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ABSTRACT: This study aims to enhance the production efficiency of
carbon microspheres (CS) and expand their potential applications. To this
end, resorcinol-formaldehyde microspheres (RFS) were prepared in high
yield through the modified Stöber method, utilizing resorcinol and
formaldehyde as carbon sources, ammonia as a catalyst, and sodium
dodecyl benzenesulfonate (SDBS) as a soft template. The resulting RFS
were then carbonized to obtain high yield CS. This study examined the
impact of key factors, namely, the concentration of resorcinol, ammonia,
and the SDBS concentration, along with the temperature of carbonization,
upon the properties of the resulting CS, which were observed with regard
to microscopic morphology, average particle size, homogeneity, and yield.
The findings demonstrated that the proclivity of RFS to agglomerate with
one another at high carbon source concentrations was markedly
diminished, while the yield of CS was notably enhanced through the introduction of the anionic surfactant SDBS. The particle
size of RFS can be modified within the range 200−1000 nm by adjusting the resorcinol and ammonia concentration. The prepared
RFS exhibited a regular spherical morphology and a smooth surface. Furthermore, the CS displayed a uniform spherical morphology
following high-temperature carbonization, with no agglomeration or cross-linking observed between adjacent particles. It was
observed that the yield of RFS reached a maximum of 93.2 g/L when the resorcinol concentration was 0.7 mol/L. Following
carbonization at 800 °C, the yield of CS was found to be 41.9 g/L, with a diameter of 770 nm and good monodispersity.

1. INTRODUCTION
With good dispersion and fluidity, high packing density, large
specific surface area, short ion diffusion distance, and rich pore
structure, carbon microspheres (CS) show promising
applications in the fields of catalysis, adsorption, drug delivery,
energy storage, and energy conversion.1−6 For example, CS
with high specific surface area can be used as electrode
materials for supercapacitors with better electrostatic adsorp-
tion and electrochemical performance;7−12 the microporous
structure in CS can be used for CO2 adsorption, this physical
adsorption process based on porous solid adsorbent has a
lower cost and stronger regeneration capacity compared with
the currently used chemisorption;13,14 CS are also an excellent
electrocatalyst carrier material.15−18 The high surface area and
the rich porous structure can effectively load highly dispersed
metal nanoparticles for catalysis, and the high electrical
conductivity makes the CS have relatively high charge transfer
efficiency.18−21

So far, several methods have been developed to synthesize
CS, including chemical vapor deposition, arc discharge, spray
pyrolysis, hydrothermal method, and the modified Stöber
method.22−26 Compared with other synthesis methods, the
extension of the Stöber method uses polymers such as phenolic
resins as precursors, with lower synthesis temperature and

pressure, higher safety, and lower cost, and has unique
advantages in industrial production.27−30

The extension of the Stöber method was proposed by Liu et
al. in 2011, which has a similar mechanism to the conventional
stöber method for the synthesis of SiO2 microspheres, using
ammonia as a catalyst in a mixed solution of water and alcohol
to polymerize phenol and formaldehyde to obtain phenolic
resin spheres.31 Since then, many researchers prepared a
variety of pore structures and functionally rich nanocarbon
microspheres by the extension of the Stöber method, further
demonstrating their promising applications.32−35 However, to
prevent the mutual agglomeration of resorcinol−formaldehyde
microspheres (RFS) during the polymerization process, very
low precursor concentrations were often adopted in most of
the papers, resulting in low yields of phenolic-based CS
(generally less than 20 g/L) and high costs. Xu et al.18
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synthesized RFS with a diameter of 810 nm using a
concentration of resorcinol of only 0.05 mol/L. Zhao et al.34

showed that the polymerization products underwent a large
degree of agglomeration at a precursor resorcinol concen-
tration of 0.175 mol/L, and no dispersed microspheres could
be obtained. In order to obtain higher yields, Li et al.36 used
low-reactivity phenol as the precursor, cetyltrimethylammo-
nium bromide (CTAB) as the stabilizer, and 2,2-bis-
(hydroxymethyl)-2,2′,2″-nitrilotriethanol (Bis-tris) as the
catalyst. Bis-tris could provide a near-neutral environment
and slow down the reaction, and well-dispersed CS were
prepared even at high precursor concentrations (0.2 mol/L).
However, this method requires a two-step hydrothermal
process, and the reaction must be carried out in an autoclave
at 200 °C, which is a cumbersome process and requires high
equipment requirements. To reduce the tendency of
agglomeration during microsphere polymerization at high
precursor concentrations, Yu et al. developed a high-yield
preparation method for monodisperse phenolic microspheres
and CS based on the autocatalytic reaction between phenol
derivatives and hexamethylenetetramine.37 The concentration
of precursor m-aminophenol reaches 0.23 mol/L, and the
yields of phenolic microspheres and corresponding CS can
reach 29.9 and 15.9 g/L, respectively, when the diameter of CS
is about 600 nm, but there is still space for further
improvement.

In this study, highly yielded RFS and corresponding CS were
prepared using resorcinol and formaldehyde as carbon sources,
ammonia as the catalyst, and sodium dodecyl benzenesulfonate
(SDBS), an anionic surfactant, as a soft template. It was
observed that, when the concentration of precursor resorcinol
is 0.7 mol/L, monodisperse microspheres can still be prepared,
and the yield of RFS is 93.2 g/L. The yield of corresponding
carbon spheres is up to 41.9 g/L, with a particle size of only
770 nm. The particle size of carbon spheres can be adjusted
within the range 200−800 nm by adjusting the synthesis
conditions. The CS produced by high-temperature carbon-
ization exhibited monodispersity and a regular spherical shape
of RFS, similar to that of RFS, and displayed a high specific
surface area. The method is conducted at lower temperatures
and atmospheric pressure without the use of ethanol as a
solvent. The synthesis conditions are mild, which are
conducive to large-scale and high-efficiency synthesis.

2. RESULTS AND DISCUSSION
2.1. Morphology and Yield Characterization of RFS. A

series of experiments were conducted by varying the synthesis
parameters in order to analyze the effects of various factors on
the morphology, mean particle size, homogeneity, and yield of
RFS. The coefficient variation (CV) is used to measure the
monodispersity of microsphere particle size, which is calculated
as
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where Di is the diameter of the RFS (nm), N is the total
number of selected RFS, and D̅n is the average diameter of the
selected RFS (nm).

Figure 1 shows the SEM pictures of RFS with and without
the addition of SDBS (resorcinol concentration, 0.5 mol/L;

formaldehyde concentration, 1.0 mol/L; ammonia concen-
tration, 0.5 mol/L; reaction temperature, 45 °C). It can be
seen from the figure that the RFS without the addition of
SDBS showed serious agglomeration. The microspheres with a
diameter of about 2 μm are connected together and lose their
monodisperse state. The RFS with the addition of SDBS still
maintains a small particle size and high uniformity, which
proves that SDBS plays a very significant inhibitory role in
reducing the particle size and the tendency of microsphere
agglomeration.

In addition to the anionic surfactant SDBS used in this
study, the cationic surfactant CTAB38 and the nonionic
surfactant F12739 (three block copolymer, PEO−PPO−PEO)
can be used as a soft stencil for the preparation of CS. The
resorcinol concentration was kept at 0.2 mol/L and the
ammonia concentration was 0.2 mol/L in this series of
experiments. Figure 2 shows the SEM pictures of the RFS
prepared with different surfactants. The figure illustrates that
the RFS is uniformly dispersed with the addition of SDBS.
However, with the addition of F127, the RFS comprises a
multitude of diminutive spheres with a diameter of 100 nm and
a few larger spheres with a diameter exceeding 1 μm. This
results in a notable decline in monodispersity. After the
addition of CTAB, the RFS generate serious mutual
agglomeration and lose their spherical shape. It can be seen
that the use of SDBS as a templating agent is more favorable to
obtain RFS with small particle size and high yield. The
rationale behind this phenomenon may be attributed to the
ability of the anionic surfactant SDBS to bind with NH4

+, a
process that is facilitated by the electrostatic attraction between
the negative charge on SDBS and the positive charge on
NH4

+.40,41 In contrast, CTAB and F127 have relatively low
stability, are difficult to maintain in high concentrations in high
precursor solutions, and are prone to agglomeration. This
makes it difficult for them to function as soft template agents
and interferes with the nucleation and growth processes of
RFS.

In this study, a reasonable explanation is proposed to
elucidate the mechanism of SDBS in reducing the particle size
and the agglomeration of microspheres, as shown in Figure 3.
SDBS is an amphiphilic surfactant with hydrophobic alkyl and
hydrophilic sulfonic acid groups, which will self-assemble into
micelles with the hydrophobic end inward and hydrophilic end
outward after dissolving in water. Due to the electrostatic
gravitational effect, NH4

+ in the solution will be arranged in the
hydrophilic end of SDBS micelles, while the hydrophilic end of
SDBS will undergo organic−organic self-assembly with
resorcinol and formaldehyde.40,41 Resorcinol and formalde-

Figure 1. Effects of (a) adding SDBS and (b) not adding SDBS on
the microscopic morphology of RFS.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05590
ACS Omega 2024, 9, 43583−43592

43584

https://pubs.acs.org/doi/10.1021/acsomega.4c05590?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05590?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05590?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05590?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. SEM images of RFS prepared with different kinds of surfactants: (a) SDBS, (b) F127, (c) CTAB.

Figure 3. Schematic diagram of RFS synthesis.

Figure 4. SEM images of RFS prepared with different resorcinol concentrations. (a) 0.1 mol/L, (b) 0.2 mol/L, (c) 0.3 mol/L, (d) 0.4 mol/L, (e)
0.5 mol/L, (f) 0.6 mol/L, and (g) 0.7 mol/L. (h) Mean particle size, coefficient variation, and yield of RFS with resorcinol concentration.
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hyde near the hydrophilic end of SDBS micelles will produce
various derivatives catalyzed by NH4

+ and form emulsion
droplets wrapped around the micelles on the surface of SDBS
micelles driven by the minimum surface energy. In this process
SDBS micelles act as a soft templating agent and increase the
nucleus formation of the RFS. As the reaction continues, the
droplets are increasingly cross-linked and finally solidify to
RFS. During the formation of RFS, NH4

+ will attach to the
surface of RFS, which can inhibit microsphere agglomeration
to some extent.31 The higher stability of SDBS micelles bound
to NH4

+ ensured a high concentration of SDBS in solution.
The spatial site-blocking effect of the long-chain segments of
SDBS disperses the reactants and catalysts, which greatly
inhibits agglomeration during RFS growth.

In this study, a series of experiments were conducted to
investigate the effects of carbon precursor concentration,
catalyst concentration, and SDBS on the microscopic
morphology and yield of RFS, which are presented in turn.

Figure 4 shows SEM images of RFS prepared with different
resorcinol concentrations and the mean particle size,
coefficient variation, and yield of RFS with resorcinol
concentration. The molar ratio of ammonia to resorcinol was
maintained 1:1, and the molar ratio of resorcinol to SDBS was
17:1 in this series of experiments. It can be seen from the
images that each sample has a regular spherical shape. The
distribution of spheres with different diameters in Figure 4a
and b showed poor particle size uniformity, while the RFS in
Figure 4c−g had a narrow particle size distribution and high
uniformity.

As shown in Figure 4h, the average particle size and yield of
the RFS increase approximately linearly with increasing
resorcinol concentration. It is worth noting that monodisperse
RFS can be obtained even when the resorcinol concentration is
increased to 0.7 mol/L, which indicates that the addition of
SDBS significantly reduces the agglomeration tendency of
droplets during the polymerization process. At this time, the

Figure 5. SEM images of RFS prepared with different ammonia concentrations: (a) 0.2 mol/L, (b) 0.3 mol/L, (c) 0.4 mol/L, (d) 0.5 mol/L, and
(e) 0.6 mol/L. (f) Mean particle size, coefficient variation, and yield of RFS with ammonia concentration.

Figure 6. SEM images of RFS prepared with different SDBS concentrations: (a) 5, (b) 10, (c) 15, (d) 20, and (e) 30 g/L. (f) Mean particle size,
coefficient variation, and yield of RFS with various SDBS concentrations.
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average particle size of RFS is only 972 nm, and the yield
reaches 93.20 g/L. When the minimum resorcinol concen-
tration is 0.1 mol/L, the coefficient variation of RFS reaches
0.1833, with poor monodispersity. As the concentration of
resorcinol increased, the coefficient variation decreases rapidly
to a minimum of 0.0360, and the monodispersity of RFS
improves significantly. It is speculated that this is because when
the precursor concentration is higher, the number of RFS per
unit volume in the solution is greater. The greater mutual
repulsion between the RFS resulted in a uniform growth rate of
the microspheres and ultimately better monodispersity.

Figure 5 shows the SEM images of RFS prepared with
different ammonia concentrations and the average particle size,
coefficient variation, and yield of RFS with an ammonia
concentration. The yield is low when the ammonia
concentration is low (0.2 mol/L). The yield of RFS increased
to about 60 g/L after the ammonia concentration increased
and remained stable. Until the ammonia concentration
increases to 0.6 mol/L, RFS shows severe agglomeration and
loss of regular spherical shape (Figure 5e). This may be due to
the fact that, at low ammonia concentrations, the precursors
are unable to polymerize sufficiently on the surface of the
SDBS micelles. Consequently, the yield is relatively low and
the average particle size is small. In addition, the coefficient of
variation is higher due to the insufficient amount of catalyst,
which prevents uniform nucleation of individual microspheres.
When the ammonia concentration is too high, an increased
amount of NH4

+ has a detrimental effect on the stability of the
SDBS micelles. This affects the ability of the micelles to act as a
template, preventing optimal growth of the microspheres and
promoting their agglomeration.

Figure 6 shows the SEM images of RFS prepared with
varying concentrations of SDBS, alongside the mean particle
size, coefficient of variation, and yield of RFS with SDBS
concentration. The resorcinol concentration was maintained at
0.5 mol/L, and the ammonia concentration was also 0.5 mol/L
in this series of experiments. As can be observed in the SEM
plots, the RFS prepared with different SDBS concentrations
exhibited a narrow particle size distribution, good sphericity,
and minimal variation between samples. Figure 6f illustrates
that an increase in SDBS concentration from 5 to 30 g/L has a
relatively minor impact on the particle size, coefficient of
variation, and yield of RFS. This is due to the fact that the
critical micelle concentration of SDBS is approximately 0.4 g/
L, at which point SDBS is capable of forming micelles in
solution. The SDBS concentrations employed in the experi-
ments are all considerably in excess of its critical micelle
concentration, and all are capable of fulfilling the requisite
template function in the RFS synthesis process. This also
indicates that an overhigh concentration of SDBS will not have
an adverse effect on the nucleation and growth of RFS.

The data on precursor concentration and mean particle size
from a selection of previously published papers were collated
and subjected to comparison with the data presented in this
study. The resulting data are displayed in Figure 7. The
precursor concentration was used here as a measure of the
yield. This is due to the fact that the majority of studies do not
provide labeling for yield data, and in accordance with the
findings of this study, the yield of RFS is approximately linearly
related to the concentration of the precursor utilized during
the standard polymerization of microspheres. From the figure,
the RFS prepared in our study increased the range of the
available precursor concentrations. Typically, the maximum

allowable precursor concentration for the preparation of RFS
and CS is 0.3 mol/L. This study, however, has demonstrated
the feasibility of increasing this concentration to 0.7 mol/L.
The use of a higher precursor concentration, with an identical
mean particle size of RFS, represents a significant advancement
over the majority of the existing literature. This enables the
preparation of RFS and CS with enhanced efficiency. The RFS
prepared in our study also exhibits an advantage in the average
particle size when the same precursor concentration is
maintained. This suggests that the addition of SDBS effectively
reduces the RFS particle size.
2.2. Carbonization of RFS. The RFS prepared at the

resorcinol concentration of 0.5 mol/L (formaldehyde concen-
tration: 1.0 mol/L, ammonia concentration: 0.5 mol/L, SDBS
concentration: 10 g/L) was used as the sample for the
subsequent carbonization experiments and was denoted as
RFS-0.5R. The carbon microsphere samples obtained by
carbonization of RFS-0.5R at 800, 900, and 1000 °C were
denoted as CS-800, CS-900, and CS-1000, respectively.

Figure 8 shows the SEM images of CS prepared at different
carbonization temperatures. From the figure, it can be seen
that the RFS maintains a regular spherical morphology after
the high-temperature carbonization process, and no agglom-
eration occurs between adjacent particles. The CS inherits the
uniform spherical morphology of RFS well. The surface
morphology is similar among the samples, indicating that the
higher carbonization temperature does not affect the micro-
scopic morphology of RFS significantly. The CS is further
observed using TEM, as shown in Figure 8d, with a very
regular spherical morphology and a smooth surface. And no
graphite crystal structure is observed (Figure 8e and f),
indicating that CS has amorphous properties.

The particle size of CS obtained from different carbonization
temperatures was measured using ImageJ software, and the
weights of RFS and CS before and after carbonization were
weighed to calculate the weight loss rate at different
carbonization temperatures. The results are shown in Table
1. The linear shrinkage of RFS increased from 20.8% to 23.8%
as the carbonization temperature increased from 800 to 1000
°C, and the corresponding weight loss increased from 55.0% to
68.8%. The higher carbonization temperature leads to greater

Figure 7. Comparison of RFS precursor concentration and average
particle size in this work with other studies.
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shrinkage and weight loss, which is mainly due to more escape
of small organic molecules from the RFS at higher temper-
atures. With a shrinkage of 20.8% and a weight loss of 55.0% at
800 °C carbonization, the maximum yield of CS could reach
41.9 g/L at a resorcinol concentration of 0.7 mol/L, and the
particle size was only 770 nm.
2.3. Structure and Composition Characterization.

Figure 9a shows the XRD patterns of RFS and CS. It can be

seen from the figure that the XRD pattern of RFS has a broad
peak at 2θ of 20°, and the CS obtained by carbonization at
different temperatures both have two broad peaks with 2θ near
23° and 43°, which belong to the (0 0 2) and (1 0 0)
characteristic surfaces of amorphous carbon, respectively.39

The broad peak package is typical of amorphous carbon, which
is consistent with the results of the TEM. The peak intensity of
CS-1000 at 2θ = 24° is significantly higher because higher
carbonization temperatures are more likely to lead to CS
graphitization. The Raman spectra of CS are shown in Figure
9b, both with relatively wide D and relatively narrow G bands.
The D-band corresponds to the disordered structure or
defective graphite structure of amorphous carbon, while the

G-band indicates graphite carbon with sp2 bonding structure.
As the carbonization temperature increases, a gradual decrease
in the half-peak width of the D and G bands can be observed,
which is due to the increased graphitization in the CS at higher
temperatures. The larger half-peak width of the D band than
the G band indicates a higher proportion of disorder and
defects in the CS.34 The intensity ratio (ID/IG) of the D band
to the G band can reflect the degree of graphitization of the
carbon material. The ID/IG values for CS-800, CS-900, and CS-
1000 have ID/IG values of 0.97, 1.01, and 1.04, respectively.
This indicates that these samples are amorphous, which is
consistent with the XRD results, and that the degree of
graphitization of CS increases with increasing carbonization
temperature. In addition, weak peaks belonging to the 2D band
and G+D band can be observed at 2680 and 2920 cm−1, which
further indicate the low degree of graphitization of CS.

In order to better understand the surface properties of RFS,
the FT-IR spectra of SDBS, RFS, and CS were tested, and the
results are shown in Figure 10, where RFS-0S was the control
sample without the addition of SDBS. From the figure, the FT-
IR spectra of RFS-0.5R and RFS-0S have similar characteristic

Figure 8. SEM images of (a) CS-800, (b) CS-900, and (c) CS-1000. (d, e) TEM images of CS-800 and (f) electron diffraction images of selected
areas of CS-800.

Table 1. Average Particle Size, Linear Shrinkage, and
Weight Loss of CS

carbonization
temperature (°C)

average particle size
(nm)

line shrinkage
(%)

weight loss
(%)

800 443.56 20.8 55.0
900 437.61 21.9 61.3
1000 427.05 23.8 68.8

Figure 9. (a) XRD pattern and (b) Raman pattern of RFS and CS.

Figure 10. FT-IR spectra of the RFS, SDBS, and CS.
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peaks. The broad peak at 3170 cm−1 is the stretching vibration
characteristic of the hydroxyl group (−OH). The peak at 1615
cm−1 corresponds to the stretching vibrations of C�C and
C−C in the aromatic ring. The peak at 1450 cm−1 is the
stretching vibration peak of −CH2. The peak at 1295 cm−1 is
related to the stretching vibration of the phenolic. The peaks at
1229 and 1104 cm−1 are the stretching vibrations of the
intermolecular methylene ether C−O−C of resorcinol. By
comparing the FT-IR spectra of RFS-0.5R, RFS-0S, and SDBS,
it is obvious that RFS also contain characteristic peaks of
SDBS, including 1008 cm−1 (bending vibration of aliphatic C−
H), 1468 cm−1 (stretching vibration of C−C), and 2855 and
2925 cm−1 (stretching vibration of aliphatic C−H). This
proves the presence of SDBS in RFS-0.5R samples, indicating
the involvement of SDBS in the polymerization of RFS. After
carbonization, the infrared spectra of CS at different temper-
atures are basically the same, mainly the vibrational peaks of
hydroxyl and benzene rings, all of which lost most of their
groups. This indicates that the carbonization reaction is
basically completed when the carbonization temperature is 800
°C.

To investigate the changes in RFS pore structure after the
carbonization process and the effect of carbonization temper-
ature on the pore structure, RFS and CS were characterized by
nitrogen adsorption analysis. The test results are shown in
Figure 11 and Table 2. CS-0S-800 in the figure is the reference
sample, which is the CS obtained without the addition of
SDBS and carbonized at 800 °C.

Figure 11 shows that the adsorption of RFS-0.5R is very low,
especially when the pressure is very low (P/P0 is less than 0.1),
and basically no adsorption occurs. With the gradual increase
of P/P0, the adsorption amount slowly increases, which is
mainly due to the adsorption occurring in the pores
accumulated between the RFS. The adsorption and desorption
curves of CS obtained after carbonization exhibit a very
significant microporous feature with the adsorption curve
almost perpendicular to the transverse coordinate at P/P0 close
to 0. This is due to the presence of a large number of

micropores resulting in the rapid increase of nitrogen
adsorption. When P/P0 continued to increase, the adsorption
and desorption curves reached a smooth stage and CS-800
exhibited greater adsorption than CS-0S-800. This indicates
that it has a larger specific surface area for gas adsorption. The
adsorption continues to increase after P/P0 increases to about
0.9, which is mainly due to the adsorption caused by the
stacked pores between the CS. Eventually, the adsorption and
desorption curves no longer continue to recombine and
converge at the highest point, which implies a hysteresis loop
between the adsorption and desorption curves. The
adsorption−desorption curves of CS belong to the class I
adsorption−desorption curves, indicating that the sample has a
large number of micropores. Figure 11b shows the pore size
distributions of the microspheres calculated according to the
BJH model. It can be seen from the figure that RFS-0.5R
without carbonization has almost no pores. A large number of
pores are generated in the CS after carbonization at different
temperatures, and the pore size is mainly concentrated in the
range of 1−4 nm.

Table 2 shows that the specific surface area of RFS is very
low, and there is no microporous pore at all. The specific
surface area of RFS increases from 432.71 m2·g−1 to 979.10 m2·
g−1 after carbonization from 800 to 1000 °C. The specific
surface area of micropores increases significantly from 415.11
m2·g−1 to 937.94 m2·g−1. In contrast, the specific surface area
of the mesopores shows only a modest change. This indicates
that the increase in the specific surface area is mainly from the
generation of micropores during the carbonization process.
Furthermore, carbonization at 800 °C resulted in CS-800 with
SDBS addition exhibiting a larger specific surface area and pore
volume compared with CS-0S-800 without SDBS addition.
This increase was primarily due to enhanced microporosity.
This is the pore space left by the removal of SDBS micelles in
the RFS during carbonization.

3. CONCLUSIONS
In conclusion, the effective preparation of CS on the
submicrometer scale was accomplished by employing the
anionic surfactant SDBS as a soft template. The simplicity of
the raw materials and reaction conditions employed in this
method ensures the safety, ease of operation, and low cost of
the entire preparation process. Furthermore, the resulting CS
exhibited a smooth surface, good monodispersity, and a high
solution yield per unit volume. The concentration of the
available carbon precursor can reach 0.7 mol/L, with an RFS
yield of up to 93.2 g/L. After carbonization, the yield of CS at a
diameter of 770 nm remains at 41.9 g/L, exhibiting excellent

Figure 11. (a) Nitrogen adsorption−desorption curves and (b) pore size distribution curves of the RFS and CS.

Table 2. Pore Structure Parameters of the RFS and CS

sample SBET (m2
·g−1) Smes (m2

·g−1) Smic (m2
·g−1) Vpore (cm3·g−1)

RFS-0.5R 10.14 0 10.14 0.0455
CS-800 432.71 415.11 17.59 0.1751
CS-900 591.11 567.79 23.32 0.1376
CS-1000 979.10 937.94 41.16 0.1853
CS-0S-800 405.25 385.41 19.83 0.0543
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monodispersity. Furthermore, the diameter of the resulting
RFS can be readily adjusted within the range 200−1000 nm by
modifying the concentrations of the precursors and catalysts.
After carbonization under a nitrogen atmosphere at 800−1000
°C, the corresponding CS had uniform particle size and regular
shape. A large number of micropores were generated within
the CS, and the specific surface area increased with the increase
of carbonization temperature, up to 937.94 m2·g−1. In addition,
the results of the study showed that the incorporation of SDBS
significantly increased the specific surface area of the CS.

4. EXPERIMENTAL SECTION
4.1. Material. Resorcinol (C6H6O2, 99.5%) and form-

aldehyde solution (HCHO, 37% aqueous solution) were
purchased from Shanghai Maclean Biochemical Technology
Co. (China). Ammonia (NH3·H2O, 25% NH3 aqueous
solution) was purchased from Sinopharm Chemical Reagent
Co. (China), and SDBS (C18H29NaO3S, 95%) was purchased
from Shanghai Aladdin Biochemical Technology Co. (China).
4.2. Preparation of RFS and Corresponding CS. First,

SDBS (0.25 g, 10 g/L) and resorcinol (1.37 g, 0.5 mol/L) were
dissolved in deionized water (25 mL) with constant stirring
until the solids were completely dissolved. Then, formaldehyde
solution (1.8 mL, 1 mol/L) and ammonia solution (0.934 mL,
0.5 mol/L) were added in turn. After being stirred for 5 min,
the vessel was transferred to a water bath at 45 °C with
constant stirring. After 12 h of reaction, the RFS were
separated by centrifugation and washed three times with
deionized water and anhydrous ethanol. The separated samples
were dried in an oven at 80 °C. Among them, the properties of
the resulting microspheres were regulated by varying the
resorcinol concentration (0.1−0.7 mol/L), ammonia concen-
tration (0.2−0.6 mol/L), and SDBS concentration (0−30 g/
L).

Subsequently, the RFS were heated to specific temperatures
(800, 900, and 1000 °C, respectively) under the protection of a
nitrogen atmosphere at a heating rate of 5 °C/min and held for
1 h to carbonize the RFS to CS. For descriptive purposes, the
carbon spheres were labeled with the temperature of the
holding temperature and marked as CS-800, CS-900, and CS-
1000, respectively.
4.3. Materials Characterization. The degree of graphi-

tization of CS was analyzed using a German Bruker D8
Advance X-ray diffractometer and Netherlands Thermo DXR2
Raman spectrometer. The surface morphology of the samples
was observed using a Czech Tescan mira4 scanning electron
microscope and a Netherlands Themis Z transmission electron
microscope, and the average particle size and coefficient
variation of RFS and CS were measured and analyzed using
ImageJ software. The specific surface area and pore size
distribution of the samples were analyzed using an American
Autosorb iQ specific surface area and pore size distribution
analyzer. The sample weight loss temperature intervals and
weight loss rates were characterized using a Swiss Mettler
TGA/DSC 3+ thermogravimetric analyzer.
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