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1. Introduction

Potassium-ion batteries (PIBs) hold prac-
tical potential for large-scale electrical 
energy storage because of the advantages 
in natural abundance of potassium, com-
paratively low cost, and attractive redox 
potential of K/K+ (−2.93 V for K/K+ vs 
SHE).[1–4] Due to the significantly greater 
ionic radius of K+ ions of 1.40 Å compared 
with that for Li+ of 0.76 Å, however, the 
insertion of K+ into electrode materials is 
sluggish, the current PIBs are still unsat-
isfactory to meet the requirement of high 
energy density and cycle lifespan.[5–7] 
Especially for the anode, carbonaceous 
materials have been widely studied while 
showing a relatively low capacity so far.[8,9] 
Significant research has looked to adapt 
alloys and metal oxides with improved 
capacity to PIBs based on existing lithium-
ion battery technology but such materials 
tend to undergo extra volume expansion 
during potassiation/de-potassiation with 
poor cycling stability, especially at a high 
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lifespan, however, is one of the key elements for exploiting this electro-
chemical energy storage system at practical levels. Here, a template-assisted 
strategy is reported for acquiring a bimetallic telluride heterostructure which 
is supported on N-doped carbon shell (ZnTe/CoTe2@NC) that promotes 
diffusion of K+ ions for rapid charge transfer. It is shown that in telluride het-
erojunctions, electron-rich Te sites and built-in electric fields contributed by 
electron transfer from ZnTe to CoTe2 concomitantly provide abundant cation 
adsorption sites and facilitate interfacial electron transport during potassia-
tion/depotassiation. The relatively fine ZnTe/CoTe2 nanoparticles imparted 
by the heterojunction result in high structural stability, together with a highly 
reversible capacity up to 5000 cycles at 5 A g−1. Moreover, using judiciously 
combined experiment and theoretical computation, it is demonstrated that 
the energy barrier for K+ diffusion in telluride heterojunctions is significantly 
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rate.[10,11] There is a need therefore to produce new anode mate-
rials with boosted rate capacity and stable structures via rational 
design and controllable synthesis.

Materials suitable for high rate capability are those with rapid 
potassium-ion transfer kinetics that can be used practically as 
building blocks. Amongst these, transition metal tellurides 
(TMTs) are of particular research interest because of distinc-
tive ionic transfer kinetics, safe potential plateau, and multiple 
electrochemical reactions, i.e., conversion and alloying.[12,13] 
TMTs present greater lattice parameters and have better elec-
trical conductivity than sulfides, and selenides because of the 
larger atomic number and lower electronegativity of Te, with 
the expectation of boosted kinetics.[14] Additionally, TMTs have a 
higher density than corresponding sulfides and selenides, and 
therefore contribute to a greater volumetric capacity.[15] Impor-
tantly, TMTs are typical layered materials that exhibit highly sig-
nificant interlayer space that favors diffusion of the rapid potas-
sium ions in the electrode to give good electrode wettability and 
ion diffusion kinetics. However, tellurides have several limita-
tions, including an intrinsic semiconductor nature, possible 
structural variation/pulverization, and an unclear potassium 
storage mechanism(s).

In terms of rational structure design, heterostructures 
formed by combination of nanocrystals with differing bandgap 
values is a favorable architecture that could help circumvent 
the issues in TMTs anode of PIBs.[16] In particular, the hetero-
structures can i) afford a higher electrochemical storage activity 
than that of their counterparts due to the variety of synergic 
effects that heterostructure materials might hold; ii) enhance 
the electronic conductivity because of the refined energy band 
structures with smaller bandgaps; iii) accelerate the ionic 
transfer kinetics with lower diffusion barrier due to the intro-
duction of the internal electric field. iv) accommodate volume 
expansion and maintain structural stability owing to the strong 
interactions such as chemical bonds and electrostatic force.[17,18] 
Unfortunately, the research of heterostructural TMTs on PIBs 
is still at an early stage, with the underlying electrochemical 
mechanism unclear, and only a few candidates could present 
reasonable high rate capability, despite the cycling performance 
being far from practical application.

Bearing the abovementioned points in mind, herein, we 
report a template-assisted strategy to produce ZnTe/CoTe2 het-
erostructure covered by N-doped carbon that is derived from 
Zn/Co-ZIF-67 template. Intentional substitution of Co with 
Zn in ZIF-67 affords a retarded rate of nucleation and leads to 
ZnTe/CoTe2 heterostructure of relatively small size. Combining 
the desired features of promoted charge transfer kinetics and 
confined structural variation, the ZnTe/CoTe2 heterostructure 
exhibits a highly significant rate capability and ultra-long cycle 
life (165.2 mAh g−1 at 5 A g−1 after 5000 cycles) as an anode for 
PIBs. We demonstrate a facile synthesis that permits practical 
tuning of the heterostructure for ready uptake of potassium 
ions, and which is generalizable for ions with a larger radius. 
We also confirm the morphology change and mechanism for 
potassium storage via combined findings from ex situ material 
characterizations, electrochemical technologies, in situ X-ray 
diffraction (XRD), and theoretical computations. Our new find-
ings will be of immediate benefit for the design of low-cost 
PIBs for large-scale energy storage and conversion.

2. Results and Discussion

The synthesis for ZnTe/CoTe2 heterostructure is shown sche-
matically in Figure 1a. Zn/Co-ZIF-67 is obtained by selectively 
adding a mix of both metal salts Zn2+ and Co2+ combined with 
the ligand solution at room temperature (Methods in supporting 
information). The surface of Zn/Co-ZIF-67 is covered by a 
polydopamine (PDA) layer to obtain the Zn/Co-ZIF-67@PDA 
precursor, which is thermally treated with tellurium powder 
to obtain the ZnTe/CoTe2@N-doped carbon heterostructure. 
Field-emission scanning electron microscopy (SEM) images in 
Figure 1b (Figures S1 and S2, Supporting Information) showed 
that ZIF-8, ZIF-67, and Zn/Co-ZIF-67 templates exhibit well-
defined uniform metal organic framework dodecahedral struc-
tures with smooth surfaces. The SEM images in Figure  1c,d 
showed that the size and polyhedral shapes of Zn/Co-ZIF-67@
PDA precursor and ZnTe/CoTe2@NC were maintained fol-
lowing, respectively, PDA coating and thermal treatment, that 
was similar to the pristine Zn/Co-ZIF-67 template. The poly-
hedral size of ZnTe/CoTe2@NC heterostructure was computed 
to be ≈238.9  nm (Figure S3, Supporting Information), a value 
close to that for pure Zn/Co-ZIF-67@PDA precursor. The  
surface of ZnTe/CoTe2@NC polyhedra was apparently rougher 
following telluridation. Transmission electron microscopy (TEM, 
Figure 1e, and Figure S4) confirmed that a number of fine nano-
particles with an average diameter of 22.0  nm, are embedded 
regularly within the 3D, inter-connected, porous carbon 
framework, especially at the edge of the Zn/Co-ZIF-67@NC 
polyhedron.

The thickness of the N-doped carbonaceous wall was less 
than 10 nm (Figure 1f). It was observed that the nanoparticles 
in the polyhedron did not exhibit growth in the same direc-
tion, abundant edges rather than the basal plane were therefore 
exposed on the surface of the shell. These provide abundant 
electrode/electrolyte contact surface resulting in boosted 
charge transfer.[19,20] Additionally, as is highlighted in the mag-
nified TEM image (Figure  1f) numerous pores in the carbon 
matrix introduce convenient diffusion paths for ionic trans-
port.[20] The high resolution TEM image of Figure 1g highlights 
well-defined heterojunction interfaces where lattice fringes 
with a width of 0.194 nm agrees with the (200) facet of CoTe2, 
and the width, 0.215 nm agrees with the (220) facet of ZnTe 
(Figure S5). As is highlighted in Figure 1h, N, Te, Zn, and Co 
elements are homogeneously distributed without apparent 
particle aggregation. As was evidenced in the EDX spec-
trum data there was ∼42.0 wt.% carbon in the ZnTe/CoTe2@
NC sample (Figure S6, Supporting Information). In contrast, 
however, following processing with similar telluridation both 
ZnTe@NC (Figure S7, Supporting Information) and CoTe2@
NC (Figure S8, Supporting Information) exhibited apparent 
shrinking and collapsing on the polyhedra surfaces, together  
with significantly greater polyhedral size (Figure S3, Sup-
porting Information) when compared with ZIF-8@PDA and 
ZIF-67@PDA precursors. This finding is attributed to the  
disparity in the rate of nucleation and growth with Zn/Co-ZIF-67,  
Zn-ZIF-8, and Co-ZIF-67. It is established that nuclea-
tion of ZIF-8 dominates crystal formation, whereas growth  
governs with ZIF-67 to result in meaningfully larger crystals 
throughout reaction−diffusion.[21,22] Additionally, measured  
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particle size for heterostructural ZnTe/CoTe2@NC crystals 
were consistently smaller than for CoTe2 in CoTe2@NC of 
35.0 nm and ZnTe in ZnTe@NC of 32.5 nm (Figure S4, Sup-
porting Information). This finding is attributed to the different 
growth mechanisms amongst Zn/Co-ZIF-67, Zn-ZIF-8, and 
Co-ZIF-67. With the addition of Zn2+ species to Co-ZIF-67, the 
Zn2+ ions act as “impurities” in crystal nucleation and growth 
in which zinc delays the kinetics of nucleation and leads to 
doped particles of relatively smaller size.[21]

The crystalline phase and composition of the as-synthesized 
materials were evidenced by findings from powder XRD as 
highlighted in Figure 2a. As is shown in the XRD pattern for 
ZnTe/CoTe2@NC representative peaks located at 25.3, 41.8 and 
49.5° can be readily attributed to the (111), (220), and (311) facets 
of cubic ZnTe (PDF: # 65–5730), whilst the peaks located at 
about 28.5, 31.9, 33.0, 43.7, and 58.5° can be readily, respectively, 
attributed to the (110), (111), (012), (121), and (212) planes of the 
orthorhombic CoTe2 (PDF: #74-0245). This finding confirms the 
formation of ZnTe/CoTe2 heterostructure in ZnTe/CoTe2@NC, 
and supports that from HRTEM observations of Figure 1g (and 
Figure S7d–S8d, Supporting Information). No specific peaks can 

be attributed to the carbon species because of a peak overlap at 
around 25° in ZnTe/CoTe2@NC. However, the carbon species 
can be assessed by the Raman shift for the products. Figure 2b 
highlights two distinct peaks at 1330 and 1571 cm−1, which are, 
respectively, the vibration of the D band (disordered or defect 
carbon) and G band (graphitic sp2− carbon). The intensity ratio 
of the D and G band, ID/IG, is, respectively, 0.87, 0.89, and 
1.01 for CoTe2@NC, ZnTe@NC, and ZnTe/CoTe2@NC. This 
result demonstrates that the introduction of Zn species and/or 
smaller particles in ZnTe/CoTe2@NC promotes the formation 
of more disordered graphitic carbon. Additionally, a typical  
type IV nitrogen adsorption/desorption isotherm with an  
H1 hysteresis loop was observed for all three samples. This is 
indicative of mesoporous structure (Figure S9, Supporting Infor-
mation). ZnTe/CoTe2@NC, CoTe2@NC, and ZnTe@NC show 
specific surface-area (SSA) based on Brunauer–Emmett–Teller 
method of, respectively, around 131.7, 129.2, and 86.4 m2 g−1.  
The greatest value of SSA for ZnTe/CoTe2@NC is attributed to 
large pore volume.

Figure  2c–e presents the chemical composition of samples 
determined using X-ray photoelectron spectroscopy (XPS). The 

Figure 1.  Morphology characterization. a) Schematic for preparation of ZnTe/CoTe2@NC. b–d) Representative SEM images of Zn/Co-ZIF-67,  
Zn/Co-ZIF-67@PDA and ZnTe/CoTe2@NC. e–f) TEM images of ZnTe/CoTe2@NC. g) HAADF-STEM image of ZnTe/CoTe2@NC, and h) STEM-EDS 
element mapping.
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Zn 2p signal in the ZnTe/CoTe2@NC heterostructure is seen 
to be divided into two peaks at 1022.2 and 1045.3  eV, toward 
high binding energy compared with that in ZnTe@NC. This 
finding confirms a decrease in the electronic density of Zn2+ 
ions. Whilst driven by the built-in electric field originating from 
the heterojunction, the negative signal shifts for Co 2p3/2 from 
781.5 to 781.3 eV, and 2p1/2 from 787.2 to 787.0 eV, confirm elec-
trons transferred from ZnTe to CoTe2 in the ZnTe/CoTe2@NC 
heterostructure.[23,24] The redistribution of interfacial charge 
underscores the electronic interaction between ZnTe and CoTe2 
domains.[25] The peaks located at 573.2 and 583.9 eV in the Te 
3d spectrum for ZnTe/CoTe2@NC in Figure  2e are attributed 
to the Te 3d5/2 and Te 3d3/2 orbitals of Te2−, whilst the peaks at 
576.5 and 586.7 eV most likely result from tellurium oxide on 
the surface of tellurides.[15] A negative shift of binding energy 
is readily observed in Te 3d5/2 and Te 3d3/2 from CoTe2@NC 
to ZnTe/CoTe2@NC. This finding confirms excess electrons 
around Te in ZnTe/CoTe2@NC heterostructure, which will act 
as a negative charge center to attract cations and promote fast 
ionic diffusion kinetics in PIBs.[26] Additionally, three types of 
nitrogen species can be readily identified in ZnTe/CoTe2@NC 
following deconvolution of the high-resolution N 1s XPS spectra 
in which pyridinic-type nitrogen takes a significantly greater 
ratio (Figure S10 and Table S1, Supporting Information). 
These observations combined, confirm the formation of the 
ZnTe/CoTe2@NC heterostructure via the introduction of Zn 
species within Co-ZIF-67.

Electrochemical performance evaluation of the as-synthesized 
ZnTe@NC, CoTe2@NC, ZnTe/CoTe2@NC, and commercial  

graphite material as anode electrodes in PIBs was conducted 
systematically (Figure 3, FiguresS11–S13, Supporting Infor-
mation) to determine the impact of the synthesized hetero-
structures on resulting electrochemical properties. Figure  3a 
presents the continuous cyclic voltammetry (CV) curves in 
a half-cell within the voltage range of 0.01–3.0  V that were 
determined. For ZnTe/CoTe2@NC electrode, an evident 
cathodic peak is observed at 0.71 V in the first cycle that disap-
pears in subsequent cycles. This finding is attributed to the 
formation of stable solid-electrolyte interphase (SEI) film on 
the surface of the electrode. The lesser peaks in the range 
0.7 to 0.1  V most likely correspond to a series of conversion 
reactions from ZnTe/CoTe2 to Zn, Co, and KxTe phases, a con-
sistent finding with separate reports.[14,27] In the anodic scan 
a series of peaks appear from 1.0 to 2.1  V that correspond 
to the multistep transformation reaction from products to 
ZnTe and CoTe2. The CV curves exhibited comparable curve 
shape with near complete overlapping. This finding under-
scores the high reversibility of electrochemical reaction of the  
ZnTe/CoTe2@NC electrodes. The CV profiles for ZnTe@NC 
and CoTe2@NC are similar to those for ZnTe/CoTe2@NC 
with only varied voltage values during scanning, indicating 
the same electrochemical reactions are existed (Figure S14,  
Supporting Information). From the findings of deconvoluted 
differential capacity (Figure S15, Supporting Information), 
CoTe2 makes a significantly greater capacity contribution 
during cycling. Additionally, the galvanostatic charge-dis-
charge profiles for ZnTe/CoTe2@NC electrode exhibit a charge 
capacity of, respectively, 486.1, 491.4, 444.1, and 440.3 mAh g−1  

Figure 2.  Characterization of ZnTe@NC, CoTe2@NC and ZnTe/CoTe2@NC. a) XRD pattern. b) Raman spectra. c) XPS spectra for Zn 2p. d–e) XPS 
spectra for Co 2p and Te 3d.
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at 1st, 10th, 50th, and 100th cycle, with a Coulombic efficiency 
(CE) of ≈100% following a continuous 100 cycles (Figure 3b 
and Figure S16, Supporting Information). From the com-
parison, both ZnTe@NC with 195.9 mAh g−1 and CoTe2@
NC with 236.9 mAh g−1, at the 100th cycle, are seen to exhibit 
significantly less performance at the identical current density 
(Figure S17, Supporting Information). The initial Coulombic 
efficiency of ZnTe/CoTe2@NC is 58.3%, which is much higher 
than that in ZnTe@NC (30.1%) and CoTe2@NC (40.0%). It is 
concluded that these findings confirm an outstanding electro-
chemical reversibility and high rate potassiation of the hetero-
junction. The K+ ions react with ZnTe/CoTe2@NC because of 
ready access to active components, electron-rich Te environ-
ment and the built-in electric field.

The rate capability of all as-synthesized new structures is 
summarily presented in Figure  3c. It is seen from the figure 
that when the current density increases from 0.1 to 20.0 A g−1, 
the ZnTe/CoTe2@NC electrode exhibits the highly significant 
reversible capacity of, respectively, 498.7, 430.8, 352.1, 279.9, 
233.3, and 190.2 mA h g−1 at 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g−1, 
that when the current density falls to 0.1 A g−1 there is a recov-
ered capacity of 480.3 mA h g−1. The ZnTe/CoTe2@NC hetero-
structures reveal a good stability with a capacity of 257.9 mAh g−1 
after 1000 cycles at 1 A g−1 (Figure  3d). It is concluded from 
these results therefore that a ZnTe/CoTe2@NC electrode out-
performs in capacity reversibility and stability, all single-phase 
materials, as shown in (Figure 3c,d and Figure S17c, Supporting 
Information).

Figure 3e presents a comparative summary of the high-rate 
performance of the electrodes determined from long-term 
cycling performance at varying current density. As is seen in 
the figure, after initial activation process, the ZnTe/CoTe2@NC  
exhibits a significantly more stable ultra-long cycling performance  

when compared with that in ZnTe@NC and CoTe2@NC elec-
trodes. Following a continuous 1000 cycles, respectively, 317.5 and  
261.3 mA h g−1 were retained for ZnTe/CoTe2@NC at a current 
density 0.5 and 1.0 A g−1. This finding evidences its highly sig-
nificant long-term cycling stability. The fading rate of specific 
capacity at 1.0 A g−1 is just 0.016% (from 30th to the 1000th 
cycle) when compared with that in ZnTe@NC and CoTe2@NC 
counterparts, which indicates the outstanding rate capability 
(Table S2, Supporting Information). Following 2000 cycles the 
specific capacity was 254.5  mA h g−1 at a current density of  
2.0 A g−1. Despite a continuous 5000 cycles the ZnTe/CoTe2@NC 
maintained a significant reversible capacity of 165.2 mA h g−1  
at a current density of 5.0 A g−1. Although direct cycling 
of the electrode at high current density resulted in lower 
CE in the early stages, that following stabilized at >99.8% 
with negligible capacity fading. It is hypothesized that the 
highly significant electrochemical performance exhibited by 
ZnTe/CoTe2@NC is because of synergy between enriched 
K+ absorption sites and rapid electronic/ionic charge diffu-
sion kinetics. To highlight the high-rate performance of the  
ZnTe/CoTe2@NC heterostructure electrode, it was compared 
with reported transition-metal-dichalcogenides-based anode 
materials for PIBs, which outperformed all the selected 
anodes working at high current densities and long cycles 
(Figure 3f ).

To assess the practical application of the new material, the 
ZnTe/CoTe2@NC electrode was tested with lean electrolyte 
(20 µL) (results are presented in Figure S18, Supporting Informa-
tion). In galvanostatic discharge and charge, ZnTe/CoTe2@NC  
exhibited a capacity of 359.7 mAh g−1 at a current density of  
0.1 A g−1, and importantly, at a current density of 1.0 A g−1 it exhib-
ited 212.3 mAh g−1 over 500 cycles together with a fading rate 
of 0.067% (based on 30th capacity). Because of the importance 

Figure 3.  Electrochemical performance for as-synthesized ZnTe@NC, CoTe2@NC, and ZnTe/CoTe2@NC electrodes for K-ion storage. a) Cyclic  
voltammetry curves for ZnTe/CoTe2@NC electrode. b) Cycling performance at 0.1 A g−1. c) Rate performance. d) Long-term cycling performance at  
1 A g−1. e) Long-term cycling of ZnTe/CoTe2@NC electrode at varying rate and corresponding Columbic efficiency. f) Comparison of selected materials 
for high-rate PIBs.
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of electrolyte to electrochemical performance, it is anticipated  
that the performance of the ZnTe/CoTe2@NC heterostructure 
will be boosted by its optimization.[6,28] These results highlight 
ZnTe/CoTe2@NC as a potential anode for practical PIBs for 
high-rate application.

To gain insight into the mechanism of rate performance of 
the ZnTe/CoTe2@NC anode for PIBs, selected quantitative anal-
yses were carried out as summarized in Figure 4. Experimental 

results strongly evidence a surface capacitance-dominated  
process in electrodes of ZnTe/CoTe2@NC, based on findings 
from the CV curves at different scan rates, together with the 
relationship between measured anodic peak current density 
and the sweep rate (Figure S19, Supporting Information). 
The ratio of the capacitive contribution of all three telluride 
anodes to current at a fixed voltage is determined by the sepa-
ration of the current i into diffusion-controlled, and capacitive, 

Figure 4.  Electrochemical kinetic analysis for potassium storage behavior. a) Normalized contribution ratio of capacitive capacity at differing scan 
rate. Data are based on the CV curves. b) EIS diagram for ZnTe/CoTe2@NC, ZnTe@NC, and CoTe2@NC following cycling. c) EIS diagram for  
ZnTe/CoTe2@NC before and following cycling. d,e) K+-ion diffusion coefficient computed from GITT potential profiles as a function of, respectively, 
depth of discharge (DOD) and state of charge (SOC). f) Theoretical computation for total density of states (TDOS) for ZnTe/CoTe2, ZnTe and CoTe2. 
g) Ex situ XRD pattern for ZnTe/CoTe2@NC electrode at differing discharge/charge.
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contributions at the corresponding voltage. A dominant capaci-
tive contribution of ≈85% is seen at a scan rate of 0.8 mV s−1 for 
ZnTe/CoTe2@NC electrode, however, with increasing scan rate 
the capacitive contribution increases, and a maximum capaci-
tive contribution of 93% is exhibited at the scan rate 1.2 mV s−1, 
as is shown in Figure  4a. In contrast, the visible decrease in 
the capacitive contribution under identical scan rates from 
ZnTe/CoTe2@NC to ZnTe@NC and CoTe2@NC arises, domi-
nantly, from less accessible active sites, or electronic/ionic  
diffusion limitation.[29] In addition, the electrochemical imped-
ance spectroscopy (EIS) diagram for ZnTe/CoTe2@NC following  
50 cycles (Figure  4b) shows one-semicircle followed by a  
low-frequency Warburg component that is highly indicative of 
diffusion through a semi-infinite medium.[30] ZnTe/CoTe2@NC  
exhibited a significantly lower value of Rct (charge transfer 
resistance) of 1012.0 Ω compared with 2890.2 Ω for ZnTe@NC  
and 2471.7 Ω for CoTe2@NC (Figure S20 and Table S3, Supporting  
Information). This significantly lower charge-transfer resist-
ance for ZnTe/CoTe2@NC confirms the improved electronic 
conductivity and facilitated K+-ion diffusion as a direct result 
of the unique heterostructure.[31,32] The EIS diagram for ZnTe/
CoTe2@NC electrode prior and following cycling (Table S3, 
Supporting Information) underscores a highly significant 
change in impedance, which is reasonably attributed to a more 
compatible interface between electrode and electrolyte fol-
lowing numerous cycles.[33]

To assess any correlation between electrochemical proper-
ties and structure of ZnTe/CoTe2@NC electrode for PIBs, 
galvanostatic intermittent titration technique (GITT) meas-
urement and theoretical computation were determined 
as summarized in Figure  4d–f. The voltage responses for  
ZnTe/CoTe2@NC, ZnTe@NC and CoTe2@NC electrodes in 
the third cycle showed ZnTe/CoTe2@NC exhibited least over-
potential (Figure S21a, Supporting Information). The ionic 
diffusion coefficients for ZnTe/CoTe2@NC (10–9 - 10–10) com-
puted from GITT curves are greater than those for ZnTe@NC  
and CoTe2@NC in both K+ ion insertion, and K+ ion extrac-
tion, Figure  4d–e. The greater value of the diffusion coef-
ficients for ZnTe/CoTe2@NC electrode means practically a 
boosted high-rate performance compared with the single-
phase counterparts (Figure 3c). From the theoretical computa-
tions (Figure 4f and Figure S22, Supporting Information) for 
both ZnTe and CoTe2, the total density of states (TDOS) high-
lighted bandgaps that are not continuous at the Fermi level 
and confirm a semiconducting nature.[34] In contrast, the con-
duction band for ZnTe/CoTe2 contained a significant hybridi-
zation band that gives rise to a significantly greater TDOS for 
ZnTe/CoTe2 compared with those for ZnTe and CoTe2 at the 
Fermi level, which indicates a significantly boosted electronic 
conductivity in ZnTe/CoTe2.

To determine the phase transformation mechanism of 
ZnTe/CoTe2@NC electrode during initial potassiation/depo-
tassiation ex situ XRD and ex situ XAS (X-ray absorption 
spectroscopy) analysis in differing discharge and charge states 
were obtained, as is summarized in Figure 4g. The XRD pat-
tern for the fresh electrode confirmed the crystallinity of the 
as-synthesized ZnTe/CoTe2@NC phase. Findings were that 
for the initial discharge several initial ZnTe/CoTe2@NC peaks 

disappeared gradually and newly generated K2Te3, KZn13, and 
Co peaks emerged at ≈0.6  V. With discharge to 0.01  V, the 
XRD patterns highlighted that all diffraction peaks related to 
ZnTe/CoTe2@NC had almost vanished, and peaks appeared 
that were almost certainly associated with metallic species Zn 
and Co, K2Te and alloy KZn13, which underscored continued 
conversion and emerging alloy reactions. When the electrode 
was charged to 1.3  V, K2Te3 appeared, and ZnTe/CoTe2@NC 
material remained detected. Following charging the electrode 
to 3.0 V, the representative peaks for ZnTe/CoTe2@NC are par-
tially recovered. This result highlights an intensive reduction  
in grain-size of metallic-telluride particles with low crystallinity, 
or possible amorphization of ZnTe/CoTe2.[32] Importantly,  
this is in agreement with findings from the in situ synchro-
tron powder XRD pattern (Figure S23, Supporting Infor-
mation) and ex situ XAS analysis (Figure S24, Supporting 
Information).

To visualize the evolution of the hetero-interface following 
cycling, ex situ SEM and HRTEM analyses were determined 
for ZnTe/CoTe2@NC, ZnTe@NC, and CoTe2@NC in the after 
terminal-potassiation to 0.01  V and after terminal-depotassia-
tion to 3.0 V at cycle 50 at 0.1 A g−1, Figure 5 (Figure S25–S30,  
Supporting Information). As is seen in the figure following dis-
charge to 0.01  V after 50 cycles, the heterostructure in ZnTe/
CoTe2@NC was preserved with a uniform, thin and robust 
SEI layer-coating on the outer surfaces of the carbon networks,  
protecting ZnTe/CoTe2@NC electrode from huge structural 
fracturing. Importantly the ZnTe and CoTe2 nanoparticles  
maintained pristine morphology without any significant  
particle aggregation, as clear demonstrated in Figure  5b–c 
and Figure S25, Supporting Information). This uniformity 
is further evidenced in the EDS mapping images (Figure  5d). 
In the full-depotassiation state (Figure  5e–h and Figure S26, 
Supporting Information) there was no apparent structural 
degradation. This finding highlights high-level reversibility of 
the ZnTe/CoTe2@NC material. Because of this ZnTe/CoTe2@
NC heterostructure boosts high CE and results in highly  
significant rate cyclability during long-term cycling. The 
ZnTe@NC and CoTe2@NC electrodes in contrast, however, 
exhibit significant carbon-shell pulverization and particle aggre-
gation in all stages (Figure S27–S30, Supporting Information). 
It is concluded that the: i) agglomeration and/or pulverization 
during potassiation/de-potassiation leads to rapid structural-
degradation of both ZnTe@NC and CoTe2@NC anodes with 
capacity loss and cycling decay, a finding consistent with that for  
conversion-type anodes in lithium ion batteries;[31,35,36] and, 
ii) formation and conversion of ZnTe and CoTe2 particles is 
achieved in a controlled manner because of the ZnTe/CoTe2@
NC heterostructure in which particle aggregation is minimized 
during cycling (Figure 5i,j).

The practical application ZnTe/CoTe2@NC as an anode in 
PIBs was further assessed in a full-cell (Figure S31, Supporting 
Information). When coupled with a Potassium Prussian Blue 
cathode, the full-battery exhibited high cycling stability with a 
stable capacity of ≈110.0 mAh g−1 over 100 continuous cycles, 
Figure  5k. This performance is likely to improve when high 
voltage cathode materials are used underscoring the inherent 
advantage of ZnTe/CoTe2@NC.

Adv. Energy Mater. 2022, 12, 2202577
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3. Conclusion

In summary, a ZnTe/CoTe2@NC heterostructure synthesized 
by a new facile method significantly boosted charge transfer 
kinetics in a potassium-ion battery. Combined experiment 
and theoretical computation confirmed that synthesis of the 
metallic telluride heterostructure with built-in electric fields 
promoted structural stability that resulted in boosted ionic and 
electronic diffusion kinetics with excellent high-rate capability. 
We conclude that the metallic tellurides heterostructure will 
be attractive to practically control tuning of the activity of tel-
lurides for ready uptake of potassium ions, and, importantly, 
other ions with a large radius. Our findings offer a quantitative 
basis for design of fast and durable charge transfer in materials 
and will therefore be of immediate benefit for design of low-
cost batteries for large-scale energy storage and conversion.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5.  SEM and HRTEM image analyses for ZnTe/CoTe2@NC electrode following 50 cycles at selected stages. Following terminal potassiation 
to 0.01 V: a) SEM image, b) TEM image, c) HRTEM image, and d) EDS mapping of the selected area. Following terminal de-potassiation to 3.0 V:  
e) SEM image, f) TEM image, g) HRTEM image, and h) EDS mapping of the selected area. i,j) Proposed mechanism for charge and discharge.  
k) Electrochemical performance of full cell battery.
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