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ARTICLE INFO ABSTRACT
Keywords: Sulfur redox reactions render lithium-sulfur (Li-S) batteries with an energy density of > 500 Wh kg’1 but suffer a
Dual-atom catalysts low practical capacity and fast capacity fade due to sluggish sulfur redox reaction (SRR) kinetics, which lies in the
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X-ray absorption spectroscopy

complex reaction process that involves a series of reaction intermediates and proceeds via a cascade reaction.
Here, we present a Pt—Cu dual-atom catalyst (Pt/Cu-NG) as an electrocatalyst for sulfur redox reactions. Pt/Cu-NG
enabled the rapid conversion of soluble polysulfide intermediates into insoluble Li»S,/LiS, and consequently, it
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prevented the accumulation and shuttling of lithium polysulfides, thus outperforming the corresponding single-
atom catalysts (SACs) with individual Pt or Cu sites. Operando X-ray absorption spectroscopy and density func-
tional theory calculations revealed that a synergistic effect between the paired Pt and Cu atoms modifies the
electronic structure of the Pt site through d-orbital interactions, resulting in an optimal moderate interaction of
the metal atom with the different sulfide species. This optimal interaction enhanced charge transfer kinetics and
promoted sulfur redox reactions. Our work thus provides important insights on the atomic scale into the syner-
gistic effects operative in dual-atom catalysts and will thus pave the way to electrocatalysts with enhanced ef-
ficiency for high-performance Li-S batteries.

1. Introduction

Lithium-sulfur (Li-S) batteries hold great promise for large-scale
applications due to the compelling advantages of the cathode material
sulfur, viz. its natural abundance, environmentally friendly nature, and
high theoretical capacity (1675 mAh g~!) [1,2]. However, during the
operation of a Li-S cell, the sulfur cathode undergoes a sluggish redox
reaction process accompanied by multiphase transformation involving
insoluble Sg, soluble lithium polysulfides (LiPSs) and insoluble Li3Sy/LisS
[3]. This results in incomplete sulfur transformation, causing soluble
LiPSs to accumulate in the electrolyte, which exacerbates the shuttle
effect, leading to a low specific capacity of the cathode and a fast capacity
fade [4-6]. Much effort has been dedicated to developing efficient
electrocatalysts in the form of nanoparticles or as monodisperse single
metal atoms (SACs) loaded on carbon substrates with the aim of pro-
moting the kinetics of the redox reaction taking place at the sulfur
cathode [7-10]. Electrocatalysts including metals, metal oxides, metal
sulfides, and metal nitrides have been found to catalyze the trans-
formation of sulfur species.

The main challenge in developing electrocatalysts for Li-S batteries
lies in promoting the complex sulfur conversion reaction. The sulfur
redox reaction (SRR) is a cascade reaction starting with reactant Sg,
followed by complex intermediates Li»Sy (x = 2, 4, 6, 8) to finally form
LisS. An effective catalyst can successfully provide active sites for the
consecutive activation of a series of intermediates with complex molec-
ular structures [11-14]. Hence, to accelerate the catalytic trans-
formation, we need to design active binding sites that optimally balance
the requirements of all steps in the catalytic cycle, especially at a low
mass loading of the catalyst. SACs have a nearly 100% atom utilization
efficiency, which allows a much lower mass loading than nanoparticles
when used as a catalyst in Li-S batteries. However, the binding strength
of polysulfides to a particular active metal site can be variable [15]. For
example, the calculated binding energy of Li»Sg on V-N4—C SAC is 3.37
eV, but it increases to 4.71 eV for Li;S on the same metal active center
[16]. The binding strength is also dependent on the type of SAC, e.g., the
Fe-N4—C SAC exhibits a weaker adsorption towards both LiySe (1.60 eV)
and LisS (2.56 eV). Due to their relatively simple composition, conven-
tional SACs provide little room for tuning the center metal atom-LiPSs
interaction to optimize its interaction with different LiPSs [17-19]. In
contrast to SACs with totally isolated monoatomic sites, dual-atom cat-
alysts have an additional interaction, namely, a metal-metal interaction,
that gives the possibility of inducing synergistic effects through orbital
interactions to allow electron transfer between adjacent paired metal
atoms. Previous reports have shown that the electronic properties of
dual-atom catalysts (DACs) can be favorably exploited towards SRR
[20-22]. These effects have been mainly ascribed to a synergistic effect
between the two adjacent metal centers that modifies catalytic behavior,
even though the atomistic details of this effect remain underexplored.
This study was complicated by the multistep process in SRR, which re-
quires operando structural analysis on electrocatalysts with precisely
controlled structures.

Herein, we report a DAC consisting of Pt-Cu dual-atomic sites
anchored on nitrogen-doped graphene (Pt/Cu-NG). Electrochemical
measurements confirmed the superior catalytic activity of the Pt/Cu-NG
catalytic system on the kinetics of sulfur redox reactions; the catalytic

activity of our DAC system surpassed those of the SACs Pt-NG and Cu-NG,
as well as a mixture of the two. The S@Pt/Cu-NG electrode (S mass ratio
of 80 wt%) exhibited a much higher electrochemical performance in a
pouch cell. Operando X-ray absorption spectroscopy (XAS) and density
functional theory (DFT) calculations indicate that the excellent electro-
catalytic activity of the Pt/Cu-NG system originates from a synergistic
effect between atomic Pt-Cu dual sites. The interatomic orbital interac-
tion and charge transfer within paired Pt and Cu atoms effectively
modulate the electronic structure of Pt, resulting in an optimal moderate
interaction of the metal atom to the Li-S species. Our findings therefore
provide a comprehensive understanding of the atomic-level phenomena
in dual-atom catalysis. More specifically, using a combination of operando
experiments and theory, we elucidate the synergistic effects present in
double-atom active sites and their crucial role in improving the kinetics
of sulfur redox reactions. We believe that such a comprehensive holistic
understanding will provide a much-needed boost to designing efficient
electrocatalysts for advanced Li-S batteries and enable their wide
application.

2. Material and methods
2.1. Synthesis of catalytic materials

Cu-NG was prepared by pyrolysis of mixtures containing metal salts
and graphene oxide (GO) powder under an NH3 atmosphere. Nitrogen-
doped graphene (NG) was prepared by the same method except that no
metal salt was added to the GO suspension. For more details, see Sup-
plementary Text S1. The preparation of Pt/Cu-NG was carried out in a
viscous atomic layer deposition (ALD) flow reactor (GEMSTAR-6
Benchtop ALD, Arradiance) using trimethyl(methylcyclopentadienyl)-
platinum (IV) (MeCpPtMes, 99%) and ultrahigh purity Oy (99.999%)
as precursors with ultrahigh purity Ny (UHP, 99.999%) as the carrier gas
at a flow rate of 150 mL min . The Pt precursor was heated to 65 °C to
obtain a sufficiently high vapor pressure. The reactor inlets were held at
100 °C to avoid any precursor condensation. Pt was deposited on Cu-NG
at 200 °C for one cycle. The timing sequence was 12, 180, 12, and 180 s
for MeCpPtMegs exposure, N purge, Oy exposure, and Ny purge, respec-
tively. Pt was deposited on NG using the same ALD procedure to prepare
Pt/NG.

2.2. Operando X-ray absorption spectroscopy measurements

Operando XAS experiments were carried out using a homemade
electrochemical cell. XAFS data were recorded at room temperature in
fluorescence mode using a Lytle detector. The measured X-ray absorption
fine structure (XAFS) raw data were then background-subtracted,
normalized and Fourier transformed in Athena. Extended XAFS
(EXAFS) fitting was performed for the FT k%weighted experimental
EXAFS signals using Artemis software. Cu K-edge theoretical X-ray ab-
sorption near-edge structure (XANES) calculations were carried out with
finite difference method near edge structure (FDMNES) code in the
framework of the real-space full multiple scattering (FMS) scheme using
the muffin-tin approximation for the potential. With increasing temper-
ature, the amplitude of the crystal lattice vibrations increases, leading to
a broadening of the XANES spectra. We have taken into account the effect
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of temperature during the XANES simulation and the spectra convoluted
using a Gaussian function to account for the broadening.

3. Theory/calculation

First-principles calculations were performed based on ab initio DFT
using the VASP 5.4.4 program. The generalized gradient approximation
and Perdew-Burke-Ernzerhof exchange-correlation functional were
adopted. A well-converged plane-wave cutoff of 500 eV was used and the
atomic coordinates were allowed to relax until the forces on the ions
were less than 0.03 eV A~L. The electronic convergence criterion was set
to 1 x 107> eV. The reduced Brillouin zone was sampled with a
I-centered 2 x 2 x 1 k-point mesh for optimization anda 3 x 3 x 1 k-
point mesh for static calculations. A denser 9 x 9 x 1 k-point mesh was
used to calculate the density of states. A 20 A vacuum space was used in
all the calculations to avoid interactions between the periodic images.
The models for single/dual-atom catalysts were constructed usinga 7 x 7
supercell of graphene. Grimme D3 correction was used to describe the
weak van der Waals interactions. The formation energies of Pt-Cu dual-
atomic structures were calculated by the formula: Egn, = Epac —
Eaw_cu — Ept, Wwhere Epac, Eqp_cu, Ep: represent energies of the considered
dual-atomic structures, the corresponding Cu-NG substrates without Pt
atom, a Pt atom in its bulk crystal, respectively. We selected the config-
uration with the most stable adsorption patterns from a variety of initial
adsorption configurations as the optimal adsorption configuration for
each adsorption structure. When calculating the formation energy of
SACs or DACs with different structures, we adjusted the local coordina-
tion environment of metal atoms, including the types and positions of
coordinating atoms, to finely control the bond lengths and bond angles
between metals and coordinating atoms, thereby obtaining the least
energetic structure. The adsorption energies (Eq4) of Sg and several
polysulfides on different surfaces were calculated by the following
equation: Eqgs = Eyorat — Esub — Eadsorbates Where Eyal, Esup and Eqdsorbate are
energies of the adsorption configuration, the catalyst substrates, and
isolated Sg and polysulfides molecules, respectively. The crystal orbital
Hamilton population (COHP) analysis was performed with the LOBSTER
4.1.0 package. The barriers for Li;S decomposition on catalysts were
calculated with the climbing-image nudged elastic band (CI-NEB)
method to evaluate de-lithiation reaction kinetics.

3.1. Material characterization

High-angle annular dark-field scanning transmission electron micro-
scopy (HADDF-STEM) images were obtained by a JEOL JEM-ARF200F
TEM/STEM instrument with a spherical aberration corrector operated
at 200 kV and 80 kV. Thermogravimetric analysis (TGA) was carried out
using a TA Q5000IR TGA under a flowing N» atmosphere with a heating
rate of 10 °C min~'. X-ray photoelectron spectroscopy (XPS) was per-
formed on a Thermo ESCALAB 250Xi instrument with Al Ko radiation
(1484.6 eV) as the excitation source. Metal loading in the samples was
determined by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) using an Optima 7300 DV spectrometer. X-ray powder
diffraction patterns were acquired on a Rigaku X-ray diffractometer using
Cu-Ka radiation as the X-ray source.

3.2. Li-S cell assembly and electrochemical characterization

See Supplementary Text S2.
4. Results and discussion

To demonstrate the synergistic effect of DACs that can effectively
promote the sulfur redox reaction. Thus, the Cu and Pt atoms with little
catalyzing effect are selected. The procedure to create Pt-Cu diatomic

sites on nitrogen-doped graphene (Pt/Cu-NG) is presented in Figs. S1—-S6
and in the Experimental Section. The aberration-corrected high-angle
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annular dark-field scanning transmission electron microscopy (HADDF-
STEM) images show that Pt-Cu bimetallic sites can be well recognized by
their different contrast due to their large difference in atomic number
(Figs. 1a and b). Isolated single-Cu atoms (Cu-NG) and Pt single atoms
(Pt-NG) on nitrogen-doped graphene were also prepared as the control
samples (Figs. S2, S4-S6). The chemical states of Pt and Cu atoms in Pt/
Cu-NG were identified by XAS. The oxidation state of Pt atoms in Pt-NG is
calculated to be approximately +2.34, whereas it is +2.07 in Pt/Cu-NG
(Figs. S7 and S8). However, the mean oxidation state of Cu atoms in
Cu-NG is calculated to be +1.59, which is lower than that in Pt/Cu-NG
(+1.67) (Figs. S9 and S10). The opposite trend in the change in the
oxidation state of the Cu and Pt atoms in Pt/Cu-NG in comparison with
Cu-NG and Pt-NG strongly demonstrates electronic interactions between
the Pt and Cu atoms in Pt/Cu-NG, which is further confirmed by XPS,
Fig. S11 and differential charge density analyses (Fig. S12). The Cu and Pt
loadings in Pt/Cu-NG were determined to be ~0.36 and ~0.78 wt%,
respectively, by inductively coupled plasma-atomic emission spectros-
copy (ICP-AES). This corresponds to a Cu/Pt atomic ratio of 1.4.
Assuming that all Pt atoms are paired with copper atoms, there would
still be 28.5% of Cu atoms remain unutilized. Increasing the cycle
numbers of Pt ALD to enhance the content of Pt-Cu atomic pairs results in
the observation of nanoparticles or clusters on the graphene sheets
(Fig. S13).

Unveiling the local structures of these catalysts is critical to under-
standing their synthesis mechanism and their catalytic applications.
Through XAS and DFT analysis, we successfully determined the most
likely atomic configuration for Pt/Cu-NG, as depicted in Fig. 1c. The
detailed process of structural analysis is outlined below. In our work, the
Pt atoms in Pt/Cu-NG are introduced after the formation of Cu single
sites. Therefore, we first investigated the local atomic coordination
configuration of Cu-NG. The Fourier transform extended X-ray absorp-
tion fine structure (FT-EXAFS) spectra at the Cu K-edge are illustrated in
Fig. S14. Cu-NG exhibits a main peak at 1.49 A, which could be attributed
to Cu-C/N coordination. Quantitative EXAFS curve fitting analysis gives
a coordination number (CN) of four for Cu-NG, which we assign to Cu-C/
N (Fig. S15a and Table S1). Considering the limit of EXAFS fitting in
differentiating Cu-C and Cu-N coordination because of the close scat-
tering amplitude of C and N, the coordination configurations of Cu may
have seven types of structures by varying the number of C and N atoms,
as shown in Fig. S16. To determine the most likely coordination struc-
tures of Cu atoms in Cu-NG, DFT calculations were performed based on
the above proposed local coordination structures (Fig. S16). Five of them
have a much lower formation energy of <—2.0 eV, demonstrating that
these structures are energetically favorable. Next, we continued our path
toward resolving the atomic-site structure in Cu-NG by comparing the
simulated XANES spectra with the experimental spectra. The results
show that all simulated spectra are drastically different from the exper-
imental spectra except Cu-CyNp-1 (Fig. S17). All the features for the
experimental spectra are correctly reproduced for the Cu—CyNo-1 struc-
ture, especially for the weak pre-edge peak a and WL peak b. Together,
these XANES simulations provide the solid spectroscopic fingerprint that
a single Cu metal center presents in the form of Cu-CaNs-1 in the first
coordination sphere, which is fully consistent with the EXAFS results.

After we confirmed the structure of Cu-NG, we investigated the
EXAFS-wavelet transform (EXAFS-WT) spectra of Pt/Cu-NG at the Cu K-
edge to determine that the coordination structure of Cu is uncharged
after introducing Pt atoms into Cu-NG. EXAFS-WT analyses of Cu-NG and
Pt/Cu-NG show an identical intensity maximum at 4.2 A1 (Fig. S18).
The EXAFS fitting results further show that the coordination number of
Cu-C/N paths in Pt/Cu-NG is estimated to be 4, confirming that the first
coordination shell of Cu atoms is similar to that of Cu-NG (Fig. S15b and
Table S1). Once we have determined the coordination configuration of
the Cu atom in Pt/Cu-NG, the EXAFS spectrum of Pt/Cu-NG at the Pt L3-
edge is obtained to identify the local structure of the Pt atom. In the FT-
EXAFS at the Pt L3 edge (Fig. S19), one prominent peak at 1.55 A assigned
to Pt-C/N coordination is observed for Pt/Cu-NG. The coordination
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Fig. 1. Synthesis and structural characterization of Pt-Cu diatomic sites. (a) Aberration-corrected HAADF-STEM image of Pt/Cu-NG. (b) 3D atom-overlapping
Gaussian-function fitting mappings of the area marked by the yellow square. (c) The most likely atomic configuration for Pt/Cu-NG. (d) The formation energy of
Pt-Cu dual-atomic structures when Pt atoms are deposited on different substrates. The silver, blue, brown and light blue balls represent Pt, Cu, C and N atoms,
respectively. (e) Comparison of the experimental Cu K-edge XANES spectrum of Pt/Cu-NG to the theoretical XANES spectrum. (f) Comparison of the experimental Pt

Ls-edge XANES spectrum of Pt/Cu-NG to the theoretical XANES spectrum.

configurations for Pt/Cu-NG were then investigated by EXAFS curve-
fitting analysis (Fig. S20). It is well fitted with a coordination number
of Pt-C/N equal to three (Fig. S20b and Table S1). Therefore, we con-
structed a series of possible local coordination structures for the Pt—-Cu
diatomic site in the diatomic catalyst. In this case, the Cu atom is present
in the coordinated form of Cu—C3N5-1, while the Pt atom is embedded in
the graphene vacancy adjacent to the Cu site in the coordinated form of
Pt-CyN3_4. DFT predictions are performed based on the above proposed
local coordination structures with changes in carbon or nitrogen
(Fig. 1d). The formation energy is the lowest for the Pt-Cu dual-atomic
structure when Pt atoms are inlaid in the graphene vacancy adjacent to

the Cu sites via three C atoms, indicating that this structure is energeti-
cally the most favorable. To demonstrate the soundness of our proposed
Pt-Cu atomic configuration, we perform structural refinement based on
the five kinds of Pt—Cu dual-atomic structures that have relatively low
formation energy as determined by DFT by simulating Cu K-edge and Pt
Ls-edge XANES spectra. As shown in Figs. 1e and f, all the features from
“a” to “d” in the experimental Cu K-edge and Pt Lz-edge XANES spectra of
Pt/Cu-NG can be correctly reproduced, which also convincingly validates
the proposed structural model. We also followed a three-step approach
similar to that used for determining the structure of Cu-NG, and the re-
sults demonstrate that Pt-CyN»-3 with N atoms at the crossing position is
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the most likely structure for Pt-NG (Figs. S19—S22). To further investi-
gate the stability of the three catalysts, we performed ab initio molecular
dynamics (AIMD) simulations (Fig. S23). The AIMS simulations were
performed for 5 ps with a time step of 1 fs with the NVT ensemble using
the Nosé—Hoover thermostat at 1100 K, 500 K, and 500 K for Cu-NG, Pt-
NG, and Pt/Cu-NG, respectively, according to their preparation temper-
ature. The structures remained intact without damage and bond
breakage, which proved the thermodynamic stability of the three
selected structures and concluded that the catalyst structures were
reasonably optimized. In summary, the combination of EXAFS fitting,
DFT calculation and simulated XANES results unambiguously revealed
the local structure of Cu-NG, Pt-NG and Pt/Cu-NG.

Catalysts are expected to enhance the conversion process of sulfur
species in Li-S batteries. To pinpoint the dynamic changes in the elec-
tronic state and local coordination environment of Pt and Cu atoms
during this typical multistep reaction and their impact on catalytic per-
formance, operando XAS was performed. The working Li-S cell was dis-
charged to 1.7 V and charged back to 2.7 V. For the Pt L3-edge XANES
(Figs. 2a and b), the WL intensity continues to decrease from OCV to 1.7
V and increases in the voltage range from 1.7 V to 2.7 V, pointing to a
decrease in the number of unoccupied states of the Pt 5d orbital during
discharge and an increase during charging. We note here that the WL
intensity of the Cu K-edge XANES follows the same trend (Figs. 2c and d).
This implies that the change in the electronic state of Cu atoms is
reversible; this is also evidenced from the reversible shift of the absorp-
tion edge. These trends show that during the discharge/charge processes,

a b
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charge transfer occurs in a reciprocal manner between the sulfur species
and Pt/Cu atoms, leading to a reversible change in oxidation states. For a
clearer comparison, we quantitively estimated the average oxidation
state of Pt and Cu atoms at different states based on the fitted XANES
curves (Figs. S7—S10). Under OCV conditions, the oxidation state of Pt
atoms increases to +3.65 compared to pristine Pt/Cu-NG, while that of
Cu atoms decreases to +1.57, pointing to the effective adsorption of Sg
molecules over the Pt—Cu dual-atom sites (Fig. 2e). Thus, when inter-
acting with Sg molecules, the oxidation states of Pt and Cu atoms change
in the opposite direction with respect to their pristine counterpart, which
in turn is related to their different catalytic behavior. In the subsequent
discharge process, the oxidation states of both Pt and Cu atoms decrease
and nearly return to their initial states. The highly reversible electronic
structure of Pt-Cu diatomic sites is the key to enhancing the catalytic
activity for Li-S redox reactions. Notably, the Pt atoms undergo a more
dramatic change in oxidation state during the cycling process than the Cu
atoms, which we attribute to the stronger interaction of Pt with the sulfur
species. It is thus the Pt atom rather than the Cu atom that is preferen-
tially adsorbed and enables the conversion of sulfur species on the Pt-Cu
diatomic site. The introduction of Cu offers the possibility to indirectly
modulate the electronic structure of Pt to significantly increase the
binding energies of the sulfur species and thereby enhance charge
transfer between Pt and S.

To probe the local structural evolution of the Pt-Cu dual-atom active
sites occurring in situ, we performed operando FT-EXAFS at both Pt Ls-
and Cu K-edges. In the FT-EXAFS spectra at the Pt Lg-edge (Fig. 2f), in
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Fig. 2. Operando XAS characterization of Pt-Cu diatomic sites. Operando XANES spectra at the (a) Pt Ly-edge and (c) Cu K-edge recorded for the whole Li-S elec-
trochemical reaction process. (b) and (d) are the magnified white-line peaks of the XANES region. (e) Evolution of the electronic states and local coordination
environment of Pt/Cu atoms during electrochemical cycling. Corresponding FT-EXAFS spectra at the (f) Pt Ly-edge and (g) Cu K-edge.
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addition to the original Pt-C/N coordination at 1.60 A, a new peak
appeared at approximately 1.98 A when interacting with Sg molecules at
OCV, which remained present during the entire electrochemical reaction.
XAS data from the literature indicate that this new signal from the Pt Ls-
edge could arise from Pt-S bonds [23,24]. In contrast, the FT-EXAFS
spectra at the Cu K-edge only exhibit a single large peak derived from
the Cu-C/N scattering path during the entire electrochemical cycling
process (Fig. 2g). This difference strongly suggests that the Pt sites rather
than the Cu sites preferentially interact with the sulfur species. We
further monitored the variation in amplitude of the first coordination
shell (below 2 A) of Pt and Cu atoms to reveal changes in the local co-
ordination environment around the Pt-Cu diatomic sites (Fig. 2e). During
the discharge process, an obvious increase in the Pt-S coordination
amplitude can be seen as Sg molecules are reduced to long chain lithium
polysulfides. This peak reaches its maximum amplitude when discharged
to the middle of the second plateau. With further discharge to 1.7 V, the
amplitude of the Pt-S peak significantly decreases, which we attribute to
the reduced amount of polysulfides in the electrolyte due to their effec-
tive conversion to insoluble Li»So/Li,S. In the subsequent charging pro-
cess, the intensity of the Pt-S peak increases with the appearance of
polysulfides and returns to its original intensity at the end of the cycling
process. Notably, the amplitude of the Pt-C/N coordination shows a
totally opposite trend to the Pt-S coordination. This “trade-off” between
the amplitudes of Pt-C/N and Pt-S peaks is testimony to the dynamic
evolution of the Pt atomic sites due to their strong interaction with the
sulfur species, in good agreement with the XANES results above. In stark
contrast, the peak intensity corresponding to the Cu-C/N scattering path
exhibits almost no change, pointing to the structural stability of the Cu
atomic sites and their relatively weak interaction with the sulfur species.
Taken together, the operando XAS results clearly demonstrate the pres-
ence of a synergistic effect in the Pt-Cu diatomic active sites. The more
dynamic coordination structure of Pt atoms facilitates the adsorption of
the sulfur species on the diatomic catalytic sites through a strong inter-
action. Simultaneously, Cu atoms, with a stable coordination structure,
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enable the effective desorption of the sulfur species off the diatomic
catalytic sites by enabling effective charge distribution. Thus, the syn-
ergistic catalytic behavior of Pt and Cu atoms is the reason for the high
catalytic efficiency of Pt—Cu diatomic sites, which greatly enhances the
sulfur redox reaction kinetics. The electronic and geometric structures of
central dopant atoms could be adjustable by tailoring the carbon atoms.
This adjustment alters the absorption activity of reactants on metal
atoms, thereby influencing their catalytic properties. Thus, the carbon
atoms neighboring the dopant atoms may also significantly contribute to
SRR. However, the C K-edge XAS spectra of Pt-NG, Cu-NG, and Pt/Cu-NG
exhibit minimal differences, potentially due to the low proportion of
carbon atoms that bind with metal atoms (Fig. S24).

We performed electrochemical studies on the Pt/Cu-NG and control
samples, including Pt-NG, Cu-NG, and a mixture of Pt-NG and Cu-NG
prepared by hand grinding Pt-NG and Cu-NG in a 1:1 mass ratio (Pt-
NG/Cu-NG). We first performed rotating disk electrode (RDE) measure-
ments in a three-electrode cell using lithium foil as the counter and
reference electrodes and a glassy carbon electrode loaded with catalyst as
the working electrode. The electrolyte was 4 mM Sg dissolved in 1 M
LiTFSI in a 1:1 (v/v) DOL/DME mixture. Fig. 3a shows the linear sweep
voltammetry (LSV) curves, where the onset potential and half-wave po-
tential for Pt/Cu-NG are 2.47 V and 2.21 V, respectively, which are
higher than those of the Pt-NG/Cu-NG mixture (2.44 V and 2.11 V), Cu-
NG (2.43 V and 2.09 V) and Pt-NG (2.39 V and 2.06 V), suggesting
enhanced kinetics of sulfur reduction when using Pt-Cu diatomic cata-
lysts on NG. In addition, Pt/Cu-NG shows a minimum Tafel slope of 88
mV dec! compared to the Pt-NG/Cu-NG mixture (98 mV dec™)), Cu-NG
(100 mV dec’l) and Pt-NG (136 mV dec’l), demonstrating the intrin-
sically higher electrocatalytic activity of Pt/Cu-NG (Fig. S25). We
calculated the number of electrons transferred during Sg reduction based
on the Koutecky-Levich equation (Fig. S26). In contrast to the control
samples, the Pt/Cu-NG catalyst shows a higher electron transfer number
(Fig. S27), suggesting that the presence of Pt-Cu diatomic sites leads to a
more complete sulfur reduction reaction [25,26]. Next, we assembled
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LisSg symmetric cells to further investigate the redox behavior of LiPSs
on Pt-NG, Cu-NG, Pt-NG/Cu-NG mixtures and Pt/Cu-NG electrocatalysts.
In all cases, the catalytic material was used as both the counter and the
working electrode. Two pairs of reversible redox peaks are observed in all
three cyclic voltammetry (CV) curves (Fig. 3b). Among the samples
tested, Pt/Cu-NG exhibits the highest current response with distinct
redox peaks, implying greater polysulfide conversion. Note that the CV
profile of Pt/Cu-NG exhibits a much smaller separation between the
reduction and oxidation peaks, demonstrating significantly improved
reaction kinetics for polysulfide conversion [27]. The conversion of sol-
uble LiPSs to LiyS contributes to as much as 75% of the theoretical ca-
pacity, and due to its sluggish kinetics, it is the rate-determining step
[28]. To investigate the advantages of Pt/Cu-NG in promoting Li5S for-
mation, we carried out potentiostatic discharge experiments using a Li>Sg
catholyte as the active sulfur species. As shown in the potentiostatic
nucleation profiles (Fig. 3c), Pt/Cu-NG exhibits a higher current intensity
at a lower response time than the Pt-NG, Cu-NG and Pt-NG/Cu-NG
mixtures, suggesting rapid LiPSs trapping and deposition of LisS on the
Pt/Cu-NG electrode. Moreover, the capacity of LipS precipitation on
Pt—-Cu/NG (89 mAh g’l) is higher than that of the Pt-NG/Cu-NG mixture
(68 mAh g’l), Cu-NG (65 mAh g’l) and Pt-NG (56 mAh g’l), confirming
the enhanced kinetics of Li»S deposition when using Pt-Cu/NG [29].
During charging, the sluggish oxidation kinetics of solid Li»S are expected
to hinder the reversibility of sulfur redox reactions. Therefore, we
compared the reaction kinetics on the different catalytic materials by
tracing the potentiostatic charge profiles to explore the oxidation
behavior of LisS (Fig. 3d). Compared to the Pt-NG, Cu-NG and
Pt-NG/Cu-NG mixtures, Pt/Cu-NG gave rise to a higher oxidation current
peak in a shorter time, suggesting a significantly reduced energy barrier
for LiyS dissolution. Furthermore, the dissolution capacity of LisS esti-
mated from the integral area under the potentiostatic charge curve was
higher for Pt/Cu-NG than for the Pt-NG, Cu-NG and Pt-NG/Cu-NG mix-
tures, revealing effective oxidation of LisS on Pt/Cu-NG [30]. It is
generally believed that carbon materials with a large specific surface area
(SSA) could block LiPSs diffusion in the cathode region through physical
adsorption. To determine the SSA of Pt-NG, Cu-NG, and Pt/Cu-NG, N,
adsorption/desorption isotherms were obtained and are illustrated in
Fig. S28. The SAA for Pt-NG, Cu-NG, and Pt/Cu-NG are measured at 101,
83, and 78 m? g1, respectively. To eliminate the influence of physical
adsorption on catalytic behavior, an absorption test was conducted for
Pt-NG, Cu-NG, and Pt/Cu-NG in a 3 mL 5 mM LiySe solution in
DOL/DME. The optical image and UV-Visible spectrophotometry
(UV-Vis) results are depicted in Fig. S29. All three solutions exhibited a
nearly identical color, lighter than the blank Li5Sg solution. Furthermore,
the UV-Vis curves for the three samples were analogous, indicating that
LiPSs absorption is similar on Pt-NG, Cu-NG, and Pt/Cu-NG. Conse-
quently, the SSA in Pt-NG, Cu-NG, and Pt/Cu-NG does not significantly
impact catalytic activity performance. Taken together, these results point
to the excellent electrocatalytic activity of Pt/Cu-NG in regulating the
kinetics of sulfur redox reactions. The results from control experiments
confirm that the Pt-Cu diatomic sites are responsible for the superior
electrocatalytic activity of Pt/Cu-NG due to the synergistic effect be-
tween the Pt/Cu atoms.

To further understand the synergistic effect in the Pt-Cu diatomic
active sites revealed by operando XAS results, we investigated the ge-
ometry and electronic structures of the metal active centers by DFT cal-
culations (Figs. 4a—f). We used soluble Li»S4 as the representative sulfur
species adsorbed on the metal active center for the following reasons: i)
the electrochemical reaction of LipS4 transfers 1/3 of the total charge
involved in the conversion reaction of the cathode, and ii) the binding
strength of LisS4 is reported to be linearly correlated to the SRR over-
potential [31]. We observed significant charge transfer between the
Pt-Cu diatomic site and the LisS4 molecule with the charge accumu-
lation/depletion region centered near the Pt atom (Fig. 4c and Table S2),
which induced a massive change in the Pt charge number (0.48 ™) of the
Pt-Cu site. This value is much higher than that of Cu (0.12 ™) in the
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Pt—Cu diatomic site and those of Pt (0.17 e™) and Cu (0.05 e™) in the SACs
(Figs. 4a and b and Table S2), implying a strongly covalent bonding Pt-S
bond [32]. The strengths of the Pt-S, Cu-S, and S-S bonds were further
analyzed by calculating the crystal orbital Hamilton population (COHP)
and the integrated COHP (ICOHP) (Figs. 4d—f, S30 and S31). The Pt atom
of Pt-NG and the Cu atom of Cu-NG bond to only the terminal S atom (S1)
of LisSy4, forming Pt-S1 and Cu-S1, respectively, with ICOHP values of
—3.72 and —0.13 (Figs. 4d and e). For Pt/Cu-NG, the Pt atom bonds to
three S atoms, which are marked as Pt-S1, Pt-S2, and Pt-S3 with ICOHP
values of —3.45, —3.85, and —3.22, respectively, which are more nega-
tive than that of Cu-S3 (—0.40) (Fig. 4f).

The more negative ICOHP values of Pt-S than Cu-S and the increased
Pt-S bond number in Pt/Cu-NG together indicate that the S species
preferentially interact with the Pt atom, and this tendency is reinforced
when a Cu atom is sitting next to Pt and S. Thus, the binding energies of
the sulfur species (e.g., Sg, Li2S4, and Li,S) are increased (Figs. S32 and
S33) with an enhanced degree of charge transfer between Pt and S
(Fig. 4c). Considering the crucial role of solvation effects in modulating
molecular structures and reaction behaviors in solutions, we incorpo-
rated an explicit solvation model (Fig. S34), which was compared to a
vacuum model. Specifically, we allowed one or two 1,2-dimethoxyethane
(DME) molecules to interact with Sg, Li»S4, and Li,S [33]. We found that
the solvent effects on the configurations of the three catalysts and their
DFT energy calculations were very small after considering solvation, and
the trend of the magnitude of the adsorption energies remained un-
changed (Fig. S35). These results are in very good accordance with the
synergy effect as indicated by operando XAS analysis.

In the Pt—Cu diatomic site, the strong Pt-S bonding assisted by Cu
leads to a much weaker S-S bond in LiyS4, as indicated by the COHP
analysis (Figs. 4d—f). When LiyS4 is attached to the Pt—Cu diatomic site,
we observed a considerably greater occupation of the antibonding states
for S-S than when Li»S4 is attached to the Pt and Cu single metal atom
sites (Fig. S31). In particular, the bonding states of S2-S3 of Li»S4 on the
Pt-Cu diatomic site are almost empty (or disappear, Fig. S31c). In com-
parison with Cu-NG and Pt-NG, the ICOHP values show a positive shift
for Pt/Cu-NG, indicating weaker S-S binding when Li»S, is adsorbed on
the Pt—Cu diatomic site (Figs. 4d—f). The weaker S-S bond facilitates the
reversible cleavage and recombination of polysulfides with faster reac-
tion kinetics during electrochemical reduction/oxidation reactions in the
cathode of the Li-S battery. Furthermore, we evaluated the Li»S oxidation
kinetics on different active sites by theoretical calculations (Fig. S36).
The decomposition energy barrier of Li»S was significantly decreased for
the Pt-Cu diatomic site (0.64 eV) in contrast to that of the single Pt site
(1.7 eV) and the Cu site (1.3 eV). The difference in the kinetics further
proved the superiority of the Pt-Cu diatomic site. Single-atom catalysts
containing Pt and Cu are found to be less active in catalyzing the sulfur
redox reaction [34-36], which are more effective in demonstrating the
effect of d-orbital electron coupling. The above synergistic effect in the
Pt-Cu diatomic active sites unraveled by both operando XAS analysis
(Fig. 2) and DFT calculations (Figs. 4a—f) can be briefly summarized as
follows. The presence of Cu adjacent to the Pt atom facilitates the for-
mation of a Pt-S bond and enables charge transfer between the di-metal
atom active site and sulfur species, which weakens the S-S bond and
thereby accelerates sulfur redox reaction kinetics (Fig. 4g). This synergy
originates essentially from the interaction between the d orbitals of Cu
and Pt atoms, raising the d bond center of Pt atoms close to the Fermi
energy level, accompanied by a charge transfer from Cu to Pt atoms. The
presence of highly populated and nearly continuous occupied and un-
occupied states near the Fermi level (—0.095 eV) of Pt in Pt/Cu-NG
(Figs. 4h and S37) is favorable for accepting/donating electrons
from/to the sulfur species (Fig. 4i).

In view of the superior electrocatalytic activity of Pt-Cu dual sites
towards SRR, we applied the S@Pt-NG, S@Cu-NG and S@Pt/Cu-NG
composites as cathodes in Li-S full cells. The sulfur content was
measured to be ~80 wt% (Fig. S38). Fig. 5a shows the galvanostatic
discharge/charge profiles of the electrodes with an S mass loading of
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1.5 mg cm 2. The S@Pt/Cu-NG electrode delivers an initial discharge
capacity of 1185 mAh g~! at 0.2 C, which is higher than that for S@Pt-
NG (970 mAh g1) and S@Cu-NG (1033 mAh g1). At higher rates of
0.5C,1C, 2 Cand 4 C, the S@Pt/Cu-NG electrode shows satisfactory
performance, with capacities of 976 mAh g1, 891 mAh g}, 810 mAh
g~ ! and 667 mAh g1, respectively (Fig. 5b). These values are consid-
erably higher than those observed for the control samples, indicating
the improved rate capability of S@Pt/Cu-NG. Furthermore, the accel-
eration of SRR promotes the transformation of dissolved LiPSs and
thereby suppresses the shuttle effect, leading to improved cycling sta-
bility. The S@Pt/Cu-NG electrode exhibits a higher capacity retention
rate of 83% after 100 cycles at 0.2 C (Fig. S39), compared to the S@Pt-
NG (72%) and S@Cu-NG electrodes (74%). Long-term cycling stability

tests were further carried out at 1 C, as shown in Fig. 5c. The S@Pt/Cu-
NG electrode delivers a specific capacity of 680 mAh g! after 500
cycles with a capacity decay of 0.053% per cycle and a Coulombic ef-
ficiency of 99.5%. To assess the stability of Pt/Cu-NG, we conducted
HAADF-STEM to confirm the dispersed state of Pt-Cu dual-atomic sites
after 500 discharge—charge cycles under 1 C. The HAADF-STEM image
(Fig. S40) illustrates that the Pt/Cu-NG species remain uniformly
dispersed, with no discernible metal-related nanoparticles. This
observation underscores the long-term stability of Pt/Cu-NG. In
contrast, the specific capacity of the S@Pt-NG and S@Cu-NG electrodes
declined progressively to only 345 mAh g~ ! (capacity degradation rate
of 0.10% and Coulombic efficiency of 97.9%) and 442 mAh g™! (ca-
pacity degradation rate of 0.091% and Coulombic efficiency of 98.7%),
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performance of the Li-S pouch cell with Pt/Cu-NG as the cathode catalyst.

respectively. The cycling performances of the S@Pt/Cu-NG electrode
with high sulfur loadings of 3.2, 4.8, and 6.3 mg cm ™2 were evaluated
(Fig. 5d). Notably, the electrodes with high sulfur loadings of 6.3 mg
em ™2 still delivered an initial areal capacity of 5.2 mAh cm™2. We also
fabricated a Li-S pouch cell based on an S@Pt/Cu-NG cathode with a
sulfur loading of 3.0 mg cm ™2, which delivered an initial discharge
capacity of 1021 mAh g~! corresponding to an areal capacity of 3.0
mAh cm 2 and a reversible capacity of 720 mAh g ! after 100 cycles at
0.2 C (Figs. 5e and S41), demonstrating the suitability of Pt-Cu DACs at
practical sulfur loadings used in a working battery. A “Pt-Cu”-shaped
light-emitting diode (LED) array with 88 bulbs could be powered by the
assembled pouch cell when folded or bent in different ways, showing

the application potential of the S@Pt/Cu-NG electrode in flexible Li-S
batteries (Fig. S41).

5. Conclusions

In summary, we successfully created atomically dispersed Pt-Cu
diatomic active sites on nitrogen-doped graphene. The Pt-Cu diatomic
sites were found to be highly efficient electrocatalysts for multiphase
sulfur redox reactions, outperforming single-atom Cu and Pt sites. The
combination of operando XAS analysis and DFT calculations revealed a
synergistic effect in the Pt—Cu dual-atom catalytic sites, arising from the
modulated density of states of the Pt atom by the adjacent Cu. This
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facilitates the formation of the Pt-S bond and charge transfer between
the di-metal atom active site and sulfur species. As a result, the S-S bond
is weakened, resulting in accelerated sulfur redox reaction kinetics.
When applied in working Li-S coin cells, the S@Pt/Cu-NG electrode
enabled a stable long-term cycling performance with a small capacity
fading of 0.053% per cycle after 500 cycles at 1 C and a high areal ca-
pacity of 5.2 mAh ecm™? at high sulfur loading (6.3 mg cm™2) at 0.2 C,
demonstrating great potential for practical application. Our findings
therefore provide insight at the atomic level in dual-atom catalysis and
shed light on synergistic effects present in double-atom active sites that
play a crucial role in improving the kinetics of sulfur redox reactions.
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