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ABSTRACT: Potassium−sulfur (K−S) batteries are severely limited by the
sluggish kinetics of the solid-phase conversion of K2S3/K2S2 to K2S, the rate-
determining and performance-governing step, which urgently requires a
cathode with facilitated sulfur accommodation and improved catalytic
efficiency. To this end, we leverage the orbital-coupling approach and herein
report a strong d−π coupling catalytic configuration of single-atom Co
anchored between two alkynyls of graphdiyne (Co-GDY). The d−π orbital
coupling of the Co−C4 moiety fully redistributes electrons two-dimensionally
across the GDY, and as a result, drastically accelerates the solid-phase K2S3/
K2S2 to K2S conversion and enhances the adsorption of sulfur species. Applied
as the cathode, the S/Co-GDY delivered a record-high rate performance of
496.0 mAh g−1 at 5 A g−1 in K−S batteries. In situ and ex situ characterizations coupling density functional theory (DFT) calculations
rationalize how the strong d−π orbital coupling of Co−C4 configuration promotes the reversible solid-state transformation kinetics
of potassium polysulfide for high-performance K−S batteries.

■ INTRODUCTION
Potassium−sulfur (K−S) batteries are receiving great attention
for large-scale energy storage due to their high energy density
(1023 Wh kg−1), high element abundance (both potassium
and sulfur), environmental benignity, and low cost.1−6

However, further advancement of K−S batteries has
encountered challenges associated with volume expansion
and electronic insulation nature of sulfur, the shuttle effect of
potassium polysulfide, and sluggish kinetics.7−9 Compared to
the inseparable low-order polysulfides in Li/Na−S batteries,
K−S batteries have explicit cathode electrochemistry, which
involves both solution-phase and solid-phase processes.10−20

Among them, the solid-phase K2S3/K2S2 to K2S process
delivers over 60% of the theoretical capacity; however, in
reality, the excessively high reaction barrier and the discharge
production of “dead” sulfur species (partial K2S) induce
significant capacity loss for the K−S batteries.21 Therefore, the
sluggish kinetics of the K2S3/K2S2 to K2S conversion has
become one of the grand challenges affecting the capacity, rate
ability, and capacity retention of K−S batteries.22,23 To solve
this problem, intermetallics, metal nanoparticles, single-atom
catalysts, and homogeneous catalysts have been explored as
potassium polysulfide catalysts, aiming to facilitate the
conversion of sulfur.24−26 Despite these endeavors, the solid-
state conversions of K2S3/K2S2 to K2S are still sluggish, and the
respective mechanism remains elusive, which collectively
restrict further advancement of K−S batteries. Therefore, the

search for new-concept cathodes with much improved catalytic
activities toward the solid-state conversions of K2S3/K2S2 to
K2S is highly desirable, yet remains a grand challenge.
Herein, we report a class of Co−C4 atomic sites anchored on

ultrathin graphdiyne (GDY) nanosheets (Co-GDY) as a highly
efficient cathode for K−S batteries. Our motivation of using
GDY lies in its unique features of sp- and sp2-hybridized
carbon atoms, highly π-conjugated structure, and special pore
structure of hexagon benzene rings connected by diacetylenic
linkings,27−32 potentially conducive to the adsorption and
conversion of sulfur.33−38 We first demonstrate a strong π−d
coordination between two alkynyl groups of GDY and Co
single atoms, originating from the highly electronegative −C�
C−C�C− group. As a result, the as-prepared S/Co-GDY
cathode simultaneously delivers a high current density of 5 A
g−1, an excellent rate performance of 496 mAh g−1, a high
capacity of 1064 mAh g−1 after 180 cycles at 0.2 A g−1, and a
long lifespan over 500 cycles at 1 A g−1 with the low average
capacity degradation of only 0.08% per cycle. The S/Co-GDY
cathode also significantly advances Na−S batteries by showing
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the best rate performance (725 mAh g−1 at 5 A g−1) at room
temperature. Various in situ and ex situ experimental
techniques, precipitation experiments, and density functional
theory (DFT) calculations collectively revealed that d−π
orbital coupling of Co−C4 atomic sites facilitated the charge
transfer efficiency of sulfur to potassium polysulfide, verifying
the super catalytic ability of Co-GDY as sulfur host for K−S
batteries.

■ RESULTS AND DISCUSSION
Figure 1a illustrates the preparation process for making the
single-atom Co embedded in ultrathin GDY nanosheets a
superior host for sulfur (S/Co-GDY). The GDY nanosheets
were first synthesized by a microwave-assisted catalysis
technology via the dissolution of hexynylbenzene in homoge-
neous organic solutions using copper salts as the catalyst.
Then, the single-atom Co was anchored on the surface of GDY
nanosheets through π-coordination based on the electro-
negativity difference between the high-reactive sp-hybridized
carbon atoms of the GDY and single-atom Co. After that, the
sulfur was infiltrated into the GDY nanosheets with particularly
high porosity and specific surface area to yield the S/Co-GDY
cathode.
Transmission electron microscopy (TEM), atomic force

microscopy (AFM), and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) were used
to characterize the structure of the prepared materials. Figure
1b,c display the ultrathin circular GDY nanosheets with a
diameter of around 200 nm and a thickness of only about 4
nm. TEM images of the Co-GDY and S/Co-GDY nanosheets
(Figure S1a,b) reveal that there is almost no change in

morphology after immobilizing single-atom Co and sulfur. The
aberration-corrected HAADF-STEM of Co-GDY and S/Co-
GDY (Figure 1d and S2) show that it has massive bright spots
on its surface, attributed to single-atom Co. The corresponding
energy dispersive spectroscopy (EDS) mapping of S/Co-GDY
confirms the uniform distribution of C, S, and Co elements
over GDY nanosheets (Figures 1e and S3).
The X-ray diffraction (XRD) patterns of GDY, Co-GDY,

and S/Co-GDY nanosheets (Figure S4) validate the absence of
characteristic peaks related to Co species, indicating that Co
nanoparticles do not exist on the Co-GDY and S/Co-GDY. In
addition, the weaker characteristic peaks of sulfur for S/Co-
GDY prove that most of the sulfur is uniformly infiltrated into
the porous structure of the GDY nanosheets. The S loading
amount of the S/Co-GDY and S/GDY was determined to be
50.2 and 53.6 wt %, respectively, by thermogravimetric analysis
(TGA, Figure S5). The prepared GDY host was verified by
Raman spectroscopy (Figure 2a), revealing that three
diffraction peaks at 1417, 1558, and 2173 cm−1 correspond
to the D band, G band, and conjugated diyne linkage,
respectively. The intensity of the diffraction peak at 2173 cm−1

represents the content of −C�C−C�C−, further demon-
strating the high efficiency of the coupling reaction.39,40 Raman
spectroscopy of the Co-GDY shows the weaker broad peak of
the −C�C−C�C− (Figure S6), indicating that partial
conjugated carbon atoms were broken with single-atom Co
to form Co−C atomic sites, which demonstrates the strong
orbital coupling between the d-orbital of the single-atom Co
and the π-orbital of the conjugated carbon atoms. The high-
resolution X-ray photoelectron spectroscopy (XPS) spectra of
Co-GDY and S/Co-GDY are shown in Figures S7 and S8.
Figure S7a displays the XPS spectrum of C 1s for the Co-GDY

Figure 1. (a) Illustration of the synthesis of the S/Co-GDY nanosheet. (b, c) TEM and AFM images of the ultrathin circular GDY nanosheet. (d)
Atomic-resolution HAADF-STEM image of S/Co-GDY. (e) Corresponding elemental mapping images of the S/Co-GDY nanosheet.
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nanosheets. The four peaks at 284.4, 285.2, 286.2, and 287.7
eV were identified as C−C (sp2), C−C (sp), C−O, and C�O,
respectively. The two strongest peaks of C−C (sp) and C−C
(sp2) prove the component of carbon atoms in GDY derives
from sp- and sp2-hybridized carbon atoms. Four peaks
identified at 779.6, 786.3, 794.1, and 798.3 eV correspond to
the Co 2p3/2, Sat., Co 2p1/2, and Sat., respectively (Figure
S7b), indicating that the Co-GDY contains small amounts of
Co.41

To further analyze the atomic structure and coordination
environment of Co element in Co-GDY and S/Co-GDY
samples, the X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) of S/
Co-GDY and two standard references (Co foil and CoO) were
observed (Figures 2b and S9−S11). The adsorption edge
positions of Co-GDY and S/Co-GDY were located between
those of the Co foil and CoO, indicating that the valence state
of single-atom Co in Co-GDY and S/Co-GDY was found to be
between the Co0 and CoII. Figure 2c shows the Fourier
transform (FT) k2-weighted EXAFS spectra of Co-GDY and
S/Co-GDY and standard references. The spectrum of Co-GDY
and S/Co-GDY demonstrated the strong peak at about 1.55 Å,
illustrating the formation of Co−C bonds. The relevant fitted
parameters are shown in Figure 2d and Table S1, and the
coordination number (CN) and the bond length of the Co−C
bond from Co−C4 atomic sites are both about 4.12 and 2.02,
demonstrating that single-atom Co was coordinated by four

carbons from the diyne linkage at the active center of GDY.
The inset in Figure 2d is the structure model of the atomically
dispersed S/Co-GDY site. To further establish the atomic
dispersion of single-atom Co in S/Co-GDY, the wavelet
transform (WT) analysis was carried out (Figure 2e),
identifying the backscattering atoms and providing the
enhanced resolution in R and K space. The WT contour
plot of Co-GDY and S/Co-GDY only display a significant
intensity maximum, correlating with Co−C scattering, which
differs from the Co−Co bond in the Co foil and the Co−O
bond in CoO.42 The mass content of single-atom Co in the
Co-GDY sample was determined to be 0.61 wt % by
inductively coupled plasma mass spectrometry (ICP-MS).
The px−py π/π*-orbitals of −C�C−C�C− can freely

rotate around the Co−C bonds, and the Co atom is
coordinated by the overlapping π/π*-orbitals of two alkynyl
groups, forming a Co−C4 structure.43 By analyzing the
projected density of states (PDOS) of single-atom Co and
sp-hybridized carbon atoms (Figures 2f and S12), the high
overlapping between the d-orbital of single-atom Co and the p-
orbitals of sp-hybridized carbon atoms (C1 and C2) was
verified, demonstrating the strong d−π orbital coupling of
Co−C4 atomic sites. The space charge distribution around two
alkynyl groups and single-atom Co was analyzed by the Co-
GDY charge difference density (Figure 2g). Due to the strong
electron-withdrawing effect of −C�C−C�C− structure and
the orbital hybridization of the Co−C4 structure, the charge of

Figure 2. (a) Raman spectra of pristine GDY nanosheet. (b, c) XANES spectra at the Co K-edge and Fourier-transform EXAFS spectra of Co-
GDY, S/Co-GDY, Co foil, and CoO. (d) EXAFS fitting curves of Co-GDY in R space. Inset: corresponding atomic structures. (e) Wavelet
transform plots for the EXAFS signal of the Co-GDY, S/Co-GDY, Co foil, and CoO, respectively. (f) Projected density of states of the interface
Co−C atoms in Co-GDY. (g) The charge density difference of the Co−C4 atomic site anchored on GDY.
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the d-orbital for the Co atom is transferred to the π-orbital of
the alkynyl carbon to form the π-coordination structure, and
the charge deletion of the d-orbital for single-atom Co can
coordinate with the p-orbital of sulfur.
The unique Co−C4 with strong d−π orbital coupling

coordinated by alkyne bonds enables us to investigate the
conversion efficiency of sulfur for K−S batteries in the voltage
window of 0.5−2.8 V (vs K+/K). Figures 3a and S13 show the
cyclic voltammograms (CVs) of the S/Co-GDY and S/GDY at
0.1 mV s−1 for the first four cycles. In the initial cycle, the
reduction peak at about 0.5 V corresponds to the conversion
from K2S3/K2S2 to K2S, which is the key step from sulfur to
potassium polysulfide. The stronger reduction peak of the S/
Co-GDY than that of the S/GDY indicates that the strong d−π
orbital coupling of the Co−C4 atomic sites on the GYD
facilitates the conversion kinetics from K2S3/K2S2 to K2S. In
the follow-up cycles, the overlapping CVs demonstrate the
superior redox stability of S/Co-GDY. The galvanostatic
charge−discharge profiles of S/Co-GDY show the typical
voltage plateaus to match the CV results (Figure S14). The
low initial Coulombic efficiencies of S/Co-GDY and S/GDY
cathodes can be attributed to the formation of a solid-

electrolyte interphase (SEI). The XPS analysis after the S/Co-
GDY cathode is discharged to 0.8 V was used to investigate the
SEI. As shown in Figure S15, the F 1s spectra showed the
presence of a K−F bond (683 eV) and a C−F bond (689 eV).
Figure 3b shows the cycling performance of the S/Co-GDY

and S/GDY cathodes at a current density of 0.2 A g−1.
Obviously, the S/Co-GDY cathode exhibits a high discharge
capacity of 1046 mAh g−1 with a high Coulombic efficiency
(CE) of ∼100% after 180 cycles. In contrast, the S/GDY
cathode only demonstrates a lower discharge capacity of 673.0
mAh g−1 after 180 cycles. The S/Co-GDY cathode can deliver
high discharge capacities of 1388.0, 1294.0, 1136.0, 912.0, and
496.0 mAh g−1 under current densities of 0.2, 0.5, 1, 2, and 5 A
g−1, respectively, much higher than those of the S/Co-GDY
cathode (1128, 881, 717, 506, and 246 mAh g−1 at 0.2, 0.5, 1,
2, and 5 A g−1) (Figure 3c). In addition, the thick electrode of
S/Co-GDY (1.2 mg cm−2) (Figure S16) delivers high
reversible capacities of 709.0 mAh g−1 at 0.2 A g−1 after 50
cycles and 512 mAh g−1 at 0.5 A g−1 after 60 cycles,
respectively. And, the S/Co-GDY electrode with high sulfur
ratio (71.7 wt %) (Figure S17) could deliver a high capacity of
609.0 mAh g−1 at 0.2 A g−1 after 50 cycles. The galvanostatic

Figure 3. Electrochemical properties of the S/Co-GDY and S/GDY cathodes for K−S batteries: (a) Initial four CV curves of the S/Co-GDY
cathodes at 0.1 mV s−1. (b) Cycling performances of the S/Co-GDY and S/GDY cathodes at 0.2 A g−1. (c) Rate capabilities at the current densities
from 0.2 to 5 A g−1 of S/Co-GDY and S/GDY samples and (d) corresponding charge−discharge profiles of the S/Co-GDY. (e) A comparison of
the S/Co-GDY cathode with recently reported cathodes for K−S batteries. (f) Long-term cycling stability of S/Co-GDY and S/GDY cathodes at 1
A g−1 for 500 cycles. (g) The optical image of the lighted LED using a K−S pouch cell with a S/Co-GDY cathode.
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charge−discharge profiles of the S/Co-GDY cathode at
different current densities could maintain a stable voltage
plateau (Figure 3d), which is the best among the previously
reported literature for K−S batteries (Figure 3e and Table
S2).9,22,24,44−47 The high redox kinetics is due to the structural
advantages of the strong orbital coupling for the S/Co-GDY,
resulting in a super performance at high current densities.
Therefore, S/Co-GDY can deliver an even better capacity of
530 mAh g−1 at 1 A g−1 after 500 cycles with nearly 100%
Coulombic efficiency and low average capacity degradation of
0.08% per cycle (Figure 3f). Even at the elevated current
density of 5 A g−1, S/Co-GDY still exhibits excellent cycling
stability and a high discharge capacity of 158 mAh g−1 over
1000 cycles (Figure S18). The ultrathin GDY nanosheet still
maintains a good structural integrity after the charging and
discharging processes by ex situ TEM (Figure S19). To
investigate the potential practical application of the S/Co-GDY
cathode in K−S batteries, we assembled a K−S pouch cell
using S/Co-GDY as cathode and potassium metal as anode,
which can keep the light-emitting diode (LED, Figure 3g) on.

Figure S20 displays the charge/discharge curves and cycling
performance of the Co-GDY for K−S batteries in the voltage
range of 0.5−2.8 V. After 100 cycles, only reversible capacities
of 1.2 and 0.7 mAh g−1 at 0.2 and 1 A g−1 are achieved,
indicating the capacity contribution from the Co-GDY in the
S/Co-GDY composite is negligible.
The S/Co-GDY and S/GDY cathode-based RT Na−S

batteries were investigated. Figures S21 and S22 exhibit CV
curves at 0.1 mV s−1 and galvanostatic charge−discharge
profiles at 0.2 A g−1 of S/Co-GDY and S/GDY cathodes with a
voltage window of 0.8−3.0 V (vs Na+/Na). The S/Co-GDY
cathode reveals a higher charge capacity of 1169 mAh g−1 at
0.2 A g−1 over 100 cycles than the S/Co-GDY cathode (Figure
S23a). Figures S23b,c and S24 demonstrate the excellent
cycling stability and rate ability performance for Na−S
batteries, outperforming the reported materials (Figure S24d
and Table S3).48−55

To probe the reaction mechanisms and phase evolution of
S/Co-GDY during the discharging and charging processes for
K−S batteries, the in situ XRD, ex situ XPS, ex situ high-

Figure 4. (a) In situ XRD analysis of the S/Co-GDY cathode for K−S batteries in the charging and discharging processes and (b) the
corresponding contour plot of S8, K2S3, and K2S. (c) Ex situ high-resolution XPS spectra for the S 2p spectrum of the S/Co-GDY cathode for K−S
batteries at several special charge/discharge phases. (d−k) Ex situ HRTEM and SAED images of the S/Co-GDY cathode at different charge/
discharge states.
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resolution TEM (HRTEM), and ex situ selected area electron
diffraction (SAED) were performed (Figure 4). As shown in
Figure 4a,b, when the K−S battery was discharged to about
1.75 V, the characteristic peaks of S disappeared, and another
characteristic peak of K2S4 (JCPDS No. 43-0795) appeared,
attributed to the conversion from S8 to long-chain potassium
polysulfide. As the discharge voltage decreased to 1.0 V, the
new diffraction peak at 17.9° attributed to K2S3 (JCPDF No.
30-0994) appeared. When the battery continued to discharge
to 0.5 V, a new characteristic peak of K2S (JCPDF No. 47-
1702) appeared. Upon a subsequent charging process, the
characteristic peaks of the K2S3 and K2S appeared. These
results indicate that the charging/discharging process of K−S
batteries is highly reversible, involving a conversion from solid
S8 to soluble potassium polysulfide (K2S4) and subsequently to
insoluble K2S3 and K2S, demonstrating the efficient conversion
ability of solid−solid reactions from K2S3 to K2S. In the

subsequent second discharging stages, the reduction products
of K2S3 and K2S were detected, indicating the excellent
reversible solid−solid transformation process. To further verify
the mechanism of S/Co-GDY, the ex situ XPS in different
voltage states was investigated (Figure 4c). The diffraction
peaks of the four specific discharge stages (1.8, 1.0, 0.8, and 0.5
V) correspond to K2S4, K2S3, K2S2, and K2S, respectively,
indicating the transformation process of S8 → K2S4 → K2S3/
K2S2 → K2S. Similarly, three charging stages (1.2, 1.7, and 2.4
V) correspond to the conversion product of K2S2, K2S3, and
K2S4, proving a reversible conversion reaction of K2S → K2S2/
K2S3 → K2S4 → S8. The structural evolution of the S/Co-GDY
during the sulfur conversion process was investigated by ex situ
HRTEM and SAED (Figure 4d−k). At the initial stage, the
amorphous structure of S was observed (Figure 4d,e). When
the discharge voltage decreased to 1.0 V, the HRTEM image
and fast Fourier transform (FFT) pattern established the

Figure 5. (a) Schematics of potassium polysulfide adsorption and conversion behaviors on different carriers of Co-GDY and GDY. (b) Pore-size
distribution of the Co-GDY and GDY nanosheets. (c) Fitted lines of the oxidation peak for the S/Co-GDY and S/GDY cathodes between Ip and
v1/2. (d) The contribution ratio of capacitance/diffusion-controlled for S/Co-GDY and S/GDY cathodes under various scan rates (0.1−0.8 mV
s−1). (e, f) The potentiostatic discharge curves (K2S6-EC) of the Co-GDY and GDY samples. (g) The in situ UV−vis spectra of the S/Co-GDY
cathode during the first discharging and charging processes. Inset: the optical images of corresponding K−S cell devices at the initial condition and
after cycling.
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formation of the K2S3 phase (Figure 4f,g). The lattice fringes of
0.22, 0.37, and 0.59 nm are well assigned to the (111), (002),
and (112) planes of a (1, −1, 0)-oriented triclinic structure. In
addition, the diffraction ring of K2S3 (−212) was observed in
the corresponding SAED image. Upon discharge to 0.5 V, the
formation of the K2S phase was verified by the HRTEM image
and corresponding FFT pattern (Figure 4h). When the battery
is recharged to 1.5 V, the lattice spacing and corresponding
FFT pattern were assigned to the K2S3 phase, demonstrating
that the K2S can be transformed into the K2S3 phase in the
charging state of 1.5 V (Figure 4i). Subsequently, the electrode
material can be converted back to amorphous S during the
charging stage of 2.8 V (Figure 4j,k). The results of the ex situ
HRTEM and SAED images were in good agreement with the
results of the in situ XRD and ex situ XPS analysis. The
discharge product K2S was clearly detected, demonstrating that
Co−C4 atomic sites can effectively promote reversible solid−
solid reaction kinetics by the strong d−π orbital coupling
during the charging and discharging processes of the K−S
battery. To verify the stability of K2S3 powder in the K−S
battery electrolyte, the pure-phase K2S3 was synthesized and
added to the 3 M KTFSI EC electrolyte (Figure S25),
observing the clear electrolyte with the K2S3 powder
precipitating to the bottom.21 As shown in Figure S26, when
the K−S batteries discharged to 1.0 and 0.5 V and change to

1.2 V, the Raman spectra of S/Co-GDY electrodes show three
diffraction peaks corresponding to the D-band, G-band, and
−C�C−C�C−, respectively. The diffraction peaks of −C�
C−C�C− were detected at different charging/discharging
voltages, proving the structural stability of Co-GDY during the
cycling process of K−S batteries.
The strong d−π orbital coupling of the Co−C4 atomic sites

on the GDY can facilitate the charge transfer from Co to GDY,
thus enhancing the adsorption and transformation of sulfur on
Co atoms and improving the rate performance of the S/Co-
GDY cathode for K−S batteries and RT Na−S batteries
(Figure 5a). The ultrathin GDY nanosheets with a large
specific surface area (817 m2 g−1) and abundant micropore
(0.6−1.8 nm), and mesopore region (2.5−4.5 nm) can adsorb
more sulfur and potassium polysulfide (Figures 5b, S27, and
S28). The unique π-coordination structure advantage of the
Co-GDY can be reflected by the faster potassium ion diffusion
coefficient (Figures 5c, S29, and S30) and the higher
pseudocapacitance contribution (Figures 5d, S31, and S32).
Significantly, the detailed calculation processes of the b values,
D values, k1v, and k2v1/2 are documented in the Supporting
Information. Additionally, the sodium ion diffusion capacity
and the conversion efficiency of S/Co-GDY for Na−S batteries
are also certified (Figures S33−S37).56,57

Figure 6. (a) Adsorption energy of S8 and different potassium polysulfides adsorbed on Co-GDY and GDY. (b) Corresponding Gibbs free energy
profiles with the optimized adsorption conformations in the inset. (c) The TDOS image of Co and C elements in the Co-GDY. (d, e) Energy
profiles of K-ion migrations on the surfaces of Co-GDY and GDY. (f, g) Dissociation energy of K2S on the Co-GDY and GDY substrates. (h) The
charge density differences of K2S4 on the surfaces of Co-GDY.
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Figure 5e,f display the K2S precipitation experiments by
Faraday’s law. And the S/Co-GDY cathode reveals the upper
K2S precipitation capacity of 214.3 mAh g−1 and the faster
response time of 59 s than the S/GDY cathode (a K2S
precipitation capacity of 131.8 mAh g−1 and a time response of
87 s), demonstrating the super redox capability due to the
strong d−π orbital coupling of the Co−C4 atomic sites.
Moreover, the in situ UV−vis spectra of the S/Co-GDY
cathode for K−S batteries were conducted to observe the
amount of potassium polysulfide in the electrolyte during the
first charging and discharging processes (Figure 5g). Neither
the diffraction peak in the UV−vis spectra nor the optical
photograph (inset) of the K−S electrolyte after cycling shows
any significant change, indicating that no significant potassium
polysulfide precipitates during the charging and discharging
processes, demonstrating the stable blocking effect from single-
atom Co and the GDY nanosheet upon the release of
potassium polysulfide.
To further investigate the electrochemical catalytic capability

and the inhibition of potassium polysulfide shuttling for Co−
C4 atomic sites on GDY in the K−S batteries, DFT
calculations were conducted. Figures S38 and S39 show the
optimized model structure diagrams of the Co-GDY, GDY,
K2S, K2S3, K2S4, K2S6, and S8, respectively. The adsorption
energies of S8 and K2Sx (x = 6, 4, 3, 1) on the surface of the
Co-GDY and GDY are shown in Figure 6a, respectively. Each
K2Sx species displays stronger adsorption energy on the Co-
GDY surface than those of the GDY, suggesting the superior
adsorption capacity of Co−C4 atomic sites as the active center
on GDY surfaces and the greater ability to suppress the
shuttling phenomenon of K2Sx. Then, K2S exhibits the
strongest adsorption energy of all the K2Sx species, which
favors the nucleation of K2S. The Gibbs free energy based on
the reversible conversion reaction from S8 to K2S was
calculated and is shown in Figure 6b, and the intermediate
structures of K2Sx on the Co-GDY and GDY surfaces are
provided in the inset and Figure S40. The redox ability of Co-
GDY for K2Sx species was enhanced due to the strong d−π
orbital coupling of the Co−C4 atomic sites, resulting in the
reaction energy barrier for the conversion of K2S6 to K2S being
significantly reduced. Moreover, the electron localization
function (ELF, isosurface level = 0.5) of the K2S6 on Co-
GDY and GDY models is shown in Figure S41, indicating that
the bonds between K2S6 and Co-GDY/GDY were all ionic
bonds. The Co-GDY demonstrates a larger total density of
states (TDOS) around the Fermi level than that of GDY
(Figure S42), leading to the higher redox activity on the Co-
GDY surface during electrochemical reactions. Further analysis
of the DOS of the Co and C elements for Co-GDY reveals that
Co has a larger contribution near the Fermi level,
demonstrating the electron-accepting/donating capacity of
Co−C4 atomic sites via d−π orbital coupling, which benefits
the more rapid electron transfer of electrons to potassium
polysulfide and promotes the sulfur redox reactions (Figure
6c).
The energy barriers of K-ion migrations on the surfaces of

Co-GDY and GDY were investigated to be 1.34 and 0.76 eV,
respectively (Figure 6d,e), implying that the K-ion can readily
migrate on the Co-GDY surface. Figure 6f,g and Table S4
compare the energy barrier of K2S decomposition on Co-GDY
(0.682 eV) and GDY (0.565 eV) surfaces to simulate the K2S
oxidation process, demonstrating the more rapid conversion
efficiency of K2S under the π-coordination structural advantage

of Co−C4 atomic sites. In addition, Figure S43 analyzes the
DOS of S in K2S6 on Co-GDY and GDY surfaces and shows
the higher DOS of S adsorption on the Co-GDY surface near
the Fermi level, further proving the Co−C4 π-coordination
structure on Co-GDY can more easily reduce the K2S6. Figure
S44 presents the crystal orbital Hamilton population (COHP)
of the K−S bond in K2S6 adsorbed on the Co-GDY and GDY
surfaces, respectively. The K−S bonds on the Co-GDY surface
show the antibonding state (near −0.23 eV) below the Fermi
level, and the K−S bonds on the GDY surface exhibit two
stronger bonding states (near −0.54 and −1.25 eV) than that
of the Co-GDY surface, indicating the Co−C4 of Co-GDY as
the catalytic active center can activate K2S6 and break the K−S
bonds. Figures 6h, S45, and S46 compare the electron deletion
and accumulation of K2S4/K2S6 around the Co-GDY and GDY
surfaces, respectively, and stronger electron interactions exist
between K2S4/K2S6 and Co-GDY. The strong charge transfer
capability between Co-GDY and potassium polysulfide reveals
that the Co−C4 atomic sites can greatly facilitate the
conversion from sulfur to potassium polysulfide. Therefore,
the solid−liquid−solid redox kinetics of the Co-GDY cathode
for K−S batteries can be dramatically accelerated by the strong
d−π orbital coupling of Co−C4 atomic sites, enabling more
stable and efficient sulfur-based electrochemistry.

■ CONCLUSIONS
In summary, we have designed and synthesized a new class of
Co−C4 atomic sites on ultrathin GDY nanosheets via π-
coordination as a superior sulfur host (S/Co-GDY) for
advanced K−S batteries. The porous GDY nanosheets with
unique sp- and sp2-hybridized carbon atoms and a highly π-
conjugated structure can precisely regulate the coordination
environment of single-atom Co to enhance the catalytic ability.
Synchrotron radiation XAS and DFT calculations reveal the
charge transfer mechanism of the Co−C4 active center is the
charge transfer from the d-orbital of Co to the π-orbital of the
sp-hybridized carbon atoms to form strong d−π orbital
coupling because of high electronegativity and strong
electron-withdrawing ability of −C�C−C�C− in GDY.
The charge deletion of the d-orbital can be coupled to the p-
orbital of sulfur, thereby promoting the adsorption and
conversion of sulfur on Co atoms. Due to the strong d−π
orbital coupling of the Co−C4 moiety, the designed Co-GDY
cathode can restrict the dissolution of the potassium
polysulfide and the shuttle effect, further accelerating charge
transfer and redox kinetics for K−S batteries. As a result, the
K−S batteries of the S/Co-GDY cathode provide a remarkable
cycling performance (1064 mAh g−1 at 0.2 A g−1 after 180
cycles) and rate capability (496 mAh g−1 at 5 A g−1).
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