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ABSTRACT: Lithium—sulfur (Li—S) batteries offer a great potential as next-
generation energy storage systems. However, the shuttling effect and the sluggish
reaction kinetics of lithium polysulfides (LiPS) result in a low specific capacity and
poor rate performance. In an effort to address these challenges, here, we
demonstrate the use of captured Pd from wastewater conditions using porous
polyisocyanurates, named covalent isothiocyanurate frameworks (CITCFs),
bearing homogeneously distributed sulfur binding sites as a sustainable and
environmentally friendly electrocatalyst to suppress the shuttling effect while
promoting the kinetics of sulfur redox reactions. The designed electrocatalyst
endows Li—S$ batteries with a high initial specific capacity of 907 mAh g™" at 1 C,
stable capacity of 450 mAh g~ ' after SO0 cycles at 1 C, and excellent rate
performance with a capacity of 681 mAh g™ at 2 C, thus offering a new
perspective for the sustainable development of electrocatalysts toward the

PANP-CITCF »L DS

Environmentally Friendly Porous Electrocatalyst

realization of practical Li—S batteries.

1. INTRODUCTION

The rapid development of portable electronics and electric and
hybrid-electric vehicles has led to a substantial interest in the
development of high-energy-density rechargeable batteries.' ™
Among the various energy storage systems, Li—S batteries are
considered to be one of the most promising candidates owing
to their cost effectiveness, lightweight, high theoretical specific
capacity (1672 mA h g™'), and energy density (2600 Wh
kg™!).>® Despite these promising features, however, the
practical implementation of the Li—S battery has been
challenged by several limitations including Li-polysulfide
(LiPS) shuttling, the insulating nature of S and its discharge
products, volume expansion upon cycling, and sluggish kinetics
of LiPS redox reactions.”® Multiple strategies have been
employed to address these challenges for Li—S$ batteries.”'* In
this direction, many carbonaceous materials including
graphene interlayers,'’ metal organic frameworks
(MOFs),"*™"* carbon hosts with high porosity,'”'® and
functional carbon nanostructures'”'® have been introduced
owing to their ability to physically trap LiPS and compensate
for the electrical conductivity, large pore volume, or interlayer
spaces. Whereas the physical adsorption of LiPS has been
shown to increase the attainable capacity and cyclability to
some extent, polarized LiPS species still tend to diffuse out of
thick cathodes under high rate and long cycling conditions
owing to the low affinity of these materials toward LiPS.
Hence, metal oxides such as such as Al,O5;, MnO,, TiO,, and
Nb,O; have emerged as promising alternatives owing to their
strong affinity toward polysulfides.””~** However, these oxides
still suffer from low electrical conductivity and cannot
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effectively convert accumulated LiPSs into Li,S,/Li,S, thus,
resulting in sluggish redox kinetics. In this direction, the use of
electrocatalysts can accelerate the redox kinetics of soluble
LiPSs in order to effectively reduce the reaction activation
energy and to ensure the capacity contribution. Accordingly,
single-atom catalysts,”>** transition metal compounds,”~"’
and heterostructures,”® " have been widely used in Li—$
batteries and exhibited high catalytic activities toward LiPS,
thus helping to mitigate the shuttling problem while improving
sulfur redox kinetics. However, most of these systems require
rather elaborate, multistep synthesis and/or fabrication steps,
thus limiting their practical implementation. In this direction,
the development of an environmentally friendly electrocatalyst
through the recycling of waste materials could offer a
sustainable pathway for the development of practical Li—S
batteries. Having recognized this challenge, herein, we adopted
porous polyisothiocyanurates, named covalent isothiocyanu-
rate frameworks (CITCFs), bearing thiourea moieties as
binding sites to capture palladium (Pd(II)) from wastewater.
After the reduction of captured Pd(II) to Pd nanoparticles
(PANPs) within the CITCF, a highly efficient electocatalyst,
called PANP-CITCF, was realized (Figure la) for the Li—$
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Figure 1. (a) Graphical representation of the effects of CITCF and PANP-CITCF on the redox kinetics for Li—S batteries along with their chemical
structures. (b) SEM image of PANP-CITCF. (c) TEM image of PANP-CITCF.
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Figure 2. (a) Digital image of the Li-polysulfide (Li,Ss) adsorption experiment. (b) UV—vis spectra of the Li,S, solution after the adsorption test.
(¢, d) Pd 3d XPS spectra of PANP-CITCF before (c) and after (d) adsorption of Li,S.

battery. The PANP-CITCF provided abundant Pd active sites
for anchoring LiPSs via strong chemical bond formation while
simultaneously accelerating the conversion of sulfur redox
species. Consequently, the as-obtained S@PJNP-CITCF
electrode exhibited a high initial specific capacity of 907
mAh g™' at 1 C, stable capacity of 450 mAh g™' after 500
cycles at 1 C, and excellent rate performance with a capacity of
681 mAh g™ at 2 C.

2. RESULTS AND DISCUSSION

We recently reported the synthesis of CITCFs bearing in situ
formed isothiocyanurate linkages through the trimerization of
1,4-phenylene diisothiocyanate under ionothermal conditions
using ZnCl, at 500 °C.*" The resulting CITCF showed a high
BET surface area of 1589 m” g~' with hierarchical porosity and

a high Pd(II) adsorption capacity of 909 mg g™ under
wastewater conditions.”’ Subsequent reduction of captured
Pd(1I) within the polymer network led to the formation of Pd
NPs within the CITCF, PdANP-CITCF. Notably, PdNP-
CITCF retained a high BET surface area of 1290 m* g™/,
thus ensuring the accessibility of the catalytic sites. Scanning
electron microscopy (SEM) analysis of CITCF revealed
(Figures 1b, SI, and S2) an irregular particle shape and
broad particle size distribution. Transmission electron
microscopy (TEM) analysis of PANP-CITCF showed (Figure
1c) homogeneously distributed PANPs with an average particle
diameter of 1.89 nm, which are effectively stabilized within the
pores of CITCFs. It is important to note that the average
particle size of the PANPs nicely coincides with the average
pore size of CITCFs, thus verifying that homogeneously
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Figure 3. (a—c) CV curves of coin cells with S, S@CITCF, and S@PANP-CITCF cathodes. (d—f) Potentiostatic discharge profiles of Li,S

nucleation at 2.05 V on different electrodes with the Li,Sg catholyte.
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Figure 4. (a—c) Charge—discharge profiles of Li—S batteries with different cathodes at 1 C. (d) Cycling performance at 1 C over 500 cycles of the
S, S@CITCF, and S@PANP-CITCF cathodes with a sulfur loading of 1 mg cm™. (e) Rate performance of different cathodes. (f) Cycling
performance of the S@PANP-CITCEF cathode with sulfur loading of 5.5 mg cm™ at 0.05 C under lean electrolyte conditions (E/S = 4.8 uL mg™").

distributed sulfur atoms present high affinity binding sites for
PdNPs.

The high surface area of PANP-CITCF prompted us to test
static LiPS adsorption, which is rather important to evaluate
the affinity of porous materials toward LiPS and to inhibit the
shuttling effect. A total of 20 mg of CITCF and PANP-CITCF
were separately added (Figure 2a) into a 0.005 M Li,S4
solution. After resting for 3 h, whereas the solution with

CITCEF still showed a significant amount of Li,S, the one with
PANP-CITCF became colorless, demonstrating much stronger
sulfur immobilization in the case of PANP-CITCF. Each
solution was diluted 10 times after the adsorption test and used
for quantitative comparison using ultraviolet—visible (UV—vis)
spectroscopy analysis (Figure 2b).

The Li,S¢ solution exposed to PANP-CITCEF displayed near
quantitative uptake as evidenced from the UV—vis absorption
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spectrum, whereas the CITCF one showed only 28% reduction
in the adsorption intensity, thus clearly confirming the strong
affinity of PANP-CITCF toward Li,S4. The PANP-CITCEF after
the absorption test was collected and dried for X-ray
photoelectron spectroscopy (XPS) analysis (Figure S3). As
shown in Figure 2¢,d, the Pd 3d;,, and Pd 3d;/, peaks at 342.2
and 336.9 eV shifted toward lower binding energies of 341.5
and 336.2 eV, respectively, after Li,S¢ adsorption, which
further confirmed the strong chemical interaction between
PANP and polysulfides.”” In addition, the S 2p spectrum
showed the characteristic peaks of PANP-CITCF before the
adsorption of LiPSs.”' Following exposure to the Li,Sg
solution, the formation of sulfate (170.2 eV), polythionate
(169.2 eV), and S*~ (160.9 eV) originating from the oxidation
of polysulfides’*® was observed, which provides the first
indication that PANP-CITCF can not only anchor LiPSs but
also modulate their redox kinetics (Figure S4).

Polysulfide redox kinetics were evaluated using cyclic
voltammetry (CV) to probe the electrocatalytic activity of
PANP-CITCF. We observed (Figure 3a—c) two pairs of stable
redox peaks in S, S@CITCF, and S@PdNP-CITCEF electrodes,
which were assigned to the reduction of Sy to soluble long-
chain LiPSs (Li,S,, 4 < x < 8) and to the subsequent
formation of insoluble Li,S,/Li,S. In the CV curves, the S@
PANP-CITCF electrode exhibited the most intense peak
current and a cathodic shift (2.038 V) toward a higher
potential and the anodic peak (2.379 V) toward a lower
potential, compared with S@CITCF (2.016 and 2.419 V) and
S (1.998 and 2.423 V) electrodes. These results suggest the
faster redox kinetics of LiPSs by the introduction of PANP-
CITCF. Furthermore, the kinetics of liquid—liquid redox
reactions of LiPSs can be revealed by CV in symmetric cells
with Li,S¢ and Li,Ss-free catholytes. CV curves of different
electrodes were recorded (Figure SS) in the voltage range
—1.0—1.0 V. As expected, carbon paper (CP) without Li,S,
showed a near-zero capacitive current. The CP@PdNP-CITCF
electrode on the other hand exhibited the lowest oxidation
potential compared with CP and CP@CITCF electrodes,
indicating faster redox kinetics and higher reversibility.

The kinetic analysis of liquid—solid conversion was
performed by Li,S nucleation tests. On the basis of Faraday’s
law, the calculated capacity of the precipitation of Li,S on
CP@PJNP-CITCF was found to be 134.3 mAh g™, which was
higher than those of CP@CITCF (116.6 mAh g™') and CP
(84.5 mAh g™'), reflecting that PANP-CITCF can provide
more active sites to catalyze the liquid—solid reactions and
facilitate efficient Li,S nucleation (Figure 3d—f).

In order to investigate the electrochemical performance of
the electrodes, galvanostatic charge—discharge profiles were
recorded. The charge/discharge curves displayed (Figure 4a—
c) one charge plateau and two discharge plateaus in agreement
with the CV profiles and multistep sulfur redox reaction
mechanism. The S@PANP-CITCF cathode was also charac-
terized by XRD, TEM, and EDS analyses as shown in Figures
S6—S8. The cycling performance of Li—S cells with S, S@
CITCF, and S@PdNP-CITCEF cathodes at 1 C (167S mA g™')
is shown in Figure 4d based on the sulfur and single-walled
carbon nanotubes (SWCNTs) by the ratio of 7:3 (Figure S9).
The sulfur loading of each electrode was about 1 mg cm ™2 The
first discharge capacity of the S@PANP-CITCF cathode was
found to be 907 mAh g~'. In contrast, the S@CITCF and S
cathodes delivered lower discharge capacities of 804 and 734
mAh g7/, respectively. After 500 cycles, the capacity for the S@

PANP-CITCF cathode still retained a discharge capacity of 450
mAh ¢! with the retention of 50%, whereas the S@CITCF
cathode delivered a much faster capacity decay and a low
discharge capacity of 387 mAh g™' after only 340 cycles. In
comparison, the control S cathode can only run for 192 cycles,
where the charging curve failed to achieve the cutoft voltage of
2.8 V owing to the detrimental shuttling effect and internal
short-circuit. Diffusion coefficients of different cathodes were
measured by the CV method and electrochemical impedance
spectroscopy (EIS) method, as shown in Figures S10 and S11.
S 2p XPS spectra of S@PANP-CITCF cathodes at different
states were also compared (Figure S12). EIS analysis of the S@
PANP-CITCF cathode before cycling presented a lower charge
transfer resistance (R,,) compared to both S@CITCF and bare
S cathodes. In addition, the S@PANP-CITCF cathode also
enabled the steepest Warburg slope after 50 cycles, indicating
fast Li* diffusion and high catalytic activity (Figure S13). The
impact of the PANP-CITCF amount in the cathodes was also
compared as shown in Figure S14.

Rate performance was also evaluated with different cathodes,
as shown in Figures 4e and S1S. The S@PANP-CITCF
cathode delivered specific capacities of 1367, 871, 804, 735,
and 681 mAh g_1 at 0.1, 0.3, 0.5, 1, and 2 C, respectively,
which are far superior to those with S@CITCF (1048, 682,
612, 575, and 479 mAh g~') and S (914, 555, 490, 449, and
378 mAh g™') cathodes. As the current rate comes back to 0.1
C, a specific capacity of 837 mAh g™' was recovered with the
S@PANP-CITCF cathode, while the S@CITCF and S
cathodes only delivered 727 and 599 mAh g™/, respectively,
suggesting the effectiveness of S@PANP-CITCEF in inhibiting
the shuttle effect and enhancing reaction kinetics of LiPS. The
voltage gap, AE, between the oxidation and the second
reduction plateaus refers to a hysteresis in the redox reaction.
The S@PdNP-CITCF cathode showed a significantly lower
polarization potential (AE = 163 and 286 mV) than S@
CITCF (AE = 216 and 404 mV) and S (AE = 257 and 457
mV) cathodes at 0.3 and 2 C (Figure S16). In addition, the S@
PANP-CITCF cathode also exhibited a lower potential barrier
in the charging process at 0.3 C, corresponding to the reduced
activation energy for the conversion of Li,S to Li,S, (Figure
S17). Even with a high sulfur loading of 3.7 mg cm™ and an
E/S ratio of 21.6 uL mg_l, the S@PANP-CITCF cathode
exhibited an initial reversible capacity of 583 mAh g~' and a
capacity retention of 59% after SO cycles at 0.05 C (Figures
S18 and S19). High sulfur loading (5.5 mg cm™) S@PdNP-
CITCF cathode under lean electrolyte conditions (E/S ratio of
4.8 uL mg™") was also measured as shown in Figure 4f. The
comparison of the electrochemical performance of the Pd-
based cathode/interlayers is summarized in Table S1.

3. CONCLUSIONS

In summary, we introduced an environmentally friendly
approach to develop a sustainable porous electrocatalyst by
using recycled Pd from waste materials to enhance the LiPS
conversion kinetics in Li—S batteries. The PdNP-CITCF
electrocatalyst with high porosity and abundant Pd active sites
combines the advantages of strong LiPSs anchoring ability and
high electrocatalytic activity, thus effectively boosting Li—S
battery performance. This work presents a sustainable
approach for the porous electrocatalyst design and deepens
our understanding of multielectron sulfur redox processes
toward the realization of practical Li—S batteries.
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4. EXPERIMENTAL METHODS
4.1. Synthesis and Preparation of CITCF and PdNP-CITCF.

The samples were prepared by following the procedures in the
previous literature.®’ The amount of Pd nanoparticles in the PANP-
CITCF was 8.1 wt %.

4.2. Preparation of S@PdNP-CITCF, S@CITCF, and S
Cathodes. Sulfur and single-walled carbon nanotubes (SWCNTs)
were mixed at a 7:3 mass ratio and then heated at 160 °C for 12 h.
The S cathode was fabricated by mixing the 80 wt % sulfur—SWCNTs
hybrid with 10 wt % Ketjen Black (KB) and 10 wt % polyvinylidene
fluoride (PVDF) dissolved in N-methyl-2-pyrrolidone (NMP), which
was then blade-casted on carbon-coated aluminum foil and dried at 60
°C under a vacuum for 10 h. For the S@PdNP-CITCF and S@
CITCF cathodes, the sulfur—SWCNTSs hybrid and PANP-CITCF or
CITCF were uniformly mixed at a 95:5 mass ratio. The loading of
sulfur in each electrode was about 1 mg cm™, and the electrolyte
amount was 40 uL for each cell.

4.3. Preparation of the High-Loading S@PdNP-CITCF
Cathode. The ratio of sulfur—SWCNTs to PANP-CITCF was set
at 95:5 by weight and then evenly mixed with Super P and
polytetrafluoroethylene (PTFE) at a 6:2:2 mass ratio. Then, the
composite cathode was evenly dispersed on carbon-coated aluminum
foil and pressed at 500 MPa. The sulfur loading was 3.7 mg cm™2, and
the electrolyte amount was 80 yL. For the cell with a low E/S ratio of
4.8 uL mg™', the sulfur loading was 5.5 mg cm™ and the electrolyte
amount was 30 yL. The cells were cycled at 0.05 C between 1.7 and
2.7 V.

4.4. Li,S¢ Adsorption Test. The Li,S4 solution was prepared by
mixing sulfur and lithium disulfide (the molar ratio is 5:1) in a
commercial electrolyte (1 M LiTFSI in DOL:DME (1:1 by volume)
with 2 wt % LiNO,) under vigorous stirring. Then, 20 mg of PANP-
CITCF and CITCF were separately added into 0.005 M Li,S4
solution, which rested for 3 h. After the adsorption test, the above
solutions were diluted to 0.5 mM for UV—vis analysis.

4.5. Li,S Nucleation Test. The 0.4 M Li,S; electrolyte was
prepared by mixing sulfur and lithium disulfide (the molar ratio is
7:1) in tetraglyme under vigorous stirring. Then, 0.5 M LiTFSI was
added and stirred for 2 h. The 12 mm carbon fiber papers (CPs) were
punched as the substrate to load PANP-CITCF and CITCF (2 mg
cm™2). A total of 20 uL of Li,Ss electrolyte was dropped onto the
cathode side, and 20 uL of commercial electrolyte was dropped onto
the lithium anode side. The cells were galvanostatically discharged to
2.06 V at a current of 0.134 mA and then potentiostatically discharged
at 2.05 V for 24 h. The nucleation capacity of Li,S was calculated on
the basis of Faraday’s Law.

4.6. Electrochemical Characterizations. Electrochemical im-
pedance spectroscopy (EIS) tests were conducted on a VMP3
electrochemical workstation (Bio Logic Science Instruments), where-
in the voltage amplitude was set to S mV in the frequency range of
100 kHz to 10 mHz. Cyclic voltammetry (CV) curves of Li—S cells
were recorded at a scan rate of 0.05 mV s™' at a potential range of
1.7-2.8 V by VMP3. CV of the Li,Ss symmetric cells was tested
between —1.0 to 1.0 V at 0.5 mV s™". A 20 uL portion of Li,Sy (0.5
M) electrolyte was dropped onto CP for each electrode of the
symmetric cell.

4.7. Material Characterizations. The morphological information
was characterized by field emission scanning electron microscopy
(FE-SEM, Tescan Mira3 LM FE) and transmission electron
microscopy (TEM, FEI Tecnai Spirit). Ultraviolet visible (UV—vis)
spectroscopy analysis was performed using a Lambda 25 UV—vis
spectrophotometer (PerkinElmer, Switzerland). X-ray photoelectron
spectroscopy (XPS) measurements were conducted on a VG
ESCALAB 220iXL spectrometer (Thermo Fisher Scientific) using
focused monochromatized Al Ka radiation (1486.6 eV) with a beam
size of ~500 um?* (power of 150 W).
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