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ABSTRACT
Tellurium (Te), emerging as a promising alternative to sulfur (S) and selenium (Se), offers significant advantages for po
tassium (K) ion storage due to its comparable theoretical volumetric capacity (2619 mAh cm−3) and higher electronic con
ductivity (~102 S m−1), which promotes rapid charge transfer and improves reaction kinetics. However, substantial volume 
changes during potassiation/depotassiation and the shuttling effect of polytellurides hinder the feasibility of K–Te batteries. 
Moreover, comprehensive studies on the phase formation and dissolution mechanism of K‐polytellurides (K–pTen) employing 
various in situ and ex‐situ techniques are scarcely reported. Herein, we introduce a rational strategy utilizing nickel (Ni) and 
cobalt (Co) heteronuclear double‐atom catalysts (DACs) encapsulated within hollow porous carbon nanospheres (Ni/Co‒N‒ 
HPCNS) as hosts for tellurium impregnation (Te‒Ni/Co‒N‒HPCNS). In situ and ex‐situ XRD analysis revealed continuous 
phase transformation during discharge from amorphous Te (starting at OCV) to K2Te3 (discharged to 1.5 V) and finally to 
K5Te3 (discharged to 0.5 V). During the reverse scan, K5Te3 was reversibly converted to K2Te3 (charged to 3.0 V). Additionally, 
density functional theory calculations have shown that the presence of Ni/Co‒DAC significantly impedes the dissolution of 
K–pTen species, thereby expediting the reaction kinetics to unprecedented levels (3000 cycles at 2.0C). When tested as a 
negative electrode for K‐ion storage in a full‐cell layout, the prepared nanostructure exhibits highly reversible K‐ion redox 
reactions, demonstrating its potential for commercial applications. We believe that the comprehensive design and charac
terization strategy discussed herein will open new frontiers for obtaining nanostructures with unparalleled electrochemical 
performances.
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1 | Introduction

Currently, lithium–ion (Li‐ion) batteries have become ubiqui
tous in various facets of human activity, from portable elec
tronics to electric vehicles and large‐scale power grids for energy 
storage systems [1, 2]. However, challenges including the scar
city and uneven distribution of raw materials (Li‐precursors) in 
the Earth's crust, limited energy density (150–250 Wh kg−1), and 
high production costs (~300–350 $ kW−1 h−1) are driving re
searchers globally to explore alternative reversible electro
chemistry systems based on monovalent ions (Na+ and K+), 
divalent ions (Ca2+, Mg2+, and Zn2+), and even the trivalent ion 
(Al3+) [3–6]. Among monovalent ion‐based redox systems, 
potassium–ion (K‐ion) batteries (PIB) are notable, offering 
distinct advantages such as affordability due to their high 
abundance (1.5 wt% compared to 0.001 wt% for Li), high oper
ational voltage, and high energy density, primarily derived from 
the comparable redox potential of the K/K+ pair (−2.93 V vs. the 
standard hydrogen electrode (SHE)) to lithium (−3.04 V vs. 
SHE) and being slightly higher than sodium (−2.71 V vs. SHE) 
[7, 8]. The superior ionic conductivity and mobility of K‐ions in 
electrolytes, attributed to their weak Lewis acid characteristics, 
result in a smaller Stokes radius (3.6 Å) compared to Na+ (4.6 Å) 
and Li+ (4.8 Å), giving them an edge over Li/Na‐ion systems [8, 
9]. However, challenges persist because of the larger ionic radii 
of K‐ion (1.38 Å) compared with Li+ (0.76 Å) and Na+ (1.02 Å) 
[7, 10]. This discrepancy often results in sluggish redox kinetics 
and significant volume fluctuations during charge–discharge 
cycles, causing pulverization of electrode materials and subse
quently degrading the electrochemical performance [11].

In recent years, there has been a notable shift toward utilizing 
group XVI chalcogen elements, specifically sulfur (S) and sele
nium (Se), as cathodes [12–14]. This transition is driven by their 
straightforward two‐electron conversion‐type redox chemistry, 
which contrasts with the intricacies associated with conventional 
intercalation cathodes [15–18]. Consequently, S‐based (K2S; 
1675 mAh g−1) and Se‐based (K2Se; 675 mAh g−1) systems have 
demonstrated high theoretical discharge capacities [9, 19–22]. 
Despite these promising values, the low electronic conductivities 
of S (~10−28 S m−1) and Se (~10−9 S m−1) along with their 
discharge products, contribute to significant challenges. These 
include high active material loss related to the shuttle effect, 
which involves the migration of intermediate polysulfides or 
polyselenides toward the anode, and substantial volume pertur
bations, leading to poor rate capability and inferior cycling sta
bilities in K–S and K–Se batteries [23–25]. In contrast, semimetal 
tellurium (Te), also part of group XVI, displays higher electronic 
conductivity (~102 S m−1), promoting rapid charge transfer 
characteristics and high active material utilization [1, 11]. Be
sides, Te has a high mass density of approximately 6.25 g cm−3, 
yielding a notable gravimetric energy density (420 mAh g−1) and a 
theoretical volumetric capacity (2619 mAh cm−3) comparable to 
those of S (3467 mAh cm−3) and Se (3275 mAh cm−3) [26–28]. 
However, akin to S and Se‐based cathodes, Te cathodes encounter 
significant challenges due to extensive volume changes (~400% 
for K2Te) and the shuttle effect, which impede the practical 
application of K–Te batteries [7, 29].

To address these challenges, numerous techniques have been 
investigated, focusing primarily on developing nanostructures 

such as Te‐embedded porous carbon nanofibers [7], micropo
rous carbon/Te composites [30], and Te@nitrogen‐doped car
bon microspheres composites [31]. Additionally, strategies such 
as molecular‐regulated Se–Te solid solutions [10], interfacial 
engineering [1], and glucose–carbon nanotube (G–CNT)/Te 
composites [11], have also been explored. Notably, prior studies 
have primarily focused on constructing porous and conductive 
carbon frameworks to mitigate severe volume fluctuations, 
facilitate rapid charge transfer, and efficiently capture K–pTen 

(K5Te3 and K2Te) species through chemisorption. Despite 
encouraging results, the utilization of polar materials with 
distinct catalytic sites is still in its early stages, necessitating 
further scientific exploration. An unexplored avenue involves 
identifying swift and sustained chemical anchoring strategies to 
address the diverse K–pTen species. Moreover, constructing a 
suitable porous structure capable of accommodating volumetric 
stresses during the conversion reaction remains a crucial aspect 
for investigation. These research directions hold significant 
potential for advancing the performance and comprehension of 
electrocatalytic materials tailored for advanced PIBs. Specif
ically, metal catalysts, notably single‐atom catalysts (SACs), 
have garnered considerable attention in Li–S or Se batteries, 
showcasing substantial improvements in the reaction kinetics of 
sulfur cathodes [32–35]. However, introducing an additional 
metal center to establish double active sites emerges as a 
promising strategy to further enhance the electrocatalytic con
version process. It is noteworthy that double active sites do not 
merely duplicate single atoms; they exhibit different catalytic 
characteristics, potentially unleashing a synergistic effect 
capable of surpassing the theoretical limit of SACs.

Based on the above discussion, we synthesize hollow porous 
carbon nanospheres (HPCNSs) through a straightforward 
wet–chemical process involving polymerization, carbonization, 
and subsequent removal of a silica (SiO2) template. Conse
quently, we impregnated a homogeneous solution containing 
nickel (Ni) and cobalt (Co) as double atom catalysts (Ni/ 
Co–DACs) within the HPCNSs through a drop–and–dry tech
nique coupled with ultrasonication followed by carbonization, 
resulting in Ni/Co‒N‒HPCNS. Notably, nitrogen‐doping (N‐ 
doping) into the nanostructure was introduced by adding a 
predetermined amount of urea during drop–and–dry process. It 
is noteworthy to mention that compared with other transition 
metal DACs, such as coupled Fe–Co and Fe–Fe, the synergistic 
effect of Ni and Co DACs revealed a dual‐atom coupling effect 
causing charge redistribution and optimized coordination 
configuration, desired for high activity of Te [36]. Finally, the 
Ni/Co‒N‒HPCNS underwent treatment with Te powder in an 
inert atmosphere (N2), ultimately producing Te‒Ni/Co‒N‒ 
HPCNS powder for use in K‐ion storage. The inclusion of Ni/ 
Co–DAC promotes the adsorption and electrocatalytic conver
sion of K–pTen species through efficient guiding and evolution 
of Te, enhancing the utilization of active material toward du
rable and safe K–Te batteries. Besides, the removal of SiO2 ac
counts for the hollow cavity within the HPCNSs, which 
mitigates volume fluctuations and facilitates efficient electrolyte 
penetration, ensuring effective wetting of the electrode. More
over, the presence of N‐doping improves the conductivity of the 
synthesized nanostructure due to its more electronegative na
ture compared with the carbon [37–39]. Furthermore, DFT re
sults highlight that the presence of Ni/Co‒DAC results in stable 
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interactions with polytellurides, effectively eclipsing the shut
tling of polytellurides between the positive and negative elec
trodes. Notably, the Ni/Co‒N‒HPCNS surface acts as an 
electron reservoir due to its excellent electrical conductivity and 
a much narrower band gap, enhancing the conductivity of the 
architecture and potentially catalyzing the redox reaction. 
Correspondingly, the cell employing Te‒Ni/Co‒N‒HPCNS 
electrode demonstrates superior rate capability (up to 2.0 C) and 
ultra‐high cycling performance at different C‐rates of 0.5 C (600 
cycles), 1.0 C (1800 cycles), and 2.0 C (3000 cycles). When 
employed as an anode material within a full‐cell, the material 
demonstrates highly reversible K‐ion electrochemistry. We 
believe that this work highlights a rational strategy of utilizing 
the Ni–Co DACs activity at the atomic level for the evolution of 
more resilient and innocuous K–Te batteries.

2 | Experimental

Tellurium‐infiltrated hollow porous carbon nanospheres 
embedded with double‐atom catalysts were prepared using a 
multistep process including polymerization, carbonization, tem
plate removal, Ni/Co infiltration, and Te impregnation. Initially, 
the hollow porous carbon nanospheres (HPCNSs) were prepared 
using an identical technique outlined in our previous work [29]. 
Thereafter, HPCNS powder was treated with a homogeneous 
solution containing 0.01 M Ni–salt (Ni(CH3COO)2⋅4H2O; 
Mw = 248.86%, 97.0%, Daejung Chemicals & Metals Co. Ltd.) and 
Co–salt (Co(CH3COO)⋅4H2O; Mw = 249.08, > 98.0%, Daejung 
Chemicals & Metals Co. Ltd.) in ethanol using a drop‐and‐dry 
technique. Additionally, 0.5 M urea (NH2CONH2; Mw = 60.06, 
99.0%, SAMCHUN) was used as a nitrogen source in the solution. 
The resulting black powder was then carbonized at 800°C for 3 h 
under N2. The heating rate was fixed at 5°C min−1. This crucial 
step ensures the reduction of metal acetates to respective metals 
distributed homogeneously at an atomic level. Thereafter, 
the obtained powder was gently mixed with tellurium (Te; 
Mw = 127.60, 99.8%, Aldrich) powder in a 1:1 mass ratio. The 
heating temperature was maintained at 350°C for 12 h under N2. 
The obtained powder was designated as Te‒Ni/Co‒N‒HPCNS. A 
control sample was also produced using the same process but 
without the double‐atom catalyst, and named Te‒HPCNS.

The detailed characterization techniques, along with the coin 
cell fabrication process and DFT calculations, are included in 
the supporting information.

3 | Results and Discussion

3.1 | Physical Characterization of the Prepared 
Powders

The detailed schematic illustration of the formation mechanism 
for Te‒Ni/Co‒N‒HPCNS is presented in Scheme 1. Initially, a 
colloidal suspension comprising TEOS (Si–salt), resorcinol (R), 
and formaldehyde (F) was obtained by homogenously mixing 
these components in a blend of DI water, ethanol, and ammonia 
solution as a solvent. The resorcinol and formaldehyde form RF 
resin, whereas TEOS served as the source for the SiO2 core. The 

RF resin underwent polymerization and condensed over the SiO2 

core (Scheme 1A). After 24 h of continuous stirring, the pre
cipitates were collected through centrifugation and washed 
multiple times with DI water and ethanol. These precipitates were 
then subjected to a carbonization process at 700°C, resulting in 
the formation of a SiO2 core surrounded by an RF‐induced 
amorphous carbon nanosphere shell (SiO2@CNS). The HPCNS 
were obtained from the SiO2@CNS using an etching process using 
a 4.0 M NaOH solution. The etching removed the SiO2 core, 
thereby forming micro‐ and mesopores along with a central hol
low space. A standardized solution comprising Ni/Co–salts and 
urea in ethyl alcohol was entirely infused into the HPCNSs 
(Scheme 1B). Subsequently, the impregnated HPCNSs were heat‐ 
treated at 800°C for 3 h in a N2 gas atmosphere. During this 
process, the Ni/Co–salts were converted into their respective 
metals, which were distributed homogeneously at the atomic 
level. Meanwhile, urea served as a source for forming N‐doped 
carbonaceous species. This resulted in the formation of HPCNS 
impregnated with abundant Ni/Co heteronuclear double atom 
catalysts (Ni/Co‒N‒HPCNS). Finally, Te was infiltrated using a 
single‐step heat‐treatment performed at 350°C for 12 h in the 
presence of N2 gas. The mass ratio of Te to Ni/Co‒N‒HPCNS was 
maintained at 1:1, culminating in the synthesis of Te‒Ni/Co‒N‒ 
HPCNS. A comparison sample, devoid of the abundant Ni/Co 
heteronuclear double atom catalysts, was also prepared using 
HPCNS as the host for Te impregnation using an identical pro
cedure and abbreviated as Te‒HPCNS (Scheme 1C).

The physical characterizations of the composite nanospheres, 
designated as SiO2@RF and obtained immediately following 
the polymerization process, are illustrated in Supporting 
Information S1: Figure S1A–C. The FE–SEM image in Sup
porting Information S1: Figure S1A displays a uniformly 
spherical and nonaggregated morphology with a diameter of 
about 750 nm. The high magnification FE–SEM (Supporting 
Information S1: Figure S1B) shows a smooth surface of the 
nanosphere without deposits or accumulations. The XRD 
pattern in Supporting Information S1: Figure S1C displays only 
a broad peak at 2θ = 22°, highlighting the amorphous nature of 
the species formed during polymerization. The SiO2@RF 
nanospheres underwent a carbonization step at 700°C for 5 h in 
an N2 atmosphere, resulting in SiO2@CNS, as shown in Sup
porting Information S1: Figure S1D–F. The morphological 
characteristics remain similar to those of the noncarbonized 
ones, with no significant differences. However, the average size 
(Supporting Information S1: Figure S1D,E) decreases to about 
700 nm due to thermal contraction during the heat treatment. 
The XRD pattern (Supporting Information S1: Figure S1F) 
confirms the amorphous phase of the carbonized sample 
without impurity peaks. The carbonized SiO2@CNS sample 
then underwent an etching process using a 4.0 M NaOH solu
tion, followed by repeated washing with deionized water and 
ethanol, removing the SiO2 core and resulting in hollow porous 
carbon nanospheres (HPCNSs), as depicted in Figure 1A–E. 
FE–SEM micrograph in Supporting Information S1: Figure S2A 
shows that the spherical morphology remains intact even after 
the etching process. Moreover, the TEM images (Supporting 
Information S1: Figure S2B and Figure 1A) firmly indicate the 
removal of the SiO2 core, leading to a hollow core with a shell 
thickness of about 18 nm (Figure 1B). Notably, the shell pri
marily consists of carbonaceous species derived from the 
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carbonization of the RF resin. The selected area electron 
diffraction (SAED) and XRD pattern in Figure 1C,D, respec
tively, confirm the exclusive presence of an amorphous carbo
naceous framework. Elemental mapping images (Figure 1E) 
also validate the presence of carbon, with a trivial amount of 
nitrogen, mainly introduced from the –NH3– molecules used as 
a solvent during synthesis. No other elemental impurities were 
detected. The HPCNS powder was then treated with a homo
geneous solution of Ni/Co–salts in ethanol and a predetermined 
amount of urea as a nitrogen source. The solvent was finally 
evaporated, and the resulting powder was carbonized at 800°C 
for 3 h in an N2 atmosphere. This high‐temperature carbon
ization ensures the reduction of metal acetates to their respec
tive metals, uniformly distributed within the carbon shell of the 
HPCNSs at an atomic level. The physical results of the obtained 
powder are shown in Figure 1F–J. FE–SEM (Supporting 
Information S1: Figure S2C) and TEM images (Supporting 
Information S1: Figure S2D and Figure 1F) reveal no substan
tial alterations in the morphology of the nanospheres. The high‐ 
angle annular dark‐field scanning transmission electron mi
croscopy (HAADF‐STEM) image in Figure 1G shows a uniform 
distribution of Ni and Co within the nanostructure. Inductively 
coupled plasma atomic emissions spectroscopy (ICP‐AES) 
quantifies the Ni and Co content at nearly equal proportions 
(approximately 0.24 wt%). SAED pattern shown in Figure 1H
reveals diffraction patterns analogous to the amorphous 
carbonaceous species. XRD pattern (Figure 1I) also reveals 
broad peaks corresponding to carbonaceous species only with 
no traces of Ni and Co owing to their low proportions. How
ever, during the synthesis, a high concentration of Ni and Co 

salt (0.05 M) resulted in the formation of a Ni and Co metallic 
phase, as evidenced by XRD (Supporting Information S1: Figure 
S3). Furthermore, the elemental dot mapping images in 
Figure 1J firmly indicate the homogeneous distribution of 
abundant Ni/Co double atom catalysts (DACs) within the car
bon shell. Besides, the consistent elemental dot density in
dicates identical proportions at an atomic scale within the 
prepared nanostructure. Consequently, the synthesized powder 
was abbreviated as Ni/Co‒N‒HPCNS.

The synthesized Ni/Co‒N‒HPCNS powder served as a host for 
tellurium (Te) loading using a single‐step heat‐treatment at 350° 
C for 12 h in an N2 atmosphere. Subsequently, the resulting 
material, designated as Te‒Ni/Co‒N‒HPCNS, underwent 
comprehensive characterization, as depicted in Figure 2. 
FE–SEM micrographs in Figure 2A,B demonstrated that the 
spherical morphology was preserved following Te infiltration. 
Besides, no bulky Te deposits (Figure 2B) were observed on the 
HPCNS surface, suggesting an efficient impregnation process. 
XRD pattern in Figure 2C correlates well with the FE–SEM 
observations, displaying a broad peak at approximately 
2θ = 22° associated with carbonaceous material, whereas a few 
low‐intensity peaks signal the presence of surface Te. Notably, 
increasing the mass ratio of Te to the host powder to 2:1 pro
duced more distinct XRD peaks indicative of Te phases, signi
fying a greater quantity of bulk Te deposits on the HPCNS 
surface (Supporting Information S1: Figure S4). Additionally, 
the impregnation achieved maximum efficiency at 350°C, out
performing other temperatures, as shown in Supporting 
Information S1: Figure S5. Notably, temperatures above 350°C 

SCHEME 1 | Detailed formation mechanism of HPCNS as a host material. (A) Multi‐step process, including polymerization, carbonization, and 
etching; (B) synthesis of Te‒Ni/Co‒N‒HPCNS from HPCNS through impregnation, carbonization, and Te infiltration; (C) synthesis of Te‒HPCNS for 
comparison.
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resulted in minimal Te infiltration, whereas lower heating 
temperatures caused a high percentage of surface Te. The low‐ 
and high‐magnification TEM images in Figure 2D,E, respec
tively, also revealed no bulky Te deposits on the surface. The 
HR‒TEM image (Figure 2F) and SAED pattern (Figure 2G) 
indicate no clear lattice fringes or diffraction rings associated 
with the infiltrated Te, confirming its amorphous nature. To 
further endorse this, Raman spectra of Te‒Ni/Co‒N‒HPCNS 
and elemental Te were compared and are presented in 
Figure 2H. No Raman peaks corresponding to Te were observed 
for Te‒Ni/Co‒N‒HPCNS, whereas the elemental Te powder 
displayed Raman peaks at 113.8, 134.3, and 260.2 cm−1 associ
ated with Te‐Te bonds [40, 41]. Additionally, an ID/IG value of 
1.02 indicates the amorphous characteristics of the carbona
ceous species [42]. The amount of infiltrated Te within the 
prepared powder was quantified using a TG curve (Figure 2I) in 
an N2 atmosphere and was found to be approximately 48.5 wt%. 
Elemental mapping images (Figure 2J) further disclose a ho
mogenous distribution of C, N, and Te within the prepared 
nanostructure. Besides, the presence of abundant Ni/Co heter
onuclear dual sites as catalysts is also evident. These results 
indicate the successful synthesis of Te‒Ni/Co‒N‒HPCNS. To 
highlight the nanostructure advantages, a comparison sample 
utilizing Te‐infiltrated HPCNS without abundant DAC hetero
nuclear dual sites was also prepared. The detailed character
izations followed by respective discussions are presented in 
Supporting Information S1: Figure S6.

The electronic state and bonding environment were character
ized using the X‐ray photoelectron spectroscopy (XPS) tech
nique. XPS survey spectrum shown in Figure 3A identifies the 
electronic states of C 1s, N 1s, Te 3p, and Te 3d. Notably, the 
photoelectron peaks for Co 2p and Ni 2p were absent, con
firming their low concentrations. The high magnification spec
trum in Figure 3B displays pronounced peaks at 821.9 and 
873.2 eV, attributed to the Te 3p3/2 and Te 3p1/2 orbital states, 
respectively, which suggests Te infiltration within the nano
structure [1]. The C 1s XPS spectra in Figure 3C reveal three 
distinct profiles associated with different bonding orbitals: 
–C=C– (283.9 eV), –C–C–/C–N– (284.9 eV), and –C–O– 
(287.2 eV) [43, 44]. The dominant –C=C– peak strongly sup
ports the presence of a carbonaceous framework [45, 46]. This is 
consistent with the deconvoluted N 1s XPS spectrum in 
Figure 3D, which features four fitted photoelectron peaks 
associated with different nitrogen environments: pyridinic 
N (397.8 eV), pyrrolic N (400.1 eV), graphitic N (401.9 eV), and 
oxidized N (404.6 eV) [47, 48]. The high‐resolution C 1s and N 
1s spectra firmly validate the formation of an N‐doped carbo
naceous framework, marked by numerous surface defects pri
marily induced by high levels of N‐doping. These findings are 
reinforced by EA results (Supporting Information S1: Table S1), 
showing carbon and nitrogen contents of approximately 43.9 
wt% and 1.9 wt%, respectively, within the nanostructure. 
Furthermore, the Te‒Ni/Co‒N‒HPCNS exhibits a BET surface 
area of 145 m2 g−1 (Figure 3E), which is lower than that of Ni/ 

FIGURE 1 | Physical characterization of the HPCNS post‐etching of carbonized SiO2@CNS powder and Ni/Co‒N‒HPCNS achieved through a 
drop–and–dry technique combined with ultrasonication, followed by carbonization at 800°C in an N2 atmosphere includes: (A,F) TEM images, 
(B) HR‒TEM image, (G) HAADF‒STEM image with an inset showing the ICP content for Co and Ni, (C,H) SAED pattern, (D,I) XRD patterns, 
and (E,J) elemental dot mapping images.
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Co‒N‒HPCNS (502 m2 g−1) and HPCNS (629 m2 g−1; Support
ing Information S1: Figure S7A), indicating the infiltration of Te 
into the porous structure. This observation is reinforced by pore 
size distribution (BJH curve; Figure 3F), showing a reduced 
volume density of micro‐ and mesopores compared to the 
nonfilled sample. Importantly, the porous structure facilitates 
diffusion of charged species by decreasing the diffusion stretch, 
while also harmonizing volume fluctuations, thereby enhancing 
overall electrochemical performance.

3.2 | Electrochemical Performance of the 
Prepared Nanostructure

Encouraged by captivating physical outcomes, we commenced a 
detailed electrochemical examination of the prepared nano
structure. Utilizing CR2032 coin cells containing Te‒Ni/Co‒N‒ 
HPCNS and Te‒HPCNS electrodes paired with metallic‐K, we 

conducted cyclic voltammetry (CV) tests initially at a scan rate 
of 0.1 mV s−1, as depicted in Figure 4A–C. The first CV scan 
shown in Figure 4A featured broad and intense peaks at 0.87 
and 0.91 V for Te‒Ni/Co‒N‒HPCNS and Te‒HPCNS, respec
tively, corresponding to the irreversible insertion of K‐ions into 
the carbon matrix and the reduction of Te to form KxTe species 
[28]. Subsequent cathodic scans (Figure 4B,C), however, dis
played new peaks at 1.85 V, along with distinct peaks at 1.46 and 
0.97 V, indicating the stepwise reduction of Te. Similarly, the 
anodic peaks observed during the first and successive scans at 
1.68, 2.02, and 2.29 V for both samples illustrated reversible 
electrochemical processes involving the extraction of K‐ions and 
the oxidation of Te [5]. Notably, high redox intensity values for 
the Te‒Ni/Co‒N‒HPCNS electrode suggest better utilization of 
the active material. Furthermore, precisely overlapping CV 
profiles indicated highly reversible K–Te electrochemical pro
cesses within the assembled cells. Moreover, the cell utilizing 
the Te‒Ni/Co‒N‒HPCNS electrode demonstrated superior rate 

FIGURE 2 | Physical characterization of the Te‒Ni/Co–N‒HPCNS obtained at 350°C in an N2 atmosphere includes: (A,B) FE–SEM micrographs, 
(C) XRD pattern, (D,E) TEM images, (F) HR–TEM image, (G) SAED pattern, (H) Raman spectra, (I) TG curve, and (J) elemental dot mapping images.
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performance at various current rates (1C = 420 mAh g−1) from 
0.05–2.0 C, as illustrated in Figure 4D. The cell delivered initial 
discharge capacities of 566 (second cycle), 493, 438, 403, 349, 
305, 297, and 238 mAh g−1 at 0.05C, 0.1C, 0.2C, 0.3C, 0.5C, 0.7C, 
1.0C, and 2.0C, respectively. Despite a high C‐rate of 2.0 C, the 
cell maintained 56.6% of the theoretical value. Moreover, the 
capacity value recovered when the current returned to 0.1 C, 
affirming the reversibility of the electrochemical processes 
within the cell. In contrast, the cell using the Te‒HPCNS elec
trode exhibited lower discharge capacities of 406 (second cycle), 
333, 295, 279, 260, 236, 217, and 181 mAh g−1 at 0.05C, 0.1C, 
0.2C, 0.3C, 0.5C, 0.7C, 1.0C, and 2.0C, respectively. Notably, the 
cell featuring the two electrodes exhibited an extraordinary 
initial discharge capacity for the initial cycle at 0.05C, as shown 
in Supporting Information S1: Figure S8. This primarily resulted 
from irreversible capacity contributions from the DAC@HPCNS 
or HPCNS framework during the initial cycle, in addition to the 
formation of a solid electrolyte interphase, consistent with 
previous reports [28]. To quantify the capacity contribution 
from the Ni/Co‒N‒HPCNS or HPCNS framework, cells were 
assembled utilizing Ni/Co‒N‒HPCNS or HPCNS versus K 
configuration and cycled at a current density of 20 mA g−1, as 
presented in Supporting Information S1: Figure S9. The cell 
featuring Ni/Co‒N‒HPCNS (Supporting Information S1: Figure 
S9A,B) or HPCNS (Supporting Information S1: Figure S9C,D) 
initially delivered discharge capacities of 874/807 mAh g−1, 
respectively. After 100 cycles, the capacity stabilized at 120/ 
132 mAh g−1, highlighting minimal degradation during long‐ 
term cycling. The galvanostatic charge–discharge voltage pro
files at different C‐rates, presented in Figure 4E,F is consistent 
with CV outcomes. The notable discharge capacities at high C‐ 
rates for the Te‒Ni/Co‒N‒HPCNS electrode reflect improved 
reaction kinetics within the cell. This improvement is mainly 
attributed to the presence of abundant Ni/Co heteronuclear 

dual sites acting as catalysts, which promote the efficient elec
trocatalytic conversion of intermediate K–pTen species, result
ing in an enhanced utilization of the active material. 
Additionally, the hollow porous carbon scaffold offers short 
diffusion pathways for charged species, resulting in fast charge 
transfer kinetics.

The cycling performance of a material is a crucial factor in 
determining its viability for wide‐scale applications. Therefore, 
the electrochemical performance was further supplemented 
using long‐term cycling tests at different C‐rates, as depicted in 
Figure 4G. Notably, cells featuring Te‒Ni/Co‒N‒HPCNS and 
Te‒HPCNS electrodes were initially cycled for a few cycles at 
low C‐rates. As observed, the cell paired with the Te‒Ni/Co‒N‒ 
HPCNS electrode exhibited a discharge capacity of 319 mAh g−1 

(fifth cycle) at 0.5C and retained nearly 69% (221 mAh g−1) of 
the capacity at the 600th cycle. This resulted in an average ca
pacity attenuation of just 0.05% per cycle, revealing high active 
material utilization. Similar performance was depicted even at 
higher C‐rates of 1.0C (Supporting Information S1: Figure S10) 
and 2.0C during ultra‐long cycling tests. As shown, the cell 
exhibits a discharge capacity of 217 mAh g−1 (sixth cycle) at 
1.0C and retains almost 68% (148 mAh g−1) of the capacity at the 
1800th cycle with an average capacity attenuation of 0.01% per 
cycle. Likewise, when cycled at a C‐rate of 2.0C, the Te‒Ni/ 
Co–N‒HPCNS electrode retained almost 60% (144 mAh g−1 

considered after the 10th cycle) of the capacity at the end of the 
3000th cycle, resulting in a capacity decay rate of only 0.01% per 
cycle. Notably, the discharge capacity patterns at 0.5C, 1.0C, and 
2.0C reveal an increase in capacity values during the first few 
tens of cycles, primarily due to an activation process. Further
more, high Coulombic efficiency (CE) values of 100.4% and 
100.0% at 0.5 and 2.0C, respectively, demonstrate highly 
reversible K–Te electrochemical reactions. It is also noteworthy 

FIGURE 3 | XPS analysis of the Te‒Ni/Co–N‒HPCNS along with the BET comparison. (A) Survey spectrum, (B) Te 3p XPS spectrum, (C) C 1s XPS 
spectrum, (D) N 1s XPS spectrum, (E) N2 adsorption‐desorption isotherms, and (F) BJH desorption pore‐size distribution.
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that the cell featuring the Te‒Ni/Co‒N‒HPCNS electrode 
exhibited an average discharge voltage of ~1.2 V (Supporting 
Information S1: Figure S11) during cycling at 0.5C, which is 
comparable to other metal–sulfur (K–S; ~1.2 V) and 
metal–selenium (K–Se; ~1.4 V) battery systems [49, 50]. To the 
best of our knowledge, the remarkable cyclability of the Te‒Ni/ 
Co‒N‒HPCNS electrode is superior or comparable with previ
ously reported Te–based materials in the K‐ion battery system, 
as shown in Figure 4H and Supporting Information S1: Table 
S2. The astonishing cycling performance of the Te‒Ni/Co‒N‒ 
HPCNS electrode confirms that its structural advantages not 
only improve the utilization of the active material through 
efficient catalytic conversion of pTen species but also promote 
enhanced redox kinetics within the electrode. In contrast, the 
cell utilizing the Te‒HPCNS electrode delivered low discharge 
capacity values at both 0.5C (163 mAh g−1 after 300 cycles) and 
2.0C (118 mAh g−1 after 3000 cycles), indicative of minimal 
active material involvement in the redox processes. This is pri
marily due to the relatively poor conversion of pTen, resulting in 
material loss and, hence, comparatively sluggish electro
chemical performance.

To gain deeper insights into the exceptional K‐ion storage per
formance of the Te‒Ni/Co‒N‒HPCNS electrode, CV curves at 
different scan rates, EIS curves during cycling, and GITT were 
performed. As evident from Figure 5A,C, CV curves at all voltage 
scan rates (i.e., 0.2, 0.3, 0.4, and 0.5 mV s−1) exhibit similar redox 
peaks as discussed under Figure 4A–C. Additionally, the intensity 
of redox peaks for the Te‒Ni/Co‒N‒HPCNS electrode increases 
monotonically with an increase in scan rates, indicating more 
active material utilization compared to the Te‒HPCNS electrode, 
in which redox intensity also increases but to a lesser extent. It is 
worth noting that the potential differences between the cathodic 
(marked as R) and anodic peaks (marked as O) at scan rates of 0.2, 
0.3, 0.4, and 0.5 mV s−1 were 0.71/0.74, 0.98/0.86, 1.09/1.15, and 
1.21/1.24 V for the Te‒Ni/Co‒N‒HPCNS and Te‒HPCNS elec
trodes, respectively. This suggests that the presence of Ni/Co 
heteronuclear dual sites as catalysts significantly mitigates elec
trochemical polarization, possibly catalyzing redox reactions, and 
thereby rendering the electrode reactions much more reversible. 
Furthermore, the diffusion kinetics involving the Te‒Ni/Co‒N‒ 
HPCNS electrode was evaluated using the Randles–Sevcik 
equation:

FIGURE 4 | Electrochemical performance of Te–Ni/Co–N–HPCNS and Te–HPCNS for K‐ion storage includes. (A) Comparison of the first CV scan 
at 0.1 mV s−1, (B) first five CV scans for Te–Ni/Co–N–HPCNS at 0.1 mV s−1, (C) first five CV scans for Te–HPCNS at 0.1 mV s−1, (D) rate capability 
tests at different C‐rates ranging from 0.05C to 2.0C, (E) galvanostatic voltage profiles for Te–Ni/Co–N–HPCNS at different C‐rates, (F) galvanostatic 
voltage profiles for Te–HPCNS at different C‐rates, (G) cycling performance at a 0.5C and 2.0C, and (H) a comparative analysis of electrochemical 
performance with previous studies.
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Ip = 2.69 × 105n1.5 AD0.5
K+ C ν0.5, (1)

where all the parameters have typical meanings. DK
+0.5 was 

obtained from Ip versus v0.5 slope for the two redox peaks, as 
shown in Figure 5B,D. The Te‒Ni/Co‒N‒HPCNS electrode ex
hibits an order of magnitude higher DK

+ value for peak R (4.9 ×
10−10 cm2 s−1) and peak O (2.7 × 10−10 cm2 s−1) compared with 
the Te‒HPCNS electrode (peak R: 6.7 × 10−11 cm2 s−1; and peak 
O: 4.6 × 10−11 cm2 s−1), suggesting faster K‐ion diffusion 
characteristics within the electrode. Notably, these diffusion 
values surpass those reported in previous studies on K–Te bat
tery systems, affirming a robust structural design strategy [51]. 
These results align well with the EIS data obtained during 
cycling at 2.0 C (Figure 5E,F). In addition, a lower Re and Rct 

values for the Te‒Ni/Co‒N‒HPCNS electrode were obtained 
compared to the Te‒HPCNS electrode. For instance, the Rct 

values at the end of the 200th cycle were 489 versus 626 Ω for 
the Te‒HPCNS electrode, specifying lethargic electrochemical 
reactions. In addition, the GITT (Figure 5G,H) shows that the 
voltage variations during K‐ion insertion/de‐insertion processes 
in Te‒Ni/Co‒N‒HPCNS electrode are noticeably smaller than 
those in Te‒HPCNS electrode, validating amended K‐ion redox 
chemistry and superior charge‐transfer features.

3.3 | Redox Reaction Mechanism for K‐Ion 
Storage

To elucidate the superior redox mechanism responsible for the 
exceptional K‐ion storage performance of the Te‒Ni/Co‒N‒ 
HPCNS electrode, we conducted in situ and ex‐situ XRD and 
TEM analyses of the cycled electrodes, followed by XPS at 
different charge–discharge voltages (Figure 6). The in situ XRD 
results presented in Figure 6A reveal no significant differences. 
However, noticeable peaks corresponding to BeO (38.6°), pure 
Be (45.9°, 51.0°, and 52.8°), and Al (44.4° and 65.2°) were 
observed. The corresponding magnified contour plot in 
Figure 6B demonstrates considerable changes. For instance, at 
the initial stage of the discharge process, intense characteristic 
peaks appeared at 17.2°, 24.1°, 25.7°, and 28.6°, corresponding 
to the formation of the K2Te3 phase (JCPDS No. 71‐0490; 
Orthorhombic; Pnma). However, the continuous fading of peak 
intensity during further discharge indicates a gradual trans
formation into other polytelluride species, more preferably to 
K5Te3. This perception aligns with the ex‐situ XRD pattern 
shown in Figure 6C. As is evident, the XRD revealed peaks 
associated with impregnated amorphous Te only at the open‐ 
circuit voltage (OCV). As potassiation progresses (OCV to 

FIGURE 5 | K‐ion redox kinetics analysis for cells utilizing Te–Ni/Co–N–HPCNS and Te–HPCNS. (A,C) CV curves at different scan rates ranging 
from 0.2 to 0.5 mV s−1, (B,D) peak current versus square root of the voltage scan rate plots for reduction and oxidation peaks, (E,F) Nyquist plots at 
different cycle numbers at 2.0C‐rate, and (G,H) GITT tests for the initial cycle at 0.05C.
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1.5 V), peaks corresponding to the K2Te3 phase appear alongside 
those of the K5Te3 phase (JCPDS No. 79‐1056; Tetragonal; I4/m) 
and residual Te phase. Further potassiation (1.5–0.8 or 0.5 V) 
shows peaks corresponding to the K5Te3 phase growing at the 
expense of the K2Te3 phase. During the reverse scan (de‐ 
potassiation), the results in Figure 6B,C are well synchronized. 
The peaks at 24.5° and 24.8° in Figure 6B are initially low 
during the discharge, increase monotonically, and reach a 
maximum at the end of discharge. As the polarity reverses, the 
signal strength continuously fades, reverting to the state 
observed at OCV. These peaks are attributed to the K5Te3 phase. 
Conversely, the peaks at 17.2° and 28.6° become more promi
nent during the initial charging process, indicating the forma
tion of the K2Te3 phase. The ex‐situ XRD in Figure 6C also 
shows the continuous weakening of peaks corresponding to the 
K5Te3 phase as the K2Te3 phase forms during charging. HR‒ 
TEM images were obtained for uncycled (fresh), fully dis
charged, and charged electrodes to authenticate the XRD re
sults. The HR‒TEM image of the uncycled electrode in 
Figure 6D reveals no distinct lattice fringes, confirming the 
amorphous nature of the impregnated Te within the carbona
ceous framework. When fully discharged to 0.5 V (Figure 6E), 
diffraction lattice fringes corresponding to the (202) and (411) 
crystal planes were observed, indicating potassiation of Te to 
K5Te3. Likewise, the HR‒TEM image for the fully charged 
electrode (3.0 V; Figure 6F) shows lattice fringes attributed to 
the (411) plane of the K2Te3 phase, confirming the trans
formation of K5Te3 during de‐potassiation. Ex situ XPS spectra 
were also obtained to supplement the above results. The 
deconvoluted spectra for Te 3d in Figure 6G reveal well‐fitted 
photoelectron signals centered at 572.7 and 583.1 eV, 

corresponding to the Te 3d5/2 and Te 3d3/2 electronic orbitals, 
respectively [52]. Additionally, the peaks at 575.5 and 585.9 eV 
could be assigned to Te–O species formed due to the surface 
oxidation of the specimen during measurement [53]. After being 
discharged to 0.5 V, peaks corresponding to the Te 3d5/2 and Te 
3d3/2 electronic orbitals were observed at the slightly reduced 
binding energy values of 572.3 and 582.6 eV, respectively, 
indicating alterations in the Te environment owing to the 
chemical interactions between Te and K that form K5Te3 [28]. 
In contrast, upon recharging to 3.0 V, characteristic photoelec
tron signals for K2Te3 were detected at 572.5 eV (Te 3d5/2) and 
582.8 eV (Te 3d3/2). Notably, the intensities of K–Te bonds 
(Figure 6H,I) were much higher than those of Te–O bonds, 
suggesting increased electrochemical activity. Based on the in 
situ and ex‐situ XRD, along with HR‒TEM and XPS results, a 
schematic illustration of the involved redox mechanism and 
phase transformation is presented in Figure 6J.

3.4 | Computational Insights for Polytelluride 
Dissolution

Density function calculations were further conducted to inves
tigate the dissolution of K–pTen species during K‐ion storage 
using different optimized structures. These optimized structures 
primarily consist of N‐doped graphitic carbon (N3G) and 
M@N3G (M = Ni/Co, Ni, and Co) surfaces. The (7 × 7) N3G 
(001) surface, which comprises 94 C and 3 N atoms, was 
modeled from the bulk carbon structure that includes two C 
atoms with lattice parameters (a = b = 2.45 Å, c = 8.39 Å, 

FIGURE 6 | In situ/ex‐situ XRD, HR‐TEM, and XPS analysis of the Te–Ni/Co–N–HPCNS electrode during first cycle. (A) In situ XRD of the 
Te–Ni/Co–N–HPCNS electrode during the first cycle at 0.2C; (B) corresponding 2D contour plot; (C) ex‐situ XRD patterns at different discharge 
and charge stages; HR‒TEM images of (D) fresh electrode, (E) electrode discharged to 0.5 V, and (F) electrode charged to 3.0 V; de‐convoluted Te 
3d XPS spectra at different state of discharge and charge: (G) fresh electrode, (H) discharged to 0.5 V, and (I) charged to 3.0 V; and (J) schematic 
illustration of the K‐ion storage mechanism in the Te‒Ni/Co–N‒HPCNS electrode.
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α = β = 90°, γ = 120°). This surface represents the most stable 
(001) crystallographic facet and features the highest intensity 
peak at 2θ = 10.54° in the simulated XRD pattern, as depicted in 
Supporting Information S1: Figure S12. Considering the size of 
adsorbates such as K2Te and K5Te3, the (7 × 7) N3G (001) 
surface was modeled by extending the distance to 17.19 Å along 
both the x‐ and y‐axis, with a vacuum space of 20 Å on the z‐axis 
to minimize periodic image interactions in adjacent cells (Sup
porting Information S1: Figure S13A). Besides, the (7 × 7) 
M@N3G (001) surfaces, where M represents Ni/Co, Ni, and Co, 
were also optimized to understand the adsorption energetics of 
K2Te and K5Te3, as shown in Figure 7A, Supporting 
Information S1: Figures S14A, and S15A, respectively. More
over, band structure calculations were performed for different 
optimized surfaces along high symmetry k‐points (G‐M‐K‐G). 
The (7 × 7) Ni@N3G (001) surface exhibited a direct band gap of 
0.017 eV (Supporting Information S1: Figure S14B), with the 

valence band maximum (VBM) at −0.009 eV and the conduc
tion band minimum (CBM) at 0.008 eV, both located at the k‐ 
point (0.0, 0.0, 0.0). Similarly, the (7 × 7) Co@N3G (001) sur
face exhibited a direct band gap of 0.012 eV (Supporting 
Information S1: Figure S15B), with the VBM at −0.003 eV and 
the CBM at 0.009 eV, both at the k‐point (0.0, 0.0, 0.0). Inter
estingly, the (7 × 7) Ni/Co@N3G (001) surface exhibited the 
narrowest direct band gap of 0.004 eV (Figure 7B), with both the 
VBM and CBM at 0.0 and 0.004 eV, respectively, located at 
the k‐point (0.0, 0.0, 0.0). Consequently, the band structure 
analysis indicates that the (7 × 7) N3G (001)‐optimized surface 
grafted with Ni/Co‒DAC exhibits enhanced electrical conduc
tivity with a narrower band gap compared to the surfaces 
grafted solely with Ni or Co‒SAC, thus bringing the valence and 
conduction bands closer to the Fermi level. Projected density of 
states (PDOS) calculations were also conducted for all optimized 
surfaces, as depicted in Figure 7C, Supporting Information S1: 

FIGURE 7 | Computational insights and after cyling analysis of the Te–Ni/Co–N–HPCNS. (A) Top and side views of the pristine optimized (7 × 7) 
Ni/Co@N3G (001) surface; (B) band structures, (C) PDOS on the pristine (7 × 7) Ni/Co@N3G (001) surface; (D,E) K2Te and K5Te3 adsorbed on the 
(7 × 7) Ni/Co@N3G (001) surface; (F) adsorption energies of K2Te and K5Te3 on the pristine (7 × 7) Ni/Co@N3G (001) surface; physical 
characterization of the cycled electrode: (G,H) FE‒SEM images, (I) XRD pattern, (J,K) TEM images, (L) HR‒TEM image, (M) SAED pattern, and 
(N) elemental dot mapping images.
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Figures S14C and S15C. For the (7 × 7) Ni@N3G (001) surface, 
the d‐ and p‐band center values for Ni, C, and N atoms are 
−5.187, −5.192, and −4.575 eV, respectively, compared to 
−0.753, −5.421, and −4.925 eV for the (7 × 7) Co@N3G (001) 
surface. In contrast, the d‐ and p‐band center values for Ni, Co, 
C, and N atoms on the (7 × 7) Ni/Co@N3G (001) surface are 
−1.455, −1.598, −6.163, and −6.638 eV, respectively. This in
dicates that the d‐band centers of Ni and Co are closer to the 
Fermi level than when Ni or Co is present individually, which 
plays a role in narrowing the band gap. Furthermore, the 

adsorption energies of the polytellurides, such as K2Te and 
K5Te3, on the (7 × 7) Ni@N3G (001) surface were −3.120 and 
−0.056 eV, respectively (Supporting Information S1: Figure 
S14D–F). These values differ from −2.861 and −0.072 eV on the 
(7 × 7) Co@N3G (001) surface (Supporting Information S1: 
Figure S15D–F). In comparison, for the (7 × 7) Ni/Co@N3G 
(001) surface, the computed adsorption energies were −4.111 
and −1.913 eV, respectively, as depicted in Figure 7D–F. 
Notably, these stronger adsorption energies indicate stable in
teractions of polytellurides with the (7 × 7) Ni/Co@N3G (001) 

FIGURE 8 | Morphological and electrochemical investigations of half/full cells utilizing K0.5Mn0.8Co0.1Ni0.1O2 (KMCNO) cathode. (A,B) FE–SEM 
micrographs of the KMCNO cathode; (C) XRD pattern; (D) galvanostatic charge‐discharge voltage profiles across various current densities ranging 
from 10 to 500 mA g−1; (E) rate capability tests; (F) cycling performance of the cathode half‐cell at 20 mA g−1; (G) galvanostatic charge‐discharge 
curves for the full‐cell at 20 mA g−1; (H) cycling performance of the full‐cell at 20 mA g−1; (I) schematic representation of full cell featuring 
KMCNO‖Te‒Ni/Co‒N‒HPCNS assembly.
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surface, effectively restricting the shuttling of dissolved poly
tellurides between the positive and negative electrodes. The 
(7 × 7) NiCo@N3G (001) DAC surface acts as an electron 
reservoir due to its excellent electrical conductivity, with a 
narrower band gap compared to SACs, enhancing the electrical 
conductivity of the electrode and potentially catalyzing the 
electrode reaction. These results collectively highlight the po
tential of the (7 × 7) Ni/Co@N3G (001) DAC surface in eluci
dating the intrinsic mechanism that restricts polytelluride 
shuttling and in designing efficient polytelluride reservoirs. To 
further explore the factors contributing to the exceptional redox 
chemistry of the Te‒Ni/Co‒N‒HPCNS cathode, post‐cycling 
analysis was performed. Morphological changes in the electrode 
cycled at a 2.0C‐rate were examined. FE–SEM images (Figure 7G, 
H) confirm that the morphology is preserved even after ultra‐long 
cycling. The diffraction peaks in XRD pattern (Figure 7I) are 
primarily indexed to the K2Te3 phase with minimal traces of 
amorphous Te, indicating that the electrochemical reactions 
within the cells are highly reversible, with Te as the starting 
material and K2Te3 as the charged product. TEM images pre
sented in Figure 7J,K are consistent with the FE–SEM results. 
Additionally, the hollow structure is well‐preserved, with crystals 
clearly visible on the surface (Figure 7K). The crystal lattice fringe 
shown in HR–TEM image (Figure 7L) corresponds to the (430) 
diffraction plane of the K2Te3 phase. The SAED pattern 
(Figure 7M) also reveals diffraction rings analogous to the K2Te3 

phase even after 3000 cycles. Furthermore, the uniform distri
bution of C, N, Te, K, and S (due to the presence of fluorosulfonyl 
anion in the electrolyte) validates the structural integrity of the 
prepared nanostructure during repeated potassiation and depot
assiation. Notably, the presence of Ni and Co as heteroatom 
double catalysts is also evident, confirming the excellent stability 
of the DAC within the carbon skeleton. Based on these observa
tions, the meticulously designed N‐doped hollow porous carbon 
nanosphere with Ni and Co heteroatomic sites effectively inhibits 
the dissolution and shuttle effects of K–pTen species. More 
importantly, the hollow structure provides ample buffer space for 
volume accommodation during the redox reaction and estab
lishes abundant chemical anchoring sites and robust physical 
confinement, which are crucial for achieving ultra‐stable potas
sium storage in Te‒Ni/Co‒N‒HPCNS.

3.5 | Full Cell Analysis for K‐Ion Battery

K‐ion full‐cells were designed as proof of concept by employing 
Te‒Ni/Co‒N‒HPCNS (anode) and K0.5Mn0.8Co0.1Ni0.1O2 (KMC 
NO) microcuboids (cathode). Figure 8 depicts the morphological 
and crystal structure features of the KMNCO cathode along with 
the electrochemical performance. FE–SEM images (Figure 8A,B) 
disclose a cuboid‐type shape. Besides, XRD pattern (Figure 8C) 
exhibits well‐defined peaks associated with a P3‐type layered 
structure with a hexagonal lattice (R3m). The rate‐capability test 
(Figure 8D,E) reveals an initial discharge capacity of 89, 58, 47, 37, 
36, and 17 mAh g−1 at 10, 20, 50, 100, 200, and 500 mA g−1, 
respectively. During cycling at 20 mA g−1 (Figure 8F), a capacity 
retention of approximately 81% was observed after 120 cycles. 
KMCNO‖Te‒Ni/Co‒N‒HPCNS full‐cell was then assembled, 
assimilating KMCNO cathode (2.33 mg cm−2) and Te‒Ni/Co‒N‒ 
HPCNS anode (0.5 mg cm−2). The third charge‐discharge voltage 
profile (Figure 8G) shows that the cell displayed a capacity of 64/ 

51 mAh g−1 at 20 mA g−1. During cycling at 20 mA g−1 

(Figure 8H), a capacity retention of ~78% (~41 mAh g−1) was 
observed at the end of the 70th cycle, highlighting its robust 
energy‐storage capabilities. It is imperative to note that the 
cathode was synthesized in‐house, demanding further refine
ment to enhance the performance.

Overall, we have demonstrated a rational strategy for utilizing 
heteronuclear double atom catalysts confined within the shell 
of hollow porous carbon nanospheres as hosts for tellurium 
impregnation. This design strategy yielded unparalleled cycling 
stability, efficient polytelluride adsorption, effective volume 
accommodation, and improved redox reaction kinetics.

4 | Conclusions

In summary, tellurium impregnated hollow porous carbon 
nanospheres grafted with double‐atom catalysts as heteronuclear 
sites (Te‒Ni/Co‒N‒HPCNS) were synthesized and evaluated 
comprehensively for phase formation during redox processes and 
the dissolution mechanism of K‐polytellurides (K–pTen) using 
XRD, TEM, and XPS techniques. This nanostructure design 
strategy resulted in a hollow cavity, a crucial feature for mitigating 
volume fluctuations and facilitating efficient electrolyte pene
tration, thereby ensuring effective electrode wetting. Moreover, 
the N‐doping significantly improves the conductivity of the ar
chitecture. Correspondingly, the cell featuring Te‒Ni/Co‒N‒ 
HPCNS electrode exhibits improved redox kinetics and higher K‐ 
ion diffusion characteristics, leading to high rate capability (up to 
2.0C) and ultra‐high cycling performance at 0.5C (600 cycles), 
1.0C (1800 cycles), and 2.0C (3000 cycles). Density functional 
theory calculations strongly suggest that the enhanced electro
chemical performance is mainly due to the presence of Ni/Co‒ 
DAC as heteronuclear sites, which prevents the dissolution of 
K–pTen species and accelerates reaction kinetics to unprece
dented levels. Even when employed as a negative electrode in a 
full‐cell configuration for reversible K‐ions insertion/de‐inser
tion, the cell delivered reversible discharge capacity values up to 
70 cycles at 20 mA g−1, establishing its potential for commercial 
applications.
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