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Surface Charge-Driven Nanoengineering of Monodisperse 
Carbon Nanospheres with Tunable Surface Roughness
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Direct pyrolysis of polymer nanospheres usually leads to severe particle aggre-
gation, uncontrolled surface morphology, and poor solvent dispersibility of the 
carbonaceous analogues. The successful manipulation of surface roughness, 
surficial mesopores, and water dispersibility of carbon nanospheres (CNSs) is 
essential to meet their structural varieties and practical applications. In this 
study, a facile, surface charge-driven, interfacial assembly method is reported 
for the synthesis of CNSs with the abovementioned properties, which involve 
the interfacial assembly between hetero-charged silica nanoparticles and 
polymer nanospheres process. Noticeably, the surface area and pore volume 
of the resultant rough-surface CNSs can be augmented remarkably compared 
to those of direct-pyrolyzed CNSs. Moreover, the cooperation of uniformity 
and rough-surface morphology imparts CNSs with good dispersion stability 
and more adsorption sites for efficiently removing and recovering water 
pollutants, e.g., fluorescent derivative fluorescein 5(6)-isothiocyanate; thus, 
CNSs contribute greatly to environment protection and resource cyclic utiliza-
tion. These findings may set the foundations for designing and constructing 
multifarious morphological carbon nanomaterials, with great monodispersity, 
surficial mesopores and rough surface, for various applications.
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of CNSs. Microporous CNSs with smooth 
surface and mesoporous CNSs can be 
synthesized by extending the Stöber 
method.[6] Our group has established a 
surfactant-assisted polymerization system 
for the synthesis of polybenzoxazine-based 
carbon spheres with precisely controlled 
sizes.[2a,3c] Xu and co-workers reported a 
microemulsion polymerization method 
for the synthesis of 3-aminophenol/
formaldehyde-based nanosphere and 
corresponding CNSs.[7] Though the 
Stöber-based method and microemul-
sion polymerization method are feasible 
for the synthesis of polymer nanospheres 
with uniform diameters, the obtained 
CNSs usually exhibited as sintered micro-
particles because of the inevitable aggre-
gation driven by the high surface energy 
during pyrolysis process.[9] Yin and co-
workers reported that hollow CNSs with 
smooth surface were synthesized in the 
presence of silica nanospheres through 
hard-templating methods.[10] Moreover, 

mesoporous CNSs can be synthesized by using the copolymers 
as soft templates.[11]

In short summary, most previous reports on CNSs have 
focused on the control of monodispersity, spherical size, and 
porosity, but little information has been addressed regarding 
the surface properties and dispersibility in a solvent. The sur-
face roughness is one of crucial surface property and a rough 
surface can facilitate guest particles deposition on the surface, 
colloidal stability, and flow through porous media compared to 
the smooth one.[12] The rough surfaceness is derived from the 
abundant surficial mesopores, which is attributed to the more 
exposed adsorption sites[13] and enhanced adhesion between 
particles and cell membranes.[14,27] Nevertheless, it still lacks 
operable method for the nanoengineering of CNSs with surfi-
cial mesopores, water dispersibility, and adjustable surface 
roughness in a synergistical manner.

In this study, a surface charge-driven, interfacial assembly 
method was reported for the synthesis of CNSs simultaneously 
having controlled surface roughness, open mesopores on the 
surfaces and excellent water dispersibility. This method involves 
the interfacial assembly of hetero-charged silica nanoparticles 
on the outer surface of polymer nanospheres. Importantly, this 
method allows us to tune the surface roughness of the CNSs by 
controlling the pyrolysis temperatures and the number of sur-
face attached silica nanoparticles. We further demonstrated that 

1. Introduction

Carbon nanospheres (CNSs) have received considerable atten-
tion in energy storage,[1] catalysis,[2] CO2 adsorption,[3] and drug 
delivery,[4] because of their unique properties, such as good 
mechanical and thermal stability, high surface area, and excel-
lent biocompatibility. CNSs with specific structure have been 
designed and controllably fabricated with the aid of the nano-
engineering,[5] which involves molecule self-assembly, colloidal 
growth chemistry, and interaction between nanomaterials. 
Recently, several strategies, including Stöber-based method,[6] 
microemulsion polymerization method,[7] and hard- and soft-
templating methods[8] have been established for the synthesis 
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these CNSs can serve as effective and reversible adsorbents, 
exhibiting superior adsorption performance in the removal and 
recovery of large fluorescent molecules from aqueous solution. 
As thus, they may have strong impact for the resource cyclic 
utilization and environmental protection.

2. Results and Discussion

2.1. Fabrication and Characterization  
of Rough-Surface Carbon Nanospheres

We first mimicked the colloidal coagulation, via surface charge-
driven, interfacial assembly approach, by using polybenzo-
xazine-based polymer nanospheres (PNSs) and commercial 
silica nanoparticles[15] (Figure 1a). The polybenzoxazine-based 
polymer possess remarkable thermal, mechanical stability and 
high carbon yield.[16,17] The as-synthesized PNSs possessed 
good monodispersity in particle sizes and the hydrodynamic 
diameter of the PNSs was about 180 nm based on the dynamic 
light scattering (DLS) analysis (Figure 1b). As confirmed by 
field-emission scanning electron microscopy (SEM) charac-
terization, the periodic structures with close-packed planes 
arranged along the (111) direction can be observed (Figure 1d), 
demonstrating the good monodispersity of PNSs.[18] The bright 
blue structural color from the samples after centrifugation 

strongly indicates the high uniformity of PNS as well 
(Figure 1d, inset),[19] which is again consistent with the SEM 
observation. Importantly, the colloidal polymer nanospheres 
and silica nanoparticles possess excellent stability on account 
of their respective surface charges. The pH of an aqueous 
solution usually plays a pivotal factor in regulating colloidal 
surface charge.[20] The zeta potentials of colloidal PNSs and 
silica sol were measured in aqueous solution as a function of 
pH values from 2 to 12. As shown in Figure S1a (Supporting 
Information), the isoelectric point (IEP) of PNSs is around 4.5, 
while the IEP of commercial silica sol is about 2.1. Clearly, the 
PNSs and commercial silica sol exhibit opposite charge in the 
pH range of 2.1–4.5, where the coagulation between the het-
erogeneous charged colloidal PNSs and silica nanoparticles was 
triggered and then assembled into a core–shell structure. For 
easy imagination, we hypothesized that the silica nanoparticles 
were aerosphere-like localized around the PNSs via electrostatic 
attraction.

To ascertain our hypothesis, the pH of PNSs solutions and 
silica sol were adjusted to 3.0 before they were mixed, thus 
the PNSs were positively charged while the commercial silica 
sol was negatively charged. Then we directly mixed the PNSs 
and commercial silica sol at room temperature, subsequently 
the macroscopic sediment was observed in 10 min (Figure 1c). 
SEM observation shows that the PNSs were totally coated by 
the silica nanoparticles and the obtained PNS@SiO2 showed 
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Figure 1. a) Synthesis procedure for the earth-aerosphere-like PNS@SiO2 and corresponding rough-surface CNSs via surface-charge driven method. 
b) The DLS curve of PNS, c) photographs of the mixture of PNS and silica sol. SEM images of d) PNSs, e) PNS@SiO2, f) rough-surface CNSs, and  
g) direct-pyrolyzed CNSs. The inset in panel (d) is the photograph of PNS after centrifugation; the insets in panel (e,f) are the SEM and TEM images 
of PNS@SiO2 and rough-surface CNSs, respectively.
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the core-shell-like structure (Figure 1e and its inset). Moreover, 
the color of samples after centrifugation changed from bright 
blue to lilac (Figure S2a (inset), Supporting Information) and 
the self-assembly periodic array of PNS@SiO2 after centrifu-
gation can also be observed from Figure S2a (Supporting 
Information), indicating the transformation of self-assembly 
periodic array from PNS to PNS@SiO2. The Fourier-transform 
infrared (FT-IR) spectrum (Figure S1b, Supporting Informa-
tion) was conducted for analyzing the coagulation process. The 
stretching of the aromatic ether at 1101 and 1228 cm−1 and 
the weak band at 950 cm−1 observed on PNSs can be assigned 
to the characteristics of the as-made polybenzoxazines-based 
nanospheres.[2a] The bands at 802, 1110, and 1219 cm−1 
observed on PNS@SiO2 can be ascribed to the vibrations of 
Si–O–Si, reflecting the coating of silica on the PNS surface.[21] 
Clearly, the discrete confined space was constructed by the inor-
ganic outer shell (silica nanoparticles) and polymeric inner core 
(PNS). The presence of the inorganic outer shell is an essential 
element to ensure that the assembled polymeric nanospheres 
remain discrete. Subsequently, pyrolysis under argon and silica 
removal using aqueous NaOH solution treatment afforded 
uniform, rough-surface CNSs (Figure 1f and Figure S2b, Sup-
porting Information).

To confirm the role of the inorganic outer shell (silica nano-
particles) during the pyrolysis, the PNS and PNS@SiO2 were 
characterized by TG-MS under nitrogen flow with a heating rate 
of 10 °C min−1. The volatile carbonaceous species were traced by 
the MS to reveal the thermal decomposition behavior of these 
samples. The weight loss of PNS@SiO2 monitored by TG begins 
at ≈350 °C (Figure S1c, Supporting Information), whereas the 
gas evolution detected by MS starts at ≈400 °C (Figure 2a). The 
temperature difference is caused by the time gap needed to lead 
the gaseous products from TG to MS through a heated capil-
lary.[22] The TG curve of PNS exhibits 38% of yield at 800 °C, 
while the PNS@SiO2 displays a yield of 78%, which can be 

ascribed to the introduction of thermostable SiO2. The volatile 
carbonaceous species released from samples containing C2H4, 
CO2, C2H7N, and C3H9N with the mass-to-charge (m/z) ratios 
being 26, 44, 45, and 59, respectively. As seen from the MS 
curves (Figure 2a–d), the fragments (m/z = 26, 44, 45, and 59)  
generated from PNS@SiO2 are released at a temperature of 
≈460 °C, while same fragments generated from PNS release 
only at ≈410 °C. The relative difference of thermal decompo-
sition behavior between PNS@SiO2 and PNS is attributed to 
the discrete confined space, which is constructed by silica nano-
particles and impedes the release of the volatile carbonaceous 
species. All MS data given in Figure 2 were normalized. During 
the pyrolysis, the amount of fragments (m/z = 26, 44, 45, and 
59) of PNS@SiO2 are more than that of the PNS, as evidenced 
by the enlarged intensity of the signals. The results imply that 
the decomposition of polymer component is promoted in the 
present of SiO2 during the pyrolysis process. The obtained 
CNSs thus possessed rough-surface morphology compared 
with the ones without using silica nanoparticles, agreeing with 
the rough morphology observed from SEM (Figure 1f).

In addition, the surface roughness of CNSs can be adjusted 
by changing the pyrolysis temperature. SEM is further 
employed to monitor the morphology evolution for the final 
rough-surface CNSs in the presence of silica nanoparticles. 
As shown in Figure 2e–h, when the pyrolysis temperature was 
set 400 °C, the obtained CNSs began to appear in rough mor-
phology and the average size of CNSs decreased from 162 nm 
(25 °C) to 150 nm (400 °C) due to thermal contraction. Further 
increasing the pyrolysis temperature promotes the surface 
roughness due to the continuous decomposition of polymer 
parts. It is worthwhile noting that the rough-surface CNSs pos-
sess same average size (≈150 nm) after carbonization at 400, 
600, and 800 °C. In contrast, the average size of CNSs obtained 
from the direct carbonization of PNSs under 800 °C was 
≈120 nm (Figure 1g). The final products CNSs were attributed 
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Figure 2. Normalized MS signals of m/z = a) 59, b) 26, c) 45, and d) 44, obtained from the pyrolysis of PNS@SiO2, PNSs, and SiO2 respectively. SEM 
images of e) PNSs and their corresponding rough-surface CNSs carbonized at different temperatures f) 400 °C, g) 600 °C, and h) 800 °C.
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to the decomposition of polymer parts and the chemical vapor 
deposition of volatile carbonaceous species among silica nano-
particles during the pyrolysis process. It is clear that the direct 
carbonization of PNSs resulted in smaller size due to chem-
ical decomposition and thermal contraction effect, while the 
chemical vapor deposition on the silica nanoparticles lead to an 
increase in sizes of CNSs.[23] The particle sizes of the obtained 
CNSs were determined by the counteracting and compensa-
tion effects from chemical vapor deposition, and the chemical 
decomposition and thermal contraction. Two roles of silica  
nanoparticles were observed, i.e., promoting the thermal 
decomposition of PNSs and providing spaces for carbon growth 
from chemical vapor deposition. The pyrolysis temperature 
strongly influences the surface morphology of obtained CNSs 
in the presence of silica nanoparticles. The higher the pyrolysis 
temperature, the much rough surface of the CNSs is.

The surface roughness of CNSs can also be turned by 
varying the amount of silica sol in the surface charge-driven, 
interfacial assembly process. For example, the PNSs coagulated 
with different addition amounts of silica sol and corresponding 
rough carbon nanospheres were denoted as PNS@SiO2-x and 
CNS-x, respectively (x represents the coverage degree of PNS). 
With a half coverage degree of PNS (50%), the PNS@SiO2-
50% was partly covered by the silica nanoparticles (Figure S3a, 
Supporting Information), and the obtained CNS-50% showed 
rugged surface morphology (Figure S3d, Supporting Informa-
tion). As the coverage degree of PNS increased to 100%, the 
obtained PNS@SiO2-100% showed the earth-aerosphere-like 
structure that PNS were entirely coated and isolated by the 
silica nanoparticles (Figure S3b, Supporting Information). The 
obtained CNS-100% showed a much rough surface compared 
with CNS-50% after carbonization and silica removal processes 
(Figure S3e, Supporting Information). Further increasing the 
amount of silica sol (150%) led to large aggregated PNS@
SiO2 particles due to the aggregation of excessive silica nano-
particles (Figure S3c, Supporting Information). Sample CNS-
150% showed the same rough-surface morphology (Figure S3f, 
Supporting Information) as CNS-100%. In contrast, direct 
carbonization of PNSs without using silica nanoparticles led 
to CNSs possessed smooth surface (Figure 1g) and a uni-
form diameter, owing to the outstanding thermal stability of 

polybenzoxazine-based polymer.[2a,3c] Hence, silica nanopar-
ticles play a crucial role in triggering coagulation with PNSs, 
constructing discrete confined space, and creating the surface 
roughness of CNSs after pyrolysis and silica removal process. 
Consequently, we come to a conclusion that the surface mor-
phology of CNSs is significantly influenced by pyrolysis tem-
perature and the amount of colloidal silica.

Nitrogen sorption isotherms were performed to analyze 
the porous structures of the synthesized CNSs. As seen in 
Figure 3, the nitrogen sorption isotherms of CNS-50%, CNS-
100%, and CNS-150% show a hysteresis loop (Figure 3a), indi-
cating a mesoporous characteristic. The corresponding pore 
size distributions (PSDs) of CNS-50%, CNS-100%, and CNS-
150% derived from the adsorption branch indicates that these 
samples have a mean pore size of 11.4, 13.1, and 18.7 nm, 
respectively (Figure 3b), which roughly match the size of silica 
nanoparticles (≈12 nm).[24] The Brunauer–Emmett–Teller 
surface area (SBET) and total pore volume (VTotal) are sum-
marized in Table S1 (Supporting Information). The SBET and 
VTotal increase with the coverage degree of PNSs, ranging from 
562 to 711 m2 g−1 and 0.46 to 0.80 cm3 g−1, respectively. One 
can calculate that the SBET and VTotal of CNS-150% increased 
by 27% and 74%, as compared to that of the direct-pyrolyzed 
CNSs, respectively. The simultaneous increase in SBET and 
VTotal was ascribed to the appeared rough surfaces, created by 
the templating effect of silica nanoparticles.

To gain more insight about the interfacial assembly of 
PNS@SiO2, a pH-dependent study was carried out to con-
duct the surface-charge driven assembly process between 
PNS and colloidal silica nanoparticles. The appropriate pH 
range for interfacial assembly was between 2.1 and 4.5, where 
PNS possessed opposite surface charge to the colloidal silica 
(Figure S1a, Supporting Information). Therefore, the pH 
of the two solutions were accordingly adjusted to 4.0, 3.5, 
and 2.5 before mixing for interfacial assembly. As shown in 
Figure S4 (Supporting Information), the surface coverage of 
PNS by silica nanoparticles was increased with the decreasing 
of pH. When the pH was 4.0, the silica nanoparticles were 
insufficiently coated on the PNSs, leading to partially explo-
sion of PNSs (Figure S4a, Supporting Information). When 
the pH was 2.5, PNSs were covered with excess amount of 
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Figure 3. a) Nitrogen adsorption–desorption isotherms and b) the corresponding BJH pore size distribution profiles of direct-pyrolyzed CNSs, CNS-
50%, CNS-100%, and CNS-150%, respectively. In this figure, “V” and “D” represent the pore volume and pore diameter, respectively. The isotherms of 
CNS-50%, CN-100%, and CNS-150% were offset vertically by 200, 400, and 600 cm3 g−1 at standard temperature and pressure (STP), respectively. The 
BJH pore size distribution curves of CNS-50%, CNS-100%, and CNS-150% were offset vertically by 0.1, 0.25, and 0.65 cm3 g−1, respectively.
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silica nanoparticles (Figure S4c, Supporting Information). 
The difference in silica coating was attributed to the quantity 
ratio (denoted as N) and effective charge ratio (denoted as ϕ)  
between PNS and silica nanoparticle. The N is defined as 
the quantity ratio between PNSs and silica nanoparticles that 
one PNS was completely coated by silica nanoparticles for a 
single layer (part I, Supporting Information). The ϕ is defined 
as the effective charge ratio between a single PNS and a single 
SiO2 (part II, Supporting Information). Our study also clearly 
indicated that the increase in zeta potential upgraded the sur-
face charge.[25] Moreover, the zeta potential of PNS increased 
with the decreasing of pH in the range of 2.1–4.5 (Figure S1a, 
Supporting Information). Thus, the surface charge of PNS 
increased as the decreasing pH of the mixture solution, while 
the surface charge of silica nanoparticles decreased. Therefore, 
when the pH of the two solution was 4.0, the corresponding 
effective charge ratio (ϕ = 78) was smaller than the quantity 
ratio (N = 841). It resulted in the insufficient coating of silica 
nanoparticles on the PNS when the effective surface charge 
of PNS@SiO2 reached neutralization (Figure S4a, Supporting 
Information). When the pH of the two solution was decreased 
to 2.5, the corresponding effective charge ratio (ϕ = 999) was 
larger than the quantity ratio (N = 841). The results indicated 
that the effective surface charge of PNS may be neutralized by 
multilayer silica nanoparticles through the electrostatic attrac-
tion (Figure S4c, Supporting Information). Another interesting 
phenomenon was that the interfacial assembly of PNS@SiO2 
was reversible, i.e., when the pH of PNS@SiO2 was adjusted 
to 10.0, the disassembly between PNS and silica nanoparticles 
occurred owing to the electrostatic repulsion. The evidence 
was that the centrifuged product exhibited bright blue color 
(Figure S4d (inset), Supporting Information), indicating the 
formation of same perfect self-assembly periodic structure of 
PNSs (Figure S4d, Supporting Information).

In addition, an amount-dependent study was carried out 
in order to elucidate the surface-charge driven interfacial 
assembly process of PNS@SiO2. As shown in Figure S5 (Sup-
porting Information), with a small fraction of silica sol, a part 
of isolated silica nanoparticles were randomly observed in the 
surface of PNS (Figure S5a, Supporting Information). With 
an increase in dosage of silica sol, the subsequent silica nano-
particles were inclined to assemble around the anterior one 
(Figure S5b–d, Supporting Information). As further increasing 
the amount of silica sol, the PNSs were partially coated by silica 
nanoparticles (Figure S5e, Supporting Information). At the 
end, the PNS were finally coated and an integrated core–shell 
structure was constructed (Figure S5f, Supporting Information) 
via the surface charge-driven interfacial assembly process.

The variety of obtained materials through such surface 
charge-driven, interfacial assembly method was illustrated 
in Figure 4. As seen in Figure 4 route A, the obtained carbon 
nanospheres possessed a rough surface after carbonization and 
silica removal of PNS@SiO2-50% when the coverage degree of 
PNS was only 50% (Figure S3a, Supporting Information). With 
the coverage degree reaching 100%, the interesting phenom-
enon is that the 3D interconnected silica network was obtained 
through direct calcination of PNS@SiO2 in air (Figure 4 route 
B and Figure S6, Supporting Information). Noticeably, the 
assembly behavior between PNS and silica nanoparticles was 
reversible. In the pH range of 2.1–4.5, the PNS and silica nano-
particles exhibited opposite charges, leading to the electrostatic 
attraction. When the pH was adjusted out of the pH range of 
2.1–4.5 (e.g., 10.0), the PNS@SiO2 disassembled because of the 
electrostatic repulsion between PNS and silica nanoparticles 
and uniform CNSs with smooth surface, microporous structure 
was obtained after carbonization (Figure 4 route C, Figure 1g 
and Figure S4d, Supporting Information). With the coverage 
degree reaching 100% and 150%, the obtained CNSs showed  

Adv. Funct. Mater. 2019, 1906117

Figure 4. Scheme illustrating new possibilities for the synthesis of CNS with different surface roughness (route A, route D, and route E), silica network 
(route B) and direct-pyrolyzed CNS (route C) via the surface charge-driven, interfacial assembly method.
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a much rough-surface morphology after carbonization and silica 
removal processes (Figure 4 route D and route E, Figure S3e,f,  
Supporting Information). In short, the proposed surface charge-
driven, interfacial assembly can result in versatile products,  
indicating it is a powerful nanoengineering approach for the 
synthesis of nanostructure materials.

2.2. Adsorption of Fluorescein 5(6)-Isothiocyanate

To investigate the dispersibility of the obtained carbon nano-
spheres, sample CNS-150% and the direct-pyrolyzed CNSs 
were dispersed in solution with the same concentration 
(0.05 mg mL−1). As shown in Figure 5a, the solution of CNS-
150% showed an outstanding dispersibility, and no sign of 
aggregated precipitation over 24 h was observed. It is note-
worthy that when the pH of solution is 7, the absolute value 
of the zeta potential of CNS-150% was over 30, which also 
indicates that the CNS-150% can be stably dispersed in water 
(Figure S1d, Supporting Information). The DLS analysis 
showed CNS-150% had a narrow size distribution (Figure S7a, 
Supporting Information). In contrast, the solution of the direct-
pyrolyzed CNSs became slightly less dark and macroscopic 
sediment was observed in the bottom of sample vial. Clearly, 
the good dispersibility of sample CNS-150% may allow its use 
in water purification.

Fluorescent derivatives applied as functional dyes (e.g., fluo-
rescein 5(6)-isothiocyanate (FITC)) are widely used in textile, 
plastics, and biological research[26,27] because of high photo-
stability and large fluorescence quantum yield.[28] However, 
the accompanying wastewater became an environmental and 
economic issue, and the recycle of fluorescent derivatives from 
wastewater may be helpful for environment protection and 
resources cyclic utilization.[29] In this study, inspired by the 
unique rough-surface morphology, surficial open mesopores 
and water dispersibility of CNS-150%, we demonstrate that such 
CNSs can be used for the removal and recovery of FITC from 
aqueous solutions. The time-resolved adsorption capacities of 
FITC on the CNS-150% and direct-pyrolyzed CNSs are shown 
in Figure 5b. In the case of CNS-150%, the FITC was completely 
adsorbed within 3 min. The colorful solution became trans-
parent under UV light, indicating that the FITC was facilely 
adsorbed by CNS-150%. In contrast, the fluorescence of FITC 

was observed even more than 240 min when using the direct-
pyrolyzed CNSs as the absorbent. Sample CNS-150% showed 
remarkable advances in the adsorption rate and adsorption 
capacity over the direct-pyrolyzed CNSs. As shown in Figure 5c, 
the amount of adsorbed FITC sharply jumped to 49.1 mg g−1 in 
3 min for the CNS-150%, in contrast, the amount of adsorbed 
FITC on CNSs was only 7.5 mg g−1 in 3 min. The difference 
in adsorption performance was attributed to the dispersibility 
in water, surficial open mesopores, and appropriate surface 
roughness which could provide larger outer space to adsorb the 
fluorescent derivatives, leading to high adsorption capacity and 
faster adsorption rate.

To further demonstrate the recyclability, after adsorption of 
FITC, sample CNS-150% was regenerated by ethanol extrac-
tion, and separated by centrifugation. The flaxen color and 
bright fluorescence under UV light of supernatant indicates 
the FITC was extracted into ethanol (Figure S7b,c, Supporting 
Information). In short, the fast adsorption rate, good adsorp-
tion capacity and recyclability of rough-surface CNSs may pave 
a new way for the removal and recovery of fluorescent deriva-
tives from waste water.

3. Conclusions

In conclusion, a surface-charge driven, interfacial assembly 
approach for the fabrication of carbon nanospheres with adjust-
able surface roughness, surficial open mesopores, and water 
dispersibility was developed via the electrostatic attraction 
between monodisperse polymer nanospheres and silica nano-
particles. The obtained CNSs possess high surface area, large 
pore volume, outstanding monodisperse structure, tunable 
surface roughness, and open mesopores on surface. More-
over, the structure parameters of CNSs are tunable by modu-
lating the pyrolysis temperature and the amount of silica sol 
used. Importantly, the outer thermostable silica nanoparticles 
was pivotal for the successful preparation of water dispers-
ible CNSs. To our knowledge, such CNSs that is prepared by 
such surface charge-driven approach have not been reported 
yet. The obtained CNS-150% exhibited remarkable reversible 
adsorption and desorption performance of FITC in aqueous 
solution. Such advanced property of CNS-150% may endow it 
as efficient adsorbent for environment protection and resources 
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Figure 5. a) Photographs of the dispersed behavior of CNS-150% and the direct-pyrolyzed CNSs in water after ultrasonic treatment for 1 min. b) The 
corresponding photos of the time dependent FITC removed solutions under UV light, and c) time-resolved adsorption capacity of FITC on CNS-150% 
and direct-pyrolyzed CNSs.
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cyclic utilization. Considering the mild and facile synthesis, we 
believed that this surface-charge driven, interfacial assembly is 
a versatile tool for the preparation of other carbon nanomate-
rials and silica networks with desired properties, to meet the 
demands of catalysis, separation and energy storage.

4. Experimental Section
Chemicals: Resorcinol, ethylamine (65 wt%), ammonia solution 

(25 wt%), Sodium hydroxide (NaOH), hydrochloric acid (HCl) (37 wt%), 
formaldehyde (37 wt%), and ethanol were purchased from Sinopharm 
Chemical Reagent Co., Ltd. Pluronic F127, Ludox HS-40, and Fluorescein 
5(6)-isothiocyanate were purchased from Sigma. All chemicals were 
used as received.

Synthesis of Monodisperse Polymer Nanospheres: In a typical synthesis, 
220 mg of resorcinol and 100 mg of F127 were first dissolved in 400 mL 
water at 28 °C for 30 min. Then 292 µL formaldehyde was added into the 
solution and mixed for 15 min. After that, 45 mg ethylamine was added 
into this solution and mixed for 30 min. Then solution became white in 
color. 1 mL ammonia solution (1.5 m) was added to the final solution. 
The resultant solution was further heated to 80 °C accompanied with 
stirring for 18 h. The monodisperse polymer nanospheres were purified 
with water for 3 times.

Synthesis of Rough Carbon Nanospheres: In a typical procedure 
(e.g., PNS@SiO2-100%), 600 mg PNS and 0.837 mL Ludox HS-40 
were dispersed into 100 mL deionized water and stirred vigorously 
for 10 min, respectively. The pH of the obtained two solutions was 
adjusted to 3 with HCl solution, respectively. After that, the solution 
of PNSs was added into the Ludox HS-40 solution and stirred for 
30 min. The mixture was washed with HCl (pH = 3.0) for two times. 
The polymer nanospheres coated with silica nanoparticles (denoted as 
PNS@SiO2-100%) were dried at 50 °C for 24 h. Subsequently, the rough 
carbon nanospheres (denoted as CNS-100%) were obtained after the 
pyrolysis of PNS@SiO2 at 800 °C for 2 h under argon atmosphere and 
removal of the silica nanoparticles with aqueous NaOH solution (2.5 m). 
The obtained products were washed with water until the filtrates became 
neutral. By adjusting the amount of Ludox HS-40 as 0.418 and 1.255 mL, 
the obtained polymer nanospheres coated with silica nanoparticles 
were denoted as PNS@SiO2-50% and PNS@SiO2-150%, thus the 
corresponding rough carbon nanospheres denoted as CNS-50% and 
CNS-150%, respectively.

Synthesis of Direct-Pyrolyzed Carbon Nanospheres: The carbon 
nanospheres were obtained by direct pyrolysis of PNSs at 800 °C for 2 h 
under an argon atmosphere.

Time-Resolved Adsorption Capacity: The effect of contact time on the 
removal rate of FITC with the initial concentration of 3.2 µg mL−1 onto 
different adsorbents (CNSs and CNS-150%) was evaluated as follows. 
Typically, 1 mg of adsorbent was placed in a 20 mL flask into which 
20 mL of aqueous solution of FITC with concentration of 3.2 µg mL−1 
was added. Under shaking at room temperature, 1 mL of the FITC 
solution was taken from the flask by a syringe-driven filter (pore size of 
100 nm) at different time intervals of 3, 15, 30, 60, and 240 min. The 
photograph of filtrate was taken in the dark box by using a UV lamp  
(12 W) with operating wavelength of 365 nm.

Recyclability of the Adsorbents: The ethanol extraction was used for 
the regeneration of CNS-150% after the adsorption of FITC. FITC basic 
adsorbed on CNS-150% was extracted with ethanol one time. 20 mL 
ethanol was used for extraction and CNS-150% was recovered by 
centrifugation. The collected supernatant containing FITC was taken in 
the dark box by using a UV lamp (12 W) with operating wavelength of 
365 nm.

Measurements and Characterization: Dynamic laser light scattering 
measurements and Zeta potential measurements were carried out at 
25 °C on a Malvern Zeta sizer Nano ZS90 Instrument. Field-emission 
scanning electron micrographs investigations were carried out with a 
Hitachi FESEM SU8220 instrument. TEM images were obtained with 

an FEI Tecnai G220STwin instrument operating at 200 kV. Nitrogen 
adsorption isotherms were measured with the Autosorb-iQMP at 
77 K. Before the measurements, all the samples were degassed 
at 200 °C for 4 h. The surface areas (SBET) were calculated using the 
Brunauer–Emmett–Teller (BET) method. The total pore volume (VTotal) 
was estimated from the amount adsorbed at a relative pressure of 0.95. 
The pore size distribution was calculated from the adsorption branch 
via the BJH method. TG-MS was performed on a NETZSCH STA 449 F3 
thermobalance coupled with an OmniStar GSD 320 mass spectrometer 
with a heating rate of 10 °C min−1.
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