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Heteroatom-doped nanoporous carbons (NPCs) have
been extensively investigated in multiple energy and

environmental applications, including electrode materials for
batteries, supercapacitors, fuel cells, catalyst supports, and CO2
capture.1−6 Ideally, NPC materials should exhibit both a high
specific surface area (SSA) and high heteroatom content to
achieve high efficiency in electrochemical applications. Depend-
ing on the type of the template, NPCs can be obtained through
either soft- or hard-template strategy.7 The soft-template
approach utilizes the self-assembly of the polymer precursors
and retains the structure upon carbonization.7−15 However,
such strategy is usually restricted by low yield, relatively high
cost, the difficulty to obtain ordered structures, and availability
of proper templates. The ability to better control the
microstructure of the resulting porous carbon has motivated
interest in the hard template approach. Examples include silica-
templated NPCs,16−20 polyhedral oligomeric silsesquioxane
moieties,21 mesoporous silica,22,23 and porous metal−organic
frameworks (MOFs).24

Commercial colloidal silica can act as a hard template for the
fabrication of NPCs because of its economic viability and
amenability to surface modification. Especially, surface-grafting
techniques were successfully employed to modify the surface of
silica nanoparticles (NPs) to yield polymer-tethered particles
which processed into structurally uniform “one-component”
hybrid materials that were subsequently pyrolyzed.25−32 The
resulting NPCs exhibited excellent uniformity of pore micro-
structures.33−35 For example, polyacrylonitrile (PAN) was
synthesized by grafting from silica (d = 15 nm) using surface-
initiated atom transfer radical polymerization (SI-ATRP) to
generate NPCs with a SSA of 450 m2/g. To further enhance the
SSA, utilization of smaller particle size has been attempted.
However, SI-ATRP methods remain challenging for sub-10 nm
silica NPs due to the difficulty of aqueous phase immobilization
an ATRP initiator on their surfaces. Reduced initiator binding
efficiency for smaller particles and aggregation will occur during
the transfer into organic solvents, which is needed for initiator
immobilization. Therefore, fabrication of NPCs with higher
SSA using smaller silica NPs as a template still remains a
challenge.

Herein we report on a novel and versatile approach for the
synthesis of nanosized polymer-tethered silica particles for
hard-templating of NPCs with SSA exceeding 1000 m2/g.34−36

This technique is based on the direct synthesis of Br-containing
organosilica NPs with diameter <5 nm using a brominated
organosilica precursor and the subsequent PAN grafting to
prepare silica-g-PAN composites by SI-ATRP without further
modification or purification. Well-defined NPCs were obtained
after carbonization and HF etching, providing a high SSA (1244
m2/g) and a high nitrogen content (11.9 wt %). The
electrochemical properties of the as-prepared NPCs were
investigated to evaluate their potential applications as high-
performance supercapacitors. Given the facile synthesis of
NPCs from controlled silica sizes and adjustable PAN length,
the method employed here is expected to allow the systematic
design of various NPCs with controlled microstructures.
Figure 1 illustrates the preparation process of NPC with a

high SSA from initiator-functionalized organosilica NPs. In the
first step, a tetherable ATRP initiator, 6-(triethoxysilyl)hexyl α-
bromoisobutyrate was synthesized (Scheme S1).37 Then,
initiator-functionalized organosilica NPs of various sizes were
prepared in different organic solvents (Figure 1a, Scheme S2).
The sizes of organosilica NPs prepared using methanol,
acetone, and DMF as solvents were 3, 25, and 450 nm,
respectively (Figures S1 and S2). Furthermore, a seed growth
method was adopted to prepare larger organosilica NPs in
methanol with average diameters of 3, 5, and 9 nm (Figure S3).
Subsequently, silica-g-PAN with different brush lengths were
prepared by SI-ATRP (Figure 1b), which was confirmed by
TEM and thermogravimetric analysis (TGA) (Figures S4−S6).
NPCs were obtained after the carbonization of SiO2-g-PAN
composites and the complete etching of silica cores (Figure 1c).
TGA analysis was performed to confirm the composition of

organosilica NPs and SiO2-g-PAN hybrids, which is shown in
Figure 2. In the case of organosilica NPs, the weight loss (42.1
wt %) was associated with its calculated composition, assuming
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complete removal of the organic component during pyrolysis.
The SiO2-g-PAN hybrids exhibited significant weight loss in the
range from 330 to 800 °C. The weight losses were 61.4% and
85.9% for SiPAN-90 and SiPAN-158, respectively, confirming
the successful PAN grafting of different lengths.
To investigate the role of PAN chain length on the

microstructure of the resulting NPC, silica-g-PAN hybrids
with different DPs of PAN were prepared by SI-ATRP. PAN
chain lengths were chosen to balance high SSA (i.e., high
inorganic content) with the mechanical robustness of brush
particle films.38 The degree of polymerization of grafted PAN
chains was determined to be DP = 158 and 90 after HF etching
of particle cores (caution: HF is highly corrosive, please
consult materials safety data sheet prior to handling HF). In the
following these samples will be referred to as SiPAN-158 and
SiPAN-90, respectively. The dried SiO2-g-PAN hybrids were
preoxidized at 280 °C in an air flow to form a stabilized cross-
linked PAN and then carbonized at 800 °C under N2 flow.

39

NPCs derived from SiPAN-158 and SiPAN-90 were obtained
after the removal of silica cores, and termed as NPC-158 and
NPC-90, respectively. Figure 3 shows the representative TEM
images of NPC-90 and NPC-158, revealing the highly porous
structure of obtained NPCs. The pore size of the resulting
NPCs was determined to be ∼2.5 nm by TEM, in excellent
agreement with the value deduced from N2 sorption experi-
ments.
The N2 sorption isotherms of NPC-158 and NPC-90 are

shown in Figure 4, which reveals a typical I behavior according
to the classification of the International Union of Pure and
Applied Chemistry (IUPAC) (Figure 4a).40 Especially in lower
relative pressures between 0.08 and 0.40 P/P0, a gradual uptake

of N2 is observed after the initial steepest uptake (<0.08 P/P0),
indicative of two adsorption steps, namely primary micropore
filling and secondary micropore filling/capillary condensa-
tion.41,42 The shapes of isotherms suggest the existence of
massive small pores. This is further confirmed by the pore size
distribution as shown in Figure 4b. Both NPCs have very
narrow pore size distributions (PSD) with peak distribution at
around 2.5 nm, which lies exactly on the borderline between
the micropore and mesopore range. Such porosity information
matches well with the TEM results. The reduction of pore size
as compared to silica particle size is presumably caused by the
material shrinkage during the carbonization process. A
pertinent feature is the narrow size distribution of small
mesopores illustrated in Figure 4b, a prerequisite for high SSA.
The structural uniformity is a consequence of the “one-
component” nature of particle brush hybrid materials that
prevent particle aggregation and the associated more dispersed
PSD. In order to clearly show the templated organosilica NPs
induced mesoporosity of NPC-158 and NPC-90, pure PAN
homopolymer (DP = 50) was used to prepare porous carbon
for comparison. It is obvious that small mesopores between 2
and 3 nm provided the main contributions to the pore areas for
both samples, indicating the uniform mesopores were
templated from organosilica NPs (Figure S7).
Previously, the highest SSA measured for NPCs was 465 m2/

g when prepared using 15 nm silica NPs as the template.34 The
SSAs of NPC-158 and NPC-90 were 467 and 1244 m2/g
(calculated in 0.05−0.30 P/P0, which is a universal range for
comparison between different samples), respectively. More
accurate SSAs excluding the secondary micropore filling/
capillary condensation factor were calculated in lower relative
pressure range (0−0.06 P/P0), and determined to be 442 and
1020 m2/g correspondingly. The increased SSA of NPC-90 as
compared to NPC-158 is consistent with the respective
increase of PAN-volume fraction and demonstrates the

Figure 1. Scheme for the preparation of NPCs using SiO2-g-PAN
hybrids as templates by SI-ATRP. (a) Synthesis of organosilica NPs
using a tetherable ATRP initiator as silica source in an organic solvent;
(b) preparation of silica-g-PAN hybrids with different DPs of PAN by
SI-ATRP; (c) fabrication of NPCs by carbonization of SiO2-g-PAN
composites and silica etching.

Figure 2. TGA of organosilica NPs and SiO2-g-PAN with different
DPs of PAN (SiPAN-158 and SiPAN-90) under air atmosphere.

Figure 3. Representative TEM images of NPCs: (a) NPC-158 and (b)
NPC-90 prepared from organosilica grafted PAN composite materials
with different DPs. Insets show the enlarged images of the
corresponding samples. Scale bars are 100 nm in main figures and
20 nm in insets.

Figure 4. (a) N2 adsorption and desorption isotherms and (b) pore
size distributions of NPC-158 and NPC-90 prepared from silica-g-
PAN with different DPs.
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feasibility to design SSA by choosing appropriate compositions
of brush particles. The SSA of NPC-90 is the highest SSA
reported to date for porous carbons prepared using PAN
grafted particles as the carbon precursor.35,43−46

The nitrogen content of NPC-90 was determined by
elemental analysis to be 11.9 wt %, which was comparable
with the result of X-ray photoelectron spectroscopic (XPS)
analysis, indicating the uniformity of nitrogen distribution
throughout the entire porous carbon.47 The calculated surface
molar ratio of pyridinic-N (N−P), pyrrolic-/pyridonic-N (N−
X), and pyridine oxide (N−O) was N−P (31.1%), N−X
(55.2%), and N−O (13.7%), respectively (Figures S8 and S9).
The planar structured N−P located at the edge of the graphitic
carbon layer provide the main initial active sites for electro-
chemical behaviors.48,49 Therefore, the electrochemical per-
formance of supercapacitors based on NPC-90 was directly
evaluated by the galvanostatic charge−discharge method. The
cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS)
measurements were conducted on a model CHI660D electro-
chemical workstation (CH instruments).
Figure 5a shows the representative CV curves at scan rates in

the range of 5 and 100 mV/s. All the curves exhibit a

rectangular shape without the presence of redox peaks,
demonstrating ideal electrical double-layer capacitors
(EDLCs) with a fast charging−discharging process.50 The CV
curve at the highest scan rate of 100 mV/s almost retains the
initial rectangular shape measured at 5 mV/s, indicating good
electrochemical performance. Figure 5b shows the GCD curves
of the device at various current densities ranging from 0.1 to 10
A/g. All charge−discharge curves are linear and symmetrical
with a gradual slope change at various current densities. This is
a typical characteristic expected from ideal EDLCs, which is
also consistent with the CV results. Plots of voltage versus time
for the supercapacitors at different current densities of 0.1−10
A/g are displayed in Figure 5c. As expected, the discharge
curves of the carbon capacitors are symmetrical with the
corresponding charge curves. The typical triangular profiles

confirm good electrochemical capacitive properties with a
specific capacitance of ∼160 F/g at a current density of 100
mA/g.
EIS was employed to further study the electrochemical

characteristics of NPC-based supercapacitors. The cycle
durability during charge−discharge cycles of two-electrode
cells made from NPC-90 electrodes was tested between 0 and 1
V at 2 A/g over 10 000 cycles. Figure 5d shows the recycling
stability of NPC-90 by galvanostatic charge/discharge at a
current density of 2 A/g for 10 000 cycles. A slight decrease of
capacitance at initial 1000 cycles was probably related to
wettability and stability of the electrodes. The capacitance
increased slightly after 3000 cycles and became stable with
about 91% retention, thereby exhibiting excellent stability
during galvanostatic charge−discharge cycling after 10 000
cycles. As demonstrated in the inset of Figure 5d, the Nyquist
plot indicates a notably rapid charge transfer process at the
electrode−electrolyte interface. Moreover, the slope of the
straight segment is nearly vertical to the real axis in the low-
frequency region, implying nearly ideal capacitive characteristics
of the NPC-based EDLCs.51

In addition, synthesized carbons were tested in oxygen
reduction reaction (ORR) electrocatalysis. NPC-90 was
deposited on a glassy carbon electrode and used as working
electrode in a typical three-electrode setup with 0.1 M KOH
electrolyte. As shown in Figure S10, a CV curve recorded under
inert conditions did not exhibit any redox behavior. Under
oxygen flow, the emergence of a strong reduction wave with
onset potential −0.15 V vs Ag/AgCl was clearly observed,
suggesting high ORR activity of the NPC, as usually
encountered in N-doped carbon materials.4

To conclude, a two-step procedure for the hard-template-
assisted synthesis of NPC with SSA > 1200 m2/g and high
nitrogen content (11.9 wt %) was developed. The process is
based on the synthesis of bromide-containing nanosized
organosilica and subsequent PAN grafting by SI-ATRP. The
process alleviates the need of initiator coupling and purification
and allows control of the SSA by adjustment of the molecular
composition of brush particle precursors. When evaluated as an
electrode material for supercapacitors, the N-enriched NPCs
exhibited high capacity, good rate capability, and excellent
stability during GCD cycling. We envision that the optimization
of the porosity and functionality of NPCs should further
enhance their performance in a number of applications,
including supercapacitor electrodes, oxygen reduction reaction,
catalyst supports for fuel cells, and CO2 capture.
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