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Fundamental mechanistic insights into the catalytic
reactions of Li—S redox by Co single-atom
electrocatalysts via operando methods
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Lithium-sulfur batteries represent an attractive option for energy storage applications. A deeper understanding

of the multistep lithium-sulfur reactions and the electrocatalytic mechanisms are required to develop advanced,

high-performance batteries. We have systematically investigated the lithium-sulfur redox processes catalyzed

by a cobalt single-atom electrocatalyst (Co-SAs/NC) via operando confocal Raman microscopy and x-ray absorp-

tion spectroscopy (XAS). The real-time observations, based on potentiostatic measurements, indicate that Co-

SAs/NC efficiently accelerates the lithium-sulfur reduction/oxidation reactions, which display zero-order kinet-

ics. Under galvanostatic discharge conditions, the typical stepwise mechanism of long-chain and intermediate-

chain polysulfides is transformed to a concurrent pathway under electrocatalysis. In addition, operando cobalt

K-edge XAS studies elucidate the potential-dependent evolution of cobalt’s oxidation state and the formation

of cobalt-sulfur bonds. Our work provides fundamental insights into the mechanisms of catalyzed lithium-sulfur

reactions via operando methods, enabling a deeper understanding of electrocatalysis and interfacial dynamics

in electrical energy storage systems.

INTRODUCTION

Lithium-sulfur (Li—S) batteries are widely considered as one of the
most promising electrical energy storage systems because of their
high theoretical energy density (2600 Wh kg™ '), their low cost,
and the environmental friendliness of S (1—4). However, the com-
mercial viability is still hindered by several challenges. The insulat-
ing nature of S and discharged products (Li,S/Li,S,) precludes the
electrochemical accessibility and full utilization of the active mate-
rial, especially at high C-rates. In addition, the large volumetric
change of the S electrode during charge/discharge processes can
compromise the integrity of the electrode and degrade cell perfor-
mance. More critically, the “polysulfide shuttle effect” caused by
soluble intermediate lithium polysulfides (LiPSs) can lead to the
loss of active material from the S electrode and poor Coulombic ef-
ficiency, as well as the corrosion of the Li metal anode, resulting in
passivation of the electrode and rapid capacity fade (5-7). Consid-
erable efforts have been devoted to mitigating the polysulfide
shuttle, typically by physical confinement using porous carbona-
ceous materials [e.g., mesoporous carbon (8) and metal-organic
framework (MOF)—derived carbon (9, 10)] and via chemical
binding with polar materials [e.g., metal oxides (11, 12), metal sul-
fides (13, 14), and heteroatom dopants in carbon matrices (15)]. In
addition, electrolyte additives (e.g., LINO;) are able to suppress the
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shuttle effect by forming a uniform passivation film, called a solid
electrolyte interface, on the surface of the Li anode (16, 17).

While substantial progress has been made, the challenges asso-
ciated with the S electrode still persist because of the intrinsic slug-
gish kinetics of the solid-liquid-solid (S-LiPSs-Li,S) phase
transformations during Li—S redox processes (18). Electrocatalysis
is a promising strategy to accelerate the multistep reactions in Li—S
batteries, mitigate the accumulation of soluble LiPSs in the electro-
lyte, and thus improve cycle life. Metal nanoparticles (19, 20), tran-
sition metal compounds [e.g., oxides (21, 22), sulfides (14, 23), and
nitrides (24, 25)], and heteroatoms doped into carbon materials
(26-28) have been used as electrocatalysts to accelerate the reaction
kinetics of Li—S batteries. Single-atom catalysts (SACs), with well-
dispersed metal atoms on designed substrates, represent one of the
most promising electrocatalysts because of the theoretical 100%
atom utilization efficiency and combined advantages of homoge-
neous and heterogeneous catalysts (29, 30). SACs with TM—N—C
(TM = Co, Fe, V, and Ni) formation exhibit high polarity for
LiPS adsorption and great potential for enhancing the reaction ki-
netics (31-33). However, mechanistic studies of electrocatalysis in
Li—S batteries have not mirrored the recent advances in developing
high-performance catalysts with optimized structures. The limited
efforts at unveiling electrocatalytic mechanisms are linked to the
difficulties of dynamically tracking the multistep Li—S redox reac-
tions, definitively identifying active-site structures and accounting
for active-site heterogeneity. The real-time monitoring of active
sites is particularly challenging, even for relatively simple systems
of SACs with well-defined architectures, because of the ultralow
concentration of single-atom sites. Advanced techniques with
high sensitivity and sufficient time resolution are critical for
gaining a comprehensive understanding of Li—S redox processes
and electrocatalytic mechanisms in operating cells.
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Over the past few decades, intense efforts have been pursued to
develop in situ/operando characterization techniques with the aim
of providing spatiotemporally resolved insights into Li—S batteries
(34, 35). Confocal Raman microscopy enables the simultaneous de-
tection of S and polysulfides with different chain lengths, as well as
obtaining high-resolution images to directly visualize S speciation
(36). Our group previously used operando confocal Raman micros-
copy to investigate and quantify Li—S redox processes, revealing the
first-order kinetics of S reduction and polysulfide redox processes,
as well as the stepwise discharge and parallel recharge mechanism of
polysulfides (37). Synchrotron-based methods, including x-ray ab-
sorption spectroscopy (XAS) (38—41), x-ray diffraction (XRD) (42,
43), and x-ray microscopy (44, 45), represent additional powerful
techniques to distinguish different S species and unveil their trans-
formation pathways in discharge-recharge processes. In earlier
work, Cuisinier ef al. (38) monitored S speciation and revealed
the mechanisms of S redox chemistry on cycling via operando
XAS of the S K-edge. In addition, atomic force microscopy (46,
47), nuclear magnetic resonance (48, 49), electron microscopy
(50, 51), and ultraviolet-visible (UV-vis) spectroscopy (52, 53)
have provided additional invaluable dynamic information on
Li—S cells. Despite numerous reports on in situ/operando
methods for Li—S batteries, there is limited understanding of elec-
trocatalyzed Li—S redox reactions, especially by SACs. Thus, their
catalytic pathways and mechanisms remain elusive.

Here, a MOF-derived material with atomically dispersed cobalt
(Co) atoms on a nitrogen (N)—doped carbon support (denoted as
Co-SAs/NC) was used as a cathode electrocatalyst in Li—S batteries.
Combined with operando confocal Raman microscopy and operan-
do XAS of the S K-edge, we have systematically investigated the re-
action kinetics and mechanisms of Co-SAs/NC-catalyzed Li—S
redox reactions under potentiostatic conditions as well as galvano-
static discharge-recharge processes. By direct visualization and
quantitative analysis of the potential-dependent reactants and inter-
mediates, we demonstrate the zero-order kinetics of S reduction and
polysulfide oxidation processes in the presence of Co-SAs/NC,
which is markedly different from the first-order kinetics in the non-
catalyzed case. During galvanostatic discharge-recharge processes,
Raman images of the surface region and deep into the electrolyte
were obtained, fully displaying the S speciation in both XY and
XZ planes. The concurrent evolution trends of long-chain (S,%7, x
= 6 to 8) and intermediate-chain (S,>”, x = 3 to 5) polysulfides il-
lustrate the accelerated kinetics of the multistep polysulfide transi-
tions catalyzed by Co-SAs/NC, which are further confirmed by
evidence from operando XAS of S K-edge. In addition, operando
XAS measurements of the Co K-edge were performed to capture
dynamic changes of electronic structure and local environment of
the Co atoms in the Co-SAs/NC catalysts, revealing the nature of the
active site and tracking its changes during Li—S redox. Our work
focuses on the real-time monitoring of the dynamic evolution of
the reactants (S species) and catalysts (Co-SAs/NC) via operando
methods and provides an integrative understanding of the facilitat-
ed kinetics and electrocatalytic mechanisms of Li—S redox reactions
with single-atom electrocatalysts. They establish a systematic and
methodological framework to decipher reaction mechanisms and
could inform and enable detailed exploration of complex pathways
in other state-of-the-art sustainable electrical energy
storage systems.
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RESULTS AND DISCUSSION

Structural and electrochemical characterization of Co-
SAs/NC

The Co single atoms supported on an N-doped carbon, denoted as
Co-SAs/NC, were prepared from MOF-Zn,,Co precursors by heat
treatment under forming gas (H, + N,) flow (see Materials and
Methods for details). As control groups, Co nanoparticles support-
ed on N-doped carbon (Co-NPs/NC) and N-doped carbon (NC)
were prepared from MOF-Zn,Co, as well by adjusting the Zn/Co
ratio (x/y). As shown in figs. S1 to S3, the crystalline structures, mor-
phologies, and electronic states of synthesized Co-SAs/NC materials
were identified by XRD, aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM) along with electron energy loss spectroscopy (EELS) ele-
mental mapping, and x-ray photoelectron spectroscopy (XPS), re-
spectively. The characterization results revealed the atomic
dispersion of Co atoms on the MOF-derived carbon substrates
and suggested a Co—N local configuration in Co-SAs/NC.

Cyclic voltammetry (CV) was carried out to assess the catalytic
activity of Co-SAs/NC in Li—S batteries. The catalytic effect of Co-
SAs/NC, on the electrochemical conversion of LiPSs, was evaluated
via symmetric cells in an electrolyte of 0.5 M Li,S¢ in the solvent
mixture of 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME)
(1:1, v/v) (fig. S4). Compared to Co-NPs/NC and NC, Co-SAs/
NC showed smaller voltage hysteresis between the anodic and ca-
thodic peaks, implying its superior catalytic effect on the conversion
of LiPSs. In Li—S cells with an S@catalyst cathode and Li anode, Co-
SAs/NC exhibited enhanced reaction kinetics for Li—S redox pro-
cesses and delivered a higher discharge capacity, compared to the
Co-NPs/NC and NC catalysts, as shown in figs. S5 and S6. To
unveil the reaction mechanisms of Co-SAs/NC—catalyzed Li—S
redox processes, operando confocal Raman microscopy and XAS
were carried out.

Kinetics of potentiostatic reduction/oxidation reactions
catalyzed by Co-SAs/NC
In a typical electrolyte of 1.0 M lithium bis(trifluoromethanesulfo-
nyl)imide (LiTFSI) in DOL/DME (1:1, v/v), the reduction of § in-
volves the ring opening of Sg and subsequent chain shortening
processes of polysulfides (L,S,): long chain (x = 6 to 8) — interme-
diate chain (x = 3 to 5) — short chain (x = 1 to 2) (54, 55). Figure 1
shows the operando confocal Raman microscopy study of the po-
tentiostatic reduction of S clusters under the catalytic effects of
Co-SAs/NC. A chronoamperometric measurement was conducted
at an applied potential of 2.25 V (versus Li/Li"), representing an
overpotential () of ~120 mV compared with the open-circuit
voltage (Eyeax = 2.37 V) of the first plateau in the galvanostatic in-
termittent titration technique profile (fig. S7). Figure 1A presents
the current as a function of time (i-f curve). Raman spectra are pre-
sented in Fig. 1B. The characteristic Raman peaks at 152, 219, and
473 cm ™! are ascribed to elemental S (Sg) (56). During the reduction
process, these peaks decreased followed by the emergence of two
peaks at 398 and 450 cm ™", which were assigned to long-chain poly-
sulfides (Li,S,, x = 6 to 8) and intermediate-chain polysulfides
(LioSy, x = 3 to 5), respectively (55, 57), indicating the evolution
from elemental S to polysulfides.

The optical images and Raman mappings collected during the S
potentiostatic reduction process are presented in fig. S8 and Fig. 1C,
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Fig. 1. Operando confocal Raman study of the potentiostatic reduction of S
catalyzed by Co-SAs/NC. (A) Chronoamperometric current-time (i-t) transient of S
reduction at 2.25 V (versus Li/Li") with Co-SAs/NC catalysts. Operando Raman (B)
spectra and (C) mapping images of the S electrode during reduction catalyzed by
Co-SAs/NC. The red and yellow colors in (C) represent S and long-chain poly-
sulfides, respectively, where the color contrasts remained consistent for quantifi-
cation. (D) Plot of the area changes of S clusters with time. (E) Values of k and
normalized k into the mass of Co derived from S reduction processes catalyzed
by Co-SAs/NC and Co-NPs/NC, respectively.

respectively. The Raman video of the reduction process is included
in the Supplementary Materials (movie S1). The Raman mappings
were captured in an 80 pm by 80 um region and constructed from
the bands at 219 cm™" (red, S) and 398 cm ™! (yellow, long-chain
polysulfides) in the Raman spectra (Fig. 1B), respectively. The S
cluster dissolved from the edges to the center and fully disappeared
at 2000 s, while the polysulfides became evident gradually after 200 s
and were dominant in the mapping at 2000 s. In an effort to explore
the kinetics of the potentiostatic reduction of S, the corresponding
area changes of the S cluster in the Raman mappings were plotted as
a function of time (Fig. 1D), where the active surface area of S was
represented by the projected area from the Raman mapping. The
reaction rate of S reduction can be expressed by the following equa-
tion

dA "

pri kA (1)
where A represents the active surface area of S calculated from
Raman mapping, which we assume as a proxy for the concentration;
tis the reaction time; k represents the rate constant for the reduction
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of S; and n is the reaction order with respect to S. In the presence of
Co-SAs/NC, the plot of the area of S (A) versus time (¢) exhibited a
linear relationship with an R* of 0.99, where the reaction rate was
constant and did not vary with the decrease in S. Thus, the reduc-
tion of S catalyzed by Co-SAs/NC represents a zero-order kinetics
(n = 0) process. Such behavior has been widely studied in enzyme-
catalyzed reactions (58, 59). The corresponding reaction rate expres-
sion can be written as

dA
8 ke 2
dt Co—SA ( )

where kc,.sa represents the rate constant for the S reduction reac-
tion catalyzed by Co-SAs/NC. In addition, as shown in fig. S9, dif-
ferent order kinetics were tried to fit the data. The fittings for the
first-, second-, and third-order kinetics were poor with R* values
of 0.83, 0.37, and 0.21, respectively. These are clearly much
poorer fits when compared to the zero-order kinetic analysis. The
previous work has showed that, without any catalysts, the potentio-
static reduction of S is a first-order reaction process, in which the
reaction rate decreases with the decreasing active area of S (37). It
should be emphasized that adding Co-SAs/NC as a catalyst converts
the reaction kinetics from first order to zero order, pointing to the
intrinsic catalytic function of the Co-SAs/NC in enhancing the re-
action kinetics of S reduction. Moreover, as shown in figs. S$10 and
S11, under high S loading (~4.5 mg cm ™) and lean electrolyte (~8
ul mg™") conditions, the S reduction catalyzed by Co-SAs/NC still
exhibited zero-order kinetics. This further validated the potential
electrocatalytic effects of Co-SAs/NC under more practical, high-S
loading conditions.

Similarly, the catalytic effects of Co-NPs/NC on the potentio-
static reduction of S were investigated by operando confocal
Raman microscopy (figs. S12 and S13). The Co-NPs/NC was also
able to facilitate the S conversion and also exhibited zero-order ki-
netics. The rate constants (k) for both Co-SAs/NC and Co-NPs/NC
were derived from the slopes of their zero-order fits. As shown in
Fig. 1E, the average rate constant of Co-SAs/NC was calculated to be
1.06 + 0.20 um* s~', which is much higher than that of Co-NPs/NC
(0.42 £0.21 pmz s™). The deviation is mainly related to the differ-
ence between the actual active surface area and the projected area
from Raman mapping due to the overlap of S clusters in the perpen-
dicular direction to the observation plane. When normalizing the
rate constant to the mass of Co, Co-SAs/NC shows a ~30 times
higher k value than Co-NPs/NC, pointing to the very high catalytic
efficiency of SACs.

In addition to the reduction of S, the oxidation of polysulfides,
catalyzed by Co-SAs/NC, was also probed via operando confocal
Raman microscopy (fig. S14). The potentiostatic oxidation of
Li,S, was performed at a constant applied potential of 2.40 V
(versus Li/Li"), and the i-t curve is presented in fig. S14A. The op-
erando optical images and Raman mappings are shown in figs. S15
and S14C, respectively. The region with a bandwidth of 20 cm™"
centered at 445 cm ™' (blue, intermediate-chain polysulfides; Li,S,,
x =310 5) in the Raman spectra (fig. S14B) was used to construct the
Raman mappings. The gradual decrease of Li,S, (x = 3 to 5) during
the oxidation process is shown in both the Raman spectra and the
corresponding mappings. The area changes of polysulfides (Li,S,, x
= 3 to 5) were plotted as a function of time in fig. S14D, displaying
zero-order kinetics with a good linear fit (R? = 0.98), which was
much better than the first-order fitting (R? = 0.84) (fig. S14E).
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Different from these results, we have previously shown that the ox-
idation of polysulfides without any catalyst is a first-order process
(37). The operando confocal Raman studies revealed that the Co-
SAs/NC catalysts can accelerate not only the reduction of S but
also the oxidation of polysulfides and change their kinetics from
first order to zero order.

Concurrent galvanostatic discharge-recharge processes
catalyzed by Co-SAs/NC

With the aim of investigating the catalytic function of Co-SAs/NC
on the Li—S redox reactions under cell operating conditions, galva-
nostatic (constant current) discharge-recharge processes were
studied via operando confocal Raman microscopy, monitoring
the evolution of S species at the cathode in real time. The Li—S
cell with an S@Co-SAs/NC cathode was discharged at 0.1 C and
the voltage profile is shown in Fig. 2A. The first plateau at around
2.32 V is ascribed to the reduction of elemental S to the higher-
order polysulfides, while the second plateau at around 2.1 V corre-
sponds to the further reduction to shorter-chain polysulfides. The
two plateaus in the discharge curve are consistent with the two ca-
thodic peaks in the CV profile (fig. S5A).

The operando Raman spectra collected at different depths of dis-
charge (DODs, %) are presented in Fig. 2B. The characteristic S
peaks at 152, 219, and 473 cm™" were evident at the beginning of
the discharge process, subsequently decreased, and completely dis-
appeared at around 21% DOD. Meanwhile, the peaks of long-chain

polysulfides (S,>, x = 6 to 8,397 cm™ ) and intermediate-chain
polysulfides (S,*7, x = 3 to 5, 450 cm™ ") increased gradually, and
both of them reached their highest intensities at ~27% DOD,
which is near the end of the first plateau. Subsequently, the peaks
related to polysulfides decreased because of their further reduction
into insoluble Li,S, which has no distinct Raman signals. The long-
chain polysulfides exhibited a higher rate of decrease than the inter-
mediate-chain polysulfides. The peak intensity of the long-chain
polysulfides was lower than that of intermediate-chain polysulfides
after ~38% DOD, which is in the region between the first and the
second plateau.

The operando morphological characterizations of S species are
shown in optical images (fig. S16) and Raman mappings (Fig. 2,
C and D, and movie S2). In the Raman mappings, the red, yellow,
and blue colors represent S, long-chain polysulfides (S,*”, x = 6 to
8), and intermediate-chain polysulfides (S,%7,x=3t05), respective-
ly. These were constructed from the regions with a bandwidth of 20
cm™" centered at 219, 398, and 450 cm ™, respectively, in the Raman
spectra. The evolution of S species on the surface of the cathode (XY
plane) is presented in Fig. 2C. Within the discharge process, the
initial S clusters gradually dissolved from the edges to the center
and completely disappeared in the image at ~22% DOD. The poly-
sulfides, including both long chain and intermediate chain, were
formed concurrently with the dissolution of S clusters, followed
by a subsequent decrease because of the further discharge, which
is consistent with the Raman spectra in Fig. 2B. In addition, the
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Fig. 2. Operando confocal Raman investigation of Li—S redox catalyzed by Co-SAs/NC during galvanostatic discharge process. (A) Voltage profile and (B) oper-
ando Raman spectra during the discharge process at a rate of 0.1 C (1 C = 1672 mAh g~"). (C) Corresponding Raman mapping results in the XY plane. The red, yellow, and
blue colors in mapping images represent S, long-chain polysulfides (sz_,x =6 to 8), and intermediate-chain polysulfides (sz_, x =310 5), respectively. The color contrasts
remained consistent for comparison. Different DODs are indicated with %. (D) Corresponding Raman mappings of polysulfides in depth (XZ plane). Quantified area

evolution of polysulfides (E) on surface (XY plane) and (F) in depth (XZ plane).
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evolution of polysulfides near the cathode in the Z direction (XZ
plane) was investigated by cross-sectional mappings, as presented
in Fig. 2D. The generated polysulfides were anchored near the
cathode and exhibited no notable diffusion to the electrolyte, in
contrast to our previous observation of evident polysulfide diffusion
in Li—S cells without a catalyst (37). This behavior is ascribed to the
strong adsorption ability of Co-SAs/NC toward polysulfides. On the
one hand, the MOF-derived porous carbon structures can physical-
ly confine the electrogenerated polysulfides. On the other hand, the
Co single atoms can serve as polar hosts to adsorb polysulfides by
chemical binding (32, 60). To understand the adsorption ability of
Co-SAs/NC, a combined visual adsorption experiment and UV-vis
spectroscopy measurement was carried out. As shown in fig. S17,
Co-SAs/NC caused fading of the brownish color of the Li,Sq solu-
tion and exhibited the lowest absorbance in the UV-vis spectrum,
confirming the strong entrapment binding ability of Co-SAs/NC to
polysulfides.

In an effort to quantitatively investigate the evolution of polysul-
fides, the area changes of polysulfides, calculated from Raman map-
pings in XY and XZ planes, were plotted as a function of DOD in
Fig. 2 (E and F), respectively. In Fig. 2E, concurrent changes of long-
chain and intermediate-chain polysulfides were observed. The
amounts of long-chain and short-chain polysulfides increased syn-
chronously and reached a maximum at ~28% DOD, which is in the
region between the first and the second plateaus (at ~2.25 V). Sub-
sequently, they decreased together, but the long-chain polysulfides
showed a faster rate of decrease and became less evident after ~40%
DOD, which is near the beginning of the second plateau in the dis-
charge curve (Fig. 2A). The quantitative analysis of polysulfides in
cross-sectional mappings (Fig. 2F) showed the same trend observed
in the XY plane, confirming the concurrent change of long-chain
and intermediate-chain polysulfides. Note that the concurrent
trend of polysulfides in the discharge process, catalyzed by Co-
SAs/NG, is different from the typical proposed stepwise evolution
mechanism in Li—S batteries without any catalysts, where the
long-chain polysulfides reach the maximum at earlier DOD than
intermediate-chain polysulfides (37, 43, 61). The transformation
from the stepwise mechanism to the concurrent mechanism is as-
cribed to the catalytic effect of Co-SAs/NC of accelerating the poly-
sulfide transitions, which is consistent with the CV profiles in fig.
S4. The same concurrent mechanism was also observed under a
higher S loading (~4.5 mg cm™?) and lean electrolyte (~8 ul
mg~") conditions, as shown in figs. S18 to S20.

The recharge process of the Li—sS cell is the reverse process of the
discharge, including the oxidation of Li,S to polysulfides, followed
by the further oxidation of polysulfides to S. The Li—S cell was re-
charged at 0.1 C and the voltage profile is shown in fig. S21A. The
selected Raman spectra, at different states of charge (SOCs), are pre-
sented in fig. S21B. During the recharge process, the peaks related to
long-chain (397 cm ') and intermediate-chain (450 cm™") polysul-
fides exhibited consistent trends. They increased simultaneously
and reached their maximum intensities at ~70% SOC, which is at
the beginning of the second plateau at 2.35 V. Subsequently, they
decreased together because of the oxidation of polysulfides to
S. At the end of the recharge process, strong sharp signals at 152,
219, and 473 cm ™" were observed, which are ascribed to elemental
S (Sg). The operando optical images are shown in fig. S22. The op-
erando Raman mappings in the XY plane are shown in fig. S23A
and movie S3, visualizing the evolution of S species on the surface
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of the cathode. At around 97% SOC, small S clusters were observed,
because of the oxidation of polysulfides, which grew larger at the
end of the recharge (100% SOC). The reformed S clusters, after
the recharge process, showed considerably different sizes, shapes,
and locations with respect to the initial ones at the beginning of
the discharge, which indicates the “refreshing” of the S nucleation
sites in the discharge-recharge cycles (44). The evolution of polysul-
fides in the XY plane was analyzed quantitatively in fig. S23C, which
showed consistent trends for long-chain and intermediate-chain
polysulfides throughout the entire recharge process, revealing “par-
allel” polysulfide pathways. The cross-sectional Raman mappings of
polysulfides in the Z direction are shown in fig. S23B. The corre-
sponding quantified area evolutions of the polysulfides are present-
ed in fig. S23D, which exhibited the same trends of polysulfides with
the results from the XY plane, further confirming the parallel poly-
sulfide pathways in the recharge process.

S speciation via operando XAS

In an effort to further understand the S redox chemistry under the
catalytic effect of Co-SAs/NC, operando XAS measurements of the
S K-edge were performed to probe the dynamic chemical state evo-
lution of the S composite cathode during the discharge-recharge
processes. The operando coin cells were fabricated using modified
CR2032 coin cell casings with a 4.5 mm diameter hole window
drilled on the cap to measure scattering (Fig. 3A). To exclude the
contribution of S absorption from the LiTFSI, 1.0 M lithium per-
chlorate (LiClO,) dissolved in DOL/DME (1:1, v/v) was used as
the electrolyte in all the S K-edge measurements.

Figure 3B presents x-ray absorption near-edge structure
(XANES) spectra of standard references of different S species. The
strong absorption peak at 2472.6 eV is the white line feature of el-
emental S (Sg), which is attributed to the 1s to 3p transition (38, 62).
Li,S showed two peaks centered at 2473.3 and 2476.3 eV, respective-
ly. The latter peak is identified as a constructive interference feature,
which is apparently different from the destructive interference
feature of elemental S (Sg) at ~2476 eV (63). The spectra of polysul-
fides were characterized by two peaks. One is the main-edge feature
at the same energy as elemental S (2472.6 V), which likely arises
from the “internal” S atoms in the polysulfide chains. The other
one is the lower energy edge feature near 2470.8 eV, corresponding
to the charged “terminal” S atoms at either end of the polysulfide
chain dianions (40, 64). Closely monitoring the near-edge features
of polysulfides with different chain lengths, when shortening the
polysulfide chain, the intensity of the main-edge peak decreased,
while the intensity of the lower energy edge peak increased
because of the increasing ratio of terminal S atoms to all the S
atoms in a polysulfide chain. This observation is also consistent
with reported first-principles simulation results (65, 66).

Figure 3C displays operando XANES spectra obtained through-
out the first discharge-recharge cycle at 0.1 C in a Li—S cell with an
S@Co-SAs/NC cathode. As presented in Fig. 3D, the distinct fea-
tures evolving through the cycle are shown by the selected spectra
from Fig. 3C. At the initial state, the spectrum exhibited one strong
absorption (peak A) at 2472.6 eV, corresponding to the elemental S
(Sg) in the cathode. Within the discharge process, the intensity of
peak A decreased while the peak B at 2470.8 eV increased, repre-
senting the conversion of elemental S into polysulfides. Subse-
quently, the intensity of peak B decreased because of the further
reduction of polysulfides to Li,S. The Li,S signal, characterized by
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Fig. 3. Operando S K-edge XANES analysis of S speciation under the catalytic effects of Co-SAs/NC. (A) Schematic of an operando coin cell. (B) Normalized S K-edge
XANES spectra of standard references: S, Li,S, and polysulfide solutions (Li,Sa, Li»Se, and Li,Sg). (C) Evolution of S K-edge XANES spectra during a full galvanostatic cycle.
(D) XANES spectra selected from specific points during the cycling, labeled by the voltage. (E) Voltage profile measured at 0.1 C and (F) the corresponding evolution of the
intensity of peak B (2470.9 eV; representing LiPSs) during cycling. a.u., arbitrary units.

peak C (2473.3 eV) and peak D (2476.3 eV), became evident at the
end of the discharge process. In the subsequent recharge process,
the formed Li,S was oxidized to polysulfides, as shown by the de-
creasing intensity of peaks C and D as well as the increasing inten-
sity of the peak B. At the end of the recharge process, the spectrum
showed an intense peak A without the feature of peak B, indicating
the reformation of elemental S.

To further reveal the changes of polysulfides during the cycling,
the voltage profile and the normalized intensity changes of peak B
are presented in Fig. 3 (E and F), respectively, correlating the elec-
trochemical and XAS features. During the discharge process, the in-
tensity of peak B increased and reached a maximum at ~2.25V,
which is in the region between the two discharge plateaus, in agree-
ment with our operando Raman results (Fig. 2). Subsequently, the
intensity decreased monotonically until the end of discharge, sug-
gesting the continuous consumption of polysulfides. In the recharge
process, the intensity of peak B increased along with the first charge
plateau and reached a maximum at ~2.35 V, after which it decreased
because of the oxidation of polysulfides to elemental S, in agreement
with the Raman analysis (fig. $23).

In addition to the operando study of Li—S cells with Co-SAs/NC
catalysts, we performed the same experiments for Li—S cells without
any catalyst. The operando XANES spectra and the intensity evolu-
tion of peak B are shown in fig. S24. During the discharge process,
the maximum of peak B appeared at the beginning of the second
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plateau. In the subsequent discharging, the peak intensity decreased
slowly at first (indicated by region II-a), followed by a decrease with
alarger slope (indicated by region II-b). These observations are con-
sistent with reported studies (38, 39) and are in accordance with the
electrochemical features of the typical stepwise mechanism for poly-
sulfide transitions. However, in contrast to this “two-step” decrease
of polysulfides in the discharge process, Li—S cells catalyzed by Co-
SAs/NC showed a different trend with a near linear decrease in
region II (Fig. 3F), which was reproducible in different cycles and
different cells (fig. S25). This “near linear decrease” feature may be
related to, at least in part, the concurrent change of long-chain and
intermediate-chain polysulfides in the discharge process because of
the accelerated kinetics under the catalytic effects of Co-SAs/NC, as
indicated by the operando Raman results (Fig. 2).

Evolution of Co-SAs/NC via operando XAS

After investigating the S speciation under the catalytic effects of Co-
SAs/NC during the redox processes, XAS measurements of the Co
K-edge were carried out to assess the electronic structure and local
environment of the Co atoms in Co-SAs/NC and to observe the
dynamic evolution of active sites directly under catalytic conditions.
Figure 4A presents the normalized Co K-edge XANES spectra of
Co-SAs/NC, along with the data for Co foil, CoO, and CoS, as ref-
erences. The spectrum of Co-SAs/NC exhibited a weak pre-edge
feature at 7709 eV, arising from the 1s — 3d transition, which is a
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fingerprint of the centrosymmetric square planar Co—N, structure
(67-69). The main-edge absorption was attributed to an electronic
transition from 1s to 4p orbitals. As presented in fig. S26A, the ab-
sorption edge of Co-SAs/NC (7720 eV) was close to that of the CoO
reference (7721 eV), indicating that the oxidation state of Co in Co-
SAs/NC was around +2, which is consistent with the XPS results
(fig. S3). The corresponding Fourier-transformed (FT) k3—weighted
extended x-ray absorption fine structure (EXAFS) profiles in R
space (without phase correction) are shown in Fig. 4B. Only one
prominent signal of Co-SAs/NC was observed at 1.41 A, corre-
sponding to Co—N scattering in the first shell, which is shorter
than the Co—O path (1.71 A) in CoO and the Co—S path (1.89 A)
in CoS,. In addition, the Co—Co path at 2.18 A (Co foil) and other
high-shell signals were almost undetectable in Co-SAs/NC, validat-
ing the single-atom nature of the Co sites, which is in agreement
with the HAADF-STEM images (fig. S2). The first-shell EXAFS

fitting of Co-SAs/NC was performed following the Co—N scattering
path, as shown in R space (Fig. 4C) and k space (fig. S27). The fitted
curves were well-matched to the experimental data. As presented in
table S1, the fitted coordination number of Co—N was 3.91 and the
mean bond length was 1.90 A. Together with the pre-edge features
in the XANES spectrum, the local square planar Co—N, structure of
Co atoms in Co-SAs/NC was ascertained, as shown in the inset
of Fig. 4C.

Operando XAS measurements of the Co K-edge were performed
to detect the dynamic changes of electronic structure and local en-
vironment of the Co sites in Co-SAs/NC under different applied po-
tentials and, thus, provide complementary information on the
catalytic effects of Co-SAs/NC in Li—S batteries. The operando-nor-
malized Co K-edge XANES spectra at different discharge states are
presented in Fig. 4D, displaying a potential-dependent shift of the
rising edge region. As shown in the magnified inset of Fig. 4D, when
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Fig. 4. Operando Co K-edge XAS analysis of the dynamic evolution of Co single-atom sites. (A) Normalized Co K-edge XANES and (B) k*-weighted FT-EXAFS spectra
of Co-SAs/NC and Co references: Co foil, CoO, and CoS,, shown in (R + 4) distances, without phase correction. (C) Corresponding Co K-edge k*>-weighted FT-EXAFS fitting
curves of Co-SAs/NC in R space. The inset is the schematic structure of Co-SAs/NC. Operando-normalized Co K-edge XANES spectra of Co-SAs/NC (D) discharged and (E)
recharged to different electrochemical states in a Li—S battery. Insets are the magnified pre-edge regions. (F) Evolution of the pre-edge absorption energy, indicated in
the insets of (D) and (E), as a function of the discharge and recharge states. Operando k*>-weighted FT-EXAFS spectra of Co-SAs/NC (G) discharged and (H) recharged to
different electrochemical states in a Li—S battery. Insets are the magnified shoulder peak regions. The arrows with solid and dashed lines indicate the gradual increase and
decrease processes of the shoulder peak, respectively. (I) Schematic illustration of the Co—S coordination bond between a Co single-atom site and a S atom from a

polysulfide molecule (Li,S,4). Red (Co), green (N), gray (C), yellow (S), and blue (Li).
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the voltage decreased from open circuit potential (OCP; ~3.0 V) to
2.3,2.2,2.1, 1.9, and finally 1.5 V following the discharge process,
the XANES spectra shifted gradually to a lower-energy region by
>0.1 eV. The downshift of energy indicates a decrease in the oxida-
tion state of Co, accompanied by the reduction from elemental S to
polysulfides, and then to Li,S. In the subsequent recharge process
(Fig. 4E), with increasing applied potentials, the XANES spectra
shifted back to higher energies, indicating an increase in the oxida-
tion state of Co, corresponding to the oxidation of S species back to
elemental S. The evolution of energy in the rising edge region at the
same normalized intensity, indicated by dashed arrows in the insets
of Fig. 4 (D and E), is presented as a function of discharge and re-
charge states (Fig. 4F). The energy changes throughout the dis-
charge-recharge process demonstrated a similar shape to the
typical discharge-recharge voltage profiles, which presumably re-
flects the interactions between the Co single-atom sites and different
S species.

Operando EXAFS spectra in R space collected at different states
during discharge and recharge processes are presented in Fig. 4 (G
and H), respectively. In the discharge process, there was no evidence
of changes observed for the Co—N shell at 1.41 A, while a shoulder
peak appeared at around 1.9 A, which was ascribed to Co—S inter-
actions. As shown in the inset of Fig. 4G, at the beginning of the
discharge, the signal for the Co—S coordination bond was weak.
Subsequently, the magnitude of the Co—S peak increased within
the reduction process from elemental S to polysulfides. The inten-
sity of the Co—S peak reached a maximum at 2.1 V, which could be
related to the strong interaction between Co and polysulfides. After-
ward, the amplitude of the Co—S shell decreased gradually with the
further reduction of polysulfides to Li,S. These observations indi-
cated that the Co—S interactions were mainly due to the coordina-
tion between the S atoms from polysulfides and the single-atom Co
sites, as illustrated in Fig. 4I. In the recharge process, a similar evo-
lution of the Co—S coordination bonds was observed. The initial
increment of the Co—S peak corresponded to the generation of
polysulfides from Li,S, and the subsequent decrease in magnitude
was due to the further oxidation of polysulfides back to elemental
S. The operando EXAFS results revealed the evolution of Co—S co-
ordination bonds in the discharge-recharge processes and suggested
that polysulfides can coordinate to Co atoms more strongly, com-
pared to elemental S and Li,S.

Co-SAs/NC catalyzed Li—S redox mechanism

With the combination of the operando confocal Raman studies and
the operando XAS analyses, the mechanistic details of Li—S redox
under the catalytic effect of Co-SAs/NC were explored. Figure 5A
presents the potentiostatic reduction process of the S cluster. The
S cluster at different states of reduction (SOR, %) is represented
by different colors. In the reduction process, the S clusters dissolve
from the edge to the center. In the absence of a catalyst, the con-
sumption rate of S slows down with a decreasing active area of S,
which follows first-order kinetics (Fig. 5B) (37). In contrast, the
Co-SAs/NC changes the reduction of S from first-order to zero-
order kinetics, with a constant reaction rate that is not influenced
by changes in the active amount of S (Fig. 5C), according to our
operando confocal Raman results (Fig. 1). This points to the cata-
lytic effects of Co-SAs/NC on the S reduction reaction, enhancing
the kinetics of this solid-liquid transition.
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The discharge processes of Li—S batteries without any catalyst
and with Co-SAs/NC catalysts are schematically illustrated in
Fig. 5 (D and G), respectively. Typically, the evolution of S species
in Li—S batteries follows the following sequence: S (Sg) — long-
chain polysulfides (S,>7, x = 6 to 8) — intermediate-chain polysul-
fides (S,>”, x = 3 to 5) — Li,S,/Li,S. Large amounts of long-chain
polysulfides are formed initially, followed by the accumulation of
intermediate-chain polysulfides. As presented in Fig. 5E, the
amount of long-chain polysulfides increases and reaches its
maximum first, due to the reduction of elemental S. Afterward,
the decrease is attributed to the liquid-liquid transition from
long-chain polysulfides to intermediate-chain polysulfides, accom-
panied by an increase in the amount of intermediate-chain polysul-
fides. The maximum of the intermediate-chain polysulfides lags
behind the maximum of the long-chain polysulfides. Such nonsyn-
chronous changes are features of the stepwise mechanism of the
multistep polysulfide transitions. However, under the catalytic
effects of Co-SAs/NC, the long-chain and intermediate-chain poly-
sulfides exhibit concurrent trends. The maximum of intermediate-
chain polysulfides exists at the same DOD with the long-chain poly-
sulfides (Fig. 5H), based on the operando Raman quantitative anal-
ysis in Fig. 2. Note that, in the concurrent mechanism, the evolution
of S species still follows the same sequence as in the stepwise mech-
anism. The accelerated reaction kinetics for the multistep conver-
sions, due to electrocatalysis, is the major reason leading to the
experimentally observed concurrent evolution of polysulfides. On
the one hand, the concurrent increase of intermediate-chain poly-
sulfides with long-chain polysulfides indicates the accelerated kinet-
ics of the liquid-liquid polysulfide transition from long chain to
intermediate chain. One the other hand, after the maximum
point of the polysulfides, although the long-chain polysulfides are
reduced to intermediate-chain polysulfides, the latter does not ac-
cumulate. This can be ascribed to the fast consumption of interme-
diate-chain polysulfides by the further reduction to Li,S, suggesting
the facilitated kinetics of the liquid-solid phase transition process.
The faster reaction kinetics facilitates the conversion of S species ef-
ficiently and can contribute to a higher capacity (fig. S6A).

The evolution of polysulfides, indicated by the lower energy edge
feature (peak B) in the XAS spectra of the S K-edge (Fig. 3 and fig.
S24), are schematically illustrated in Fig. 5 (F and I), representing
the situation without catalyst and with Co-SAs/NC, respectively.
In the absence of catalyst, the evolution of the polysulfide signal pre-
sents an initial increase (region I, followed by a decrease, which can
be further divided into two regions (region II-a and region II-b).
The relatively mild change in region II-a corresponds to the
region in between the orange and blue dashed lines in Fig. 5E,
where the long-chain polysulfides decrease while the intermedi-
ate-chain polysulfides increase and, thus, the total change of poly-
sulfides in the system is not marked. The subsequent faster decrease
in region II-b is attributed to the further reduction to Li,S. By com-
parison, in the presence of Co-SA, the evolution of the polysulfide
feature exhibits only one decrease region (II) with a near linear de-
crease, which is consistent with the concurrent decrease of the long-
chain and intermediate-chain polysulfides in Fig. 5H. The operando
XAS and Raman results validate the different mechanisms of poly-
sulfide conversions with and without Co-SAs/NC catalysts, un-
equivocally revealing the catalytic effects of Co-SAs/NC on Li—S
redox reactions.
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catalytic effects of Co-SAs/NC, based on operando XAS results.

In addition, first-principles calculations based on density func-
tional theory (DFT) were carried out to assess the Gibbs free ener-
gies for S redox reactions under conditions with and without Co-
SAs/NC, respectively. The calculated Gibbs free energy profiles
are presented in fig. S28. The energy barriers of both the long-inter-
mediate polysulfide transition (Li,Sg —Li,S¢ —Li,S4) and the inter-
mediate-short transition (Li,S, — Li,S, — Li,S) on Co-SAs/NC
were lower, compared to the case without catalyst. The calculated
results are consistent with our experimental data and indicate that
the multistep polysulfide conversions are more favorable on a Co-
SAs/NC surface/substrate.

In summary, we have monitored the real-time evolution of S
species and the dynamic changes of Co single-atom catalytic sites
in Li—S batteries via operando confocal microscopy and operando
XAS, which have provided new insights into the reaction kinetics
and catalytic mechanisms of the multistep Li—S redox reactions.
On the basis of the potentiostatic reduction/oxidation studies, we
have found that Co-SAs/NC catalysts are able to facilitate the kinet-
ics of S reduction and polysulfide oxidation as well as change their
original first-order reaction kinetics to zero-order kinetics. More-
over, during the galvanostatic discharge process without catalysts,
the evolution of different polysulfides followed a stepwise mecha-
nism with nonsynchronous changes of the long-chain and
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intermediate-chain polysulfides. In contrast, with Co-SAs/NC cat-
alysts, the long-chain and intermediate-chain polysulfides exhibited
concurrent trends, indicating the accelerated kinetics of liquid-
liquid polysulfide conversion and liquid-solid phase transition
under the catalytic effects of Co-SAs/NC. In addition, the
dynamic electronic and structural changes of the catalytic Co sites
were captured via operando XAS of the Co K-edge, suggesting the
formation of Co—S coordination bonds during electrocatalysis. Op-
erando confocal Raman and XAS studies have provided compelling
evidence of the S speciation and have enabled a comprehensive un-
derstanding of the underlying kinetics and mechanisms of Li—S
redox processes catalyzed by Co-SAs/NC. These results and ap-
proaches can provide promising insights into the in-depth under-
standing of the reaction mechanisms in Li—S batteries and spark
new inspirations of systematically deciphering complex pathways
in other sustainable electrical energy storage systems.

MATERIALS AND METHODS
Synthesis of the catalysts
ZIF-67 and ZIF-8 were used as the carbon precursors (ZIF, zeolitic
imidazolate frameworks). ZIF-67 is composed of a Co center
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coordinated by four imidazolate groups, while ZIF-8 has zinc as the
metal center. Typically, a mixture of Co(NO;),-6H,O and
7Zn(NO3),-6H,0 with different molar ratios of Co**/Zn** was
dissolved in a mixed solvent of 40 ml of ethanol and 40 ml of
methanol, where the total molar amounts of Zn>" and Co>" were
6 mmol with stoichiometric numbers represented by x and y in
moles. Another mixture of 2-methylimidazole (1.97 g; Sigma-
Aldrich) and 1-methylimidazole (0.49 g; Sigma-Aldrich) with 40
ml of methanol and 40 ml of ethanol was then added under
magnetic stirring. The solution was left standing still for 48 hours
at room temperature. The formed precipitate was collected by
centrifugation, washed with methanol, and dried in an oven at
60°C. The product is denoted as MOF-Zn,Co,. The as-synthesized
MOE-Zn,Co,, particles were transferred into a flow furnace and
heated to 300°C for 1.5 hours and then 900°C for 2 hours in
flowing forming gas (5% H, + 95% N). The catalysts were collected
after the furnace was turned off and cooled down. The desired Co-
SAs/NC, Co-NPs/NC, and NC composites were obtained by
pyrolyzing MOF-Zn,Co, with x/y ratio of 20:1, 0:1, and 1:0,
respectively. The Co loading in the as-prepared Co-SAs/NC was
around 1.6 wt %, measured by inductively coupled plasma optical
emission spectroscopy (ICP-OES).

Preparation of the S cathodes

S was loaded into the above catalyst composites by a melt-diffusion
method. A mixture of 70 wt % S and 30 wt % catalyst was first ball-
milled for 20 min, followed by melt-diffusion at 155°C for 12 hours
in an oven. The slurry of S@catalyst composite, Super P (Alfa-Aesar,
99%), and polyvinylidene fluoride (PVDF) with a mass ratio of 8:1:1
in N-methyl-2-pyrrolidinone (anhydrous, 99.5%; Sigma-Aldrich)
were bladed onto carbon paper (AvCarb EP40, Fuelcell Store; 0.19
mm thickness) and dried overnight at 60°C. The S loading of
cathode was 1.5 to 2 mg cm ™ if not otherwise specified.

Materials characterizations

Crystal structures were confirmed by powder XRD using a Rigaku
Ultima VI diffractometer, measured from 20° to 80° at a scan rate of
4° min~'. The metal loading of Co was measured by ICP-OES
(SPECTRO ARCOS FHE12). XPS spectra were collected in a
Surface Science Instruments SSX-100 operated under a working
pressure at 2 x 107" torr. For STEM and EELS analyses, the
sample was prepared by drop-casting Co-SAs/NC ethanol disper-
sions on lacey carbon on Cu TEM grids and baked out at 130°C
for 5 hours to remove contaminants before STEM-EELS character-
ization. The STEM imaging with EELS elemental mapping was ac-
quired on a fifth-order aberration-corrected FEI Titan Themis
operated at 120 keV. Beam damage of the sample was routinely ex-
amined before and after EELS mapping. The STEM images were
processed by Image] software, and all the elemental maps were pro-
cessed with principal components analysis with three components
and a linear combination of power law for background subtraction.

Electrochemical measurements

Electrochemical performance was evaluated using CR2032 coin cell
casings, which were assembled in an argon-filled glove box with
oxygen and water contents below 0.1 parts per million. A Celgard
2300 polypropylene separator was used to separate the S cathode
and Li metal anode. The electrolyte was 1.0 M LiTFSI dissolved in
a mixed solvent of DOL and DME (1:1, v/v) with 2 wt % LiNOj as
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an additive. Galvanostatic discharge/charge measurements were
performed with a Neware battery test station over the voltage
range of 1.8 to 2.8 V (versus Li'/Li). CV was conducted on a Bio-
Logic SP-150 potentiostat, and EIS tests were carried out from 0.1
Hz to 100 kHz on the same workstation. The tests were carried out
at 25° + 1°C. The symmetric coin cell was assembled for CV mea-
surements to probe the polysulfide conversion kinetics. Symmetric
cells were assembled with two electrodes that consisted of a mixture
of 80 wt % of the catalyst (Co-SAs/NC, Co-NPs/NC, and NC) and
20 wt % of PVDE. The electrolyte was 0.5 M Li,S¢ and 1.0 M LiTFSI
in a mixed solvent of DOL and DME (1:1, v/v). CV was performed
between —1.4 and 1.4 V at a scan rate of 2 mV s~ .

Operando confocal Raman microscopy characterization

The operando cell was adapted from the CR2032 coin cell with a 3-
mm diameter glass window (0.13- to 0.17-mm thickness; Fisher-
brand). For the potentiostatic reduction of S and galvanostatic dis-
charge-recharge experiments, S cathodes (S@catalyst) were
prepared by coating a slurry of S:PVDF (7:2) onto the pinhole-mod-
ified carbon paper, followed by an additional layer of catalyst:PVDF
(8:2) onto the dried S layer. For the experiments of oxidation of
polysulfides, cathodes were prepared by coating a slurry of cata-
lyst:PVDF (8:2) onto the pinhole-modified carbon paper. The
Raman spectra and mapping images were obtained via a WITec
Alpha300R confocal Raman microscope. The calibration of the
spectra and color contrast of the images were set consistently for
quantification and comparison using the software of Project Five
5.1. The 20 cm™" regions centered around the peak positions on
the spectra were selected for mapping. Areas in the Raman
mapping were extracted and quantified by ImageJ. For S clusters,
projected areas were mapped, which served as proxy for the active
surface areas. For Li,S, catholytes (0.8 M), the areas at the open
circuit were treated as pristine concentrations. Because the Li,S,
catholytes are homogeneous solutions, the changes of the areas
from Raman mapping were assumed to be proportional to
changes in concentration. Operando characterizations for potentio-
static and galvanostatic measurements were achieved by controlling
the voltage/current rate of the cells and monitoring the current-
time/voltage-time responses, respectively, with a potentiostat
(Metrohm Autolab PGSTAT302N).

Operando XAS characterization

Operando S K-edge XAS spectra were collected at the TES beamline
(8-BM) of the National Synchrotron Light Source II. All of the op-
erando experiments were carried out under constant helium flow in
the sample chamber, and the data were collected in fluorescence
mode. The operando cell was adapted from a CR2032 coin cell
using a polypropylene window (diameter: 4.5 mm). The electrolyte
was 1 M LiClO,4 in DOL/DME (1:1, v/v) with 2 wt % LiNO;. Co K-
edge XAS spectra were acquired at the PIPOXS beamline of the
Cornell High Energy Synchrotron Source under ring conditions
of 100 mA at 6 GeV. Ex situ powder samples (Co-SAs/NC, Co-
NPs/NC, and Co references) were measured under transmission
mode. Operando XAS measurements were carried out in fluores-
cence mode. The operando cell was adapted from a CR2032 coin
cell using a Kapton window (diameter: 6 mm). The electrolyte
was 1 M LiTFSI in DOL/DME (1:1, v/v). XAS spectra of Co were
acquired from 7550 to 8350 eV using a Si(111) monochromator,
with a beam spot size of 0.72 mm by 0.72 mm and averaged from
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around 25 spectra using a four-element Vortex detector to enhance
the signal-to-noise ratio. All XAS spectra were normalized and an-
alyzed using Athena and Artemis software packages (70).

Theoretical calculations

DFT calculations were preformed using the ORCA 5.0 computa-
tional package (7I). The models of graphene flakes, Co-SAs/NC,
and LiPSs were constructed in Avogadro molecular editor (72).
Before geometry optimization, we generated the initial coordinates
of the species via Packmol (73). For each LiPS and catalyst pair, we
conducted the calculation with at least 10 different initial configu-
rations to find the optimal total SCF energy. Because the catalysts
include Co atoms, we applied unrestricted Kohn-Sham DFT to
account for the open-shell system. The PBEh-3c functional was
used to compute the optimized geometries, energies, and orbitals.
The def2-mSVP basis and the auxiliary def 2/] basis were imple-
mented. The RIJCOSX approximation was used to accelerate
Hartree-Fock and hybrid DFT calculations. The data of orbitals
were output as Gaussian cube files and visualized through visual
molecular dynamics (VMD), where the density functions of elec-
tron orbitals were plotted (74). The energy profiles and correspond-
ing optimized geometries are shown in fig. S28 and figs. S29 and
S30, respectively. Compared to previous research (31, 32), our
model was focused on calculating the interaction between a single
molecule and a large graphene substrate. Instead of using periodic
boundary condition, this approach can exclude the interference
between the LiPSs and their mirror molecules in the simulation.
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Figs. S1 to S30
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