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Abstract

Hollow graphitic porous carbon nanosphere (CNS) materials are synthesized from polymerization of
resorcinol (R) and formaldehyde (F) in the presence of templating iron polymeric complex (IPC),
followed by carbonization treatment. The effect of rapid heating in the carbonization process is
investigated for the formation of hollow graphitic carbon nanospheres. The resulting CNS from rapid
heating was characterized for its structure and properties by transmission electron microscope (TEM),
x-ray diffraction (XRD), Raman spectroscopy, bulk conductivity measurement and Brunauer-
Emmett-Teller (BET) surface area. Hollow graphitic CNS with reduced degree of agglomeration is
observed under rapid heating during the carbonization process when compared to the CNS

synthesized using the standard slow heating approach.
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1. Introduction

Carbon is one of the most abundant elements on earth with many natural structures such as
soot, diamond and graphite [1]. Carbon-based materials have been used for a wide variety of
applications [2-3]. In general, graphitic carbon is preferred over amorphous carbon due to the
desirable properties associated with graphitic carbon, such as well-defined crystalline structure, high
electric conductivity, decent thermal stability, and reasonable oxidation resistance at low temperature
[4]. Over the past three decades, several breakthroughs have been witnessed in carbon research for
the discoveries of fullerenes [5], graphene [6] and nanotubes [3]. There have been enormous interests
in the fabrication of new carbon-based nanomaterials with highly curved graphitic structures [7].
Tremendous efforts to tune the shape and size of carbon nanomaterials during the growth process
have been put forth in the synthesis of a wide variety of carbon nanomaterials in the form of nanocages
[8,9], nano onions [10], nanoflakes [11], nanoplates [12], nanorods [13], nanoballs [14], and
nanospheres [1,15-21]. Among all these nanostructured materials, carbon nanospheres (CNS) have a
number of potential applications in energy storage and conversion [22,23], catalysis [24,25], drug
delivery [26], optoelectronics [18], solid lubricants [27], and composite materials [28]. Some recent
work reported the application of various carbon forms in nanocomposites [29-37].

Reported methods for CNS synthesis include chemical vapor deposition [38], arc discharge
[39], acetylene flaming [40], laser pyrolysis [41], NaCl templating [42], catalytic-reduction [43],
solvo-chemical approach [44], pyrolysis of ferrocene [45], silica templating [38,46], and others. We
previously reported the synthesis of hollow graphitic CNS, with inner diameter of 20—-50 nm and shell
thickness of 10—15 nm, from a carbon rich precursor (IPC) using iron nanoparticles as template and
catalyst [15,16]. The uniform and narrow particle size (<3 nm) of the IPC ensures reproducible
synthesis of uniform CNS with unique properties [15]. One of the major challenges in the synthesis
of CNS is the agglomeration in the nano-scale. Although different methods have been investigated to
reduce the agglomeration [47-50], the issue remains an obstacle for the preparation of high-fidelity

nanoparticles.



In the past decades, rapid thermal treatments such as microwave irradiation [51,52], rapid
thermal shock method [53], fast pyrolysis [54], and rapid thermal annealing [55], have emerged as
powerful tools for the synthesis and functionalization of carbon nanomaterials with less
agglomeration. For example, Yao et.al. reported that the rapid thermal shock method offered
considerable potential for the bulk synthesis of un-agglomerated nanoparticles stabilized within a
matrix [56]. In our earlier work, CNS materials were synthesized by typical slow heating of
carbonization process [15,16]. Agglomeration of CNS has been observed in the prepared materials.
We hypothesize that the slow heating rate in the process may have caused the steady fusion and
annealing between the external walls of the particles, resulting the agglomerated CNS. In this work,
we investigated the effect of rapid heating process on the structure and properties of the synthesized
CNS. The carbon precursor in a quartz tube was pushed to the center of the furnace at 1000°C within
10 seconds; the tube was kept in the furnace for different duration. To the best of our knowledge, this
approach (rapid pyrolytic carbonization) is the first demonstration to obtain hollow graphitic CNS
with reduced degree of agglomeration. The novelty of this work will facilitate the fabrication of less
agglomerated materials thus lead to a wide applications of such materials in nanocomposite and
catalysis. Furthermore, high graphitic content is an important property for the CNS in the application
of batteries. To obtain ordered graphitic structure, the synthesized CNSs were then annealed in a
vacuum furnace at different temperatures of 1400°C~2000°C for a period of 2 hours each. Raman,

bulk conductivity and BET surface area were conducted for the annealed CNS.

2. Materials and Methods

2.1 Material
Resorcinol, formaldehyde (37% in water) citric acid, and ammonium hydroxide (28% in water) were
purchased from Sigma-Aldrich and used without further treatment; Iron powder (100 mesh) was

purchased from Spectrum; nitric acid and chloric acid were purchased from Fisher Chemicals.

2.2 Synthesis of CNS-rpc



The synthesis of CNS was modified based on our previously reported work [25,26,52]. The
synthesized CNS from this rapid pyrolytic carbonization is denoted as CNS-rpc. The detailed

procedure was described as follows:

Synthesis of iron polymeric complex (IPC) (iron precursor) A 0.1 M iron precursor solution was
prepared using 2.8 g of iron powder, 9.6 g of citric acid in 1:1 molar ratio, and 0.50 L of water. The
above mixture was vigorously stirred in the open airina 1.0 L beaker. After 24 hours, a clear greenish-

yellow solution was obtained and filtered for the CNS synthesis.

Polymerization 18.0 g of formaldehyde (37% in water), 12.20 g of resorcinol, and 200 ml of above
synthesized IPC solution (0.1M) were placed to a round bottom three-neck flask. The solution was
agitated until resorcinol was completely dissolved. 20 ml of NH4OH was subsequently added
dropwise with strong mechanical stirring. The pH of the above mixture reached to about 10 and then
aged at 90 °C for 3 hours. The synthesized polymer was collected by filtration and dried at 70°C in

an oven for 5 hours.

Rapid pyrolytic carbonization (RPC) or rapid heating 1.5 g of the above synthesized polymer was
placed in a quartz tube, which was pushed to the center of the furnace at 1000 °C within 10 seconds;
the tube was kept in the furnace for 0.5 hour, 1 hour, and 2 hours, respectively. N2 was purged through

the chamber during the carbonization process.

Purification The above carbonized product was refluxed in nitric acid (5 M) for 2 hours, followed
by refluxing in hydrochloric acid (4 M) for 2 hours. The above product was washed with plenty
amount of water until the pH reached to neutral. The final product was collected and dried at 80 °C

for 5 hour in an oven.

The CNS synthesized from this rapid pyrolytic carbonization at various duration is denoted as CNS-
rpc-0.5h, CNS-rpc-1h and CNS-rpc-2h, respectively. CNS-rpc-2h was further annealed in a vacuum
furnace at different temperatures of 1400 °C, 1600 °C, 1800 °C and 2000 °C for a period of 2 hours

each, which were conducted on Raman, bulk conductivity and BET surface area studies. Those
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annealed samples are denoted as CNS-ann-1400, CNS-ann-1600, CNS-ann-1800 and CNS-ann-2000,

respectively.

2.3 CNS characterization

Specimens for Transmission Electron Microscopy (TEM) were prepared by dispersing the powdered
samples in isopropanol for 30 minutes in the ultrasonic bath. A droplet of the colloidal suspension
was then placed onto a Cu grid with a porous carbon film, followed by drying in air. The samples

were scanned by a TEM/STEM (JEOL 2010F) operated at 200 K'V.

JEOL 7500F Field-Emission Gun High-Resolution Scanning Electron Microscopy (SEM) was used
for SEM measurement at 1-4 kV. Samples in powdered form were clung to aluminum stubs with
carbon tape. To squander the effects of charging, “gentle beam” mode was used for imaging the

samples, where the phase is subjective to below the accelerating voltage of the microscope.

Raman analysis was carried out using a Renishaw 1000/2000 spectrometer using back-scattering
geometry under an excitation wavelength of 514 nm™'. A 50x objective was utilized with 10% laser
power and an exposure time of 60 s for static scans and 100 s for extended scans, and 2 accumulations

per scan were collected.

Surface area and pore volume analysis of the powdered samples were conducted using Micromeritics
Tristar Surface Area and Porosity Analyzer. Nitrogen gas was used as the adsorbate. Analysis was
carried out at -196°C after 300°C overnight out-gassing. The surface area was determined by the

Brunauer-Emmett-Teller (BET) method.

The bulk electrical conductivity measurement was conducted in a cell containing a quartz capillary
(0.15 cm diameter and 10 cm length) with two copper electrodes connected to a voltage/current source
(Keithley 228A). The copper electrodes were used to compress and position the sample powder in the

capillary tube.

3. Results and Discussion

3.1 Synthesis of CNS-rpc



As reported previously, the standard method to synthesize CNS was started with an iron
precursor (IPC) as a template and dispersant during the polymerization process of resorcinol and
formaldehyde, followed by standard carbonization and purification process [15,16]. The typical
carbonization process was carried out under the temperature program as follows: heat to 1000 °C at
20 °C/min, hold at 1000 °C for 5 h, and cool to room temperature under N2 atmosphere. Using the
standard method, hollow graphitic CNS was synthesized but accompanied with severe agglomeration.
The agglomeration would limit the usage of this type of CNS for a wide range of applications in
catalyst support, polymer composite as filler, absorbent, anion electrode, electric capacitor, and many
more [22-27,49]. It is hypothesized that rapid pyrolytic carbonization may accelerate the CNS
formation by rapid carbon deposition onto the surface of iron nanoparticles by having the polymer
precursor RF-Fe(OH)s subjected to high temperature in a short period of time before the iron particles
could fuse and agglomerate. For this purpose, we designed a series of experiments by rapidly heating
the sample in N2 atmosphere from room temperature to 1000 °C within 10 seconds and kept at 1000 °C
for 30 min, 1 hour, and 2 hours, respectively. The modified synthetic procedure for CNS consists of
three steps as shown in Fig. 1: (1) polymerization process of formaldehyde (F) and resorcinaol (R) in
the presence of homogeneously distributed IPC by slow addition of ammonium hydroxide to reach
pH = 10. In this process, the crystal structure and the transmisstion electron micrographs of IPC as
displayed in Fig. 1 were reported in our previous work [15,16]; (2) rapid carbonization process of
produced R-F polymers containing enclosed iron: the R-F polymer enclosed iron was slided to the
center of the furnace at 1000 °C within 10 seconds and kept for a required duaration. N2 was purged
through the chamber during the carbonization process; and (3) purification process to eliminate iron
and amorphous carbon to obtain holllow graphitic CNS [15]. In this work, we investigated how the

rapid carbonization process improved the structure and property of the resulting materials.
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Figure 1: CNS Synthetic Process

3.2 Characterization of CNS-rpc
3.2.1 TEM and XRD

TEM images for the carbon product after the rapid carbonization process (before purification)
at 1000 °C for 30 minutes, 1 hour and 2 hours are shown in Figure 2 (a-f). Figure 2 (a, b) clearly
shows the graphitic structures along with large Fe nanoparticles. Convoluted spheres were observed
due to insufficient time to form distinct spheres. After being kept at 1000 °C for 1 hour, more graphitic
structures and distinct spheres were formed (Figure 2, ¢ and d). And after carbonization for 2 hours,
even more graphitic structures and distinct spheres are observed (Figure 2, e and f). Compared to the
slow heating process in the previous work [15], which produced round shapes with even edges, the
rapid heating process in this work caused the formation of ginger-root shaped structures which is
probably due to the sudden pyrolytic fragmentation of the cross-linked polymer as a result of the rapid
increase of the temperature. This unique ginger-root shaped material may have unique mechanical

reinforcement properties.



Figure 2: TEM images for carbon materials (before purification) after rapid heating at 1000°C for 30

minutes (a, b); for 1 hour (c, d); for 2 hours (e, f).

The XRD patterns of polymers before and after rapid heating at 1000 °C for 30 min are depicted in
Figure 3 (a) and (b). Before carbonization, a broad peak is observed and ascribed to an amorphous
structure. After rapid heating at 1000 °C, the structure is transformed to increased crystallinity. The

sharp peak at 20 = 26° was ascribed to the graphite peak of (002). The (100) peak at 20 of about 42.4



and (101) peak at about 43.7 provided additional confirmation on the formation of graphitic structure.

The broad diffraction base of the (002), (100) and (101) peaks suggested a limited amount of

disordered carbon still remained after rapid heating at 1000°C for 30 minutes. The sharp peaks at 20

=44.6, 65.1 are ascribed to the (110) and (200) reflection of Fe (FCC). Several other crystalline iron

species such as Fe3C, Fe304, and Fe (BCC) were also detected by XRD.

100

90
80
70
80

50
410""f

Intensity( %)

M\-ﬂ"“'rw\jw\

MMM

G L RS,

20

30 40
Two-Theta (deg)

50 60

100

80

80

70

60

50

Intensity(%)

40

30

20

o

-+

! | |
JJJ

\ 7 w -
M ke L‘wﬁ.\m j'lw,mw - T

| qlﬁl Il'l i
L] [ A

Carbon
Fe,C
Fe,0,
Fe

S

=+

il
”
R

e A e

0
10

20

30 40
Two-Theta (deg)

50 G0

Figure 3: XRD patterns of polymer (a) before and (b) after rapid heating and kept at 1000°C for 30

minutes
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After the purification process in 5 M nitric acid for two hours and 4 M hydrochloric acid for
two hours, the majority of amorphous carbon and iron were removed and graphitic carbon
nanospheres at < 50 nm were observed as shown in Figure 4a and b. For direct comparison, the CNS
produced using the standard slow carbonization process are shown in Figure 4c and d. The TEM
imagies clearly show that the CNS synthesized by the rapid heating process displays reduced degree
of agglomeration when compare to the CNS synthesized using the standard approach. The reduced
degree of agglomeration is consistent with our hypothesis on the rapid deposition of carbon onto the
surface of less agglomerated iron nanoparticles when the polymer precursor enclosed iron core was
rapidly subjected to high temperature carbonization (within 10 second). Moreover, it appears that less
uniform CNS particle size was formed for the synthesized CNS-rpc-2h with some portion of smaller
particle size (~20 nm) as evidenced in Figure 4a. Yao et al. reported that rapid thermal shock enabled

the formation of smaller sizes of nanoparticles with less agglomeration within a matrix [56].
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Figure 4: a) TEM and b) SEM images for CNS product after rapid heating at 1000°C for 2 hours

(CNS-rpc-2h); ¢) TEM and d) SEM images for CNS product after standard slow carbonization

3.2.2 Raman

High graphitic content is an important property for CNS as anode materials for Li-ion batteries
[23,57]. We employed Raman spectroscopy to further characterize the synthesized materials. The
purpose of annealing the samples is to obtain well-ordered graphitic structure so as to further improve
the graphitic content. The CNS-rpc-2h was selected for further annealing as it exhibited more
graphitic and distinct spheres after carbonization for 2 hours ( Figure 5). Annealing of the CNS-rpc-
2h was carried out in a vacuum furnace at different temperatures of 1400 °C, 1600 °C, 1800 °C and
2000 °C for a period of 2 hours each. Those annealed samples are denoted as CNS-ann-1400, CNS-
ann-1600, CNS-ann-1800 and CNS-ann-2000, respectively. The spectra for those annealed samples
are compared with the raw CNS sample (CNS-rpc-2h, before annealing) in Figures 5. The major
features of the Raman spectra could be seen at about 1354 cm™!, 1581 cm™ and 2700 cm™!, namely the
D (disorder carbon peak), G (graphite carbon peak) and G’ (2D) peaks. Minor peaks at 2450 cm™!,
2950 cm™ and 3242 cm™! made up the second order region. All these features are present in the five

samples and show minimal variations.
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Figure 5: Raman Spectra of CNS-rpc-2h (raw) and the annealed samples CNS-ann-1400 (1400 °C),

CNS-ann-1600 (1600 °C), CNS-ann-1800 (1800 °C) and CNS-ann-2000 (2000 °C)

Figure 5 shows that the synthesized CNS-rpc after purification process was already highly
graphitic and ordered. The effect of annealing on the CNS-rpc-2h (raw sample) was weakly
pronounced. The D band changed to a certain extent, which suggested no major structural changes. It
could be inferred that the graphitic layers became more ordered upon annealing, as the D band reduced
in height and the G band increased in height. A sharp increase in height for the G band was observed
when temperature was increased from 1800 °C to 2000 °C.

We further calculated the Full Width at Half Maximum (FWHM) of the D and G bands
observed in Raman spectra. FWHM is the average width of the peaks and corresponds to the uniform
homogeneity of Raman active species. Table 1 shows the FWHM of the samples. Annealing induces
a general reduction in the FWHM values for D band, indicating narrowing of the peaks and thus
increased graphitic structural ordering. However, a marginal increase was observed in the G band’s

FWHM for the sample annealed at 1600 °C, including a broadening of the D band. This result together

13



with the appearance of a shoulder at around 1620 cm™! indicated the initiation of change in the shell
structure. This band at 1620 cm™ was associated with a defect provoked carbon (sp?) that does not
have in-plane symmetry [50,58]. The shoulder, nonetheless diminishes on further annealing, is
reflected by the FWHM values of the samples annealed at 1800 °C and 2000 °C. A significant
decrease in FWHM for the G band is observed at 2000 °C.

Table 1. FWHM of the synthesized CNS-7pc-2h annealed at 1400~2000°C

FWHM (cm™) D Band G Band
CNS-rpc-2h (raw) 124 48
CNS-ann-1400 (1400°C) 76 44
CNS-ann-1600 (1600°C) 115 61
CNS-ann-1800 (1800°C) 68 53
CNS-ann-2000 (2000°C) 57 37
1.0 4
0.8 -

o
)
1
|

=
e—
= 043
< 0.4
a” 0.29
0.26 e
n 0.19
0.2-
= 0.10
a
0.0 :

T T v T 3 T L T L T 1
Raw CNS-st 1400 1600 1800 2000

Figure 6: Ip/IG ratio of the synthesized CNS-7pc-2h (raw) annealed at temperatures of

1400~2000°C to compare with CNS-s¢

The ratios of peak areas of disorder peak (D) to graphite peak (G) were also calculated, by
normalizing the spectra using the maximum intensity value in each spectrum and then baseline

corrected using automatic positive peak algorithm for two points [59]. The relative intensity ratio of
14



Ip and I for the D and G band is regarded as the typical quantity for the content of graphitization: the
greater the ratio of In/Ig, the higher the disorder content for graphite [59]. As shown in Figure 6, a
plot of the In/Ig for the synthesized CNS-rpc-2h and the annealed samples are compared with that for
the CNS-s¢ synthesized using the standard carbonization process. It can be seen that, for the ratios for
CNS-rpc-2h and the annealed samples , the In/IG ratios are in the range of 0.1 to 0.5. Strains due to
bending of graphite shells upon annealing rather than increased disorder induce some increase in the
In/lg after annealing at 1400 °C (0.43) and 2000 °C (0.29). However, the ratio of Ip/Ig for the
synthesized CNS-rpc-2h and the annealed samples are all smaller than that for CNS-st (0.60) in the
previous work [15], reflecting the higher degree of graphitization of the CNS-rpc-2h and the annealed
samples at 1400~2000 °C in this work. The results further show that the synthesized CNS-rpc-2h after
the purification process is sufficiently graphitized. Annealing the CNS-rpc-2h in the temperature
range of 1400°C to 2000 °C does not affect its graphitic nature to any significant extent. The slightly
increased Ip/Ig for the CNS-rpc-2h annealed at 2000 °C is probably due to the certain degree collapse

of the CNS structure.

3.2.3 Bulk Conductivity

The CNS-rpc-2h and the annealed samples at 1400 °C, 1600 °C, 1800 °C and 2000 °C,
respectively, were measured for electrical conductivity using a four-point probe resistance
measurement setup as reported in the previous publications [15,16]. An Arkema multiwalled carbon
nanotube sample was measured as a reference in comparison with the CNS-rpc-2h and the annealed
samples. Table 2 and Figure 7 show the relative resistance values for each sample. Resistance is
related to resistivity; the lower the resistivity, the more conductive is the material. Conductivity is one
of the important properties for carbon-based material. The bulk conductivity of the synthesized CNS-
rpc-2h and the annealed samples were measured using a setup as shown in Scheme 1. The
measurement cell consisted of a quartz capillary and two copper electrodes, connected to a Keithley

228 A voltage/current source. The powders were filled into the capillary and compressed by the copper
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electrodes as shown in Scheme 1. The calculated conductivity data is given in Table 2. Figure 7 shows
the obtained conductivity data for the synthesized CNS-rpc-2h and the annealed samples. It is
important to note that the conductivity of a carbon powder depends on different parameters such as
defect sites, degree of graphitization, density, homogeneity, etc. [60]. While the conductivity
increases with decreasing number of defects and higher graphitization, changes in powder density

will significantly influence the overall conductivity of the powder [60,61].

~100 mm

Copper Electrode

Scheme 1: The set up for bulk conductivity measurement

Table 2. Resistance values of the synthesized CNS-rpc-2h annealed at 1400~2000 °C

Resistance (ohm) Min Max Average
CNS-rpc-2h (raw) 5.79 7.51 6.65
CNS-ann-1400 (1400 °C) 5.12 548 5.30
CNS-ann-1600 (1600 °C) 3.89 4.90 4.39
CNS-ann-1800 (1800 °C) 3.83 4.87 4.35
CNS-ann-2000 (2000 °C) 6.15 7.49 6.82
Arkema multiwalled 5.31 6.01 5.66

CNT*

*CNT values are given for comparison only.
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Figure 7: Plot of the resistance values for the synthesized CNS-rpc-2h annealed at 1400~2000°C

As can be seen from Fig. 7, the values of the resistance measured in the synthesized CNS-7pc-
2h, the annealed samples at 1400~2000 °C and the Arkema multiwalled CNT are in the same range,
which also fall to the same range as that for the CNS-s7[15,16]. The annealing of the samples induces
little change in the electrical conductivity. This property is supported by the Raman results that show
little change in the G band or the graphitic structure. These results together prove that the CNS
samples synthesized using the rapid pyrolytic carbonization process is sufficiently graphitized and
has electrical properties similar to the multiwalled nanotubes. Thus, CNS may be used as electrode
catalyst support and in some graphitic carbon required applications. Compared to planar graphite,
less swelling is expected for CNS. Therefore, it may be of important for electrochemical applications
or nuclear applications. The main effect of annealing is expected to be the passivation of the CNS

surface [62].

3.2.4 BET surface area and pore volume
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The pore structure of the synthesized CNS-rpc-2h and the annealed samples at 1400~2000
°C were characterized by N2 adsorption/desorption isotherms. According to the International Union
of Pure and Applied Chemistry (IUPAC) nomenclature, the CNS-7pc-2h and the annealed samples
exhibit type IV isotherms with a Hz-type hysteresis [63], which indicates the formation of materials
with mesopores. The BET surface area and pore volume analysis for the synthesized CNS-rpc-2h and
the annealed samples at 1400~2000 °C are shown in Table 3. As the temperature was increased from
1000 °C to 2000 °C, the surface area and pore volume decreased when compared to the CNS
synthesized using the standard method (CNS-s7) and the MWCNT (Arkema), indicating that high
temperature might convert the amorphous carbon to graphic carbon causing the reduced surface area
and also collapse the pore structure causing the reduced pore volume.

Table 3. BET surface area and pore analysis for synthesized CNS

sample BET surface area Pore volume
(m*/g) (cm’/g)

CNS-rpc-2h (raw) 180 0.40
CNS-ann-1400 (1400 °C) 152 0.38
CNS-ann-1600 (1600 °C) 100 0.37
CNS-ann-1800 (1800 °C) 96 0.35
CNS-ann-2000 (2000 °C) 88 0.34
CNS-st 270 0.42
MWCNT (Arkema) 249 0.48

4. Conclusion
Hollow graphitic CNS with reduced degree of inter-particle agglomeration was synthesized using
rapid heating during the carbonization process when compared to the CNS synthesized using the

standard slow heating. The reduced agglomeration of CNSs indicates that rapid heating effectively
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mitigated the agglomeration in the formation of CNS due to rapid pyrolytic fragmentation of the
crosslinked polymer precursor. The TEM, SEM, BET, XRD, bulk conductivity and Raman
spectroscopy measurements demonstrated the formation of robust and less agglomerated hollow
graphitic nanospheres with a significantly decreased BET surface area than that for CNS synthesized
using the standard method. More importantly, this rapid pyrolytic carbonatization approach will
provide important insight for future design of carbonization process to obtain carbon nanostructured

materials with less degree of agglomeration.
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