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Mobile catalytic nanoparticles can overcome the constraints of stationary
electrocatalytic sites for efficient polysulfide nucleation. Yan et al. visualize the
electrochemical release of an ultrafine silver electrocatalyst to maximize
electrocatalytic efficiency in nanoreactors. This work provides insights into the
electrochemical self-releasing strategy for ultra-stable room-temperature Na/S
batteries.
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SUMMARY

Electrocatalysis-assisted entrapment of polysulfide while ensuring
efficient nucleation of Na,S holds the key to addressing the shuttle
effect and sluggish kinetics of polysulfide in room-temperature (RT)
Na/S batteries. The constrained active sites, however, dramatically
limit the efficiency of electrocatalysts. Here, a strategy of electro-
chemically releasing nano-silver catalytic sites during the discharge
process is presented, visualized, and implemented for accelerated
Na,S nucleation. Because of the effective polysulfide immobiliza-
tion and accelerated Na,S nucleation, the sulfur cathode, supported
by a self-released silver electrocatalyst, exhibits a superior revers-
ible capacity of 701 mAh g~ ' at 0.1 A g " and an ultra-stable cycling
performance. Precise understanding of the electrochemically self-
releasing mechanism and the catalysis in Na,S nucleation via in
situ transmission electron microscopy (TEM) would aid, however,
in fundamentally optimizing the working mechanism and for further
development of more stable high-power RT Na/S batteries.

INTRODUCTION

Development of sulfur-based energy storage systems (ESS) with high theoretical capac-
ity and eco-friendliness has attracted tremendous interest to meet increasing de-
mands.'™ Nevertheless, manufacturing ESSs on a massive scale based on conventional
Li-ion storage is very expensive because of the scarcity and long-term consumption of Li
resources.” Therefore, a low-cost sulfur-based cathode in sodium ESS with superior ca-
pacity (1,675 mA h g~") and energy density (1,274 W h kg™") operated at room temper-
ature has attracted tremendous interest for building inexpensive and efficient stationary
ESSs.® Similar to all alkali metal-S batteries, the poor performance of room-temperature
(RT) Na/S batteries, which suffer from rapid capacity fading and low reversible capacity,
is due to the sluggish kinetics of sulfur and its NayS product as well as the well-known
polysulfide shuttling mechanism.” To prevent undesirable active material transport
and insufficient conversion of sulfur species caused by the sluggish kinetics and shuttle
effect, research has been directed toward constructing porous carbon hosts, such as
microporous carbon nanotubes,® mesoporous hollow carbon nanospheres,”"* hollow
' nitrogen-doped porous carbon polyhedra,'® carbon fiber,'® etc.
The nonpolar nature of carbon hosts with weak van der Waals interaction to polar poly-

carbon spheres,
sulfides has further triggered interest in finding more suitable hosts. Importing polar

components that offer strong chemical bonding with polysulfides, including several po-
lar polymers, metal oxides, metal sulfides, MXene nanosheets, selenides, etc.,'? has
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Figure 1. Schematic
The catalyst release process and the electrocatalytic mechanism of the yolk-shell cathode with Ag,S and S encapsulated in hollow nitrogen-doped
carbon spheres (S@Ag,S@HNCSs).

been investigated extensively. In contrast to the abovementioned approaches, embed-
ding electrocatalysts in the carbon host to catalyze nucleation of NayS has been re-
garded as a new strategy for immobilizing polysulfides from a kinetics perspec-
tive.””?%?” We recently reported that such an electrocatalyst can dramatically
enhance the electrochemical performance of RT Na/S batteries, but the proposed mech-
anism of the polysulfide nucleation kinetics was hypothesized without visible evidence.’
Because of the solid-state catalytic mechanism, the electrocatalytic efficiency toward
poor activity and shuttle effects of sulfur species are highly influenced by the particle
size of electrocatalysts and the direct contact area between electrocatalysts and
§.7830-3% Therefore, it is necessary to design a novel electrocatalyst for efficient solid
Sg redox reactions and evaluate its reliability.

To overcome the constraints of electrocatalytic sites for efficient polysulfide nucleation
and visualize the electrocatalytic mechanism of the polysulfide nucleation kinetics, a
novel strategy of electrochemically self-releasing electrocatalytic sites for efficient nucle-
ation of Na,S has been proposed. In this study, a large amount of bulk sulfur is encap-
sulated in the hollow space of a yolk-shell nanoreactor in which the motion process of
NayS nucleation along with an in situ electrochemically released ultrafine Ag electroca-
talyst can be visualized. The resultant active sites and highly directional spreading of Ag
can maximize electrocatalytic efficiency by exposing abundant Ag ultrafine sites and of-
fering effective contact for encapsulated S in the core and carbon shell. As shown in Fig-
ure 1, along with the S redox reactions during the sodiation process, numerous electro-
catalytic Ag sites could be released dynamically and spread to the entire carbon skeleton
through the inner porosity channels. Dispersion of the ultrafine Ag electrocatalyst, driven
by the high affinity of the Ag-S interaction, achieves high electrocatalytic efficiency for
nucleation of Na,S, making the electrochemically self-releasing strategy a preferred
choice for ultra-stable RT Na/S batteries.

RESULTS

Materials characterizations
A facile one-pot method to synthesize the yolk-shell nanoreactor containing silver
cores is illustrated schematically in Figure 2A. Vesicles are formed to stabilize the
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Figure 2. Synthesis, morphology, phase structure, XAS, and thermogravimetric analysis

(A) Schematic of the synthetic process for the S@Ag,S@HNCS cathode.

(B) TEM image.

(C and D) HAADF-STEM and HRTEM images with the corresponding FFT pattern (top right inset) of the Ag@HNCS.
(E and F) HAADF-STEM and HRTEM images of S@Ag,S@HNCS.

(G) EDS mapping.

(H) XANES with the corresponding FT-EXAFS spectra as inset.

(1) XRD patterns of S@QAg,S@HNCS and Ag@HNCS.

(J) TGA of S@Ag,S@HNCS and S@HNCS.

Agl-core nanoparticles by mixing the vesicle-manufacturing agent Cs3F;O
(CFCF3CF,0),CFCF3CONH(CH>)3N*(C,Hs),CH3l~ (FC4; a fluorocarbon surfactant),
the pore-forming agent F127 (PEO06PPO70PEO104), and the pore-expanding agent
TMB (1,3,5-trimethylbenzene) in a hydroalcoholic environment. By formaldehyde
reducing Ag* to Ag® and forming aminophenol formaldehyde (APF) polymer, the
yolk-shell structured precursor was obtained. After the carbonization and sulfur
loading processes, the silver particles were fully oxidized to silver sulfide because
of the superior affinity between Ag and sulfur (2Ag + S = Ag,S, AH = —80 kJ
mol™") (data collected from the Materials Project: http://www.materialsproject.
org). The routine characterizations of the Ag@hollow nitrogen-doped carbon sphere
(HNCS) precursor and its silver-free comparison sample are detailed in Figure S1.
Transmission electron microscopy (TEM) images of Ag@HNCS (Figure 2B) with an
overall Ag content of 16.5% (Figure S2) show homogeneously monodispersed
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nanospheres with an average diameter of 200 nm. The yolk-shell nanoreactor with
homogeneous element distribution exhibited uniform thickness of the shell and in-
ner cavity to capture Ag particles (Figure S3). Numerous nanocavities emerged in the
carbon shell with a diameter of ~5 nm, as revealed by high-angle annular dark-field
(HAADF) images (Figure 2C), which strongly indicated its capability to physically
entrap the polysulfides. A high-resolution TEM (HRTEM) image (Figure 2D) of an
Ag particle reveals a measured interplanar distance of 0.208 nm, which represents
the d-spacing of the (200) planes of Ag, and the corresponding fast Fourier transform
(FFT) pattern contains the diffraction spots from the (111) and (200) planes of cubic
Ag. After the sulfur loading process, the Ag is sulfurized into Ag,S, and the scanning
TEM (STEM) images of S@Ag,S@HNCS show less transparency compared with its
Ag@HNCS precursor (Figure S3), indicating successful encapsulation of sulfur. An
HAADF image (Figure 2E) of a monodispersed nanosphere shows that the inner cav-
ity and the nanocavities of the amorphous carbon shell (Figure S4A) are occupied by
elemental sulfur. The measured interplanar distances of 0.310 and 0.256 nm in core
particle are well matched with the d-spacings of the corresponding (111) and (021)
planes of Ag,S (Figure 2F). The X-ray absorption near-edge structure (XANES) of
the Ag K-edge in the sulfur-loaded composite provides a shifted absorption edge
compared with standard Ag foil and the AG@HNCS host, indicating the oxidation
status of Ag atoms (Figure 2H). This is in agreement with the corresponding
extended X-ray absorption fine structure (EXAFS) spectra, which showed distinctive
Ag-S and Ag-Ag coordination in S@Ag,S@HNCS and Ag@HNCS respectively, firmly
indicating sulfurization of Ag in the macroscopic view.?® The energy dispersive spec-
troscopy (EDS) mapping images verify the homogeneous distribution of S along the
carbon skeleton and cavities (Figure 2G). This is consistent with the composition
analysis of S@Ag,S@HNCS, where a small quantity of sulfur is observed on the sur-
face by X-ray photoelectron spectroscopy (XPS), indicating that the majority of sulfur
is encapsulated in inner cavities (Figures S4B and S4C). The elemental S and Ag,S
particles in the inner cavity are identified by sequential HAADF images of
S@Ag,S@HNCS collected by unremitting beamline exposure (Figures S5 and S6;
Video S1). The element S under the electron beamline became liquid and mobile
first and finally sublimed within 20 s, whereas the immobile Ag,S particles with intact
sphere morphology could be fully retained.*® This is in accordance with the EDS line
scanning (Figure S7A) of individual particles. The X-ray diffraction (XRD) analysis in
Figure 21 with strong peaks of sulfur confirms the domination of elemental sulfur in
the cathode (Ag,S can be observed in Figure S7B, the XRD pattern with sulfur
removed), which is consistent with the thermogravimetric analysis (TGA). The sulfur
content in the cathode was measured to be 49.5%, with the maximum weight loss
rate (Trmax) Occurring at 296°C, which is 20°C higher than the S@HNCS composite.
This is likely related to absorption of S on the Ag,S surface. The slight weight loss
at high temperature, with T, of 453°C, can be attributed to the release of sulfur
locked within the micropores; thus, a higher temperature is required to overcome
the strong capillary force (Figure 2J).

Visible demonstration of catalyst release and its mechanism

To visually track the nucleation of Na,S and demonstrate the dynamically self-
releasing strategy of the Ag electrocatalysts, the sodiation process of the
S@Ag,S@HNCS cathode was recorded using in situ TEM (Video S2). The Ag,S
spherical particles dynamically turned into ultrafine Ag nanoparticles with more
exposed electrocatalytic sites during the sodiation process and are spread homoge-
neously along with expansion of sulfur species in the inner cavity (Figure 3A).
The hollow space in the core of S@Ag,S@HNCS showed variable transparency dur-
ing the sodiation process, indicating quasi-solid conversion of sulfur-Na,S, and
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Figure 3. Visible demonstration

(A) Sequential images of the S@Ag,S@HNCS electrode from in situ TEM measurements during the sodiation process.
(B and C) In situ SAED patterns for the electrode collected before and after the sodiation process, respectively.

(D) The relative expansion of the electrode after different sodiation times.

(E) Ex situ EDS mapping images of the S@Ag,S@HNCS electrode in a sodiated state after 200 cycles.

Na,S,-NasS. Interestingly, the polysulfides that are in direct contact with the ultra-
fine Ag electrocatalyst become less mobile. Finally, the anchored Na,S nanograins
are observed in the inner cavity, which can be attributed to the kinetically optimized
nucleation of Na,S by the highly efficient ultrafine electrocatalyst. In comparison, the
nucleation process for sulfur species in carbon shells without the electrocatalyst is
slower than that in the inner cavity. The calculated interfacial energy (y) with respect
to the number of NaS layers for the Ag/Na,S and C/Na,S interfaces is shown in Fig-
ure S8. The interfacial energy of the (220) Na,S on the (200) Ag reaches a stable value
of approximately —1.8 J/m?, which can be regarded to the minimal lattice
mismatch.?” Thus, it is easier to form more stable crystallinity of Na,S on an Ag sub-
strate. Experimentally, as shown in Figure S9, the solid sulfur reduction is studied by
linear sweep voltammetry (LSV) and corresponding Tafel curves. The Ag-assisted
cathode with higher catalytic activity for solid sulfur reduction reduces the overpo-
tential by ~15 mV (0.08 mA cm™?) from the 6th to the 25th cycle and the Tafel slope
from 300 mV dec™" to 286 mV dec™". In comparison, the Ag-free cathode shows
much higher values for overpotential and Tafel slope, indicating poor conversion ki-
netics of solid sulfur.?® Therefore, the released Ag electrocatalyst can not only pro-
vide a stable interface for Na,S nucleation but also catalyze conversion of the solid
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sulfur cathode. As shown in their corresponding selected area electron diffraction
(SAED) patterns before and after the sodiation process (Figures 3B and 3C), the
diffraction pattern of Ag,S is observed in the pristine particle, and, finally, the poly-
crystalline structures of the ultrafine Ag and NaS nanograins are revealed with a
slight volume expansion of 11% (Figure 3D), indicating successful conversion of
S-NazS and Ag;S-Ag, respectively. This was also confirmed by ex situ XRD patterns
and HRTEM images (Figure S10) of the S@Ag,S@HNCS cathode in the sodiated
state, where the broad peaks located at 38.0° and 38.8° can be attributed to the
(111) and (220) planes of Ag and Na,S nanograins, respectively. After 200 cycles,
the Ag nanograins are dispersed homogenously in the entire yolk-shell skeleton
(Figure 3E), indicating that the dynamically obtained ultrafine Ag nanoparticles
could further diffuse into the carbon shell through the interconnected cavities. In
comparison, there is no sign of self-release or directional diffusion of Ag nanopar-
ticles in the host for the sodiated Ag,S@HNCS electrode (Figure S11). The above re-
sults imply that the driving force for homogenously diffusing and directionally mov-
ing ultrafine Ag nanoparticles in the S@Ag,S@HNCS could be attributed to
continuous affinity between newly exposed silver and sulfur species rather than
the phenomenon of Ag,S conversion.

Electrochemical properties

Benefitting from the dynamically self-releasing electrocatalyst and the porous nano-
reactors (Figure S12) in effectively confining polysulfides and catalyzing their conver-
sion, the cathode delivered a highly reversible capacity of 701 mAh g™ at 0.1 Ag™"
and maintained it at 530 mAh g~ for 200 cycles (Figure 4A). In comparison, the
S@HNCS showed an extremely low Coulombic efficiency for the first cycle (28%)
and dramatic capacity loss over 200 cycles, indicating incomplete conversion and
shuttling of sulfur species. The corresponding charge/discharge plateaus of
S@Ag,S@HNCS in Figure 4B shows two highly repeatable plateaus around 1.6 V
and 0.9 V from the second cycle, indicating the reversible conversion reactions of
the sulfur species with support of the dynamic electrocatalyst.?’*” The electrocata-
lyst-free electrode shows steep plateaus around 1.6 V and a relatively larger polariza-
tion value of 461 mV at the 10th cycle, and the value even increased to 650 mV for 200
cycles (Figure 4C). The improved reversible capacity and reductive polarization indi-
cate that the released electrocatalytic sites can achieve high electrocatalytic effi-
ciency for ultra-stable performance. This phenomenon is also reflecting on cyclic vol-
tammograms (CVs) (Figures 4D and 4E). The prominent reduction peak around 2.0 V
reflects the conversion of elemental sulfur in the first cathodic scan and disappeared
from the second scan, which could be ascribed to the irreversible reduction between
surface Sg and carbonate solvents.” This peak could still be detected in the following
three cathodic scans for the S@HNCS cathode with dramatic current attenuation,
indicating incomplete reduction of sulfur. This is also in good agreement with the
low Coulombic efficiency of the initial cycle of S@HNCS and S@Ag,S@HNCS, for
which the irreversible side reactions, reduction of surface Sg, and slow activation of
active sites should be responsible. The other two repeatable cathodic peaks at
1.23Vand 0.92V for S@Ag,S@HNCS respond to the reversible mechanism for forma-
tion of NayS,; and Na,S, respectively.23 The S@HNCS cathode shows a single
cathodic peak at 0.91V, which can be ascribed to the sluggish kinetics of nucleation
of the soluble Na5S, (4 < x < 8) to NasS, leading to a low reversible capacity and poor
cycle life. Based on the abovementioned benefits, the S@Ag,S@HNCS cathode

~1 retained for

delivered ultra-stable performance, with a capacity of 391 mAh g
1,600 cycles at 0.5 A g~" and improved rate performance by delivering 699, 605,
507,399,and 275 mAh gf1 atcurrentdensitiesof0.1,0.2,0.5,1,and 2 Agf1, respec-

tively (Figures 4F and 4G). The unsatisfactory performance under 2 A g~' could be
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Figure 4. RT sodium-sulfur battery test

(A-F) Cycling performances (A), charge/discharge curves (B), polarization value in different cycles (C), cyclic voltammograms (CVs; D and E), and rate
performance with capacity error bars of S@QAg,S@HNCS and S@HNCS (F). The error bars represent the variation in the specific capacity of the batteries

used during the rate test.
(G) Long-term cycling of S@Ag,S@HNCS.

attributed to the poor conductivity of the solid Sg cathode encapsulated in the core.
Upon reverting back to a low rate, it showed 96% restored capacity, which is much
higher than S@HNCS (62%). Besides, the charge/discharge curves of the
S@Ag,S@HNCS electrode are not as sloping as for the Ag free electrode, especially
at high rates (Figure S13), indicating good electrocatalysis of the Ag nanoparticles.

DISCUSSION

We presented an electrochemical self-release strategy to achieve ultrafine catalysts and
maximize their electrocatalytic efficiency for S redox reactions, which is realized by
dynamically delivering ultrafine Ag sites into the entire nanoreactor through electro-
chemical conversion of Ags,S yolks. The self-releasing process and optimized nucleation
kinetics of Na,S are visually tracked and confirmed by in situ TEM and density functional
theory (DFT) calculation. The homogenously dispersed Ag active sites can immobilize
the polysulfides, achieving reversible conversion of NayS for encapsulated S in the
core and carbon shell. The dynamic electrocatalyst-supported cathode achieved a
34% improvement in capacity retention after high-rate cycling and 41% enhancement
in specific capacity. The electrochemical self-release strategy can dynamically optimize
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the high affinity for hosting sulfur species in RT Na/S batteries, which gives new insights
into improving the electrocatalytic efficiency of electrocatalysts.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Shu-Lei Chou (shulei@uow.edu.au).

Materials availability
Materials used in this study will be made available upon request.

Data and code availability
Any additional information required to reanalyze the data reported in this article is
available from the lead contact upon request.

Materials

Triblock poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) pluronic
F127 (Mw = 12,600) was purchased from Sigma-Aldrich. FC4 was purchased from
Shanghai Intechem. 3-aminophenol (C¢H;NO), ammonium hydroxide (NH,OH, 28—
30 wt %), formaldehyde solution (CH,0, 37 wt %), TMB (CyH15), and ethanol (C,HO)
were purchased from Shanghai Chemical. All chemicals were of analytical grade and
used without further purification. Deionized water was used for all experiments.

Synthesis of Ag, AgI@HAPFS, and HAPFS

In a typical synthesis, FC4 (0.16 g) and F127 (0.32 g) were dissolved in a mixture of
water (20 mL) and ethanol (20 mL). Then 0.4 mL of TMB and 1.0 mL of ammonia
were added to the reaction mixture under stirring at RT. When the mixture became
milky white, an aqueous solution of silver nitrate (1.0 mL, 0.15 M) was added. After
stirring at RT for 1 h, 3-aminophenol (0.2 g) and formaldehyde (0.28 mL) were added.
The mixture was stirred for 24 h and subsequently heated for 24 h at 100°C under
static conditions in a Teflon-lined autoclave. The Ag and Agl@HAPFS were recov-
ered by centrifugation and air-dried at 60°C for 24 h. No silver nitrate was added
in the synthesis of hollow aminophenol formaldehyde spheres (HAPFS).

Synthesis of Ag@HNCS and HNCS

To prepare corresponding carbide products, the obtained Ag, Agl@APFS, and
HAPFS were heated at 2°C min~" from room temperature to 350°C and kept at
this temperature for 2 h under a nitrogen atmosphere. The temperature was then
further raised at 2°C min~" to 800°C and maintained for 6 h.

Synthesis of S@Ag,S@HNCS and S@HNCS

To prepare corresponding vulcanization products, the obtained Ag@HNCS and
HNCS were ground with sulfur in an agate mortar and sealed in a quartz tube and
calcined at 155°C for 24 h and then at 300°C for 1 h to obtain the final
S@Ag,S@HNCS composite. For comparison, the S@HNCS was obtained under
the same conditions.

Physical characterization

XRD patterns were employed with Cu Ko radiation in the 26 range of 10°-70°
(PANalytical diffractometer, A = 1.5406 A, step size of 0.02° s "). The morphology
was detected via a field emission scanning electron microscope (FESEM; JEOL
JSM-7500FA). A 200-kV scanning transmission electron microscope (JEM-ARM
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200F) was equipped with a double aberration corrector to achieve SAED with a
probe-forming, image-forming lens systems. The angular range of collected elec-
trons for the HAADF images was around 70-250 mrad, and annular bright field
(ABF)-STEM images were recorded simultaneously using a ABF detector. The EDS
mapping results were obtained via STEM using Noran system SIX(NSS). In situ nano-
fabrication was carried out inside a transmission electron microscope (FEIT Tecnai
F20st) using a TEM-STM (scanning tunnelling microscope) holder (Pico Femto
FEO2-ST) from Zeptools. XPS with Al Ka radiation (hv = 1,486.6 eV) was employed
to detect the binding energies using a SPECSPHOIBOS 100 analyzer installed in a
chamber in a high vacuum. The porosity was measured by nitrogen sorption iso-
therms at 77 K with a Micromeritics Tristar 3020 analyzer (USA). Raman spectra
were collected using a 10-mW helium/neon laser at 632.8-nm excitation, which
was filtered by a neutral density filter to reduce the laser intensity, and a charge-
coupled device (CCD). The thermal decomposition behavior of the products was
monitored using a Mettler Toledo TGA/SDTA851 analyzer from 50°C to 500°C in
Ar with a heating rate of 5°C/min. X-ray absorption spectroscopy (XAS) measure-
ments were performed at the XAS beamline of the synchrotron radiation source at
Deutsches Elektronen-Synchrotron (DESY). The XAS data were recorded at the Ag
K-edge in transmission mode.

Electrochemical measurements

The working electrodes for sodium-sulfur cells with an average mass loading of
2.3 mg on punched circular working electrodes with an area of 0.7 cm~2 were fabri-
cated by mixing the as-synthesized samples, carbon black, and carboxymethyl! cel-
lulose (CMC) binder at a weight ratio of 70:20:10 in water, which were then pasted
on aluminum foil followed by drying under a vacuum at 55°C overnight. The test cells
were assembled with metallic sodium as the negative electrode, a glass fiber sepa-
rator (Whatman GF/F), and 1 M NaClO, in 1:1 ethylene carbonate (EC) /propylene
carbonate (PC) and 3 wt % fluoroethylene carbonate (FEC) additive electrolyte. As-
sembly of the test cells was carried out in an argon-filled glovebox, where water and
oxygen concentrations were kept at less than 0.1 ppm. The electrochemical proper-
ties were examined by a NEWARE test system with a cutoff voltage range of
0.8-2.8 V (versus Na/Na™). CV and impedance testing were performed using a Bio-
logic VMP-3 electrochemical workstation from 0.8-2.8 V at a sweep rate of 0.1 mV
s~". All batteries were rested overnight before testing.

Computational methods

First-principle calculations were conducted using DFT with the Vienna Ab Initio Simu-
lation Package (VASP).*>*" The projector augmented wave (PAW) method was
applied, and a cutoff energy of 500 eV was used. Generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) function was used to approximate ex-
change-correlation potential. The interfacial configurations were modeled based on
NayS (220) and Ag (100). Gamma-centered K points were set to 5 X 4 x 1 for the
Na,S/Ag configuration and 5 x 8 X 1 for the Na,S/C configuration. Atomic positions
and cell vectors were fully optimized until all force components were less than 0.02 eV
A=". Avacuum layer of 15 A was set to ensure no influence between slabs. The inter-
facial formation energy (y) was calculated according to the following equations:

_ Ena,s/ps — Enays — Eps

A — Ops — Onays and (Equation 1)
Ex _ EXB““( ]
Ox = oA (Equation 2)
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where PS represents the polar surface (C or Ag), Epa,s/ps is the total energy of the
Na,S and polar surface after absorption, and o, and EZU are defined as the surface
energy and total energy of the corresponding total energy of Na,S and PS in the bulk
state.
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