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a b s t r a c t 

The capacity and cycling performance of cathodes are key factors in aqueous zinc batteries (AZBs). The search for 
cathode materials with long cycle lives and high specific capacities is of paramount importance. In this study, a 
bimetallic telluride with a hollow polyhedral structure was synthesized using a hydrothermal method followed by 
vapor deposition. This composite exhibits high conductivity, facilitates rapid diffusion of electrolyte ions into the 
interior, and accelerates redox reactions, thereby enhancing electrochemical performance. The CoTe2 -NiTe2 elec- 
trode demonstrates an impressive specific capacity of 188.8 mAh/g at 1 A/g, highlighting its efficiency in storing 
a significant amount of charge per unit mass during electrochemical reactions. The assembled CoTe2 -NiTe2 //Zn 
battery shows favorable capacity retention (76.4%) after 10000 cycles. The energy density is remarkably high, 
reaching 290.3 Wh/kg, while maintaining a power density of 1.75 kW/kg. This bimetallic telluride strategy holds 
great promise as an alternative cathode for AZBs. 
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. Introduction 

The extensive use of lithium-ion batteries in electronic devices is
ue to their long lifespan, high energy capacity, and flexible config-
ration [ 1-3 ]. However, the scarcity of lithium and associated safety
oncerns limit their utilization [ 4-6 ]. Thus, there is an urgent need to
evelop safe, inexpensive, and environmentally friendly energy storage
echnologies [ 7-11 ]. Alkaline aqueous zinc batteries (AZBs) have
arnered significant interest from researchers due to their exceptional
afety features, cost-effectiveness, and superior specific energy, making
hem promising candidates for next-generation energy storage [ 12-15 ].
owever, the poor cycle stability and limited capacity of the cathode
aterial have hindered the application of AZBs. Therefore, developing

n efficient synthesis strategy for high-performance cathode materials
s crucial for improving the performance of AZBs [ 16-18 ]. Nickel-based
aterials are promising as electrode materials due to their various

xidation states, high electrochemical activity, and good reversibil-
ty in redox reactions. Currently, nickel-based compounds used in
inc-based batteries mainly include nickel hydroxides, oxides, and
ulfides. 

Transition metal chalcogenides (TMCs, C = S, Se, and Te) are promis-
ng cathode materials due to their remarkable theoretical specific ca-
acities [ 19-22 ]. However, the electronic conductivities and reaction
inetics of sulfides and selenides pose significant challenges to their use
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n AZBs. In contrast, tellurium is considered a highly promising cath-
de material due to its significantly lower electronegativity, weaker
etal-tellurium bonds, larger atomic size (1.42 Å), and superior elec-

rical conductivity (2 × 102 S/m) compared to selenium (10− 3 S/m)
nd sulfur (5 × 10− 28 S/m). These properties enhance its potential for
se in AZBs. For instance, Molaei et al. introduced an innovative in situ
elluride strategy to synthesize a novel nickel telluride/cobalt telluride
NiTe2 /CoTe2 ) layered structure on a foam nickel substrate (NF/FNCT),
aking it a viable electrode candidate for hybrid supercapacitors [ 23 ].
elluride materials have advantages similar to those of metallic tel-

urium, such as high electrical conductivity and theoretical volume ca-
acity, which enhance diffusion kinetics, making nickel-cobalt tellurides
n attractive choice [ 24-26 ]. Using bimetallic nickel-cobalt tellurides
s electrode materials enables energy storage devices to achieve high
ower densities and fast charge/discharge rates, making them suitable
or applications requiring rapid energy delivery or high power perfor-
ance [ 27 , 28 ]. Therefore, nickel-cobalt telluride is likely to provide

atisfactory energy storage performance as an electrode material. Qiu
t al. successfully synthesized a heterogeneous and multidimensional
Ni-Co)Te/NiTe structure, which demonstrated impressive areal specific
apacitance (2390.7 mF/cm2 at 1 mA/cm2 ) and remarkable capacitance
etention (80.3% after 5000 cycles) [ 29 ]. 

In this study, CoTe2 -NiTe2 was synthesized through vapor deposi-
ion. Initially, a dodecahedral Co-MOF was prepared, which was then
24 
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onverted into nickel-cobalt layered double hydroxides with nanosheet
tructures via Ni ion etching. Subsequently, CoTe2 -NiTe2 was synthe-
ized by vapor deposition. The CoTe2 -NiTe2 electrode demonstrates a
apacity of 188.8 mAh/g at 1 A/g. The CoTe2 -NiTe2 //Zn battery ex-
ibits an impressive energy density of 290.3 Wh/kg at a power den-
ity of 1.75 kW/kg. Furthermore, the assembled CoTe2 -NiTe2 //Zn bat-
ery showed favorable capacity retention (76.4% after 10000 cycles).
hese remarkable electrochemical energy-storage characteristics are
rimarily attributed to the innovative configuration of the CoTe2 -NiTe2 

lectrode. t  

ig. 1. Scanning electron microscopy images of (a) Co-MOF (ZIF-67), (b) Ni-Co LDH
iTe2 , (e) selected area electron diffraction (SAED) image of CoTe2 -NiTe2 , (f) high-
nd (g)–(i) elemental mappings of CoTe2 -NiTe2 . 

416
. Results and discussion 

Fig. S1 clearly illustrates the preparation process of the CoTe2 -NiTe2 
anoparticles. As shown in Fig. 1 (a), two-dimensional layered metal ox-
des (NiCo-LDHs) with smaller nanosheets were formed from cobalt 2-
ethylimidazole (ZIF-67) powder with a regular dodecahedron through

tching ( Fig. 1 (b)). The resulting nickel-cobalt LDH exhibited hollow
eatures with sheets assembled in a specific configuration. Finally, a
arge number of interconnected CoTe2 -NiTe2 nanoparticles were syn-
hesized via vapor deposition ( Fig. 1 (c)). The empty interconnection
, and (c) CoTe2 -NiTe2 . (d) Transmission electron microscopy image of CoTe2 - 
resolution transmission electron microscopy (HRTEM) images of CoTe2 -NiTe2 , 
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Fig. 2. (a) X-ray diffraction pattern of CoTe2 -NiTe2 , (b) survey spectrum and X-ray photoelectron spectroscopy (XPS) spectra of CoTe2 -NiTe2 , (c) C 1s, (d) Ni 2p, (e) 
Co 2p, and (f) Te 3d. 
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rchitecture enhances chemical reactions by maximizing the interface
rea between the electrolyte solution and the material, facilitating effi-
ient mass transport, and optimizing reaction efficiency. As depicted in
ig. 1 (d), CoTe2 -NiTe2 consists of numerous coarse nanoparticles, main-
aining a consistent dodecahedral configuration similar to that observed
or ZIF-67. Fig. 1 (e) shows concentric rings in the selected area electron
iffraction (SAED) pattern of CoTe2 -NiTe2 , indexed to the (111), (202),
nd (222) lattice fringes. The lattice spacings observed in the high-
esolution transmission electron microscopy (HRTEM) images ( Fig. 1 (f))
ere 0.347 and 0.298 nm, corresponding to the (022) plane of NiTe2 
nd the (202) plane of CoTe2 , respectively. Thus, individual nanopar-
icles are formed through the interconnection of CoTe2 and NiTe2 . The
lemental distributions of nickel, cobalt, and tellurium in Figs. 1 (g)–(i)
eveal a uniform dispersion. 

In Fig. 2 (a), the diffraction peaks at 26.9°, 28.4°, 31.8°, 33.0°, 33.8°,
3.7°, and 46.8° correspond to the crystal lattice planes of CoTe2 
PDF#74–0245). Similarly, the peaks at 26.7°, 31.8°, and 46.7° are as-
ociated with the crystal lattice planes of NiTe2 (PDF#88–2287). The
urvey spectrum of CoTe2 -NiTe2 ( Fig. 2 (b)) displays signals for C, O, Co,
i, and Te. When a material is exposed to air or other oxidizing condi-

ions, the presence of oxygen species is typically linked to surface oxida-
ion. The C 1s spectrum in Fig. 3 (c) exhibits peaks at 284.6, 285.7, and
89.1 eV, corresponding to the carbon (C–C), carbon-carbon/nitrogen
C–C/C–N), and carbon-oxygen (C = O) bonds, respectively [ 30 ]. The dis-
inct peaks at energy levels of 855.8 and 873.9 eV in the X-ray photo-
lectron spectroscopy (XPS) spectrum confirm the presence of Ni3 + ions,
s these peaks correspond to the orbital transitions involving Ni’s 2p3/2 
nd 2p1/2 states. The binding energies for Ni2+ are 870.1 and 852.9 eV,
ith satellite peaks at 879.7 and 861.9 eV ( Fig. 2 (d)) [ 31 , 32 ]. In the Co
p spectrum ( Fig. 2 (e)), the energies at 780.1 and 797.1 eV correspond
o Co 2p3/2 and Co 2p1/2 , which reflect the existence of Co2 + , respec-
ively. The satellite peaks are at 803.2 and 785.8 eV, respectively. The
inding energies for Co3 + are at 792.8 and 778.2 eV [ 33 , 34 ]. In the
e 3d spectrum ( Fig. 2 (f)), the peak at 583.2 and 572.9 eV correspond
417
o Te 3d3/2 and Te 3d5/2d respectively, which is consistent with Te2− 

 35 , 36 ]. Moreover, the presence of satellite peaks at higher binding en-
rgies (586.5 eV in Te 3d3/2 and 576.1 eV in Te 3d5/2 ) indicate some
egree of surface oxidation within the material. 

The cyclic voltammetry (CV) curves in Fig. 3 (a) demonstrate that
oTe2 -NiTe2 exhibits a significantly larger CV curve area compared to
i-Co-O, indicating a higher charge storage capacity than the other

ested electrode materials. The corresponding galvanostatic charge-
ischarge (GCD) curve of CoTe2 -NiTe2 in Fig. 3 (b) also shows the
ongest discharge time. The smaller platform voltage difference of
oTe2 -NiTe2, as shown in Fig. 3 (b), indicates less polarization and bet-
er performance compared to other Ni-Co-O materials. The CV curve of
oTe2 -NiTe2 in Fig. 3 (c) shows distinct pairs of peaks during scanning at
–20 mV/s. In the electrochemical process, the oxidation–reduction pro-
esses of CoTe2 -NiTe2 occur, and the curve area increases as the scan-
ing rate increases. The well-maintained curve configuration indicates
emarkable reversibility of the Faraday reaction of CoTe2 -NiTe2 . The
araday reaction of the CoTe2 -NiTe2 process was characterized by oxi-
ation (peak 1) and reduction (peak 2), which became more pronounced
ith increasing scan rates. The reaction kinetics were validated by an-
lyzing the peak current ( i ) and scan rate ( v ), which conform to the
ollowing equations: 

 = 𝑎𝑣𝑏 , (1) 

og 𝑖 = 𝑏 log 𝑣 + log 𝑎. (2) 

The constant a is denoted by the b -value, which represents the gra-
ient of the log i –log v curve [ 37 , 38 ]. A b -value close to 0.5 indicates the
ominance of diffusion in the process, while a value near 1 suggests the
revalence of surface capacitive phenomena [ 39 , 40 ]. The b -values ob-
ained in Fig. 3 (d) are 0.77 and 0.80, indicating that a redox reaction
ccurs between the anode and cathode. These values validate that the
n2+ storage mechanism is predominantly governed by a synergistic
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Fig. 3. (a) Cyclic voltammetry (CV) curves of CoTe2 -NiTe2 , and Ni-Co-O at 2 mV/s, (b) GCD curves of CoTe2 -NiTe2 , and Ni-Co-O electrodes at 1 A/g, (c) CV curves 
of CoTe2 -NiTe2 at 2–20 mV/s, (d) the b value calculated by utilizing the correlation of sweep rate, (e) capacitive contribution (indicated by the pink area) of CoTe2 - 
NiTe2 at 10 mV/s, (f) the capacitive contribution (represented by the pink region) of CoTe2 -NiTe2 was quantified at 10 mV/s, (g) galvanostatic charge-discharge 
(GCD) curves of CoTe2 -NiTe2 at 1–20 A/g, (h) Nyquist plots of the Ni-Co-O, and CoTe2 -NiTe2 electrodes, (i) capacity retention rate of Ni-Co-O, and CoTe2 -NiTe2 at 
1–20 A/g. 
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nterplay between pseudocapacitive behavior and ionic diffusion char-
cteristics. The specific proportions of pseudocapacitive and diffusion-
ontrolled processes in cyclic voltammetry (CV) plots were quantified
sing Eq. (3) , as demonstrated in Figs. 3 (e)(f). 

 = 𝑘1 𝑣 + 𝑘2 𝑣
0 . 5 . (3) 

The current ( i ) in this system is composed of a surface capacitive
rocess ( k1 v ) and diffusion-controlled processes ( k2 v

0.5 ) [ 41 ]. Fig. 3 (e)
ighlights the pseudocapacitive-dominated current (blue region), which
ccounts for 79.6% of the total capacity (blue region) of the CoTe2 -
iTe2 electrode at 10 mV/s, as described by Eq. (3) . The contribution

atio for the electrode gradually increased from 65.3% to 76.4%, 79.6%,
0.5%, and eventually reached 94.5% as the scan rate increased from 2
o 20 mV/s, indicating a clear upward trend. This trend reveals a pro-
ressive increase in the ratio of the pseudocapacitive-controlled contri-
ution, showing consistently higher values of capacitive contribution
hroughout the entire capacity range. 

The GCD curves of CoTe2 -NiTe2 in Fig. 3 (g) show that the capac-
ty decreases slightly as the current density increases, exhibiting good
ymmetry, which indicates high Coulombic efficiency and rate perfor-
ance. The Nyquist plot of CoTe -NiTe shows a significant increase
2 2 

418
orresponding to the low-frequency Wahlberg resistance, suggesting
on movement between the electrolyte and the active material surface.
oTe2 -NiTe2 has a lower charge-transfer impedance due to its granu-

ar nanosheets, which promote electrolyte permeation. In Fig. 3 (h), Rs 
 Ω) represents the internal resistance of the electrolyte and electrode,
ndicating that CoTe2 -NiTe2 has significantly lower internal resistance.
he clear semicircular shape confirms the reduced impedance in charge
ransfer and enhanced ion diffusion kinetics in CoTe2 -NiTe2 . Thus, the
ranular structure of CoTe2 -NiTe2 exhibits good conductivity and rapid
ransport of electrolyte ions. In Fig. 3 (i), the capacities of CoTe2 -NiTe2 
re 188.8, 172.5, 149.5, 131.1, 122.6 mAh/g, at 1, 2, 5, 10 and 15 A/g,
espectively. In comparison, the capacities of Ni-Co-O are 143.1, 136.2,
25.4, 115.3, 108.1 mAh/g, at 1, 2, 5, 10 and 15 A/g, which are lower
han those of CoTe2 -NiTe2 . 

The GCD curves in Fig. 4 (a) show the longest discharge time for
oTe2 -NiTe2 , indicating that this material has a higher charge storage
apacity than the other electrode materials tested. In Fig. 4 (b), the ca-
acities of CoTe2 -NiTe2 are 188.8, 172.5, 149.5, 131.1 mAh/g, at 1, 2, 5,
0 A/g, respectively. The capacities of Ni-Co-Se are 155, 120, 90.5, 52.5
Ah/g, at 1, 2, 5, 10 A/g, and the capacities of Ni-Co-S are 137, 1134,
23.3, 78.4 mAh/g, at 1, 2, 5, 10 A/g. As shown in Fig. 4 (b), CoTe -
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Fig. 4. (a) GCD curves of CoTe2 -NiTe2 , Ni-Co-Se and Ni-Co-S electrodes at 1 A/g, (b) the capacity retention rate of CoTe2 -NiTe2 , Ni-Co-Se and Ni-Co-S electrodes at 
1–20 A/g, (c) Nyquist plots of the CoTe2 -NiTe2 , Ni-Co-Se and Ni-Co-S electrodes. 
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iTe2 exhibits the highest capacity and the best rate performance. De-
ailed CV and GCD data for Ni-Co-Se and Ni-Co-S are provided in Figs.
8 and S9. Electrochemical impedance spectroscopy (EIS), shown in
ig. 3 (c), revealed that the ANS nanostructures exhibited comparable in-
ernal resistance ( Rs ) and lower charge transfer resistance ( Rct ), indicat-
ig. 5. (a) Schematic illustration of CoTe2 -NiTe2 //Zn, (b) CV curves of the CoTe2 -
/g, (d) the specific capacitances and capacitance retentions of CoTe2 -NiTe2 , (e) rate
atteries, (g) cyclic performance of the CoTe2 -NiTe2 //Zn at 1 A/g. 

419
ng enhanced conductivity compared to other materials. Consequently,
he rate performance of CoTe2 -NiTe2 surpasses that of the Ni-Co-Se and
i-Co-S electrodes. 

As shown in Fig. 5 (a), a Zn sheet is used as the negative electrode
nd CoTe2 -NiTe2 is used as the positive electrode, with 3.0 M potassium
NiTe2 electrodes at 2–20 mV/s, (c) GCD curves of CoTe2 -NiTe2 //Zn at 1–20 
 capabilities of CoTe2 -NiTe2 //Zn at 1–20 A/g, (f) energy densities of different 
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ydroxide and 0.03 M zinc acetate as the electrolyte. The redox reactions
hat occur in the full cell are as follows [ 42 ]: 

node ∶ Zn ( OH ) 4 2− + 2e− ↔ Zn + 4OH− , (4) 

athode ∶ Ni ∕CoTe + 2OH− ↔ Ni ∕CoTeO + H2 O + 2e− . (5) 

The cyclic voltammetry (CV) curves of CoTe2 -NiTe2 //Zn at different
can rates are depicted in Fig. 5 (b). The shapes of the CV curves demon-
trate consistent and stable voltage behavior, with a range spanning
rom 1.4 to 2.0 V. According to the GCD curves illustrated in Fig. 5 (c),
he capacitances of CoTe2 -NiTe2 //Zn were 166.4, 151.6, 128.4, 112.1,
9.4, and 89 mAh/g at 1, 2, 5, 10, 15, and 20 A/g, respectively.
he CoTe2 -NiTe2 //Zn exhibited an impressive capacitance retention
ate of 80%, demonstrating exceptional rate capability ( Figs. 5 (d)(e)).
ig. 5 (f) compares the energy densities of different batteries. The en-
rgy density used in this study is 290.3 Wh/kg, which is higher than
ther tellurium batteries such as MoTe1.7 //Znx MnO (137 Wh/kg) [ 43 ],
iTe2 //Znx Co3 O4 (149 Wh/kg) [ 44 ], Te/Ni(OH)2 //Zn (176.3 Wh/kg)
 45 ], Bi2 Te3 //Zn (185.8 Wh/kg) [ 46 ], and Te//Zn (241 Wh/kg) [ 47 ].
urthermore, CoTe2 -NiTe2 //Zn demonstrated remarkable long-term
tability and durability, with an impressive capacity retention rate of
6.4% after 10000 cycles in Fig. 5 (g). The reasons for this performance
mprovement are as follows. First, the high conductivity of bimetallic
ickel-cobalt telluride (CoTe2 -NiTe2 ) promotes electron transfer, facili-
ating fast charge and discharge rates in energy storage systems. Second,
he stability of ZIF-67 in air, aqueous solution, and strong alkali solu-
ion, along with its hollow polyhedron structure, enhances ion transport
nd cycle stability. Third, tellurium offers several advantages over sul-
ur and selenium due to its higher conductivity, larger atomic size, and
ower electronegativity, which accommodate more electrolyte ions and
nhance diffusion kinetics. 

. Conclusion 

This study presents a method for designing and synthesizing
anosheet-based CoTe2 -NiTe2 using ZIF-67, which exhibits a remark-
ble electrochemical capacitance of 188.8 mAh/g at 1 A/g. In addi-
ion, Ni-Co-S, Ni-Co-Se, and Ni-Co-O were successfully synthesized, and
oTe2 -NiTe2 demonstrated the best properties. The assembled CoTe2 -
iTe2 zinc-based battery exhibited a capacitance retention rate of 76.4%
fter 10000 cycles and an energy density of 290.3 Wh/kg at 1.75 kW/kg.
evices comprising CoTe2 -NiTe2 //Zn show impressive performance in

erms of capacity, energy density, and cycle stability, highlighting their
otential to advance zinc-based batteries. 
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