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Durability of S- and N-doped graphene
nanoplatelets for electrode performance in solid-
state batteries
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Parshant Kumar® and Zdenék Sofer (*°

The main emphasis of the present Highlight paper is to summarise reported works aiming to understand
the effect of sulfur and nitrogen doping on graphene nanoplatelets for high capacity electrodes in solid-
state rechargeable energy storage devices. Lithium-ion batteries are considered to be one of the most
promising energy storage devices which have the potential of integrating the high energy granted by
lithium-ion batteries and long cycling life of supercapacitors in the same system. However, the present Li-
ion batteries provide only high power density due to the low electrical conductivity of the anode materials.
Moreover, there is a need to increase the capacity and kinetic imbalances between the anode and cathode
by designing high-power and stable structures for the anode and cathode materials. Graphene
nanoplatelets (GnPs) have been intensively explored as anode materials in lithium ion batteries due to their
unigue structure and outstanding electrochemical properties. The synthesis procedure, structure and
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1. Introduction

The last two decades have witnessed a significant
advancement in the field of carbon-based nanomaterials for
applications in various sectors such as structural,'
optoelectronics, sensing,” and high-end energy applications.’
Although the chemical make-up may be the same for various
carbon-based = nanomaterials, the atomic  bonding
arrangement may vary significantly, given that different
carbon-based nanomaterials may yield disparate sets of
properties.” Furthermore, the use of carbon-based materials
is not new in Li-ion batteries. The first use of a carbon-based
material occurred in 1985 in Japan® when graphite was used
as an anode in Li-ion batteries. Its use as an anode in Li-ion
batteries was attributed to its incomparable balance of cost,
power density, abundance, high energy density (high capacity
with low de-/lithiation potential), low volume expansion, high
stability, long cycle life, low potential difference between
carbon and Li, and excellent electronic and ionic
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electrochemical performance of such materials are discussed extensively in this manuscript.

conductivity.>® Various carbon-based materials could be used
as electrodes in Li-ion batteries. However, mainly graphite,
CNTs, and graphene have been used in Li-ion batteries. In
fact, the use of carbon-based materials in Li-ion batteries
started in 1985 and the invention timeline of graphite, CNTs,
and graphene is shown in Fig. 1.”°

Among the various carbon-based nanomaterials, graphene
and carbon nanotubes usually possess the best combination
of properties and resulting benefits.'” However, graphene,
which is considered as a wonder material, outperforms
carbon nanotubes in several applications.""*?

Graphene is the thinnest material in the carbon family and
it is a potential candidate for various applications due to its
large aspect ratio, ease of obtaining, abundant functional
groups, low density, and tunable properties."* Even though
graphene is being already employed in a variety of applications,
its usage in energy storage devices continues to progressively
increase to meet the increasing demand of modern electronics
and electric vehicles.!® Furthermore, the fast electron transfer
rate, excellent electrochemical activity, high specific surface
area (~2630 m*> g™'), broad electrochemical window, and
achievement of high power density with high energy density
make graphene a lucrative choice for electrodes of solid state
batteries (SSBs)."> " SSBs function with the same principle as
that of conventional Li-ion batteries with the difference of
using solid electrolyte instead of liquid electrolyte; this leads to
improvement of the cycle life, reduction in the flammability,
and increase in the energy density.'® Although graphene is an
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Fig. 1 Invention timeline of graphite, CNTs and graphene;’™® 2012, The Royal Society of Chemistry; reprinted with permission, Copyright 2010
Wiley-VCH; 2019 Walter de Gruyter GmbH, published under a CC License (open access).

excellent material for energy storage devices, its performance
in batteries can be further improved by precise and
reproducible doping which alters the Fermi energy level and
tunes the band gap required for the suitable energy storage
application. Fig. 2(a-d) show the effect of p-type and n-type
doping on the Fermi level and operation mode of graphene. It
can be observed from Fig. 2(a) and (b) that pristine graphene is
a gapless semiconductor having a Fermi level at the Dirac point
of the energy band structure. Doping of either p-type or n-type
could shift the Fermi level and create a tunable bandgap
between valence and conduction bands.*” This facilitates the
movement of electrons from the valence band to the
conduction band which may promote charge transfer (as
shown in Fig. 2(c) and (d)) and reduce the energy barrier for ion
intercalation. Fig. 2(e) and (f) show the Nyquist plots for
undoped and N-doped (nitrogen doped) graphene, before
cycling and after 5 cycles, respectively.

It can be observed from Fig. 2(e) that both pristine
graphene and N-doped graphene exhibited almost similar
resistances before cycling. However after 5 cycles (Fig. 2(f)),

12 | CrystEngComm, 2024, 26, 11-26

when nitrogen was introduced to the basal planes of
graphene, N-doped graphene displayed a lower charge
resistance and better ionic conductivity. The improved
performance of graphene could be attributed to several factors,
i.e., 1) more lone pair electrons for graphene are produced with
the introduction of nitrogen atoms which improved the
electron mobility and electronic conductivity, ii) graphene
defects are increased with the introduction of nitrogen atoms
which facilitated the storage of more ions, iii) due to the higher
electronegativity of nitrogen as compared to graphene, the
adsorption energy was improved and the energy barrier was
decreased for ion intercalation. Thus, doping produces a
significant effect on the energy storage potential of batteries.
Although several heteroatoms can be used to dope
graphene for energy storage applications, the doping of
boron (B), nitrogen (N), and sulfur (S) in the graphene lattice
is a popular practice due to several resulting benefits
obtained over other dopants.>*>* Boron doping results in a
p-type doping effect on the materials whereas nitrogen
doping may result in both p-type and n-type doping effects

This journal is © The Royal Society of Chemistry 2024
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Illustration of the energy diagram of (a) p-type doped graphene; (b) n-type doped graphene. Structure of doped-graphene by: (c) p-type

surface transfer doping; (d) n-type surface transfer doping. Nyquist plots for N-GP and GP (e) before cycling and (f) after 5 cycles with the fitted
curves. Panels (a-d) are reproduced with permission from the data published in ref. 20 Copyright 2021, The Royal Society of Chemistry. Panels (e
and f) are reproduced with permission from the data published in ref. 21 Copyright 2018, The Royal Society of Chemistry.

which depends upon the type of dominant functional group
present in nitrogen. Thus different dopants may lead to
distinct electrochemical performances. For instance, Wang
et al** performed cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) and calculated specific capacitance
(Csc) experiments at different current densities, as well as
cycling stability studies on S, N, and co-doped graphene. The
authors found that co-doped graphene exhibits better
electrochemical performance as compared to single doped
with sulfur and nitrogen as shown in Fig. 3.

It can be understood from Fig. 3 that S, N, and co-doped
graphene exhibit different electrochemical performances
due to varying dopant and doping characteristics. Thus the
extensive study of dopant morphology, electronic properties,
chemical composition, and functional groups is necessary
to tailor the doped graphene for energy storage
applications.?* These points constitute the main theme of
the present review paper.

This journal is © The Royal Society of Chemistry 2024

2. Graphene as the positive electrode
skeleton

Graphene nanoplatelets (GnPs) exhibit particularly high
conductivity together with chemical stability. The electrical
conductivity of GnPs is affected by the number of graphene
layers, shape and size of nanoplatelets. The high value of
electrical conductivity mainly arises from the delocalization
of electrons over the entire graphene surface which enables
the facile movement of electrons. Basically, graphene is a
two-dimensional (2D) material which comprises a one-atom-
thick sp*-carbon layer, sharing many similar properties with
SWCNTs. When the graphene sheet is rolled at a certain
angle, it converts to SWCNTs. Graphene nanoplates can only
be used as a three-dimensional (3D) hybrid structure
constructed by placing SWCNTs among graphene planes
through covalent C-C bonding. Therefore, combining the 1D
SWCNTs and 2D graphene into 3D GnPs/SWCNTs hybrids is

CrystEngComm, 2024, 26, 11-26 | 13
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considered to be an effective route to bridge microscopic SWCNTs
as well as graphene. This approach can further extend the
applications of these materials in macroscopic devices through a
bottom-up strategy, without introducing any non-carbon
impurities. The SWCNTs and graphene can be well distributed in
the GnPs/SWCNTSs hybrids and effectively connected with reduced
interface thermal and electrical resistance. Therefore, several
excellent features of the GnPs/SWCNTs hybrids, such as thermal,
mechanical, and energy storage properties, have been proposed
by theoretical modeling.*® The strategy for the fabrication of
GnPs/SWCNTs hybrids is illustrated in Fig. 4d. Hydrogen helps to
reduce the layer of double hydroxides (LDHs) which come from
(FeNPs) with extraordinary thermal stability. Consequently
SWCNTs can grow continuously from these FeNPs with the
constant introduction of hydrocarbons. The hybrid GnPs/SWCNT
structure is isolated after removal of the calcined LDH flakes. The
fabricated GnPs/SWCNTs hybrids are composed of two portions
of the GnPs/SWCNTs hybrid with their graphene layers stacked
together because both sides of the LDH flakes were effective for
the deposition of graphene and SWCNTs as shown in Fig. 4d.
Generally, during the CVD process, the growth of SWCNTs
requires catalyst NPs with small size (<5 nm) for high
thermal stability, while the growth of graphene necessitates a
continuous flat substrate. Furthermore, achieving rapid
growth of SWCNTs on a graphene substrate is extremely

14 | CrystEngComm, 2024, 26, 11-26

difficult: carbon atoms in the graphene sheet can be
dissolved into the metal NPs during the precondition
process, which results in the quick sintering of metal NPs
onto the graphene surface. CNTs grown on the graphene
substrate usually have multiwall numbers and much less
graphitization.>® Recently, a one-step fabrication of GnPs/
SWCNT hybrids was reported by using a mixed catalyst.>®
Layered double hydroxide (LDH) materials comprise a
multifunctional catalyst for the one-step CVD growth of GnPs/
SWCNT hybrids. The formation of sp> carbon materials from
LDHs has been found to be of key importance for the catalysis
of the fabrication of GnPs/SWCNT hybrids with extraordinary
thermal stability for SWCNT formation based on their layered
structure. A CVD process was performed at high-temperature
(over 950 °C) using FeMgAl LDH flakes to achieve the in situ
deposition of both SWCNTs and GnPs/SWCNTs hybrid
structures. The prepared FeMgAl layered double hydroxide
flakes were well-crystallized hexagonal structures with a lateral
size of ca. 1 pm and a thickness of several nanometers
(Fig. 4a (i)). Calcination of the FeMgAl LDH flakes resulted in
dehydration and decarbonization, leading to the formation of
the corresponding FeMgAl layered double oxide (LDO) flakes,
which were mainly composed of MgO, Fe;O, and MgAl,O,
(Fig. 4a (ii)). However, the plate-like structure of the LDHs can
be well preserved for the FeMgAl (LDO) flakes (Fig. 4a (iii)). The

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 a) i) SEM image of the as-prepared FeMgAl LDH flakes. The inset image shows a hexagonal LDH flake. (i) XRD patterns of the FeMgAl LDH
and FeMgAl LDO obtained by calcinating FeMgAl LDH at 950 °C for 15 min, and the products after the CVD growth of the G/SWCNT hybrids. (iii)
TEM image and (iv) SAED pattern of the FeMgAl LDO flakes (with permission of American Chemical Society 2012);2° b) (i) SEM and (ii) TEM images
of the as-grown GnPs/SWCNT/LDO hybrids; (iii and iv) SEM image of the as-fabricated GnPs/SWCNT hybrids; (v) TEM and (vi) HRTEM image of the
GnPs/SWCNT hybrids (with permission from American Chemical Society 2012);?® c) schematic S/graphene composite for battery cathodes;?*%’ d)
interaction between graphene and sulfur and its configuration. (i) Macroscopic volume change of graphene-coated sulfur particles. (ii) Microscopic
symmetry and non-polarity of graphene and sulfur. (iii) The in-plane structure has the advantage of flexible electrodes. (iv) Sandwich structure:
sulfur is confined between two or more layers of graphene sheets. (v) core-shell structure: sulfur and LiPSs are coated by graphene to prevent
leakage. (vi) SEM image of complex of sulfur and graphene oxide (S/GO). (vii) The sandwich structure of sulfur is evenly distributed on the graphene

sheet. (viii) SEM image of core-shell structure (published under open access CC VY license, MDPI).28-51

FeMgAl LDO flakes had a uniform structure rather than being
randomly mixed metal oxides and a clear hexagonal diffraction
pattern was identified by selected area electron diffraction as
shown in Fig. 4a (iv).>®

Moreover, methane has been used to serve as a carbon
source for the final product of GnPs/SWCNTs hybrid flakes
(Fig. 4b (i)). Single- or bi-layer graphene was observed on the
surface of the LDO flakes, and SWCNTs grown from the small-
sized catalyst NPs embedded in the LDO flakes could also be
observed (Fig. 4b (ii)). After the removal of the LDO flakes, the
GnPs/SWCNT hybrids exhibited a similar interlinked
morphology to that of the G/SWCNT/LDO nanocomposites
(Fig. 4b (iii) and (iv)), in which most of the SWCNTSs grew onto
the surface of graphene layers at both sides. TEM images show
the morphology and composition of few-layers of graphene and
SWCNTs with few graphene layers encapsulating Fe NPs (Fe@C
NPs), as depicted in Fig. 4b (v) and (vi).

This journal is © The Royal Society of Chemistry 2024

2.1 The interactions between sulfur and graphene

Many recent reports on sulfur-embedded carbon cathodes
mention that significant reduction of lithium sulfur
batteries can take place. Carbon materials come with an
excellent conductive scaffold and flexible structure such as
graphene and carbon nanotubes (CNTs) with a diverse
morphology, which can function efficiently as the sulfur
and polysulfide confinement cage in cathodes for the Li-S
battery system. Graphene oxide (GO) offers a promising
solution as a host in Li-S cathodes and S/graphene
composites. In GO/sulfur composites, graphene plays a
significant role in improving the electronic conductivity of
sulfur, inhibiting the shuttle effect of soluble polysulfides
that causes cathode cracking in traditional cathodes. GO-
based cathodes have been shown to be more durable and
efficient than traditional ones in lithium-sulfur battery

CrystEngComm, 2024, 26, 11-26 | 15
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to which it is able to chemically bond with polysulfides,
endowing GO with a strong polysulfide entrapping
ability.*?

The physical and chemical interactions between sulfur
molecules and graphene show that the geometric features of
graphene allow it to serve as a substrate material for coating
sulfur particles on a macroscopic scale as illustrated in
Fig. 4d (i-iii). The stretching ability of the sulfur cathode
framework is essential for the improvement of
electrochemical performance. In fact, graphene boosts the
charge transfer between sulfur particles and electrolytes due
to its unique structure. The physical coating of graphene can
prevent the spreading of dissolved polysulfides. Porous
graphene can accommodate the volume expansion and
improve the utilization of sulfur during the charge-discharge
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hybridisation orbitals. The Sg molecule has a zig-zag ring
with eight sulfur atoms, which is called a double-layer
octagonal structure.*® The crystal structures of graphene and
elemental Sg molecules are both highly symmetrical and they
display non-polar properties, as shown in Fig. 5d (iv and v).
Therefore, van der Waals forces are very strong. The
interaction between the two species is reflected in the pairs
of S 3p,” electrons and the antibonding conjugated states of
the graphene plane. The graphene-based materials are
bonded to the element of the Sg molecule. Hence, lithium
polysulfide (LiPS), depicted in Fig. 5d (vi-viii)*® is a suitable
choice for the sulfur cathode framework.

Fig. 5a (i) shows that during the first four cycles of the
cyclic voltammogram profiles, no changes can be observed
for both the anodic/cathodic peaks implying the
electrochemical stability of the cathode. The cycling stability

process. Moreover, the graphene hexagonal honeycomb  of the GnPs/SWCNTs hybrid nanocomposites is
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Fig. 5 a) Electrode performance of the GnPs/SWCNT-S nanocomposites for Li-S cells: (i) CV profiles; (ii) cycling stability; (iii) galvanostatic charge-
discharge curves at different current rates; (iv) rate performance (with permission from American Chemical Society 2012);2° b) (i) XRD patterns of
graphene, CNT, graphite, graphene/S, CNT/S, graphite/S, and pure sulfur materials; (i) TGA analysis of the graphene/S, CNT/S, graphite/S, and pure
S materials, nitrogen protected, 20 °C min* heating rate; (iii) isotherms for N, adsorption-desorption on graphene, CNT, and graphite materials;
(iv) BJH graphene, CNT, and graphite pore-size distribution (with permission from American Chemical Society 2019); c) (i) cycle performances of
graphene/S, CNT/S, graphite/S, and pure sulfur cathodes, current density is 200 mA g™%; specific capacity potential plots for (ii) graphene/S, (iii)
CNT/S, and (iv) graphite/S at different cycles; (v) high-rate performance of the graphene/S, CNT/S, and graphite/S cathodes; plots of specific
capacity potential for (vi) graphene/S, (vii) CNT/S, and (viii) graphite/S cathode at different high-rate charge/discharge current densities (with

permission from American Chemical Society 2019).%*
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corresponding to the reduction of S to high-order lithium
polysulfides and to Li,S, and Li,S, respectively, were observed
for all the discharge curves at different current rates as
shown in Fig. 5a (iii). However, a high reversible capacity of
ca. 650 mA h g™* can be still preserved even at the very high
current rate of 5C, indicating an excellent rate performance
of the GnPs/SWCNT-S nanocomposites as depicted in
Fig. 5a (iv). This demonstrates that the sulfur in the GnPs/
SWCNT-S cathodes can be fully utilized at every current rate.

To compare the effect of sulfur on graphene, graphite and
CNTs, sulfur-embedded carbon cathodes were prepared with
carbon allotropes of graphene. X-ray diffraction (XRD)
patterns of graphene, CNT, graphite, graphene/S, CNT/S,
graphite/S and pure S materials are shown in Fig. 5b (i).
There is no distinct peak in the XRD pattern of graphene,
which indicates low crystallinity or amorphous structure. The
XRD diffraction peaks of CNTs and flake graphite are located
at 26.5°, in accordance with what is expected for the typical
structure of graphite crystals.*> The thermogravimetric
analysis (TGA) shows the effect of sulfur on graphite structure
(Fig. 5b (ii)), indicating the weight loss of pure S in the
temperature range 190-300 °C. In the same temperature
range, the three carbon/S composites reproduce the weight
loss profile of pure sulfur; this serves as a good
approximation for the determination of the sulfur weight
ratio in the composites. Therefore, the weight losses of S in
the graphene/S, CNT/S, and graphite/S are calculated as
72.94, 59.63, and 62.80 wt%, respectively. The porosity of the
three carbon/S composites was determined by adsorption-
desorption isotherms with N,, as shown in Fig. 5b (iii). With
relative pressure ranging from 0.8 to 1.0, all three samples
demonstrate no hysteresis loop, suggesting that these
materials have a large number of homogeneous pores. The
distribution of the pore size can be deduced with Barrett-
Joyner-Halenda (BJH)'s adsorption variants, as shown in
Fig. 5b (iv).

Furthermore, electrochemical characterization was applied
to estimate the function of the three carbon/S cathodes with
metallic lithium as the anode. The long-term stability for
cycling up to 100 cycles with 200 mA g™ current density is
shown in Fig. 5¢ (i and ii) where all three cathodes exhibit
better cycle stability than pure sulfur. Among the three
cathodes, the discharge capacity of graphene/S remains above
840 mA h g™ for up to 100 cycles. Moreover, the average
coulombic efficiency of the graphene/S cathode is revealed to
be >99.4%, which demonstrates the best cycle stability and
excellent reversibility. The increase in capacity during the
first few cycles is because of the electrode activity process.
The lithium ion gradually enters the electrode materials, so
the lithiation channels become much smoother after the first
few cycles resulting in increasing capacity.
Fig. 5c (iii) and (iv) present the cycle dependence of charge/
discharge performance for the three carbon/S cathodes. The
CNTY/S cathode is capable of delivering a high capacity from
the very beginning, while graphene/S and graphite/S capacity
peaks can only be obtained after 10-20 warm-up cycles,

This journal is © The Royal Society of Chemistry 2024
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which indicates that the CNT/S cathode displays the fastest
electrochemical active kinetics among the tested cathodes.
The rate capability, for all of them, was estimated in a wide
range of current density. As can be seen from
Fig. 5c¢ (v and vi), the graphene/S cathode exhibits a high
discharge capacity of 1600 mA h g™ in the first few cycles at
a current density of 100 mA g™'. When current density was
elevated to 200, 400, 800, and 1000 mA g"l, the cathodes
exhibited capacities of 1196, 1023, 713, and 448 mA h g,
respectively. Furthermore, the graphene/S cathode shows
good recovery of the capacity of 945 and 798 mA g™ ' as the
current rate drops to 200 and 100 mA g'. It is worth
mentioning that CNT/S and graphite/S cathodes have better
capacities of 518 and 557 mA h g ' than the graphene/S
cathode when it comes to a high current rate (1 A g™"), which
can be explained by the fact that CNTs and graphite provide
faster sulfur utilization under high rate charge/discharge
conditions. Fig. 5c (vii and viii) displays the charge rate
dependence of charge/discharge behaviors of the three
carbon/S cathodes. There are two prominent plateaus at the
high charge rate which denote excellent electrical
conductivity resulting in rapid charge transfer.*>>*

Fig. 6a shows the charge-discharge voltage profiles of the
11th cycle measured during galvanostatic cycling at 0.1C
(where 1C corresponds to a current density of 1675 mA g™)
within 1.5-3.0 V (vs. Li'/Li). As it can be observed, two
plateaus at 2.35 V and 2.05 V were clearly visible during the
discharge process, which correspond to the formation of
long-chain lithium polysulfides (Li,Sy, 4 < x < 8) and short-
chain lithium polysulfides (such as Li,S, and Li,S),
respectively. Such a discharge profile is common for sulfur
cathodes. On the basis of the discharge results, the S-GS
electrode was able to deliver 6.0 mA h cm™ of the electrode
and 625 mA h g of sulfur in the 11th discharge process.
The obtained low gravimetric specific capacity is attributed to
the large areal mass loading of sulfur. As with previous
reports for lithium-ion batteries, thicker electrode cells will
be discharged at a higher current density, thus tending to a
lower impedance; in addition, a thicker electrode places more
strain on the transport of lithium ions in the electrolyte, thus
it can possibly decrease the gravimetric specific capacity.**™*°

Fig. 6b (i) shows that the electrode exhibited well-overlapped
and flat plateaus, suggesting good stability and reversibility of
the electrode. The initial discharge capacity is relatively low
(4.93 mA h cm™ for the electrode and 513 mA h g™ for sulfur)
and it can continue to increase until the 11th cycle (6.0 mA h
em™ for the electrode and 625 mA h g™ for sulfur). This
behavior can be attributed to the activation step of the S-GS
electrode because the surface area of the as-prepared S-GS is
low and therefore, it takes a certain amount of time for the
electrolyte to flood the internal surfaces of the GO sponges.
Only under this condition, the deeply buried sulfur and
disulfide bonds can come into contact with the electrolyte and
become electrochemically active. Subsequently, the capacities
almost stabilized and demonstrated little fading upon extended
cycling; as a result, the electrode can exhibit a reversible and
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Fig. 6 a) The charge-discharge voltage profiles of the 11th cycle for the S-GS cathode measured during the galvanostatic cycle at 0.1C (with
permission from Springer Nature 2014 (ref. 41)); b) i) charge-discharge profiles at different cycle numbers as labelled; (ii) cyclic performance and
coulombic efficiency of the S-GS cathode for a Li-S battery at a current density of 0.1C for 300 cycles (with permission from Springer Nature
2014;* ¢) (i) cycling performances and ii) galvanostatic discharge-charge voltage profiles of the S/(CNT@MPC) cathode under different current
rates (with permission of Elsevier, 2019);*? d) schematic illustration of the synthesis procedure of N-doped graphene analogous particles and
model of N-doping. (i) ZIF-8. (i) N-rich carbon polyhedron containing large amounts of graphene analogous particles. (iii) Enlargement of one
graphene particle analogue, which contains several graphene layers and can provide abundant active sites at their edges for grafting nitrogen
heteroatoms. (iv) The schematic of three types of bonding configurations of N atoms within the hexagonal lattice and edges of a graphene layer

(with permission from Springer Nature 2014).4®

comparable capacity of 4.53 mA h em™ after 300 cycles; this
corresponds to a capacity retention of 75.5% (from its highest
capacity of 6.0 mA h cm™) and the decay rate was as low as
0.08% per cycle for 300 cycles. At the same time, as can be seen
from the inserted map in Fig. 6b (ii), the coulombic efficiency
remained at around 98%. On the basis of such superior cyclic
stability, it is reasonable to conclude that the framework of
graphene sponges could effectively improve the cycle stability of
the lithium sulfur batteries, likely through absorption and
immobilization of the polysulfide intermediate; in fact the
framework provides better mechanical support to accommodate
the volume changes during charge and discharge.***®

In addition, the sulfur-loaded cathode maintained
reversible capacities of ~900 and 800 mA h g™ at distinct
rates of 1C and 2C after 20 cycles, respectively. The relation
of cycling performance versus specific capacity is shown in
Fig. 4c (i). The battery exhibited a high reversible capacity
after 20 cycles and good rate performance at various current
densities of 0.1C, 1C and 2C. The cycling stability and rate
capability were improved, but the overall electrochemical
performances are not favorable as compared with high

18 | CrystEngComm, 2024, 26, 11-26

temperature solid state NaS batteries mainly due to the
solubility of Na,S, (4 < n < 8), see Fig. 6¢ (ii).*"

2.2 The interactions between nitrogen and graphene

The potential applications of graphene require certain
changes in its morphological structure to reach the
specifications needed for advanced applications. Among the
various strategies proposed to achieve the desired objectives,
nitrogen doping, i.e., the incorporation of nitrogen atoms in
the carbon lattice, helps to better control the presence of
various types of point defects. N-doping can also improve the
specific capacitance and cyclability of graphene in
supercapacitors as shown in Fig. 6d. Usually, nitrogen doping
is preferred in tuning the electronic properties of the C
material. Recently, graphene oxide (GO) has been used as a
precursor and nine different amino acids are employed as
environment-friendly nitrogen sources for the synthesis of
nitrogen-doped graphene via the hydrothermal method. The
product exhibits a polyhedron-like morphology with a
diameter of approximately 200 nm (Fig. 6d (i and ii)).

This journal is © The Royal Society of Chemistry 2024
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The aggregation of the small graphene analogous particles
with the N atoms localized at their edges can generate large
amounts of nanopores with their inner surfaces decorated
with pyridinic and pyrrolic N, providing more active sites for
Li storage and facilitating the transfer of Li ions and
electrons in the electrode (Fig. 7a (i and ii)). Thus, the
resulting sample shows a higher reversible capacity as an
anode material for LIBs than normal N-doped graphene. The
divacancy and Stone-Wales defects are inevitably present in
the N-doped graphene analogous particles and would be
beneficial for the adsorption of Li atoms according to
previous reports. However, graphene (capacity of around 568
mAhg™) and N-doped graphene (900 mAhg™) both contain
divacancy and Stone-Wales defects and exhibited relatively
lower capacities for Li storage compared to the different
samples (Fig. 7a (iii and iv)), which suggests that the above-
mentioned features may contribute to, but not fully cause,
any experimentally observed capacity.*’

Fig. 7b demonstrates that the mesoporous nitrogen-doped
carbon-anchored graphene anode derived from melamine as
a pore modifier exhibited superior cycle retention and long
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cycle life for a high power lithium-ion battery. High specific
capacities of 775 (after 1100 cycles) and 675 mA h g™* (after
1000 cycles) were obtained at current densities of 1000 and
2000 mA g ' (4C) which are two-fold higher than the initial
capacity. The melamine-modified anode exhibited excellent
cycle retention of 163% at 1000 mA g " after 800 cycles,
compared to 91% for the unmodified anode, indicating the
activation process through the mesoporous channels. The
superior and long cycle life was attributed to the melamine-
induced features viz. mesoporous structure and defective
sites formed on carbon/graphene which facilitates efficient
electrolyte percolation/ion transport and Li-ion storage,
respectively.*

In addition, placing a functionalized interlayer between
the cathode and the separator helps to reduce the shuttle
effects of the soluble Na polysulfide. The Na-S batteries with
a Na,S/activated carbon (AC) nanofiber cathode and carbon-
coated pre-sodiated Nafion membrane with high ionic
conductivity helped to prevent the migration of the
polysulfides to the anode side (Fig. 7c (i)). The respective
results show that it took about 8.5 h to accomplish its first

(b)
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Fig. 7 a) Schematic representation of extra Li storage in N-doped graphene analogous particles. (i) The aggregate of the small graphene
analogous particles with N atoms localized at their edges can generate large amounts of nanopores with their inner surface decorated with
pyridinic and pyrrolic N, which also provide an extra capacity. (i) The cleaved surface of the aggregate. (iii) The enlargement of a nanopore
between the N-doped graphene analogous particles. (iv) The theoretical calculations model of space for Li storage based on a graphene sheet with
a hole containing eight N atoms at the edge (with permission from Springer Nature 2014);*® b) variation of specific capacity versus cycle number
with and without a melamine derived nitrogen-doped graphene anode (with permission from Elsevier, 2019);*® c) i) schematic of a Na-Nafion/AC-
CNF coating Na,S/AC-CNF cell; ii) representative charge/discharge profiles of a NaS battery prepared with a traditional sulfur-carbon cathode; iii)
discharge capacities and iv) coulombic efficiencies as a function of cycle number of a Na-Nafion/AC-CNF coating Na,S/AC-CNF cell (with permission
of Elsevier, 2019);*? d) structural evolution of N-doped graphene analogous particles by XRD and Raman spectroscopy. (i) XRD patterns and (i) Raman
spectra of N-doped graphene-analogous particles obtained at different calcination temperatures (with permission from Springer Nature 2014).**
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charge process due to the nature of large particle size, high
electrical resistivity, and low ion diffusivity of Na,S. After the
Na,S particles were activated upon a full charge, the
subsequent discharge, as well as the following charge-
discharge profiles, showed clearly two voltage plateaus, which
was similar to the characteristics of the NaS batteries with
the conventional elemental sulfur cathodes (Fig. 5c (ii)). The
cell displayed a high capacity (over 700 mA h g™') at C/5 and
the cells with the carbon coated Na-Nafion interlayer
exhibited a relatively stable coulombic efficiency compared to
those of Celgard-cells (Fig. 7c (iii) and (iv)).*’

The XRD patterns of the N-doped graphene analogous
particles (N-C-600, N-C-700, N-C-800 and N-C-900) are shown
in Fig. 7d (i). These particles exhibited similar diffraction
features with a broad peak at approximately 26 = 24°,
corresponding to the carbon (002) peak that is typical of
graphitic carbon materials with a low degree of
graphitization. No other impurities, such as ZnO or Zn, were
observed in the XRD patterns. Fig. 7d (ii) show the Raman
spectra for the obtained N-doped graphene analogous
particles. The G band is a characteristic feature of graphitic
layers, while the D band corresponds to disordered carbon or
defective graphitic structures. Raman spectroscopy is
sensitive to subtle structural variations in carbon materials. A
high I/l band intensity ratio indicates the generation of
large amounts of defects, which suggests that the edge
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modification of N atoms in graphene-analogous particles
occurred in these samples. The I/l ratio for C-N-800 is
greater than that of C-N-700 and C-N-900, demonstrating the
presence of more N-doping atoms at the edges of the
N-doped graphene-analogous particles. In addition, a broad
and weak second-order band was observed at approximately
2700 em™* for N-C-800 and the shape of the D and 2D bands
(more specifically the absence of a typical graphite shoulder)
are characteristic features of few-layered graphene.

The CNs structure was characterized by XRD and Raman
spectroscopy. All the XRD patterns (Fig. 8a) have two broad
diffraction peaks near 25° and 43°, which can be indexed to
(002) and (100) planes, respectively. The Raman spectra
(Fig. 8b) display two peaks centered at 1353 and 1567 cm ",
corresponding to the disorder-induced D-band and in-plane
vibrational G-band, respectively. The intensity ratio of the two
peaks, termed as Ig/Ip, can be used to indicate the degree of
graphitization.®® To calculate the I/l value, it is possible to
use the absolute heights of the peaks in the spectra and this
value increases at higher temperature, suggesting an elevated
graphitization degree; this is in agreement with observations
from TEM and XRD. XPS measurements (Fig. 8c and d)
indicate that with the increase of temperature, the (002) peak
shifts to a higher angle, implying that the graphene interlayer
space becomes smaller (Fig. 8e). However, as shown in the
relevant sloping discharge profiles (Fig. 8f), the absence of a
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Fig. 8 Structural characterization of NCNFs by different techniques; (a) XRD patterns; (b) Raman spectra; (c) XPS survey spectra; (d) N1s core level
XPS high-resolution spectra; (e) scheme illustrating the structure of the N-doping species; (f) nitrogen adsorption-desorption isotherms (inset

shows the related pore size distribution) (copyright permission from Springer Nature 2018

20 | CrystEngComm, 2024, 26, 11-26

).47

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ce01111a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 16 November 2023. Downloaded on 6/12/2026 3:09:01 PM.

(cc)

CrystEngComm

graphite-like ~ low-potential ~ plateau  indicates  that
K-intercalation into graphene layers does not appear to be a
major contributor to the overall capacity. A lower R value
suggests a lower degree of graphitization. The R value
increases from 2.5 for NCNF-650 to 3.6 and to 4.3 for NCNF-
950 and NCNF-1100, respectively, once again confirming the
graphitizable nature of the carbons. The overall obtained
results show that carbons were prepared by carbonization at
different temperatures, showing that the incorporation of
nitrogen does not cause any major change in the
graphitization.>®™?

In another et al. added three
different graphene nanoplatelet samples into the
electrode formulation in a study involving Li-ion
batteries. Fig. 9a shows clearly different gas adsorbed
quantities for NP1, NP2 and NP3. Micro- and meso-
porosity are present in the graphene materials extracted
from the isotherm type behaviour and a typical
hysteresis cycle can be observed in the desorption
process indicating the presence of mesoporous texture in
the graphene structure. A BET specific surface area of
296, 470, and 714 m> g for NP1, NP2, and NP3,
respectively, was calculated. The pore volume shows a
small amount of micropores increasing when the specific
surface is higher in the following manner: NP3 > NP2
> NP1. A similar pore size distribution is observed for
NP1 and NP2; however, substantial differences in pore
size distribution are observed for NP3 (Fig. 9a). The
GNP with the highest surface area (NP3) has many more
mesopores (2-50 nm) and macropores (>50 nm)
compared to NP1 and NP2 which leads to a larger
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average pore diameter of the mesopores in NP3 than in
NP1 or NP2. This finding can be attributed to a bigger
interlayer space present in NP3.>?

2.3 Comparison between sulfur- and nitrogen-doped
graphene nanoplate electrodes

The excellent electrochemical performance of the A-NSG
electrodes is clearly associated with their unique structure.
More specifically:

(i) the 3D porous graphene network and graphene layers
facilitate electron transfer, and remarkably buffer the volume
expansion/contraction of active materials upon cycling. (ii)
The inner defects, edges and porous structure not only
permit a high sulfur loading in a homogeneously dispersed
amorphous state, but they are also beneficial for electrolyte
access to the active sulfur component, leading to efficient
reactions with Li". (iii) Combined physical adsorption of
lithium polysulfides onto porous graphene and the chemical
binding of polysulfides to N and S sites in the A-NSG
promote reversible Li,S/polysulfide/S conversion, realizing
high performance Li-S batteries with long cycle life and high-
energy density.

On the other hand, in the high resolution C 1s spectra
(Fig. 9b (i-iii)), due to the removal of most oxygen groups as
well as the partial reconstruction of the graphitic carbon
network, peaks corresponding to C-O (286.2 eV), C=0 (288.2
eV) and O-C=0 (289.6 eV)> decrease considerably for A-
NSG, compared with that of GO;*® two particular new peaks
located at 286.1 and 287.2 eV suggest the bond formation of
graphene; the sharp peak in the C1s spectrum of A-NSG, still
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Fig. 9 a) Nitrogen adsorption-desorption isotherms of graphite and three GnPs studied. Inset: Pore size distribution for GnPs (Frontiers publishing
2022, published under open access CC license);>* b) (i-iii) high-resolution C 1s, N 1s and S 2p XPS spectra of A-NSG and corresponding XPS survey
spectra of A-NSG (inset of (i)); (iv) schematic structure of A-NSG with permission from RSC, 2016;* ¢) (i) Raman spectra of GO, NSG, A-G and A-
NSG; (ii) pore characterization of the NSG, A-G and A-NSG materials. Inset: adsorbed volume as a function of the relative pressure (with permission

from the Royal Society of Chemistry, 2016).%*
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attributed to the sp*hybridized graphitic carbon atoms,
shifts to higher binding energy and its full width of half-
maximum (fwhm) at 284.8 eV increases with the presence of
nitrogen content. All these results confirm the formation of
C-N bonding configurations in A-NSG. Moreover, in the XPS
analysis, the S2p spectrum for the A-NSG nanocomposites in
Fig. 9b (iv) has 2ps, and 2p,, spin-orbit levels with an
energy separation of 1.27 eV and intensity ratio of 2:1,
confirming the effective doping of sulfur atom into the
carbon lattice. Two sulfur species are assigned to carbon-
bonding: thiophenic S (163.6 eV) and sulfonic S (167.9 eV);
the thiophenic S (sulfur atom bonded with carbon directly by
a C-S bond) is believed to make the carbon matrix positively
charged, thereby increasing its affinity to adsorb polysulfides.
At the same time, it is also interesting to find that the C/O
ratio of GO is 2.4 and this value increases to 17.52 for A-NSG,
indicating that nitrogen-sulfur co-doping increases the
reduction efficiency of GO. This seems to be further
supported by Raman measurements: in Fig. 9c (i) the Raman
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spectra for A-NSG exhibit two remarkable peaks at around
1350 and 1580 cm'. The G band located at 1580 cm™ is
related to the E,, vibration mode of sp> carbon atoms while
the D band at 1350 cm™ is assigned to the defects and
disorder hybridized vibrational mode of graphene. Therefore,
the higher intensity ratio (Ip/Ig) of A-NSG than GO (1.41 vs.
1.06) should be ascribed to the higher amount of defect sites
generated by N and S co-doping, resulting in the high
disorder of graphene nanosheets as shown in Fig. 9c (ii).
More importantly, these defects can provide active sites for
lithium polysulfide adsorption.®

The structure of the N-CNT and S/N-CNT composites is
imaged by TEM as depicted in Fig. 10a (i and ii). One can see
from Fig. 10a (i) that N-CNT possesses a typical bamboo-like
structure, demonstrating that nitrogen was successfully
introduced into the carbon network.>” During the mixing
process of the N-CNT and nano-sulfur aqueous suspension,
the surface of N-CNT was mostly occupied by active sulfur for
lithium-ion storage. Thus, the diameter of N-CNT increases
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Fig. 10 a) i) and ii) TEM images of N-CNT and S/N-CNT composites. Inset EDS mapping showing the distribution of S in the S/N-CNT composite;
iii) and iv) SEM images of the S/N-CNT composite before and after discharge/charge cycles (copyright with permission from Springer, 2015);*° b)
electrochemical performance of (i) a lithium cell with the S/N-CNT composite cathode; i) cyclic voltammograms at 0.1 mV s™* scan rate; ii)
discharge/charge profiles at 0.2C; iii) cycling performance of the S/N-CNT composite cathode at 0.2C iv); rate capability of the S/N-CNT
composite cathode (with permission of Springer, 2015);*° c) XRD and Raman characterization patterns of (i) GO and RGO, (ii) NS-G, S-G and N-G
respectively. Raman spectra of (i) NS-G, S-G and N-G, (iv) GO and RGO (with permission from Springer Nature 2015);?* d) characteristic of real

resistance plots of NS-G, N-G and S-G (with permission from Springer Nature 2015
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from 35 to 72 nm. This is in good agreement with the TEM-
EDS mapping, which reveals that sulfur coats N-CNT in a
uniform manner. Being the core component of the
composite, N-CNT can offer a high electronic conductivity
and robust framework.>® Besides, the network-like structure
of the S/N-CNT composite favors the penetration of the
electrolyte into the cathode.’® To demonstrate the integrity of
the structure of the S/N-CNT composite, comparative SEM
imaging of fresh and cycled S/N-CNT composites was
conducted. It can be seen from Fig. 10a (iii) and (iv) that the
morphology of the S/N-CNT composite does not change
remarkably upon cycling and retains its texture. This analysis
of micrographs obtained for the fresh and cycled cathodes
confirms that the composite was kept rather intact after the
cycling, which leads to excellent cyclic stability.

The three initial cyclic voltammetry (CV) curves of a Li/S
cell with the S/N-CNT composite cathode are shown in
Fig. 10b (i). The CV data evidence two redox processes in the
system which agrees well with literature data®® and could be
attributed to the transition of S to polysulfides (Li,Sg, Li,Se,
Li,S;) and their further transformation to lithium sulfide
Li,S, respectively. In the initial cycles, the activation process
associated with the formation of SEI film and the transport
of the electrolyte into the porous S/N-CNT composite results
in an anodic peak at a slightly lower potential. After this
activation, the heights of the main peaks remain at a similar
level, indicating good reversibility of the redox processes.

The electrochemical performance of the S/N-CNT
composite as a cathode material in Li/S batteries under
galvanostatic  discharge/charge tests is presented in
Fig. 10b (ii). The first plateau at about 2.4 V is related to the
formation of higher-order lithium polysulfides (Li,S,, n = 4),
which are soluble in the liquid electrolyte. The following
electrochemical transition of these polysulfides into lithium
sulfide Li,S is associated to a prolonged plateau around 2.0
V, which well-corresponded with the CV data. Fig. 10b (iii)
presents the cycling performance of the S/N-CNT composite
at 0.2C. The S/N-CNT composite exhibited a stable cycling
behavior with small capacity loss even after 100 cycles. A
reversible capacity of 1098 mA h g™" was obtained by the S/N-
CNT composite in the second cycle, and the cell retained
about 73.5% of its initial reversible discharge capacity after
100 cycles; the coulombic efficiency was maintained above
93%. Based on the above observations, we can conclude that
N-CNT could minimize the polysulfide dissolution in a
physical and chemical way, thereby stabilizing the capacity
significantly. ~Furthermore, the free-standing S/N-CNT
composite film possesses a robust and flexible structure,
which could accommodate the solubilization/precipitation of
sulfur during the cycles.’” The rate capability results, as
depicted in Fig. 10b (iv), reveal the excellent performance of
the S/N-CNT composite at various current densities from 0.5
to 2C. At the initial cycle at 0.5C current, the composite
achieves a discharge capacity of 1016 mA h g.***¢

The results from XRD measurements are shown in
Fig. 10c (i) and (ii). The diffraction peak of GO at 26 = 9.9°
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can be assigned to the (002) crystalline plane (Fig. 10c (i))
and the calculated interlayer spacing is about 0.89 nm. This
peak entirely disappeared after the hydrothermal reaction.
Instead, broad contributions appeared in the freeze-dried
RGO (Fig. 10c (i) and doped graphene (Fig. 10c (ii)),
indicating the recovery of the m-conjugated system from GO
sheets under hydrothermal reaction. As compared to NS-G,
the broad and weak contributions of the (002) and (100) in
S-G and N-G indicate the poorly ordered graphene sheets
along their stacking direction. Using the Bragg equation, the
interlayer spacing of NS-G, S-G and N-G was calculated to be
0.36, 0.37 and 0.37 nm, respectively. These values are much
lower than that of GO (0.89 nm) but slightly higher than that
of graphite (0.335 nm), implying the recovery of a graphitic
crystal structure after the hydrothermal reaction.®™**

Fig. 10c (iii) and (iv) show the Raman spectra of the
prepared samples. All spectra exhibit two main peaks at
about 1340 and 1580 cm ' corresponding to the D and G
band, respectively. The relative intensities between the D
band and G band of NS-G, N-G and S-G seem to be lower
than that of GO (Fig. 10c (iii) and (iv)), indicating the recovery
of the conjugated network in graphene to a certain extent.
Furthermore, the Ip/I; values of NS-G (0.99), S-G (1.03) and
N-G (1.00) are essentially equal, which means that the defect
levels of these samples are similar. Electrochemical
impedance spectroscopy (EIS) provides information on the
internal resistance of the electrode material and the
resistance between the electrode and electrolyte. The real part
of resistance (Z) measured is the ohmic resistance derived
from the electrolyte and the contact between the electrode
and the current collector.® As shown in Fig. 10d, at very high
frequency the internal resistance of the three doped samples
is very low (below 0.6 Q). Hence, the pyrrolic and other
nitrogen species in NS-G did not cause a clear increase of
resistance, that is different from surface oxygen groups,
which often lead to the decrease of conductivity.®*®°

3. Concluding remarks

Graphene has very strong mechanical properties, but it is
also an excellent conductor of heat and electricity and has
interesting light absorption abilities. However, synthesis of
graphene is required under sulfur-doping conditions to
obtain the typical layer-stacked structures with ~100 m> g™*
SSA as the cathode for NICs. Sulfur-graphene (SG) can deliver
almost two times the capacitance of rGO. The
electrochemical properties of SG can be ascribed to the
layered structures, high carrier mobility and high amount of
surface pseudocapacitive functional groups. The beneficial

features of SG and NG kinds of doped graphene
nanoplatelets render them as particularly promising
materials for high-level performance in demanding

electrochemical energy storage applications.

Nitrogen-doped graphene exhibits high electrochemical
activity towards oxygen reduction in alkali medium providing
an affordable industrial alternative for use of metal-based
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catalysts. The nitrogen and sulfur graphene (NS-G) doped
hydrogels and aerogels synthesized through a hydrothermal
process using amino acid and graphene oxide as precursors
show that the three-dimensional hierarchical structure
contains macropores and mesopores with excellent
mechanical stability. The simultaneous incorporation of S
and N species in the presence of oxygen significantly modified
the surface chemistry of carbon leading to considerably
higher doping levels, although direct bonding between N and
S was not identified. Hence, the synergetic effect between N
and S occurred through carbon atoms in neighboring
hexagonal rings in a graphene sheet. The enhanced
pseudocapacitance in the co-doped samples can be assigned
to higher contents of pyrrolic N groups and S species.
However, the hybrid GnPs/SWCNTs-S nanocomposite have a
high reversible capacity and can be preserved even at a very
high current rate, indicating that sulfur in the GnPs/SWCNT-S
cathodes helps toward an excellent performance upon use at
every current rate. In the future, further fine-tuning of the
morphology of graphene nanoplatelets will probably help to
decrease the required doping level with S or N, retaining the
same or even better performance in the field of energy
storage. In this frame, the improvement of the dispersion of
N and S in the carbon lattice will also lead to a higher doping
efficiency, which will be reflected in the resulting properties
and functions of the produced composites.
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