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ABSTRACT: Catalyzing polysulfide conversion is a promising way
toward accelerating complex and sluggish sulfur redox reactions
(SRRs) in lithium—sulfur batteries. Reasonable alteration of an
enzyme provides a new means to expand the natural enzyme
universe to catalytic reactions in abiotic systems. Herein, we design
and fabricate a denatured hemocyanin (DHc) to efficiently catalyze
the SRR. After denaturation, the unfolded f-sheet architectures with
exposed rich atomically dispersed Cu, O, and N sites and
intermolecular H-bonds are formed in DHc, which not only provides
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the polysulfides for a strong spatial confinement effect in microenvironment via S—O and Li--N interactions but also activates
chemical channels for electron/Li* transport into the Cu active center via H/Li-bonds to catalyze polysulfide conversion. As
expected, the charge/discharge kinetics of DHc-containing cathodes is fundamentally improved in cyclability with nearly 100%
Coulombic efficiency and capacity even under high sulfur loading (4.3 mg cm™) and lean-electrolyte (8 uL mg™') conditions.
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1. INTRODUCTION

Advanced energy storage devices with a high energy density
exceeding that of lithium-ion batteries are highly desirable for
the continuing development of electric vehicles and portable
electronics. Among various developed battery candidates,
lithium—sulfur (Li—S) batteries employing eco-friendly and
cost-effective sulfur as a cathode are becoming increasingly
sought after due to their high theoretical energy density (2600
Wh kg_l).l’2 Despite their promising prospects, the severe
shuttling of lithium polysulfides (LiPSs) between the sulfur
cathode and lithium anode accompanied by slow reaction
kinetics gives rise to the loss of active sulfur, rapid capacity
fading, and low Coulombic efficiency, which markedly
handicaps the practical application of Li—S batteries.

In the past decades, tremendous efforts have been made to
overcome these issues through developing catalyst materials
decorated on a sulfur cathode or separator in a Li—$ realm.” >
In this regard, various solid catalysts encompassing metal,”’
metal compounds,g’9 and their heterostructures,'’ have been
introduced to promote the sulfur conversion reaction, block
LiPS migration, and improve the kinetic properties of the
batteries. Despite their favorable regulation over the
adsorption—catalysis—conversion of LiPSs to a certain extent,
the electrochemical performances of the batteries remain
unsatisfactory, especially under the conditions of high sulfur
loading and lean electrolyte, mainly due to the complexity of
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the sulfur redox reaction (SRR) mechanism involving a
sequence of dynamically changing liquid and solid equilibria
and the incompatibility of highly catalytic activity and excellent
stability for the existing solid catalysts. Thereby, further
suitable catalyst alternatives should be developed for an
efficient and stable Li—S battery technology.

The solution to a complex science problem is often to use
complex system design. Enzymes have been subject to millions
of years of evolutionary experimentation, giving rise to very
intricate and delicate structures. As nature’s privileged
catalysts, enzymes are well-known for their amazing ability to
exert exquisite control over the stereochemical outcome of
chemical reactions.' Native hemocyanins (Hcs) with
enzymatic activity are often found in many deep-sea organisms
that have evolved for a billion years.'> As an oxygen carrier
protein, Hc can reversibly bind with oxygen by its centered Cu
atom pair and has exhibited good catalytic activity for the
oxygen reduction reaction (ORR) in our previous study
(Figure S1). Recently proposed periodic expansion catalysis'’
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Figure 1. Schematic illustration of the inspiration for DHc design from biochemistry to Li—S chemistry.

motivates us to relate the ORR activity of Hc to its potential in
catalyzing the SRR, since S and Li elements are located in the
next period of O and H in the periodic table of elements. From
a physicochemical perspective, Hc with hierarchical structures
should be a potential catalyst candidate due to its active Cu
center allowing electrochemical catalysis of trapped LiPSs and
an enormous number of O and N atoms on the protein
backbones, providing rich and atomically dispersed binding
sites to LiPSs. Nonetheless, different from the aqueous media
for conventional enzymatic catalysis in living species, the
organic solvents of the Li—S system may cause poor
electrochemical stabilities and unsatisfactory catalytic activities
of Hcs. Moreover, a growing consensus is that enzymatic
catalysis depends not only on the active center but also on the
microenvironment surrounding the active center. When the
confined nanospace in the microenvironment is close to the
guest molecular size, a fascinating reactant activation and
transformation can take place there. In Hcs, the long-branched
chains and folded structure severely block the access of active
sites in the protein for trapping and catalyzing LiPSs. Thus, the
direct application of Hc for SRR catalysis seems inadvisible.
Over the past decades, the advent of directed evolution has
enabled the rapid development of customized enzymes to
generate excellent activity and stereoselectivity for nonconven-
tional environments.'*"> Inspired by this, we were motivated
to adaptively reform Hcs to address the challenge in interacting
with LiPSs in Li—S batteries.

In the current work, we designed and fabricated denatured
hemocyanins (DHcs) through a precise acidification treatment
to form an effective catalyst for a fast-converting LiPS cathode.
A comprehensive investigation of the structure and mechanism
of DHcs reveals that, thanks to the unfolded f-sheet structure,
fully exposed Cu, O, and N sites, and expanded catalytic
channels, the solvated LiPS clusters can be efliciently

concentrated in the microenvironment of DHcs through the
formation of intermolecular H-bonds with large amounts of
exposed functional groups on the protein skeleton, and then
the desolvated LiPS interacts with the functional groups via S—
O bonds and Li-bonds, accelerating electron/Li* transport into
the center Cu active site and facilitating LiPS conversion
(Figure 1). Through the synergistic effect of the LiPS
enrichment effect on the reaction microenvironment and
reduced steric hindrance for catalytically active sites, significant
improvements in the electrochemical performance of Li—S
batteries are achieved by introducing DHcs. This work
presents that employing a customized enzyme to confine
LiPSs in a microenvironment is a promising approach to
achieve an eflicient catalytic system for sulfur conversion,
structure identification, and catalysis understanding.

2. RESULTS AND DISCUSSION

Figure 1 illustrates the process of DHcs obtained by adaptive
reform of natural Hc, where the reformed environment is
carefully optimized by adjusting the concentration of acetic
acid solution and soaking time (Figure S2). It can be clearly
seen that, with the strong interchain interactions (e.g,
hydrogen bonds, disulfide bonds, and salt bridges), the major
molecular conformation of the Hcs either randomly coils or
folds into different shapes, which conceals the Cu active center
and a large amount of functional groups inside the protein
chains,'® probably weakening the functional activities of Hcs
for the SRR. The denaturation treatment of the Hc can break
down its secondary and even higher levels of protein
structures,'” which is necessary to expand the chains and
expose the Cu active center and polar/nonpolar functional
groups that are hidden in the native protein for interacting with
other components outside. The detailed structural transition
and physicochemical property change of the DHcs were
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Figure 2. (a) FTIR spectra of Hes and DHcs. (b) '"H NMR spectra of Hes and DHcs. (c—e) High-resolution XPS spectra of (c) O 1s, (d) N 1s,
and (e) Cu 2p peaks for Hes and DHes. (f) Digital photos of CNTs-Hcs and CNTs-DHes slurries in tilted bottles, showing the different viscosities

of the samples.

carefully verified on both microcosmic and macroscopic scales.
From a microcosmic perspective, Fourier-transformed infrared
(FTIR) spectroscopy was first applied to measure the
secondary structural transformation of DHcs. As shown in
Figure 2a, the broad peak located at 1651 cm™" of the pristine
Hcs associated with the amide I band from a C=0 stretching
vibration with minor contribution from N—H in-plane
bending'® significantly shifts to 1640 cm™ after denaturation,
while the original peak at around 1545 cm™" corresponding to
amide I from C—N stretching and N—H in-plane bending'’
moves to 1542 cm™". The shifts of the signature FTIR peaks
unambiguously indicate that the secondary structures of Hc
molecules transform from the original a-helix to f-sheets after
denaturation."” To further confirm such a secondary structural
transformation, a hydrogen bond as an important part of a
secondary structure is necessary to be checked by '"H NMR. As
shown in Figure 2b, most resonance signals are lost at DHcs,
which could be a consequence of hydrogen bond breaking and
opening of Hc proteins, where the intramolecular H-bonds
might transform to intermolecular H-bonds.”® The intermo-
lecular H-bonds could be beneficial to form H-bonds with the
solvated LiPS clusters in the electrolyte (Figure 1). X-ray
diffraction (XRD) patterns in Figure S3 show that the
denaturation process reduces the crystallinity of Hcs due to
the unfolding effect. To further understand how the
denaturants affect the unfolded structure, X-ray photoelectron
spectroscopy (XPS) measurements were performed, and the
results are illustrated in Figure 2c—e. Compared with the
CNTs-Hcs, the increased C=0 (533.3 eV in Figure 2c)*" and
N-H (400.4 eV in Figure 2d)** intensities in CNTs-DHcs
indicate an unwinding of peptide chains by breaking amide
bonds and more O- and N-containing functional groups are
exposed in DHcs after the unfolding process. The detectable
Cu signal in the Cu 2p XPS spectrum of DHcs (Figure 2e)

further prove that the curled structure of Hc is open and Cu
active centers are exposed after the denaturation process.
These structural changes in the enzyme induced by
denaturation can also be reflected at the macroscopic scale.
It is well-known that enzymes with a higher degree of
denaturation show greater viscosities because of the more
expansive and disentangled protein coils.”® As clearly shown in
Figure 2f, the CNTs-DHcs slurry exhibits lower liquidity and
greater viscosity than the CNTs-Hcs slurry when the bottles
are tilted, implying the DHcs have a stronger intermolecular
H-bonding and a more expanded molecular configuration due
to a lower folding degree. The two slurries without addition of
polyvinylidene fluoride (PVDF) binder were further coated on
Al foils with a blade, respectively. The significant differences
can be clearly observed by digital photos (Figure S4) and SEM
images (Figure SS), in which the CNTs-DHcs film presents
smoother and more uniform surface than the CNTs-Hcs film.
In addition, the as-fabricated CNTs-DHcs film displays good
mechanical durability under extreme conditions (Figure S6).
These results demonstrate that, with the fully exposed O- and
N-containing functional groups, the CNTs-DHcs film becomes
more compact and can exert stronger adhesion to the Al foil,
again confirming the changes in denaturation or unfolding
degree of Hc molecules. Since the wettability between the
electrode and the electrolyte interface is an important factor to
determine the electrochemical performances, we measured the
contact angles of the electrolyte on different electrode surfaces.
As shown in Figure S7, the static contact angle of an electrolyte
droplet on the CNTs-DHcs surface (8°) is smaller than that on
CNTs-Hes (12°) and CNTs (15°), revealing its better
penetration of electrolyte, where more exposed functional
groups in DHcs may have favorable chemical interactions with
the electrolyte solvent molecules. The improved electrode
wettability by DHcs is beneficial to promote the redox reaction
of the dissolved LiPSs in the electrolyte, improve the utilization
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Figure 3. (a, b) High-resolution (a) S 2p and (b) Li 1s XPS spectra of CNTs-DHcs, CNTs-Hcs, and CNTs after Li,S¢ adsorption. (c) Cyclic
voltammetry profiles in Li,Ss symmetrical cells based on CNTs-DHcs, CNTs-Hcs, and CNTs electrodes at 10 mV s™". (d) PITT plots of the cells
with CNTs-S/DHcs, CNTs-S/Hcs, and CNTs-S cathodes under a discharge operation from 2.6 to 1.6 V with a step of 0.02 V. (e—g) Potentiostatic
discharge profiles of (e) CNTs-DHcs, (f) CNTs-Hcs, and (g) CNTs in Li,Sq solution at 2.05 V on CNTs-DHcs, CNTs-Hcs, and CNTs electrodes.
(h) GITT profiles of the cells with CNTs-S/DHcs, CNTs-S/Hcs, and CNTs-S cathodes during the second discharge at 0.05 C. (i) Activation
energy profiles of the three electrodes during discharge (LCR, long-chain LiPS conversion reaction; SCR, short-chain LiPS conversion reaction).

of sulfur, and suppress the shuttle effect to afford a highly
robust Li—S battery.

The catalytic process of LiPSs includes two critical steps: i.e.,
adsorption and conversion.”* > The static LiPS adsorption
experiments (Figure S8) convincingly demonstrate that DHcs
have stronger adsorptivity toward LiPSs and substantial
remediation of LiPS shuttling, which can be correlated to
more available adsorbing sites on DHcs. To reveal the possible
interaction mechanism between LiPSs and DHcs, XPS analyses
were further performed using the spent samples after visual
adsorption. The high-resolution XPS spectrum of S 2p in
Figure 3a shows that compared with those for CNTs-Hcs@
Li,S¢ and CNTs@Li,Ss the polysulfide peaks for CNTs-
DHcs@Li,S4 greatly increase in intensity and shift to lower
binding energy, suggesting more LiPS adsorption on DHcs and
a stronger electron transfer from DHcs to LiPSs. Meanwhile,
there is a shift to higher binding energy in the O 1s XPS
spectrum of CNTs-DHcs@Li,S4 (Figure S9), further implying
more O sites in DHcs fully bond with the S atoms in Li,Ss.
Analogously, the Li 1s XPS spectrum of CNTs-DHes@Li,S4
(Figure 3b) shows a single peak belonging to the Li—S bond at
56.5 eV, which is located at higher binding energy than the Li—
S peaks of CNTs-Hes@Li,Sg and CNTs@Li,Ss, while the

binding energy of its N 1s peak is lower than that of CNTs-
Hes@Li,Ss (Figure S10), demonstrating the formation of a
“lithium bond”-like Li--N bond*” that favors a greater electron
transfer between LiPSs and DHcs. The above results are
indicative of the stronger chemical interaction between sulfur
species and DHcs through S—O and Li---N bonding. Since the
Hc molecule is composed of only one Cu* and a peptide chain
with more than 200 amino acids, it is difficult to probe the Cu
XPS signal from Hc or DHc with the Li,S4 cover in our
experiments.

Besides the prerequisite step of static adsorption LiPS
behaviors, the promoted catalytic effect of DHcs in LiPS
conversion, regarding liquid—liquid conversion and liquid—
solid conversion, was also kinetically demonstrated. The
liquid—liquid transformation kinetics of long-chain LiPSs to
short-chain LiPSs were first characterized by the cyclic
voltammetry (CV) profiles in Li,Sy symmetrical cells. With
the addition of DHcs, the symmetrical cells exhibit 4-fold and
2-fold enhancements in polarization current in comparison
with those of CNTs and CNTs-Hcs electrodes, respectively
(Figure 3c), corresponding to a double interfacial reactivity of
the polysulfide electrochemistry facilitated by the Cu, O, and N
polar sites. A similar conclusion can also be obtained from the
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capabilities of different cathodes at varying current densities (from 0.2 to 1.5 C and back to 0.2 C. (d, e) Cycling performance of CNTs-S/DHcs,
CNTs-S/Hcs, and CNTs-S cathodes at (d) 0.5 C and (e) 1 C. (f) Cycling performance of CNTs-S/DHcs, CNTs-S/Hcs, and CNTs-S cathodes
with a high sulfur loading of ~4.3 mg cm™ and an E/S ratio of 8 uL mg™" at 0.1 C.

potentiostatic intermittent titration technique (PITT) curves
(Figure 3d), in which the CNTs-S/DHcs cell manifests the
highest potentiostatic current of above 2.09 V.

Another core step in the sulfur conversion reaction is the
liquid—solid conversion from soluble short-chain LiPSs to solid
Li,S,/Li,S, which is deemed to be the “rate-determining” step
requiring a large energy barrier. As witnessed in PITT profiles
at a lower titration potential of 2.11 V (Figure 3d) and Li,S
nucleation experiments (Figure 3e—g), the current intensity
(0.22 mA), peak response time (4557 s), and calculated
nucleation capacity (212.8 mAh g™') of CNTs-DHcs cell are
superior to those of CNTs-Hcs (0.17 mA, 6309 s, 184.8 mAh
g™') and CNTs (0.11 mA, 12870 s, 123.1 mAh g™') cells,
indicative of the unwound architectures and more exposed
catalytically active sites in DHcs being in favor of expediting
Li* transport and liquid—solid conversion kinetics.”® Fur-
thermore, the galvanostatic intermittent titration technique
(GITT) profile of the battery with a CNTs-S/DHcs cathode
(Figure 3h) shows faster recovery and a longer second
platform during the titration compared with the counter-
parts,” and its Li* diffusion coefficient (Dy;*) at the liquid—

solid conversion stage (Step III) is elevated 40 and 3.3 times,
compared to the values for CNTs-S- and CNTs-S/Hcs-based
cells, respectively (Figure S11), confirming the best function of
DHcs in promoting Li" diffusion and activating the lithiation
kinetics, especially from short-chain LiPSs to solid Li,S,/Li,S.

Since the sulfur conversion reaction kinetics is fundamen-
tally reflected by the activation energy (E,) at each step, the E,
value during discharge was determined herein by detecting the
charge transfer resistances (R.) of the cells at different
potentials in the range of 10—40 °C and fitting according to
the Arrhenius equation (Figures S12—515).”" As shown in
Figure 3i, the E, value of the cell with DHcs shows a value
(~2.06 kJ mol™) similar to those of the other two cells
(CNTs-S/Hcs and CNTs-S) at 2.8 V (conversion from Sg to
Li,Sg) but much lower values (3.14—3.63 kJ mol™") than for
CNTs-S/Hcs and CNTs-S-based cells especially at 2.0—-1.6 V
(conversion of LiPSs to insoluble Li,S,/Li,S products), again
confirming that DHcs could facilitate the rate-determining step
for Li—S batteries, which is expected to increase the capacity
and stability of the batteries.
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Figure 5. (a—c) In situ Raman contour mapping images of various sulfur species on (a) CNTs-S/DHcs, (b) CNTs-S/Hcs, and (c) CNTs-S
cathodes during the discharging process. (d—f) Quasi in situ S 2p XPS spectra of (d) CNTs-S/DHcs, (e) CNTs-S/Hcs, and (f) CNTs-S cathodes

during the discharging process.

To comprehensively probe the electrocatalytic effect of Hcs
upon enhancing electrochemical performance, CNTs-S/DHcs,
CNTs-S/Hcs, and CNTs-S were employed as cathodes in
typical Li—S coin-type cells. The CVs of the cells for the first
four cycles are depicted in Figure S16. The peak positions and
current intensities for CNTs-S/DHcs cathode show no
obvious changes after four successive cycles, verifying the
highly reversible sulfur conversion process occurring inside of
the cell with the CNTs-S/DHcs cathode. The fourth-cycle CV
profiles of the three cathodes are further compared in Figure
4a. It can be clearly observed that, in contrast to the redox
peaks of the CNTs-S cathode, the two sharper cathodic peaks
for CNTs-S/Hcs cathode are positively shifted by ~22 and 48
mV, respectively, whereas its anodic peaks are negatively
shifted by ~65 mV. This implies that Hcs can effectively
reduce the polarization and accelerate the electrochemical
kinetics of sulfur species.31 Note that the CNTs-S/DHcs
cathode displays the smallest polarization (Figure S17) and the
largest current intensity especially at C, and A, as compared to
its counterparts, which indicates that the conversion rate
between soluble LiPSs and insoluble Li,S,/Li,S and the
corresponding capacity values are particularly improved by the
superior electrocatalytic activity of DHcs.*”

To confirm the CV results, Li—S cells with different
cathodes were subjected to galvanostatic discharge and charge
tests at 0.2 C (1 C = 1675 mAh g™'), as shown in Figure 4b.
Similar Qy values are observed for CNTs-S/DHcs (367.5 mAh
g™') and CNTs-S/Hcs (357.4 mAh g™') cathodes, which are

higher than that for CNTs-S, indicating that both DHcs and
Hcs can catalyze the liquid—liquid conversion of sulfur. Unlike
the case for Qp, the CNTs-S/DHcs cathode has a much
greater Q (876.6 mAh g™') than CNTs-S/Hcs (814.3 mAh
g™') and CNTs-S (753.0 mAh g™'). The highest Q;/Qy and
the smallest interfacial energy barrier (0.2 mV) observed for
CNTs-S/DHcs provide further evidence regarding the most
prominent liquid—solid reaction kinetics on the CNTs-S/
DHcs cathode. Equally important, the Q;/Qy ratio of CNTs-
S/DHcs at 1.5 C is almost 1.5 times that of CNTs-S (Figure
S18), implying that the use of DHcs greatly extends the life of
Li—S batteries at relatively high rates. Apart from that, the
CNTs-S/DHcs cell exhibits a smaller voltage hysteresis (AE)
compared with CNTs-S/Hcs and CNTs-S cells, demonstrating
reduced electrochemical polarization benefiting from the
catalytic activity of DHcs toward sulfur redox reactions, in
agreement with the CV results (Figure 4a).

The effect of Hc contents on Li—S battery performances was
evaluated, and the results show that the battery performance is
optimal when the mass ratio of Hc was 1.5% in the cathode
(Figure S19). Rate capacities of CNTs-S/DHcs, CNTs-S/Hcs,
and CNTs-S cathodes were evaluated at different current
densities. As shown in Figure 4c, it is obvious that, with the
addition of Hc, the cathodes demonstrate enhanced capacities
at all measured current densities. Especially, when DHcs is
introduced, battery capacities of 1472.1, 996.6, 898.6, 858.5,
and 817.0 mAh g_1 are achieved at 0.2, 0.5, 0.8, 1.0, and 1.5 C,
respectively, which are superior to those of its counterparts and
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most of the other reported protein materials (Figure
$20).*"*7” When the current density is abruptly reduced
back to 0.2 C, the capacity of CNTs-S/DHcs cathode remains
close to that of the previous cycles at the same rate, illustrating
the excellent reaction reversibility.

In terms of the cycling properties at 0.5 C with a low sulfur
loading in Figure 4d, the CNTs-S/DHcs cathode has a more
stable curve and a discharge capacity of 751.0 mAh g™' after
160 cycles, corresponding to a high capacity retention rate of
71.2% and a low capacity decay rate of 0.18% per cycle.
Meantime, the Coulombic efficiency for the CNTs-S/DHcs
cathode is close to ~100% through all long-cycle tests.
However, the control cathodes without DHcs (CNTs-S/Hcs
and CNTs-S) only deliver initial discharge capacities of 923.2
(CNTs-S/Hcs) and 801.4 mAh g' (CNTs-S) and the
capacity decay rates are 0.20% (CNTs-S/Hcs) and 0.30%
(CNTs-S), respectively. The capacity retention of the CNTs-
S/DHcs cathode is still impressive as the rate increases to 1.0
C, with 860.7 mAh g~ of its first capacity, a capacity decay rate
of 0.08% per cycle, and 98.9% Coulombic efficiency after 360
cycles (Figure 4e).

The good rate capability, reversability, and cyclability of
CNTs-S/DHcs can be ascribed to the highly catalytic DHcs
with more exposure of Cu, O, and N active sites, smaller steric
hindrance, and high gelation, which can strongly chemisorb/
catalyze sulfur species at the microenvironment, boost the fast
electron/ion transport, and strengthen the contact at the
electrode/electrolyte interface, leading to a reduced loss of
active materials and smooth sulfur conversion kinetics in the
working batteries. The favorable interfacial reaction kinetics on
the CNTs-S/DHcs electrode was also confirmed by an
electrochemical impedance spectroscopy (EIS) analysis de-
tailed in Figure S21 and Table S1, in which the R value
presents the descending order CNTs-S > CNTs-S/Hces >
CNTs-S/DHcs, indicating the beneficial enhancement of
electron/ion conductivity due to DHcs.* In this case, even
under the high sulfur loading (4.3 mg cm™) and poor
electrolyte/sulfur (E/S) ratio (8 uL mg™") conditions shown
in Figure 4f, the CNTs-S/DHcs-based batteries still demon-
strate considerable initial capacities of 1014.5 mAh g™ at 0.1
C, as well as a high capacity retention of 70.3% and areal
capacity of 3.07 mAh cm ™ after 100 cycles, which are higher
than those observed for the other two batteries.

In situ methods without disassembly of a battery, including
in situ UV—vis spectroscopy, in situ Raman spectroscopy, and
quasi in situ XPS spectroscopy, were employed to monitor the
reaction pathways in real time in Li—S batteries. The
absorption spectra for CNTs-DHcs, CNTs-Hcs, and CNTs
cathodes during the discharging process are revealed in Figure
§22. According to different intermediates’ peak Eositions (Sg>~
at 492 nm, S,>” at 435 nm, S;*” at 617 nm), ! the UV—vis
spectral intensities of the sulfur species at different electrode
surfaces were extracted and analyzed as the potential was
negatively scanned (Figure $23). On discharging from 2.8 to
1.6 V, the S and S,*” peak intensities gradually decrease,
while the S;*7 peak intensity increases at the three cathodes,
which are attributed to the reaction from long-chain LiPSs to
short-chain LiPSs. It is of interest that CNTs-DHcs has the
fastest intensity changes of the sulfur species among the three
electrodes, implying that DHcs can more effectively catalyze
LiPSs to form Li,S due to the polar Cu, O, and N sites in
DHcs. This finding is in agreement with the in situ Raman and
quasi in situ XPS analysis. Figure Sa—c and Figure S24 give the

Raman spectra and the corresponding contour profiles
collected on the three cathodes during the discharge process.
Five characteristic peaks for Sg (152, 246, 437, and 472 cm™")
and Sg2~ (219 em™!)**** are detected in all cathodes at 2.8 V.
When the cathode is discharged to 2.3 V, the above five peaks
largely fade and one new peak at 120 cm™' due to S¢*~
species** appears on the CNTs-S/DHcs cathode. This
manifests that Sg is transformed to long-chain LiPSs. On
further discharging to 1.6 V, the Sg, Sg*~, and Si*~ peaks
disappear completely and the peak of Li,S, is detected from
the CNTs-S/DHcs cathode, which showed the further
transformation of long-chain LiPSs to solid Li,S,/Li,S. A
similar robust sulfur conversion process is also observed in the
S 2p (Figure 5d) and Li 1s (Figure S25) XPS spectra of the
CNTs-S/DHcs cathode, where Sy is first transformed to Li,S,
(8 = n > 4) and partial Li,S,/Li,S at 2.1 V and then to large
amounts of Li,S,/Li,S, accompanied by a large shift of the Li—
S bond to lower binding energy, indicating that LiPSs gain
more electrons from DHcs and are reduced during discharge.
In comparison, this polysulfide transformation is almost
ineffective on the other two cathodes, particularly on the
CNTs-S cathode, as demonstrated by both in situ Raman
(Figure Sb,c and Figure S24b,c) and quasi in situ S 2p and Li
1s XPS results (Figure Se,f), confirming the unique mechanism
of DHcs in SRR again. All of the quasi in situ findings
demonstrate that the reaction mechanism of the CNTs-S/
DHcs cell is based on the formation of S¢*~ and S3*~
intermediates, which is distinguished from the traditional
SRR pathway (i.e.,, S¢>" = S& ™= $,27 — S,>~ — §¥7)* and
further shows the excellent catalytic function of DHcs.

3. CONCLUSIONS

In summary, we have designed and fabricated a novel
polysulfide catalyst derived from DHc to address the shuttle
effect and sluggish sulfur conversion kinetics issues in Li—S
batteries. Benefiting from the unfolded architecture of the
reformed natural enzyme, reduced steric hindrance for the
entry of LiPSs, increased channels for electron/ion transport
into the center Cu core, and sufficient O- and N-containing
functional groups exposed on its side chains, as well as the
transformation of intermolecular H-bonds, the DHcs present
great effectiveness in improving the mechanical durability of
the electrode and adsorbing and transforming LiPSs, as well as
facilitating Li* transport, which lower the activation energy
barrier from LiPSs to solid Li,S/Li,S, and effectively enhance
the redox kinetics of LiPSs. As a result, the DHc greatly
improves Li—S battery performances in rate capacity and cycle
stability. This work provides a new perspective and an
experimental basis for developing reformed natural enzymes
as catalyst materials for high-performance Li—S batteries.
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