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ABSTRACT: Precise control of carbonization and activation for
fabricating novel carbon materials and improving practical performance
have continued to be a big challenge. Inspired by the aggregation of
abundant inorganic elements on a special part in biomass for self-activation,
we developed a novel site-specific activation strategy to prepare porous
carbon materials with controllable morphology and microstructure based
upon regulating the activator molecule distribution for aggregation of
activators on specific sites in a carbonaceous precursor. The fabrication of
porous carbons was carried out not only in one step of direct calcination but
with much reduced use of activators, demonstrating comparative or even
preferable structure and performance characteristics of porous carbon
compared with that of the conventional activated method. Porous carbons
featured with a 3D flake interconnection network were obtained by site-

specific activation with hierarchical porosity and unique micropore size

distribution. The obtained porous carbon materials displayed excellent electrochemical performance with high specific
capacitance (375 F g™ at 0.1 A g7') and excellent capacitance retention (276 F g~' at 20 A g™') used as electrode materials.
Meanwhile, the symmetric supercapacitors assembled by the porous carbon could yield specific energy density up to 7.81 Wh
kg™" with excellent power density (9600 W kg™') and outstanding cycling stability (99.8% capacitance retention after 10 000

charge/discharge cycles at 2 A g”') in 1 M H,SO, electrolytes.

KEYWORDS: hierarchical porous carbon, one-step site-specific activation, morphological transformation, carbon electrode materials,

supercapacitors

1. INTRODUCTION

Porous carbon materials have been extensively explored and
applied as one of the most important carbons due to their wide
availability and superior physicochemical properties.' > The
featured structure of porosity, specific surface area, and pore
volume, and the practical performance related to energy
storage, catalysis, and macromolecular adsorption of the
porous carbons could be significantly improved by the
conduction of the activation procedure, especially chemical
activation which has been extensively applied for carbon
materials. In the conventional chemical activation approach,
activated porous carbons are customarily prepared by a two-
step process composed of carbonization of carbon-rich
precursors at high temperature and subsequent activation of
the carbonized products (obtained in the previous carbon-
ization process at high temperature, abbreviated to precarbon-
ized materials (PCMs) for simplification) blending with
activator to increase the specific surface area and pore volume
in inert atmosphere.*” Intrinsically, the carbonization at high
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temperature dramatically reduced the wettability of the PCMs,
so the chemical activators remained mainly on the surface of
the PCMs after being mixed with activators due to the poor
compatibility or solubility between the PCMs and activators
such as KOH. The phenomenon that the poor wettability of
the PCMs would result in that the activation could only be
occurred on the surface of the PCMs, and a large quantity of
chemical activators consumption is required to achieve the
ideal activation for porous carbons. Meanwhile, the influence
of conventional activation was mainly executed on the
micropore development through etching the surface carbons
of PCMs by activator, but less effect was observed on the
morphological and structural optimization that is always
required for porous carbons with specific morphology and
texture to achieve perfect performance at the greatest extent in
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many applications. Therefore, it is essential to explore novel
strategies for improving and optimizing the activation of
porous carbons through eliminating the multiple heat treat-
ments and low activation efficiency of activators which was
brought about by the conventional activation.

Enhancement of the wettability or even solubility of PCMs
with activators is an obvious prerequisite to improve the
activation effect for synthesis of porous carbons. Recently, a
one-step activation approach has been developed to prepare
activated porous carbon, which omitted the carbonization step
at high temperature and directly mixed carbonaceous
precursors with chemical activators for activated calcination
based on the good wettability of carbonaceous precursors with
activators. Compared with the conventional two-step activa-
tion, the excellent wettability of carbonaceous precursors could
make the activators enter the interior of the precursors, instead
of just staying on the surface, to achieve overall activation in a
more effective way to develop the porous structure of carbon
materials. At present, the effective execution of the one-step
activation mainly relies on the carbonaceous precursor
property which is mostly derived from synthetic polymers’
and biomass precursors displaying excellent hydrophilicity or
even solubility with chemical activators.*~'" For example, agar
could be soluble with hot KOH solution, leading to
homogeneous deoxygenation and further molecular level
distribution of KOH in agar for one-step calcination to
prepare activated carbon with superior specific surface area and
pore volume.” Moreover, carbon morphology and texture
could be dramatically altered when the one-step chemical
activation procedure was carried out, because inevitable
massive gases from the whole internal precursors would
extrude the carbon structure based upon the excellent
compatibility of carbonaceous precursors with activators.'’
The possible transformation on carbon morphology and
texture could be made by fabricating novel carbon materials
including 3D highly hierarchical porous carbon or even 2D
carbon nanosheets with unique textural characteristics and
advanced performance, which is clearly distinguished from that
produced from the conventional two-step activation process
and showed great potential in supercapacitors and gas
adsorption with high performance to develop 3D HPCs
(containing micro-, meso-, and macropores).'' Although
considerable attention has been paid to obtain novel porous
carbons through the one-step activation method, the lack of
adjustment and regulation over activated sites in the
carbonaceous precursors during the calcination process due
to random distribution of activators in the carbonaceous
precursor offers poor control of pore formation and pore size
distribution for further advanced performance of porous
carbons. Thus, it still remains a big challenge to precisely
control activation through a cost-effective process by simply
modifying the conventional activation procedure for fabrica-
tion of novel porous carbon materials with greatly advanced
performance.

Control over activated sites through restricting the
distribution of the activator molecular on the carbonaceous
precursor apparently plays a key role in pore formation and
development of the porous carbons. Biomass precursors would
provide a feasible reference for tunable sites for one-step
activation derived from aggregation of inorganic elements in
specific parts. Apparently, for a tree, the enrichment of
inorganic elements was varied from different parts of the tree,
and many more metal ions including K, Ca, Mg, and Na are

confined into leaves for photosynthesis, leading to higher
content of metal ions in leaves than that of other parts. Dead
leaves with high metal ion content could be directly calcinated
as carbonaceous precursors, exhibiting well-defined pores and
large surface area which could be fully attributed to the self-
activation effect of abundant metal elements aggregated in
leaves. The porous carbons derived from leaves displayed
outstanding electrochemical performance as electrodes for
supercapacitors compared with that from other parts of the
tree, demonstrating the significant effect of metal ion
aggregation in specific parts on the property of the porous
carbons.'”> Meanwhile, inorganic elements like sodium ions
could be introduced into the lignin derivatives at the molecular
level for self-activation of biomass precursors, implying that the
distribution of metal ions in carbonaceous precursors could be
regulated by chemical modification.'””> The above discussion
shows that self-activation originated from enrichment of metal
ions in biomass precursors is a carbon-consuming process.
Pore-forming and pore-expanding in carbons are realized by
the reaction of active metal ions with carbon atoms to form
carbonates at high temperature,'” indicating that the
distribution of metal ions in carbonaceous precursors would
play a dominant role to the porosity and texture of the porous
carbons. Furthermore, the adjustment of porous distribution in
carbons could be induced by metal ions distribution on the
carbonaceous precursors in a designed way through chemical
reaction, suggesting the potential of remarkable transformation
of the carbon morphology and structure.

Inspired by the phenomenon of biomass activation, a novel
site-specific activation strategy for preparing porous carbons is
proposed based on the aggregation of reactive metal ions in
carbonaceous precursors by a predesigned method. It can be
deduced that active metal ions could be fixed at the specific
sites in the carbonaceous precursor by reacting with functional
groups. Thus, the aggregation and adjustment of the activators
could be achieved in a designed way through regulating the
distribution of functional groups in the precursor. For the
proof-of-concept study, phenolic resin assembled with Pluronic
F127 is selected as synthetic precursor to explore the site-
specific activation for fabricating porous carbons. The reaction
of activator, KOH, with phenolic hydroxyl groups will form
—C—0—K functional groups,M’15 acting as the specific point of
subsequent activation though decomposition at high temper-
ature. It has been proven that the presence of Pluronic F127
would cause phenolic hydroxyl groups to gather around
Pluronic F127 during the hydrothermal process, changing the
distribution of phenolic hydroxyl groups in the phenolic
resin.'® The K ions are immobilized at the phenolic hydroxyl
groups in the form of —C—O-K, indicating that the
distribution of specific sites, —C—O—K, could be adjusted
through regulating phenolic hydroxyl groups in carbonaceous
precursors. Attributed to the improved control over the
activated sites, the porous structure is significantly altered,
resulting in the morphological and textural transformation of
the porous carbons. Finally, porous carbons with highly
hierarchical porosity are controllably produced, which is
favorable for rapid ion contact diffusion and energy storage.
Using electrode materials as supercapacitors, the produced
porous carbons displayed excellent electrochemical perform-
ance and outstanding cyclic stability in aqueous electrolyte.
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2. EXPERIMENTAL SECTION

2.1. Preparation of Site-Specific Activated Porous Carbon
Materials (S-PCM). In a typical experimental procedure, 0.55 g m-
aminophenol, 0.35 g hexamethylenetetramine (HMT), 1.00 g
Pluronic F127, and 020 g 1,3,5-trimethylbenzene (TMB) were
dispersed in a 17.50 g deionized water mixture with 0.50 g of sulfuric
acid solution (1 mol L™") and magnetically stirred for 2 h at room
temperature. Then the obtained homogeneous solution was trans-
ferred into a 50 mL Teflon-lined stainless steel autoclave, and heated
at 100 °C for 24 h. After cooling down to room temperature
spontaneously, the resulting precipitate and APF (m-aminophenol
formaldehyde)-F127 polymer were filtered, washed with ethanol
followed by deionized water several times, and dried at 80 °C to
obtain the product. Subsequently, 1.8 g of the as-prepared polymer
and a given amount of KOH were mixed in 10 mL deionized water
and then dried at 80 °C to obtain the product. In this study, the added
amount of KOH was varied to be 0.1, 0.2, 0.3, 0.6, and 0.9 g, which
were calculated as 3:1, 3:2, 1:1, 1:2, and 1:3 in molar ratio of phenolic
hydroxyl group:KOH, respectively. The blends then were heated to
650 °C with a ramping rate of 1 °C min~" and maintained for 2 h in a
tubular furnace under a high purity argon atmosphere. After cooling,
the obtained products were thoroughly washed with 0.2 M HCl
solution and deionized water to ensure no residual alkali and
inorganic salts. The samples were finally collected after drying at 80
°C for 12 h. The obtained porous carbon materials were labeled as S-
PCM 3:1, S-PCM3:2, S-PCM1:1, S-PCM1:2, and S-PCM1:3.

2.2. Preparation of Disordered Activated Porous Carbon
Materials (D-PCM). Hydrothermal products without Pluronic F127
were produced in the same way and labeled as D-PCM to compare
with S-PCM. Subsequently, D-PCM and KOH were blended in
proportion to phenolic hydroxyl group (hydroxyl group:potassium
hydroxide in molar ratio was 1:0 (0.8 g:0 g) 1:1 (0.8 g:0.3 g), and 3:2
(0.8 g:0.6 g)) and stirred with deionized water (10 g). The blends
were carbonized under the same conditions and labeled as D-
PCM1:0, D-PCM1:1, and D-PCM1:2 to compare with S-PCM1:1
and S-PCM1:2.

2.3. Preparation of Ordered Mesoporous Carbons (OMC)
and Conventional Activated Porous Carbon Materials (C-
PCM). In order to compare with conventional preparation methods,
the brick-red precipitate, APF (m-aminophenol formaldehyde)-F127
polymer was carbonized by heating at 650 °C for 2 h in a tubular
furnace under a high purity argon atmosphere with a ramping rate of 1
°C min~', and the obtained products were labeled as OMC. The
OMC were further chemically activated with KOH, as reported in
detail elsewhere.'” In these experiments, 0.4 g of the mesoporous
carbon microspheres were immersed in KOH solution (1.6 ¢ KOH in
4 g of H,0), followed by a water evaporation step at 100 °C under
vacuum. Afterward, the impregnated samples were heated to the
desired temperature of 650 °C with a heating rate of 10 °C min™" and
maintained for 1 h. After cooling in a flowing high purity argon
atmosphere, the obtained products were thoroughly washed with 0.2
M HCl solution and deionized water until the filtrate became neutral,
and finally dried at 80 °C for 12 h. The products obtained by
conventional two-step activation procedure were labeled as C-PCM.

2.4. Materials Characterizations. For characterizing the
morphology of the samples, a field-emission Sirion scanning electron
microscope (SEM) and an H-7650 transmission electron microscope
(TEM) at operating voltage of 100 kV were used. The crystalline
phase of the as-prepared materials was analyzed by wide-angle X-ray
diffraction measurements (XRD), which was taken on an X’Pert PRO
MPD X-ray diffractometer using Ni-filtered Cu Ko radiation source. A
Fourier-transform infrared (FTIR) spectrometer (Shimadzu Spectrum
One FTIR) was used to analyze the change of functional groups of the
precursor. The X-ray photoelectron spectroscopy (XPS) character-
izations were carried out on an ESCALAB250Xi spectrometer with Al
Ka radiation (hv = 1486.6 €V) to reveal the surface chemical elements
of the samples. The porous texture of the samples was analyzed by
nitrogen adsorption—desorption isotherms on a 3H-2000PM1
analyzer (Beishide, China) at 77 K.

2.5. Electrochemical Measurements. The electrochemical
performances were assessed with both three-electrode cell and two-
electrode symmetric supercapacitor. The porous carbon material was
first mixed with polytetrafluoroethylene (PTFE) binder and acetylene
black at a weight ratio of 80:10:10 to obtain pastes, then spread ona 1
X 1 cm? stainless steel mesh and a circular stainless-steel mesh with
diameter of 1.4 cm. The paste was compressed at 10 MPa for 2 min,
followed by drying for 10 h at 100 °C in a vacuum oven. The mass
loading of the active materials in each electrode was ~2.3 mg cm™
The traditional three-electrode systems were accomplished in 1 M
H,SO, aqueous solution. The coated nickel foam (1 X 1 cm?) served
as the working electrode, a platinum foil as the counter electrode, and
a Hg/Hg,SO, electrode as the reference electrode. CV tests were
executed at various scanning rates ranging from 10 to 200 mV s~
GCD tests were performed at a range of current density from 0.5 to
20 A g™'. EIS measurements were recorded from 10° kHz to 107> Hz
at the open-circuit potential with an alternate current amplitude of 5
mV. In a typical two-electrode system, the symmetric supercapacitor
device was assembled with a 2025-type coin cell. The two S-PCMs
based electrodes with the same size and sample weight were first
prewetted with 1 M H,SO, electrolyte, separated by a thin
polypropylene film, and then packed into one two-electrode cell
(Figure S1). The potential window for the supercapacitors using 1 M
H,SO, was set at —0.7 to 0.3 V. The test of long-term cycling stability
was carried out on a supercapacitor test system (Neware, Guangdong,
China).

According to the charge/discharge curves, the specific capacitance
of the C-PCMs could be calculated based on the following equation:

L XAt
AV X m (1)

where C,, (F g™') is the specific capacitance, I; (mA) is the discharge
current, At (s) is the discharge time, and AV (V) is the discharge
voltage range which is exclusive of the IR drop. In a three-electrode
system, m (mg) represents the mass loading of active material for a
single electrode, and in a two-electrode cell, m (mg) is the total mass
of active materials for two electrodes. Cj, (F g7') is the specific
capacitance of a single electrode in in two-electrode cell.

The energy density E (W h kg™') and power density P (W kg™')
were calculated based on GCD tests by the following equations:

_05C, X AV?
- 3.6 3)
E
P = — X 3600
At (4)

where C,, (F g™') is the specific capacitance based on the total mass of
active materials in both electrodes. AV(V) is the discharge voltage
after exclusion of the IR drop, At(s) is the discharge time.

The Coulombic efficiency was calculated based on the strength of
the following equations:

ta
n = — X 100%
t, (8)

where t4 (s) is the discharge time and ¢, (s) is the charge time.

3. RESULTS AND DISCUSSION

3.1. Materials Characterization. The morphology of the
prepared samples was investigated by SEM and TEM as shown
in Figure 1 and Figures S2—8. It can be seen from the SEM
images that the OMC was composed of coral-like spherical
particles with multiple interconnected patches, and ordered
mesopores were formed in the spherical particles as presented
in the TEM image, which came from the self-assembly of
phenolic resin induced by Pluronic F127 as the soft template.
By conventional two-step activation, the activated C-PCM
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100 nm

Figure 1. Typical SEM (10 pm scale and 1 ym scale) and TEM (100
nm scale) images of the prepared samples.

from OMC with KOH in a mass ratio of 1:4 maintained the
original morphology of coral-like spherical particles. It should
be noted that the orientation of mesopores in the particle was
partially disturbed, demonstrating that the conduction of
conventional activation on pore development was executed
through surface corrosion without texture alternation, whereas
when the site-specific activation strategy was adopted,
remarkable variation on morphology and texture of the
products occurred with a slight KOH dosage. With the
molar ratio of phenolic hydroxyl groups to KOH at 3:1,
although the coral-like morphology remained the same as that
of OMC, the carbon bulk of S-PCM3:1 was obviously
expanded, and ordered mesopores in carbon were replaced
by larger disordered mesopores. The textural variation on
porous orientation with enlarged size could be ascribed to the
site-specific activation, further expanding the mesopores. It is
noteworthy that the KOH dosage in site-specific activation was
proportional to the phenolic hydroxyl groups in molar content,
which was far below the mass ratio of carbons to activators at
1:4 that is usually applied in the conventional activation. As in
the example of S-PCM3:1, the molar ratio of phenolic hydroxyl
groups to KOH at 3:1; in term of mass ratio, it was only 18:1
with carbonaceous precursor to KOH, several tenths of KOH

dosage compared with that applied in a conventional activation
route for C-PCM. Thus, the carbons produced by the site-
specific activation exhibited an obvious textural change at a
slight amount of KOH, which was quite different from that by
conventional activation. When the molar ratio of phenolic
hydroxyl group to KOH was increased to 3:2, the internal pore
of S-PCM3:2 was further enlarged and transformed from a
disordered mesopore to a large macropore. The inner wall
between mesopores might collapse with the increase of KOH
dosage, resulting in the formation of macropores. Once the
ratio reached 1:1, where all the phenolic hydroxyl groups in the
carbonaceous precursor were theoretically reacted with KOH,
the morphology was dramatically altered to form a 3D carbon
network structure with macrovoids of several micrometers and
a wall of a few hundred nanometers. The variation in carbon
morphology resulted from the transformation of the inner pore
into the outer wall of carbons, originating from collapse of the
outer wall during activation at high temperature. Since the
reaction of KOH with a phenolic hydroxyl group was
reversible, all the phenolic hydroxyl groups in the carbona-
ceous precursor were completely reacted with KOH when the
ratio was higher than 1:1 during site-specific activation, leading
to the formation of 3D interconnected carbon flakes. The
samples prepared in a ratio of 1:2 were composed of thin
carbon flakes connected with each other, which featured
randomly disclosed micropores as presented in S-PCM1:2. By
further increasing the ratio to 1:3, the sample retained the
morphology of the 3D interconnected flake network with many
conspicuous macropores with walls of dozens of nanometers,
indicating that the morphology and structure were no longer
altered in a dramatic way with the variation of KOH dosage. It
can be concluded that the morphology and texture of the as-
prepared porous carbon could be significantly altered with
small amount of KOH dosage by site-specific activation in one-
step, which was quite different from the conventional two-step
activation method. Moreover, the morphology transformation
was controllable by adjusting activator amount, demonstrating
the improved controllability over the activation of porous
carbons.

To further explore the pore properties of the as-prepared
samples, the nitrogen adsorption/desorption isothermal
analysis was carried out at 77 K (Figure 2 and Figure S9).
All the S-PCMs samples exhibited a typical type I sorption
isotherm, implying the existence of micropores in S-PCMs
structure.”’” Meanwhile, a weak retention closed loop in the
relative pressure range from 0.1 to 0.9 could be observed in
each isotherm of S-PCMs, indicating that the S-PCM:s retained
a certain amount of mesopore.'® It could be further verified by
the pore size distribution curves displayed in Figure 2c and d.
Moreover, the adsorption volume dramatically increased with
the increase of KOH usage, indicating a more developed
porous structure of S-PCMs. It is clear that the porosity of
resultant porous carbons could be effectively controlled via
KOH usage. Figure 2b showed the N, sorption isotherms of
OMC and C-PCM samples, and both isotherms displayed the
typical type I/II curves, implying the existence of micro/
mesoporous structures. Meanwhile, an obvious upward
tendency could be found in the relative pressure range from
0.9 to 1.0, which was attributed to the interparticle voids
between the spherical carbons.'” Compared with the isotherms
of OMC and C-PCM, it was hard to detect the upward
tendency in the curves of S-PCMs, indicating that distinct
textural transformation was caused by site-specific activation to
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Figure 2. (2) Nitrogen adsorption—desorption isotherms of S-PCMs, (b) nitrogen adsorption—desorption isotherms of OMC and C-PCM, (c)
micropore size distributions of S-PCMs via Harvath-kawazoe (HK) method, and (d) mesopore size distributions of S-PCMs via Barrett—Joyner—

Halenda (BJH) method.

destroy the interparticle voids between carbon particles. The
pore size distribution of the as-prepared OMC, C-PCM, and S-
PCMs was presented in Figure 2c¢,d and Figure S9,
respectively. For the mesopore distribution, all the as-prepared
samples possessed mesopores with a size of 3—5 nm, which
was originated from organic—organic self-assembly of phenolic
resin with Pluronic F127. OMC possessed low mesoporous
content because most of the mesopores produced by self-
assembly in OMC was closed. Through conventional
activation, the as-prepared C-PCM exhibited the highest
mesoporous content due to the breakage of the mesoporous
closure, demonstrating that porous structure could be
improved by conventional two-step activation.'®*" When
porous carbon was prepared by site-specific activation, the
mesoporous content of the S-PCMs was increased first and
then decreased. Compared with OMC, S-PCM3:1 exhibited
higher mesoporous content with similar pore size of 3—5 nm,
indicating that site-specific activation can also break the closure
of mesoporous with slight activator dosage. When the molar
ratio of phenolic hydroxyl group to KOH was increased to 3:2,
the S-PCM3:2 possessed similar mesoporous content relative
to S-PCM3:1. It should be noted that self-assembled
mesopores as the aggregation point of site-specific activation
were bound to be enlarged into macropores during activation,
meaning that the mesopore content should be decreased with

increasing KOH dosage, whereas similar mesoporous content
with the same size in both S-PCM3:2 and S-PCM3:1 indicated
that the process of a mesopore transforming into a macropore
was accompanied by unwrapping of closed mesopores,
maintaining the relatively constant mesopore content under
slight KOH dosage. As the ratio reached 1:1, the mesopore
content of S-PCM1:1 was significantly lower than that of S-
PCM3:2, indicating that the closed mesopores in carbonaceous
precursor were completely broken. By further increasing the
ratio to 1:2 and 1:3, the mesopore content of S-PCM1:2 and S-
PCM1:3 was similar to that of S-PCM1:1, implying that the
amount of mesoporous expansion into macropore reached a
maximum as the ratio exceeeded 1:1. The results were proven
by the abrupt change of the morphology of S-PCMs from the
SEM images as presented in Figure 1. Meanwhile, there was a
strong difference in micropore distribution of the samples
obtained from conventional activation and site-specific
activation. Conventional activation had resulted in the
formation of micropores with diameter of 0.6—0.8 nm
accompanied by a single peak, whereas the site-specific
activation led to the formation of micropore with larger
diameter of 0.9—1.1 nm accompanied by multiple peaks, which
could be attributed to the different positions of the phenolic
hydroxyl group in the carbonaceous precursor. When porous
carbon was prepared by site-specific activation, the content of
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the micropore was increased gradually with the increase of
activator dosage, and reached the highest value when the molar
ratio of phenolic hydroxyl to KOH was 1:2. By further
increasing the ratio to 1:3, the micropore distribution was
shifted from 0.9 to 1.1 nm to 0.6—0.8 nm, which may be
ascribed to the excessive use of KOH leading to conventional
KOH activation to a certain degree. In site-specific activation,
H of the hydroxyl group in the precursor was replaced by K in
the process of a fixed-point reaction, which resulted in the
deformation of the polymer network. This deformation was
retained by the carbon skeleton to make the micropore
diameter larger, leading to a larger micropore size within the
range of 0.9—1.1 nm. When the dosage of KOH was much
higher than that of —C—O—K in the site-specific activation,
such as S-PCM1:3, extra KOH would further participate in the
pore-developing process after —C—O—K groups in aggregated
sites were consumed. Thus, the deformed carbon skeleton was
first consumed by —C—O-K groups, and then subsequent
pore formation was carried out on the carbon skeleton in
conventional activation by excessive KOH. Due to the much
higher KOH dosage relative to that of site-specific activation in
S-PCM1:3, the micropore size was shifted from large diameter
to small diameter, demonstrating the micropore distribution
characteristic of conventional carbon. The variation of porous
structure would significantly influence the specific surface area
of carbon materials. It has been found from Table 1 that OMC

Table 1. Textural Properties of the OMC, C-PCM, and S-
PCMs Samples

pore parameters

]

b c

o B N N A B e 2
OMC 469.2 0.58 0.41 0.17
C-PCM 1563.8 0.96 0.36 0.60
S-PCM3:1 919.7 0.50 0.17 0.33
S-PCM3:2 1528.0 0.80 0.20 0.60
S-PCM1:1 1733.8 0.85 0.22 0.63
S-PCM1:2 19279 0.92 0.25 0.67
S-PCM1:3 1659.0 0.74 0.11 0.63

“BET surface area. "Total pore volume. “Mesopore volume obtained
by subtracting Vi, from V. “Micropore volume determined by
using the t-plot method.

showed the lowest specific surface area of 469.2 m* ¢! and C-
PCM possessed a high specific surface area of 1563 m* g~',
which proved that conventional activation could significantly
increase the specific surface area. However, the specific surface
area can be increased more effectively and directly by site-
specific activation. From Table 1, it can be observed that even
the sample, S-PCM3:2, prepared by site-specific activation with
KOH dosage of only 0.2 g exhibited the similar specific surface
area of 1528.0 m® g' to that of C-PCM prepared by
conventional activation with 1.6 g KOH dosage. Meanwhile, S-
PCMI:2 possessed the highest specific surface area of 1927 m*
g~!, which was 20% more than that of 1563 m” g~' for C-PCM,
indicating that the specific surface area of porous carbon could
be preferably improved through textural and morphological
transformation by site-specific activation. Higher specific
surface area directly represented faster ion or molecule
transport under similar pore capacity. Based on the character-
istics of large specific surface area, large pore volume, and 3D
interconnected flake network, the as-prepared S-PCMs could

achieve rapid ion contact diffusion, which is more suitable for
energy storage or gas adsorption applications.m_23

From the results of SEM, TEM, and nitrogen adsorption/
desorption, S-PCM1:1 and S-PCM1:2 were considered to be
representative samples from the one-step site-specific activa-
tion for further detailed analysis. The XPS spectra of S-
PCM1:1, S-PCM1:2, OMC, and C-PCM (Figure S11) showed
the clear signals of carbon (285 eV), nitrogen (400 eV),
oxygen (532 eV), and sulfur (167 eV) elements and the
analytical results of the surface elemental content were
displayed in Table S1. From Table S1, it could be seen that
all four carbon materials contained a large amount of N and O
elements, while the content of S elements was negligible below
1%. Compared with OMC without activation, the nitrogen
content on the surface of the C-PCM was increased, which
could be ascribed to the exposure of internal functional groups
by activated corrosio, and the nitrogen content of S-PCMs was
slightly reduced due to the reaction between KOH and
hydrothermal precursors to release internal ammonia (proved
by FTIR). For the oxygen element, the samples of OMC and
C-PCM had similar oxygen content, while both S-PCM1:1 and
S-PCM1:2 possessed higher oxygen content than that of OMC
and C-PCM due to the exposure of mesopores with much
phenolic hydroxyl group by site-specific activation. Due to the
existence of a large quantity of N and O elements, it was
necessary to further study the chemical environment of
nitrogen and oxygen on the surface of the carbon materials,
and the resulting high resolution N 1s and O 1s spectra were
presented in Figure 3a and b. In the case of N 1s, four different
peaks centered at 398.5 + 0.2 eV, 400.5 + 0.2 €V, 401.2 + 0.2
eV, and 4029 + 0.2 eV were detected, corresponding to
pyridinic-N (N-6), pyrrolic-/pyridine-N (N-S), quaternary-N
(N-Q), and pyridine-N-oxide (N-X),**7>° respectively. It was
found that both conventional activation and site-specific
activation could increase the proportion of N-5 and N-Q in
N content. The increase of N-5 and N-Q in N content could
be attributed to the carbon atoms next to pyridinic N which
was reacted with OH species resulting in consequent
transformation of the pyridinic-N (N-6) to pyrrolic-/
pyridine-N (N-5).””*® Meanwhile, compared with the conven-
tional activation, the precursor in site-specific activation with
excellent wettability provided better conditions to alter
pyridinic-N (N-6) to pyrrolic-/pyridine-N (N-5). As a result,
only pyrrolic-/pyridine-N (N-S) was the predominant species
in the S-PCMs from site-specific activation as demonstrated
from the peak intensities of the nitrogen species in Figure 3,
which indicated that the activation degree of site-specific
activation was higher than that of traditional activation. In the
case of O 1s, deconvoluted O 1s spectra contained four
characteristic peaks at 531.3 + 0.2 eV, 532.4 & 0.3 eV, 533.9 +
0.5 eV, and 536.3 + 0.2 eV, corresponding to C=0 (O-I),
C—OH/C-0-C (0-II), O—C=0 (O-III),””** respec-
tively. It should be noted that S-PCMs and C-PCM
demonstrated similar O 1s characteristic peaks indicating
that the proportion of O—I and O—II in oxygen content was
increased, which was attributed to the introduced oxygen
during activation.””** By these results, it can be concluded that
the chemical composition of the porous carbons would not
change significantly by site-specific activation, and the results
were similar to those of traditional activation that large
amounts of N, O elements were retained in porous carbon.

3.2. Activation Mechanism. The reaction between KOH
and functional groups in carbonaceous precursors on the basis
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Figure 3. (a) N 1s and (b) O 1s peak-fitting XPS spectra of S-PCM1:1, S-PCM1:2, OMC, and C-PCM.

of excellent solubility was the prerequisite for the one-step site-
specific activation. When the hydrothermal products serving as
carbonaceous precursors were blended with aqueous KOH
solution, the mixture turned from yellow to dark brown
(Figure S12). In order to verify whether alkali metal elements
were introduced into the carbonaceous precursor at a specific
location, FTIR was used to detect the chemical variation of the
precursors. It was noted that the molecular structure of
hydrothermal products was changed after mixing with KOH
(Figure 4). The spectra of hydrothermal products showed the
peak at 1600 cm™ allocated to N—H vibration and coupled
with C—N tension mode,** the peak at 2880 cm™! allocated as
the stretching bands of C—H group,” and the wide band with
a center of 3400 cm™" designated as O—H vibration mode and
N—-H tension.’* The high intensities of the broad absorption
band at a center of 3400 cm™" and the peak at 1600 cm™ of

hydrothermal products indicated the existence of a great
number of hydrophilic groups including hydroxyl groups and
amino groups, suggesting excellent wettability with KOH.
When KOH was mixed with hydrothermal products, the
significant decrease in the intensity of the hydroxy absorption
band at 3400 cm™! was observed for the mixture. It showed
that KOH was successfully reacted with phenolic hydroxyl
group, which was consistent with the predesigned process. The
peak at 1350 cm™ attributed to C—N stretching vibration”***
was not changed in the mixture. With the combination of
absorption band at 1600 cm™" allocated to N—H vibration and
coupled with C—N tension mode, the decreased intensity at
1600 cm™" could be attributed to the disappearance of the N—
H bond, indicating that the N content in S-PCM was
decreased by the reaction of KOH and ammonium salts,
which were produced by the reaction between sulfuric acid and
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Figure 4. FTIR spectra of hydrothermal products and the mixture of
hydrothermal products with KOH.

ammonia during the hydrolysis of urotropine. The intensity of
the broad absorption band at 2880 cm™" which represented the
cross-linking degree of the product by —CH,— functional
group did not change significantly after adding KOH,
indicating that the addition of KOH did not significantly
reduce the cross-linking degree of the resin. Thus, it could be
concluded that the reaction of KOH with phenolic hydroxyl

group successfully fulfilled the site-specific requirement by the
favorable wettability of hydrothermal products.

Based upon the above experimental results, a one-step site-
specific activation mechanism was proposed for the formation
of porous carbons derived from self-assembly hydrothermal
carbonaceous precursor as illustrated in Figure S. First, ordered
assembled PF-resin was fabricated via an organic—organic self-
assembly process with m-aminophenol as the carbon and
nitrogen source and Pluronic F-127 as the soft template, which
was further hydrothermally treated under mild conditions to
produce the carbonaceous precursor for the subsequent
activation process. The hydrothermal carbonaceous precursor
displayed excellent wettability with KOH due to the existence
of abundant hydrophilic groups, which could make KOH
molecules enter the whole interior of the carbonaceous
precursor and further react with phenol hydroxyl groups to
immobilize the activators by forming the C—O—K functional
group. Moreover, the ordered mesoporous structure from the
PF resin self-assembly was maintained by a hydrothermal
process, characterizing that the phenol hydroxyl groups were
aggregated and concentrated on the pore interior of the
carbonaceous precursor. The unique feature of phenol
hydroxyl group aggregation provides the concentration of
specific reactional sites for KOH activation, demonstrating a
significant difference from other carbonaceous precursors
derived from biomass,® biomass derivatives,"> and hydro-

Hydrothermal
—>

Increase
the amount|
of KOH

Carbonization

Figure 5. Schematic illustration of site-specific activation mechanism in one step for preparation of porous carbons.
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D-PCM1:0

Figure 6. Contrastive SEM images of the D-OMCs from phenolic resin without Pluronic F127 (left), and PCM and S-PCMs from phenolic resin

self-assembled with Pluronic F127.

thermal polymer products,” in which polar groups were
randomly distributed in the precursors. Once the hydrothermal
carbonaceous precursors were mixed with KOH, KOH
molecules would react with phenolic hydroxyl groups to
form C—O-K groups in the internal mesoporous pore of the
carbonaceous precursors due to the excellent wettability of the
hydrothermal precursors which could make KOH molecules
enter the interior of the hydrothermal precursors. Although the
C—0-K groups were formed with reversible destruction of
water evaporation during drying, the aggregation of KOH in
C—O—K form at the specific site was located at phenolic
hydroxyl groups in the interior of the carbonaceous precursor
pore. ™" Calcinating the mixture of the precursor and KOH at
high temperature, the C—O—K groups formed in the pore
interior were decomposed to K,CO; which was further
transformed to K,O with release of CO,. The formation of

K,CO; from C—O—K groups was conducted as the exfoliation
of carbon atoms from the internal pore wall which acted like
the etching of carbon by activator during conventional
activation route. Simultaneously, the release of CO, from
decomposition of K,CO; to K,O at high temperature would
dilate the surrounding carbon structure acting as a pore-
enlarging agent, leading to the expansive porous structure.
Thus, the synergistic effect of exfoliation and expansion
originating from the formation and decomposition of K,CO,
would remarkably promote the porous development and even
transform the carbon texture, achieving activation of the
carbonaceous precursor in one step by eliminating the
carbonization step at high temperature which was usually
carried out in conventional activation route.

Concerning the one-step activation mainly occurring at the
specific sites of phenolic hydroxyl groups which was aggregated
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Figure 7. (a) CV curves of the OMC, C-PCM, S-PCM1:1, and S-PCMI1:2 electrodes at a scan rate of 10 mV s™; (b) CV curves of the S-PCM1:2
electrodes at a scan rate ftom10 mV s~ to 200 mV s™'; (c) GCD curves of the OMC, C-PCM, S-PCM1:1, and S-PCM1:2 electrodes at a current
density of 1 A g™'; (d) GCD curves of the S-PCM1:2 at current density from 0.5 to 20 A g™'; (e) charge—discharge rate performance of the OMC,
C-PCM, S-PCM1:1, and S-PCM1:2 electrodes; (f) Nyquist plots of the OMC, C-PCM, S-PCM1:1, and S-PCM1:2 electrodes in the frequency

range from 10°—1072 Hz (the inset is the magnified plots in the high frequency region).

by the self-assembly process, it was reasonably accepted that
the carbon texture would be significantly transformed by the
activated reaction with a small quantity of activators due to the
location of phenolic hydroxyl groups at the interior of the
precursor pores. When the reaction degree for site-specific
activation was low, meaning that partial phenolic hydroxyl
groups in the carbonaceous precursor were reacted with slight
KOH, the porous structure of the activated carbons was
obviously altered from ordered mesopores of OMC to
enlarged pores and the content of mesopore at 3—5 nm was

increased due to the breakage of the mesoporous closure.
Meanwhile, the micropore with diameter of 0.9—1.1 nm
accompanied by special multiple peaks was formed by the site-
specific activation. Although the implementation of site-specific
activation significantly altered the pore structure of the carbon
material, the carbon morphology was kept as coral-like
particles only with slightly larger size due to the low degree
of reactivity (S-PCM3:1 and S-PCM3:2 in Figure 1).
Increasing the reaction degree up to the point that all the
phenolic hydroxyl groups were reacted with equivalent or
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slightly excessive KOH (S-PCM1:1 and S-PCM1:2 in Figure
1), not only was the pore texture dramatically transformed, but
the morphology of the porous carbon was as well. The content
of micropore in the porous carbons was increased with the
increase of site-specific reaction degree and the micropore
distribution still retained multipeak distribution in the range of
0.9—1.1 nm. However, because of the aggregation of specific
reactive sites, the mesopore content in the porous carbons was
reduced through the transformation of the inner mesopore into
the outer wall of carbons by activation. Furthermore, the
morphology was accordingly transferred from coral-like
spherical particles into a 3D interconnected network or even
a 3D interconnected flake network due to pore transformation.
When the amount of KOH was much higher than that of
phenolic hydroxyl group (S-PCMI1:3 in Figure 1), the
mesopore distribution was kept constant, but the micropore
distribution was shifted from 0.9 to 1.1 nm to 0.6—0.8 nm.
Meanwhile, the morphology of the interconnected 3D flake
network was further developed by reducing the thickness of the
wall of carbon material. Despite dramatical alteration on the
morphology and porous structure of the carbons prepared by
site-specific activation, two weak and broad diffraction bands
centered at 23.4° and 43° were still maintained in S-PCMs,
which can be approximately indexed as the (002) and (101)
plane of graphite structure (Figure $10).>%*

In order to demonstrate the effect of the predesigned
expansion from aggregated specific sites on a porous structure,
the site-specific activation was performed on phenolic resin as a
carbonaceous precursor with and without Pluronic F127,
respectively. The contrasting SEM images of the as-prepared
activated samples from phenolic resin without Pluronic F127
labeled as D-OMC and that from phenolic resin self-assembled
with Pluronic F127 as S-PCM were presented in Figure 6. For
the D-OMC sample obtained from direct carbonization
without KOH activation, it was mainly composed of spherical
carbon particles, which was different from the small coral-like
interconnected particles in OMC. After site-specific activation
under the molar ratio of 1:1, the as-prepared D-OMC1:1
almost kept the original spherical particles with a small amount
of amorphous carbons, which was a lack of the remarkable
morphological variation with comparison to S-PCMI1:1. By
increasing KOH dosage to the ratio 1:2, amorphous carbons
featured with broken flakes were formed in D-OMCI:2,
indicating that the irregular expansion of porous structure
occurred in a random way and further altered the morphology
through breaking up the regular particles. However, different
from the transformation of porous structure and morphology
of S-PCM, the irregular distribution of phenolic hydroxyl
groups in D-OMC could not alter the morphology in the
predesigned way, leading to the amorphous morphology of the
carbons. On the contrary, both the morphology and the porous
structure of S-PCM could be converted in the predesigned way
by aggregation of reactive groups in special parts of the
carbonaceous precursor. Through the site-specific activation,
precise and controllable activation could be realized by
regulating the distribution of reaction sites.

It could be apparent to improve the porosity and surface
area of the carbon materials by the conventional two-step
activation method. The prepared C-PCM sample possessed
larger specific surface area and pore volume than that of OMC
sample, still maintaining similar morphology and porous
texture after annealing OMC with massive KOH (in the
mass ratio of 4:1, KOH to OMC) at high temperature.

However, only by aggregating the specific sites on the internal
pores previously assembled in the carbonaceous precursors
could the porosity, texture, and morphology of the activated
carbon materials be significantly transformed by a small
amount of KOH dosage. Although the reaction between KOH
and phenolic hydroxyl groups has not been intrinsically
changed, the aggregation of reactive sites resulted in the
remarkable conversion of products from spherical particles to a
3D interconnected flake network, bringing about high specific
surface area that was comparative or even preferable to that
conventional activation. Moreover, the porous and morpho-
logical evolution could be conducted in a consecutive way with
slight KOH dosage, demonstrating excellent control over the
porosity, pore size distribution, and morphology of the
activated porous carbons. In addition, the site-specific
activation approach was also different from other one-step
activation methods which were carried out by direct
calcination of carbonaceous precursor and activator mix-
tures.”'****® Even though one-step activation procedure was
performed based on the reaction of activators including KOH
with hydrophilic polar groups, the randomly distributed
reactive groups in carbonaceous precursor led to limited
control over pore type and pore size distribution, and still
required a massive dosage of activators with equivalent to that
used in the conventional two-step activation process. Taken
together, by a simple directional arrangement of special
functional groups of carbonaceous precursors, porous carbons
with high specific surface area and controllable porosity could
be prepared through a cost-effective and environmentally
friendly way.

3.3. Electrochemical Properties. The electrochemical
properties of the porous carbons obtained from one-step site-
specific activation were conducted by CV, GCD, and EIS
measurements with a three-electrode system in 1 M H,SO,
electrolyte. Figure 7a showed the CV curves of different carbon
materials at a scan rate of 10 mV s!. The PCM, NO-PCM,
and T-PCMs displayed a typical rectangular shape, indicating
the electric double-layer capacitive response."’9 In addition,
certain slight humps could be observed in all samples,
suggesting that the pseudocapacitance caused by redox
reactions was related to the heteroatom doping."’ The CV
curve of S-PCM1:2 enclosed the largest area, indicating the
largest specific capacitance of S-PCMI1:2 at the same rate.
Furthermore, Figure 7b exhibited the CV curves of S-PCM1:2
at different rates from 10 mV s™' to 200 mV s~ '. The CV
profiles of S-PCM1:2 showed a rectangular shape at 200 mV
s7!, indicating a very fast electrochemical response.*"** Figure
7¢ further presented the GCD curves of all the samples at the
same current density of 1 A g”', and all the GCD curves
exhibited similar isosceles triangle arc, revealing that the
capacitance response mainly came from the double-layer
capacitance, and the electrodes exhibited good electrochemical
reversibility. Meanwhile, S-PCM1:2 showed the longest
charging and discharging time, which indicated that S-
PCM1:2 possessed the highest specific capacitance at the
same current density of 1 A g~' that was in accordance with
Figure 7a. The charge and discharge performance of S-
PCM1:2 at different current densities were measured
separately and shown in Figure 7d. All the charge—discharge
curves resembled an isosceles triangle, and no deformation of
charge—discharge curves even at high current density of 20 A
g~'. Figure 7e displayed a plot of the specific capacitance as a
function of the current density. It could be found that the
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specific capacitance was decreased by increasing the current
density. S-PCM1:2 displayed the highest specific capacitance at
the same current density (the specific capacitance was 375 F
g™! at the current density of 0.5 A g”' and 276 F g™' at the
current density of 20 A g~',74% capacitance retention)
compared to other samples under the same conditions (the
specific capacitance values for C-PCM was 288 F g™' at the
current density of 0.5 A g”' and 242 F g™' at the current
density of 20 A g, 84% capacitance retention), suggesting a
much higher rate capability compared with that of various
porous carbons previously reported as listed in Table 2.

Table 2. Summary of Electrochemical Performance of
Porous Carbons in Recent Literature

capacitance (F rate
carbon material = performance electrolyte ref
N-doped holey 3183 2596 Fg! 6MKOH 43
graphene aerogel (05Ag™h at20A g™
N-doped carbon 376 130Fg'at 6MKOH 44
nanospheres (0.5A g™ 20Ag!
N/P codoped 219 175Fg'at 6MKOH 45
graphene (025Ag") 10Ag!
Porous carbon/ 324 152 F g_1 at 6 MKOH 46
carbon (0.5A g™ 10Ag!
nanotubecomposite
N-doped carbon 278 147Fglat 1M 47
(02A¢g™ 10A g™ H,SO,
Graphene aerogel 306 215 at 4 2M 48
(0.1A g™ Ag! H,SO,
Activated carbon 226 (1 Ag™) 206 at 10 6MKOH 9
A gfl
Site-specific-activated 375 276 at 20 1M This
porous carbon (0.5A g™ Ag! H,SO, work

The variation of morphology and porous structure exerted a
significant impact on ion transport, which could be directly
reflected by EIS plot (Figure 7f). It could be observed that all
EIS curves of the samples possessed three sections: the nearly
vertical lines in a low frequency region, the 45° diagonal line in
the intermediate frequency region, and the semicircle in the
high frequency region. The difference was mainly focused on
the part in the high-frequency semicircle, in which the
semicircle in the high-to-medium frequency region corre-
sponded to the charge transfer resistance (R.), and the
semicircle diameter reflected the magnitude of R.. It could be
found that the as-prepared samples including C-PCM and S-
PCMs after activation exhibited smaller semicircle diameter
than that of OMC without activation, demonstrating that
higher effective contact area in porous carbon through
activation was achieved for rapid electrolyte ion transfer.*”>°
The fact that high effective contact area from the activated
carbons proved that the comparative or even preferable
activation effect could be achieved by the site-specific
activation method with small KOH dosage compared with a
conventional two-step activation route. For example, S-
PCM1:2 displayed only two-thirds of the diameter of other
activated samples, indicating much faster electrolyte ion
transfer. It was mainly attributed to the morphological
transformation of the porous carbon to 3D sheet interconnec-
tion network, which possessed a higher effective contact area
than that of coral-shaped carbon. In the intermediate frequency
region, the 45° diagonal line, called the Warburg curve, was
representative of the diffusion of electrolyte ions within porous
electrodes. The projected length of the Warburg curve on the
real impedance axis (Z,) characterized the ion diffusion

resistance.”” It could be found that the property of ion
diffusion of C-PCM and S-PCMs was better than that of
OMC, which was attributed to the active pore-forming and
pore-opening effect. Compared with C-PCM, S-PCM had a
slightly larger ion diffusion resistance, because the mesoporous
which accelerated the kinetic process of ion diffusion were
destroyed by site-specific activation.’> Meanwhile, the
morphological transformation of the porous carbon to 3D
sheet interconnection network increased the bending degree of
the material, which had a certain effect on ion diffusion, and S-
PCMI1:2 showed relatively large ion diffusion resistance.”’ The
vertical line in the low frequency region means an ideal
capacitive property. It could be found that the slope of the
vertical line of C-PCM and S-PCMs was closer to 90° than that
of OMC after activation, indicating that C-PCM and S-PCMs
had better cagacitive property with a large number of micro/
mesoporous.”” On the whole, the highly hierarchical structure
of the 3D sheet interconnected carbon rendered high
utilization of the micro-, meso-, and macropores in favorable
electrochemical behavior, which has been reported and proven
in a specific way that the massive micropores accessible to the
electrolyte ions was beneficial for high energy storage,
mesopores accelerated the kinetic process of ion diffusion in
the electrodes for improving the power performance at high
current densities, and macropores provided a short diffusion
distance and facilitated rapid transport of electrolyte ions, and
hence resulting in the superior capacitive performance.'®**™

The porous carbons from site-specific activation in one step
possessed high specific surface area, well-defined hierarchical
pores, and appropriate porous distribution, which could
guarantee good performance when used as supercapacitors. A
symmetric supercapacitor was assembled by S-PCMI1:2 and
the electrochemical performance was explored as shown in
Figure 8. Figure 8a exhibited CV curves of the supercapacitor
at various scanning rates from 5 to 200 mV s'in 1 M H,SO,
electrolyte. The CV profiles showed a nearly perfect
rectangular shape and no distortion at high sweep rates of
200 mV s7', indicating a small equivalent series resistance
(ESR) and an excellent capacitive nature.”” The GCD curves
of S-PCM1:2 at different current densities in 1 M H,SO,
electrolyte were displayed in Figure 8b. The galvanostatic
charge/discharge profiles demonstrated almost symmetric
triangular shapes, revealing good capacitive characteristics
and electrochemical reversibility. The specific capacitance was
reduced from 281 to 225 F g~ as the current density increased
from 0.5 to 20 A g_l, retaining about 81% of the initial
capacitance, which was indicative of an excellent rate
performance of S-PCM1:2. The performance was significantly
higher than that of other synthetic porous carbon materials,
such as template-free synthesis of N-doped carbon® (256 F
g 'at0.5Ag'and 183 F g ' at 20 A g '), 3D microporous
conducting carbon’® (254 F g 'at0.5Ag " and 1SOF g ' at
30 A g7'), and 3D self-assembly synthesis of hierarchical
porous carbon® (277 F g™ at 0.05 A g' and 194 F g™ at 20
A g™'). The EIS profile (Figure 8c) exhibited a semicircle in
the middle and high frequency region, and a nearly
perpendicular line in the low-frequency region, indicating the
outstanding ionic and electronic conductivity of S-PCMI:2.
Figure S13 depicted the Ragone plot related to energy and
power densities of the symmetric supercapacitor using 1 M
H,SO, solution as the electrolyte. Profiting from high
utilization of the micro-, meso-, and macropores in favorable
electrochemical behavior, the energy density of the symmetric
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Figure 8. Electrochemical performance of NOS-PCMs-700//NOS-PCMs-700 symmetric supercapacitors (a) CV curves of the S-PCM1:2 at a scan
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frequency range from 10° to 107 Hz (the inset is the magnified plots in the high frequency region); (d) cycling performance of S-PCM1:2 at 2 A
g 'in 1 M H,SO, electrolyte, is the GCD curves for the first and last 20 cycles.

cell exhibited 9.72 W h kg™" at a current density of 0.5 A g™
and remained at 7.81 W h kg™ with a power density of 9600
W kg™ at 20 A g~!, which was significantly higher than other
one-step activation porous carbon or synthetic porous carbon

10,14,58,60,61
)14,58,6061 Based on the above

at high power density.
electrochemical property, the cycles of symmetrical super-
capacitor S-PCM1:2//S-PCM1:2 were tested at long cycle
current densities of 2 A g~'. After 10 000 cycles of charging
and discharging, the capacitance retention rate was about
99.8% of the initial specific capacitance at 2 A ¢! in 1 M
H,SO, electrolyte, evidencing the outstanding cycling stability
and relatively high reversibility of the S-PCM1:2. The above
experimental results demonstrated that S-PCM1:2 displayed
excellent electrochemical performance, which was mainly
attributed to the hierarchical porosity with high specific
surface area and large micropore volume. The distinctive
morphology and porosity originated from site-specific
activation, providing large electrode/electrolyte interface to
form electric double layers and low-resistant pathways for rapid
ion transportation among the pores.

4. CONCLUSION

Highly hierarchical porous carbons with controllable morphol-
ogy and porous texture were successfully synthesized by site-
specific activation in one step. Based upon the hydrophilicity of
the carbonaceous precursor, the activator was introduced into
the specific active hydroxyl sites in phenolic resin through the
connection of C—O-K originated from the reaction of
phenolic hydroxyl group with KOH. Through aggregation of
specific sites in the predesigned way, the control over activated
sites and entire activation was significantly improved, resulting
in dramatic morphological evolution of the as-prepared porous
carbon from coral-like particle to 3D sheet interconnection
network. Different from the conventional two-step activation
method, the site-specific activation strategy was carried out not
only in one step of calcination but for much lower dosage of
activators. The S-PCMs materials obtained from one-step site-
specific activation exhibited the characteristics of large surface
area with hierarchical porosity as well as an abundant amount
of nitrogen, oxygen, and sulfur functional groups. Benefiting
from the unique morphological and textural feature, the S-
PCMs demonstrated excellent electrochemical performance as
electrode materials for supercapacitors. The typical S-PCM1:2
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exhibited an excellent specific capacitance of 276 F g™' at high
current density of 20 A g~' as well as good rate performance
(74% capacitance retention, 375 F g_1 at 0.5 A g_l) in three-
electrode system. The symmetric supercapacitor assembled by
S-PCM1:2 possessed a high specific energy of 7.81 Wh kg™ at
power density of 9600 W kg™'. Furthermore, the electrode
displayed outstanding cycling stability with only 0.2% loss after
10 000 cycles.
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