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Abstract
The development of energy storage devices providing high energy and power densities and long-term stability will 
play an important role in the future utilization of sustainable energy sources. Numerous efforts have been devoted to 
achieving these requirements, especially the design of advanced electrode materials. For this reason, there is growing 
interest in the innovation of new carbon-based materials with enhanced electrochemical performance. Nanostructured 
carbon spheres (CSs) have attracted significant attention due to their prominent properties, such as high surface area, 
excellent electrical conductivity, tunable porosity, and surface functionality. This review offers a comprehensive 
overview into the recent advances of nanostructured CSs within the last five years, focusing on synthetic strategies 
for producing carbon particles with precisely controlled morphologies and interior structures, as well as the potential 
applications of these particles as high-performance electrode materials in rechargeable batteries and supercapacitors. 
The challenges and perspectives on future research directions are highlighted, focusing on the controlled synthesis 
and functionalization of nanostructured CSs with tunable structures and properties that are well-suited to practical 
applications. This review is intended to serve as a helpful resource to researchers involved in the fabrication of new 
CS materials and the development of methods to control their structure and morphology.
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1. Introduction
The greenhouse effect is widely recognized as one of the 

main factors responsible for global climate change, which 
has begun to affect our daily life and has become a signif-
icant concern affecting the existence of all living species 
(Zhang et al., 2022; Tanno and Makino, 2018). Therefore, 
the development of renewable and green energy technolo-
gies for a sustainable future, which could mitigate the most 
severe impacts of climate change, is a highly desirable goal. 
Until now, numerous extensive research efforts are focused 
on the design of low-cost and environment-friendly energy 
storage devices with high electrochemical performance 
characteristics, including rechargeable batteries and super-
capacitors (Long et al., 2017; Zhang M. et al., 2018). The 

electrode materials in these electrochemical energy storage 
devices play a crucial role, which determine their overall 
performance. Consequently, the exploration of multifunc-
tional electrode materials is still a hot and vital topic.

In order to meet these goals described above, the key 
aspects are the innovative design of nanostructured partic-
ulate materials and the discovery of fabrication processes 
that allow for the synthesis of materials having precisely 
tailored morphologies, structures and chemical characteris-
tics. It will also be necessary to search for greener and more 
cost-effective synthetic processes to allow the widespread 
utilization of such devices. Interestingly, natural materials 
often tend to adopt spherical shapes because this morphol-
ogy minimizes surface energy and is highly stable. From an 
engineering viewpoint, spherical particles also offer many 
advantages because they have no sharp edges and are thus 
less likely to be damaged during processing. In addition, 
the size and regular shape of spheres allow for the effective 
ordering of subjects in densely packed states, especially 
when necks and pores are present. Finally, spheres provide 
excellent fluidity (Tian et al., 2019; Cao et al., 2021b). As 
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a consequence of these advantages, carbon-based spheres 
have captivated vast attention due to the combined advan-
tages of carbon materials with spherical colloids. These 
materials can exhibit several unique features, including 
regular geometry, high uniformity, good fluidity, superior 
packing density, and tunable particle size distribution 
(Liu et al., 2015; Tian et al., 2019). Despite the enormous 
achievements made in many fields, carbon spheres (CSs) 
continue to emerge and fabricate from smart synthetic 
strategies. These intriguing advantages and exciting pros-
pects have stimulated worldwide research activities of 
CSs, particularly in energy-related applications. Therefore, 
the development and innovation of advanced CSs having 
well-defined structural and surface characteristics are ex-
pected to play a critical role in the energy field, which pro-
vide an opportunity to improve the performance in energy 
storage devices with both high power and energy densities.

Although several review articles concerning carbon- 
based materials (e.g., mesoporous carbon, carbon nano-
tubes, graphene) have been published over the last decade 
(Zhang M. et al., 2018; Benzigar et al., 2018; Tian et al., 
2019; Kerdnawee et al., 2017; Zhao et al., 2019), the 
scope of the review covers the critical advances of the 
nanostructured CSs, focusing on the recent progress in 
the fabrication with precisely controlled structures and 
functionalities through smart synthetic strategies. Such 
strategies are necessary to achieve better performance 
in energy storage devices. On this basis, the aim of the 
present review was to offer an overview into the fabri-

cation techniques of CSs, with a particular emphasis on 
new and promising developments. As a critical point, a 
comprehensive overview is provided that discusses the 
most up-to-date strategies (those devised primarily within 
the last five years) for the rational synthesis of CSs with 
diverse structures. In addition, the utilization of such 
materials as key components in a wide range of energy 
storage applications is explored. Fig. 1 provides a diagram 
summarizing various aspects of the nanostructured CSs 
considered herein. These aspects comprise fabrication 
processes and carbon sources, various methods for the 
tuning of morphology and architecture, functionalization, 
and applications in energy storage devices. To highlight 
the above-mentioned important point, the present review 
is organized as follows. Firstly, introducing the promising 
approaches for the design and synthesis of CSs using three 
routes (e.g., template-free, soft templating, and hard tem-
plating) by combining the excellent work from worldwide 
researchers. Secondly, overviewing the performance of 
CSs with various structures and their composites in energy 
storage devices (e.g., rechargeable batteries and superca-
pacitors). Furthermore, there is still a lack of a clear dis-
cussion regarding the specific relationship between carbon 
structures and electrochemical performance characteristics. 
As a matter of fact, the correlation between the synthesis 
strategy, structure, and characteristics of CSs would allow 
these materials to be used more extensively in energy stor-
age devices; therefore, their preparation-structure-function 
relevance is expected to be understood. Finally, offering 

Fig. 1 A comprehensive overview of the preparation and functionalization of nanostructured CSs for energy storage applications.
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some concluding remarks on the current challenges and 
perspectives related to nanostructured CS materials, as well 
as highlighting the promising future progress in the field of 
energy-related devices.

2. Synthesis of carbon spheres
Various structures of CS materials can be obtained 

using numerous synthesis processes. Fig. 2 shows typical 
schemes for preparing nanostructured CSs with different 
strategies. These synthesis processes can generally be 
classified into three categories: template-free, soft template 
and hard template approaches, which will be highlighted in 
this section.

2.1 Template-free synthesis of carbon spheres
The large-scale production of CSs will require processes 

that are simple, energy efficient, environmentally friendly, 
and cost-effective. On this basis, the development of  
template-free approaches capable of producing CSs having 
a wide range of pore sizes would be preferable, as shown in 
Fig. 2(a). Three simple and commonly used template-free 
synthetic strategies, including hydrothermal carbonization 
(HTC) method, extension of the Stöber method, and aerosol- 
assisted method will be investigated. Common precursor 
materials for the fabrication of CSs in conjunction with 
template-free strategies and the respective physical prop-
erties of the obtained CSs are summarized in Table 1. 
Recently, numerous review articles has been carefully 
explained the synthesis of nanostructured CSs using HTC 
and extension of the Stöber methods (Liu et al., 2015; Tian 
et al., 2019). Therefore, in this section, we mainly focused 
on the fabrication of nanostructured CSs using aerosol- 
assisted techniques.

Aerosol-assisted techniques, such as spray drying and 
spray pyrolysis, are cost-effective, simple, continuous and 
scalable methods for the preparation of CSs (Ogi et al., 
2014; Debecker et al., 2018; Leng et al., 2019; Gradon et 
al., 2020). Because of these advantages, such methods are 
frequently used to produce dry powders in the food, phar-
maceutical, and chemical industries. Generally, depending 
on the operating conditions, solid or hollow spherical 
particles can be produced in the spray process (Cao et 
al., 2021b; 2021a; Nguyen et al., 2021; 2022). Feng et al. 
prepared pomegranate-like carbon microspheres (PCSs) by 
fabricating monodisperse, submicron CSs via a scalable 
template-free spray drying-assisted approach (Feng et al., 
2019). In this process, monodisperse 3-aminophenol/form-
aldehyde (3-AF) resin spheres were initially synthesized 
based on the polymerization of 3-aminophenol and formal-
dehyde in deionized water without the use of a catalyst. The 
monodisperse resin colloids were subsequently spray dried 
to generate pomegranate-like resin microspheres during the 
spray drying process. Finally, after carbonization and po-
tassium hydroxide (KOH) activation, the pomegranate-like 

resin microspheres were converted into PCSs. These PCSs 
comprised well-defined microspheres with a high specific 
surface area (SSA) of 1477 m2/g and a relatively broad size 
distribution ranging from 1 μm to 5 μm.

Until now, considering the sustainable development 
of CS materials, the use of biomass as a precursor has 
received increasing attention due to its renewability, repro-
ducibility, readily accessible, and environmental friendli-
ness. Although biomass has been utilized as a raw material 
for the fabrication of carbon materials, there are few reports 
on the successful production of CSs from biomass-based 
materials using template-free spray drying method. Cao et 
al. has successfully fabricated spherical carbon particles 
using a template-free spray drying approach followed by 
the carbonization process, utilizing KOH as the activator 
and Kraft lignin as the carbon precursor (Fig. 3(a)) (Cao et 
al., 2021a; 2021b). Adjusting the KOH concentration in the 
reaction solution was found to allow tuning of the CS struc-
ture from dense to hollow, as shown in the TEM images 
(Fig. 3(b–d)). A possible mechanism for the formation of 
carbon particles is also studied in their research, with the 
aim of providing a more in-depth understanding of the 
process. In addition, hollow carbon spheres (HCSs) having 
a high SSA of 2424.8 m2/g along with a micro-mesoporous 
structure were obtained at KOH-to-lignin mass ratios 
below 1.5. Very recently, the same group has proposed 
a fundamental modification of the fabrication process of 
porous CSs by employing sodium hydroxide (NaOH) as 
the substitute activation agent in place of the more conven-
tionally used KOH (Kitamoto et al., 2022). NaOH offers 
some advantages over KOH in terms of less corrosiveness, 
low cost, and simple handling procedure, all of which are 
appealing particularly from an industrial point of view. The 
results indicate that the structure of carbon particles can be 
tuned from a compact to hollow structure, and the surface 
textural characteristics can be easily adjusted by changing 
the amount of NaOH. The significant achievements and 
ongoing efforts in this field suggest that these processes 
will allow the development of advanced carbon materials 
and the high value-added utilization of Kraft lignin as a 
promising material for potential applications.

In the spray pyrolysis process, droplets of the liquid 
precursor are formed via ultrasonication (He and Wang, 
2019; Ogi et al., 2020; Septiani et al., 2021; 2022; Le et al., 
2022) and promptly carbonized at high temperatures under 
the protection of inert gases (Balgis et al., 2015; 2017). The 
size and morphology of the resulting CSs can be adjusted 
by changing the reaction conditions, reactant concentration 
ratios, and carbonization temperature. In recent years, there 
have been several publications regarding the synthesis of 
CSs using a template-free spray pyrolysis process. Guo et 
al. developed a novel strategy for producing hierarchical 
porous CSs by utilizing coal as the raw material in conjunc-
tion with ultrasonic spray pyrolysis (Guo et al., 2017). In 
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Fig. 2 Synthetic strategies for the preparation of CSs using (a) template-free, (b) soft template, and (c) hard template approaches.



201

Kiet Le Anh Cao et al. / KONA Powder and Particle Journal No. 40 (2023) 197–218

Ta
bl

e 
1 

Su
m

m
ar

y 
of

 th
e 

co
nd

iti
on

s u
se

d 
fo

r t
he

 te
m

pl
at

e-
fr

ee
 sy

nt
he

si
s o

f f
un

ct
io

na
liz

ed
 C

Ss
, t

he
 te

xt
ur

al
 p

ar
am

et
er

s o
f t

he
se

 m
at

er
ia

ls
 a

nd
 th

ei
r p

ot
en

tia
l a

pp
lic

at
io

ns
.

N
o.

M
at

er
ia

l
Pr

oc
es

s
Pr

ec
ur

so
r

St
ru

ct
ur

e
d po

re
 (n

m
)

SS
A

 (m
2 /g

)
V to

ta
l (

cm
3 /g

)
A

pp
lic

at
io

ns
R

ef
er

en
ce

1
N

-A
C

Ss
 a

H
TC

 b  +
 A

ct
iv

at
io

n
G

lu
co

se
A

bu
nd

an
t m

ic
ro

po
ro

us
 st

ru
ct

ur
e

1.
6

15
79

0.
66

LS
B

s c
(X

ia
ng

 e
t a

l.,
 

20
18

)

2
N

-C
Ss

Su
rf

ac
ta

nt
-a

ss
is

te
d 

H
TC

G
lu

co
se

M
ic

ro
po

ro
us

 st
ru

ct
ur

e
< 

1.
5

84
4

0.
35

LI
B

s d  a
nd

 S
IB

s e
(Z

ha
ng

 H
. e

t a
l.,

 
20

19
)

3
A

C
Ss

H
TC

 +
 A

ct
iv

at
io

n
X

yl
os

e
M

ic
ro

-m
es

op
or

ou
s s

tru
ct

ur
e

—
26

75
1.

62
Su

pe
rc

ap
ac

ito
rs

(S
un

 e
t a

l.,
 

20
20

)

4
PC

Ss
 f

H
TC

St
ar

ch
H

ie
ra

rc
hi

ca
l p

or
ou

s s
tru

ct
ur

e 
w

ith
 c

oe
xi

st
en

ce
 o

f m
ic

ro
- a

nd
 m

es
op

or
es

2–
3

39
3–

97
3

0.
18

–0
.2

7
Su

pe
rc

ap
ac

ito
rs

(L
u 

et
 a

l.,
 2

01
8)

5
PC

Ss
H

TC
 +

 A
ct

iv
at

io
n

St
ar

ch
Po

ro
us

 st
ru

ct
ur

e 
w

ith
 h

ig
h 

co
nt

en
t o

f m
ic

ro
po

re
s a

nd
 su

ffi
ci

en
t 

m
es

op
or

es
3.

9
19

73
0.

89
Su

pe
rc

ap
ac

ito
rs

 a
nd

 
SI

B
s

(Z
ha

ng
 J.

 e
t a

l.,
 

20
20

)

6
PC

Ss
H

TC
 +

 A
ct

iv
at

io
n

G
A

M
L 

g
Po

ro
us

 st
ru

ct
ur

e 
w

ith
 d

om
in

an
t m

ic
ro

po
re

s a
nd

 lo
w

 c
on

te
nt

 o
f 

m
es

op
or

es
1.

8–
2.

1
17

46
–2

47
8

0.
87

–1
.2

4
Su

pe
rc

ap
ac

ito
rs

(H
ao

 e
t a

l.,
 

20
18

)

7
N

-C
Ss

Ex
te

nd
ed

 th
e 

St
öb

er
 m

et
ho

d
3-

A
m

in
op

he
no

l a
nd

 
fo

rm
al

de
hy

de
M

ic
ro

po
ro

us
 st

ru
ct

ur
e

< 
2

61
–3

56
—

PI
B

s h
(W

an
g 

S.
 e

t a
l.,

 
20

20
)

8
N

-H
C

Ss
 i

Ex
te

nd
ed

 th
e 

St
öb

er
 m

et
ho

d
R

es
or

ci
no

l a
nd

 
fo

rm
al

de
hy

de
M

ic
ro

-/m
es

op
or

ou
s s

tru
ct

ur
e.

 D
iff

er
en

t i
nn

er
 st

ru
ct

ur
es

 (s
ol

id
, y

ol
k-

sh
el

l, 
ho

llo
w

) c
an

 b
e 

ob
ta

in
ed

 d
ep

en
di

ng
 o

n 
th

e 
ch

an
ge

d 
po

ly
m

er
iz

at
io

n 
de

gr
ee

 o
f i

nt
er

na
l R

F 
re

si
n

—
94

6
0.

51
Su

pe
rc

ap
ac

ito
rs

(Z
ha

ng
 L

. e
t a

l.,
 

20
19

)
N

-Y
S-

C
Ss

 j
—

12
63

0.
68

N
-S

C
Ss

 k
—

50
1

0.
29

9
Po

m
eg

ra
na

te
-

lik
e 

C
Ss

Sp
ra

y 
dr

yi
ng

 +
 

A
ct

iv
at

io
n

3-
A

m
in

op
he

no
l a

nd
 

fo
rm

al
de

hy
de

Po
m

eg
ra

na
te

-li
ke

 st
ru

ct
ur

e 
an

d 
ric

h 
pa

ck
in

g 
vo

id
s w

ith
 a

bu
nd

an
t 

m
ic

ro
po

re
s

—
14

77
0.

83
Su

pe
rc

ap
ac

ito
rs

(F
en

g 
et

 a
l.,

 
20

19
)

10
C

Ss
Sp

ra
y 

dr
yi

ng
 +

 
C

ar
bo

ni
za

tio
n

K
ra

ft 
lig

ni
n

D
en

se
 st

ru
ct

ur
e 

w
ith

 a
bu

nd
an

t m
ic

ro
po

re
s a

nd
 sm

al
l a

m
ou

nt
s o

f 
m

es
op

or
es

0.
7

93
6–

12
33

0.
31

–0
.4

4
—

(C
ao

 e
t a

l.,
 

20
21

b)

11
H

C
Ss

Sp
ra

y 
dr

yi
ng

 +
 

C
ar

bo
ni

za
tio

n
K

ra
ft 

lig
ni

n
Po

ro
us

 h
ol

lo
w

 st
ru

ct
ur

e 
co

m
po

se
d 

of
 m

ic
ro

- a
nd

 m
es

op
or

es
0.

7,
 2

.4
15

36
–2

42
5

0.
75

–1
.5

7
Su

pe
rc

ap
ac

ito
rs

(C
ao

 e
t a

l.,
 

20
21

a)

12
PC

Ss
Sp

ra
y 

dr
yi

ng
 +

 
C

ar
bo

ni
za

tio
n

K
ra

ft 
lig

ni
n

B
y 

ch
an

gi
ng

 th
e 

N
aO

H
 c

on
ce

nt
ra

tio
n,

 th
e 

st
ru

ct
ur

e 
ca

n 
be

 a
dj

us
te

d 
 

fr
om

 a
 c

om
pa

ct
 to

 h
ol

lo
w

 st
ru

ct
ur

e
0.

7,
 2

.4
, 2

0–
10

0
76

1–
15

13
0.

34
–1

.0
1

Su
pe

rc
ap

ac
ito

rs
(K

ita
m

ot
o 

et
 a

l.,
 

20
22

)

13
H

PC
Ss

 l
Sp

ra
y 

dr
yi

ng
 +

 
C

ar
bo

ni
za

tio
n

So
di

um
 li

gn
os

ul
fo

na
te

H
ie

ra
rc

hi
ca

l p
or

ou
s h

ol
lo

w
 st

ru
ct

ur
e 

co
m

pr
is

ed
 m

ic
ro

-, 
m

es
o-

 a
nd

 
m

ac
ro

po
re

s
1–

7,
 1

0–
10

0
96

3–
13

42
0.

72
–1

.0
5

Su
pe

rc
ap

ac
ito

rs
(P

an
g 

et
 a

l.,
 

20
18

b)

14
M

C
Ss

 m
Sp

ra
y 

dr
yi

ng
 +

 
C

ar
bo

ni
za

tio
n

C
hi

to
sa

n
M

es
op

or
ou

s s
tru

ct
ur

e 
w

ith
 u

ni
qu

e 
bi

m
od

al
 p

or
e 

si
ze

 d
is

tri
bu

tio
n

~ 
4,

 7
64

5–
12

92
0.

33
–1

.2
9

LS
B

s
(Z

ho
u 

H
. e

t a
l.,

 
20

18
)

15
PC

Ss
Sp

ra
y 

py
ro

ly
si

s
C

oa
l

H
ie

ra
rc

hi
ca

l p
or

ou
s s

tru
ct

ur
e 

co
m

po
se

d 
of

 m
ic

ro
- a

nd
 m

es
op

or
es

1.
7–

2.
5

54
7–

94
8

0.
23

–0
.5

2
Su

pe
rc

ap
ac

ito
rs

(G
uo

 e
t a

l.,
 

20
17

)

16
N

,S
-P

C
Ss

 n
Sp

ra
y 

py
ro

ly
si

s
C

oa
l

Po
ro

us
 st

ru
ct

ur
e 

co
m

po
se

d 
of

 m
ic

ro
- a

nd
 m

es
op

or
es

—
58

9–
63

5
0.

38
–0

.4
3

Su
pe

rc
ap

ac
ito

rs
(L

v 
et

 a
l.,

 2
02

0)

17
PC

Ss
Sp

ra
y 

py
ro

ly
si

s +
 

A
ct

iv
at

io
n

G
lu

co
se

H
on

ey
co

m
b-

lik
e 

hi
er

ar
ch

ic
al

 p
or

ou
s s

tru
ct

ur
e 

in
cl

ud
in

g 
m

ic
ro

-, 
 

m
es

o-
, a

nd
 m

ac
ro

po
re

s
<  

1,
 1

–5
, 1

00
14

43
–1

83
7

1.
23

–1
.4

0
Su

pe
rc

ap
ac

ito
rs

(T
an

g 
et

 a
l.,

 
20

18
)

18
N

-H
C

Ss
Sp

ra
y 

py
ro

ly
si

s +
 

C
ar

bo
ni

za
tio

n
G

lu
co

se
 a

nd
 

gl
uc

os
am

in
e

H
ol

lo
w

 st
ru

ct
ur

e 
w

ith
 la

rg
e 

nu
m

be
r o

f m
es

op
or

es
 w

ith
in

 th
e 

sh
el

l
—

32
7

0.
13

Su
pe

rc
ap

ac
ito

rs
(Q

u 
et

 a
l.,

 2
01

8)

a  N
-A

C
Ss

: N
itr

og
en

-d
op

ed
 a

ct
iv

at
ed

 C
Ss

; b  H
TC

: H
yd

ro
th

er
m

al
 c

ar
bo

ni
za

tio
n;

 c  L
SB

s:
 L

ith
iu

m
-s

ul
fu

r b
at

te
rie

s;
 d  L

IB
s:

 L
ith

iu
m

-io
n 

ba
tte

rie
s;

 e  S
IB

s:
 S

od
iu

m
-io

n 
ba

tte
rie

s;
 f  P

C
Ss

: P
or

ou
s 

C
Ss

; g  G
A

M
L:

 2
-k

et
o-

l-
gu

lo
ni

c 
ac

id
 m

ot
he

r l
iq

uo
r; 

h  P
IB

s:
 P

ot
as

si
um

-io
n 

ba
tte

rie
s;

 i  N
-H

C
Ss

: N
itr

og
en

-d
op

ed
 h

ol
lo

w
 C

Ss
; j  N

-Y
S-

C
Ss

: N
itr

og
en

-d
op

ed
 y

ol
k-

sh
el

l C
Ss

; k  N
-S

C
Ss

: N
itr

og
en

- 
do

pe
d 

so
lid

 C
Ss

; l  H
PC

Ss
: H

ol
lo

w
 p

or
ou

s C
Ss

; m
 M

C
Ss

: M
es

op
or

ou
s C

Ss
; n  N

,S
-P

C
Ss

: N
itr

og
en

, s
ul

fu
r c

o-
do

pe
d 

po
ro

us
 C

Ss
.



202

Kiet Le Anh Cao et al. / KONA Powder and Particle Journal No. 40 (2023) 197–218

this process, the raw coal is chemically oxidized by a highly  
concentrated mixture of sulfuric acid and nitric acid, such 
that numerous functional groups are introduced, includ-
ing –C=O, –OH, –NH2, –SO3H, and –NO2. Subsequently, 
the as-prepared coal oxide can be readily dissolved in an 
alkaline solution to obtain a transparent precursor solution. 
The pyrolysis temperature was found to have a significant 
effect on the pore architecture and SSA of the CSs gener-
ated using this process. As the temperature was increased 
from 700 to 1000 °C, micro-/mesoporous structures were 
observed in these CSs with the SSA and total pore volume 
of the samples rapidly increasing from 547.2 to 948.5 m2/g 
and from 0.23 to 0.52 cm3/g, respectively. To further im-
prove the electrochemical properties of carbon materials, 
the same group was developed multiple heteroatoms N/S 
doping porous CSs through ultrasonic spray pyrolysis 
method employing l-Cysteine as nitrogen and sulfur pre-
cursor along with coal as the carbon precursor (Lv et al., 
2020). The results reveal that the homogeneous doping of 
N and S elements not only improves the hydrophilicity of 
the CSs but also provides more active sites, resulting in an 
increase in specific capacitance.

2.2 Soft template-assisted liquid phase/aerosol 
process

Soft templates are typically organic molecules, macro-

molecules or supramolecules that are easily decomposed at 
relatively low carbonization temperature (below 400 °C). 
The synthesis of porous CSs using the soft template 
typical involves several key steps (shown in Fig. 2(b)): 
(i) the dissolution of the template molecules and carbon 
precursor in a suitable solvent, (ii) the soft templates turn 
into micelles during solvent evaporation and simultaneous 
interaction of these micelles with the carbon precursor via 
hydrogen bonding as well as hydrophobic, hydrophilic or 
electrostatic interactions, and (iii) the heat treatment of the 
precursor/template composite in an inert atmosphere with 
complete decomposition of the soft template. Various car-
bon precursors and soft templates that are frequently used 
in the preparation of CSs, as well as the physical properties 
of the resulting materials, are summarized in Table 2.

Over the past decade, there has been significant process 
in the direct synthesis of mesoporous CSs from amphi-
philic molecules such as surfactant or block copolymer 
self-assembles with carbon precursor, which is stabilized 
by thermal treatment. Different carbon precursors, such as 
phenolic resin or their derivatives, carbohydrates, nitrogen 
and carbon-rich compounds (e.g., dopamine), and natural 
polymers (e.g., cellulose, chitin and lignin) are commonly 
used for the fabrication of mesoporous CSs. Tang et al. pre-
pared porous CSs with sub-micrometer particle size (about 
300 nm) using the linear block copolymer PS-b-PEO as 

Fig. 3 (a) An illustration of the synthesis of CSs from Kraft lignin via a spray drying process; Transmission electron microscopy (TEM) images of 
carbon particles generated using KOH/lignin mass ratios of (b) 0.17, (c) 0.67, and (d) 1.33.
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the soft template and dopamine as the carbon source in 
conjunction with KOH activation (Tang et al., 2017). The 
size of mesopores could be precisely tuned from 4 to 16 nm 
by using PS-b-PEO copolymers having different molecular 
weights as pore forming agents in this process. Despite 
such prior work, the fabrication of mesoporous CSs with 
large pore size from soft templates as a means of providing 
efficient pathways for electrolyte diffusion remains a great 
challenge. On this basis, Fei et al. explored the fabrication 
of nitrogen-doped mesoporous CSs having ultra-large mes-
opore sizes (up to 24.5 nm) by utilizing PS-b-PEO brush 
block copolymers (BBCPs) along with a small molecule 
surfactant (Pluronic F127) as the template and dopamine as 
the carbon and nitrogen source followed by carbonization 
and thermal decomposition of the polymer templates, as 
illustrated in Fig. 4(a) (Fei et al., 2020). Mesoporous CSs 
with bimodal mesopore size distributions (having apexes 
at 6.5 and 24.5 nm) were confirmed by the peak in the 
dV/logD curve (red line curve) and the cumulative pore 
volume is calculated by summing individual pore volumes 
(black line curve), as shown in Fig. 4(b). Specifically,  
BBCPs corresponded to the large mesopores and the 

Pluronic F127 template was responsible for the small mes-
opores. This work demonstrated a unique and adaptable 
approach for synthesizing CSs with a precisely tailored 
morphology and bimodal pore sizes for potential applica-
tions in energy storage. Peng et al. reported the fabrication 
of highly uniform mesoporous CSs with adjustable pore 
sizes and structures (e.g., smooth, golf ball, multi- 
chambered, and dendritic nanospheres) (Fig. 4(c)) (Peng 
et al., 2019). In this work, Pluronic F127 was utilized 
as a soft template, dopamine was employed as a carbon 
and nitrogen source, and organic molecules (e.g., 1,3,5- 
trimethylbenzene) played a critical role in the evolution of 
pore size and also affected the interfacial interactions be-
tween the Pluronic F127 and dopamine. The CSs produced 
by this process had an ultra-large pore size of 37 nm, small 
average particle size of 128 nm, high SSA of 635 m2/g, and 
high nitrogen content of 6.8 wt%.

In some studies, ordered mesoporous CSs have been 
fabricated by a simple one-step process. Song et al. synthe-
sized hierarchical porous CSs using Pluronic F127 as a soft 
template and biomass (e.g., larch sawdust) as the carbon 
precursor via a spray pyrolysis method (Song et al., 2019). 

Fig. 4 (a) An illustration showing the fabrication of monomodal and bimodal porous CSs through the self-assembly of dopamine, PS-b-PEO BBCPs, 
and Pluronic F127; (b) pore size distribution of mesoporous CSs. Reprinted with permission from Ref. (Fei et al., 2020). Copyright 2020, American 
Chemical Society. (c) An illustration showing the formation of N-doped mesoporous carbon nanospheres corresponded to TEM images with different 
morphologies and mesostructures using a versatile nano-emulsion assembly method. Reprinted with permission from Ref. (Peng et al., 2019). Copy-
right 2019, American Chemical Society.
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The morphology, particle size, and porosity of these CSs 
could be simply adjusted by varying the amount of F127 in 
the reaction system. The obtained porous CSs were found 
to have a high SSA up to 760.3 m2/g and mesopore sizes 
that could be adjusted within the range of 10–40 nm. In ad-
dition to block polymers, surfactants such as Triton X-100 
have also been employed as the soft template to synthesize 
HCSs (Zhou et al., 2017). The HCSs obtained from this 
process had a SSA of approximately 893.3 m2/g and a total 
pore volume of 0.76 cm3/g.

Yolk-shell CSs with a unique core@void@shell struc-
ture have attracted tremendous interests as a consequence 
of their hierarchical pore architectures that are present in a 
controlled arrangement within each single particle (Zhang 
H. et al., 2018). Liu et al. prepared nitrogen-doped yolk-
shell mesoporous CSs via a soft template approach, em-
ploying ethylenediamine (EDA) as both a nitrogen source 
and a base catalyst in a Stöber-silica/carbon assembly 
system (Liu C. et al., 2016). The resulting nitrogen-doped 
yolk-shell mesoporous CSs possessed a uniform mesopore 
size of 2.6 nm and a high SSA of 2001 m2/g. Shu et al. 
designed nitrogen-doped yolk-shell CSs with tunable mes-
oporous surfaces and particle sizes based on a soft template 
approach (Shu et al., 2018). The fabrication process used 
RF resin as the carbon precursor, melamine as the nitrogen 
precursor, cetyltrimethylammonium bromide (CTAB) as 
the pore-forming template, TEOS as the skeleton structure 
and ammonia as the catalyst. Because the rate of hydrolysis 
of TEOS was slower than the rate of polymerization of 
melanin resorcinol formaldehyde (MRF) in the initial stage 
of this process, a CTAB/MRF formed as the core and SiO2/
CTAB/MRF formed as the shell. The subsequent carbon-
ization of these particles at a high temperature produced a 
hollow core-shell structure and nitrogen-doped yolk-shell 
CSs were obtained after the SiO2 template was removed 
using an NaOH solution.

2.3 Hard template-assisted liquid phase/aerosol 
process

The hard template approach, also known as the nano-
casting approach, is commonly used materials with rel-
atively rigid structures to guide the growth of materials 
based on providing limited space (Fuji et al., 2013; Li et al., 
2016; Cao et al., 2020) such as SiO2 (Wang H. et al., 2020), 
polystyrene latex (PSL) (Arif et al., 2016), poly(methyl 
methacrylate) (PMMA) (Ye et al., 2016) and calcium car-
bonate (CaCO3) (Ni et al., 2019). Several key processing 
steps are involved in the preparation of CSs using a hard 
template strategy, as shown in Fig. 2(c). These include (i) 
the fabrication of sphere-shaped hard template materials, 
(ii) the impregnation of these hard templates with a carbon 
precursor, (iii) the carbonization of the resulting carbon 
precursor/template composite in an inert atmosphere at a 
high temperature, and (iv) the removal of the hard template 

via thermal decomposition or chemical etching methods, 
depending on the nature of the hard template. One of the 
key factors influencing the architecture and pore distribu-
tion is the dispersion of the hard template in the precursor 
solution. The resulting materials will possess rich pores 
with good connectivity if the template is well-dispersed 
in the precursor. Therefore, developing a method for en-
hancing the dispersion of hard template in the precursor 
solution is highly desirable (Ogi et al., 2017). Various CSs 
having different textural features have been prepared using 
different hard templates and the details of the materials and 
structural parameters are provided in Table 3.

SiO2 spheres have been extensively applied as hard 
template to prepare CSs because they are inexpensive, 
have easily controllable sizes ranging from nanometer to 
micrometer and exhibit remarkable thermal stability to-
gether with a high degree of uniformity. Solid SiO2 spheres 
are usually fabricated via the Stöber method, based on the 
hydrolysis of a SiO2 precursor in a mixture of water and 
alcohol with ammonia as the catalyst (Stöber and Fink, 
1968). HCSs can be obtained by coating of different carbon 
precursors on the surface of these SiO2 particles followed 
by carbonization and etching process. Wang et al. syn-
thesized N-doped HCSs using a simple interfacial sol-gel 
coating process, utilizing colloidal SiO2 as the template, 
resorcinol/formaldehyde as the carbon precursor and EDA 
as both the nitrogen precursor and base catalyst (Wang et 
al., 2017). These HCSs possessed a uniform size of approx-
imately 120 nm in diameter along with porous shells as 
thin as 10 nm. Density functional theory has demonstrated 
that N-doping could change the binding sites and enhance 
the adsorption of PF6

− ions in the carbon matrix. Zhang et 
al. developed a simple one-pot approach for synthesizing 
mesoporous HCSs with large controllable pore size based 
on a surfactant-free system (Zhang et al., 2016). Using a 
Stöber process, the reaction between resorcinol, formalde-
hyde and a TEOS/tetrapropyl orthosilicate (TPOS) mixture 
generated SiO2@SiO2/RF spheres without the addition of a 
cationic surfactant. In comparison with traditional TEOS-
based system, the incorporation of TPOS, which undergoes 
hydrolysis and condensation rate more slowly than TEOS, 
provided better control over the formation of SiO2 core and 
primary particles. The pore sizes in the mesoporous HCSs 
could be precisely tuned over the range from micropores to 
a size of 13.9 nm by adjusting the TEOS/TPOS or ethanol/
water ratio.

PSL spheres with uniform sizes and good dispersion 
have been widely used as hard template, partly because 
these materials are readily removed by thermal annealing 
at 400 °C (Arif et al., 2016) or dissolution using organic 
solvents (Chen et al., 2016a). Balgis et al. synthesized 
nanostructured carbon particles via ultrasonic spray pyrol-
ysis based on the self-assembly behavior of phenolic resin 
and PSL particles (Balgis et al., 2014; 2015). By adjusting 



206

Kiet Le Anh Cao et al. / KONA Powder and Particle Journal No. 40 (2023) 197–218
Ta

bl
e 

3 
Su

m
m

ar
y 

of
 th

e 
co

nd
iti

on
s u

se
d 

fo
r t

he
 h

ar
d 

te
m

pl
at

e 
sy

nt
he

si
s o

f f
un

ct
io

na
liz

ed
 C

Ss
, t

he
 te

xt
ur

al
 p

ar
am

et
er

s o
f t

he
se

 m
at

er
ia

ls
 a

nd
 th

ei
r p

ot
en

tia
l a

pp
lic

at
io

ns
.

N
o.

M
at

er
ia

l
Pr

oc
es

s
Te

m
pl

at
e

Pr
ec

ur
so

r
St

ru
ct

ur
e

d po
re

 (n
m

)
SS

A
 

(m
2 /g

)
V to

ta
l 

(c
m

3 /g
)

A
pp

lic
at

io
ns

R
ef

er
en

ce

1
U

H
C

Ss
 a

H
ar

d 
te

m
pl

at
e

Si
O

2 s
ph

er
e

PT
C

D
A

 b
H

ol
lo

w
 st

ru
ct

ur
e 

w
ith

 n
on

-p
or

ou
s s

he
lls

, u
ltr

at
hi

n 
sh

el
l 

th
ic

kn
es

s
—

10
0.

12
LS

B
s

(S
on

g 
J. 

et
 a

l.,
 2

01
8)

2
N

,P
-H

PC
Ss

 c
H

ar
d 

te
m

pl
at

e
Si

O
2 s

ph
er

e
D

op
am

in
e

H
ol

lo
w

 st
ru

ct
ur

e 
w

ith
 a

bu
nd

an
t m

ic
ro

po
re

s
0.

5–
2

18
5–

67
7

0.
31

–1
.6

4
SI

B
s

(W
an

g 
H

. e
t a

l.,
 2

02
0)

3
N

-H
PC

Ss
H

ar
d 

te
m

pl
at

e 
+ 

A
ct

iv
at

io
n

Si
O

2 s
ph

er
e

D
op

am
in

e
H

ol
lo

w
 st

ru
ct

ur
e 

w
ith

 a
bu

nd
an

t u
ltr

am
ic

ro
po

re
s a

nd
 re

as
on

-
ab

le
 su

pe
rm

ic
ro

- a
nd

 m
es

op
or

es
0.

5,
 0

.8
, 1

.3
, 2

.7
86

0–
17

89
0.

63
–1

.1
8

Su
pe

rc
ap

ac
ito

rs
(S

on
g 

Z.
 e

t a
l.,

 2
01

8)

4
N

-H
M

C
Ss

 d
H

ar
d 

te
m

pl
at

e
Si

O
2 s

ph
er

e
D

op
am

in
e

H
ol

lo
w

 st
ru

ct
ur

e 
w

ith
 a

bu
nd

an
t m

es
op

or
es

9.
1

45
7

1.
04

LS
B

s
(Z

ha
ng

 e
t a

l.,
 2

01
5)

5
N

,P
-P

C
Ss

 e
H

ar
d 

te
m

pl
at

e
Si

O
2 s

ph
er

e
M

el
am

in
e 

an
d 

fo
rm

al
de

hy
de

H
ol

lo
w

 sp
he

re
 w

ith
 in

te
rc

on
ne

ct
ed

 m
ic

ro
-, 

m
es

o-
, m

ac
ro

po
-

ro
us

 st
ru

ct
ur

e
2.

6,
 3

.7
56

3–
72

0
0.

44
–0

.5
6

Su
pe

rc
ap

ac
ito

rs
(Z

ha
ng

 e
t a

l.,
 2

01
7)

6
N

-H
C

Ss
H

ar
d 

te
m

pl
at

e
Si

O
2 s

ph
er

e
m

-P
he

ny
le

ne
di

am
in

e 
an

d 
fo

rm
al

de
hy

de
H

ol
lo

w
 st

ru
ct

ur
e 

(s
he

ll 
th

ic
kn

es
s ~

25
 n

m
). 

M
ic

ro
po

re
s e

xi
st

 
in

 th
e 

sh
el

l, 
w

hi
le

 m
es

o-
/m

ac
ro

po
re

s c
or

re
sp

on
d 

to
 th

e 
ho

llo
w

 
ca

vi
ty

< 
2,

 2
0–

70
20

44
1.

60
Su

pe
rc

ap
ac

ito
rs

(X
u 

et
 a

l.,
 2

02
1)

7
N

,P
,S

-P
C

Ss
 f

H
ar

d 
te

m
pl

at
e

Si
O

2 s
ph

er
e

A
ni

lin
e

H
ie

ra
rc

hi
ca

l p
or

ou
s s

tru
ct

ur
e 

w
ith

 n
um

er
ou

s p
or

es
 w

ith
in

 
sp

he
re

s
0.

5–
1,

 2
–4

, 3
2

35
8–

12
58

0.
68

–1
.9

6
Su

pe
rc

ap
ac

ito
rs

(Y
an

 e
t a

l.,
 2

01
8)

8
H

PC
Ss

H
ar

d 
te

m
pl

at
e

Si
O

2 s
ph

er
e

Fu
rf

ur
yl

 a
lc

oh
ol

M
es

op
or

ou
s s

tru
ct

ur
e 

w
ith

 m
ac

ro
-h

ol
lo

w
 c

or
e

2–
4

24
89

1.
45

Su
pe

rc
ap

ac
ito

rs
(Z

ho
u 

M
. e

t a
l.,

 2
01

8)

9
N

-H
M

C
Ss

H
ar

d 
te

m
pl

at
e

Si
O

2 s
ph

er
e

PS
/P

A
N

 g
H

ol
lo

w
 st

ru
ct

ur
e

M
es

op
or

es
 in

 th
e 

sh
el

ls
4.

1
80

7
0.

87
Su

pe
rc

ap
ac

ito
rs

(C
he

n 
et

 a
l.,

 2
01

6b
)

10
N

-H
C

Ss
H

ar
d 

te
m

pl
at

e
PS

 sp
he

re
3-

A
m

in
op

he
no

l a
nd

 
fo

rm
al

de
hy

de
H

ol
lo

w
 st

ru
ct

ur
e 

w
ith

 m
ic

ro
-m

es
op

or
es

 in
 th

e 
sh

el
ls

—
36

5–
77

2
—

Su
pe

rc
ap

ac
ito

rs
(A

rif
 e

t a
l.,

 2
01

6)

11
H

ie
ra

rc
hi

ca
l P

C
Ss

H
ar

d 
te

m
pl

at
e

PS
 sp

he
re

Ph
en

ol
ic

 re
si

n
H

ol
lo

w
 st

ru
ct

ur
e:

 m
ac

ro
po

re
s c

ov
er

ed
 b

y 
a 

th
in

 c
ar

bo
n 

sh
el

l
Po

ro
us

 st
ru

ct
ur

e:
 m

ac
ro

po
re

s e
xp

os
ed

 o
n 

th
e 

su
rf

ac
e

2.
8,

 1
28

70
–9

6
—

—
(B

al
gi

s e
t a

l.,
 2

01
5)

12
N

,O
-H

C
Ss

H
ar

d 
te

m
pl

at
e 

+ 
A

ct
iv

at
io

n
PS

 sp
he

re
Py

rr
ol

e
H

ie
ra

rc
hi

ca
l h

ol
lo

w
 p

or
ou

s s
tru

ct
ur

e 
w

ith
 a

bu
nd

an
t m

ic
ro

-  
an

d 
m

es
op

or
es

0.
5–

15
55

8–
10

36
0.

66
–1

.0
1

Su
pe

rc
ap

ac
ito

rs
(C

he
n 

et
 a

l.,
 2

01
7)

13
S,

N
-H

C
Ss

 h
H

ar
d 

te
m

pl
at

e
PM

M
A

 sp
he

re
R

es
or

ci
no

l a
nd

 
fo

rm
al

de
hy

de
H

ol
lo

w
 sp

he
re

s w
ith

 m
ic

ro
po

ro
us

 st
ru

ct
ur

e
—

48
6

—
SI

B
s

(Y
e 

et
 a

l.,
 2

01
6)

14
S,

N
-M

H
C

Ss
H

ar
d 

te
m

pl
at

e
C

aC
O

3 s
ph

er
e

D
op

am
in

e
In

te
rc

on
ne

ct
ed

 h
ol

lo
w

 sp
he

re
 st

ru
ct

ur
e 

w
ith

 m
es

op
or

es
5,

 2
5

39
7

—
SI

B
s

(N
i e

t a
l.,

 2
01

9)

15
N

-H
C

Ss
H

ar
d 

te
m

pl
at

e
C

u 2O
 sp

he
re

3-
A

m
in

op
he

no
l a

nd
 

fo
rm

al
de

hy
de

M
ic

ro
-/m

es
op

or
ou

s h
ol

lo
w

 st
ru

ct
ur

e 
w

ith
 th

in
 c

ar
bo

n 
sh

el
ls

 
(1

5–
84

 n
m

)
1.

2–
1.

5
19

–1
12

0.
07

–0
.3

4
Su

pe
rc

ap
ac

ito
rs

(Z
ha

ng
 D

. e
t a

l.,
 2

02
0)

a  U
H

C
Ss

: U
ltr

at
hi

n 
ho

llo
w

 C
Ss

; b  
PT

C
D

A
: p

er
yl

en
e-

3,
4,

9,
10

-te
tra

ca
rb

ox
yl

ic
 d

ia
nh

yd
rid

e;
 c  N

,P
-H

PC
Ss

: N
itr

og
en

, p
ho

sp
ho

ru
s 

co
-d

op
ed

 h
ol

lo
w

 p
or

ou
s 

C
Ss

; d  
N

-H
M

C
Ss

: N
itr

og
en

-d
op

ed
 

ho
llo

w
 m

es
op

or
ou

s C
Ss

; e  N
,P

-P
C

Ss
: N

itr
og

en
, p

ho
sp

ho
ru

s c
o-

do
pe

d 
po

ro
us

 C
Ss

; f  N
,P

,S
-P

C
Ss

: N
itr

og
en

, p
ho

sp
ho

ru
s, 

su
lfu

r c
o-

do
pe

d 
po

ro
us

 C
Ss

; g  P
S/

PA
N

: P
ol

ys
ty

re
ne

/p
ol

ya
cr

yl
on

itr
ile

; 
h  S

,N
-H

C
Ss

: S
ul

fu
r, 

ni
tro

ge
n 

co
-d

op
ed

 h
ol

lo
w

 C
Ss

.



207

Kiet Le Anh Cao et al. / KONA Powder and Particle Journal No. 40 (2023) 197–218

Fig. 5 TEM images of carbon particle formation prepared via spray pyrolysis with (a) hollow CSs (using positively charged PSL), the video is 
available publicly at https://doi.org/10.50931/data.kona.21014023 and (b) porous CSs (using negatively charged PSL), the video is available publicly at 
https://doi.org/10.50931/data.kona.21014023. Reprinted with permission from Ref. (Balgis et al., 2014). Copyright 2014, American Chemical Society. 
Illustrations showing the formation of (c) unimodal and (d) bimodal macroporous CSs, SEM and TEM images of bimodal porous CSs made using 
PSL particle sizes of (e, h) 230 and 40 nm; (f, i) 230 and 90 nm; and (g, j) 230 and 120 nm. Reprinted with permission from Ref. (Balgis et al., 2017). 
Copyright 2017, American Chemical Society. (k) An illustration of the shell growth on the surface of PSL particles, TEM images of HCSs prepared at 
3-aminophenol/PSL mass ratio of (l) 1, (m) 10, and (n) 15 with 63 nm PSL particles in each case. Reprinted with permission from (Arif et al., 2016b). 
Copyright 2016, Elsevier.
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the repulsive or attractive forces between the phenolic 
resin and PSL particles, the morphology of the prepared 
carbon particles can be precisely controlled. Strong elec-
trostatic attraction between the highly positively charged 
PSL and phenolic resin resulted in hollow carbon particles 
(Fig. 5(a)), whereas the electrostatic repulsion occurred 
in the presence of negatively charged PSL formed porous 
carbon particles (Fig. 5(b)). The mechanism has been pro-
posed in Fig. 2(c) and the detailed explanations are demon-
strated in Videos S1 and S2 (available publicly at https://
doi.org/10.50931/data.kona.21014023). Furthermore, the 
fabrication of hierarchical bimodal macroporous carbon 
nanospheres with interconnected pores (with applications 
as a catalyst support) using a spray pyrolysis technique 
with phenolic resin as the carbon source and PSL spheres as 
the template was also introduced, as shown in Fig. 5(c–d) 
(Balgis et al., 2017). The morphology of the resulting car-
bon particles was greatly influenced by changing the size 
of PSL particles, as shown in the SEM and TEM images 
(Fig. 5(e–j)). A bimodal macroporous structure can en-
hance the surface area available to accommodate Pt loading 
without sacrificing active site accessibility. As a means of 
improving the electron-transfer characteristics of carbon, 
Arif et al. fabricated HCSs having high-nitrogen content 
based on microwave-assisted polymerization together with 
carbonization process, using PSL as the template and 
3-aminophenol as the carbon source (Arif et al., 2016). The 
plausible mechanism of shell formation and the chemical 
bond between PSL particles and 3-aminophenol during the 
nucleation process are demonstrated in Fig. 5(k). By al-
tering the 3-aminophenol/PSL mass ratio, the carbon shell 
thickness could be precisely adjusted from 14.2 to 66.6 nm, 
while the particle size could be easily controlled from 58.2 
to 320 nm by changing the PSL particle size (Fig. 5(l–n)).

Another approach for producing porous CSs is by 
dissolution of the PSL using organic solvents. Chen et 
al. proposed a strategy for synthesizing mesoporous 
HCSs based on the “dissolution-capture” approach (Chen 
et al., 2016a). Polystyrene (PS) spheres serving as the 
template were prepared by emulsion polymerization and 
then coated with mesoporous SiO2. The PS cores were 
subsequently dissolved in tetrahydrofuran to form hollow 
cavities and was captured by the mesopores of the SiO2 
shells. The as-captured PS was then crosslinked based on 
Friedel-Crafts alkylation and was utilized as the carbon 
source. After carbonization and etching to remove SiO2, 
mesoporous HCSs with a uniform mesopore size (4.1 nm) 
were obtained.

3. Applications of carbon spheres
3.1 Rechargeable batteries

With the rapid development of electric vehicles and 
portable electronics, there have been increasing demands 
for the development of lithium-ion batteries (LIBs) hav-

ing improved energy density, longer cycle life and faster 
charging rate. Graphite has traditionally been used as an 
anode material but provides a limited theoretical capacity 
(372 mAh/g) and a rate capability that cannot satisfy the 
requirements for enhanced performance, especially in the 
case of novel sodium-ion batteries (SIBs) or potassium-ion 
batteries (PIBs). Therefore, the development of new  
carbon-based materials for battery electrodes is critical. 
CSs are of particular interest among the variety of promis-
ing carbon materials because their small particle sizes and 
highly exposed surfaces ensure reduced charge transfer 
resistance during metalation/de-metalation. In addition, 
an isotropic spherical structure ensures a homogeneous 
distribution of current flow and allows a highly packed 
particle arrangement, resulting in higher volumetric energy 
densities. When employing CSs as an anode material for 
metal-ion batteries, large SSA, high pore volume, and good 
conductivity are crucial to obtaining the required metal-ion 
storage capacity and stability. Specifically, a high SSA 
provides for good contact with the electrolyte to sustain an 
elevated metal-ion flux through the interface, a large pore 
volume allows for metal ion and volume changes during 
metalation, while good conductivity ensures efficient elec-
tron transport.

The capacities and rate performances of anodes based on 
CSs have been significantly improved using two principal 
strategies. One such strategy involves doping single or 
dual heteroatoms (e.g., O, N, B, S, P) into carbon materials 
to modulate the electronic and chemical structures. Such 
modifications can lead to enlarged interlayer distance, 
enhanced electronic conductivity, improved metal ion/elec-
trolyte absorption and more active sites such that metal ion 
storage and cycling performance are enhanced (Long et al., 
2017). In addition, the incorporation of such atoms modi-
fies the pore structure. A hierarchical structure is desirable 
because micropores promote the reversible intercalation/
de-intercalation of metal ions to afford high storage capac-
ity, whereas meso-/macropores improve metal ion transfer 
kinetics and electrolyte mobility (Zhang J. et al., 2020). A 
representative example of these strategies was provided by 
Zhang et al., who synthesized nitrogen-doped CSs (N-CSs) 
through a HTC method followed by treatment with NH3, in 
addition to the use of glucose as the carbon precursor and 
CTAB as a surfactant (Fig. 6(a)) (Zhang H. et al., 2019). 
The resulting material showed excellent lithium/sodium 
ion storage capacity which delivered reversible capacities 
of 578 and 281 mAh/g for LIBs and SIBs, respectively, 
at 20 mA/g. As shown in Fig. 6(b), when incorporated in 
LIBs, the N-CSs exhibited a capacity of 168.1 mAh/g at 
a high current density of 5 A/g, with a retention of 89.7 % 
even after 4,000 cycles. In contrast, the capacity of CSs 
(without nitrogen doping) was only 63.8 mAh/g, which 
was significantly lower than that of N-CSs. Similarly, 
in the case of trials with SIBs incorporating the N-CSs 
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(Fig. 6(c)), a high capacity of 163 mAh/g was retained 
after 500 cycles, whereas the CSs showed a lower specific 
capacity of 52 mAh/g at 1 A/g. These results indicate that 
nitrogen doping can improve the conductivity of CSs and 
provide additional active sites, both of which are crucial for 
enhancing electrochemical performance.

Interestingly, certain non-carbon materials provide large 

theoretical capacities when used as battery anodes, includ-
ing Si, Sn, Bi, P as well as various transition metal oxides 
(e.g., phosphides, sulfides, selenides) (Long et al., 2017). 
Even so, anodes made of these materials tend to undergo 
agglomeration and volume expansion/shrinkage during 
metalation/de-metalation and so exhibit poor cycling 
performance. CSs represent a means of addressing these 

Fig. 6 (a) An illustration showing the formation process of nitrogen-doped CSs (N-CSs), (b) cycling stability of N-CSs and CSs for LIBs at 5 A/g, and 
(c) cycling stability of N-CSs and CSs for SIBs at 1 A/g. Reprinted with permission from Ref. (H. Zhang et al., 2019). Copyright 2019, Elsevier. (d) An 
illustration showing the fabrication of SiOx@C core-shell particles, (e) galvanostatic charge-discharge profile, and (f) cyclic performance of SiOx@C 
particles as a LIB anode at different cycles. Reprinted with permission from Ref. (Cao et al., 2019). Copyright 2019, American Chemical Society.
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problems and high-capacity carbon-based anode materials 
(e.g., SiOx/C, Fe3O4/C) have been intensively investigated 
in attempts to achieve high energy densities. Cao et al. re-
ported the synthesis of carbon-coated SiOx (SiOx@C) core-
shell particles through a sol-gel process (Cao et al., 2019). 
This work was based on the simultaneous hydrolysis- 
condensation of tetramethyl orthosilicate (TMOS) together 
with the polymerization of 3-aminophenol and formalde-
hyde in the presence of ammonia as a base catalyst and 
CTAB as a cationic surfactant, followed by the carboniza-
tion process (Fig. 6(d)). The resulting SiOx@C particles 
were investigated as an anode material for LIBs and exhib-
ited a reversible capacity of 509 mAh/g at 100 mA/g with 
approximately 80 % capacity retention after 100 cycles 
(Fig. 6(e–f)). This significantly improved electrochemical 
performance can be attributed to the structure of the mate-
rial. The core-shell structure of these particles ensured op-
timal contact with the carbon matrix, while the round shape 
of carbon shell was highly resistant toward stress. These 
factors improved the conductivity of SiOx and exerting the 
function of carbon.

On the cathode side, porous CSs have been successfully 
used as hosts for conductive sulfur in lithium-sulfur batter-
ies (LSBs). The highly porous structure of these materials 
can accommodate a high proportion of sulfur while allevi-
ating its isolating nature, thus facilitating the transport of 
electrons. Most studies show that sulfur is stored preferen-
tially in the pores of carbon shells rather than in the interior 
of CSs, which is not conducive to inhibiting the shuttle 
effect and attaining high energy density. The process of 
sulfur material passing through the porous shell is difficult 
due to the capillary condensation effect and the absence 
of strong adsorption potential inside the carbon shell. As 
a result, the rational design of well-defined interior struc-
ture of CSs is an efficient method to suppress the “shuttle 
effect” of lithium polysulfides (LiPSs). Xu et al. proposed 
the fabrication of mesoporous nitrogen-doped yolk-shell 
CSs (N-YS-CSs) as novel sulfur encapsulators for LSBs 
through a Stöber method (Xu et al., 2018). The applied  
resorcinol-formaldehyde was acted as a carbon precursor 
and CTAB as a template to form the interior yolk and ex-
terior shell under different hydrolysis polymerization rate. 
The N-YS-CSs@S cathode exhibited a high reversible ca-
pacity of 909 mAh/g at 0.2 C even after 500 cycles, which 
was higher than core-shell type architectures (323 mAh/g). 
The yolk-shell structure can effectively fulfill the syner-
gistic effect of physisorption and chemisorption for LiPSs, 
and comprehensively absorb the LiPSs within the pores. In 
addition, the inner void between the yolk and shell provides 
sufficient cavity to accommodate the volume expansion 
during cycling, which contributes to the stability of the 
cycling performance. This strategy provides new ideas for 
the development of cathode structures for practical appli-
cations in LSBs. The structures, synthesis processes and 

electrochemical performance characteristics of CSs and 
active material/CS composites used as electrode materials 
in rechargeable batteries are summarized in Table 4.

3.2 Supercapacitors
Typically, porous CSs have been employed as electrode 

materials in commercial electrical double-layer capacitor 
(EDLC) devices (Zhang M. et al., 2018). The spherical 
structure of these materials can decrease the distance that 
electrolyte ions are required to migrate so that an electric 
double-layer easily forms between the electrode and 
electrolyte. The capacitance of EDLCs is directly related 
to the contact area of the electrode with the electrolyte. In 
principle, increasing the pore volume, SSA and electrical 
conductivity of porous CS electrode will enhance charge 
accumulation in the electrical double layer formation and 
so improve capacitance (Pang et al., 2018b; Tang et al., 
2018). It is generally considered that the presence of micro-
pores in carbon materials significantly increases the SSA, 
which in turn plays an important role in enhancing specific 
capacitance. However, some investigations have discov-
ered that ultrahigh SSAs may result in decreased volumet-
ric capacitance as a consequence of relatively low packing 
densities (Kitamoto et al., 2022; Pang et al., 2018a). For 
this reason, it is critical to adjust pore sizes to maximize the 
ion-accessible SSA while decreasing dead volume. Both 
theoretical and experimental studies have confirmed that 
the highest capacitance is obtained in the case that the pore 
size (primarily micropores) is well matched to the ion size 
of the liquid electrolyte, because this scenario maximizes 
charge accommodation. However, the slow ion diffusion 
and desolvation in sub-nanometer micropores mean that 
high capacitance can only be realized at low or moderate 
charge-discharge rates, which limits the power density and 
rate capability. This issue can be resolved by incorporating 
macro-/mesopores into microporous carbon structures. In 
such cases, the mesopores can act as reservoirs to shorten 
ion transport pathways and so boost ion diffusion, allow-
ing for high capacitance retention during rapid charging/
discharging (Wang et al., 2018; Zhang et al., 2017). Thus, 
optimizing the proportions of micro-, meso-, and macrop-
ores in a porous CS electrode is critical to attaining high 
specific capacitance and rate performance.

The incorporation of heteroatoms (e.g., N, O, S, B, 
P) into porous CSs also plays a vital role to improve the 
electrochemical performance. Several studies have been 
conducted on the use of porous CSs doped with a variety of 
heteroatoms such as nitrogen (Xiong et al., 2017; Zhang L. 
et al., 2019), sulfur (Liu et al., 2017), or nitrogen co-doped 
with sulfur (Lv et al., 2020), oxygen (Chen et al., 2017; 
Liu S. et al., 2016), and phosphorus (Zhang et al., 2017) 
as electrodes in supercapacitors. Such modifications pro-
vide additional active sites for reversible redox reactions 
and so raise the overall capacitance of the sample. Yan et 
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al. fabricated N,P,S-codoped hierarchically porous CSs 
(N,P,S-PCSs) by utilizing silica colloid as a hard template, 
polyaniline as both a carbon and nitrogen precursor, phytic 
acid as a phosphorus precursor, and ammonium persulfate 
as a sulfur precursor (Yan et al., 2018). The well-dispersed 
pores provide a facile ion transportation path within the 
electrode. The resulting N,P,S-PCSs exhibited both high 
gravimetric and volumetric specific capacitance values 
of 274 F/g and 219 F/cm3 at 0.5 A/g, which revealed a 
superior electrochemical performance. After 10,000 cycles, 
the N,P,S-PCSs samples showed the long-term cycling 
stability with 95 % initial capacitance retention at 10 A/g. 
This is mainly attributed to the uniform doping of N, P, and 
S as well as the hierarchically porous structure of the N,P,S-
PCSs. Table 5 summarizes the supercapacitor performance 
and the main characteristics of porous CSs prepared by 
various synthetic processes.

4. Conclusions and outlook
Experimentation with spherical particles having at-

tractive structures and multiple functions has proceeded 
for many years and these materials are expected to play 
a significant role in future energy sources. This review 
provides an overview of the latest advances and recent 
progress in the synthesis of CSs, with a particular focus 
on the applications of these materials in electrochemical 
energy storage. There have been significant advances in 
the fabrication of CSs with well-designed, controllable 
morphologies, desirable textural properties and adjustable 
functionalities. The primary techniques for fabricating CSs 
comprise template-free, soft template and hard template 
approaches, all of which are discussed in detail herein to 
provide a clear understanding of the capability of each 
synthesis route in terms of controlling structural features. 
It is vital to obtain specific chemical compositions and 
morphologies when fabricating CSs with targeted func-
tionalities related to potential applications in rechargeable 
batteries and supercapacitors. This review demonstrates 
that CSs have been extensively employed because the po-
rosity and other structural parameters of these materials are 
readily tuned. As such, CSs are of particular interest with 
regard to addressing critical issues related to rate capability 
and cycling stability, as well as facilitating their application 
in emerging energy storage devices. Despite the obvi-
ous advantages and significant achievements summarized 
above, CSs still face numerous challenges that need to be 
addressed before practical applications in energy storage 
devices are feasible. A number of suggested future research 
directions related to the advancement of this field of study 
are detailed below.

(1) The electrochemical performance of CSs requires 
further improvement to allow practical usage. As an exam-
ple, the spherical carbon-based materials having core-shell 
structures with porous shells are especially appealing as 

anode materials because they are able to host a number of 
active species that provide the electrical conductivity re-
quired for stable cycling and efficient use. It is important to 
prepare CS materials with pore structures that are tunable 
within the micropore and mesopore size ranges and to con-
struct hierarchical structures by connecting micropores to 
mesopores and macropores. These features would improve 
the transport of ions and provide abundant active sites to 
increase the ion accessible SSA, leading to enhance the 
performance of energy storage devices. It will also be im-
portant to consider the packing density of CSs because this 
is a critical parameter that is rarely investigated. It is worth 
noting that the packing density of CSs is generally low 
(< 0.5 g/cm3). CSs typically possess hollow and porous 
structures, which result in improving the mass-ratio of the 
powder and energy density but decrease the volumetric en-
ergy density of the device. Consequently, some important 
applications of CSs are limited.

(2) The large-scale industrial applications of CSs are still 
restricted by the cost and the scale of production, which is 
vastly different from the estimated and makes them delayed 
in their adoption. For instance, to enhance the SSA and 
porosity, highly corrosive chemical activation treatment 
(e.g., KOH, H3PO4) followed by the removal of impuri-
ties is required. These processes typically consume extra 
energy and produce significant waste streams. Therefore, 
green chemical engineering processes are essential to the 
sustainable fabrication of porous CSs for energy storage 
devices. Future research may focus on the fabrication of 
CSs using less toxic and greener chemical activating agents 
at a reasonable cost.

Furthermore, it is important to note that the selection of 
carbon precursor has a pronounced effect on the perfor-
mance of CSs. Biomass-based porous CSs are a promising 
material for emerging applications. However, biomass 
usually contains pollutants and other impurities. Important 
questions remain unanswered concerning the impacts of 
using these materials to construct CSs. How will these 
impurities migrate and transform during the preparation 
and application of CSs? What is the effect of these contam-
inants on the properties and performance of CSs? Answers 
to these questions must be determined to advance the use of 
biomass as a precursor for CS materials.

(3) The development of reliable synthetic pathways 
is still an emerging requirement and may be required to 
allow the scalable production of CSs with control over 
their structural properties. The innovation and simplicity 
of the new green synthesis protocol will be a prerequisite 
to produce CSs in conjunction with reduced costs, minimal 
environmental impact, and improved quality to facilitate 
their usage in large-scale energy storage devices. The use 
of green activation strategies typically provides enhanced 
yields. However, these approaches have been underde-
veloped and more detailed studies are needed for their 
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optimization and advancement.
(4) Heteroatom doping is generally used to modify the 

surface chemistry of carbon materials but overdoping can 
vitiate the porous structure and an excess of some atoms 
can impair the electrical conductivity of the carbon. The 
future development of porous CSs will require an in-
depth understanding of the structure-function relationship 
to allow the formation of desired structure and surface 
chemistry that meet the demands associated with various 
applications.

(5) The rapid evolution of CSs has been associated with 
advances in energy storage technologies. However, there 
remains an incomplete understanding of the relationships 
between structure and the electrochemical properties of 
CSs. More advanced characterizations in conjunction with 
numerical simulations may provide better insight into the 
connection between structures and electrochemical proper-
ties or reaction mechanisms.

In the future, there is likely to be increasing interest in 
CS materials for specific scientific and industrial applica-
tions and these materials will be used more frequently to 
support the development of energy storage devices. A bet-
ter understanding of structure-performance relationships is 
also anticipated. Moreover, greener and simpler synthesis 
methods with reduced environmental impacts will be 
developed to enable the full use of renewable resources. 
There is no doubt that many opportunities are hidden, and 
the researchers should investigate more on utilizing the 
tremendous potential of functionalized CSs in the appli-
cations discussed herein. The progress achieved to date is 
expected to inspire future research and the authors hope 
that this review paper will accelerate further work toward a 
future sustainable society.
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