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Common strategies to synthesize graphitic porous carbon nanospheres suffer from energy consumption,
exorbitant cost and harsh condition, and lead to closed pore and polydisperse particles. The successful
manipulation of adjustable graphitic skeleton, developed porosity, good monodispersity and dispersity
of carbon nanospheres is essential to meet their structural varieties and practical applications. Herein,
an outside-in catalytic graphitization method is reported to synthesize carbon nanospheres with above-
mentioned properties, which involves interfacial assembly between layered double hydroxides
nanosheets and polymer nanospheres, in-situ generation of nickel nanoparticles, and outside-in catalytic
graphitization. The unusual phenomenon is that the in-situ generated nickel nanoparticles are preferen-
tially oriented to the carbon side rather than to the free open space. The interface reactions between
nickel nanoparticles and amorphous carbons drive continuous etching of carbon species to form graphitic
structure in the interior of spheres. The graphitic structure can be tuned by changing effective charge
ratio and pyrolysis conditions and obtained carbon nanospheres possessed good dispersibility in water
and ethanol. Moreover, such carbon nanospheres exhibited good performance when used as anodes in
lithium-ion batteries. These findings may pave new ways for synthesizing multifarious carbon nanoma-
terials with adjustable graphitic skeleton, developed porosity, good monodispersity and dispersibility for
various applications.
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1. Introduction

Graphitic porous carbon nanospheres (GPCS) are the material
integration of graphitized carbon and porous nanospheres into
one entity, which have received considerable attention in energy
storage and conversion [1–4], catalysis [5,6], electrocatalysts [7],
and adsorption [8], because of their remarkable properties, in par-
ticular high intrinsic electrical conductivity, high surface area,
excellent thermal and chemical stability. Recent studies demon-
strated that GPCS having a few layers of interconnected graphitic
structure displayed graphene-like properties when they were used
in supercapacitors [9], lithium-ion batteries [10], removal of heavy
metal ions [8] and fuel cell [11]. The interconnected graphitic
structure can serve as efficient electron transfer pathways and por-
ous spherical structure would allow a rapid ion diffusion [12,13]. In
addition, the graphitic structure shows higher adsorption capacity
and rate in the removals of chromium ions due to the electrostatic
interaction between p electrons and heavy metal ions [8]. Hence, it
is imperative to synthesize carbon nanospheres with adjustable
graphitic structure for extending their applications.

The established typical methods for the synthesis of GPCS
include chemical vapor deposition (CVD), high temperature pyrol-
ysis of amorphous carbon spheres, and transition metal ions
assisted pyrolysis of polymers. The CVD method is restricted by
the harsh condition and industrial feasibility. High temperature
pyrolysis of amorphous carbon spheres for graphitization usually
undergoes temperature above 2000 �C [14], which suffers from
energy consumption and exorbitant cost. The method of transition
metal ions assisted pyrolysis of polymers has been often used,
owing to the relatively mild graphitization temperature (even
around 700 �C) in the present of transition metal species such as
Fe [15–17], Co [18,19], and Ni [20,21]. This method involves three
major steps that are the introduction of transition metal species
(transition metal ion [22] and transition metal coordination com-
pound [23,24]) into polymer matrix, generation of transition metal
nanoparticles, and inner catalytic graphitization of surrounding
amorphous carbon. However, the introduction of metal ion usually
results in coagulation of colloidal polymer nanospheres, thus, the
polydisperse GPCS [25]. The versatility of carbon precursor is
restricted by the coordination ability between the metal ion and
polymer precursor. The inner catalytic graphitization of surround-
ing amorphous carbon limits the migration of generated transition
metal nanoparticles. Moreover, the monodispersity is also one of
crucial features of carbon nanospheres, which is effective in reduc-
ing mass transport resistance [26]. Meanwhile, the monodispersed
carbon nanospheres may act as model material systems for funda-
mental understanding the correlation between the electrode struc-
ture and sensing performance in electrochemical detection [27],
and ion storage/transfer behavior in EDLC [28] and lithium batter-
ies [29].

Although the synthesis of GPCS has been realized so far, there
still lacks operable method for the synthesis of such platform
nanomaterials simultaneously possessing the properties of adjus-
table graphitic skeleton, abundant porosity and good monodisper-
sity. Herein, we reported an outside-in catalytic graphitization
method for the synthesis of such GPCS. This method involves the
interfacial assembly of hetero-charged Ni-Mg-Al layered double
hydroxide (NiMgAl-LDH) nanosheets on the outer surface of the
polymer nanospheres (PNS) through electrostatic attraction, in-
situ generation of nickel nanoparticles on the outer surface of car-
bon nanospheres and outside-in catalytic graphitization during
pyrolysis process. Noticeably, the NiMgAl-LDH nanosheets here
have two functions: one is to supply transition metal nanoparticles
for catalytic graphitization, another is to warrant the PNS discrete
during pyrolysis process. Importantly, this method allows us to
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adjust the graphitization degree of GPCS via controlling the effec-
tive charge ratio of NiMgAl-LDH to PNS, pyrolysis temperature
and pyrolysis time. This work provides an alternative approach
for the construction of dispersible graphitized porous carbon nano-
materials, and such GPCS could be applied as a promising electrode
material for lithium-ion batteries.
2. Experimental section

2.1. Chemicals

Resorcinol, formaldehyde (37 wt%), 1,6-diaminohexane (DAH,
99.0%), ammonia solution (25 wt%), hydrochloric acid (37 wt%),
nickel nitrate hexahydrate, magnesium nitrate hexahydrate, alu-
minium nitrate nonahydrate, toluene, tetrahydrofuran (THF),
dimethylformamide (DMF), ethanol and sodium hydroxide (NaOH)
were purchased from Sinopharm Chemical Reagent Co., Ltd. All
chemicals were used as received.

2.2. Synthesis of monodisperse polymer nanospheres

In a typical synthesis, 8.8 g of resorcinol was first dissolved in 8
L water at 30 �C for 30 min. Then 11.8 mL formaldehyde was added
into the solution and mixed for 15 min. After that, 1.16 g DAH was
added into this solution and mixed for 30 min. The solution
became a white color in one minute. 20 mL ammonia solution
(1.5 mol L-1) was added to the final solution. The resultant solution
was further heated to 80 �C accompanied with stirring 4 h. The
monodisperse polymer nanospheres (PNS) were purified using
deionized water for 3 times. Such uniform morphology and high
carbon yield of polybenzoxazine-based PNS endows the carbon
nanospheres possibility to inherit its spherical morphology and
good monodispersity after pyrolysis.

2.3. Synthesis of layered double hydroxides

In a typical synthesis, 1.745 g of nickel nitrate hexahydrate,
2.308 g of magnesium nitrate hexahydrate, and 1.876 g of alu-
minium nitrate nonahydrate were dissolved to form a 50 mLmixed
solution. Then the mixed solution was added into 225 mL of
0.2 mol L-1 sodium hydroxide solution. After 30 min of reaction
at 30 �C, it was filtered and washed with suction until the filtrate
was neutral. The obtained filter cake is dispersed with 250 mL of
water. After the final dispersion, it was hydrothermally heated at
100 �C for 16 h. The obtained Ni-Mg-Al layered double hydroxides
denoted as NiMgAl-LDH.

2.4. Synthesis of graphitic porous carbon nanospheres

In a typical procedure (e.g. PNS@LDH-1.0), 600 mg PNS and
92.3 mg NiMgAl-LDH were dispersed into 100 mL deionized water
and stirred vigorously for 10 min, respectively. The pH of the
obtained two solutions was adjusted to 8, respectively. After that,
the solution of PNS was added into the NiMgAl-LDH solution and
stirred for 30 min. The mixed solution was filter and the filtration
(denoted as PNS@LDH-1.0) was dried at 50 �C for 24 h. Subse-
quently, the graphitic carbon nanospheres (denoted as GPCS-1.0)
were obtained after the pyrolysis of PNS@LDH-1.0 at 800 �C for
2 h under argon at a ramping rate of 3 �C min�1 and removal of
the nickel nanoparticles with HCl solution (6 M). The obtained
products were washed with water until the filtrates became neu-
tral. By adjusting the amount of NiMgAl-LDH as 46.2 mg and
138.5 mg, the obtained polymer nanospheres coated with
NiMgAl-LDH nanosheets were denoted as PNS@LDH-0.5 and
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PNS@LDH-1.5, thus the corresponding graphitic porous carbon
nanospheres denoted as GPCS-0.5 and GPCS-1.5, respectively.

2.5. Time-dependent pyrolysis of graphitic porous carbon nanospheres

In a typical procedure, the furnace was sealed up and heated to
800 �C. Then the PNS@LDH-1.5 was quickly sent in the furnace and
pyrolyzed for different time (e.g. 2.5, 5, 10, and 20 min, respec-
tively). After that, the pyrolyzed samples were quickly moved to
the cool position of the furnace and till cooled down to 25 �C under
inner atmosphere. All the procedure is under argon.

2.6. Activation of graphitic porous carbon nanospheres

The GPCS-1.5 was activated by H2O at 800 �C for 0.5 h in argon
flow to produce porous GPCS (denoted as GPCS-1.5-H2O).

2.7. Measurements and characterization

Dynamic laser light scattering (DLS) measurements and Zeta
potential measurements were carried out at 25 �C on a Malvern
Zeta sizer Nano ZS90 Instrument. Field-emission scanning electron
microscopy (SEM) investigations were carried out with a Hitachi
FESEM SU8220 instrument. TEM images were obtained with FEI
Tecnai F30 instrument operating at 300 kV. Nitrogen sorption iso-
therms were measured with the Autosorb-iQMP at 77.4 K. Before
measurements, all samples were degassed at 200 �C for 4 h. The
specific surface areas (SBET) were calculated by using the
Brunauer-Emmett-Teller (BET) method. The total pore volume
(Vtotal) was estimated from the amount adsorbed at a relative
pressure of 0.95. The pore size distribution was calculated from
the adsorption branch via the BJH method. X-ray diffraction
(XRD) patterns were collected with a Panalytical X’pert Pro Super
X-ray diffractometer using Cu Ka radiation (40 kV, 40 mA, k = 0.1
5418 nm) with a scanning angle (2h) of 10–90 �.

2.8. Electrochemical test

The GPCS material was blended with Super P, carboxymethyl-
cellulose sodium and LA133 binder in a weight ratio of
8:1:0.5:0.5 and stirred to form a viscous slurry. Then, the slurry
was spread on the copper foil and dried under vacuum at 100 �C
for 12 h. The areal loading of active material was approximately
1.5 mg cm�2. The 2025-type coin cells used in electrochemical
experiments were assembled in an argon-filled glovebox, with a
pure lithium foil as the counter electrode and a polypropylene
membrane (Celgard 2400) as the separator. The electrolyte was
composed of 1.0 M LiPF6 in EC/DMC/EMC (1:1:1 by volume). Gal-
vanostatic charge–discharge (GC) performance was evaluated
using a LAND CT2001A tester at different current densities
between 0.01 and 3 V vs. Li/Li+. For comparison, the artificial gra-
phite product from BTR Company (China) was used as reference
anode material.

3. Results and discussion

Figs. 1 and S2 revealed the unique turbostratic graphite struc-
tures of the GPCS pyrolyzed under different temperature. As clearly
depicted in Fig. 1a, when the pyrolysis temperature was set 800 �C,
the obtained GPCS possessed uniform morphology and core–shell
structure. Notably, the graphitic domains with stacked graphene
layers can be observed in the inner part of GPCS, while the outer
shell showed amorphous feature of carbons. Interestingly, the gra-
phitic domains of GPCS increased as the increase in pyrolysis tem-
perature. For example, when the pyrolysis temperature was
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increased to 900 �C, the graphitic domains of GPCS enlarged
(Fig. 1b). As the pyrolysis temperature further increased to
1000 �C, the core–shell structure of the GPCS turned into entirely
turbostratic graphite structures (Fig. 1c). In contrast, the direct-
pyrolyzed carbon nanospheres without using NiMgAl-LDH
nanosheets exhibited solid sphere structure and a homogeneous
amorphous carbon characteristic (Fig. 1d). Evidently, the formation
of the unique core–shell structure of GPCS was attributed to the
outside-in catalytic graphitization by the in situ generated nickel
nanoparticles from the surface coated NiMgAl-LDH, which was
ascribed to the catalytic healing of defects on the interface
between nickel nanoparticles and amorphous carbon [30].

Field-emission scanning electron microscopy (SEM) showed
that the obtained PNS exhibit uniform morphology with size
of ~ 410 nm (Fig. S2a). The dynamic light scattering (DLS) also con-
firmed that the PNS possessed good monodispersity with polydis-
persity index of 1.0% (Fig. S2b). The obtained uniform PNS tended
to assemble into periodic superstructures during sampling on a sil-
icon wafer [31]. The bright structural color from the PNS strongly
indicated the high uniformity of PNS as well (Fig. S2a insert)
[32]. This result was again consistent with the DLS and SEM obser-
vation. The pH of a colloid system usually plays a pivotal factor in
regulating colloidal surface charge that allows the manipulation of
the surface charge-driven interfacial assembly [33]. The zeta
potentials of colloidal PNS and NiMgAl-LDH nanosheets were mea-
sured in aqueous solution as a function of pH values from 2 to 12,
respectively. As shown in Fig. S2c, the isoelectric point (IEP) of PNS
and NiMgAl-LDH nanosheets were 4.1 and 12, respectively. Obvi-
ously, the obtained zeta potentials showed that the PNS were neg-
atively charged while the NiMgAl-LDH nanosheets were positively
charged in the broad pH range of 4.1–12. We mimicked the col-
loidal coagulation by using NiMgAl-LDH nanosheets and the
polybenzoxazine-based monodispersed polymer nanospheres
(PNS) in aqueous solution. The coagulation between the heteroge-
neous charged PNS and NiMgAl-LDH nanosheets was triggered and
then assembled into a core–shell structure (PNS@LDH). As a result,
we hypothesized that the PNS were coated by the NiMgAl-LDH
nanosheets via the electrostatic attraction. To validate our hypoth-
esis, the pH of PNS and NiMgAl-LDH solutions was adjusted to 8.0,
before they were mixed together. After mixing the solutions, SEM
image of PNS@LDH sample showed that the monodisperse PNS
were coated by the NiMgAl-LDH nanosheets (Fig. 2a). Subse-
quently, pyrolysis under argon and removal of nickel afforded
the GPCS (Fig. 2b).

In order to investigate the structure evolution of the GPCS under
different pyrolysis temperature, XRD was further employed to
monitor the structure evolution of the resultant GPCS in the pres-
ence of NiMgAl-LDH nanosheets. As shown in Fig. 2c, when the
pyrolysis temperature was 400 �C, the broad diffraction peaks
locked at around 23� and 43� were ascribed to the (002) and
(100) peaks of amorphous carbons, respectively [34]. Especially,
three well-resolved peaks at 2h = 44.5�, 51.8�, and 76.3� indicate
the presence of nickel nanoparticles (PDF 96-210-0647) till the
pyrolysis temperature increased over 700 �C (Fig. 2c). The genera-
tion of metallic nickel nanoparticles was mainly due to the decom-
position of LDH and reduction by volatile reducing species which
was released by the polymer component during pyrolysis process
[35,36]. The remarkable diffraction peak at 26.0� was assigned to
crystalline graphite plane, indicating the graphitization of carbon
species when the pyrolysis temperature increased to 800 �C. This
result agreed well with the TEM observation (Fig. 1a and S1). Obvi-
ously, the recrystallization of amorphous carbon to graphitic one
was realized after the generation of nickel nanoparticles during
pyrolysis. With the increase in pyrolysis temperature, the XRD pat-
terns (Fig. 2c) of corresponding GPCS showed strong diffraction
peaks at 26�, indicating that further increasing the pyrolysis tem-



Fig. 1. TEM images of GPCS pyrolyzed at different temperatures (a) 800 �C, (b) 900 �C and (c) 1000 �C; (d) TEM image of direct-pyrolyzed carbon nanospheres at 800 �C; 3D
structure models of GPCS pyrolyzed at different temperatures (e) 800 �C, (f) 900 �C and (g) 1000 �C; (h) 3D structure model of direct-pyrolyzed carbon nanospheres.

Fig. 2. (a) SEM image of PNS@LDH, (b) TEM image of GPCS; the XRD patterns of PNS@LDH pyrolyzed (c) under different temperature for 2 h, and (d) for different time at
800 �C before removing the nickel nanoparticles.
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perature promoted the graphitization degree of GPCS [37]. In short
summary, the graphitization degree of the resultant porous carbon
nanospheres is tailorable using the established outside-in catalytic
graphitization method.

To gain more insight about the evolution of the nickel nanopar-
ticles of the outside-in catalytic graphitization process, a time-
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dependent study was carried out to elucidate the catalytic graphi-
tization process during pyrolysis by TEM and XRD measurements.
Before pyrolysis, the PNS@LDH showed that monodisperse PNS
were coated by the NiMgAl-LDH nanosheets (Fig. 2a). When the
PNS@LDH was pyrolyzed for only 2.5 min, the well-dispersed
nickel nanoparticles with an average size of ~ 4.7 nm were gener-
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ated and observed on the outer surface of carbon nanospheres, as
shown in Fig. 3a. The unusual phenomenon is that the in-situ gen-
erated nickel nanoparticles are preferentially oriented to the car-
bon side (Fig. S3a) rather than to the free open space. Further
prolonging the pyrolysis time from 2.5 min to 20 min, the TEM
images demonstrated that the average size of nickel nanoparticles
increased from 4.7 to 22.0 nm (Fig. 3 and S3a-S3d), due to the Ost-
wald ripening [38,39] during pyrolysis process. With the increase
in pyrolysis time, the intensity of diffraction peak for the nickel
nanoparticles enlarged (Fig. 2d), implying an increase in sizes of
the nickel nanoparticles. This result was consistent with the obser-
vation from TEM (Fig. 3). The broad diffraction pattern at 2h = 23�
was a characteristic of amorphous carbons when pyrolysis time
was less than 20 min. In addition, a small hump was visible at
26.0� when the pyrolysis time was 20 min, which suggested that
amorphous carbon began to catalytically convert to graphitic car-
bon by nickel nanoparticles (Fig. 2d). The TEM image in Fig. 3d
can also confirm the formation of the discernible graphitic tunnel
structure which was composed of several-layer graphene after
20 min pyrolysis. In particular, the shape of discernible graphitic
tunnel was alike to the tail of nickel nanoparticle [37], suggesting
that graphene tunnel was generated by catalytic graphitization
on the interface between nickel nanoparticles and amorphous car-
bon during outside-in migration of nickel nanoparticles. The for-
mation of graphitic tunnel structure around the surface of nickel
nanoparticles occurs through the dissolution of amorphous carbon
into the nickel particles, surface diffusion of carbon atoms, fol-
lowed by the precipitation and finally assembly into graphitic car-
bon [40,41]. Therefore, the interface interactions between nickel
nanoparticles and amorphous carbons drive the continuous etch-
ing of the carbon species to form graphitic tunnel structure in
the interior of carbon nanospheres [42].

Interestingly, we found that the graphitization process can be
tuned by changing the amount of NiMgAl-LDH nanosheets. For
convenience, the graphitic nanospheres synthesized using differ-
ent amount of NiMgAl-LDH nanosheets were denoted as GPCS-x
(x represents the effective charge ratio of NiMgAl-LDH nanosheets
to PNS). With a small fraction of NiMgAl-LDH nanosheets (x = 0.5),
the PNS@LDH-0.5 was partly covered by the LDH nanosheets
(Fig. 4a). When the effective charge ratio increased to 1.5, it can
be seen that LDH nanosheets were deposited on the entire surface
of a PNS (Fig. 4 c). After pyrolysis and nickel removal processes, all
the GPCS showed uniform morphology with a mean diameter of
330 nm. Moreover, some mesopores on the surface of GPCS were
observed (Fig. 4d-4f). These results also demonstrate that the
outside-in migration of nickel nanoparticles during catalytic
graphitization. The XRD patterns of GPCS samples were collected
to investagate the structural changes of the graphitization degree
as altering the the effective charge ratio of NiMgAl-LDH to PNS.
Fig. 3. TEM images of PNS@LDH pyrolyzed at 800 �C for (a) 2.5, (b) 5, (c) 10
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As seen in Fig. 5a, after removal of nickel, the XRD patterns of
GPCS-0.5, GPCS-1.0, and GPCS-1.5 showed strong diffraction peaks
at 26�, related to the (002) plane of graphitic structure of the resul-
tant samples. With the increase of the amount of LDH, the intensity
of the (002) diffraction peaks at 26� became stronger, confirming
the enhanced graphitization degree of the resultant GPCS [43].

N2 adsorption–desorption isotherms were collected to analyze
the porous structures of the synthesized GPCS. As shown in
Fig. 5b, the N2 adsorption–desorption isotherms of the three GPCS
samples showed typical type IV curves with a sharp capillary con-
densation step in the partial pressure (P/P0) range of 0.55–0.75
indicating the presence of mesoporous characteristic. The
Brunauer- Emmett-Teller surface area (SBET) and total pore volume
(VTotal) are summarized in Table 1. The SBET of GPCS-0.5, GPCS-1.0
and GPCS-1.5 were 467, 447 and 407 m2 g�1, respectively. The
VTotal of GPCS-0.5, GPCS-1.0 and GPCS-1.5 were 0.28, 0.26 and
0.24 cm3 g�1, respectively. Obviously, the SBET and VTotal decreased
as the dosage of NiMgAl-LDH increasing. The pore size distribu-
tions (PSD) of GPCS-0.5, GPCS-1.0 and GPCS-1.5 derived from the
adsorption branch indicate that these samples possessed a mean
pore size of 10.0, 10.5 and 9.8 nm (Fig. 5c). These mesopores are
certainly ascribed to the outside-in migration paths of the in situ
formed catalysts of nickel nanoparticles. In order to improve the
porosity of GPCS, the GPCS-1.5 was activated by H2O at 800 �C
for 0.5 h (denoted as GPCS-1.5-H2O). It was obvious that the results
of activation was a large increase in the SBET and VTotal from GPCS-
1.5 (407 m2 g�1 and 0.28 cm3 g�1) to GPCS-1.5-H2O (821 m2 g�1

and 0.47 cm3 g�1) (Table 1). The SBET and VTotal of GPCS-1.5-H2O
increased by 101% and 68%, as compared to GPCS-1.5, respectively.
Notably, the XRD pattern of GPCS-1.5-H2O also showed strong
diffraction peaks at 26�, related to the (002) plane of graphitic
structure after activation (Fig. 5a). As a contrast, the direct-
pyrolyzed carbon nanospheres without using NiMgAl-LDH
nanosheets showed microporous characteristic (Fig. S4). The
increase in the mesopore volume was accompanied by the
decrease in the micropore volume, which indicated the creation
of mesopore occurs at the expense of micropore. This result sug-
gested that the evolution of mesopore originated from the col-
lapsed micropore during the process of recrystallization of
amorphous carbon to graphitic carbon during outside-in catalytic
graphitization [44].

In order to investigate the dispersibility of GPCS, the GPCS-1.5
and direct-pyrolyzed carbon nanospheres (CNS) were dispersed
in solution with the same concentration (0.05 mg mL -1). As shown
in Fig. 6a, the solution of GPCS-1.5 exhibited good water dis-
persibility and no obvious precipitation over 6 h was observed.
On the contrary, the CNS showed macroscopic sediment in the bot-
tom of vial (Fig. 6a). The zeta potential of GPCS-1.5 was below
�30 mV when the pH was 7, which also implies that the GPCS-
and (d) 20 min before removal of the nickel nanoparticles, respectively.



Fig. 4. SEM images of (a) PNS@LDH-0.5, (b) PNS@LDH-1.0, (c) PNS@LDH-1.5, (d) GPCS-0.5, (e) GPCS-1.0 and (f) GPCS-1.5. All the scale bars are 500 nm.

Fig. 5. (a) XRD patterns, (b) Nitrogen adsorption-desorption isotherms and (c) corresponding BJH pore size distribution profiles of GPCS-0.5, GPCS-1.0, GPCS-1.5 and GPCS-
1.5-H2O. The isotherms of GPCS-0.5 and GPCS-1.0 were offset vertically by 50 and �50 cm3 g�1 at standard temperature and pressure (STP), respectively. The BJH pore size
distribution curves of GPCS-1.0, GPCS-1.5, and GPCS-1.5-H2O were offset vertically by 0.02, 0.07 and 0.12 cm3 g�1, respectively.

Table 1
The structural parameters of graphitic porous carbon nanospheres.

Sample SBET (m2 g�1) Smic (m2 g�1) Smeso (m2 g�1) Vtotal
a (cm3 g�1) Vmic

b (cm3 g�1) Dmesopore
c (nm)

GPCS-0.5 467 384 83 0.24 0.15 10.0
GPCS-1.0 447 338 109 0.26 0.13 10.5
GPCS-1.5 407 258 149 0.28 0.10 9.8
GPCS-1.5-H2O 821 631 190 0.47 0.24 9.8

a Vtotal: total pore volume at P/P0 = 0.95.
b Vmic: micropore volume calculated by the t-plot analysis.
c Dmesopore: mesopore diameter at the maximum of the pore size distribution calculated from the adsorption branch via the BJH method.
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1.5 can be stably dispersed in water (Fig. S5). The GPCS-1.5 also
possessed good dispersibility in ethanol and no obvious precipita-
tion was observed even over 24 h (Fig. 6b). However, the THF solu-
tion and DMF solution of GPCS-1.5 became slightly less dark and
the GPCS-1.5 exhibited macroscopic sediment in toluene. Clearly,
the GPCS-1.5 possessed good dispersibility in water and ethanol.

On the basis of the above results, we believed that the proposed
outside-in catalytic graphitization method is very effective for the
construction of graphitic porous carbon nanospheres. At the begin-
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ning, when the pH values of the colloids were adjusted to between
the IEP of the two colloids (NiMgAl-LDH nanosheets and PNS), a
surface-charge driven, interfacial assembly between the hetero-
charged NiMgAl-LDH nanosheets and PNS ensure the construction
of PNS@LDH by electrostatic attraction. The SEM image (Fig. 2a)
confirmed the construction of core–shell structure of PNS@LDH.
Afterward, when the PNS@LDH was pyrolyzed under argon atmo-
sphere, the LDH nanosheets decomposed and were in-situ reduced
to nickel nanoparticles on the outer surface of amorphous carbon



Fig. 6. (a) Photographs of the dispersed behavior of and direct-pyrolyzed carbon nanospheres (CNS) and GPCS-1.5 in water after ultrasonic treatment for 30 min; (b)
photographs of the dispersed behavior of GPCS-1.5 in toluene, tetrahydrofuran (THF), dimethylformamide (DMF) and ethanol after ultrasonic treatment for 15 min.
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nanospheres by the volatile reducing species from polymer part
during pyrolysis process [35,36]. As known, the metallic nickel
possess the potential to convert surrounding amorphous carbons
to graphitic structures. Commonly, thermal annealing of NiMgAl-
LDH would generate nickel nanoparticles that prefer have orienta-
tion to free open space [45]. However, in the current situation, the
interface reactions between nickel nanoparticles and amorphous
carbons drive the continuous etching of the amorphous carbon to
form graphitic tunnels in the inner of carbon nanospheres during
catalytic graphitization process (Fig. 3). After the catalytic graphi-
tization, the obtained GPCS possessed distinct core–shell structure
that the shell of GPCS was amorphous while the core revealed few
layers of interconnected graphitic turbostratic structure (Fig. 1a-
1c). The graphitization degree was simply adjusted by changing
the amount of NiMgAl-LDH nanosheets, pyrolysis time and pyrol-
ysis temperature. Eventually, carbon nanospheres with developed
graphitic turbostratic structure, porous skeleton, good uniformity,
good dispersibility in water and ethanol can be obtained.

Such a unique structure with developed graphitic turbostratic
structure and porous skeleton may endow the GPCS with potential
anode material in lithium-ion batteries which require high elec-
tron and electrolyte ions transport rate for fast charge–discharge
performance. As shown in Fig. S6a, GPCS and artifical graphite pos-
sessed similar capacity at low current densities (212 and 196 mAh
g�1 at 0.5 A g�1, respectively). However, GPCS exhibited much bet-
ter rate performance over graphite at large current densities. The
capacity for graphite was 48 mAh g�1 at 2 A g�1, that was only
36% capacity of GPCS. The longterm cycling tests of GPCS and gra-
phite at 2 A g�1 was presented in Fig. S6b. The GPCS showed an
excellent long cycling life over 1000 cycles, the retained capacity
of GPCS was 112 mAh g�1, which was 2.8 times of that of graphite
(40 mAh g�1). The improved preformance of GPCS was attributed
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to the developed graphitic turbostratic structure and porous skele-
ton. The porous skeleton in GPCS ensure sufficient contact areas
between the electrode and the electrolyte. The internal pores of
GPCS can act as a reservoir to store electrolyte, which can reduce
the diffusion distance from the electrode surface into the interior,
and thue led to the superior rate performance.
4. Conclusions

We have demonstrated a novel, facile, outside-in catalytic
graphitization method for the construction of GPCS. This synthesis
involves the interfacial assembly of hetero-charged NiMgAl-LDH
nanosheets on the outer surface of the PNS through electrostatic
attraction, in-situ generation of nickel nanoparticles on the outer
surface of nanospheres during pyrolysis process, and outside-in
catalytic graphitization of nickel nanoparticles. The obtained GPCS
possesses adjustable graphitic skeleton, developed porosity and
good monodispersity, good dispersibility in water and ethanol.
Importantly, the in situ generation and outside-in migration of
nickel nanoparticles was pivotal for the successful synthesis of
GPCS. It is worthy that the in-situ generated nickel nanoparticles
are preferentially oriented to the carbon side rather than to the free
open space. And, the interface reactions between nickel nanoparti-
cles and amorphous carbons drive continuous etching of carbon
species to form graphitic structure in the interior of spheres. More-
over, the graphitization degree of GPCS can be adjusted by modu-
lating the pyrolysis temperature, pyrolysis time and the amount of
NiMgAl-LDH. To our knowledge, such GPCS prepared by such
outside-in catalytic graphitization method have not been reported
yet. Considering the facile and mild synthesis, we believed that
such outside-in catalytic graphitization method is an alternative
tool for the construction of multifarious carbon nanomaterials with
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adjustable graphitic skeleton, developed porosity, good monodis-
persity and dispersibility for various applications.
CRediT authorship contribution statement

Quan-Gao Wang: Investigation, Resources, Formal analysis,
Writing - original draft. Cheng-Long Li: Resources, Validation.
Lei He: Resources, Formal analysis. Xiao-Fei Yu: Data curation.
Wei-Ping Zhang: Software. An-Hui Lu: Conceptualization,
Methodology, Supervision, Funding acquisition.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgements

The authors are grateful to the financial support by the National
Natural Science Foundation of China (No. 21776041 and No.
21875028), and Cheung Kong Scholars Programme of China
(T2015036).
Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jcis.2021.04.093.
References

[1] H. Liu, W. Li, D.K. Shen, D.Y. Zhao, G.X. Wang, Graphitic carbon conformal
coating of mesoporous TiO2 hollow spheres for high-performance lithium ion
battery anodes, J. Am. Chem. Soc. 137 (2015) 13161–13166.

[2] H.W. Li, H.J. Yu, X.F. Zhang, G.N. Guo, J.H. Hu, A.G. Dong, D. Wang, Bowl-like 3C-
SiC nanoshells encapsulated in hollow graphitic carbon spheres for high-rate
lithium-ion batteries, Chem. Mater. 28 (2016) 1179–1186.

[3] J.H. Zheng, G.N. Guo, H.W. Li, L. Wang, B.W. Wang, H.J. Yu, Y.C. Yan, D. Yang, A.
G. Dong, Elaborately designed micro-mesoporous graphitic carbon spheres as
efficient polysulfide reservoir for lithium-sulfur batteries, ACS Energy Lett. 2
(2017) 1105–1114.

[4] P. Thakur, M. Yeddala, K. Alam, S. Pal, P. Sen, T.N. Narayanan, Cobalt
nanoparticles dispersed nitrogen-doped graphitic nanospheres-based
rechargeable high performance zinc-air batteries, ACS Appl. Energy Mater. 3
(2020) 7813–7824.

[5] X.Y. Yang, P.H. Lu, L.Y, P.P. Pan, A.A. Elzatahry, A. Alghamdi, W. Luo, X.W.
Cheng, Y.H. Deng, An efficient emulsion-induced interface assembly approach
for rational synthesis of mesoporous carbon spheres with versatile
architectures, Adv. Funct. Mater., 30 (2020) 2002488.

[6] M.G. Hao, R.M. Dun, Y.M. Su, W.M. Li, Highly active Fe–N-doped porous hollow
carbon nanospheres as oxygen reduction electrocatalysts in both acidic and
alkaline media, Nanoscale 12 (2020) 15115–15127.

[7] W.Q. Han, Z.H. Liu, Y.B. Pan, G.N. Guo, J.X. Zou, Y. Xia, Z.M. Peng, W. Li, A.G.
Dong, Designing champion nanostructures of Tungsten dichalcogenides for
electrocatalytic hydrogen evolution, Adv. Mater. 32 (2020) 2002584.

[8] L.H. Zhang, Q. Sun, D.H. Liu, A.H. Lu, Magnetic hollow carbon nanospheres for
removal of chromium ions, J. Mater. Chem. A 1 (2013) 9477–9483.

[9] J.S. Lee, S.I. Kim, J.C. Yoon, J.H. Jang, Chemical vapor deposition of mesoporous
graphene nanoballs for supercapacitor, ACS Nano 7 (2013) 6047–6055.

[10] Z.W. Yang, H.J. Guo, X.H. Li, Z.X. Wang, J.X. Wang, Y.S. Wang, Z.L. Yan, D.C.
Zhang, Graphitic carbon balanced between high plateau capacity and high rate
capability for lithium ion capacitors, J. Mater. Chem. A 5 (2017) 15302–15309.

[11] J.H. Bang, Hollow graphitic carbon spheres for Pt electrocatalyst support in
direct methanol fuel cell, Electrochim. Acta 56 (2011) 8674–8679.

[12] J.L. Shi, C. Tang, J.Q. Huang, W.C. Zhu, Q. Zhang, 3D Mesoporous graphene: CVD
self-assembly on porous oxide templates and applications in high-stable Li-S
batteries, Small 11 (2015) 5243–5252.

[13] J. Zhi, W. Zhao, A.R. Chen, F.Q. Huang, Highly conductive ordered mesoporous
carbon based electrodes decorated by 3D graphene and 1D silver nanowire for
flexible supercapacitor, Adv. Funct. Mater. 24 (2014) 2013–2019.

[14] V. Etacheri, C.W. Wang, M.J. OConnell, C.K. Chan, V.G. Pol, Highly conductive
ordered mesoporous carbon based electrodes decorated by 3D graphene and
1D silver nanowire for flexible supercapacitor, J. Mater. Chem. A., 3 (2015)
9861–9868.
593
[15] A.H. Lu, W.C. Li, G.P. Hao, B. Spliethoff, H.J. Bongard, B.B. Schaack, F. Schüth,
Easy synthesis of hollow polymer, carbon, and graphitized microspheres,
Angew. Chem. Int. Ed. 49 (2010) 1615–1618.

[16] T.S. Zhou, Y. Zhou, R.G. Ma, Q. Liu, Y.F. Zhu, J.C. Wang, Achieving excellent
activity and stability for oxygen reduction electrocatalysis by hollow
mesoporous iron-nitrogen-doped graphitic carbon spheres, J. Mater. Chem. A
5 (2017) 12243–12251.

[17] Y.S. Xu, L.P. Zhu, X.X. Cui, M.Y. Zhao, Y.L. Li, L.L. Chen, W.C. Jiang, T. Jiang, S.G.
Yang, Y. Wang, Graphitizing N-doped mesoporous carbon nanospheres via
facile single atom iron growth for highly efficient oxygen reduction reaction,
Nano Research 13 (2020) 752.

[18] H.C. Xia, K.X. Li, Y.Y. Guo, Q. Xu, J.N. Zhang, CoS2 nanodots trapped within
graphitic structured N-doped carbon spheres with efficient performances for
lithium storage, J. Mater. Chem. A 6 (2018) 7148–7154.

[19] G.X. Zhu, J.L. Zhu, X.L. Fu, Q. Liu, F.Y. Cao, Y.N. Li, Q. Qin, M.L. Jiao, Co
nanoparticle-embedded N, O-codoped porous carbon nanospheres as an
efficient peroxymonosulfate activator: singlet oxygen dominated catalytic
degradation of organic pollutants, Phys. Chem. Chem. Phys. 22 (2020) 15340–
15353.

[20] Y.M. Chen, X.Y. Li, X.Y. Zhou, H.M. Yao, H.T. Huang, Y.W. Mai, L.M. Zhou,
Hollow-tunneled graphitic carbon nanofibers through Ni-diffusion-induced
graphitization as high-performance anode materials, Energy, Environ, Sci. 7
(2014) 2689–2696.

[21] J.F. Zhang, H.M. Zhu, P. Wu, C.W. Ge, D.M. Sun, L. Xu, Y.W. Tang, Y.M. Zhu,
Rational synthesis of Ni nanoparticle-embedded porous graphitic carbon
nanosheets with enhanced lithium storage properties, Nanoscale 7 (2015)
18211–18217.

[22] P.P. Ghimire, M. Gao, M. Jaroniec, Amino acid-assisted synthesis of porous
graphitic carbon spheres with highly dispersed Ni nanoparticles, Carbon 153
(2019) 206–216.

[23] A.C. Dassanayake, N.P. Wickramaratne, M.A. Hossain, V.S. Perera, J. Jeskey, S.D.
Huang, H. Shen, M. Jaroniec, Prussian blue-assisted one-pot synthesis of
nitrogen-doped mesoporous graphitic carbon spheres for supercapacitors, J.
Mater. Chem. A 7 (2019) 22092–22102.

[24] A.B. Chen, Y.F. Yu, T.T. Xing, R.J. Wang, Y. Zhang, Q. Li, Synthesis of graphitic
carbon spheres for enhanced supercapacitor performance, J. Mater. Sci. 50
(2015) 5578–5582.

[25] A.C. Dassanayake, A.A. Goncalves, J. Fox, M. Jaroniec, One-pot synthesis of
activated porous graphitic carbon spheres with cobalt nanoparticles, Colloids
Surf. 582 (2019) 123884.

[26] S. Tanaka, H. Nakao, T. Mukai, Y. Katayama, Y. Miyake, An experimental
investigation of the ion storage/transfer behavior in an electrical double-layer
capacitor by using monodisperse carbon spheres with microporous structure,
J. Phys. Chem. C 116 (2012) 26791–26799.

[27] L.H. Zhang, W.C. Li, D. Yan, H. Wang, A.H. Lu, Size dependent electrochemical
detection of trace heavy metal ions based on nano-patterned carbon sphere
electrodes, Nanoscale 8 (2016) 13695–13700.

[28] N.P. Wickramaratne, J.T. Xu, M. Wang, L. Zhu, L.M. Dai, M. Jaroniec, Nitrogen
enriched porous carbon spheres: attractive materials for supercapacitor
electrodes and CO2 adsorption, Chem. Mater. 26 (2014) 2820–2828.

[29] G.Y. Zheng, S.W. Lee, Z. Liang, H.W. Lee, K. Yan, H.B. Yao, H.T. Wang, W.Y. Li, S.
Chu, Y. Cui, Interconnected hollow carbon nanospheres for stable lithium
metal anodes, Nat. Nanotech. 26 (2014) 618–623.

[30] Q.H. Yuan, Z.P. Xu, B.I. Yakobson, F. Ding, Efficient defect healing in catalytic
carbon nanotube growth, Phys. Rev. Lett. 108 (2012) 245505.

[31] S. Wang, W.C. Li, G.P. Hao, Y. Hao, Q. Sun, X.Q. Zhang, A.H. Lu, Temperature-
programmed precise control over the sizes of carbon nanospheres based on
benzoxazine chemistry, J. Am. Chem. Soc. 133 (2011) 15304–15307.

[32] Y.J. Zhao, L.R. Shang, Y. Cheng, Z.Z, Gu, Spherical colloidal photonic crystals,
Acc. Chem. Res., 47 (2014) 3632–3642.

[33] (a) Q.G. Wang, L. He, L.Y. Zhao, R.S. Liu, W.P. Zhang, A.H. Lu, Surface charge-
driven nanoengineering of monodisperse carbon nanospheres with tunable
surface roughness, Adv. Funct. Mater. 30 (2020) 1906117.

[34] D.S. Bin, Y.M. Li, Y.G. Sun, S.Y. Duan, Y.X. Lu, J.M. Ma, A.M. Cao, Y.S. Hu, L.J. Wan,
Structural engineering of multishelled hollow carbon nanostructures for high-
performance Na-ion battery anode, Adv. Energy Mater. (2018) 1800855.

[35] Q. Sun, B. He, X.Q. Zhang, A.H. Lu, Engineering of hollow core-shell interlinked
carbon spheres for highly stable lithium-sulfur batteries, ACS Nano 9 (2015)
8504–8513.

[36] Q. Sun, W.C. Li, A.H. Lu, Insight into structure-dependent self-activation
mechanism in a confined nanospace of core-shell nanocomposites, Small 9
(2013) 2086–2090.

[37] Y.Q. Zhou, X.L. Dong, W.C. Li, G.P. Hao, D. Yan, A.H. Lu, Millimeter-sized few-
layer graphene sheets with aligned channels for fast lithium-ion charging
kinetics, J. Energy Chem. 55 (2021) 62–69.

[38] B. Liu, H.C. Zeng, Symmetric and asymmetric ostwald ripening in the
fabrication of homogeneous core-shell semiconductors, Small 1 (2005) 566–
571.

[39] J. Park, J. Joo, S.G. Kwon, Y.J. Jang, T. Hyeon, Synthesis of monodisperse
spherical nanocrystals, Angew. Chem. Int. Ed. 46 (2007) 4630–4660.

[40] A. Rinaldi, J.P. Tessonnier, M.E. Schuster, R. Blumer, F. Girgsdies, Q.
Zhang, T. Jacob, S.B.A. Hamid, D.S. Su, R. Schlögl, Dissolved carbon
controls the initial stages of nanocarbon growth, Angew. Chem. Int. Ed.
50 (2011) 3313–3317.

[41] C.H. Huang, Q. Zhang, T.C. Chou, C.M. Chen, D.S. Su, R.A. Doong, Three-
dimensional hierarchically ordered porous carbons with partially graphitic

https://doi.org/10.1016/j.jcis.2021.04.093
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0005
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0005
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0005
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0005
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0010
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0010
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0010
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0015
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0015
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0015
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0015
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0020
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0020
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0020
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0020
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0030
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0030
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0030
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0035
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0035
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0035
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0040
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0040
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0045
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0045
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0050
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0050
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0050
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0055
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0055
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0060
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0060
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0060
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0065
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0065
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0065
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0075
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0075
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0075
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0080
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0080
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0080
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0080
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0085
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0085
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0085
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0085
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0090
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0090
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0090
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0090
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0095
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0095
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0095
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0095
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0095
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0100
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0100
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0100
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0100
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0105
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0105
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0105
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0105
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0110
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0110
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0110
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0115
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0115
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0115
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0115
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0120
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0120
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0120
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0125
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0125
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0125
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0130
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0130
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0130
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0130
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0135
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0135
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0135
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0140
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0140
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0140
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0140
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0145
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0145
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0145
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0150
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0150
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0155
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0155
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0155
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0165
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0165
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0165
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0170
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0170
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0170
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0175
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0175
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0175
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0180
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0180
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0180
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0185
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0185
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0185
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0190
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0190
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0190
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0195
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0195
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0200
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0200
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0200
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0200
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0205
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0205


Quan-Gao Wang, Cheng-Long Li, L. He et al. Journal of Colloid and Interface Science 599 (2021) 586–594
nanostructures for electrochemical capacitive energy storage, ChemSusChem
5 (2012) 563–571.

[42] Y.M. Chen, J.C. Dong, L. Qiu, X.Y. Li, Q.Q. Li, H.T. Wang, S.J. Liang, H.M. Yao, H.T.
Huang, H.J. Gao, J.K. Kim, F. Ding, L.M. Zhou, A catalytic etching-wetting-
dewetting mechanism in the formation of hollow graphitic carbon fiber, Chem
2 (2017) 299–310.

[43] B.B. Chang, W.W. Shi, S.C. Han, Y.N. Zhou, Y.X. Liu, S.R. Zhang, B.C. Yang, N-rich
porous carbons with a high graphitization degree and multiscale pore network
for boosting high-rate supercapacitor with ultrafast charging, Chem. Eng. J.
250 (2018) 585–598.
594
[44] J. Hoskstra, A.M. Beale, F. Soulimani, M.V. Helder, D.V. Kleut, J.M. Koelewijin, J.
W. Geus, L.W. Jenneskens, The effect of iron catalyzed graphitization on the
textural properties of carbonized cellulose: Magnetically separable graphitic
carbon bodies for catalysis and remediation, Carbon 107 (2016) 248–260.

[45] S. He, C.M. Li, H.C. Chen, D.S. Su, B.S. Zhang, X.Z. Cao, B.Y. Wang, M. Wei, D.G.
Evans, X. Duan, A surface defect-promoted Ni nanocatalyst with
simultaneously enhanced activity and stability, Chem. Mater. 25 (2013)
1040–1046.

http://refhub.elsevier.com/S0021-9797(21)00603-2/h0205
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0205
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0210
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0210
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0210
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0210
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0215
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0215
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0215
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0215
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0220
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0220
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0220
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0220
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0225
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0225
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0225
http://refhub.elsevier.com/S0021-9797(21)00603-2/h0225

	Outside-in catalytic graphitization method for synthesis of dispersible and uniform graphitic porous carbon nanospheres
	1 Introduction
	2 Experimental section
	2.1 Chemicals
	2.2 Synthesis of monodisperse polymer nanospheres
	2.3 Synthesis of layered double hydroxides
	2.4 Synthesis of graphitic porous carbon nanospheres
	2.5 Time-dependent pyrolysis of graphitic porous carbon nanospheres
	2.6 Activation of graphitic porous carbon nanospheres
	2.7 Measurements and characterization
	2.8 Electrochemical test

	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	References


