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Triconstituent co-assembly synthesis of N,S-doped
carbon-silica nanospheres with smooth and rough
surfacesy

Hao Tian,? Martin Saunders,? Aaron Dodd,® Kane O'Donnell,¢ Mietek Jaroniec,?
Shaomin Liu*® and Jian Liu*®

Multifunctional porous nanospheres are desirable for many applications, but their synthesis involves multi-
step procedures and their simplification still remains a challenge. Herein, we demonstrate a facile synthesis
of polymer—silica nanospheres by using an extended Stéber method via triconstituent co-assembly of 3-
aminophenol, formaldehyde, and bis[3-(triethoxysilyl)propylltetrasulfide followed by copolymerization.
N,S-doped carbon-silica nanospheres with either smooth or rough surface can be obtained by direct
carbonization of the polymer-silica nanospheres. The carbon-silica spheres feature multifunctional
properties and exhibit very good performance as adsorbents for CO, capture (67 cm® g*l at0 £ 1°C
and 1.0 bar) and as supercapacitor electrodes with high specific capacitance (221 F g~%). This strategy
could pave the way for design of carbon nanostructures at molecular level for multi-purpose applications.

Introduction

The design and synthesis of nanoparticles with controllable
surface properties are of great importance for various applica-
tions such as drug delivery, catalysis, energy storage and
conversion.”” Learning from nature, in particular from virus
and pollen morphology, the raspberry-like nanoparticles with
rough surface have attracted a widespread interest due to their
unique structure and functionality such as exceptional
morphology, large specific surface area, surface coarseness, and
large light scattering. Although raspberry-like nanoparticles
have been designed and synthesized for specific applications,
e.g., self-cleaning,® drug delivery,” catalysis,® optical and elec-
trical devices,” and heavy metal ions removal,* it is still a great
challenge to fabricate various multifunctional raspberry-like
porous nanospheres such as carbon-silica composite particles
in a simple and effective way.

To date, the Stober method has been developed for a one-pot
synthesis of silica, phenolic resin (PR) and carbon spheres.****
Since the first report on the preparation of PR spheres with
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controllable particle size by using the extended Stober
method,"” many different approaches have been developed to
fabricate regular porous and core-shell carbon spheres with
controllable porosity, structure and composition.**?® For
example, Jaroniec and co-workers reported the synthesis of
diverse carbon spheres with micropores, mesopores, or both by
adding silica nanoparticles as a hard template. Various porous
carbon and silica-carbon spheres have been successfully
synthesized by controlling the polycondensation rate of tet-
raethyl orthosilicate (TEOS) and different PR precursors.'” %24
In addition, a rational design of carbon spheres for specific
applications, including those doped with nitrogen, sulphur,
phosphorus has been explored to achieve the desired properties
such as improved conductivity or catalytic activity.>”*° However,
the resultant carbon spheres are still not richly functionalized,
which limits their practical applications. Thus, it is desirable to
design carbon-silica composite particles with controllable
surface roughness and multi-functionality by a simple one step
method.

In this contribution, we report triconstituent co-assembly of
3-aminophenol (AP), formaldehyde, and bis[3-(triethoxysilyl)
propyljtetrasulfide (TESPTS) for a facile synthesis of PR poly-
mer-silica nanospheres with smooth and rough surfaces.
Carbonization of these spheres generates the carbon-silica
nanospheres. The raspberry-like carbon-silica nanospheres are
composed of carbon cores decorated with many silica nano-
particles on the surface. As illustrated in Scheme 1, our
approach is based on the Stober method involving simulta-
neously polymerization of PR and condensation of TESPTS in
aqueous alcohol solution with addition of ammonia catalyst.
Hydrothermal treatment of PR polymer-silica core-shell
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Scheme 1 Synthesis of polymer—silica and carbon-silica core—shell
spheres functionalized with N,S-species.

nanoparticles plays a key role in developing the surface rough-
ness due to the enhanced condensation degree of TESPTS.

Experimental
Materials

Formaldehyde (37% solution), aqueous ammonia (25% solu-
tion), ethanol (undenatured, 95-100%), 3-aminophenol (99%)
and bis[3-(triethoxysilyl)propyl]tetrasulfide (TESPTS, =90%)
were purchased from Sigma-Aldrich and used as received
without any further purification. Washing was achieved with
ultrapure water and reagent grade ethanol where required.
Ultrapure water was used for solution preparations.

Synthesis of N,S-dually functionalized polymer-silica spheres

Typically, ammonia aqueous solution (NH;-H,O, 0.6 mL, 25
wt%) was mixed with a solution containing absolute ethanol
(EtOH, 24 mL) and deionized water (H,O, 114 mL), then stirred
for 30 min. Subsequently, 3-aminophenol (1.2 g) was added and
continually stirred for 30 min. Then 5.28 mL of bis[3-(triethox-
ysilyl)propyl]tetrasulfide (TESPTS) and formaldehyde solution
(1.68 mL) were added to the reaction solution and stirred for 24
h at 30 °C. The mixture was separated into two equal parts. The
first part of the mixture named N,S-dually functionalized poly-
mer silica spheres without hydrothermal treatment (N,S-PSS)
was separated directly and washed with Di-water and ethanol 3
times. The second part was transferred to a hydrothermal
reactor, which was then placed into an oven for 24 h at 100 °C.
Then the remained materials N,S-dually functionalized polymer
silica spheres after hydrothermal treatment (N,S-PSR) were
washed with DI-water and ethanol 3 times.

Synthesis of N,S-dually functionalized carbon-silica spheres

N,S-PSS and N,S-PSR were thermally treated in flowing N, in
a tube furnace using a heating rate of 1 °C min~" up to 350 °C,
dwell for 2 h, and resuming heating rate at 1 °C min~" up to 700
°C and dwell for 4 h to achieve N,S-dually functionalized
carbon-silica spheres named of N,S-dually functionalized
carbon-silica spheres without hydrothermal treatment (N,S-
CSS) and with hydrothermal treatment (N,S-CSR-1), respec-
tively. The N,S-CSS-900 spheres were prepared through thermal
treatment of N,S-PSS in flowing N, in a tube furnace using
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a heating rate of 1 °C min~* up to 350 °C, dwell for 2 h,
and resuming heating rate at 1 °C min~" up to 900 °C and dwell
for 4 h.

Synthesis of silica nanoparticles

N,S-dually functionalized carbon-silica spheres were calcined
in muffle furnace using a heating rate of 1 °C min~" up to 350
°C, dwell for 2 h, and resuming heating rate at 1 °C min " up to
700 °C and dwell for 4 h to achieve silica nanoparticles.

Characterisation

The sample morphology was characterized by using a trans-
mission electron microscope (TEM, JEOL EM-2100) and a scan-
ning electron microscope (SEM, Zeiss Neon). High Angle
Annular Dark Field Scanning Transmission Electron Micros-
copy (HAADF-STEM) imaging and element mapping were
carried out using a FEI Titan G2 80-200 TEM/STEM with
ChemiSTEM Technology operating at 200 kV. The elemental
mapping was obtained by energy dispersive X-ray spectroscopy
using the Super-X detector on the Titan with a probe size ~1 nm
and a probe current of ~0.4 nA. Nitrogen adsorption and
desorption isotherms were measured on Micromeritics TriStar
II Surface Area and Porosity Analyser. The specific surface area
was determined by the Brunauer-Emmett-Teller (BET) method
from nitrogen adsorption isotherms in the relative pressure
range of 0.05-0.20. The accumulated pore volume and pore size
distribution (PSD) were calculated by using nonlocal density
functional theory (NLDFT) method. Prior to nitrogen sorption
measurements, the samples were degassed at 250 °C overnight.

CO,, adsorption

Carbon dioxide adsorption isotherms were obtained at 0 °C
using a sorption analyser instrument (Micromeritics Gemini
2360 Surface Area Analyser). Prior to sorption measurements,
the samples were degassed at 250 °C overnight.

Results and discussion

The observed difference in the polymerization rate of APF and
TESPTS, namely the much faster polymerization rate of APF
than that of TESPTS, causes the initial formation of the NH,"
modified phenol resin cores, which electrostatically attract
negatively charged silica nanoparticles by forming the rasp-
berry-like polymer-silica spheres. Subsequently, the carbon-
silica core-shell spheres can be obtained by pyrolysis of PR
polymer-silica spheres under N, atmosphere as shown in
Scheme 1. Moreover, the hollow silica capsules can be gener-
ated by burning off carbon in the carbon-silica particles in air.
This approach combines two merits: (i) multi-step assembling
and coating processes are combined into one-step process and
also (ii) multi-functional groups and the desired surface
roughness can be achieved at the same time.

As shown in Fig. 1a, the scanning electron microscopy (SEM)
image shows that N,S-functionalized carbon-silica spheres
(N,S-CSS) obtained without hydrothermal treatment exhibit
uniform spherical morphology with relatively smooth surface

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) SEM image, (b) TEM image, (c) STEM and EDS mapping of
carbon-silica spheres with N,S-species (N,S-CSS) obtained without
hydrothermal treatment.

and the average particle size of about 400 nm. A transmission
electron microscopy (TEM) image (Fig. 1b) confirms that N,S-
CSS spheres are very uniform. The scanning transmission
electron microscopy (STEM) and the corresponding energy
dispersive X-ray spectroscopy (EDS) elemental mapping (Fig. 1c)
were obtained to identify the distribution of silica and carbon in
the spheres. As shown in Fig. 1c, nitrogen atoms are homoge-
neously distributed in the carbon framework and the silica shell
formed on the surface of the carbon core is thin, indicating the
carbon-silica core-shell structure.

After thermal treatment of N,S-PSS in flowing nitrogen at 900
°C, uniform core-shell structured and spherical carbon-silica
composite materials with smooth surface (N,S-CSS-900) were
achieved with the average particle size of about 355 nm (as

Surface area 444 m¥/g
Pore Volume 0.29 cm’/g

Volume Adsorbed (cc/g STP)

0.0 0.2 04 0.6 0.8 1.0

Relative Pressure (P/P,)

Fig.2 (a, bandc) TEMimages, (d) N, adsorption—desorption isotherm
and the corresponding pore size distribution curve (inset), (e) STEM
and EDS elemental mapping of N,S-dually functionalized carbon—
silica spheres obtained by thermal treatment in flowing nitrogen at
900 °C (N,S-CSS-900).
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shown in Fig. 2a). As can be seen in Fig. 2b and c, the diameter
of the shell is about 50 nm and the diameter of core is about 255
nm. Analysis of N, adsorption-desorption isotherm (Fig. 2d)
measured for the N,S-CSS-900 indicates the presence of micro-
pores and mesopores, which is confirmed by non-local density
functional theory (NLDFT) calculation of the pore size distri-
bution having a bimodal shape with peaks centered at 1.6 and
2.8 nm (see inset in Fig. 2d).**** The Brunauer-Emmett-Teller
(BET) surface area and the pore volume obtained on the basis of
the aforementioned adsorption isotherm are 444 m”> g~' and
0.29 cm® g™, respectively. The scanning transmission electron
microscopy (STEM) and the corresponding energy dispersive X-
ray spectroscopy (EDS) elemental mapping (Fig. 2e) were ob-
tained to identify the distribution of silica and carbon. As
shown in Fig. 2e, it is interesting to find that the double-layered
silica shell formed on the surface of the inner and outer carbon
core, indicating the carbon-silica core-shell structure.

An additional hydrothermal treatment of the N,S-dually
functionalized carbon-silica spheres (N,S-CSR-1) resulted in the
raspberry-like spheres (Fig. 3a), which is confirmed by the TEM
images shown in Fig. 3b. The silica nanoparticles used to
decorate the carbon cores were of about 20 nm. Pore size
analysis of nitrogen adsorption—-desorption isotherm measured
for the N,S-CSR-1 spheres (Fig. 3c) by non-local density func-
tional theory (NLDFT)*?° indicates their micro-mesoporous
structure as shown by bimodal pore size distribution centered
at 1.6 and 2.8 nm. The Brunauer-Emmett-Teller (BET) surface
area and the pore volume obtained on the basis of the afore-
mentioned adsorption isotherm are 548 m”> g~ ' and 0.34 cm?
g™, respectively. The X-ray photoelectron spectroscopy (XPS)
(Fig. S17) pattern exhibits four typical peaks for C 1s, N 1s, O 1s

i
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Pyridinic-N
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Fig. 3 (a) SEM image, (b) TEM image, (c) N, adsorption—desorption
isotherm and the corresponding pore size distribution curve (inset), (d)
high resolution XPS spectrum of N 1s and (e) STEM and EDS elemental
mapping of N,S-dually functionalized carbon-silica obtained after
hydrothermal treatment (N,S-CSR-1) of N,S-CSR spheres.
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and S 2p on the survey spectrum with the corresponding
content of each element of 86.0%, 3.8%, 8.9% and 1.3%,
respectively.

The XPS high resolution scan (Fig. 3d) displays two over-
lapping N 1s peaks corresponding to pyridinic nitrogen (398.3
eV) and pyrrolic nitrogen (400.4 eV) with the relative concen-
tration of each of about 11.4% and 88.6%, respectively.*® S 2ps,,
and 2p,,, doublet peak was recorded and unfolded with an
energy separation of 1.2 eV and relative peak intensities of 2 : 1.
The binding energy of S 2p,, peak at 162.8 eV is probably
attributed to C-S species in the silica precursors.** The signals
of the binding energy at 165.3-166.5 eV are also observed
indicating that S constituents were oxidized into sulfite func-
tional groups.* Interestingly, the particle size of N,S-CSS (400
nm) did not change during hydrothermal treatment process,
which resulted in the raspberry-like N,S-CSR-1 core-shell
spheres with silica shells consisting of a large number of silica
nanoparticles present on the surface of carbon cores. To
determine the dispersion of elements in N,S-CSR-1, the EDS
elemental mapping of N,S-CSR-1 has been used to reveal that
the small clusters grown on the surface of carbon spheres are
silica nanoparticles. These small nanoparticles are derived
upon hydrothermal treatment of silica generated by poly-
condensation of TESPTS (Fig. 3e). Similarly, a thin silica layer
was formed on the surface of polymer spheres (Fig. S2af), which
upon hydrothermal treatment was converted to silica nano-
particles (Fig. 3b and S2bt).

In order to tailor the particle size and the N and S contents,
the TESPTS/AP molar ratio was varied. The nitrogen adsorption
isotherms measured for the other carbon-silica materials are
shown in Fig. S31 and the results of the surface area, pore size
and pore volume are listed in Table S1. As shown in Fig. S3,7 all
the samples show type-I isotherms with microporous structure.
The specific surface area of these particles varies from 300 m>
g~ " to 550 m> g~ '. The smallest surface area obtained for N,S-
CSR-4 is mainly derived from the relatively high residual
content (22.3%) in comparison to other samples (see Fig. S47).
The remaining carbon-silica samples possess relatively high
surface area because of comparatively high carbon content. The
highest surface area of N,S-CSR-1 can be due to the highest
carbon content (88.6%) among all five samples (Table S2t). As
the amount of TESPTS increases as evidenced by the molar ratio
of TESPTS/AP varying from 0.48 to 1.92, the size of mono-
disperse carbon-silica spheres decreases from 465 nm to 270
nm (see Fig. 4, Table S1 and Fig. S51). This is probably associ-
ated with the fact that with decreasing concentration of 3-ami-
nophenol, the polymerization rate is reduced and the smaller
resin particles are produced. Additionally, the TEM and SEM
images of N,S-CSR-3 (Fig. 4) show smoother surface than that of
other samples, indicating that higher concentration of TESPTS
leads to the formation of thicker silica layer with smaller silica
nanoparticles.

Based on the above presented observations, the proposed
mechanism of formation of N,S-dually functionalized carbon-
silica spheres and the corresponding polymer-silica spheres
can be explained as shown in Schemes 1 and 2, respectively. In
the first step, the negatively charged PR spheres are formed

3724 | J. Mater. Chem. A, 2016, 4, 3721-3727

View Article Online

Paper

Fig. 4 SEM (left) and TEM (right) images of (a), (b) N,S-CSR-2; (c), (d)
N.S-CSR-3; (e), (f) N,S-CSR-4; (g), (h) N,S-CSR-5.

rapidly in the presence of ammonia in ethanol/water mixture
and a stable colloidal suspension is obtained. Then the surface
of PR spheres is covered with NH," ions to inhibit their further
aggregation. At the same time, due to the relatively slow
hydrolysis and condensation of TESPTS silane,* the formation
of cross-linked silica particles requires longer reaction time or
higher reaction temperature. In the next step, due to the strong
electrostatic interactions between silicate anions and NH," ions
on the surface of polymer spheres, a thin layer of silica is
formed on the surface of polymer spheres. It is also well-known
that the hydroxyl groups present in phenolic resin can react
with silane oligomer species. As a result, a cooperative
condensation and cross-linking reaction occurs between silicate

Silica spheres

Polymer spheres Polymer spheres Polymer-silica spheres
Scheme 2

spheres.

Illustration of the formation mechanism of polymer—silica

This journal is © The Royal Society of Chemistry 2016
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oligomers and phenolic resin. After carbonization of phenolic
resin in composite polymer-silica nanoparticles, the N,S-dually
functionalized carbon-silica spheres are obtained.**

To further confirm the carbon core and silica shell structure,
the N,S-functionalized carbon-silica core-shell spheres were
calcined in air to remove the carbon cores. Fig. 5a and b show
the TEM images of N,S-CSS-silica and N,S-CSR-1-silica,
respectively. Uniform hollow silica capsules with particle size of
about 210 nm and the shell thickness of about 8 nm are
observed in the case of N,S-CSS-silica (Fig. 5a), indicating that
the calcination in air resulted in the formation of hollow
structure. Particularly, the dimension of the hollow spheres
decreased tremendously as compared with that of the N,S-CSS
core-shell spheres (Fig. 5b). This decrease can be attributed to
the shrinkage of the shell and pores during calcination. As
presented in Fig. 5b and Table S3, the hydrothermally-treated
silica nanoparticles (N,S-CSR-1-silica) exhibit raspberry-like
structure. The diameter of hollow silica spheres is of about 195
nm and the shell thickness is of about 20 nm. Hydrothermal
treatment causes also an increase in the surface roughness, wall
thickness and structural shrinkage of hollow silica spheres.
Note that the mean particle size and the mean shell thickness
can be also adjusted by adjusting the molar concentrations of
TESPTS and 3-aminophenol. As the amount of TESPTS
increases as evidenced by variation of the molar ratio of
TESPTS/AP from 0.48 to 1.92, the size of hollow silica spheres
tends to decrease from 270 nm to 151 nm (see Fig. 5, S6, and
Table S3t). This is consistent with the trend of the particle size
of N,S-functionalized carbon-silica spheres, confirming that the
formation of core-shell structures with carbon cores and silica
shells.

The CO, capture has attracted a great attention in recent
years due to the need of reducing the concentration of

Fig.5 TEM images of air-annealed (a) N,S-CSS—silica; (b) N,S-CSR-1-
silica; (c) N,S-CSR-2-silica; (d) N,S-CSR-3-silica; (e) N,S-CSR-4-
silica; (f) N,S-CSR-5-silica.

This journal is © The Royal Society of Chemistry 2016
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greenhouse gases that causes the observed climate changes.
The CO, adsorption isotherm measured on N,S-CSR-1 spheres
with largest surface area (548 m” g~ ') and highest nitrogen
content shows highest capacity of 67 cm® g ' at 0 + 1 °C and 1.0
bar (Fig. 6). After increasing the molar amount of TESPTES and
decreasing the molar amount of 3-aminophenol, the CO,
uptakes obtained for N,S-CSR-3 and N,S-CSR-5 are smaller, 64
em® ¢7' and 60 ecm® g7 at 0 £+ 1 °C and 1.0 bar, respectively
(Fig. 6). This implies that the smaller surface area with fewer
exposed N-containing basic sites can reduce the CO,
capacity.*®?*® These carbon-silica spheres are one of the most
efficient CO, storage adsorbents among carbonaceous mate-
rials (Table S4t).

Inspired by high surface area and high nitrogen content of
the carbon-silica core-shell spheres, we studied their electro-
chemical properties by cyclic voltammetry (CV). The particle
size, surface area, microporosity and nitrogen-doping usually
have a great impact on the capacitance.’”*® Fig. S71 shows the
CV curves recorded for N,S-CSS and N,S-CSR-1 using a three-
electrode system in the range from —0.8 V to 0.0 V (vs. Ag/AgCl)
at different scan rates. As can be seen from this figure the cyclic
voltammetry (CV) plots measured for N,S-CSS under basic
conditions (6 M KOH) exhibit a nearly rectangular shape at
a voltage scan rate up to 200 mV s, revealing a double-layer
capacitance performance and outstanding high rate capability.
The specific capacitance of N,S-CSS is 221 F g~ ' (Fig. S7 and
Table S51) because of high surface area and nitrogen doping in
the carbon framework. Although the surface area of N,S-CSR-1
is higher than the surface area of N,S-CSS, the former exhibits
lower capacitance (about 111 F g~ ') than that of N,S-CSS (Fig. S7
and Table S51). This is probably due to the fact that the
hydrothermal treatment resulted in the formation of more
nucleated and non-conductive silica nanoparticles on the
surface of carbon spheres making ion transportation and
diffusion in the carbon spheres of N,S-CSR-1 more difficult
than that in N,S-CSS. The two-electrode -electrochemical

70 4 —=—N,S-CSR-3 e
— o N,S-CSR-1 e ® ¥ aaa
£ 604 4 NS-CSR5 00  sahti T nnnn
[7)] o® A.A-’f;:Z.IJ""' -
2 50 =
Q
S,
T 40-
Ke]
S
S 30
2
o 20+ s
£ 1/
3 10
> s
0_ T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P)
Fig. 6 CO, adsorption isotherms (T = 0 + 1 °C) measured for N,S-

functionalized carbon-silica spheres N,S-CSR-1, N,S-CSR-3, N,S-
CSR-5.
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measurements carried out for N,S-CSR-1 and N,S-CSS under
acidic conditions show moderate performance (Fig. S8, 9,
Tables S6 and S77).

Conclusions

In summary, we have successfully synthesized polymer-silica
nanospheres using the extended Stober method via tricon-
stituent co-assembly of 3-aminophenol, formaldehyde, and
TESPTS. Further carbonization of the resulting polymer-silica
spheres generated N,S-functionalized carbon-silica nano-
spheres. Moreover, this study shows that the particle size of
monodisperse carbon-silica spheres and hollow silica spheres
can be tailored through adjusting the molar ratio of TESPTS/PR.
It is shown that the prepared carbon-silica spheres exhibit
excellent performance as adsorbents for CO, capture (67 cm®
g ' at 04 1°Cand 1.0 bar) and as supercapacitor electrode with
high specific capacitance in basic media (221 F g~ ', 6 M KOH)
due to high surface area and nitrogen-doping. Therefore, it is
anticipated that N,S-functionalized carbon-silica spheres are
very promising not only as supercapacitor electrodes and CO,
adsorbents but also in other multi-purpose applications such as
catalyst supports, drug delivery carriers and hard templates.
Our method allows for control of the growth of silica nano-
particles onto carbon cores to obtain the core-shell carbon-
silica spheres and for tailoring their surface functionality,
roughness, and porous structures; all these properties cannot
be achieved by using the currently existing synthetic methods.
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