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ABSTRACT A facile and scalable solution-based, spray pyrolysis
synthesis technique was used to synthesize individual carbon nano-
spheres with specific surface area (SSA) up to 1106 m?/g using a novel
metal-salt catalyzed reaction. The carbon nanosphere diameters were
tunable from 10 nm to several micrometers by varying the precursor
concentrations. Solid, hollow, and porous carbon nanospheres were
achieved by simply varying the ratio of catalyst and carbon source
without using any templates. These hollow carbon nanospheres showed
adsorption of to 300 mg of dye per gram of carbon, which is more than

15 times higher than that observed for conventional carbon black particles. When evaluated as supercapacitor electrode materials, specific capacitances of

up to 112 F/g at a current density of 0.1 A/g were observed, with no capacitance loss after 20 000 cycles.
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he high surface area of carbon nano-

structures such as carbon nanotubes

and graphene have made them at-
tractive for a variety of applications such as
electrode materials in supercapacitors,' >
fuel cell®” batteries,®® and solar-energy
conversion,'® catalyst supports,’’ sensors'>'3
and adsorbents."*'> For example, single-
walled carbon nanotube and single-layer
graphene have theoretical surface areas of
1315'® and 2630 m?/g, respectively. How-
ever, in many cases, the effective surface
area is much smaller once the carbon nano-
structures are deposited onto an electrode
because of agglomeration, roping (in the
case of nanotubes), or stacking (in the case
of graphene). Currently, it is still difficult and
expensive to synthesize carbon nanotubes
and graphene at large scales.'” Hence, there
is still a need for development of low-cost
and facile synthesis techniques for carbon
nanostructures with highly accessible sur-
face areas.

WANG ET AL.

For this reason, there has been consider-
able interest in the synthesis of carbon
nanospheres, which are carbon nanoparti-
cles that can be designed with mesoporous
or hollow morphologies,'*'®~%' Compared
to nanotubes and graphene, there are a multi-
tude of different methods for synthesizing
carbon nanospheres such as laser ablation,??
high temperature transformation of nano-
diamond,?** arc-discharge in water,”> com-
bustion synthesis,?® hydrothermal reaction’2®
and separation from soot.??> Mesoporous and
hollow carbon nanospheres are often synthe-
sized by using templates such as silica'®2° or
polymer nanospheres."*?'?”2° Some template-
free methods typically result in hollow
structures that are interconnected with each
other,*" which is not good for bioapplication,
like drug delivery. Carbon nanospheres have
been widely used for lithium-ion battery elec-
trode materials,®"*? supercapacitors, >33 oil
removal,"* catalyst supports,>*>>® and biorelated
applications>” Many of the aforementioned
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Figure 1. SEM image and size distribution of carbon nanospheres synthesized using spray pyrolysis from different ratios of
(Zn(NO3); to sugar in 100 mL of DI water. (a,d) 0.1:0.1 g; (b,e) 1:1 g; (c,f) 10:10 g.

methods for synthesizing carbon nanospheres still
suffer from low product yields, which can limit their
use in these applications.

Spray pyrolysis has been used for the continuous
synthesis of many different types of inorganic
nanoparticles*®**° and can be easily scaled. Spray
pyrolysis has been recently applied to the synthesis
of carbon nanomaterials. Sohn et al.'* used spray
pyrolysis to synthesize graphene capsules, but the
method still required the use of polystyrene nanosphere
templates. The direct pyrolysis of hydrocarbons*' has
been used to demonstrate the large scale synthesis of
carbon spheres. However, this method requires vapor
phase or pre-evaporated hydrocarbon solvents and did
not demonstrate good particle size control.

Here we report a solution-based, spray pyrolysis
synthesis technique able to create individual carbon
nanospheres with a high yield and controllable size
from precursors consisting of organic carbon precur-
sors and metal salts. The carbon nanosphere diameter
distribution was changed by varying the concentration
of the precursors. The method also enables the ability
to make hollow carbon nanospheres directly without
the use of templates by simply adjusting the ratio of
precursors. Furthermore, this technique also allows for
heteroatom doping of the carbon nanospheres by
adding different precursors to the solution. Different
metal salts were tested to show the generality for this
method and were found to alter the carbon nano-
sphere structure. Different annealing processes were
used to control the structure, and specific surface areas
(SSA) up to 1106 m?/g were demonstrated in hollow
carbon nanospheres. Rhodamine blue dye sorption
and electrochemical tests showed that these high surface
area carbon nanospheres could be used as materials with
high sorption capacity and supercapacitors.

WANG ET AL.

RESULTS AND DISCUSSION

Typical scanning electron microscopy (SEM) images
of carbon nanospheres synthesized from three differ-
ent concentrations of sugar and Zn(NOs), precursors
are shown in Figure Ta—c. In each case, the sugar to
Zn(NOs), weight ratio was maintained at 1:1, corre-
sponding to 0.1, 1,and 10 g each of sugar and Zn(NO3),
in 100 mL of DI water, respectively. All of the samples
showed a wide particle size distribution. However, as
the concentration of precursors increased, the size
distribution was shifted toward larger particle sizes,
as shown in the histograms in Figure 1d—f. In the
0.1:0.1 g case, most of the particle sizes were smaller
than 100 nm. When the precursor ratio was changed
from 1:1 g, the median particle size shifted from ~30 to
~70 nm, while the largest particle size was still below
1 um. When the precursor ratio was further increased
to 10:10 g, the median particle size increased to ~300 nm,
and the largest particle diameter was more than 5 um.
These results show that the carbon nanosphere size
distribution can be adjusted by changing the concentra-
tion of reagent precursors.

X-ray diffraction (XRD) measurements were per-
formed on carbon nanospheres prepared using a
precursor ratio of 1:1 g. As shown in Figure 2a, the as-
prepared sample only showed a few reflections, which
matched to ZnO (PDF 01-079-0208 in the ICDD
database). This suggests that the as-prepared carbon
nanospheres have an amorphous carbon structure and
that the Zn(NOs), transformed to ZnO during the spray
pyrolysis. The XRD pattern after HCl etching showed
that the ZnO peaks were no longer visible, suggesting
that the ZnO was dissolved during the treatment.
Annealing the as-made carbon nanospheres in the tube
furnace at 1200 °Cfor 1 h under Ar (flowing at 100 sccm)
resulted in a featureless XRD pattern, indicating that the
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Figure 2. Characterization of carbon nanospheres from 1:1 g precursors. (a) XRD results of products as-prepared (blue), after
HCl treatment (purple), after annealing as-prepared products at 1200 °C for 1 h (green), after annealing as-prepared products
at 2300 °Cfor 1 h (red). (b) TGA results for as-prepared carbon nanospheres (red) and after HCl treatment (blue). (c) Zoomed-in
XRD pattern around the d-spacing for (002) plane of graphite of carbon nanosphere products annealed at 2300 °C for 1 h (red)
compared to carbon onions prepared from nanodiamond annealed at same condition (blue) and graphite flake (green). (d)
Raman spectra using 532 nm excitation of carbon nanospheres as prepared (blue) and after annealing at 1200 °C (orange) and

2300 °C (red) for 1 h.

carbon remained amorphous. The ZnO peaks were
absent as well. Since it is known that ZnO can be
reduced by carbon at high temperatures,*? it is possible
thatthe ZnO nanoparticles were reduced to Zn and then
evaporated, since the boiling point of Zn is only 907 °C.

To better understand these results, thermogravi-
metric analysis (TGA) (Figure 2b) was performed on
the as-prepared 1:1 g carbon nanospheres (which still
contained ZnO nanoparticles) and samples after HCI
etching (ZnO removed). The initial weight loss for both
samples below 200 °C was due to desorption of water
and air. The carbon nanosphere sample treated with
HCI lost the most weight between 400 and 600 °C,
likely because of further carbonization of the remain-
ing organics. For the as-prepared sample, however, the
weight kept decreasing even at 1200 °C, while the
derivative thermogravimetric (DTG) curve showed an-
other weight loss peak at ~1050 °C, likely due to the
evaporation of zinc. Gravimetric measurements per-
formed after annealing ~100 mg of carbon nanosphere
sample showed a ~20 wt % weight loss after annealing at
700 °C for 30 min, attributed to the carbonization reac-
tions. After treating the sample with HCl and drying,
~30% of the mass was further lost. This was attributed to
the removal of ZnO. Therefore, about 50—60% of the
original mass remained as pure carbon.

WANG ET AL.

After annealing the as-made samples at 2300 °C for

1 h, the amorphous carbon nanospheres changed to
graphitic structures. This structure change was re-
flected in the XRD pattern (Figure 2a,c) and confirmed
using Raman spectroscopy (Figure 2d). In the XRD
pattern, the peak at 260 = 43° was indexed to the
(100) plane for graphite (PDF 00-041-1487). Two peaks
were observed very close together at 26 = 25.88° and
26.45°, with the latter being close to the reflection for
the (002) plane of graphite (Figure 2¢). This two-peak
phenomenon was observed in other literature*® before
but without clear explanation. A peak with the former
spacing and a broad shoulder near the (002) plane was
observed in carbon onions derived from high tempera-
ture annealed nanodiamond.** We reproduced this
synthesis, and the XRD pattern corresponding to these
carbon onions is shown in Figure 2c as comparison.
When the XRD pattern of the carbon nanosphere
sample annealed at 2300 °C is overlaid with that for
nanodiamond-derived carbon onion, as well as pure
natural graphite flake, the relationship of these peaks
can be clearly observed. Hence the peak at 26 = 25.88°
likely corresponds to the high curvature graphitic faces
similar to those found in carbon onions, while the peak
at 260 = 26.45° may come from the low curvature
graphitic faces found in graphite. The reason that the
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(002) peak splits into two peaks in our carbon nano-
spheres might correspond to different types of nano-
scale curvature inside the nanospheres. This was
confirmed with high resolution transmission electron
microscopy (TEM) on the carbon onions (Figure S1a,
Supporting Information) and carbon nanospheres
(Figure S1b, Supporting Information).

The Raman spectra of the carbon nanospheres with
different heat treatments are shown in Figure 2d. The D
band at ~1360 cm ™' is attributed to defect and disorder-
induced modes of disordered or glassy carbon.*” The peak
at~1590 cm ™ is indexed to the G band corresponding to
the phonon mode with E5; symmetry of graphite.*® Other
than the sample annealed at 2300 °C for 1 h, none of the
samples have the 2D band at ~2680 cm ™', while D and G
bands were broad and weak, indicating the presence of
significant amounts of disordered carbon. For the sample
treated at 2300 °C, the ratio of the intensities of the 2D and
G bands (,p/lg) was equal to 0.57, which reflects a multi-
layer graphene structure. This is consistent with the XRD
(Figure 2c) and TEM results (Figure S1b, Supporting
Information) showing graphitization of the carbon nano-
spheres after annealing at 2300 °C.

In order to study the role of the Zn(NOs), during the
formation of the carbon nanospheres, the weight ratio
of Zn(NOs), to sugar was varied. In all cases 1 g sugar and
100 mL of DI water were used. Figure S2 (Supporting
Information) shows some typical TEM images of different
as-prepared carbon nanospheres using different amounts
of Zn(NOs),. Figure 3 shows the high-magnification TEM
images of individual carbon nanospheres prepared using
precursor ratios of 1:1 g, 3:1 g,and 10:1 g. Figure 3a shows
the high-magnification TEM image of as-prepared carbon
nanospheres using 1:1 g. The particles <10 nm in diameter
on the carbon nanosphere surface correspond to ZnO. As
shown in the high resolution TEM image in Figure S2b
(Supporting Information), the ZnO nanoparticles were
crystalline, with the measured d-spacing of 0.28 nm
matching the ZnO (100) plane, while the carbon was
amorphous, consistent with the XRD results. Figure 3b
shows a high magnification TEM image of carbon nano-
spheres prepared from a precursor solution with 3 g of
Zn(NOs), to 1 g of sugar (3:1 g). Most of the carbon
nanospheres appeared to be covered with larger particles
about 20 nm in diameter. When the Zn(NOs), to sugar
ratio was increased to 10:1 g, the nanoparticles on the
surface of the carbon nanospheres also had large dia-
meters greater than 50 nm (Figure 3c). No carbon nano-
spheres were made when performing spray pyrolysis of
sugar solutions without Zn(NOs),, indicating that the ZnO
nanoparticles may play an important role as nucleation
sites for the carbonization reactions and promote forma-
tion of the carbon nanospheres.

TEM images of carbon nanospheres after HCl treat-
ment are shown in Figure 4 for the different Zn(NO3),:
sugar ratios. The nanoparticles observed in the as-
prepared samples were absent after HCl etching,

WANG ET AL.

Figure 3. TEM images of carbon nanospheres from Zn(NO3),
to sugar ratios of (a) 1:1 g; (b) 3:1 g; (c) 10:1 g.

confirming that they were composed of ZnO
(Figure 4ab). In contrast, the as-prepared samples
annealed at 2300 °C showed a graphitic structure,
consistent with the XRD and Raman results (Figure 2).
The ZnO nanoparticles were also absent, confirming
the proposed evaporation at the higher annealing
temperature, as suggested by the TGA data (Figure 2b).
As Figure 4a,b shows, the 1:1 g dots are mostly solid. The
3:1 g products after HCl etching (Figure 4d) consisted of
some smaller, solid amorphous carbon nanospheres
(Figure 4e), while others appeared to be hollow, “bal-
loon"-like nanospheres with highly porous structures
(Figure 4f). After HCl treatment of the samples prepared
from the 10:1 g precursor solutions, the resulting carbon
nanospheres were highly porous (Figure 4g), and large
carbon particles with “balloon” morphology dominated
the product (Figure 4i). The smaller carbon nanospheres
were also observed to have a highly porous structure
(Figure 4h).

No carbon nanospheres were formed when using
direct pyrolysis of pure sugar aqueous solutions at the
same condition, indicating that ZnO nanoparticles
formed during heating of Zn(NOs), at high tempera-
ture may act as nucleation sites for carbonization of
sugar to form carbon nanospheres. From the observed
carbon nanosphere morphology dependence on the
Zn(NOs), concentration used, the formation mecha-
nism for the carbon nanospheres is proposed as follows.
When high concentrations of Zn(NOs), were used,
enough Zn(NOs), could accumulate at the surface of

A N NS
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Figure 4. TEM images of carbon nanospheres from different Zn(NOs), to sugar ratios after HCl etching. Panels (a—c) were
prepared using 1:1 g, (a) and (b) are after HCl etching, whereas (c) shows the as-prepared product after annealing at 2300 °C.
Panels (d—f) are prepared using 3:1 g. Panels (e) and (f) show the zoomed in images of particles (1) and (2) in (d), respectively.
Panels (g—i) were prepared using 10:1 g. Panels (h) and (i) show the zoomed in images of particles (3) and (4), respectively.

the droplet to reach the critical concentration for which
ZnO nanoparticles could nucleate. These ZnO nano-
particles could prevent the formation of solid carbon
nanospheres, leaving porous and hollow structures
after removal of the ZnO. For precursors with lower
concentrations of Zn(NOs),, there are fewer ZnO nano-
particles, and the precursors can form solid structures
after carbonization. This is shown schematically in
Figure S3 (Supporting Information). The solid vs hollow
nanosphere morphology can also result from differ-
ences in the solvent evaporation and solute diffusion
times in the precursors, wherein similar time scales for
these processes typically result in solid particles, and
cases with slow solute diffusion within the droplets
result in hollow or crushed particles.*

To better understand the growth mechanism of the
carbon nanospheres, different metal salts and carbon
precursors were also investigated. The carbon nano-
spheres synthesized using Zn(NOs), and 3,4-dihydrox-
ybenzaldehyde (1:1 g) and treated with HCl are shown
in Figure S4a (Supporting Information) and showed
similar morphologies as those prepared using sugar.
Figure S4b,c (Supporting Information) shows the SEM
images of carbon nanospheres prepared using sugar
as the carbon source and manganese(ll) nitrate hydrate

WANG ET AL.

and ferric chloride, respectively, in place of Zn(NOs),.
Using the manganese salt resulted in carbon nano-
spheres with a rough surface (Figure S4b, Supporting
Information). The carbon nanospheres prepared with
ferric chloride showed large holes on their surfaces
after HCl etching (Figure S4c, Supporting Information).
XRD of the as-prepared samples showed that the
materials were amorphous, suggesting crystalline iron
or manganese oxides did not form during the pyrolysis
but that they may be amorphous oxides (Figure S4d,
Supporting Information). The broad reflections ob-
served in the sample prepared with the manganese
salt are likely from the carbon, since they did not match
reflections for MnO,. Carbon nanospheres were also
synthesized using Zn(NOs), and polyethyleneimine
(PEI (1:1 g). When PEI was used as the carbon source,
the carbon nanospheres showed a deflated shape
(Figure S5a, Supporting Information). The ability to
use PEl as the carbon source provides the opportunity
for preparing nitrogen doped carbon nanospheres.
Thiourea was also added to the precursor solution
along with the PEI. Figure S5b (Supporting Information)
shows the X-ray photoelectron spectroscopy (XPS) wide
scan result for as-prepared carbon nanospheres synthe-
sized from 2 g of Zn(NOs),, 1 g of PEl and 1 g of thiourea.
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The peaks from N 1s and S 2p showed that these species
were incorporated into the carbon nanospheres from the
PEl and thiourea, respectively. The composition deter-
mined from XPS was about 55% at C, 12% at N, 19% at S,
with the balance being ZnO. These results show that
different carbon sources and salts can be used to make
the carbon nanospheres, but more studies are required to
fully understand their formation mechanism compared
to the Zn(NOs),/sugar case.

N, adsorption isotherms were used to determine the
specific surface area (SSA) of the carbon nanospheres
using the Brunauer—Emmett—Teller (BET) method at
77 K. The adsorption isotherms were used to calculate
the pore size distribution via the Barrett—Joyner—
Halenda (BJH) method. Higher precursor concentra-
tions of Zn(NOs), to sugar were used to increase the
product vyield. Figure S6 (Supporting Information)
shows the SEM images of samples prepared from
3:3 g and 6:3 g in 100 mL of water. Although the
diameters of the carbon nanospheres became larger,
the carbon nanosphere structures were similar to those
observed in 1:1 g and 3:1 g samples described above,
with the 3:3 g sample displaying predominately solid
carbon nanospheres and the 6:3 g sample displaying
many porous hollow carbon nanospheres. Figure 5a
shows the N, adsorption/desorption isotherms, and
Table 1 shows the SSA and total pore volumes for
carbon nanospheres prepared with different precur-
sor concentrations and subsequent heat treatments.
For the sample prepared from 3:3 g followed by
treatment with HCl and annealing at 1000 °C for 1 h,
the isotherm is classified as type |, which indicates
that a microporous structure is generated from the
holes when the ZnO nanoparticles were removed with
HCI. The SSA of this sample was 920 m?/g. For the sample
prepared from 6:3 g and treated with the same condition,
the SSA was almost the same at 928 m?/g. After anneal-
ing both of these samples at 2300 °C for 1 h, the SSAs
dropped dramatically to 14 and 42 m?/g, respectively,
indicating disappearance of the microporous structure
during the crystallization at high temperature. When
these two samples were annealed at 1100 °C directly
without removing the ZnO with HCl, the SSA were 1106
and 1036 m?%/g, respectively. This higher SSA compared
to the samples with ZnO removed using HCl etching
indicates that the ZnO may be etching additional carbon
during the high temperature annealing, making the
pores bigger. The BET curves from samples prepared
with higher Zn(NOs), concentration have larger slopes
than samples from low Zn(NOs), concentrations. This
corresponds with the hollow carbon nanosphere struc-
tures observed in the SEM (Figure S6b, Supporting
Information). Importantly, these SSAs are about double
those obtained for mesoporous carbon nanospheres
synthesized using chemical vapor deposition on poly-
styrene templates° Although the total pore volume may
be different for different samples, most of the pore sizes
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Figure 5. (a) N, adsorption—desorption isotherms of differ-
ent carbon nanospheres. Photographs of (b) 100 mg/L of RB
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were distributed around 2 nm (Figure S7, Supporting
Information).

To make use of the high surface area of the carbon
nanospheres, dye adsorption experiments were con-
ducted. The hollow carbon nanospheres prepared
from solutions containing 6:3 g Zn(NOs),:sugar,
followed by annealing at 1100 °C for 2 h (without
removing ZnO) were added to a 100 mg/L of rhoda-
mine B (RB) solution (Figure 5b) and suspended with
sonication for about 5 min (Figure 5c). After removing
the carbon nanospheres with filtration, the clear water
could be observed (Figure 5d). UV—vis spectroscopy
was used to determine the concentration of the dye
remaining in the solution using Beer's law. As shown in
Figure S8 (Supporting Information), the remaining RB
in solution was only around 0.087 mg/L when 300 mg of
dye was mixed with 1 g of carbon nanospheres (300 mg/g).
For the solid carbon nanospheres prepared from 3:3 g
and treated with same conditions, the dye adsorption
ability was much less compared to the hollow materials
despite its slightly higher SSA (Table 1). Even when a dye:
carbon ratio of only 12 mg/g was used, the concentration
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TABLE 1. Specific Surface Area and Pore Volume of Carbon Nanospheres Measured from BET

In(NO;), to sugar ratio in precursor postsynthesis treatment SSA (m?/g) pore volume (cm*/g)
33¢g H{ etching then heat at 1000 °Cfor 1 h 920 0.30
6:3¢ H{ etching then heat at 1000 °Cfor 1 h 928 0.28
33¢ HCl treated then heat at 2300 °C for 1 h 14 0.06
6:3¢ H treated then heat at 2300 °C for 1 h Y] 0.13
33¢g heat at 1100 °C for 2 h 1106 0.32
6:3¢ heat at 1100 °C for 2 h 1036 0.40
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Figure 6. Performance of carbon nanosphere supercapacitors in 6 M KOH aqueous electrolyte. (a) CVs curves obtained using
different scan rates for supercapacitor made from hollow carbon nanospheres. (b) Galvanostatic charge/discharge curves of
supercapacitors made from hollow or solid carbon nanospheres at different current densities. (c) The specific capacitance at
different current densities. (d) Cycle life of different capacitors at a current density of 10 A/g.

of RB that remained in the solution was still as high
~1.5 mg/L (Figure S8, Supporting Information). As a
comparison, commercially available carbon black with
SSA 45 m?/g was found to adsorb ~20 mg/g, even higher
than the solid carbon nanospheres. The results reveal that
for solid carbon nanospheres, the dye molecules may not
be able to access the pores inside the nanospheres.
Instead, only the external surface could be used for
adsorption. For hollow carbon nanospheres, the internal
pores are more accessible to the dye molecules, which
explains why its adsorption ability is much higher.

To evaluate the performance of the carbon nano-
spheres as supercapacitor electrode materials, a two-
electrode configuration*” was used in coin cells with 6
M KOH electrolyte. The cyclic voltammetry (CV) curves
from —0.5 to 0.5 V for supercapacitors made from hollow
and solid carbon nanospheres are shown in Figure 6a and

WANG ET AL.

Figure S9a (Supporting Information), respectively, while
the galvanostatic charge—discharge curves obtained at
different current densities are shown in Figure 6b and
Figure S9b (Supporting Information). From the internal
resistance (IR) drop observed in the discharge curves, the
equivalent series resistance (ESR) was around 24 and
30 Q for the hollow and solid carbon nanospheres, respec-
tively, which is a little high and may be due to the small
interfacial contact points between the nanospheres. On
the basis of charge—discharge curves, the specific capa-
citances were 112 and 105 F/g for the hollow and solid
carbon nanospheres, respectively, at a current density of
0.1 A/g. Even when the current density increased as high
as 10 A/g, the specific capacitances still remained 88.5
and 79.5 F/g, respectively. Similar with the dye adsorption
result, the hollow nanospheres had better performance
than the solid ones. However, since the electrolyte ion is
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much smaller than the dye molecule, the difference in
performance was not as significant as in dye adsorption.
The specific capacitances observed for our carbon nano-
spheres are higher than typical values observed in carbon
nanotube electrodes (50— 100 F/g),”® but little lower than
those observed in other mesoporous carbon nanospheres
(~200 F/g)*® and graphene (100—250 F/g)."***° The
specific capacitance in supercapacitors prepared from
both solid and hollow carbon nanospheres was stable
with very little decrease, with the final capacitance reten-
tion of 100.3 and 99.2% after 20 000 cycles for the solid and
hollow nanospheres, respectively. In contrast, only 96%
capacitance retention was observed after 10 000 cycles for
other mesoporous carbon nanosphere supercapacitors.*

CONCLUSIONS

In summary, we have demonstrated a metal-salt
catalyzed, solution-based spray pyrolysis synthesis

METHODS

Synthesis. In a typical experiment, precursor solutions were
prepared by dissolving sugar (sucrose, Alfa Aesar) and Zn(NOs),-
6H,0 (Alfa Aesar) in 100 mL of deionized (DI) water, which
was placed in a 250 mL 3-neck round-bottom flask. The 3-neck
flask was attached to a tube furnace through its middle ground
glass joint. An airbrush was fitted to the top ground glass joint
such that the nozzle was aimed into the flask to create a swirling
mist of the aqueous precursor solution. The swirling mist
returned larger droplets to the bottom of the flask to be
recirculated and injected smaller droplets into the tube furnace.
This gave a rough means to control the droplet size. Nitrogen
was used as the carrier gas with a flow rate of 5—8 L/min, while
the air brush (Crescendo, Model 175) was adjusted to supply the
feedstock at 10—15 mL/h into the tube furnace. In order to
increase the residence time of the precursors at high tempera-
ture, two 1 in tube furnaces (Lindberg, HTF55322C and
TF55035A-1) were placed in series with a 120 cm long quartz
tube connecting the furnaces. The furnaces were heated to 900
and 1000 °C, respectively. The exit flange was equipped a
6.35 mm stainless steel tube that was placed into a 250 mL
beaker filled with DI water to collect the products. The carbon
nanospheres were recovered by vacuum filtration (Millipore
FSLP, 0.2 um). Some samples were treated with acid postsynth-
esis by placing the powders in 1 M HCl and sonicating for 5 min
followed by vacuum filtration and washing with DI water.
Carbon nanospheres were also synthesized using 3,4-dihydrox-
ybenzaldehyde (Acros), polyethyleneimine (PEl; branched,
M,, ~25000, Sigma-Aldrich), manganese(ll) nitrate hydrate (Alfa
Aesar), ferric chloride (Spectrum), and thiourea (Sigma-Aldrich) as
precursors. High-temperature annealing experiments were per-
formed by heating several tens of milligrams of as-prepared
carbon nanospheres at 1000—1200 °C under N, gas flowing at
150 sccm for 0.5—2 h. For some samples, a graphite furnace (GT
Thermal Technologies, Inc,, Model: 1050CG) was used to anneal
the samples at 2300 °C for 1 h in Ar.

Materials Characterization. Carbon nanosphere samples were
characterized using scanning electron microscopy (SEM, NOVA
200 Nanolab SEM at 10 kV), transmission electron microscopy
(TEM, Phillips CM 200 at 200 kV), X-ray diffraction (XRD, PANa-
lytical X'Pert Pro diffractometer with Cu Ko, radiation), thermal
gravimetric analysis (TGA, Setaram TG-DTA92), Brunauer—
Emmett—Teller (BET) surface area analysis (Micromeritics, Tristar II),
and Raman spectroscopy (532 nm, 50 mW excitation laser),
X-ray photoelectron spectroscopy (XPS, VG ESCALAB 220i-XL
with Al Ka anode). For XRD comparison, pure natural graphite
flake (—10 mesh, Alfa Aesar) was used.
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technique able to create individual carbon nano-
spheres. The particle size could be easily adjusted from
~10 nm to several micrometers by changing the
concentration of the precursors. By adjusting the ratio
of carbon to metal-salt precursors, hollow or solid
nanospheres could be acquired without requiring
templates. The study indicates that many kinds of
metal salts can be used to form crystalline or amor-
phous oxides that act as nucleation sites and catalyze
the formation of carbon nanospheres. After the re-
moval of the metal oxides using acid or annealing at
high temperature, porous-structure carbon spheres
with SSA as high as 1106 m?/g are produced. These
materials could be very promising for applications such
as drug delivery and supercapacitors. The strong ad-
sorption ability of the carbon nanospheres also makes
them very promising as sorbents for water purification
and environmental remediation.

Dye Adsorption. UV—vis spectroscopy (StellarNet, BLACK-Co-
met C-SR-50) was used to determine the concentration of
Rhodamine blue (RB, MP biomedicals) in the dye adsorption
experiments. A calibration curve in the range of 0 to 2.5 mg/L of
RB was prepared. The concentration of RB remaining in the
water after sorption experiments was determined with Beer's law
by measuring the absorbance of the solution and using an
extinction coefficient of 106000 M~ cm™" for RB. The carbon
black used for comparison was obtained from Timcal (SUPER C45).

Electrochemical Measurement. A two-electrode set up was used
to measure the performance of the supercapacitors by cyclic
voltammetry with a BioLogic VMP3 potentiostat from —0.5 to
0.5 V. The carbon nanosphere powder was deposited onto
stainless steel discs (1.5 cm diameter) directly to make
~0.5 mg/cm? electrode. Then two identical electrodes were
assembled into a coin cell with Whatman filter paper as
separator and 6 M KOH as the electrolyte. The coin cell was
pressed to seal at around 1200 psi. The specific capacitance was
calculated from galvanostatic charge—discharge curves with
the following equation:*’

C = 41/(mAV/AD)

where [ is the current used, m is the total mass of carbon
nanospheres for both electrodes, and AV/At was calculated
from the slope of the straight part of discharge curve.
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