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Three-dimensional tellurium and nitrogen Co-
doped mesoporous carbons for high performance
supercapacitorst

Chang Ki Kim,f Jung-Min Ji,f M. Aftabuzzaman® and Hwan Kyu Kim @& *

Tellurium-doped mesoporous carbon composite materials (Te/NMC) have been prepared by a facile
intercalation method in the presence of nitrogen-doped mesoporous carbon (NMC) with tellurium
powder, for the first time. The effects of the co-doped N and Te in the mesoporous carbon matrix on
the physical/chemical properties and capacitance performances were investigated via the use of various
characterization methods and electrochemical studies. The as-prepared NMC and Te/NMC materials
were found to mainly be composed of mesopores and maintained the 3D hierarchical graphite-like
structure with lots of defect sites. By intercalation of Te atoms into the NMC materials, 2.12 at% (atom?%)
of Te was doped into NMC and the specific surface area of Te/NMC (261.07 m? g~%) decreased by about
15 times compared to that of NMC (437.96 m? g™). In electrochemical measurements as
a supercapacitor (SC) electrode, the Te/NMC based electrode, even with its lower porosity parameters,
exhibited a higher capacitive performance compared to the NMC-based electrode. These results for Te/
NMC arise due to the pseudo-capacitive effect of doped Te and the increase in the capacitive area
available from the formation of interconnections in the mesoporous carbons through Te—-O bonds. As
a result, the synergetic effect of the Te and N atoms enables Te/NMC to exhibit the highest specific
capacitance of 197 F g* at a current density of 0.5 A g~'. Moreover, remarkable long-term cycling
stability with the retention of more than 95% of the initial capacitance is observed for Te/NMC at
a current density of 5 A g7t and also for 1000 charge—discharge cycles.

1. Introduction

With the increasing global energy demand and environmental
concerns, renewable energy sources, including sunlight, wind,
hydro, hydrogen and geothermal heat, have been considered as
promising alternatives to fossil fuels."® Accordingly, many
researchers have devoted huge efforts to renewable energy sources
in terms of energy generation, storage, and conservation technol-
ogies.*®* Among these technologies, electric energy storage (EES)
technologies have become an urgent requirement for efficient
energy management due to the large fluctuations in renewable
energy generation, as well as a necessity in our daily life.”**°

As one of the EES technologies, electrochemical capacitors,
i.e. supercapacitors (SCs), have attracted considerable attention
because of their remarkable power performance, long-term
cycling stability (>10° cycles), low maintenance costs, ease of
integration into electronics and good safety.'* Their advantages
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arise from their charge storage mechanisms, which can be
generally classified into two categories: (i) electric double layer
capacitance (EDLC) and (ii) pseudocapacitance (PC).">"* EDLCs
electrostatically store charge by forming a Helmholtz double
layer at the interface between the electrode and electrolyte, i.e.,
a non-faradaic process occurs,* while PCs faradaically store
charge via reversible electrochemical reactions on the surface of
redox-active materials, i.e., a faradaic process occurs. In prac-
tice, the EDLC and PC mechanisms coexist in SCs, contributing
in different proportions.” According to each mechanism, the
specific capacitance (Cs) of an EDLC depends on the accessible
surface area and properties of the electrode materials, and the
Cs of a PC is strongly related to the valence state change of the
redox-active materials.'® Many electro-active materials, such as
conducting polymers,'”** metal oxides,"' noble metals* and
carbons,*” and preparation methods*>* have been developed
and tested for more efficient supercapacitors.”® Among them,
carbon-based materials, such as commercial active carbons,**?’
carbon nanomaterials,®®* graphene,**** and templated
carbons,*?** are the most extensively examined and studied as
electro-active materials for the EDLC mechanism. This is
ascribed to their high specific surface area, electrochemical
stability, and open porosity to electrolyte ions. However, carbon-
based materials have relatively low rate capability and cycling

© 2021 The Author(s). Published by the Royal Society of Chemistry
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stability, because the capacitive charge storage mainly occurs at
the micropores (<2 nm).** Therefore, the porosity control of
carbon-based materials is one of the main themes to guarantee
better performance in terms of power delivery and energy
storage.*** However, to overcome the low capacitance perfor-
mance of carbon-based materials, metal oxides and hetero-
atoms, such as boron,*” nitrogen,***® oxygen,*® phosphorous****
and sulfur,* are incorporated into the surface of carbon-based
materials.**** The incorporation of metal oxides and hetero-
atoms has led to an improvement in the capacitive performance
of such materials, as shown in Table S1.1%° In our previous
study, we developed a preparation method of soft-templated
nitrogen-enriched mesoporous carbon (NMC) with controlled
pore size and volume as a counter electrode in dye-sensitized
solar cells (DSSCs).*>*® The preparation method was beneficial
to tailoring the pore structures of carbon materials by control-
ling the temperature of pyrolysis and the composition of the
PAN-H-PBA copolymer, which consists of polyacrylonitrile (PAN)
as a carbon source and poly(n-butyl acrylate) (PBA) as a sacrifi-
cial block.** Based on the preparation method, very recently, we
reported Ru-doped carbon materials as supercapacitor mate-
rials, which showed outstanding capacitive performance and
cycling stability.*® This can be attributed to the PC and well-
organized distribution of Ru throughout the NMC.

In this study, we prepared a tellurium-doped mesoporous
carbon composite material (Te/NMC), for the first time, via
a facile intercalation method in the presence of nitrogen-doped
mesoporous carbon (NMC) and tellurium powder to investigate
the capacitive behaviour of tellurium and nitrogen dual-doped
carbon materials. The effect of Te and N atoms on the struc-
tural properties was carefully scrutinized using various charac-
terization methods, such as elemental analysis (XPS and EDS),
Raman spectroscopy, nitrogen sorption isotherm measurements
(BET), and field emission scanning electron microscopy (FE-
SEM). We also demonstrate that the incorporation of Te in
carbon-based nanomaterials is a good strategy to improve the
capacitive performance of carbon materials and that the incor-
poration of two types of atoms improves the overall capacitive
performance of the materials due to their synergetic effect.

2. Experimental section
2.1. Materials

n-Butyl acrylate, acrylonitrile, a,0’-azoisobutyronitrile, copper(u)
bromide, tris(2-pyridylmethyl)amine, 2,2’-bipyridyl, ethyl o-

PAN-b-PBA
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bromoisobutyrate, copper(i)chloride, aluminium
dimethyl sulfoxide, ethanol, dimethylformamide,
hydrochloric acid, potassium hydroxide, methanol, and tellu-
rium metalloid were provided by Sigma-Aldrich.

oxide,
toluene,

2.2. Preparation of the nitrogen-doped mesoporous carbon
(NMC) material

The as-prepared block copolymer (PAN-b-PBA) was placed in
a quartz furnace. Then, it was stabilized at 280 °C under an air
atmosphere (heating rate: 5°C min ", time: 2 h) and carbonized
at 900 °C under a nitrogen atmosphere (heating rate:
5°C min~ ', time: 1 h).

2.3. Preparation of the Te/nitrogen-doped mesoporous
carbon composite (Te/NMC) material

The NMC material was physically mixed with tellurium powder
(W/w%), and it was directly placed in a furnace. The mixture of
NMC and tellurium powder was carbonized at 600 °C to intro-
duce tellurium atoms into the NMC under a nitrogen atmo-
sphere (heating rate: 5 °C min~", time: 1 h). The final product
was washed with aqueous solutions of 1 M HCl and 3 M KOH to
remove the unreacted tellurium.

3. Results and discussion

Fig. 1 shows the preparation method of the tellurium/nitrogen-
doped mesoporous carbon composite (Te/NMC) material. The
PAN-b-PBA block copolymer, which consists of a sacrificial
block (PBA) and a nitrogen-enriched carbon block (PAN), was
synthesized via the atom transfer radical polymerization (ATRP)
method according to previous work.***> The PAN-b-PBA block
copolymer was characterized by gel permeation chromatog-
raphy (GPC). The number-average molecular weight of the PAN-
b-PBA copolymer was determined to be 35 200, and the copol-
ymer composition and polydispersity index were estimated to
be (AN);09-(BA)4000 and 1.25, respectively (Fig. S11). To prepare
the nitrogen-doped mesoporous carbon (NMC), the PAN-b-PBA
block polymer was stabilized and carbonized in a furnace,
according to previous reports.>*>*” The prepared NMC was then
mixed with tellurium powder (1:1 w/w%). After that, the
mixture was carbonized to intercalate the tellurium atoms into
the carbon network. The Te/NMC was simply prepared using
the carbon source and tellurium precursor. The detailed prep-
aration methods are given in the Experimental section.

\tdhlh/dll()ll Intﬁfatlon
arbonlldtlo

Fig. 1 Preparation method of the tellurium/nitrogen-doped mesoporous carbon composite material.
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Fig. 2

To investigate the specific surface area and porosity of NMC
and Te/NMC, nitrogen sorption isotherm measurements were
conducted. The nitrogen adsorption-desorption isotherm plots
of NMC and Te/NMC are displayed in Fig. 2a, and the param-
eters are tabulated in Table 1. As shown in Fig. 2a, the isotherm
plots of both NMC and Te/NMC exhibit type IV isotherms with
a H1 hysteresis loop. This indicates a well-developed mesopore
and inter-connected pore carbon structure. The specific surface
areas of the NMC and Te/NMC materials were calculated to be
437.96 and 261.07 m* g~ ' with total pore volumes of 0.80 and
0.63 cm® g7, respectively. The pore sizes were estimated to be
11.28 and 11.37 nm for NMC and Te/NMC, respectively. Inter-
estingly, despite the surface areas and total pore volumes of Te/
NMC being lower than those of NMC, the pore sizes of NMC and
Te/NMC are almost the same. This indicates that the Te
metalloid was intercalated into the NMC well and does not
block the inner-pores of the NMC.

To assess the structural characteristics of the two carbon
materials, X-ray diffraction (XRD) measurements and Raman
spectroscopy were carried out (Fig. 2b-d). Fig. 2b displays the

Table 1 Porous properties of the NMC and Te/NMC materials®
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(a) Nitrogen adsorption—desorption isotherms, (b) XRD diffraction patterns and Raman spectra of (c) NMC and (d) Te/NMC.

XRD patterns of the two materials. These patterns show broad
diffraction peaks at 25° and 43°, which correspond to the (002)
and (100) planes of graphitic carbon, indicating their amor-
phous and disordered structures.”*> However, there are no
crystal peaks for Te, indicating the atomically dispersed Te in
the carbon network. Fig. 2c and d display the Raman spectra of
NMC and Te/NMC, respectively. The spectra for both materials
exhibit three distinct peaks at around 1350, 1590, and
1510 em ™', which are assigned to the defect-induced band (D),
in-plane vibrational graphitic-induced band (G), and amor-
phous structure band (A) of carbon, respectively.®® In general, it
is well known that the D band becomes active as a result of
defects occurring in the carbon lattice from the Raman inactive
mode (Ay,), and the G band (E,,) presents as a result of the
stretching vibration mode of the C-C bond. Therefore, the
intensity ratio of the D and G bands (Ip/I) in carbon materials
is often used to estimate the level of disorder in graphitic
structures.*** The I,/I; ratios for NMC and Te/NMC were
determined to be 2.81 and 2.90, respectively, which implies that

Sample Sper (M g™ 1) Viotal (cm® g7 ) Vimiero (cm® g7 1) Vimeso (cm® g7%) Pore size (nm)
NMC 437.96 0.80 0.10 0.68 11.28
Te/NMC 261.07 0.63 0.03 0.60 11.37

“ Sger: BET surface area, Vio: total pore volume, Viicro: micropore volume, Vieso: mesopore volume.
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both of the as-prepared materials contain semi-graphitic carbon
with many defect sites.>*

To observe the surface morphology and porous structure of
NMC and Te/NMC materials, field emission scanning electron
microscopy (FE-SEM) measurements were conducted. The SEM
images at high magnification exhibit the 3D bi-continuous
structure of NMC and Te/NMC with mesopores (see Fig. 3a
and b). In addition, the doping of elements into the samples
was detected by SEM-EDS (Fig. 3c-e for NMC and Fig. 3f-i for
Te/NMC). The EDS elemental mapping results of NMC display
that the N (Fig. 3d) and O (Fig. 3e) atoms are uniformly
distributed in the carbon matrix, while those of Te/NMC also
display the homogeneous distribution of N (Fig. 3g), O (Fig. 3h)
and Te (Fig. 3i) atoms in the carbon matrix. This demonstrates
that Te atoms were successfully introduced into the carbon
framework of NMC.>*>

X-ray photoelectron spectroscopy (XPS) was carried out to
determine the elemental composition and the bonding charac-
teristics of the C, N, O, and Te atoms in the two materials. In
Fig. 4, the X-ray survey spectra indicate the presence of C, Nand O
atoms in NMC, while Te/NMC exhibits the presence of C, N, O
and Te atoms. Their elemental composition results are
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Fig. 4 XPS survey spectra of the NMC and Te/NMC materials.

summarized in Table 2. The Te content of Te/NMC was estimated
to be approximately 2.12 atomic percentage (at%). To further
understand the bonding characteristics of NMC and Te/NMC,
high-resolution XPS was performed. Fig. 5 displays the bonding
characteristics of the C, N, O and Te atoms. After the deconvo-
lution of C1s for NMC, four major peaks were displayed at 290.8,
286.9, 285.8 and 284.6 eV that correspond to O=C-OH, -C-O,

Fig. 3
and Te/NMC ((f) carbon; (g) nitrogen; (h) oxygen; (i) tellurium).

© 2021 The Author(s). Published by the Royal Society of Chemistry

(a, b) SEM images of NMC and Te/NMC at high magnification, and EDS elemental mapping of NMC ((c) carbon; (d) nitrogen; (e) oxygen)
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Table 2 Elemental compositions of the NMC and Te/NMC materials

Element (at%)

Sample C o N Te
NMC 86.31 7.23 5.41 —
Te/NMC 85.04 5.86 6.99 2.12

-C=N/-C-N and -C-C/-C=C bonding, respectively (Fig. 5a).”
Meanwhile, after the deconvolution of C1s for Te/NMC, there
were five peaks: four peaks at 290.8, 286.9, 285.8 and 284.6 eV

View Article Online

Paper

corresponding to O=C-OH, -C-O, -C=N/-C-N and -C-C/-C=C
bonding, respectively, and another peak at around 283 eV cor-
responding to C-Te bonding (Fig. 5d). Deconvolution of the N1s
spectra of NMC and Te/NMC led to four different peaks being
displayed, which are consistent with pyridinic-N (397.9 eV),
pyrrolic-N (400.2 eV), graphitic-N (400.6 eV), and pyridinic-N
oxide (402.3 eV), as shown in Fig. 5b and e.”® The charge-
transfer ability and overall wettability were improved by the N-
heteroatoms (mainly pyridinic-N and graphitic-N) incorporated
into the carbon matrix, enhancing the PC. The high-resolution
O1s spectrum of NMC deconvoluted into two peaks at around
533.9 and 531.6 eV, which can be assigned to C-O-R and -C=0

(a) Norema (b) (c)
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Fig.5 High-resolution deconvoluted XPS spectra of NMC ((a) carbon, (b) nitrogen, (c) oxygen) and Te/NMC ((d) carbon, (e) nitrogen, (f) oxygen,

(9) tellurium).
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Fig.6 CV plots of (a) NMC and (b) Te/NMC at scan rates in the range of 10-100 mV s, (c) comparative CV plots of NMC and Te/NMC at a scan
rate of 50 mV s~ GCD plots of (d) NMC and (e) Te/NMC at a current density of 0.5-10 A g™%, and (f) comparative GCD plots at a scan rate of
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bonds, respectively (Fig. 5¢), while those of Te/NMC deconvoluted
into three peaks at around 534.8, 532.6 and 530.8 eV, which are
consistent with to C-O—R, C=0 and O-Te bonds, respectively
(Fig. 5f).°* Deconvolution of the Te3d spectrum of Te/NMC
displays four peaks (Fig. 5g). Two of the peaks at around 586.2
and 575.9 eV, can be characterized as two splitting orbitals, 3d*>
and 3d*?, of the Te-O bond.* The other two peaks, at around
584.2 and 573.8 eV, are characterized as the splitting orbitals, 3d*
2 and 3d®?, of the Te-C bond. Interestingly, the intensities of the
Te-O bond peaks are much greater than those of the Te-C bond
peaks. This can be explained by the Te atoms being intercalated
with a Te-O bond rather than by a Te-C bond in the carbon
matrix.*

The electrochemical performances of the NMC and Te/NMC
electrodes were investigated in 6 M KOH electrolyte using
a three-electrode system containing an Ag/AgCl reference elec-
trode (Fig. 6). The cyclic voltammetry (CV) plots were recorded
at different scan rates from 10 to 100 mV s~ over a potential
window of —1.0 to 0 V. The CV plots of NMC display a typical
quasi-rectangular-like shape with a bulge. This is assigned to
the N of the porous carbon (Fig. 6a).>*** This slight bulge at
around —0.85 V indicates the presence of PS with EDLC, which
is associated with the electrochemical reaction of the doped
nitrogen functional group. Moreover, a quasi-rectangular-like
shape after increasing the scan rate from 10 to 100 mV s *
was observed in the CV plots, which indicates a fast charge
transfer rate and facile ion passage within the NMC electrodes.
In the case of Te/NMC (see Fig. 6b), the CV plots of Te/NMC are
similar to those of the NMC, but they exhibit a slightly broad-
ened PC peak with increasing current density compared to the
NMC electrodes. This represents the PC intensification as
a result of the incorporation of Te atoms and the increase in the
capacitive area available as a result of the formation of inter-
connections in the mesoporous carbons through Te-O bonds.**

The gravimetric capacitances (i.e., Cs) of the electrodes were
measured by carrying out galvanostatic charge-discharge (GCD)
measurements at different current densities (0.5, 1, 2, 3, 5, and
10 Ag™Y). The Cg values were estimated using the equation Cg =
I x At/m x AV, where I is the current, At¢ the discharging
time, m the mass of the active material, and AV is the potential
window. In general, the symmetric charge-discharge plots of
the electrodes indicate the reversible behavior of surface redox

240
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reactions. Fig. 6d and e display the symmetric GCD plots of
NMC and Te/NMC at current densities of 2-10 A g™, but at the
current densities of 0.5 and 1 A g ' bent GCD plots are
observed. These phenomena can be explained due to the PC
that arises due to the incorporation of hetero-atoms and metal
oxides.* In addition, the intercalation of Te atoms can result in
a plateau in the charge-discharge plots due to the PC of N,
which corresponds to the CV results. However, the charge-
discharge time in the Te/NMC materials increased, indicating
a higher Cs value via the PC of Te, and the limitation of acces-
sibility of ion migration inside the pore structures by the
interconnections between the mesoporous carbons through Te-
O bonds (Fig. 6€). The projected Cg values for NMC and Te/NMC
are 118 and 197 F g™, respectively. A comparison of the GCD
plots of the two different electrodes at 0.5 A g~ is presented in
Fig. 6f.

Rate capability is one of the most important properties for
SCs, since their main application field requires a fast charge-
discharge rate and quick energy transfer.'® Therefore, the rate
capability of electrodes at different current densities (0.5, 1, 2, 3,
5, and 10 A g7") is shown in Fig. 7a. By increasing the current
density from 0.5 to 10 A g ', the Cs values of both prepared
NMC and Te/NMC electrodes decreased. This behaviour can
also be attributed to the insufficient time for electrolyte trans-
port into the entire pore structure and the PC of the doped
elements.” In particular, the reduction of Cg for the Te/NMC
electrode between a current density of 0.5 to 10 A g~ ' is greater
than that of the NMC electrode, which indicates the PC inten-
sification via the incorporation of Te atoms and the increase in
the interconnection in the mesoporous carbons through Te-O
bonds. However, the retention of Cs for Te/NMC was signifi-
cantly higher than that of NMC at all current densities (see
Fig. 7a). To investigate the conductive and diffusion behavior of
NMC and Te/NMC based electrodes, EIS was performed. The
Nyquist plots of the NMC and Te/NMC electrodes are shown in
Fig. 7b and were fitted with an appropriate equivalent circuit.*
In the Nyquist plots, the intercepts on the real axis at higher
frequencies indicate the equivalent series resistance (Rs), which
is associated with the ohmic resistance of the electrode and
electrolyte distribution resistance.*® The arcs at the high- and
mid-frequency imply the charge transfer resistance at the
electrode/electrolyte interface (Rcr). The vertical graphs at the
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low-frequency indicate the good capacitive properties. As shown
in Fig. 7b, the Nyquist plots display vertical graphs for the NMC
and Te/NMC electrodes, which means the good capacitive
properties of the electrodes. The inset of Fig. 7b displays that
the Rg values of the two electrodes are 0.35 and 0.27 Q for the
NMC and Te/NMC electrodes, respectively, as determined by
estimating the vertical lines and real axis. The smaller the Rg
value of the Te/NMC electrode can be attributed to the
enhancement of charge transport in the carbon matrix by the
formation of interconnected mesoporous carbons through Te-
O bonds. The smaller arc of the Te/NMC electrode at high
frequency than that of the NMC electrode indicates the efficient
PC mechanism by the incorporation of Te atoms, because the
incorporation of Te atoms can reduce the activation energy for
inner-path charge transfer between the electrolyte and Te-
doped carbon materials, according to the previous results.*

Furthermore, the cycling stability of the NMC and Te/NMC
electrodes was tested in a standard three-electrode configura-
tion via continuous charge-discharge measurements at
a current density of 5 A g~ " over a potential window of —1to 0 V.
As shown in Fig. 7c, it can be observed that NMC and Te/NMC
electrodes exhibit excellent retention of specific capacity for
1000 cycles. However, the phenomenon of increasing capaci-
tance after 100 cycles may be due to increase of wettability of the
electrode materials and feasible accessibility of the pores by
electrolyte ions.*® In particular, the Te/NMC electrode shows
around 115% relative capacitance after 1000 cycles. This can be
attributed to the increased capacitive area in the carbon matrix
as a result of the intercalation of Te atoms.

4. Conclusions

A comprehensive study was performed for the electrochemical
application of tellurium/nitrogen-dual doped carbon composite
materials as SC electrodes. NMCs were synthesized by oxidative
stabilization and the pyrolysis of the PAN-b-PBA copolymer.
Then, the Te atoms were intercalated into the carbon network of
the NMCs. The as-prepared NMC and Te/NMC materials were
characterized by elemental analysis (XPS and EDS) and nitrogen
sorption isotherm measurement (BET). The Te/NMC materials
mainly consisted of mesopores and retained the 3D hierarchical
graphite-like structure with many defect sites. The N and Te
atoms were uniformly dispersed into the carbon matrix. The
doping level of Te/NMC is 6.99% and 2.12% for nitrogen and
tellurium, respectively. The specific surface area of the Te/NMC
materials was determined to be 261.07 m* g~ ', which is much
lower than that of NMC (437.96 m> g~ '). However, despite the
surface area and total pore volume, the Te/NMC displayed
a higher specific gravimetric capacitance of 197 F g " than that
of NMC (112 F g7') at a current density of 0.5 A g, when
evaluated as SC electrodes. In the overall analysis, it can be
found that the intercalation of Te atoms into mesoporous
carbon materials leads to the PC intensification and the
increase of the capacitive area available, thereby improving the
capacitive performance. However, the rate capabilities of the
two carbon-based electrodes were low because of insufficient
time for electrolyte transport into the pore structure and
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pseudo-capacitance. In contrast, they exhibited remarkable
cycling stability (almost 100% retention after 1000 cycles). As
a result, the prepared Te/NMC materials were shown to be
promising electrode materials for SCs and other applications.
Furthermore, the present process may provide new insight for
developing carbon composite materials.
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