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ABSTRACT

Lithium–sulfur (Li–S) batteries are promising candidates for next-generation energy storage 

systems due to their high theoretical energy density and the low cost of sulfur. However, slow 

conversion kinetics between the insulating S and lithium sulfide (Li2S) remains as a technical 

challenge. In this work, we report a catalyst featuring nickel (Ni) single atoms and clusters 

anchored to a porous hydrogen-substituted graphdiyne support (termed Ni@HGDY), 

incorporated in Li2S cathodes. The rapidly synthesized catalyst was found to enhance ionic and 

electronic conductivity, decrease reaction overpotential, and promote more complete conversion 

between Li2S and sulfur. The addition of Ni@HGDY to commercial Li2S powder enabled a 

capacity of over 516 mAh g-1
Li2S at 1C for over 125 cycles, whereas the control Li2S cathode 

managed to maintain just over 200 mAh g-1
Li2S. These findings highlight the efficacy of Ni as a 

metal catalyst and demonstrate the promise of HGDY in energy storage devices.
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The lithium–sulfur (Li–S) battery has emerged as a candidate for next-generation energy 

storage systems.1 With a high theoretical energy density (2567 Wh kg-1), Li–S batteries also 

benefit from sulfur’s low-cost and non-toxicity.1–3 However, several obstacles hinder its 

commercial viability. First, S and its discharge product lithium sulfide (Li2S) are poor ion and 

electron conductors, resulting in slow charge transport and sluggish reaction kinetics, which 

contribute to lower sulfur utilization and poor cyclability.4–6 A second issue is that S is denser 

than Li2S, leading to volumetric changes in the cathode, mechanical instability, and poor cycle 

life.7 Further, lithium polysulfide (LiPS) reaction intermediates dissolve in the electrolyte and 

shuttle to the anode. This “shuttle effect” contributes to loss of active material and increased 

internal resistance.1,8 Various approaches have been implemented to control these issues, 

including coating sulfur particles to mitigate the shuttle effect9,10, incorporating conductive or 

catalytic additives to improve redox kinetics11, and even engineering void space in the sulfur 

cathode to allow volume change during cycling.12–14 

Another strategic approach to accommodate volumetric change is to use Li2S as the 

starting cathode material, thus beginning in the most expanded state.6,15,16 Starting with the 

discharge product would also allow for anode-free Li–S cells, eliminating extra volume and 

weight from excess Li.17 However, the Li2S cathode requires a significant activation 

overpotential on the first cycle and suffers from stability issues during long-term cycling, making 

the Li2S cathode challenging to execute despite its theoretical advantage.18 Additionally, 
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commercially available Li2S powder consists mostly of micron-sized particles. This larger 

particle size means ions and electrons have longer paths to travel, compounding issues of poor 

ion transport and electronic conductivity already inherent to Li2S and leads to rapid buildup of 

inactive sulfur species in the cathode.19

To address the slow kinetics of the Li–S system, transition metals have been identified as 

one category of effective catalysts.20 Previous works on Li–S catalysts have found effective 

transition metals ranging in size from large nanoparticles21,22 to atomically dispersed single-

atoms.23–29 Small cluster and single-atom catalysts, however, offer higher atomic and gravimetric 

efficiencies, and they may display unique selectivity compared to larger particles due to 

differences in electronic state.30 These metals catalysts are often bound to carbon supports and 

are mixed into the cathode active material or coated onto the separator to improve the kinetics in 

the sulfur cathode. A shortcoming of unmodified carbon supports, such as graphene, is that they 

do not effectively trap LiPSs to alleviate the shuttle effect due to their non-polarity.31 

Modifications to nonpolar carbon supports, such as heteroatom doping of graphene, can enable 

significant polysulfide trapping ability32,33, yet another issue remains; the small pores inherent to 

the six-membered ring of graphene-derived materials do not facilitate fast ion transport through 

its planes.34 For these reasons, we should explore carbon supports that may provide good 

polysulfide trapping ability while also facilitating fast ion transport. 

To that end, we report a catalyst featuring nickel (Ni) supported on hydrogen-substituted 

graphdiyne, termed Ni@HGDY (Figure 1). The HGDY has larger pores (16.3 Å between 

opposing acetylene linkages) compared to traditional graphene-derived supports, allowing for 

superior ion transport while also providing good electronic conductivity from its π-conjugated 
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To fabricate Ni@HGDY, the porous HGDY aerogel was first synthesized according to a 

previously reported sol-gel method.44 Raman spectroscopy was conducted to confirm the 

successful crosslinking reaction (Supplementary Figure 1). The peak at ca. 2208 cm-1 suggests 

the successful formation of acetylenic linkages, while the broad fluorescence peak may be due to 

 

 

network.35 Its high surface area also provides a high density of active centers.36 Furthermore, 

previous studies have indicated that the conjugated system of HGDY contributes to polysulfide 

trapping that would mitigate the shuttle effect.37,38 Ni has shown great promise as a single-atom 

catalyst in Li–S batteries in Ni-N3
39

, Ni-N4
40 and Ni-N5

41 configurations and as 

nanoparticles21,39,42. Yet, we have seen few Li–S studies featuring Ni clusters or single atoms 

bound directly to carbon, particularly to HGDY and its acetylene linkages. This Ni-C bond may 

induce a change in the electronic structure of Ni, its interaction with sulfur species, and its 

catalytic effect. Additionally, Ni is abundant and lower cost than other catalytic metals such as 

Co.43 Using commercial Li2S powder that received no additional treatment, we fabricated 

Ni@HGDY/Li2S cathodes for Li–S batteries. We demonstrate that the Ni@HGDY catalyst 

improves the redox kinetics of the Li–S system, decreases internal resistance, and reduces loss of 

active material. With the commercially produced Li2S and Ni@HGDY catalyst, we maintain a 

capacity at a 1C current rate of over 516 mAh g-1 (based on Li2S) after 125 cycles, over two 

times the capacity of the control Li2S cathode. This work demonstrates the catalytic behavior of 

Ni bound to HGDY and motivates further exploration of HGDY and its derivatives in Li–S 

batteries.
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Ni K-edge X-ray absorption spectroscopy was performed to elucidate the structure of Ni 

on HGDY. Ni foil and the Ni precursor, NiCl2, were also measured for reference. The X-ray 
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the formation of the large conjugated system, which was reported previously.44 Broad peaks at 

ca. 1352 cm-1 and ca. 1586 cm-1 can be assigned to the D band and G band peaks from the carbon 

aromatic rings.45 Scanning electron microscopy (SEM) imaging confirmed the highly porous 

morphology of HGDY (Supplementary Figure 2). 

The aerogel was then immersed in a dilute solution of nickel chloride (NiCl2) in ethanol 

to form solvated Ni precursor on HGDY with a theoretical mass loading of 0.1 wt% Ni 

compared to the dry aerogel. After evaporation of the solvent, the NiCl2/HGDY aerogel is 

touched on a hotplate (set to 450°C) in an argon-filled glovebox, and a sparking reaction occurs, 

yielding Ni@HGDY (Figure 2a and Supplementary Figure 3). Our previous work suggests this 

ultrafast sparking synthesis, without further oxidizers, can reach 1600 K in 40 ms.36 When the 

aerogel contacts the hot plate, the sparking reaction propagates throughout HGDY, reducing the 

Ni precursor and releasing chlorine (Supplementary Figure 4). The entire aerogel changes from 

brown to black color upon sparking while preserving its shape. Additionally, scanning electron 

microscopy (SEM) imaging of Ni@HGDY revealed the aerogel retains its porous structure 

(Figure 2b). No Ni particles were observed during SEM imaging, suggesting dispersed Ni 

formation. 



absorption near-edge structure (XANES) spectra (Figure 2c) reveals that the rising edge of 

Ni@HGDY occurs at an energy between those of Ni foil and NiCl2, suggesting that Ni has an 

average oxidation state between Ni0 and Ni2+.46,47 Extended X-ray absorption fine structure 

(EXAFS) analysis and subsequent Fourier transform provides insight into the bonding 

environment of the Ni atoms.48 The first peak from Ni@HGDY, at 1.29 Å and distinct from 

peaks in the NiCl2 reference, is likely from the Ni-C bonding of Ni atoms anchored directly on 

the HGDY carbon aerogel (Figure 2d).  The second peak at 2.15 Å, approximately the same 

position as the Ni metal reference, can be attributed to the first shell Ni-Ni interaction.47 Notably, 

this second peak is not nearly as significant as would be found in larger particles of metallic Ni.46 

Further, for metallic Ni, we would expect the XANES spectrum to suggest an oxidation state of 

zero. For example, we found that when increasing the Ni loading, the rising edge matched that of 

Ni foil (Supplementary Figure 5a), and the Ni-Ni interaction became much more pronounced 

(Supplementary Figure 5b). Instead, based on the average Ni oxidation state between zero and 2+ 

from XANES, the Ni-C and slight Ni-Ni bonding from EXAFS, and prior literature with similar 

spectral features further validated by scanning transmission electron microscopy,49 we believe 

the Ni@HGDY catalyst consists of small Ni atoms and clusters of few atoms bonded to the 
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HGDY support. The existence of clusters as opposed to larger nanoparticles is further supported 

by transmission electron microscopy imaging, during which no Ni particles were clearly 

observed (Supplementary Figure 6). 

To further explore the interaction between Ni and HGDY, density functional theory 

calculations were performed to determine energetically favorable configurations of HGDY 

anchoring single-atom Ni and Ni clusters of two, three, or four atoms. Single-atom Ni most 

favorably bonds to two C atoms of an acetylene linkage with an adsorption energy of -2.73 eV 

(Figure 2e). A Ni atom bound to the center of the benzene ring is less favorable 

thermodynamically, with an adsorption energy of -2.53 eV (Supplementary Figure 7). The two-

atom and three-atom Ni clusters also most favorably bind to C atoms of the linkages, with a total 

adsorption energy of -2.78 eV and -2.97 eV respectively (Supplementary Figure 8 and 

Supplementary Figure 9). These energetically preferred structures demonstrate the effectiveness 

of the acetylene linkages as binding locations for single-/few-atom Ni. In the most energetically 

favorable configurations of a four-atom Ni cluster on HGDY, the cluster is bound to both the 

benzene ring and an acetylene linkage (Supplementary Figure 10). The involvement of the 

benzene ring in the four-atom cluster indicates that the rings may promote larger agglomerations 
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of Ni, and it is the acetylene linkages that could enable HGDY to favorably stabilize small 

cluster and single atom Ni, which would translate to more active sites per mass of Ni catalyst.

To prepare the Ni@HGDY catalyst for electrochemical testing, we loaded commercial 

Li2S and Ni@HGDY (4:1 mass ratio) onto carbon paper. The X-ray diffraction pattern of the 

Ni@HGDY/Li2S cathode clearly confirms the Li2S on carbon paper (Supplementary Figure 11a), 

while the peaks associated with Ni@HGDY (Supplementary Figure 11b) are not clearly 

observed, likely due in part to the low crystallinity and quantity of Ni@HGDY compared to 

Li2S. To isolate the effect of the Ni compared to the HGDY alone, HGDY/Li2S and control Li2S 

cathodes were prepared in a parallel approach. Cathodes were assembled into coin cells with a Li 

metal anode and conventional electrolyte.

Impedance analysis (Figure 3a) shows that the Ni@HGDY/Li2S cell has the smallest 

semicircle in the high-frequency region, indicating the least charge transfer resistance16, followed 

by HGDY/Li2S, then the bare Li2S. We then examined if this improved charge transport may 

contribute to facilitating the Li2S oxidation reaction, as a considerable obstacle in operation of Li2S 

cathodes is the initial activation required upon the first charge from Li2S to S8. This activation is 

especially challenging with large, bulky Li2S particles, as found in commercially available Li2S. 
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HGDY reduces the overpotential required for initial activation of Li2S from 3.66 V to 3.53 V vs 

Li/Li+ at 0.1 C (Figure 3b). The addition of Ni to HGDY further reduces this overpotential to 3.36 

V. Ni@HGDY maintains the lowest overpotential throughout this entire first charge activation.

To further clarify the effect of Ni@HGDY in the cathode, a newly assembled Li metal cell 

with a Li2S cathode and one with a Ni@HGDY/Li2S cathode were charged once and disassembled. 

We then measured sulfur K-edge XANES on the cathodes (Figure 3c and Supplementary Figure 

12). The peaks at 2480 eV and 2485.5 eV can be attributed to the LiTFSI salt.50 The bare Li2S 

cathode shows a shoulder at 2470.5 eV, which is assigned to LiPS and implies incomplete 

conversion to elemental sulfur.51 Further, the S8 peak at around 2472 eV is more prominent in the 

sample with Ni@HGDY, which also has the concave feature at 2475 eV that is characteristic of 

S8.52 The weaker concavity of this region in the control sample suggests the presence of Li2S, 

which can be typically identified by a convex feature at ~ 2476 eV.52 This result suggests that 

Ni@HGDY allows for more complete activation and conversion from Li2S to S8, likely due to its 

superior catalytic effect and ion/electron transport. More complete activation and conversion 

between sulfur species should contribute to higher specific capacity, as observed in in the first 

charge voltage profile (Figure 3b).
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Cyclic voltammetry (CV) was employed to examine the effect of Ni@HGDY on the Li–S 

reaction kinetics. Figure 3d shows the cyclic voltammograms of each cell type at 0.2 mV s-1 after 

an initial activation. Two oxidation peaks can be observed. At 2.37 V, Li2S converts to long-

chain polysulfides, which transform to S8 at 2.43 V. The reduction peaks correspond to the 

reverse reaction, from reduction of the elemental S8 back to polysulfide (~2.3 V), and subsequent 

reduction to Li2S2/Li2S (~2 V). The addition of HGDY leads to a higher current response than 

the control Li2S cathode, yet Ni@HGDY/Li2S shows the greatest current response, which 

suggests superior redox kinetics.53,54 Further, the overpotential of each step is lowest in the 

Ni@HGDY/Li2S cell (Supplementary Figure 13). 

The effect of Ni and HGDY on Li+ diffusion was examined in the Li2S, HGDY/Li2S, and 

Ni@HGDY/Li2S cells by recording the peak currents in the cyclic voltammograms at varying 

scan rates, as shown in Figure 3e for Ni@HGDY/Li2S. The peak current, Ip, and square root of 

scanning rate, v1/2, can be related by the Randles-Sevcik equation: 𝐼𝑝 = (2.69 ×  105) (𝑛1.5)(𝐴

, where n is electrons transferred, A is electrode area, and CLi+ is Li+ )(𝐷0.5
𝐿𝑖 + )(𝐶𝐿𝑖 + )( 𝑣0.5)

concentration.55,56 Changes in slope can be attributed to relative differences in the diffusion 

coefficient, DLi+. Figure 3f shows the linear relationship between Ip and v1/2 for the second 
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oxidation peak, where Ni@HGDY enables the greatest slope. Analysis of all peaks and 

associated linear fittings (Supplementary Figure 14) reveals that Ni@HGDY has the greatest 

magnitude slope for each peak, indicating faster Li+ diffusion throughout the reaction. The 

improved ion transport should contribute to more complete sulfur conversion in the cell as 

observed in the S K-edge analysis and the current response of the CVs.

To further examine the electrocatalytic ability of Ni@HGDY to facilitate the conversion 

reaction, we assembled symmetric cells with carbon paper electrodes loaded with either 

Ni@HGDY or HGDY (Supplementary Figure 15). Cyclic voltammograms were collected between 

-1.4 and 1.4 V at 10 mV s-1 with Li2S6 (0.5 M) electrolyte. Ni@HGDY enables a higher current

response than HGDY, emphasizing that Ni provides higher activity and reversibility for 

polysulfide conversion. The effect of Ni@HGDY on the nucleation of the Li2S discharge species 

is further studied by conducting Li2S nucleation tests57. We found that Ni@HGDY delivers a 

greater nucleation capacity than HGDY alone (Supplementary Figure 16). We expect that Ni can 

provide more nucleation sites to facilitate conversion to insoluble discharge species.

Shuttle current characterizations58 were performed to elucidate the ability of Ni@HGDY 

to trap polysulfides (Supplementary Figure 17). We activated HGDY/Li2S and Ni@HGDY/Li2S 
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To understand the effect of Ni@HGDY on rate performance, we assembled cells for 

galvanostatic cycling at different C-rates (Figure 4a). At 0.1 C, the bare Li2S cell exhibits an initial 

discharge capacity of 574.7 mAh , giving a 49.3% sulfur utilization compared to the 𝑔 ―1
𝐿𝑖2𝑆

theoretical capacity. With Ni@HGDY, the initial discharge capacity jumps to 773.5 mAh g-1, for 

a 66.4% sulfur utilization. Compared to the bare cell, the Ni@HGDY/Li2S cell maintains the 

superior capacity when the rate is increased to 0.2 C, 0.5 C, 1 C, and 2 C. 

We also evaluated the cycling stability of each cell type at a current rate of 1 C (Figure 4b). 

After a three-cycle activation at 0.2 C, the Ni@HGDY/Li2S cell achieves a maximum capacity of 
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cathodes in full cells by galvanostatic cycling followed by a potentiostatic hold at 2.3 V. While 

HGDY has been shown to have considerable polysulfide trapping ability, we found that HGDY 

alone was insufficient to prevent shuttling. The HGDY cell exhibited a shuttle current of 0.03 mA, 

and the slight downwards slope may suggest the reduction of polysulfide species at the anode, as 

has been previously proposed.58 It's possible that the large pore size of HGDY may lead to a 

tradeoff between good ion transport and physical blocking of polysulfides. However, the acetylene 

linkages and high surface area of HGDY36 should provide plenty of sites to lessen shuttling. 

Regardless, in the Ni@HGDY cell, the shuttle current was reduced to 0.01 mA with no obvious 

sloping, highlighting the ability of Ni@HGDY to reduce polysulfide shuttling and active material 

loss.



579.8 mAh g-1, compared to 228.9 mAh g-1 for the bare Li2S cell. Notably, the control Li2S cell 

reaches a lower capacity than in the rate performance test at 1 C (Figure 4a). We suspect the shorter 

activation in the 1 C test (three cycles at 0.2 C) leads to lower capacity, whereas the rate test begins 

with six cycles at 0.1 C then five cycles at 0.2 C, allowing for better activation of Li2S before the 

test reaches the 1 C rate. The Ni@HGDY/Li2S cathode does not suffer from such a drop in capacity, 

highlighting more effective Li2S activation in the presence of Ni@HGDY. Further, the 

Ni@HGDY/Li2S cell can maintain 92.9% of its initial capacity at 1 C for over 125 cycles. Figure 

4c shows representative voltage profiles of each cell at cycle 20. The voltage difference between 

the charge and discharge profiles is 231.2 mV in the bare Li2S cell and 218.8 mV in the 

Ni@HGDY/Li2S cell, where the difference is calculated at half discharge capacity. Thus, 

Ni@HGDY decreases the reaction overpotential, consistent with the previous CV result.

Impedance analysis of open-circuit full cells after 30 cycles at 1C shows two semicircles 

in both the bare Li2S and the Ni@HGDY/Li2S cells (Figure 4d). The high-frequency semicircle in 

the Ni@HGDY cell is smaller than in the control, indicating lower impedance at the 

anode/electrolyte interface.59 Ni@HGDY may more effectively prevent LiPS shuttle and thus have 

a less insulating anode surface and superior charge transfer across the interface. This hypothesis is 
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supported by the lower value of the high frequency x-intercept of Ni@HGDY/Li2S. This value is 

mainly affected by the bulk electrolyte resistance, which, in Li–S cells, is largely a reflection of 

the LiPS concentration in the electrolyte.60 Less LiPS in the electrolyte would lower electrolyte 

viscosity and the x-intercept. Ni@HGDY also displays a lower charge transfer resistance as 

indicated by its smaller middle-frequency semicircle compared to that of the bare Li2S cell, which 

may have greater buildup of insulating material on the surface of the cathode.60 This analysis 

demonstrates that Ni@HGDY improves charge transport and decreases electrolyte and interfacial 

resistance throughout the cell during cycling.

SEM images of the same cathodes after 30 cycles confirm that without any catalyst, sulfur 

species agglomerate into large particles, much of which may be inactive due to the insulating 

nature of sulfur/Li2S and their bigger size (Figure 4e). In the Ni@HGDY/Li2S cathode, few large 

particles are observed. Instead, the porous morphology of the Ni@HGDY is preserved and larger 

sulfur particles are rarely observed. (Figure 4f). These observations suggest that the catalyst 

promotes more uniform nucleation and smaller particle size, contributing to the lower cell 

impedance and superior electrochemical performance of Li–S cells with Ni@HGDY.

Page 15 of 28



To become commercially viable, Li2S cathodes with high mass loadings must be developed. 

To examine the potential of our catalyst with high Li2S loading, we fabricated carbon paper-

supported cathodes made of commercial Li2S, Ni@HGDY, and carbon black. The loading of Li2S 

was 5.5 mg cm-2. After a three-cycle activation at 0.05C, the high mass loading cell could maintain 

over 500 mAh g-1 for at least 35 cycles at 0.1 C (Supplementary Figure 18). 

As a proof-of-concept, we fabricated anode-free cells with our Ni@HGDY/Li2S cathodes 

(Supplementary Figure 19). Demonstrated previously by Nanda et al.,61 we replaced the Li metal 

anode with Cu foil, removing excess Li. The Ni@HGDY/Li2S cathode delivered an initial 

discharge capacity at 0.1 C of 664.9 mAh g-1, compared to 431.6 mAh g-1 for the Li2S control 

cathode. The Ni@HGDY/Li2S cathode maintains a capacity at least 160 mAh g-1 greater than that 

of the control throughout cycling at 0.2 C. Even with no modification made to the Cu foil, this 

decent performance emphasizes the promise of Li2S cathodes in anode-free cells. 

In summary, we have developed a Ni@HGDY catalyst that improves the redox kinetics 

and cycling performance of Li2S cathodes. Using sulfur K-edge XAS, we demonstrate that the 

catalyst greatly improves initial activation and conversion of commercial Li2S. Electrochemical 

measurements show that the superior sulfur conversion is maintained at different rates and over 
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longer cycling periods. With untreated commercial Li2S powder, the Ni@HGDY/Li2S cell delivers 

a capacity of over 516 mAh g-1 for over 125 cycles at 1 C. This catalyst additionally facilitates 

uniform nucleation of Li2S in the cathode, preventing a high internal resistance from the buildup 

of large, insulating particles. Our design of a Ni catalyst anchored to HGDY demonstrates a 

powerful strategy to combine an atomically efficient metal catalyst with a carbon support that 

emphasizes both strong catalyst anchoring and application-driven features such as polysulfide 

trapping and superior ion/electron transport. 
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Figure 1. Ni@HGDY catalyst design for Li2S cathode in Li–S battery. Ni single atoms and 
clusters are anchored to the HGDY support. The catalyst is mixed with commercial Li2S powder 
and improves the kinetics of the Li–S reaction, facilitates electron transport, and improves Li+ 
diffusion.
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Figure 2: Synthesis and characterization of Ni@HGDY catalyst.

(a) Schematic of the Ni@HGDY catalyst preparation, (b) SEM image of Ni@HGDY, (c) Ni K-
edge XANES spectra of Ni@HGDY and NiCl2 and Ni foil references, (d) Ni K-edge EXAFS
spectra of Ni@HGDY and NiCl2 and Ni foil references, (e) Top and side views of the most
thermodynamically stable single-atom Ni@HGDY structure as obtained from DFT calculations.
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Figure 3: Electrochemical performance of Ni@HGDY/Li2S cathodes compared to 
HGDY/Li2S and bare Li2S cathodes.

(a) Impedance spectra of full cells at open-circuit voltage before cycling, (b) first cycle charge
profiles at 0.1 C, (c) normalized S K-edge spectra after first charge, (d) cyclic voltammograms at
0.2 mV s-1, (e) cyclic voltammograms of Ni@HGDY/Li2S full cells at 0.1 mV s-1 to 0.5 mV s-1,
(f) peak current vs. square root of scan rate (filled points) and the associated linear fit (dashed
line) of the second oxidation peak.
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Figure 4. Further electrochemical performance of Ni@HGDY/Li2S cathodes compared to 
control Li2S cathodes. 

(a) Rate performance of Ni@HGDY and control cells cycled between 1.8 V and 2.8 V at 0.1 C,
0.2 C, 0.5 C, 1 C and 2 C, (b) discharge capacity and coulombic efficiency of cells cycled at 1 C
after a three-cycle activation at 0.2 C, (c) charge-discharge voltage profiles of the 20th cycle at 1
C, (d) impedance spectra at open-circuit voltage after 30 cycles, (e) SEM image of the Li2S
cathode after 30 cycles, (f) SEM image of the Ni@HGDY/Li2S cathode after 30 cycles.
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 Details about the experimental and computational methods, Raman spectrum and SEM of
HGDY, photos of sparking reaction, X-ray photoelectron spectroscopy spectra
demonstrating completion of sparking reaction, XAS of Ni on HGDY with higher Ni
concentration, TEM of Ni@HGDY, optimized structures of Ni atom(s) bonded to
HGDY, XRD of Ni@HGDY/Li2S, electrochemical performance, and high mass loading
and anode-free cell performance.
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