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Introduction

Hierarchical porous carbons can exhibit excellent adsorp-
tion performance due to their high connectivity of narrow
pores provided by the textural transport pores that allowing
rapidly deep penetration of adsorbate molecules into the
pore network [1, 2]. They have been attracting widespread
attention due to their potential technological applications,
such as in adsorption of harmful materials in liquid or gas
phase, in catalyst support, and as carbon electrode for
supercapacitors [3—11]. The hierarchical micro/meso-por-
ous carbons have been prepared by CO, activation of
ordered mesoporous carbon and utilized as the electrode
material for supercapacitor [12]. Meanwhile, a hierarchical
meso/macro-porous carbon monolith has been obtained by
using Pluronic F127 and SiO, opal as the templates [13]. In
addition, a 3D aperiodic hierarchical porous graphitic
carbon material has also been reported [14]. All of these
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porous carbons exhibited notable electrochemical double-
layer performance.

In this study, we report a new method to prepare hier-
archical porous activated carbon spheres (HPACSs) in
which the commercial phenol-formaldehyde resins were
used as carbon precursor. The prepared HPACSs exhibited
a uniquely hierarchically porous structure and showed the
high Brunauer-Emmett-Teller (BET) surface area as well
as the specific pore volume. The mechanism of pore for-
mation in HPACSs was also proposed.

Experiment

The novolac-type phenol-formaldehyde resins and hexa-
methylenetetramine were first dissolved in methanol, and
then poured in an aqueous solution of polyvinyl alcohol
(PVA) in a high-pressure reactor. The mixture was heated
from room temperature to 403 K at a rate of 5 K/min and
kept at this temperature for 60 min during which the
mixture was actively stirred under a pressure to ensure the
phenol resins were dispersed homogeneously. Then, after
the reaction mixture cooling down to the room temperature
naturally, the phenol-formaldehyde resin spheres (PFSs)
were obtained via solid-liquid separation, followed by
washing with distilled water to remove the excess polyvi-
nyl alcohol (PVA) and drying at 383 K for 24 h.

To prepare the hierarchical porous activated carbon
spheres (HPACSs), the PFSs were firstly preoxidized at
573 K for 120 min in air, and then heated up to 1123 K
under a nitrogen atmosphere to activate PFSs for 60 min
under a stream of steam at a flow rate of 20 mL/min.

The surface area and pore structure of prepared HPACSs
were characterized using nitrogen adsorption at 77 K
(Micromeritics ASAP-2020) as well as mercury
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porosimetry (Micromeritics AUTOPORE II 9220). The
size and morphology of the samples were examined using
scanning electron microscopy (SEM,LEO 438 VP).

Results and discussion

The nitrogen adsorption—desorption isotherms and the pore
size distribution of HPACSs are shown in Fig. 1. Specifi-
cally, the HPACSs exhibited a type IV isotherm with an
H1-type hysteresis loop and three uptake phases (Fig. 1a).
At the very low relative pressures, there was a steep rise
shown in Fig. 1b, indicating the presence of some mi-
cropores generated probably during the carbonization and
activation of the precursor. Then, with the increase of the
relative pressure, the N, adsorption amounts increased
gradually, implying the existence of some micro/mesop-
ores of a variety of sizes. Finally, at high relative pressures
(P/Py = 0.85-0.97), the very presence of a hysteresis loop
with a sharp capillary condensation indicated the existence
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Fig. 1 N, adsorption—desorption isotherms (a), enlarged image of N,
isotherms at the low relative pressures (b) and BJH pore size
distributions (c¢) of HPACSs

of some large size pores. Furthermore, it has been found
that the prepared HPACSs had a broad pore size distribu-
tion with a mean pore size 24 nm (Fig. 1c), as calculated
using the Barrett-Joyner-Halenda (BJH) method from the
adsorption isotherm. In addition, a nitrogen adsorption
uptake has been observed in the adsorption isotherm at the
relative pressures as high as P/Py > 0.9, indicating the
presence of channels connecting the macropores [15].

The size distribution of the pores in the prepared
HPACS:s, particularly, the large mesopores and macrop-
ores, has been measured using mercury porosimetry too.
The result is shown in Fig. 2. Specifically, a steep rise of
cumulative pore volume was clearly evident at low pres-
sures, as shown in Fig. 2a, indicating the presence of
numerous macropores, while with the further increase of
the pressure, the cumulative pore volume increased,
implying the existence of some mesopores. Finally, as
shown in Fig. 2b, the prepared HPACSs had a broad pore
size distribution and had the pores of various sizes from the
mesopores, the macropores to the ultra-macropores [16].

The BET surface area and the total pore volume of the
prepared HPACSs were found to be as high as 1897 m*/g
and 2.22 cm?/g, respectively. Meanwhile, its mesopore-to-
total volume ratio was up to 92.3%. However, the micro-
pore volume of the prepared HPACSs was only 0.16 cm?/
g, which can be attributed to the collapse and widening of
the micropores as well as the closed mesopore opening. We
studied the effects of preoxidation temperature on the
structure of activated carbon spheres and did the repeat
experiments (see supplementary information). The primary
physical properties of the prepared samples are listed in
Table 1.

The morphology of the prepared HPACSs is shown in
Fig. 3. Specifically, the prepared HPACS showed a well
spherical structure with a rough exterior surface. The
macropores and the ultra-macropores were indicated by
arrows in Fig. 3b, c, and particularly, in Fig. 3c. Particu-
larly, as indicated by the arrows in Fig. 3c, it can be seen
clearly that the walls of ultra-macropores actually con-
tained many sub-pores and these sub-pores connected the
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Table 1 The physical properties of the samples

Sample SBET (mz/g) Viotal (cm3/g) Sicr (cmS/g) Ratioeso (%) Pore size (nm)
ACSs 1196 0.86 0.42 51.2 2.89
HPACSs 1897 2.22 0.17 92.3 4.67

Sget BET surface area, Vi, total pore volume, measured at P/P =0.995, V;.ro micropore volume, Vs, mesopore volume, Ratioyeso= Vineso /

Viotal, Pore size, adsorption average pore width (4V/A by BET)

ACSs, HPACSs are the activated samples for the original resin spheres and oxidized phenolic resin spheres at 573 K

Fig. 3 SEM images of the
samples, the particle (a), the
exterior surface (b), the cross
section (c¢), and the schematic
representation (d) of
hierarchical porous texture

macropores in the interior of the prepared HPACSs. These
results along with the results of nitrogen adsorption and
mercury porosimetry revealed clearly that the prepared
activated carbon spheres exhibited a hierarchical structure
thereafter can be called the hierarchical porous carbons. A
schematic representation of the structure, i.e., a macropo-
rous network with meso-microporous walls, is shown in
Fig. 3d [14].

The formation mechanism of hierarchically structured
pores may be as follows. The macropores were probably
formed as a result of the solvent volatilization during the
balling and curing of phenolic resins. Meanwhile, PVA, as
surfactant ensuring that phenol resins were dispersed
homogeneously, can definitely exert some influences on the
formation of macropores. However, the solvent volatiliza-
tion may play a crucial role here. The mesopores and the
macropores on the PFSs surface were generated during the
heat treatment in air at 573 K, meanwhile, many closed
pores inside the PFSs were also opened to the surface during
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the heat treatment. Consequently, during PFSs activation
process, small molecules can be removed more easily from
the interior of resin particles while the activator can enter the
interior of the resin spheres more quickly, thereafter facili-
tates the formation of internal micropores and mesopores.
Simultaneously, the intermolecular cross-linking as well as
the rearrangement reaction of phenolic resin also occurred.
All of these eventually resulted in the increase of porosity. A
more detailed study of the mechanism is underway.

Conclusions

The hierarchical porous activated carbon spheres have been
successfully prepared via the preoxidation and activation, in
which the cheap commercial phenolic resins were used as
carbon precursor. The results showed that the preoxidation
played crucial roles in determining the structure of HPACSs,
which produced new pores on PFSs surface, opened the
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closed pores of PFSs, facilitated the further activation of
PFSs, and eventually resulted in the formation of hierar-
chically porous structure, i.e., a macroporous network with
meso-microporous walls. It has been found that the prepared
HPACSs had a high specific surface area of 1897 m%/g, a
large total pore volume of 2.22 cm?/g and a high mesopore
ratio of 92.3%. All of these results indicated that the pre-
pared HPACSs were promising in many applications such as
the carbon electrode for supercapacitors.
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