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In the past decade, the growth of the renewable energy sector worldwide and the depleting resources
for Li-ion battery (LIB) technology have pushed the case for complementary storage technologies,
especially for stationary energy storage. Sodium-ion batteries (SIB) are on the verge of large-scale
commercialization, and potassium-ion battery (PIB) technology is a relative newcomer in the field of
future storage technologies. Suitable, low-cost, and environmentally benign commercial electrode
materials are the most researched battery systems in this context. Like LIBs, carbonaceous materials can
potentially be the first commercial anode material for sodium-ion and potassium-ion batteries. Micro-
spherical hard carbons (MSHCs) have the added advantage of higher packing density and low surface
area to volume ratio with good structural stability. The metal-ion storage capacity is critically dependent

Received 16th August 2021, on the morphology, surface area, surface defects, degree of graphitization, and porosity. The review
Accepted 30th November 2021 addresses the influence of diverse precursors and synthesis conditions on the electrochemical storage
DOI: 10.1039/d1ma00731a of micro-spherical hard carbons, focusing on the storage-capacity and storage-mechanism correlation

and the precursors’ structural influence in designing anodes for sustainable, green, and safe SIBs
rsc.li/materials-advances and PIBs.

Introduction development of high energy and power density lithium-ion

batteries (LIBs)."* Portable electronic devices (PEDs), electric
Sodium-ion batteries (SIBs) and potassium ion batteries (PIBs) vehicles (EVs), and renewable energy storage sectors have
are now universally viewed as the most encouraging and already successfully implemented LIB technology.>® The lim-
efficient complementary energy storage devices after the ited natural abundance of lithium compared to sodium and

potassium will challenge LIB technology to meet future energy
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power production, where large-scale stationary storage devices
have become irrelevant.””® The complementary storage tech-
nologies of SIBs,>'® and PIBs'""'* have attracted the interest of
researchers due to their low cost, better raw material distribu-
tion, and most importantly, a similar cell fabrication process to
the well-developed LIB technology. In recent years, many func-
tionalized materials have been reported as anodes,'>"*™*?
cathodes,'®™" and electrolytes®>*>* for SIBs and PIBs. Carbon-
based anode materials have always played a significant role in
alkali-ion batteries due to low-cost fabrication, abundance, and
exclusively tunable electronic and structural properties. LIBs
mainly use graphite as anode materials and are technically
challenging for SIB/PIB anode applications. Sodium-rich gra-
phite insertion compounds (GICs) such as NaCe, and NaCg>* 2%
do not exist due to the higher ionic radius of Na" (227 pm)
versus Li* (182 pm) and positive adsorption energy during the
intercalation process.”®

In fully lithiated graphite, LiCs shows a theoretical capacity
of 372 mA h g ', and various studies have indicated sodium
intercalation compounds such as NaC,,, NaCg,, NaCgp, and
NaC;s showing low sodium insertion capacities of 31, 35, 70,
and 130 mA h g™, respectively.”>' Incidentally, PIBs utilize
graphite as an anode material and deliver a capacity close to the
theoretical capacity of 279 mA h g~ ' by forming an insertion
compound, KCg.**** Hard carbons from various diverse pre-
cursors have emerged as an alternative to graphite in SIBs and
PIBs. Hard carbons (HCs) as anode materials deliver a relatively
higher reversible capacity and cycling stability than graphite
due to (i) the wider interlayer distance in the range of 3.7-4.2
nm**?* for accessible accommodation of Na*/K" ions between
the layers of graphitic domains, and (ii) the diverse storage
mechanisms for Na'/K" ions including adsorption, insertion,
and pore filling. In this regard, non-graphitizable hard carbons
(HCs) have been studied extensively for SIBs and PIBs.>?**3%37
The approach involves tailoring the morphology of HC’s to
provide unique physical and chemical properties, high ionic
conductivity, thermal conductivity, and mechanical properties.
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Their unique structure provides high packing density and low
surface area-to-volume ratio with good structural stability.***° A
few diverse synthetic techniques such as the microwave-assisted
method,*®***! hydrothermal,****™** solvothermal,*®*” and other
1851 were employed for HC synthesis. Their electro-
chemical performance improved by tweaking the porosity, degree
of graphitization, and the materials’ microstructure. The HCs
reported to date for Na/K storage have shown low initial coulom-
bic efficiency (ICE). The majority of the capacities are at low
potentials near the alkali metal plating potential, leading to
inherent safety issues. Micro-spherical hard carbons (MSHCs)
provide an alternative, as the morphology can provide optimum
surface-controlled phenomena, improve mobile ion kinetics, and
enhance electronic conductivity. Micro-spherical hard carbons
synthesized using sugar-based carbohydrates,*®**°>* renewable
bio-sources,*>*****> and plastic wastes®®™® were reported to
reveal significant scalability benefits, cost-effectiveness, and envir-
onmental sustainability. This review focuses on how synthetic
techniques and diverse carbon precursors influence the morphol-
ogy, porosity, and electrochemical performance of micro-spherical
hard carbons as anode materials for SIBs and PIBs. Efforts to
correlate the precursor choice, the material structure analysis to
the storage mechanism, and the electrochemical performance in
the sodium/potassium batteries were made to provide insights
into how micro-spherical hard carbons can play a significant role
in engineering an efficient anode material for Na'/K" storage.

new routes

Material characterization of MSHCs

Hard carbons are disordered carbonaceous materials where
long-range graphitic-type layer ordering is missing even at
temperatures above 2000 °C. Short-range nano-micro graphitic
domains may exist depending on the precursor used and the
final carbonization temperature. The carbonization of precur-
sors with strongly cross-linked structures results in locally
stacked, highly turbostratic layered hard carbons.>

Several characterization tools are used for the morphological
and structural analysis of hard carbon. The characteristic PXRD
pattern of a disordered hard carbon shows two broad peaks at
around 26-23° and 43° (shifted to a lower 26 as compared to
graphite) indexed to the crystallographic planes (002) and (100).
The broadening of the (002) peak at lower carbonization
temperature indicates a larger interlayer spacing (Fig. 1a) due
to increasing structure disorder. The in situ PXRD studies have
revealed the sodium-ion storage mechanism in disordered
hard carbons.®*®! The degree of disordering of the hard carbon
can be well understood by Raman spectroscopy.®>** The “D”
bands that appear in the range of 1340-1360 cm ' suggest
defects in the structure, whereas the “G” bands at around
1580-1600 cm ™" are typical of graphitic layers. The D and G
bands’ intensity/relative area ratio (Ip/Ig) is directly propor-
tional to the carbon structure disorder and inversely propor-
tional to the graphitic domain size. Jin et al.®* reported that the
decrease in the Iy/I; ratio is a direct indicator of an increase in
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Fig. 1 Structural analysis of hard carbon: (a) XRD patterns, (b) Raman spectra at carbonization temperatures from 800 to 1600 °C, (c) HR-TEM image of
HC at 1300 °C. Reprinted (adapted) with permission.®* Copyright 2018, American Chemical Society. (d) Nitrogen adsorption isotherm of HC (the inset
shows the isotherm of HC at 300 °C). Reproduced with permission.*® Copyright 2014, Royal Society of Chemistry. (e) SAXS profile of HC vs. different
carbonization temperatures. Reproduced with permission.*” Copyright 2019, Wiley.

the shortrange ordering in the structure with the rise in
carbonization temperature, as shown in Fig. 1b.

High-Resolution Transmission Electron Microscopy (HR-
TEM) can reveal the microstructure evolution of hard carbons
at the nanoscale. The HR-TEM image shows the curved, ran-
domly oriented,®® and stacked graphene layer from which the
curvature and the interlayer spacing of the graphene layers can
be qualitatively obtained.®® Fig. 1c displays an HR-TEM image
of hard carbon synthesized from resorcinol formaldehyde via
the hydrothermal method at 1300 °C showing curved short-
range ordered graphitic domains. The diffuse ring observed in
the selected area electron diffraction (SAED) image confirms
carbon’s amorphous phase.®*

The most significant properties of hard carbon, such as
porosity and surface area, play a vital role in the sodium
insertion mechanism into the pores and initial irreversible
losses due to the formation of the solid electrolyte interface
(SEI) layer. The gas adsorption and desorption isotherm using
N,, CO,, and Ar molecules on the carbonaceous surface can
provide valuable insight into the sample’s porosity. The Bru-
nauer-Emmett-Teller (BET) technique is a well-known techni-
que for measuring the surface area of carbonaceous materials
with micropores.®” Chen et al®® fabricated micro-spherical
hard carbons with type I isotherms that indicate the micro-
porosity of the material (Fig. 1d).

Small-angle X-ray scattering (SAXS) can complement the
analysis of the hard carbon microstructure. The low angle
scattering for hard carbon can provide information about the
surface porosity of open and closed pores. Morikawa et al.*’

812 | Mater. Adv., 2022, 3, 810-836

performed SAXS of hard carbon synthesized at different carbo-
nization temperatures. The scattering shift to the lower scatter-
ing vector (g) region with the rise in carbonization temperature
corresponds to the nanostructure and nanopores in the hard
carbon structure (Fig. 1e). Besides, in situ SAXS uses the
transmission mode to understand the sodium insertion mecha-
nism into the micropores at the low voltage plateau region in
SIBs.®®*°

Electrochemical storage mechanism
models

Understanding the ion storage mechanisms in the host’s hard
carbon structure is critical to its fundamental design and
performance as an anode material. Fig. 2 depicts the schematic
of the storage electrochemistry of SIBs/PIBs and the plausible
storage mechanisms. During the charging process, the positive
electrode releases Na'/K' ions that move to the negative elec-
trode through the electrolyte and are adsorbed/intercalated into
the negative electrode; the Na'/K" ions return to the positive
electrode during discharge through desodiation/depotassia-
tion. The freed-up electrons from the redox reaction at the
electrode power the external load in SIBs and PIBs.

Na-ion storage mechanism

Several contradicting Na-ion storage mechanism models have
been proposed in the last two decades in attempts to under-
stand the electrochemical behavior of HCs for SIBs.”*'?%*7

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic showing the ion chemistry and the plausible storage
mechanisms during the charge/discharge of MSHC as anode materials for
SIBs and PIBs.

Many researchers have adopted the proposed ‘“house of
cards model” by Stevens and Dahn as the model structure to
investigate the Na-ion storage mechanism using different
characterization tools.”””" This model suggests an “intercala-
tion—-adsorption” mechanism as the defect-assisted interaction
of ions in the pseudo-graphitic region at a higher voltage
(> ~0.1 V), corresponding to the slope related capacity (SRC),
whereas ion insertion into micropores occurs at a lower voltage
(< ~0.1 V), resulting in a plateau-related capacity (PRC). Sub-
sequently, Xiao et al.”> proposed an “adsorption-intercalation”
mechanism and suggested that the SRC was due to the Na ion’s
adsorption on the defect surface. In contrast, PRC was related
to Na-ion insertion into graphite-like microcrystallites. The
schematic mechanism of adsorption-intercalation and interca-
lation-adsorption are shown in Fig. 3a and b. Komaba et al.**
applied ex situ XRD in the voltage range of 0.1 to 2 V and
showed that the (002) peak shifted to a lower 20 angle during
discharge and regained its original position on reversible Na-
ion removal during the charging process. Ji et al.”>”’> assumed
that the PRC at a low potential is related to Na-ion insertion
between the graphene sheets followed by Na-ions filling the
pores of the carbon structure (“intercalation-filling” mecha-
nism). The SRC is from the Na-ion storage at defect surfaces
and edges.

The sodium plating during discharge in the plateau region is
a significant concern investigated at various stages between 2 V
and 0V (Fig. 3c) by Qiu et al.>* The solid-state nuclear magnetic
resonance (SSNMR) studies during the discharge process
revealed metallic/pseudo-metallic sodium during the Na-ion
pore filling process. Fig. 3d shows the NMR spectra of hard
carbon at various stages (II, III, and IV) of discharge. During
discharge till 0 V, from II to III stage, no evidence of metal Na
was observed but a sharp peak near —10 ppm is related to the
sodium present on the surface of the electrode from the
electrolyte salt. Electron paramagnetic/spin resonance (EPR/
ESR) is a valuable tool for detecting sodium metal clusters
during the discharge process. As the discharge proceeds from

© 2022 The Author(s). Published by the Royal Society of Chemistry
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stage II to IV, the delocalized electron distribution at the Fermi
level increases, resulting in the EPR signal’s appearance, which
gradually becomes intense. After the over-discharge of hard
carbon below 0 V, the EPR signal gets divided into Lolunsi
(broad peak) and Dysonian (sharp shoulder peak) line shapes.
The sharp Dysonian line shape, which corresponds to metallic
sodium deposition, only appears for the over-discharged elec-
trode (Fig. 3e).

The sodium-ion storage mechanism in HCs involves two
distinct voltage regions, SRC above 0.1 V and PRC below 0.1 V.
Jin et al.®* presented a new “three-phase” structure model for
MSHC as illustrated in Fig. 3f and g. SRC corresponds to the
adsorption capacity (AC) of Na-ions at the defect surface, and
PRC has two parts based on the Na-ion diffusion coefficient,
assigned to the intercalation capacity (IC) and pore-filling
capacity (PFC). During insertion, the storage mechanism and
the SRC and PRC contributions will depend upon the carboni-
zation temperatures, surface defects/atoms, and types of pores
in the hard carbon.>' Komaba et al.”® reported the new mecha-
nism for sucrose-based hard carbon and suggested that the
SRC is related to the defect-assisted adsorption at the edge of
the graphitic planes and defect-assisted insertion into graphitic
layers. In contrast, the PRC is due to the insertion followed by
micropore filling, leading to pseudo-metallic clusters. A similar
mechanism is supported by MSHC prepared from sucrose via
the microwave-assisted solvothermal method.”” In 2020, Koma-
ba’s group’® reported that the capacity in the voltage range of
0.25 to 2 V was due to insertion into the large interlayer space
close to the defects in the sp® carbon layer, whereas the lower
voltage (0.25 to 0.002 V)-based capacity corresponds to the
pseudometallic clustering of Na metal in micropores. Recently,
S. Huang et al.”® reported the four-stage mechanism model for
3-D hierarchical porous hard carbon for SIBs. The combined
quasi-in-situ synchrotron XRD and in situ Raman investigation
revealed the coexistence of different storage sites and processes
within specific potential ranges. They attributed adsorp-
tion (stage-I, 2.5-1.0 V), defect adsorption and the beginn-
ing of intercalation (stage-II, 1.0-0.128 V), intercalation and
nano-pore filling (stage-III, 0.128 ~ (-0.0375) V), and surface
overpotential deposition (stage-IV, —0.0329 V) as storage
mechanisms. The storage mechanism models are still under
scrutiny and more work in these directions are required to get a
more refined storage-mechanism model.

K-ion storage mechanism

Earlier studies suggest various storage mechanisms of Li/Na
ion in addition to intercalation, such as chemisorption on
surface heteroatoms, metal nanopore filling, intercalation
between graphene layers.?*"®* Potassium ion storage mechan-
isms in carbon-based materials mainly follow a “mixed potas-
sium storage mechanism,” which involves adsorption, pore
filling, and intercalation.®*"°> To investigate the K-ion storage
mechanism in partially graphitized hard carbon (NGHC), J. Hu
et al.®* carried out the cyclic voltammetry (CV) measurement in
the scan rate range of 0.1 to 10 mV s '. The relationship
between peak current density and scan rate revealed that

Mater. Adv., 2022, 3, 810-836 | 813
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Fig. 3 (a) Mechanisms for Na—ion storage in hard carbon: (a) “intercalation—adsorption” mechanism, (b) “adsorption—intercalation” mechanism. (c) The
discharge—charge curve for the HC-1300 electrode showing various stages of sodiation. (d) Na MAS NMR of HC-1300. (e) The EPR spectra of the HC-
1300 electrode at different discharge states between —0.03 and 2.0 V. Reproduced with permission.>* Copyright 2019, Wiley. (f) Na—ion diffusion
coefficients calculated from the galvanostatic intermittent titration (GITT) technique curve of the HC electrode. (g) Schematic illustration of the

mechanisms for Na—ion storage in hard carbon. Reprinted (adapted) with permission.®* Copyright 2018, American Chemical Society.

potassium storage in NGHC is dominated by diffusion-
controlled processes and shows defect adsorption in the slop-
ing high-potential region. The ex situ Raman spectra were
obtained to verify the mixed K-ion storage mechanism, as
shown in Fig. 4a. The charge-discharge curve of the first cycle
is illustrated in Fig. 4c, showing different storage possibilities
in the voltage range from 0 V to 3 V, and the corresponding I,/
I ratios are shown in Fig. 4b. A gradual increase in the slope of
Ip/Ig was observed at the high-potential region. A sharp change
was observed in the low-potential region, which indicated
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Fig. 4

adsorption in the high-potential region in disordered carbon
and the intercalation of K ions in the graphitic domain in the
low potential region of NGHC. Li Tao et al.®® correlated the
storage mechanism of K ions in soybeans-derived hard carbon
with different morphologies. Fig. 4e-g shows that higher KOH
activation temperatures can decrease the inter-carbon layer
distance, resulting in other K-ion storage mechanisms. Fig. 4e
indicates that adsorption dominated K-storage, whereas Fig. 4f
and g shows the mixed intercalation and adsorption mecha-
nism. The K" storage mechanism for soybean-derived hard

Kt Intercalated K*
(e) I Ad/sorbed K
e ° + Low surface area
° + Slow K* diffusion in bulk carbon

N

No activation

() K 2o 0
l l S _o '{i{ + Medium surface area
— 0.. ® .« Low graphitization
Ll | % + Large carbon interlayer distance
] S~ . ian-domi +
° Adsorption-dominated K* storage
-

+ Large surface area

High graphitization

Small carbon interlayer distance

+ Intercalation-dominated K* storage

SC-700

(a) Ex situ Raman spectra (depotassiation), (b) the corresponding relative /p/Ig changes at the first cycle of hard carbon, (c) charge—discharge

curve, (d) schematic illustration of potassium ion storage in hard carbon. Reproduced with permission.8 Copyright 2020, Elsevier. (e)—(g) Schematics for
the K-ion storage mechanism in soybeans-derived hard carbon at low, medium, and high temperatures with increasing graphitization levels, respectively.
Reproduced with permission.®® Copyright 2020, Elsevier.
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Fig. 5 The charge—-discharge profile of sugar-based hard carbon in the (a)
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behaviors in (c) SIB and (d) KIB showing the sloping and plateau regions. (e)
Storage sites for sodiation, and potassiation in hard carbon. Reprinted
(adapted) with permission.®* Copyright 2021, American Chemical Society.

carbon investigated by Li Tao et al.°® was similar to the report
by J. Hu et al.®* and truly justified the mixed intercalation and
adsorption mechanism. Further, ex situ synchrotron radiation
XRD confirmed the existence of K-metal at 0 V and implied the
nanopore filling process at this stage. Therefore, the suggested
model for K-ion storage indicated ‘“adsorption, adsorption/
intercalation, intercalation/pore-filling, and overpotential
deposition. When discharged to 0 V, metal deposition due to
the surface overpotential can lead to dendrite formation. The
hierarchical porosity structure of NHPC could further inhibit
the formation of dendrites, improving the safety of the cell.
Komaba et al.”® reported that the discharge curve in the K
cell consists of two sloping regions and no plateau region. The
K-ions were inserted into the interlayer space at higher
potential and internal pores at lower potential regions. Later,
the same group’® proposed a charge-discharge profile mecha-
nism with three sloping voltage ranges (0.002-0.2 V), (0.2-0.7 V)
(0.7-2 V) vs. K/K'. At lower carbonization temperatures (700-
900 °C), K-ion insertion into the larger intralayer space and at
higher carbonization temperatures (1100-2000 °C), K-ion

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intercalation into the narrow interlayer graphitic planes dom-
inate with negligible capacity contribution from pseudometal-
lic clustering of potassium. S. Huang et al.”® performed in situ
Raman spectroscopy to determine the stages of the potassium
insertion process. At OCV, the typical characterization peaks of
N-doped hard porous carbon (NHPC) were D band (1350 cm ™)
and G band (1589 cm™'), and during the first discharge from
OCV to 1.2 V, the intensity and position of D and G peaks did
not change significantly to indicate any insertion of K-ion into
the interlayer space of NHPC, but a small amount of K-ions was
adsorbed at the surface sites. At 0.25 V, D and G peaks shifted
to the left, suggesting the K-ion insertion into the interlayer
space (intercalation), and further, the disappearance of the D
peak indicated the K-ion adsorbed at defect sites.

A unified storage mechanism model is challenging and is a
work in progress while correlating the structural properties of
HC with the electrochemical performance in SIBs and PIBs.
Recently, Yong Huang and co-worker®* reported a better under-
standing of alkali metal ion storage in the hard carbon. In SIBs
(from the 2nd cycle), a slope above 0.1 V and a plateau near 0 V
(Fig. 5a) indicate two distinct storage stages. The sloping region
in the “house of cards/intercalation-adsorption” model corre-
sponds to the Na" insertion between graphene layers.®®”° The
adsorption-intercalation model explains the sloping region as a
result of adsorption at defects/heteroatoms.’®*> The amor-
phous structure of hard carbon with defects like edge hexago-
nal carbon fragments and heteroatoms (O/N/H) results in many
storage sites and the broad distribution of binding energy
forming the voltage slope when bound to a metal ion. For the
low-voltage plateau in the SIB, the models relate the plateau
capacity as intercalation between graphene layers within the
micro-nanocrystallites and the pore-filling/pseudo-metal clus-
ter plating process. The elaborate study of storage mechanisms
in hard carbon by surface analysis is significantly challenging.
A more agreed on view is that the Na ions are hard to intercalate
between graphene layers to produce a voltage plateau below
0.1 V.°® Thus, the plateau capacity results from pore-filling/
pseudo-metal cluster plating, and the associated low voltage
plateau can be explained by the weak binding energy between
the filled Na-ions and carbon atoms in the micropores.

In the case of K ions, the low voltage plateau shifts to 0.25V,
showing a different storage property of K ions (Fig. 5b). The
pore size of hard carbon is 0.5 nm, which is smaller than the
spacing of potassium-intercalated graphite (0.53 nm). There-
fore, when K ions are inserted into micropores, strong coordi-
nation occurs between the K-ions and C atoms, making the
insertion similar to the intercalation of potassium into
graphite.®

The kinetics of Na/K-ion insertion by GITT shows a similar
equilibrium voltage profile with similar voltage shapes
obtained by the constant current test. The voltage hysteresis
observed is considerably low in the case of Na and K in the
plateau region (Fig. 5¢ and d), hence showing a different
storage behavior in the plateau region from that in the sloping
region. A Larger ionic radius results in a smaller hysteresis of
Na and K than Li due to weaker chemical interactions with
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defects/heteroatoms. The disappearing low voltage plateau in
LIB results in adsorption at heteroatoms and defective struc-
tures. However, in the case of Na and K storage, a more
significant fraction of capacity comes from pore filling. The
intercalation capability of K-ions into graphite makes it chal-
lenging to differentiate between the insertion of K between
graphene layers and local crystallites. The overall understand-
ing of the charge-storage mechanism of HCs in SIBs and KIBs is
summarized in Fig. 5e.

Tailoring the spherical morphology of carbon can have a
significant effect on performance. Carbon precursors like
phenol-formaldehyde (PF) resins have a significantly slow
cross-linking rate of carbon. A straightforward synthesis would
require the cross-linking rate and self-assembly of carbon
precursor and the enhanced interaction with a soft template
to compete for the carbon precursor’s polymerization rate. The
use of an acidic medium facilitates stronger coulombic and
hydrogen bonding interactions between PF resin precursors
and amphiphilic block copolymers.’” Resorcinol has a higher
polymerization rate with formaldehyde than phenol; therefore,
confining the polymerization rate can be crucial for controlling
the morphology. In the “aqueous self-assembly route,” ethanol
can slow down the polymerization of the resorcinol/formalde-
hyde (RF) precursor, optimizing the ethanol/water volume ratio
and yielding carbon spheres.”* " In sucrose-derived HCSs, a
higher sugar concentration and temperature of 180-230 °C is
considered optimum for hydrothermal synthesis leading to
intermediate compounds like 1,6-anhydroglucose, fural, and
1,2,4-benzenetriol through aldol condensation, esterification,
decarbonylation, and aromatization. The core formed by this
nucleation is rich in -OH, C¢Hs-C—0, and O—C-O- groups,
which undergo polymerization with a reactive oxygen group
and grow outwards to form micro-spherical particles."®" Poly-
ethylene and other organic precursors yield micro-spherical
carbon above 600 °C.'°* Consequently, the synthesis methods
and precursors for hard carbon play a crucial role in altering
the hard carbon morphology and structure that subsequently
affects the storage-capacity relation. Given this, significant
efforts have been made towards designing high-performance
HCs from various precursors and synthetic methods to max-
imize the capacity contribution at all three plausible storage
sites, namely, defects and edges, interlayers, and the micro/
nano-pores.

The spherical morphology of hard carbon is advantageous
as follows. (i) It provides a better initial coulombic efficiency
(ICE) as compared to HCs with a similar surface area. A few
non-spherical hard carbons showed a similar surface area
below 50 m* g~ but failed to improve the (ICE) beyond 73%,
however, SHCs with a similar surface area showed ICE up to
95%.°%%” A lower surface area per unit volume for SHCs leads to
less electrolyte consumption during the first cycle. This results
in a superior electrode-electrolyte interface and a stable SEI
formation in SHCs. Consequently, it promotes better cyclic
stability and rate capability up to a current density of 5 A g~*
(~20C rate). Alcantara et al."®® suggested that the higher ICE
for spherical HCs is due to a low surface area/volume ratio and
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low porosity, along with the existence of free spaces between
disordered carbon layers. (ii) The spherical morphology in HC
delivers greater low-voltage plateau region capacity ~ 86%
(battery-type capacity) below 0.1 V,**'% which is critical for
the high reversible capacity of the HC anode. (iii) It leads to a
better C-rate capability at higher currents, similar to the Meso
Carbon Micro Beads (MCMB) in comparison to graphite in Li-
ion battery anodes, where the isotropy in the crystal orientation
in spherical particles provides more effective current paths
than natural and artificial graphites. The advantages of SHC,
in addition to C-rate capability and ICE, are that the carbon’s
spherical morphology ensures high tap density, a stable structure,
and electrode film preparation without a preferred crystal orienta-
tion. MSHC:s offer flexible design criteria for SRC or PRC, depend-
ing on the synthesis methods and carbonization temperature,
thus improving the capacity contribution.®**°*103104

Diverse precursors for micro-spherical
hard carbons

Sucrose, glucose, biomass, and polymer/plastic-waste-based
precursors are abundant and sustainable materials for produ-
cing MSHCs. They have shown their potential in SIBs and PIBs
by their low surface area, high nanopore volume, better struc-
tural stability, and high capacity of more than 350 mA h g~*
with significant PRC contribution.*****>>* Here, we discuss
the different synthesis methods for the micro-spherical hard
carbon from diverse precursors and the effects on the electro-
chemical performance.

Sugar-based MSHCs

Sucrose is one of the most used precursors for MSHCs. The ease
of synthesis involves a moderate temperature of about 160-
220 °C with the subsequent high-temperature carbonization
step in an inert (Ar, N,) atmosphere. The sucrose-based mono-
dispersed MSHCs with uniform size and smooth surface were
synthesized by the hydrothermal method, followed by carboni-
zation at 1300 °C Fig. 6a). The structural stability could allow
anodes with better cyclic stability as well as improved rate
performance. The HCS-1600 delivered the first discharge and
charge capacity of 335 and 279 mA h g~ ', respectively, with ICE
of 83% at 0.1 C (30 mA g~ ') with 53% of PRC (Fig. 6b). The rate
performance showed a sudden drop in the capacity after 0.2 C
due to the rapid fading of PRC (Fig. 6¢), suggesting poor Na-ion
adsorption-desorption kinetics in the nanopores at lower
potential. The SRC and PRC contributions depend on the
synthesis methods and carbonization temperatures. The PRC
arises from the filling of pores and increases with the rise in
carbonization temperature. In contrast, the SRC contribution
decreases due to increased graphitization as higher tempera-
tures create fewer defects. (Fig. 6d).*> Researchers claimed that
the decay in the total capacity at a high C-rate due to the rapid
plateau capacity decay suggests the poor kinetic properties of
Na adsorption-desorption in the nanopores (PRC) as compared
to the graphene layers (SRC). Morikawa and co-workers®’
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developed hard carbon microspheres having diameters of
2-10 pum delivered a high capacity of 348 mA h g ' at
20 mA g~ '. The inserted sodium-ion confined in the nanopores
were revealed by small and wide-angle X-ray scattering (SAXS
and WAXS), accounting for the increased capacity. The larger
number of defects available in the graphene at lower tempera-
tures promotes Na-ion adsorption at surface defects/edges,
resulting in more sloping capacity contribution. SRC is influ-
enced by the rise in carbonization temperature and the simul-
taneous decrease in the interlayer distances. Simultaneously,
the observed larger surface area at lower synthesis tempera-
tures can increase the number of functional groups and
defects, leading to irreversible capacity loss.'®® The high defect
concentration of micro-spherical HCs is directly related to poor
ICE, low reversible capacity, and stability fading. During carbo-
nization, the slow heating rate increases the number of closed
pores, which improves the PRC contribution and total capacity
of the carbon anode.'®® Jian and co-workers®® reported a
reversible capacity of 322 mA h g~ ' for SIBs at 28 mA g .
T. Chen and co-workers®® reported the synthesis of carbon
microspheres using sucrose via the microwave-assisted sol-
vothermal method. The increase in carbonization temperature
from 300 °C to 1000 °C resulted in an increase in the carbon
microspheres’ surface area, leading to low ICE.'” The best
reversible capacity of 202 mA h g~' at a current density of
30 mA g~ ' was found for HCs carbonized at 500 °C due to the

© 2022 The Author(s). Published by the Royal Society of Chemistry

and carbonization temperature. Reproduced with permission.*? Copyright

wider separation of graphitic layers. The differential capacity
curve (dQ/dV vs. V) showed the SRC (above 0.2 V) and PRC
(below 0.2 V) corresponding to the Na-ion nanopore filling, and
the insertion of sodium ions between the graphitic layers,
respectively.

The glucose-derived MSHC anode showed the capacity of
330 mA h ¢! at 72 mA g !, with a plateau capacity of
150 mA h g7" at 0.1 V versus Na*/Na.>® The presence of latex
templates provides hollow carbon spheres using glucose as the
precursor at 1000 °C. The hollow spheres have a higher surface
area resulting in a poor ICE, and delivered a lower charge
capacity of 223 mA h g~" at 50 mA g~ ".*® The larger interlayer
spacing of 0.401 nm accounts for the majority of the sodium
storage between the graphene layers (SRC), and a capacity of
~20 mA h g~ " as compared to the total capacity was observed
from nano-pores filling (PRC below 0.11 V).

G. Yasin et al.'® fabricated MSHCs made from glucose,
using the hydrothermal method (Fig. 7a and b), encapsulated
with graphene oxide (G-HCS), reporting a high charge capacity
of 421 mA h g™' (68.45% low ICE) at a current density of
0.1 A g~ " as shown in Fig. 7c. The rate performance of G-HCS
showed a much-improved capacity as compared to HCS and
delivered 140 mA h g™ ' at a high current density of 10 A g~ * for
SIBs, as shown in Fig. 7d. However, MSHCs delivered a rever-
sible capacity of 308 mA h g~ " at 0.1 Ag~". The maximum slope
capacity for G-HCS suggests the insertion of Na-ions between
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Fig. 7 (a) Schematic for the synthesis of G-HCS. (b) SEM image of G-HCS, (c) charge—discharge profile of G-HCS at 0.1 A g~ and (d) rate performance

of G-HCS and HCS. Reproduced with permission.*®” Copyright 2020, Royal

the expanded graphitic carbon layers. The G-HCS enhanced the
electrolyte diffusion and kinetics of ions and electrons due to
the large surface area leading to better rate capability. The
larger spacing between the graphitic layer promotes excellent
rate performance, having enhanced capacity at a higher current
rate of 309, 272, 243, 215, and 165 mA h g’1 at the current
densities of 0.5, 1, 2, 5, and 10 A g, respectively.

Yang et al>® recently reported low surface area carbon
microspheres by a salt-assisted hydrothermal carbonization
method of glucose. NaCl played a vital role in improving the
carbon conversion efficiency, microsphere size, and a more
disordered structure, enhancing the specific capacity of
350 mA h g7, with a PRC of 63.8% below 0.2 V, and excellent
retention of 93.4% after 200 cycles, as compared to the capacity
of the sample without NaCl (323 mA h g~ ') at 100 mA g~ *. The
low surface area promotes less irreversible loss, resulting in a
much better ICE of 81.3%. The larger lateral width (L,) of the
graphitic domain leads to a more ordered structure, causing
less accessibility to Na-ion storage sites and low PRC results.

Society of Chemistry.

Also, the fading of the PRC at higher current density is due to
poor Na-ion kinetics at a lower voltage. The sodium molybdate
dihydrate (Na,Mo00O,-2H,0) precursor was synthesized via
hydrothermal carbonization at 800 °C and resulted in porous
carbon spheres (PCS) as shown in Fig. 8a.'°® The addition of
molybdate dihydrate increased the surface area and pore
diameter, and more micropores offered more active sites to
store Na-ions. The best reversible capacity of 319.2 mA h g™*
was observed for PCS-120 at 50 mA g~ with a larger interlayer
spacing and a high surface area, leading to a sizeable irrever-
sible capacity (Fig. 8b). The mechanism model has three voltage
ranges: the first is the slope due to capacitive behavior on
the surface and edge (above 1. 0 V), the second is SRC due to
the adsorption/intercalation of Na-ions on and between the
graphene layers (below 1.0 V), the third is PRC due to the
adsorption/intercalation of the ion into the nanopores (near
5 mV). The rate performance with better retention of PCS
electrodes was 2.5 times higher than CS electrodes, as shown
in Fig. 8c.

500

Capacity/mAhg"'
Fig. 8 (a) SEM image of PCS-120, (b) charge—discharge profile for PCS-120,

2.5 A g™t Reproduced with permission.1°® Copyright 2017, Elsevier.
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Wiley.

In PIBs, the hard carbon with micro-spherical architecture
also plays a crucial role in increasing the rate capability,
capacity retention, and initial coulombic efficiency with an
improved potassium adsorption capability,5*839%199110 oy
ever, hard and soft carbons with different morphologies are
limited by the sizeable irreversible loss and low capacity
retention in PIBs."'"''* Zelang and co-workers®® reported the
micro-spherical hard carbon from glucose (Fig. 9a) via the
hydrothermal method. It achieved a high ICE of 61.8% and
reversible capacity of 262 mA h g™, with 83% capacity retention
after 100 cycles at a current density of 28 mA g~ ', as shown in
Fig. 9b. However, PIBs showed better capacity and retention
than SIBs at higher current rates, as shown in Fig. 9c.

The higher potassiation voltage avoids metal plating (den-
drite formation) and exhibits better rate capability and reten-
tion. Further, this group™*® reported sucrose as a precursor for
micro-spherical hard carbon by a hydrothermal reaction fol-
lowed by pyrolysis at 1100 °C. Using the 0.8 M KPF; salt in EC
and DEC (1:1 by volume) solvent, the half-cell exhibited the
reversible capacity of 260 mA h g~' with an ICE of 76% at a
0.1 C rate. The excellent cycling performances at 0.2C and 1C
rates are due to the unique nongraphitic structure with more
disorder. The HR-TEM image confirmed the short turbostratic
nanodomain before and after potassiation and the minor
structural change in the hard carbon resulted in better cycling
performance.

Biomass-based MSHCs

Biomass and its waste products are abundant, low-cost, and
have a high carbon and low oxygen and hydrogen content to
suit hard carbon anode materials. Hard carbon can pursue the
biomass precursor’s natural morphology based on synthesis
strategies such as simple direct pyrolysis,'*****> hydrothermal
carbonizations,'® and physical and chemical activation*®*"”
processes. Biomass-based porous carbon has drawn significant
attention as the anode material in LIBs, lithium-sulfur bat-
teries (LSBs), and supercapacitors.'*®2°

Different waste biomasses with various binder components,
i.e., lignin, hemicellulose, or pectin, have been investigated as
precursors for the synthesis of hard carbons. In particular,
peanut shells and corncobs, respectively, containing lignin and
hemicellulose, were successfully transformed into hard

© 2022 The Author(s). Published by the Royal Society of Chemistry

carbons. Their characteristics and electrochemical perfor-
mance have been compared with those of apple (pectin)-
derived hard carbon. The acid treatment has been identified
as an essential step in the synthesis, as the various binder
components have different sensitivities towards hydrolysis,
which strongly affects the characteristics of the derived hard
carbons. The various biomass compositions and structures
crucially influence the process yield, surface area, elemental
composition (bulk and surface), structural disorder, and impur-
ity content of the resulting hard carbons. However, the practical
application of biomass-derived carbon is limited by their
relatively rare storage sites and low diffusion kinetics."*" In
sucrose and glucose, it is converted into uniform spherical hard
carbon via hydrothermal treatment at 160 °C. At the same time,
cellulose and rye straws are resistant to low-temperature hydro-
thermal treatment due to their intact fiber structures, and do
not undergo any structural disruption. However, at a higher
temperature (>220 °C), its fibrous network is disrupted, lead-
ing to the formation of micro/nano-sized cellulose fragments
and spherical particles of varying sizes, confirming that synth-
esis methods and heat treatment play a vital role in controlling
the size and structure of spherical hard carbon.'?' "3
The biomass-based HC with its inherent morphology and
porous structure, along with the sustainable nature of precur-
sors, make them potential anode materials for SIBs and
PIBS100,105,113

The carbon microspheres using the sol-gel process were
achieved by C. Chen’s group'>* using seafood waste chitin as a
precursor, after carbonization at 800 °C. The reversible capa-
cities of 200 mA h g~ " and 105 mA h g~ were observed at low
and very high current densities of 33.6 mA ¢~ " and 8.96 A g,
respectively. According to the relationship between current (i)
and sweep rate (v), i = av®, bvalue was used to identify the
nature of charge storage. The b-value of 0.5 represents the
diffusion process, whereas 1 indicates the capacitive-
dominated process. For the sodium half-cell of porous carbon
microspheres, the high b-value of 0.94 shows the charge storage
from greater surface adsorption of sodium ions. R. R Gaddam
and co-workers reported a flame deposition method®° to obtain
MSHC of 40-50 nm from coconut oil. This biomass-derived
MSHC delivered the reversible capacity of 277 mA h ¢ ' at a
current density of 100 mA g ' with a capacity retention of
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Fig. 10

(a) Schematic showing the synthesis of MSHCs using oatmeal as a carbon precursor, and (b) the long-time cyclic performance of MSHCs at

10 A g~ for 12500 cycles. Reproduced with permission.>® Copyright 2017, Elsevier.

78.3% after 20 cycles. The CV curve in the voltage range of 5 mV
to 3 V shows a precise rectangular shape of a pure capacitive
storage mechanism. Oatmeal,>® having abundant C, N, and O,
gave carbon microspheres by the hydrothermal-carbonization
process, as illustrated in Fig. 10a. The greater surface area and
larger interlayer spacing at 500 °C promoted better charge
transferability, ultra-fast charging/discharging ability, and Na-
ions insertion between the layers. The excellent capacity reten-
tion of 104 mA h g~ " was achieved after 12 500 cycles at a higher
current density of 10 A g~ ', as shown in Fig. 10b. Rape pollen
grains (RPGs)'*® were used to synthesize 3D hollow reticulate
MSHCs by the pyrolysis of RPGs’ hydrothermal product. The
interconnected hollow carbon sphere showed type-I/IV beha-
viors with pore volumes ranging from 2 nm to 15 nm, and
larger interlayer spacing allowed for excellent Na-ion storage.
The specific discharge capacity of 145 mA h g™ at a current
density of 50 mA g~ showed 90% capacity retention after 1000
cycles with 79% of the capacity above 0.1 V, suggesting an
adsorption charge-storage process. Yeast-derived MSHCs,
obtained through the hydrothermal method followed by a
sulfuration procedure, were achieved by Lian et al'>® The
yeast cell acts both as a carbon template and the source of
heteroatoms (N, P). The MSHCs exhibited excellent long cyclic
stability but suffered from an insufficient reversible capacity of
~150 mA h g~ at 100 mA g~ . Recently, an efficient solvother-
mal stabilization method was reported to synthesize MSHCs
from a wheat starch precursor and promoted the carbon
yield.">” MSHCs carbonized at 1100 °C exhibited an excellent
reversible capacity of 320 mA h g™' at a current density of
30 mA g~ with enhanced ICE of 85.2%. Also, superior cycling
stability at 0.4C rate delivered capacity retention of 93.2% after
300 cycles. For MSHCs with carbonization temperatures ranging

820 | Mater. Adv, 2022, 3, 810-836

from 900 to 1700 °C, the SRC decreased from 176 to 112 mAh g%,
while the PRC first increased from 80 to 186 mA h g™ * (until the
carbonization temperature of 1300 °C), and then started to
decrease. The temperature-dependent defects, interlayer spacing,
and graphitic domains led to such an observation.

In PIBs, Chen et al.'®* developed the nitrogen-rich Micro-
spherical hard carbon from a chitin source by a sol-gel method,
as illustrated in Fig. 11a. As confirmed by the SEM image
(Fig. 11b), the hierarchically porous microspheres were
obtained with a pore size of approximately 10 pm and a surface
area of 563 m”> g~ '. The high-magnification SEM (Fig. 11c) and
TEM images (Fig. 11d) of the MSHC show a cross-linked
hierarchically porous microsphere. The N-doped MSHC deliv-
ered the reversible capacity of ~250 mA h g~" at the current
density of 0.12 C (1C = 280 mA h g™ !) and showed an excellent
capacity of 156 mA h g~' at 18 C for a half cell as shown in
Fig. 11e and f. Surprisingly, the same ultra-high capacity was
obtained when the C-rate was increased from 18 C to 72 C. The
N-doped MSHC showed no capacity decay even after 4000
cycles. In contrast, for NIBs, 200 mA h g~ of reversible capacity
was obtained at 0.12 C and 105 mA h g~' at 36 C, which is
comparatively lower than for PIBs. Yingli Zhang et al'*®
reported corn silk-derived carbon with protrusions and a nano-
sphere morphology at its surface. The N, O-enriched MSHC
anode carbon delivered the initial capacity of 309.8 mA h g~*
and retained 82.1% of its initial capacity after 200 cycles at
0.1 Ag ', An excellent capacity of 131 mA h g~ ' was observed at
10 A g~ through surface adsorption storage showing fast kinetics.

Organic polymer-based MSHCs

Hard carbons from organic polymer-based precursors mainly
belong to organic resin precursors like polyacrylonitrile

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00731a

Open Access Article. Published on 02 December 2021. Downloaded on 12/9/2025 6:03:28 AM.

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

(cc)

Review

(a)

Chitin solution

Chitin resource

“Dissolution

?

> NaOHlurea (-

»

* Chitin chain @ Chitin emulsion droplet

K*ion storage  N.doped Carbon microsphere

Fig. 11

— | Emuision M—

@ W o
) Regennratlon/"\?} & @/

Chitin rr{icrosphere

View Article Online

Materials Advances

Freeze drying

0 80 160 240 320
Capacity (mAhg™)

Capacity (mAhg”)

(o] 10 20 30 40 50
Cycle number

(a) Schematic of the SHC synthesis from biomass waste chitin. (b and c) HR-SEM, and (d) TEM images of SHC revealing the morphology. (e)

Charge-discharge curves at different current densities, and (f) the rate performances at various C-rates of biomass waste chitin. Reproduced with

permission.** Copyright 2017, Elsevier.

(PAN),"*® phenolic resin,’* epoxy resin,”*° and conducting

organic polymers such as polyaniline (PANI)."”*" Among these,
the resorcinol formaldehyde resin (RF-resin) is an excellent
precursor due to the ease of synthesis, availability, and high
carbon yield. RF-resin is a thermosetting resin and forms a 3D
network with more crosslinked structures after thermal treat-
ment. The 3D network architecture can enhance the long cycle
stability of the batteries during charge and discharge processes.
It makes the resinous precursors (RF and phenolic) an excellent
choice for hard carbon anodes in SIBs and PIBs.***%%

The resorcinol formaldehyde (RF) resin as a precursor for
MSHCs via a hydrothermal controlled pyrolysis process was
reported by Yu Jin et al®® The HC delivered a maximum
reversible capacity of 310 mA h g~ with the outstanding
capacity retention of ~96.7% after 100 cycles at a current
density of 20 mA g . The larger interlayer spacing and nano-
pores at higher pyrolysis temperatures provide insight into the
high capacity storage mechanism based on three storage sites:
(1) sodium-ion storage at defective sites, called adsorption
capacity (AC); (2) sodium-ion insertion into the graphene
sheets, called intercalation capacity (IC); (3) sodium-ion filling
into the confined spaces, called filling pore capacity (FPC). The
SRC contribution due to AC gradually decreases with tempera-
ture because of fewer defects at higher carbonization tempera-
tures. As the temperature increases to 1300 °C, PRC (IC + FPC)
increases and decreases due to more graphitization. The galva-
nostatic intermittent titration technique (GITT) used for the
Na' diffusion coefficient (DC) in the sodiation/desodiation
curve indicates the voltage range (0-2.5 V) of the discharge
curve for the three-phase model, AC (1.0-0.1 V), IC (0.1-0.03 V),
and FPC (0.03-0 V). H Wang and co-workers** synthesized low
surface area micro-spherical HCs using phenolic resin and

© 2022 The Author(s). Published by the Royal Society of Chemistry

carbonized them at higher temperatures from 800 °C to
1500 °C. At the current density of 20 mA g~ ', the reversible
capacity first increased to 311 mA h g~ at 1250 °C due to the
large graphene interlayer space suitable for sodium-ion inser-
tion decreasing because of graphitization. Qiliang Wei and co-
workers®® developed highly ordered microporous carbon (MPC)
nanospheres via a hydrothermal method based on a soft-
template (tri-block copolymer Pluronic F127) at 700 °C. At
100 mA g~', MPC-700 delivered the first specific charge capa-
city of 237 mA h g™* (ICE = 51%) with a capacity retention of
~76% after 200 cycles. The MSHCs, through the polymeriza-
tion process, using the mixture of resorcinol and formaldehyde,
provided quite a low surface area of 3 m® g~ '. The presence of
closed pores plays a significant role in reducing the irreversible
capacity resulting in better ICE of 70% and allowing extraor-
dinary contribution from PRC (247 mA h g~ " below 0.2 V) of the
total reversible capacity (285 mA h g ') corresponding to
sodium’s insertion into the nanocavities.’®® Q. Zhang and co-
workers*® adopted spray-drying and carbonization techniques
to fabricate MSHCs (RFHC) with larger graphene interlayer
spacing from a resorcinol-formaldehyde resin precursor at
different carbonization temperatures (7 = 900 °C, 1100 °C,
1300 °C, 1500 °C), (Fig. 12a and b). The sample carbonized at
1100 °C delivered the highest reversible capacity of 321 mA h g™,
having a great contribution from the plateau at a current
density of 25 mA g~', with 82% ICE as shown in Fig. 12c.
Interestingly, at current density of 250 mA g ', the PRC con-
tribution almost vanished, suggesting a defect-assisted sodia-
tion/desodiation process rather than insertion between
graphene layers. Fig. 12d shows the contribution of the SRC
and PRC above 0.1 V and below 0.1 V, respectively, suggesting a
greater SRC for a sample at lower carbonization temperature,

Mater. Adv.,, 2022, 3, 810-836 | 821
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permission.*® Copyright 2020, Springer.

while a maximum PRC was found for the 1300 °C sample. The
synthesis of MSHC interconnected by carbon nanotubes (CNTs)
using 3-aminophenol formaldehyde resin was done by L Suo
et al."*? to improve the electrical conductivity for better capacity
and rate performance. The specific capacity of 200.6 mA h g *
was observed at 100 mA g~ ' for HCSs-CNT, which was higher
than the capacity (~95 mA h g™ ') of simple HCSs. The
incorporation of CNTs confirmed that the efficient electron
kinetics and electrolyte infiltration resulted in greater capacity
and higher rate capacity as compared to pristine HCs. At the
current density of 1000 mA g~ ', HCSs and HCSs-CNTs delivered
stable capacities of 49.9 mA h g " and 95.1 mA h g ', respec-
tively, after 500 cycles.

In PIBs, S Wang et al.*** developed a uniform carbon micro-
sphere with an average diameter of 300 nm from a phenolic
resin precursor. The larger lateral width (L,) of the graphitic domain
played a significant role in improving the potassium storage
capacity and achieved the reversible capacity of 241 mA h g™ " at
a current density of 25 mA g '. Recently, Zhang et al."** synthe-
sized nano-sized porous carbon spheres (NPCS) using resorcinol
via a simple sol-gel method as shown in Fig. 13a. The as-
prepared electrode delivered a capacity of 232.6 mA h g™ " over
100 cycles at 200 mA g~ with the KFSI-DME electrolyte system
that efficiently increased the ICE to 68.2%, as illustrated in
Fig. 13b. The particle size decreased to improve the contact
between the electrode and electrolytes, increasing the carbon
electrode’s reversible capacity. The discharge capacities of SPCS
at current densities of 50, 100, 200, 500, and 1000 mA g’1 were

822 | Mater. Adv., 2022, 3, 810-836

345.5, 271.9, 233.2, 194.9, and 171.3 mA h g’l, respectively,
better than SCS and CS as shown in Fig. 13c. Some researchers
realized that lower ICE values are due to the thicker SEI layer."**
The carbon electrode performance in ether-based solvent
showed better ICE as compared to ester-based solvent. Many
decomposed organic products in EC/DEC formed a thick SEI
layer compared to diglyme’s stable, thin, and uniform SEL'*®
MSHCs using different controlled synthesis methods and pre-
cursors have shown high reversible capacity, excellent rate
performance, and long stability.>**"7”

Heteroatom-doped/co-doped MSHCs

Heteroatom doping significantly impacts sodium storage prop-
erties due to changes in the microstructures of carbon spheres.
The doping approaches have positive effects on the perfor-
mance of SIBs by (1) introducing more defect sites, (2) increas-
ing the interlayer spacing, (3) increasing the nanovoid volume,
and (4) improving the electric conductivity."*”"*® Carbon dop-
ing with different heteroatoms such as N, S, P, B, O, and F has
been investigated for anode materials for SIBs and PIBs."**?
A wider interlayer spacing and more defects contribute to the
increased storage capacity through the insertion mechanism.
The defect sites generated in the MSHCs structure helps to
improve the electrode-electrolyte interface.*"*** The doping of
MSHCs with functional groups could promote greater capaci-
tive performance through a pore-filling mechanism.>®

The incorporation of N leads to a unique structure and
creates defect sites, resulting in a greater capacitive contribution.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Zhong et al.*** reported that the N-doped mesoporous carbon

spheres by hydrothermal and thermal pyrolysis using glucose
and melamine delivered an excellent sodium capacity of
3347 mA h g ' and 93.9 mA h g ' at a current density of
50 mA g ' and 5 A g ', respectively. The material delivered a
poor ICE of 23.3% due to enhanced surface reactions. The in situ
Raman characterization suggested Na-ion adsorption above 0.3 V
(SRC) and adsorption intercalation of Na-ions between 0.3-0.02 V
(SRC). Agarwal et al.'* reported a hydrothermal process for the
N-doped nanocarbon spheres (NNCS) using sucrose as a carbon
precursor. The higher surface area and more defects of NNCS
provide better battery performance than the undoped nanocarbon
sphere. A well developed template-assisted method for N-doped
porous carbon spheres was reported by Dongdong et al.'*® The
porous structure is critical for better cycle stability and rate
performance, and delivered the high reversible capacities of 237,
215, 184, and 155 mA h g~ " at current densities of 0.1, 0.2, 0.5,
and 1 A g7, respectively, with a capacity retention of ~67% at
0.2 A g~ after 600 cycles. Xu et al.*® recently fabricated porous
carbon microspheres with heteroatom doping to enhance more
active sites for storage. N-doped porous microspheres allowed
more open pores and high surface area with a more significant
graphitic layer separation, significantly enhancing the Na-ion
storage capacity and delivering a high reversible capacity of 256

© 2022 The Author(s). Published by the Royal Society of Chemistry

mA h g " at 1 A g . It showed excellent reversible capacity
retention of 291.8 mA h g™ after 100 cycles at 200 mA g~ .
Sulfur-doped carbon spheres significantly promoted a con-
siderable number of active sites on the surface. The S-doped
micro/mesopore carbon spheres via a resorcinol-formaldehyde
sol-gel as a carbon precursor were presented by H. Tang
et al."™” A high reversible capacity of 679 mA h g~ " at 50 mAg ™"
with a retention capacity of 443.4 mA h g~ was achieved after
50 cycles. The S and N co-doped porous hollow carbon spheres
were developed using resorcinol at 600 °C by Ye’s group.'*®
N-doping supports the modification of the surface electronic
distribution; however, S-doping expands the graphitic inter-
layer distance in carbon spheres. The electrode’s hierarchical
structure delivered the charge capacity of 250 mA h g™* at
100 mA g ', with an excellent rate performance of 185 and
140 mA h g~ " at 500 and 5000 mA g~ '. The nitrogen and oxygen
co-doped carbon sphere using corn stalks via the hydrothermal
method promotes a highly porous carbon structure with a large
interlayer gap of 0.377 nm, as shown in Fig. 14a-b. Fig. 14c
illustrates the specific charge capacity of 374 mA h g
with poor ICE."® So, achieving a higher ICE is still challeng-
ing for initial cycles. A higher surface area (more porous)
promoted greater adsorption of ions, resulting in better perfor-
mance at a higher current rate, and showed the reversible

Mater. Adv,, 2022, 3, 810-836 | 823
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capacity retention of 108 mA h g~ after 3500 cycles at 5000 mA g~ .
The rate performance from 0.25C to 10C exhibited improved
performance with a capacity of around 200 mA h g at 1 C rate,
and the cyclic stability at 10C rate for 2000 cycles showed excellent
retention of 96.8% for long-time cycling (Fig. 14d).

Recently, carbon microspheres with B (boron), P (phosphor-
ous), and B-P dual-doped carbon (BC, PC, and BPC) were
developed by a pyrolysis method using onion salts.>® The
BPC sample (0.369 nm) had a larger interlayer spacing as
compared to BC (0.342 nm), and PC (0.360 nm) facilitated
more Na-ion intercalation between the graphene layer, giving
more PRC regions. The reversible capacity was found to be
221.9 mA h g~ for BPC (ICE = 66.6%), 126.7 mA h g~ for BC
(ICE = 44.6%) and 101.2 mA h g~* for PC (ICE = 35.7%) at a
current density of 50 mA g~ .

Doped carbon spheres for PIBs have also shown improved
structural stability and storage performance. C Chen et al.'**
reported the fabrication of nitrogen-doped micro-spherical
hard carbon using chitin as a carbon precursor. At a high
current rate of 72C (1 C = 280 mA g '), a reversible capacity
of 154 mA h g~ ' was observed after 4000 cycles showing
extraordinary retention properties. Ruan et al'®' achieved
excellent reversible capacity of 241, 201, and 183 mA h g !
after 100 cycles at the respective current rate of 0.05, 0.1, and
1.0 A g~ " for nitrogen-doped hollow carbon nanospheres pre-
pared by dopamine. J. Ge et al.'*® introduced a novel zinc
catalysis method for N-doped carbon microspheres (CMSs)
using graphite C;N, as a precursor. As shown in Fig. 15a, the

824 | Mater. Adv., 2022, 3, 810-836

micro-spherical carbons mitigate the volume expansion issue
in PIBs and provide additional active sites that assist potassia-
tion. The high reversible capacities of 328, 278, 225, 180, 164,
150, and 125 mA h g~ ' were reported at 100, 200, 500, 1000,
1500, 2000, and 3000 mA g~ ', respectively as shown in Fig. 15b.
Sulfur-doped carbon creates a covalent bond and nanoconfined
sulfur that maximize capacity retention by lowering the irre-
versible loss.">® The sulfur-rich carbon spheres exhibited a very
high reversible capacity of 581 mA h g' at 25 mA g~ ' and
delivered 202, 160, and 110 mA h g~ " at current rates of 1.5, 3,
5 A g%, respectively. Chen and co-workers'>* developed high
surface area porous hard carbon microspheres by sulfur and
oxygen co-doping. High surface defects with better structure
stability promoted a high reversible capacity of 230 mA h g™*
and high capacity retention of 226.6 mA h g~ " after 500 cycles at
the current density of 50 mA g~ *. The results confirmed that in
PIBs, HCMSs can deliver high energy density batteries with
better retention and high rate performance.

Plastic waste-based MSHCs

The cost-effective recycling of increasing amounts of non-
biodegradable plastic waste into a valuable product is crucial
for environmental sustainability. The plastic waste precursors
include polyethylene terephthalate (PET), polyvinyl chloride
(PVC), high and low-density polyethylene (HDPE and LDPE),
polypropylene (PP), polystyrene (PS), polycarbonate (PC), and
nylon. They generate hierarchical micro-spherical carbons for
application in the field of batteries and supercapacitors.*>*> 7

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Here, we focus on synthesizing micro-spherical hard carbon
from plastic waste as a precursor for battery applications.

Pol et al.'®® reported polyethylene-based plastic waste to
fabricate spherical carbon particles (SCPs) by an autogenic
reaction (Fig. 16a). At a current density of 23.5 mA g~ ', SCPs/
Li cells generated the reversible capacity of 227 mA h g~ * with
60% of the initial irreversible capacity loss and showed stable
cycling performance and a discharge capacity of 237 mA h g™*
after 200 cycles as shown in Fig. 16(b and c). Due to improved
graphitic order, the irreversible loss was reduced from 60% to
20% in high-temperature SCPs/Li cells. Kali et al.®” fabricated
micro-spherical carbon using the waste from a bicycle rubber
tube by a controlled oxidation process. This trash to treasure
electrode for the Li half-cell delivered the first charge capacity
of 267.09 mA h g~ with 31.9% ICE at a current density of
100 mA g~ '. The better structure stability maintained the
reversible capacity of ~190 mA h g~ " after 1000 cycles at the
current rate of 2C (~1.339 mA).
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In SIBs application, Pol et al.®® achieved carbon spheres

using mesitylene (or LDPE bags) via the same autogenic process
at 700 °C. The interlayer spacing of ~ 0.34 nm close to
0.335 nm of graphite suggests graphene-like properties. The
inadequate capacity of ~ 125 mA h g ' was seen for micro-
spherical carbon at the current density of 30 mA g™, which was
attributed to a lack of sodium ion pore-filling, whereas hard
carbon showed better reversible capacity (Fig. 16d and e).
However, micro-spherical carbon had high capacity and good
capacity retention at high current rates due to sodiation into
graphene regions, as illustrated in Fig. 16f. Apart from micro-
spherical carbon, plastic waste conversion into activated car-
bon can also play a promising role as a negative electrode in
LIBs, SIBs, and PIBs due to its highly porous structure. Uttam’s
research group'® converted the electronic waste plastic into
porous activated carbon via a fast and slow heat-treatment
process. The sample carbonized at 700 °C delivered a specific
capacity of 190 mA h g~ " after 25 cycles at a low current density
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(a) SEM image of LDPE-derived carbon spheres. Charge—discharge profile of spherical carbon vs. Li/Li* calcined at (b) 700 °C, (c) 2400 °C.

Reproduced with permission.**® Copyright 2011, Royal Society of Chemistry. Charge—discharge curve vs. Na/Na™* of (d) plastic waste-derived spherical
carbon, and (e) plastic waste-derived hard carbon. (f) The rate performance of plastic waste-based carbon. Reproduced with permission.>® Copyright

2014, Elsevier.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv,, 2022, 3, 810-836 | 825


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00731a

Open Access Article. Published on 02 December 2021. Downloaded on 12/9/2025 6:03:28 AM.

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

(cc)

Materials Advances

Table 1 Summary of micro-spherical hard carbons from diverse precursors as anodes for SIBs
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CT Specific capacity (mA ICE Cyclability Rate performance
Precursor (methods) (°C) Electrolyte 14 heg™) (%) (mAhg™ (mAhg™) Ref.
Sucrose (hydrothermal) 1600 1 M NaClO, in ~ 0-3V *310 @30 mA g™ 83 290 after I00N@ 110@ 150 mAg ' 42
EC:PC 30mA g
Sucrose (hydrothermal) 1100 0.8 M NaClO4 in  0.01-1.5V *322 @ 28 mA g™ ' 757 — 190 @ 140 mA g™ " 36
EC:DEC 127 @ 280 mA g
97 @ 560 mA g '
Sucrose (hydrothermal) 1300 1 M NaClO, in 02V *361 @20 MA g ' 86.1 94% after 100N @ — 106
EC:DEC B20 mA g™*
Sucrose (hydrothermal) 1400 1 M NaPFg in 025V *348 @20 mAg ' 952 — — 47
EC:DEC
Sucrose (microwave-assisted 500 1 M NaClOy in 0.005-3V *202 @30 mAg ' — 183 after 50 N @ 149 @ 100 mA g™ "; 38
solvothermal) EC:PC 30mAg ! 80 @ 1000 mA g *
Sucrose (microwave assisted 1000 1 M NacClO, in 0.005-1.5 *385 @ 30 mAg~'  75.5 83% after 50N 265 @ 300 mA g™ 77
g g
solvothermal) EC:PC \Y% 30mA g 100 @ 1500 mA g~ *
Glucose (hydrothermal) 1100 1 M NaClO, in  0.01-3V “421 @ 100 mAg ' — 327 after200N@ 272@1Ag Y 107
EC:DEC 100 mA g * 215@5A g
Glucose (hydrothermal) 1000 1 M NaClO, in PC 0.001-3 V #223 @ 50 mA g '  41.5 160 after 100 N @ 168 @ 200 mA g *; 46
100 mA g~ * 100@2Ag Y
75@5Ag "
Glucose (hydrothermal 800 1 M NaClO, in 0.005-3V *3192 @50 mAg ' — 2499 after 50 N@ 234.5 @ 250 mA g '; 108
Y g g
EC:PC 50 mA g ! 1667 @1Ag Y
1222 @2.5A¢g"
Glucose with NaCl 1200 1 M NaClO, in ~ 0.001-3 V *357 @ 100 mA g~ ' 71.2 327 after 200N @ 314 @ 200 mA ?1; 52
(hydrothermal EC:DMC 100 mA g * 261 @ 0.5A¢g
167@1Ag "
Resorcinol formaldehyde (RF) 1300 1 M NaClO, in ~ 0-2V *310 @20mA g ' 84 300after 00N@ — 64
(hydrothermal) EC:PC 20mA g "
Resorcinol (spray drying 1100 1 M NacClO, in 0-2.8V *321 @0.1C 82 281 after 200N @ 200 @ 0.4 C 49
carbonization) EC:DEC 0.1C
Resorcinol (polymerization) 950 1M NaClO,in  0-3V *285 @ 0.1 C 70 — — 103
EC:DMC
PVDF (direct pyrolysis) 500 1 M NaClO, in PC 0-3 V *269 @ 50 mA g ' 39.7 129 after 100N @ 140 @ 200 mA g ' 139
50 mA g’1
Aminophenol formaldehyde 900 1 M NaClOy in 0.01-3V  #200.6 @ 100 mA g’1 33.1 151.7 after 100 N @ 214 @ 30 mA g’l; 132
(direct pyrolysis) EC:DEC: FEC 100 mA g * 129 @ 200 mA g~
82 @ 2000 mA g~ !
Phenol (hydrothermal) 700 1 M NaClO, in PC 0-3 V *230 @ 100 mA g ' 51 180 after 100N @ 210 @200mAg ' 56
100 mA g~ ! 132 @ 2000 mA g~ *
Phenol (hydrothermal) 1250 1 M NaClO, in 0.01-2.7V*311 @ 20 mA g '  60.2 80% after 100N @ 165 @ 100 mA g '; 44
. EC:DMC 20mA gt 78 @ 200 mA g '
LDPE (autoclave technique) 700 1M NaClO, in PC 0.01-2V  *200 @ 15 mA g "  68.9 92 after 50 N @ 40@15Ag " 58
150 mA g
N-doped:Sucrose (Autoclave — 1MNaClogin  0.01-2V "256 @ 30 mAg ' 43.5 245 after 200N @ — 145
technique) EC:DEC 30mAg !
N-doped:benzenetri carbosxylic 800 1 M NaCF;SO; in 0.01-3 V. *298 @ 200 mA g ' 75.2 291.8 after 100 N @ 285 @ 400 mA g~ '; 43
acid (hydrothermal) DEGDME 200 mA g 265 @ 800 mA g~
256 @ 1000 mA g~
N-Doped:glucose & melamine 800 1 M NaClOy in 0.02-3V  *334.7 @ 50 mA g’1 25.2 228 after 300 N @ 93.9 @ 5000 mA g’1 144
(direct pyrolysis) EC:DEC ‘ ) 50 mA g ! ,
N-Doped:oatmeal (hydothermal) 500 1 M NaClO, in 0.005-3 V *320 @ 50 mA g~ — 336 after 50 N @ 102 @ 10A g 55
EC:PC 50 mA g !
N & O co-doped:corn 1200 1 M NacClO, in 0.01-3V *360.7 @ 50 mA g~ 49.2 270 after 200 N @ 210 @ 200 mA g '; 149
stalks (wet/dry pyrolysis) EC:DEC 50 mA g ! 148 @ 1000 mA g™ %;
130 @ 2000 mA g~ "
S-Doped: RF resin (sol gel) 600 1M NaClO,in  0.005-3V *679.3 @ 50 mAg ' — 443 after 50 N @  294.9 @ 2500 mA g~ ' 147
EC:PC 50 mA g !
N & S doped: RF resin (direct 600 1M NaClO,in  0.01-3V *250 @ 100 mA g ' 27.7 180 after 200 N @ 185 @ 500 mA g~ '; 148
pyrolysis) EC:DEC 100 mA g~ 140 @ 5A¢g "
B & P co-doped: Onium salt 1000 1 M NaClO, in 0.01-3V — 66.6 221.9 after 200N @ 102 @ 1A g " 150
(pyrolysis) EC:DEC 50 mA g !

CT: Carbonization temperature; *: first reversible capacity; #: first charge capacity; ICE: initial coulombic efficiency; N: cycle.

of 3 mA g~ . They observed that with the increase in carboniza-
tion temperature from 700 to 900 °C, the PRC contribution
was reduced, suggesting that Na' filled the nanopores and
enhanced the sloping region capacity.

826 | Mater. Adv, 2022, 3, 810-836

In contrast, Na ion’s insertion between the graphene layer
appeared in the low plateau region due to decreased interlayer
spacing. Since this topic is new and emerging, only a few
reports have discussed utilizing waste as a useful carbonaceous

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of micro-spherical hard carbons from diverse precursors as anodes for PIBs

CT Specific capacity (mA ICE
Precursors (methods) (°C) Electrolyte 1% heg™) (%) Cyclability (mA h g~') Rate performance (mA h g™*) Ref.
Sucrose (hydrothermal) ~ 1100 0.8 M KPF in 0.01- *262 @ 28 mA g~'  61.8 217.46 after 100 N @ 229 @ 140 mA g%, 205 @ 36
EC: DEC 1.5 28mA gt 280 mA g™ ', 190 @ 560 mA g%,
136 @ 1400mA g~
Resorcinol (hydrothermal) 900 0.8 M KPF, in 0.01- *232.6 @ 200 mA g ' 68.2 165.2 after 1500 N @ 165.2 @ 1000 mA g ' 129.7 @ 134
EC:DEC 3 1000 mA g~ 2000 mA g!
Aerosol (spray-pyrolysis) 900 1.0 M KFSI in 0-2.5 “188.2 @ 50 mA g* 10.6 154.5 after 200N @ 50 170.5 @ 50 mA g, 138.1 @ 162
EC: DEC mA g™ 100 mA g%, 111.6 @ 200 mA g~ %,
84.8 @ 500 mA g ', 69.1 @
1000mA g !, 55 @ 2000mA g~ *
Resorcinol (routinez self 800 0.8 M KPF, in 0-3 #370.2 @ 200 mA gf1 44.2 192.7 after 5000 N @ 365.5 @ 200mA gfl, 296.9 @ 163
-template strategy) EC: DEC 200 mA g ! 400 mA g ', 247.7 @ 600 mA g,
215.2 @ 1000 mA g~ ', 182.2 @
2000 mA g%, 137.0 @
4000 mA g’
3-Aminophenol (self- 1200 0.8 M KPFg in 0.01- “212 @ 558 mA g™* — 201.4 after 100N @ — 164
template strategy) EC: DEC 2 558 mA g "
m-Phenylenediamine (Con- 1200 0.8 M KPFg in 0.01- “241.2 @ 28 mAg™* —  219.49 after 100N @ — 165
trolled polymerization) EC: DEC 2 28mAg "
S/N Doped:polypyrrole 800 0.8 M KPF, in 0.01- "460.6 @ 100 mA ¢~ ' 67.7 356.3 after 150N @  228.1 @ 5000 mA g™’ 166
(PPy) (in situ doping) EC: DEC 3 100 mA g *
Oxygen-rich: Urea 900 0.8 M KPFgin 0.01- *278.6 @ 27.9 mAg ' 27.6 192.7 after 900N @ 278.6 @ 27.9 mAg !, 2387 @ 167
(surfactant-assisted pre- EC: DEC 2 27.9mAg ! 55.8 mA g ', 211.5 @ 139.5 mA
cipitation — g 1,191.8 @279 mAg ', 170.9 @
polymerization) 558 mA g~ ' 146.6 @ 1395 mA g~ "
S/O codoped: epoxy/mer- 800 0.8 M KPFgin 0.01- #358.6 @ 50 mA g~' 61.7 226.6after 100N @ 50 230 @ 50 mA g ', 213 @ 154
captan monomers EC: DEC 2.5 mA g 200mA g, 176 @ 500 mA g %,
(polymerization) 158 @ 1000 mA g~ *
Sulfur grafted: resorcinol 450 0.8 M KPFsin 0-3 #1112 @25 mAg ™" 51.4 581 @25 mAg* 202 @ 1500 mA g%, 160 @ 153
(hydrothermal) EC: DEC 3000 mA g !, 110 @ 5000 mA g '
MoS, Composite: resorci- 800 1M KFSIin 0-3 “376.4 @ 500 mA g ' 37.4 254.9 after 100N @ 420.7 @ 50 mA g ', 367 @ 168
nol (self-template strategy) DME 500 mA g 100 mA g, 343.8 @ 200 mA g~ ',
243.9 @ 500 mA g ', 162.7 @
1000 mA g™, 93.1 @ 2000 mA g~ *
Nitrogen/Oxygen doped: ~— 0.8 M KPFg in 0.01- 315 @ 50 mAg™* 25 130 after 1100N @ 118 @ 3000 mA g * 90
NH,-MIL-101(Al) EC: DEC 3 1050 mA g~

CT: Carbonization temperature; *: first reversible capacity; #: first charge capacity; ICE: initial coulombic efficiency; N: cycle.

product.>”?8157:1597161 The focus on carbonaceous energy mate-

rials from plastic wastes will be a sustainable, green solution
for the future.

Tables 1 and 2 respectively summarize the carbonization
temperature and electrochemical performances of micro-
spherical hard carbons derived from various precursors as
anode materials for SIBs and PIBs reported to date in the
literature.

Conclusion and perspectives

This review focuses on the choice of sustainable precursors for
MSHCs and their effects on the surface morphology, porosity,
interlayer spacing of the graphitic layer, and confined nano-
pores, influencing the anodic performance of SIBs and PIBs.
The sufficiently cross-linked precursors with more C content
and low O, H, are suitable precursors for MSHCs and show
higher electrochemical performance. Heteroatoms such as N, S,
P, and solvents, which promote stronger H-bonding, allow
reactants to gather into tiny emulsion droplets and aggre-
gates to form micro-spherical hard carbons (MSHCs). The
micro-spherical morphology of HCs can provide optimum

© 2022 The Author(s). Published by the Royal Society of Chemistry

surface-controlled phenomena, improve mobile ion kinetics,
and enhance electronic conductivity, allowing for better elec-
trochemical performances. Moreover, the stable microstructure
of MSHCs sustaining mechanical stress generated during
repeated charge/discharge cycling ensures high capacity reten-
tion, which is critical for the sustainable anode.

The MSHCs from sugar precursors like glucose and sucrose
with low surface area and high nanopore volume allow easy ion
accessibility for Na'/K" insertion. Synthetic polymers/resins,
due to their lower oxygen content, help to prepare MSHCs
with a low surface area, providing higher ICE with high
reversible capacity and better cyclic stability. The biomass-
based and plastic-waste precursors-based MSHCs are ideal for
high-energy and high-power battery anode materials and could
provide greener, sustainable solutions for energy storage sys-
tems. The MSHCs obtained from biomass provide porosity, and
the interlayer spacing can be tailored by adjusting the carbo-
nization temperature. The heteroatom-doped hard carbon-
based anode effectively increases the interlayer spacing with
more active adsorption sites to improve the Na“/K" adsorption/
desorption process. It faces substantial irreversible losses in the
initial cycle and low cyclic performance due to higher surface
area. The inherent low and moderate surface area of MSHCs

Mater. Adv,, 2022, 3, 810-836 | 827
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Fig. 17 A comparative overview of the micro-spherical hard carbons
(MSHCs) and hard carbons (HCs) derived from diverse precursors as
anodes for SIBs and PIBs.

make it more attractive over porous hard carbon with less SEI
layer formation/side reactions, leading to better cyclic stability,
ICE during the initial cycles, rate capability, and greater PRC
contribution.

Fig. 17 shows the comparative results for MSHCs and other
HCs derived from different precursors for SIBs'®'7® and
PIBs."7*'®" The MSHCs show enhanced reversible capacity at
higher C-rates than HCs in both non-aqueous alkali-ion bat-
teries. The MSHCs derived from organic polymer-based resins
doped with S and co-doped with S and N show the best
performance as anode materials in SIBs and PIBs.

The sodium and potassium storage mechanism and
capacity-storage relation in MSHCs are critical in designing a
high capacity, high rate capability, and sustainable anode
material. Optimized specific capacity contribution and high
initial coulombic efficiency (ICE) are the needs of the hour in
MSHCs. However, achieving uniform micro-spherical hard
carbons with low porosity and larger interlayer graphitic spa-
cing is challenging to accommodate sodium ions at higher
rates with high plateau capacity and better ICE. The interplay of
plateau capacity (PRC) and slope capacity (SRC) for Na'/K"
storage is critical in designing the hard carbon anode batteries.

View Article Online

Review

With any precursor, the increase in carbonization temperature
(i) improves the structural ordering, (ii) creates fewer defects to
provide a lower surface area and (iii) more confined pores,
which will simultaneously enhance the PRC and ICE. The
increasing degree of graphitization (decreasing interlayer spa-
cing) with temperature influences the intercalation/deinterca-
lation kinetics of Na'/K" in hard carbons. Also, the micropores/
nanopores in micro-spherical carbons exhibit enhanced PRC
from the filling up of pores at low potentials. The influences of
microporosity and inaccessible closed pores on the PRC at low
voltages are critical in improving the Na-ion insertion and
storage of the MSHCs. The aim should be to achieve maximum
capacity at different C-rates for either a high energy density or
fast charging anode by fine-tuning the hard carbon microstruc-
ture for specific battery applications. An ambiguous proposed
Na'/K" storage mechanism such as “adsorption-intercalation”
“intercalation pore-filling” needs more experimental work
involving ex-situ and in-situ NMR and EPR spectroscopy. Also,
selecting appropriate advanced techniques and careful struc-
ture analysis is critical to understanding the storage behavior of
hard carbon materials. The safety aspects of MSHCs in SIBs
and PIBs, especially near the metal plating low potentials,
also need to be further addressed. A full cell fabrication of
the as-synthesized MSHCs in SIBs and PIBs is significant for
achieving the true potentials of MSHCs as anode materials for
commercialization.

Fig. 18 shows the comparative plot of best-performing
MSHCs from different precursors to synthesize micro-
spherical hard carbon for SIBs and PIBs. In both cases, the
heteroatom-doped MSHCs achieved the highest capacity at all
C-rates.
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