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Synthesis of nitrogen doped mesoporous graphitic carbon spheres with dispersed metal oxide
nanoparticles using a single temperature treatment step serves as one of the big challenges in materials
research. To date only a few reports have been published on the soft-templating synthesis of
mesoporous graphitic carbons. The preparation of graphitic carbons with dispersed Fe,Os using a single
carbonization step at relatively low temperatures is yet to be explored. The first phase of this work shows
the potential of graphitization of polyvinylpyrrolidine (PVP) stabilized cubic Prussian blue nanoparticles
(CPB) in phenolic resin spheres to produce graphitic carbon spheres through a facile Stober-like
method. In the second phase, the Pluronic F127 soft template was used along with PVP stabilized
Prussian blue nanoparticles (PB) in carbon spheres to generate mesopores and graphitic domains with
uniformly dispersed Fe,Os nanoparticles in these spheres. Due to the presence of graphitic layers,
doped N species and Fe,Oz nanoparticles in the carbon matrix, the yielded carbon spheres feature
a high surface area and magnetic properties. Moreover, these graphitic spheres exhibited excellent
capacitive behavior with rectangular cyclic voltammetry (CV) profiles and large capacitance up to 247 F
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Introduction

Nanostructured carbons such as graphene, 3D-mesoporous
carbons, carbon spheres, graphitic carbons, and carbon nano-
tubes have been vastly studied because of their potential
industrial and medical applications.® These nanostructured
carbons are designed with special emphasis on the achievement
of desired morphology, porous structure, functionalization, and
graphitization. Specifically, porous graphitic carbons have been
vastly studied for energy storage applications mainly due to
their unique chemical and physical properties, such as, high
conductivity, high surface area, good corrosion resistance,
controlled pore structure, and most importantly, low cost.*
Graphene (hexagonally arranged one-atom thick planar carbon
sheets®) has been one of the most studied materials for the last
several years and shows superior electrochemical properties
due to its unique structure. Graphene layers ensure high elec-
tron mobility, and their conductivity can be tuned via field
effects.* It was reported that graphitic carbons having a few
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layers of graphene display graphene-like properties and their
use as electrodes for supercapacitors has been widely studied.>”
Recently, nitrogen doped mesoporous carbon spheres are
intensively studied mainly due to their large surface area,
tunable porosity accessible for electrolytes, superior conduc-
tivity and most importantly, their potential applications in the
energy storage field.>® However, there are only a few reports
devoted to the one-pot synthesis of mesoporous graphitic
carbon spheres.

There are mainly three methods available for the synthesis of
graphitic carbons: (1) high-temperature chemical vapor depo-
sition (CVD),>'*** (2) carbonization at high-temperature or/and
high pressure'® and (3) catalytic graphitization.”””* Among
them, catalytic graphitization has been widely adopted due to
its industrial feasibility. This method involves introduction of
certain metallic species that possess the potential to convert
surrounding amorphous carbon domains to graphitic carbons
at elevated temperatures. So far, various metal species specifi-
cally of transition metals such as Cr, Mn, Fe, Co, Ni, Ti, V, Mo
and W have been utilized as the graphitization catalysts. In the
case of transition metal species, their catalytic properties have
been attributed to their ability to accept electrons from posi-
tively charged dissolving carbon atoms during graphitization.*
Specifically, the electronic configuration of group VIII metals
with their d orbitals occupied by 6-10 electrons is scarcely
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changed by accepting additional electrons from dissolving
carbon atoms and therefore they act as efficient catalytic agents
for graphitization. Fe, a member of group VIII with vacant
d orbitals, serves as a promising candidate for catalytic
graphitization.

Among various graphene morphologies mesoporous
graphitic carbon spheres, also named as “graphene nanoballs”,
show an enhanced electron conductivity because of the pres-
ence of graphene nano-networks and available mesopores for
ion transport.** Lee and co-workers used CVD for the synthesis
of graphene-like carbon particles as electrode materials for
supercapacitors,' where the sulfonated poly(styrene-co-meth-
acrylic acid) (SPS-COOH)/FeCl; mixture was heated to 1000 °C
under a H,/Ar atmosphere followed by rapid cooling to room
temperature for annealing and finally the iron species in the
samples were removed by HCI etching to obtain graphene
nanoballs. Yen and co-workers reported the Ni-vapor assisted
growth of graphene nanoballs.”® In this work, graphitization
was done at 950-1100 °C. Even though CVD appears to be
a favorable way to obtain graphitic domains, it is obvious that
this synthesis method is costly because of high temperature
used. In addition, high graphitization temperatures above
1000 °C may result in the decomposition of functional groups
such as heteroatoms (N and S) within the carbon structures,
which in turn lowers the commercial value and the range of
applications of these carbons. Furthermore, the CVD process
prevents pore size tuning, addition of multiple components
during the synthesis and operates at very high temperatures
(>1000 °C) and low pressures. Therefore, CVD is less preferred
from the industrial point of view.

Recently, spherical carbon and spherical metal-carbon
composites have been synthesized using simple one-pot
methods such as hydrothermal, soft templating and Stober-
like synthesis. These carbon spheres have received great atten-
tion from the scientific community because the spherical
morphology improves their performance in various applica-
tions such as energy storage,”>** biomedicine,** adsorption,>>*
optics and catalysis.**** Nanoparticles with spherical
morphology are extensively used for energy storage due to their
high surface area, short mass diffusion time and transport
resistance. In drug delivery, it has been found that spherical
nanoparticles are highly favored by cells over other morphol-
ogies during internalization.*® Despite extensive studies on
carbon particles, to the best of our knowledge only a few
attempts have been made to synthesize mesoporous graphene
nanoballs using one-pot methods followed by a single step
carbonization strategy.

Mesoporosity in graphitic carbons plays a vital role in charge
propagation in the charging-discharging process. For instance,
mesoporous carbons are widely used as materials for oxygen
reduction.**** Hard templating, also known as nanocasting, is
widely employed to introduce mesoporosity into carbon
spheres. In this method, various types of hard templates such as
silica particles,* SBA-15 silica,*” CaCO; particles and polymer
particles have been used.*® In many occasions removal of the
template is associated with structural collapse and environ-
mental hazards such as the usage of hazardous aqueous
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ammonium bifluoride (NH4HF,), hydrogen fluoride (HF) or
sodium hydroxide (NaOH) for the removal of silica templates.*
Even though porosity can be tuned using such hard templates,
there is a possibility of damaging the carbon framework by the
chemicals used. On the other hand, the hard-templating
strategy forbids incorporation of metal nanoparticles into
carbons since such metals are removed during the template
removal process as well. In relation to the production of mes-
oporous graphitic carbons with incorporated metal nano-
particles, the hard-templating strategy is not feasible.

Bang demonstrated the synthesis of hollow graphitic carbon
spheres in the presence of decyltrimethylammonium bromide
as a soft template, pyrrole as a carbon precursor and FeCl; as
a graphitization catalyst.* A similar type of soft-templating
approach has been employed by Wang and co-workers to
synthesize hierarchical porous graphitic carbon spheres using
F127 as a template, and Co(u) gluconate as a carbon/metal
precursor.** Several studies reported the synthesis of capaci-
tive monolayer type carbons using self-assembled micelles of
F127.*>* Recently, we have shown a simple one-pot synthesis of
3-D mesoporous graphitic carbons in the presence of PB as
a graphitization catalyst.** We also showed that graphitization
of the PVP-coated PB in the mesoporous resorcinol-
formaldehyde-derived carbon can be achieved at 700 °C along
with a high yield (87%) of graphitic domains. Another report*
shows the synthesis of graphitic carbon particles using PB as
a graphitization catalyst. However, in this case the post-
synthesis strategy was used to incorporate the PB particles,
which makes this synthesis more complicated. However, there
is no report showing a simple one-pot synthesis of mesoporous
graphitic carbon particles using PB as a graphitization catalyst.

In the current study, we elaborate an effective one-pot Stober-
like synthesis of graphitic carbon spheres in the presence of two
types of PVP-stabilized PB nanoparticles as graphitization
catalysts. In the first series of carbons, single cubic PB nano-
particles are used as cores, which are coated with phenolic resin
shells. These core-shell particles upon carbonization under
a nitrogen atmosphere at 600 °C are converted to graphitic
carbon particles with incorporated iron oxide nanoparticles.
The second series of carbons was produced by incorporating
comparatively smaller PB nanoparticles along with the meso-
pore generating Pluronic F127 soft template into resol polymer
spheres, which upon carbonization generated mesoporous
graphitic carbon spheres with dispersed iron oxide nano-
particles. Testing the supercapacitance of these mesoporous
graphitic spheres showed their excellent capacitive behavior
and cycle stability. From the industrial viewpoint, these
graphitic carbon particles could serve as novel, economical and
reliable materials for a range of applications such as energy
storage, adsorption, and biomedicine.

Experimental
Characterization of carbon spheres and calculations

Detailed information about all chemicals, techniques and
instrumentation used for the preparation and characterization
of all carbon samples is provided in the ESI.} Characterization
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of the materials was performed by using nitrogen adsorption,
scanning electron microscopy (SEM-Quanta-450), transmission
electron microscopy (TEM-Tecnai G2 F20), elemental analysis
(LECO TruSpec Micro Elemental Analyzer), Raman spectroscopy
(Horiba LabRam HR-800) and thermogravimetry (TGA Q-500
analyzer: TA Instruments, Inc., New Castle, DE). Information
on the evaluation of the BET specific surface area, the volumes
of micropores and mesopores, pore widths, and pore size
distributions (PSDs) is provided in the ESL}

Electrochemical measurements

A three-electrode system was utilized to evaluate the electro-
chemical performance of the synthesized carbon spheres. To
prepare the working electrode, ~1 mg of the carbon spheres was
dispersed in 1 mL of 1:3 water/ethanol mixture followed by
addition of 4 pL of 0.5 wt% Nafion perfluorinated resin solution
(Sigma-Aldrich). The mixture was sonicated for an extended
period for achieving an optimal dispersion. 5 pL of the sus-
pended mixture was added to a glassy carbon electrode (3 mm
in diameter, CH Instrument) and air dried. This working elec-
trode, along with a Pt wire counter electrode, and an Ag/AgCl
reference electrode formed a three-electrode system. Cyclic
voltammograms were collected under various scan rates (1 to
100 mV s~ ') using a potentiostat (CHI1200C, CH instruments).
6 M KOH was used as the electrolyte for the capacitance
measurements, while 110 pM resazurin in 50 mM phosphate
buffer (pH = 7.3) was used for the measurement of redox
activities.

Synthesis of PVP coated cubic Prussian blue nanoparticles

Cubic Prussian blue (CPB) nanoparticles were obtained
following the method reported by Yamauchi et al.,*® Briefly,
3.00 g of PVP and 132 mg of K3[Fe(CN)s]-3H,O were added to
40 mL of 0.01 M HCI solution under magnetic stirring. The
reaction mixture was stirred for 30 min at room temperature.
The resulting reaction mixture was then heated in an oven at
80 °C for 20 h. The product was separated by centrifugation and
washed several times with the water and ethanol mixture (1 : 3).

Synthesis of composite CPB-carbon spheres

Composite CPB-carbon spheres were obtained through a one-
pot hydrothermal method. In a typical synthesis, an aqueous
solution of CPB was prepared by mixing 0.1 g of CPB and 20 mL
of deionized water. The resulting suspension was sonicated for
ca. 1 min and stirred magnetically for 20 min until CPB nano-
particles were completely immersed. Next, ethanol (8 mL) was
added and the mixture was stirred for another 5 min. There-
after, resorcinol (0.2 g) was added and stirred for 30 min.
Subsequently, 25 wt% ammonia (0.2 mL) was added under
continuous stirring for 30 min. It was followed by an addition of
0.3 mL of 37 wt% formaldehyde and the resultant mixture was
transferred into a 125 mL capacity autoclave vessel, which was
then placed in a metal autoclave vessel inside a 100 °C oven for
24 h. The resulting solid product (CPB-polymer spheres) was
obtained by centrifugation and dried at 100 °C for 12 h. The
resulting polymer spheres were labeled as PSCPB.
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To prepare carbon spheres, the aforementioned polymer
spheres were subjected to the thermal treatment under a N,
environment. Specifically, the PSCPB material was placed in
a tube furnace and heated at a rate of 2 °C min~" up to 350 °C.
After dwelling for 4 h, heating was resumed at a rate of
5°C min " up to a final temperature of 500-600 °C, followed by
another dwelling for 2 h. The resulting carbon spheres were
labeled as CSCPB-T; symbol “T” refers to the initial digit of
carbonization temperature, whereas “PS”, “CS” and “CPB” refer
to polymer spheres, carbon spheres and cubic Prussian blue,
respectively. For instance, CSCPB-6 refers to the carbon spheres
with CBP nanoparticles graphitized at 600 °C.

Synthesis of Prussian blue nanoparticles

A 30 mM aqueous solution of FeCl; (100 mL) was added to the
mixture of a 30 mM aqueous solution of K,[Fe(CN)] (100 mL)
and PVP (average MW = 40 000, 0.8325 g) under vigorous stir-
ring. The reaction mixture was then stirred for about 1 h. The
reaction product was dialyzed using the regenerated cellulose
tubular membrane (MWCO is 12 000-14 000) against distilled
water for 2 days. The solid product was collected by lyophili-
zation of the above solution.

Synthesis of ordered mesoporous carbon spheres

First, phenol (0.8 g) was dissolved in 0.1 M NaOH solution (20
mL). Then 37 wt% formaldehyde (2.8 mL) was added and
heated at 70 °C under stirring for 30 min. A separate solution
was prepared by dissolving Pluronic F127 (1.28 g) in 15 mL of
deionized water. Later, this solution was added to the phenolic
solution dropwise under gentle stirring. The resulting mixture
was stirred for 2 h, diluted with 50 mL of deionized water and
stirred for an additional 18 h. The resulting pink solution was
further diluted with 255 mL of deionized water and autoclaved
at 130 °C for 10 h. The resulting polymer spheres were dried at
60 °C overnight and carbonized under N,. In detail, polymer
spheres were placed in a tube furnace and heated at a rate of
1 °C min~" up to 350 °C, followed by dwelling for 2 h. Next,
heating was resumed at a rate of 1 °C min~ ' up to a desired final
temperature (600/700/800 °C), followed by dwelling for another
2 h. The resulting ordered mesoporous carbon spheres (OMCS)
were labeled as OMCS-x, where “x” denotes the final carbon-
ization temperature, respectively.

Synthesis of ordered mesoporous graphitic carbon spheres

Synthesis of ordered mesoporous graphitic carbon spheres
(OMGCS) was carried out by adopting a similar strategy to the
synthesis of OMCS, modified by adding PB nanoparticles (0.1 g)
to the F127 solution before mixing with phenolic solution. The
resulting product after carbonization was labeled as OMGCS-x,
where “OMGCS” and “x” denote ordered mesoporous graphitic
carbon spheres and final carbonization temperature,
respectively.
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Results and discussion
Morphology

Carbon particles with CPB cores and phenolic resin shells were
synthesized using a sol-gel method in the presence of PVP
coated CPB nanoparticles, resorcinol, formaldehyde, and NH;
in the ethanol-water mixture as shown in Scheme 1. Graphitic
carbon spheres were obtained by carbonization of polymer
spheres under a N, atmosphere. The SEM and TEM images of
the as-synthesized polymer and graphitic carbon spheres are
shown in Fig. 1a(i-vi). As can be seen, all polymer and graphitic
carbon particles possess a spherical morphology with the mean
diameters around 100 nm. As shown in Fig. 1a(i and ii), the CPB
structure has been preserved during the synthesis of polymer
spheres. Usually PB particles are unstable under a basic envi-
ronment,”” which could lead to the deterioration of CPB parti-
cles and their morphology. However, the current study shows
that the controlled coating of the CPB surface with phenolic
resins can protect the CPB morphology under basic conditions.
The formation of this core-shell structure can be attributed to
the favorable interactions between hydrophilic PVP on the CPB
core and hydrophilic resorcinol-formaldehyde shell. First,
hydrophilic PVP-CPB particles were well dispersed in the water-
ethanol solution and then resorcinol was introduced into the
system. The added resorcinol is accumulated on the PVP
stabilized CPB cores due to their hydrophilic nature. The
resorcinol coating on the CPB cores protects them against
alkaline medium and prevents the penetration of alkaline
species through the resorcinol layer.

Addition of formaldehyde and ammonia resulted in the
formation of resorcinol-formaldehyde resin, which forms shells
around the CPB cores. This further hinders the contact between
alkaline species and CPB cores. It is noteworthy that in general
this PVP coating strategy would enable the incorporation of
metal species during Stober synthesis, which otherwise would
be precipitated as respective hydroxides in ammonia medium.

The cubic morphology of the CPB core was destroyed during
the carbonization process. It has been previously shown that
CPB particles are not stable at elevated temperatures and it has
been further stated that they can be converted to metallic iron
and iron oxides at high temperatures.**** As shown in
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Scheme 1 Schematic illustration of the synthesis of graphitic meso-
porous carbon spheres.
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Fig. 1 High-resolution transmission electron microscopy (HRTEM)
images: (a-i) PS-CPB, (a-ii) contrast image of PS-CPB, (a-iii) GCS-CPB-
5, (a-iv) GCS-CPB-6, and (a-v and vi) magnified images of GCS-CPB-6.
(b) N, adsorption isotherms and respective pore size distributions
(PSDs; V denotes the volume adsorbed and W the pore width). (c) X-ray
diffraction (XRD) patterns and (d) thermogravimetric (TG) and differ-
ential TG profiles (DTG) of the samples recorded in air.

Fig. 1a(iv), the CPB cores were fragmented into nanosized
metallic iron and/or iron oxide particles, which are well scat-
tered through the carbon particles. The sizes of these metallic
particles range from 1 nm to 20 nm. The magnified HRTEM
images of GCS-CPB-6 were obtained to study their graphitic
nature. As shown in Fig. 1a(v and vi), the GCS-CPB-6 sample
possesses graphitic domains with nicely stacked graphene
layers (5 to 20 layers). As previously shown,* these smaller
graphitic domains in the carbon particles can exhibit graphene-
like properties. The carbon obtained at 500 °C contained both
cubic shaped metallic species, which resemble the initial CPB
cores, and the fragmented iron species. This clearly indicates
that the decomposition of CPB started at around 500 °C.
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Even though graphitic spheres were produced from CPB
incorporated polymer spheres, the resulting carbons show
aggregated Fe,O; particles around the graphitic domains and
feature a broad distribution of mesopores. However, larger iron
oxide nanoparticles possess a smaller surface area, which
hinders their contribution to the overall capacitance in the
composite materials. The main reason behind aggregation of
Fe,O; is the use of single CPB cores in the resulting core-shell
particles. Furthermore, the synthesis route shown in Scheme 1
does not allow for the formation of the ordered mesoporosity.
Therefore, the second series of carbon spheres was prepared as
shown in Scheme 2, where Pluronic F127 was used to generate
mesopores while smaller PB nanoparticles were used to
generate graphitic domains throughout the carbon spheres
ensuring better Fe,O; dispersion.

First, ordered mesoporous carbon spheres (OMCS) were
synthesized using an appropriate mass of Pluronic F127 block
copolymer. Pluronic F127 is one of the well-studied soft
templates used to generate mesopores within carbons due to its
decomposition at higher carbonization temperatures.*-* It was
shown that lower (1.11 g) and higher (1.37 g) masses of F127
failed to generate monodispersed carbon particles with smooth
surfaces (see Fig. S1a and b in the ESIt). Interestingly, carbon-
ization temperature has a pronounced effect on the morphology
and porosity of the resulting particles. As can be seen from
Fig. 2a, carbonization at 600 °C was insufficient to remove
completely the F127 polymer, which resulted in large carbon
spheres with noticeable aggregation of particles in the OMCS-6
sample. Furthermore, no intra-particle mesoporosity was
observed based on the TEM images (see Fig. 2b). In contrast,
carbonization at 700 °C (Fig. 2c) generated particles with
smaller aggregation and mesopores formed inside the resulting
OMCS-7 particles (Fig. 2d). However, the mesopores inside
OMCS-7 were not well ordered. Therefore, another batch was
obtained at 800 °C (OMCS-8). Interestingly, carbonization at
800 °C resulted in the formation of monodisperse spheres with
ordered mesoporosity (see Fig. 2f).

Amidst several studies conducted so far on one-pot synthesis
of ordered mesoporous carbon spheres (OMCS) using F127 as
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Scheme 2 Synthesis route to obtain ordered mesoporous carbon
spheres (OMCS) and mesoporous graphitic carbon spheres (OMGCS).
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100 nm

1M nm

Fig.2 Scanning electron microscopy (SEM) images of (a) OMCS-6, (c)
OMCS-7, and (e) OMCS-8 and transmission electron microscopy
(TEM) images of (b) OMCS-6, (d) OMCS-7, and (f) OMCS-8.

a soft template, only a few of them were extended toward their
graphitization. In the current study, OMCS were graphitized by
incorporating PVP coated PB nanoparticles to produce graphitic
mesoporous carbon spheres (OMGCS). TEM images of OMGCS
reveal the presence of graphitic domains with well-dispersed
Fe,0; nanoparticles within the resulting structures (see
Fig. 4d and f). Sizes of these Fe,0O; nanoparticles were estimated
to be around 20 nm. However, further carbonization at 900 °C
(OMGCS-9) seems to cause a partial collapse of the carbon
structure due to excessive graphitization (see Fig. Slc in the
ESI¥).

XRD and Raman studies

The crystallinity of the samples was evaluated using wide-angle
XRD measurements. The distinct peaks at 20 = 17.5°, 24.8°,
35.3° and 39.6° for PS-CPB polymer spheres can be assigned to
the crystalline PB structure (see Fig. 1c), which is well evidenced
by overlapping with PB theoretical peaks at the same 26 values.
The diffraction peaks for GCS-CPB-5 resemble the peaks ob-
tained for PS-CPB, further indicating the presence of CPB in
GCS-CPB-5. In addition, it exhibits other peaks around 26 =
43.5° and 53.9°, which can be attributed to the reflections from
v-Fe,0;. Diffraction peaks for GCS-CPB-6 at 26 = 26° can be
indexed as reflections from the (002) planes of graphitic carbon

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) N, adsorption isotherms and (b) pore size distributions
(PSDs) of the OMCS-6, OMCS-7 and OMCS-8 samples. Symbol V
denotes the volume adsorbed and W the pore width.

(see Fig. 1c). The broad diffraction patterns at 26 = 26° for GCS-
CPB-5 are characteristic of amorphous carbons. Interestingly,
GCS-CPB-6 has a comparatively strong broad peak at 26 = 26°,
indicating the presence of graphitic domains with a few layers
of 2D-graphene structures. Similar strong peaks were observed
for OMGCS-8 and OMGCS-9 samples (see Fig. 5e), correspond-
ing to diffraction patterns from 002 and 101 graphitic planes
observed at 26° and 43° respectively. In contrast to the GCS-CPB-
6 sample, strong peaks for graphitic carbon are not observed for
the OMGCS-6 sample.

This journal is © The Royal Society of Chemistry 2019
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10 e

X o

Fig. 4 Scanning electron microscopy (SEM) images of (a) OMGCS-6,
(c) OMGCS-7, and (e) OMGCS-8 and transmission electron micros-
copy (TEM) images of (b) OMGCS-6, (d) OMGCS-7, and (f) OMGCS-8.

As shown in our previous report,* the PB particles act as
catalysts for low temperature graphitization. Furthermore, the
diffraction peaks centered at 260 = 35.6°, 43.5° and 53.9° in the
XRD patterns obtained for the carbon samples can be assigned
to y-Fe,0;. It is noteworthy that a broad peak observed at ~43-
44° in the XRD patterns collected for the GCS-CPB-6, OMGCS-7
and OMGCS-8 samples can be ascribed to an overlapping of the
strong (101) reflection (JCPDS no. 75-1621) of the graphitic
carbon with the (400) reflection of y-Fe,O; (JCPDS no. 89-5892).
In addition, the sharp peak at 260 = 44.7° for GCS-CPB-6 can be
assigned to the (110) plane of the o-Fe phase. The particle sizes
of y-Fe,O; and o-Fe,0; in the GCS-CPB-6 sample estimated
using Debye-Scherrer's equation are 17 nm (26 = 35.6°) and
74 nm (20 = 44.7°), respectively. These particle sizes are
comparable with those obtained from the TEM images (see
Fig. 1a(iv)). The thickness of the graphitic domains in GCS-CPB-
6 was found to be 3.7 nm. Thus, the average number of gra-
phene layers in nanoballs is estimated to be about 11, given that
the distance between two graphene layers is 0.34 nm.

Raman spectroscopy measurements were performed for the
OMCS-8 and OMGCS-9 samples to get more information about
graphitization degree (see Fig. 5f). Both OMCS-8 and OMGCS-9
samples exhibited characteristic D and G bands around
1340 cm™ ' and 1580 cm ™', respectively. The G band, likely
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Fig. 5 (a) N, adsorption isotherms, (b) pore size distributions (PSDs; V

is the volume adsorbed, and W is the pore width), (c) thermogravi-
metric (TG) profile recorded in air, (d) differential thermogravimetric
(DTQ) profile, (e) X-ray diffraction (XRD) patterns and (f) Raman spectra
of the samples studied.

a combination of G and D' bands, arises from the E, vibrations
of the C-C bond stretching of graphene sheets. The D band
observed at 1350 cm ™' arises from the A, vibrational mode
corresponding to amorphous carbon.*®*” The peak ratio of the G
and D bands (Ig/Ip) for the OMCS-8 and OMGCS-9 samples is
1.00 and 1.11, respectively. The higher Ig/I, value for the
OMGCS-9 sample further confirms the presence of graphitic
domains as compared to those in OMCS-8.

Thermogravimetric analysis

Thermogravimetric analysis (TG) profiles obtained in air are
shown in Fig. 1d and 3c. The oxidation temperatures for GCS-
CPB-5 and GCS-CPB-6 are 304 °C and 467 °C, respectively. It is
known that graphitic carbons have higher thermal stability than
amorphous carbons in an oxygen-containing atmosphere.
Therefore, the higher oxidation temperature observed for GCS-
CPB-6 is mainly due to its graphitic nature, which has also been
confirmed by TEM and XRD analysis. GCS-CPB-5 is mainly
composed of amorphous carbons. This also confirms that the
catalytic graphitization is initiated at temperatures above
500 °C. The TG profiles for both GCS-CPB-5 and GCS-CPB-6
samples recorded in air show a constant residue of 20% at
750 °C and above, which can be assigned to the remaining iron
species after oxidation of the entire carbon.

PS-CPB holds 8.1% of elemental nitrogen, the source of
which is mainly nitrogen-rich PVP and CN containing PB.
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Interestingly, both the GCS-CPB-5 and GCS-CPB-6 samples were
able to retain a comparable fraction of nitrogen during the high
temperature carbonization process. Namely, GCS-CPB-5 and
GCS-CPB-6 retained up to 1.67% and 0.60% of nitrogen,
respectively. It is obvious that CPB-6 contains less nitrogen as
compared to CSPB-5 because its carbonization temperature was
higher (600 °C vs. 500 °C).

Graphitic mesoporous carbons (OMGCS) exhibited two
distinct decomposition peaks in their differential thermogra-
vimetric (DTG) profiles, one peak at temperatures below 330 °C
and the other above 380 °C. Therefore, the degree of graphiti-
zation of each sample was calculated using eqn (1).

Graphitic carbon % =

graphitic carbon weight loss %
(graphitic + amorphous)carbon weight loss

x 100 (1)

The remaining weight percentages at 900 °C correspond to
metal oxides formed dring heating in air. As expected, the degree
of graphitization of the samples increases from 13.2% to 32.2%
with increasing carbonization temperature from 600 °C to
800 °C. The values of the graphitization degree and metal oxide
percentage for the OMGCS-x samples are shown in Table 2.

Gas adsorption studies

Nitrogen adsorption isotherms and pore size distribution
curves of GCS-CPB-x, OMCS-x and OMGCS-x samples are pre-
sented in Fig. 1b, 3a, b and 5a, b, respectively. All the parame-
ters, the BET specific surface area, and pore structure
parameters are listed in Table 1 (GCS-CPB-x) and Table 3
(OMCS-x and OMGCS-x). As shown in Fig. 1b, 3b and 5a, GCS-
CPB-5, GCSCPB-6, OMCS-6, OMCS-8, OMGCS-6 and OMGCS-7
samples exhibit type IV isotherms with distinct hysteresis
loops of H2(b) type showing delayed desorption.”® These
isotherms are characteristic of mesoporous materials. However,
the closure of hysteresis loops at relative pressures around
~0.45 is mainly due to the presence of constricted mesopores.>®
Inspection of adsorption isotherms measured for OMCS-6,
OMCS-7 and OMCS-8 shows the effect of carbonization
temperature on the mesopore formation. The H4 type hysteresis
loop obtained for OMCS-6 indicates that mesopores were
formed because of particle aggregation. The hysteresis loop
collected for the OMCS-7 sample is a transitional loop between

Table 1 Adsorption parameters and nitrogen percentage for the
samples studied

Vt Vmi Vme SBET N
Sample (em®*g™) (em®g™) (em’g) (m*g ! (Wt%)
PS-CPB — — — — 8.61
GCS-CPB-5 0.15 0.07 0.08 194 1.67
GCS-CPB-6 0.45 0.10 0.35 397 0.60

¢V, - total pore volume, V,,; - micropore volume (pores < 2 nm), Vipe —

mesopore volume (pores between 2 and 50 nm), Sggy — BET surface area.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Decomposition temperatures, degree of graphitization and
Fe,Oz percentage for the samples studied

Degree of

Sample T, (°C) T, (°C)  graphitization (%) Fe,03 (Wt%)
OMCS-6 266

OMCS-7 300

OMCS-8 309

OMGCS-6 292 392 13.2 8.7
OMGCS-7 298 388 16.3 12.0
OMGCS-8 300 488 29.6 12.4
OMGCS-9 329 402 32.2 8.0

H4 to H2(a) types. In the case of OMCS-8 its hysteresis loop
shows H2(a) type, which indicates the presence of intra-particle
mesopores with narrow pore openings. Furthermore, the pore
size distribution obtained for OMCS-8 reveals the presence of
uniform ordered mesopores with narrow distribution.

As can be seen from Fig. 1b and Table 1, GCS-CPB-6 possesses
a comparatively high surface area and total pore volume of 397
m?® ¢ and 0.45 cm® g~ ', respectively, while GCS-CPB-5 has
a relatively low surface area and pore volume of 194 m* g~ * and
0.15 cm® g, respectively. It is obvious that higher carbonization
temperature in the case of GCS-CPB-6 (600 °C vs. 500 °C)
enhanced its microporosity and surface area. However, its large
pore volume is mainly due to the presence of larger mesopores
created during the graphitization process. The wider pore size
distribution obtained for GCS-CPB-6 (see the inset in Fig. 1b) is
due to the formation of internal voids caused by the trans-
formation of amorphous carbon to graphitic one during catalytic
graphitization. The sizes of mesopores created during graphiti-
zation range from 2 nm to 20 nm. These large mesopores are
responsible for the larger pore volume of GCS-CPB-6. The small
hysteresis loop observed for GCS-CPB-5 can be ascribed to its
mesoporosity because of the presence of both inter-particle voids
and constricted mesopores. The absence of large mesopores in
GCS-CPB-5 is also an indication of its amorphous nature.

Graphitization of ordered mesoporous carbon spheres
(OMCS) caused a gradual deterioration of ordered mesoporosity
in the OMGCS-6, OMGCS-7 and OMGCS-8 samples (see Fig. 5b).

Table 3 Adsorption parameters and nitrogen percentage of the
samples studied”

SBET Vini Vine Vot N
sample  (m’g") (em’g") (em’g) (em’g)  (wi%)
OMCS-6 235 0.05 0.30 0.35
OMCS-7 368 0.16 0.09 0.25
OMCS-8 300 0.12 0.13 0.25
OMGCS-6 387 0.16 0.08 0.24 3.7
OMGCS-7 354 0.12 0.20 0.32 3.2
OMGCS-8 219 0.08 0.14 0.22 2.5

“ V, - total pore volume, V,,; - micropore volume (pores < 2 nm), Ve —

mesopore volume (pores between 2 and 50 nm), and Sggr — BET specific
surface area.

This journal is © The Royal Society of Chemistry 2019
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Furthermore, the surface areas of these samples decrease from
387 m’> g~' (OMGCS-6) to 219 m> g ' (OMGCS-8) with
increasing graphitization temperature. Obviously, diminution
of micropores increases with increasing graphitization of the
samples. It is noteworthy that potassium species in the PB
particles initiate in situ graphitization during carbonization,
which is independent of catalytic graphitization. Note that
higher and lower masses of PB than 0.100 g used in the
synthesis of spheres affected the spherical morphology of
OMGCS-PB0.075-8 and caused a partial structural collapse of
OMGCS-PB0.200-8 (see Fig. S2 in the ESI}).

Interestingly, both GCS-CPB-5 and GCS-CPB-6 samples
showed magnetic properties. As can be seen in Fig. S3 (ESIf),
the water suspended samples could be easily separated from the
solution upon exposure to an external magnetic field. Consid-
ering their magnetic properties, surface area, and particle size,
these carbon particles can be used not only as adsorbents for
the removal of pollutants from contaminated water but also as
a drug carrier in biomedicine. Recently, magnetic particles have
been vastly studied as drug carriers because these particles can
be guided using an external magnet to desired locations of the
body or tissue.*>*

Electrochemical studies

Graphene-like carbon nanoballs are vastly studied for super-
capacitor applications. For instance, graphitic carbons feature
better electrical conductivity; the mesoporous structure facilitates

h
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Fig. 6 Electrochemical performance of OMCS and OMGCS. (a) Cyclic
voltammograms of OMGCS-7 in 6 M KOH using various scan rates. (b)
The scan rate dependent specific capacitances. The slowest scan used
was 1 mV s7%, and the corresponding specific capacitances are 176 F
g7t 247 F g7 and 116 F g~* for OMCS-8, OMGCS-7, and OMGCS-8,
respectively. (c) Cycling stabilities of OMCS-8, OMGCS-7, and
OMGCS-8 measured at 100 mV s~ in 6 M KOH solution. Each sample
was scanned for 3700 cycles. (d) Electrocatalyzed redox of resazurin.
Each cyclic voltammogram has three redox peaks, which correspond
to the irreversible reduction of resazurin (1) and the reversible redox
between resorufin and dihydroresorufin (2 and 3).
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the transportation of ionic electrolyte to the carbon surface,
nitrogen and metal contents enhance the capacitance through
pseudocapacitive reactions, and the microporous structure can
hold more ions on the surface. The capacitive performance of
OMCS, OMGCS-7 and OMGCS-8 was studied (see ESIt). The
synthesized OMCS and OMGCS materials exhibit very good
electrochemical performance. For instance, we measured the
specific capacitance of carbon particles by performing cyclic
voltammetry in 6 M KOH solution. All carbon spheres exhibited
quasi-rectangular cyclic voltammograms up to 100 mV s '
(Fig. 6a and S4 in the ESIt), suggesting that they acted as elec-
trochemical double-layer capacitors.®**> The specific capacitance
was calculated using the following equation,

JidV

T 2VAV )

where [idV is the integrated area under the cyclic voltammo-
gram, V; the scan rate, and AV the scan range. The as-prepared
OMCS-8 exhibited 176 F g~ ' and 145 F g~ * specific capacitance
at a scan rate of 1 mV s~ ' and 5 mV s~ ', respectively (Fig. 6b).
These values are comparable to those of other carbon-based
capacitor materials reported previously, for instance, 3D
graphene-based frame-works,* graphitic carbon spheres,* and
mesoporous carbons.® Such high capacitance stems from the
highly exposed area of OMCS-8 to the electrolyte solution. The
hierarchical porous structure of OMCS-8 facilitates the diffu-
sion and accumulation of ions as well. Carbonization of PB
incorporated carbons at 700 °C (OMGCS-7) further improved
the specific capacitance, and the overall conductivity of the
sample increased upon graphitization. Therefore, OMGCS-7
exhibits 247 F ¢! and 179 F g~ " specific capacitance at a scan
rate of 1 mV s~' and 5 mV s, respectively (Fig. 6b). Further-
more, the OMGCS-7 sample exhibited excellent capacitance
retention. Its capacitance remained at 110 F g~ * at 100 mV s *,
suggesting that the mesopores have improved the ion transport
limit. These results are comparable with those obtained for
yolk-shelled carbon spheres® or other nanohybrid super-
capacitors.®*®® The specific capacitances for all the mesoporous
carbon materials studied in this work are summarized in Table
S1 in the ESL.f For both OMCS-8 and OMGCS-7, they retained
96% of their original capacitances after 3700 scanning cycles
(Fig. 6¢). In contrast, carbonization at 800 °C (OMGCS-8)
decreased the specific capacitance to 116 F g~ " at 1 mV s~ "
(Fig. 6b), probably due to the partial collapse of the porous
structure as confirmed by the BET surface area and pore volume
results (Table 3). Moreover, the OMGCS-8 sample only retains
76% of its original capacitance after 3700 cycles (Fig. 6¢), sug-
gesting that this sample was less stable as a supercapacitor
material as compared to OMCS-8 and OMGCS-7.

The OMCS and OMGCS samples also performed well as
electrocatalysts. Fig. 6d shows the electrochemical redox of a well-
known probe, resazurin. This probe is irreversibly reduced to
a fluorescent product resorufin (peak 1 in Fig. 6d), which is
further reduced to dihydroresorufin (peak 2 in Fig. 6d). The
second stage reduction is reversible, and thus dihydroresorufin
could be oxidized back to resorufin (peak 3 in Fig. 6d). This
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probing reaction was utilized to evaluate the electrochemical
activities of carbon-based materials in the past.®®® It is found
that OMCS and OMGCS exhibited significantly higher peak
currents as compared to the glass carbon mostly likely because
their large surface areas can accommodate more electrochemi-
cally active sites. Among all three OMC spheres, OMGCS-7
showed the highest activity, which once again confirmed that
a high surface area, large pore volume, and sufficient graphiti-
zation are essential factors affecting the electrochemical perfor-
mance. The redox peaks for OMCS-8, OMGCS-7, and OMGCS-8
did not coincide with each other, and no clear trends are visible.
This is likely because the chemical nature for the active sites on
these carbons is different, leading to various driving forces
needed for these redox reactions.

Conclusions

This work shows a facile route to obtain nitrogen-doped meso-
porous carbon spheres by combining one-pot synthesis with
single-step carbonization. First, we demonstrated the synthesis
of core-shell type structures with single PB-cores and phenolic
resin-shells by a simple one-pot method using cubic-PB particles
and resol polymers. Carbonization of these composites resulted
in carbon particles with graphitic domains having several layers
of graphene (~11 layers), high pore volume (0.45 cm® g™ '), and
embedded nanosized iron particles. The mesopores created
during graphitization of the aforementioned carbons showed
a broad distribution. Therefore, in the second series of samples
mesoporosity was created using the thermally decomposable
Pluronic F127 block copolymer, while uniform graphitization was
achieved by incorporating relatively small PB nanoparticles as
graphitization catalysts. The resulting carbon particles possessed
relatively narrow distributions of mesopores, uniform graphiti-
zation and well-dispersed nanosized iron species. These
nitrogen-doped mesoporous carbon spheres with multiple
favorable properties exhibited excellent electrochemical perfor-
mance, which makes them attractive for energy storage.
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