
showed significant voltage hysteresis, poor cycling reversibility,
and rapid capacity attenuation (Figure 4h and Figure S29).
The above results indicated that the Li||S@Zr-MTAC batteries
achieved a significantly enhanced cycling performance. Even at
a higher current density of 2.0 C (Figure 4i), the Li||S@Zr-
MTAC batteries could still deliver a reversible discharge
capacity of 543.3 mAh g−1 and a high Coulombic efficiency of
98.0% after 1000 cycles, which were significantly higher than
those of Li||S@PCN-521 batteries (43.4 mAh g−1 and 94.0%).
The absence of azo groups in PCN-521 leads to weaker
polysulfide affinity and slower conversion kinetics, rendering it
more susceptible to shuttle effects during high-rate cycling.
Notably, when compared with previously reported MOF or
covalent organic framework (COF) based host materials
applied in Li−S batteries, the S@Zr-MTAC cathodes delivered
highly competitive specific capacity and cycling stability, as
presented in Figure 4j and Table S6.13,68−72

The high areal S loading is essential for fabricating practical
high-energy-density Li−S batteries. As shown in Figure S30,
the Li||S@Zr-MTAC batteries with an areal sulfur loading of
3.0 mg cm−2 delivered an initial discharge capacity of 3.5 mAh
cm−2 at 0.2 C and a capacity retention of 83.4% after 120
cycles. When the areal sulfur loading was increased to 5.0 mg
cm−2, the initial discharge capacity was raised to 4.9 mAh
cm−2, and a considerable discharge capacity of 4.0 mAh cm−2

was provided after 120 cycles. Even with an ultrahigh sulfur
loading of 6.5 mg cm−2, the Li||S@Zr-MTAC batteries still
exhibited an appreciable initial areal capacity as high as 5.8
mAh cm−2 and retained a capacity of 4.6 mAh cm−2

(corresponding to a capacity retention of 79.3%) after 120
cycles. These results highlighted the excellent cycling stability
and reversibility of S@Zr-MTAC cathodes, demonstrating
their great application potential for practical Li−S batteries.
Theoretical Prediction of Accelerated Polysulfide

Conversion by Zr-MTAC and PCN-521 Hosts. To
investigate the chemical adsorption of polysulfides by Zr-
MTAC, PCN-521, and conventional carbon blank (CB) host
materials, the parallel adsorption experiments of Li2S6 solutions
were carried out and the adsorption degrees were checked by
ultraviolet−visible (UV−vis) spectroscopy (Figure 5a). After
12 h, nearly colorless solutions were obtained with Zr-MTAC,
demonstrating its prominent chemical adsorption capacity for
polysulfides compared with PCN-521 and CB. This observa-
tion was further confirmed by the results of the UV−vis
adsorption spectra. The characteristic peaks within the range of
280−300 nm corresponded to the presence of Li2S6, while the
broad absorption peak observed at approximately 400 nm was
attributed to Li2S4.

73−75 The Zr-MTAC showed the lowest
absorbance intensity, indicating the strongest chemical
adsorption ability toward polysulfides. As shown in Figure
S31, PXRD analyses revealed that the characteristic diffraction
peaks of both Zr-MTAC and PCN-521 samples were well
retained after immersion in polysulfide solution, confirming the
intact preservation of their crystalline frameworks. Further-
more, the superior capture ability of the Zr-MTAC host
material for polysulfides was confirmed by XPS analysis. After
the Li2S6 adsorption, the Li 1s XPS spectra (Figure 5b) of the
Zr-MTAC-Li2S6 and PCN-521-Li2S6 mixtures exhibited a
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characteristic peak at 55.47 eV, corresponding to the Li−S
bond in Li2S6, while the Zr-MTAC-Li2S6 mixture showed an
additional peak at 57.58 eV corresponding to the Li−N
bond.76 Moreover, the pristine Li2S6 sample exhibited two
peaks located at 161.7 and 163.3 eV, corresponding to the
terminal (ST−1) and bridging (SB0) sulfur atoms, respectively.77

As shown in Figure 5c, all S 2p bands were deconvoluted into
two subpeaks by spin−orbit splitting (S 2p1/2 and S 2p3/2).

78,79

Specifically, the peaks associated with ST−1 and SB0 atoms in
the S 2p XPS spectrum of Zr-MTAC-Li2S6 were observed at
161.9 and 163.5 eV, respectively. The significant positive
binding energy shift in the S 2p XPS spectrum of the Zr-
MTAC-Li2S6 mixture confirmed the strong chemical inter-
action between Li2S6 and Zr-MTAC. However, in the S 2p
XPS spectrum of the PCN-521-Li2S6 system, no binding
energy shift was observed for the two peaks. Meanwhile, the N
1s XPS spectrum of the Zr-MTAC-Li2S6 mixture (Figure 5d)
showed that the chemical adsorption of polysulfides by azo
groups increased the electron cloud density of nitrogen atoms,
leading to a decrease in binding energy and an obvious
negative binding energy shift. The positive binding energy shift
in the S 2p XPS spectrum and the negative binding energy shift
in the N 1s XPS spectrum affirmatively supported the strong
chemical interaction between Zr-MTAC and Li2S6. Taking the
Li2S6-adsorbed and Li2S4-adsorbed structures as examples
(Figure 5e), the calculated binding energies (Eb) were −1.24
and −1.19 eV for Zr-MTAC and −0.99 and −0.95 eV for
PCN-521, respectively. Figure 5f further displays the Eb of
lithium polysulfide (LiPSs) species at five different lithiation
stages. DFT calculations revealed that Zr-MTAC exhibited
significantly higher absolute binding energies than PCN-521.
These results demonstrated strong chemisorption of LiPSs
species on Zr-MTAC, attributed to the azo groups within the
framework, indicating its high potential for suppressing the
polysulfide shuttle effect.
DFT calculations were further performed to explore the

sulfur reduction pathways in the Zr-MTAC and PCN-521
hosts, as shown in Figure 5g. The reversible formation of Li2S
from S8 and Li was investigated, and the optimized structures
of intermediates on both substrates are shown in Figures S32
and S33. In this process, the first step involved the double
reduction of S8 with two Li+ ions to form Li2S8, and then Li2S8
underwent further reduction to form three intermediate
polysulfides (Li2S6, Li2S4, and Li2S2) to ultimately produce
Li2S as the final product. The solid−solid conversion from
Li2S2 to Li2S was regarded as the rate-determining step because
of the sluggish kinetics of this electrochemical conversion.68,80

The free energy increase for Zr-MTAC was lower than that for
PCN-521, suggesting that the reduction of sulfur species was
more thermodynamically favorable for Zr-MTAC compared to
PCN-521. The synergistic effect of azo groups and Zr-oxo
clusters promoted the electrocatalytic conversion of poly-
sulfides and reduced the activation energy of the reaction.
Within the operational voltage window of Li−S batteries, the
azo groups in Zr-MTAC remained electrochemically inactive,
as evidenced by the absence of characteristic lithiation/
delithiation redox peaks, confirming their noninvolvement in
the lithium storage mechanism (Figure S34). The introduction
of azo groups, which serve as electron transport channels to
accelerate electron transfer (Figure S35), significantly
enhanced the electrocatalytic activity and showed great
potential as effective host materials for promoting Li−S
redox reactions.

■ CONCLUSIONS
In summary, we report the structural design and synthesis of an
azo-functionalized MOF, Zr-MTAC, which can serve as an
efficient cathodic host material in Li−S batteries. The
incorporated azo groups not only enable effective capture of
polysulfides but also function as electron transport channels to
accelerate the nucleation/dissolution of solid-state Li2S. The
synergistic effect of azo groups and Zr-oxo clusters has been
proven to reduce the reaction energy barrier on the cathodic
side and promote the catalytic conversion of polysulfides.
Consequently, the S@Zr-MTAC cathode exhibits a high
reversible specific capacity of 1115.6 mAh g−1 and superior
cycling stability for 1000 cycles at 1.0 C, with a capacity decay
rate of only 0.037% per cycle. Additionally, an exceptional rate
capability is achieved for the S@Zr-MTAC cathode, retaining
856.5 mAh g−1 at a high current rate of 4.0 C. This work
presents a promising coordination architecture design strategy
for MOF host materials in Li−S batteries, effectively
demonstrating their application potential and paving the way
for the utilization of azo-functionalized MOFs in energy
storage systems.
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