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Abstract: Highly ordered mesoporous resol-type phenolic resin 
and the corresponding mesoporous carbon materials have been 
synthesized by using PEO-b-PCL diblock copolymer as a soft-
template. The self-assembled mesoporous phenolic resin was 
found to form only at a specific resol concentration range of 40-70 
wt% through the intriguing balance of hydrogen bonding 
interactions in the resol/PEO-b-PCL mixtures. Furthermore, the 
morphological transitions of the mesostructures from disordered 
to gyroid to cylindrical and finally to disordered micelle structure 
were observed with the increasing resol concentrations. By 
calcination under nitrogen atmosphere at 800 °C, the 
bicontinuous mesostructured gyroid phenolic resin can be 
converted to mesoporous carbon with large pore size without the 
collapse of the original mesostructure. Furthermore, the post-
treatment of the mesoporous gyroid phenolic resin with 
melamine gave rise to N-doped mesoporous carbon with unique 
electronic properties for realizing a high CO2 adsorption (6.72 
mmol·g-1at 0 °C). 
 
Introduction 
Amphiphilic molecules, such as surfactants and block copolymers, 
have been extensively used as soft-templates for the synthesis of 
ordered mesoporous materials.[1-3] The discovery of ordered 
mesoporous carbon materials has attracted a great deal of 
attention because of their unique physical and chemical 
properties, which can surmount the shortcomings of disordered 
carbon materials (e.g., activated carbon) in various applications 
such as catalysis, sorption, separation, drug delivery, and energy 
storage materials.[4-7] So far, hard- and soft-templating approaches 
have been successfully employed for the preparation of 
mesoporous carbon materials with well-defined pore structures 
and narrow pore size distributions. A hard-templating approach 
typically uses pre-synthesized templates as molds for the 
replication of nanoporous/mesoporous carbons and does not 
involve any significant chemical interactions with the carbon 
precursors.[8] In this case, the morphology of the resulting carbon 
materials is pre-determined by the templates which have well-
defined nanostructures. In contrast, soft-templating approaches 
encompass organic species and block copolymers through the self-
assembly of organic molecules to form carbon nanostructures. In 
such cases, the obtained pore structures are determined by the 
synthetic conditions, such as mixing ratios, solvents, and 
temperatures. This approach differs from the hard-template 

synthesis because the molecules or moieties self-assemble in an 
oriented manner through specific chemical interactions. These 
interactions between the template and the carbon precursors are 
key factors which determine the successful synthesis of carbon 
nanostructures using soft-templating approach.  

In order to prepare highly ordered mesoporous carbon 
materials using phenolic resins as the precursors, the following 
points should be carefully considered: (i) the pre-polymerization in 
optimal conditions (either in basic (for resol type) or in acidic (for 
novolac type) medium), (ii) the self-assembly structure through 
thermal cross-linking by phenolic resin templated by block 
copolymers, (iii) the block copolymer template removal by 
calcination, and (iv) the carbonization of phenolic resin under inert 
atmosphere.[3] Ikkala et al. has reported the fabrication of 
mesoporous novolac-type phenolic resin templated by 
poly(styrene-b-4-vinyl pyridine) (PS-b-P4VP) or poly(isoprene-b-2-
vinyl pyridine) (PI-b-P2VP) diblock copolymers with the curing 
agent (hexamethylenetetramine, HMTA).[9-10] Other diblock 
copolymers, such as poly(ethylene oxide-b-styrene) (PEO-b-PS)[11-

12], poly(ethylene oxide-b-methyl methacraytle) (PEO-b-PMMA)[13], 
and poly(ethylene oxide-b-caprolactone) (PEO-b-PCL)[14-16] are also 
available for preparation of highly ordered mesoporous phenolic 
resins and carbons. 

Another resol-type of mesoporous phenolic resin could be 
obtained through the in-situ phenolic cross-linking from mixtures 
containing phenol-derivative, formaldehyde, diblock copolymer, 
and solvent. Dai et al. reported highly ordered mesoporous 
carbon materials based on the resol-type of phenolic resin by 
using phloroglucinol, formaldehyde, and F127 triblock copolymer 
under mild conditions.[17] Zhao et al. proposed the ordered 
mesoporous carbon by using resol-type of phenolic resin with 
P123 triblock copolymer.[18] However, using those commercially 
available triblock copolymers (Pluronic-type F127 or P123), it is 
difficult to obtain mesoporous carbon with pore size larger than 
10 nm due to the molecular weight limitations. To increase the 
pore size, highly ordered and large porous mesoporous carbons 
have been synthesized by using laboratory-synthesized PEO-b-
PMMA-b-PS[19] and PEO-b-PCL-b-PLLA[20] triblock copolymers. 
Wiesner et al. has developed highly ordered mesoporous carbon 
with a bicontinuous gyroid structure by using PEO-b-PS-b-PI as a 
soft template. The obtained pore size was significantly increased 
up to 39 nm.[21] However, the synthesis of this triblock copolymer 
is by using anionic living polymerization is rather difficult. 
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Herein, we report for the first time the synthesis of large-

sized mesoporous resol-type phenolic resins and the 
corresponding mesoporous carbon materials by a soft-templating 
method using simple PEO-b-PCL diblock copolymer as shown in 
Scheme 1. In addition, nitrogen-doped mesoporous carbons are 
also synthesized by adding melamine. Previously, the insertion of 
nitrogen into carbon structures can alter their surface polarity, 
electrical conductivity, and electron-donor affinity[22-28], which in 
turn influence the interactions between the carbon surface and 
CO2 molecules. As proof-of-concept, we demonstrate that the 
obtained N-doped mesoporous materials can be utilized as very 
effective CO2 adsorbents. 

 
Scheme 1. A schematic illustration of the preparation of N-doped 
mesoporous carbon. (a) Mixture of resol and PEO-b-PCL, (b) self-
assembled resol/PEO-b-PCL mixtures through thermal curing, (c) 
mesoporous phenolic resin through calcination, (d) mesoporous 
carbon by subsequent carbonization at 800 °C under N2 
atmosphere, and (e) N-doped mesoporous carbon modification by 
addition of melamine followed by subsequent carbonization at 
800 °C under N2 atmosphere. 
 
Results and Discussion 
Self-assembled resol/PEO-b-PCL mixtures. In general, the cooling 
scan of DSC thermograms is a convenient approach for 
determining the crystallization behavior, since the crystallization 
or freezing temperature (Tf) is correlated to the self-assembly 
structures of block copolymers.[14,29] Figure 1a displays the DSC 
cooling scan of resol/PEO-b-PCL mixtures. Clearly, pure PEO-b-PCL 
diblock copolymer shows a Tf value at ca. 34 °C and this value was 
decreased with the increase of resol concentration in the 
resol/PEO-b-PCL mixtures. More interestingly, this value was 
further decreased to ca. -43 °C (at 50 wt% resol), -48 °C (at 60 wt% 
resol), -52 °C (at 70 wt% resol) and disappeared at more than 80 
wt% resol concentration. It has been reported that a certain 
degree of undercooling (△T = Tm

0-Tf= 41 °C, where Tm
0 = 75 °C) is 

required to initiate the crystallization of the PCL segment of the 
diblock copolymer (e.g., △T = 50 °C for lamellar PCL microdomain, 
and △T = 125 °C for cylindrical PCL microdomain).[28] Therefore, 
these exotherms should come from the PCL block segment in the 
2D cylindrical confinement (△T = 118~127 oC).[11] However, we 
also observed that the DSC scans display two crystallization 
exotherms at 50 and 60 wt% resol concentrations, which can be 
attributed to the fractionated crystallization,[30-31] where the first 
crystallization exotherm at a higher value (18~20 oC) is produced 
by heterogeneous crystallization and the second crystallization 
exotherm at a lower value (-43~-48 oC) is due to the homogeneous 
nucleation (independent or non-connecting PCL in 2D cylindrical 
confinement). Table 1 summarizes the thermal properties from 
the heating and cooling scans of resol/PEO-b-PCL mixtures based 

on DSC analyses, indicating that the blend systems become 
miscible (single Tg value) at higher resol concentrations since the 
hydroxyl group of resol could both form the intermolecular 
hydrogen bonding interaction with the ether group of PEO and the 
carbonyl group of PCL. In addition, the hydrogen bonding strength 
or inter-association equilibrium constant (KA) of the resol/PEO 
blend (KA = 264) is larger than that of the resol/PCL blend (KA = 
116).[14, 32] 

 
Figure 1. (a) DSC cooling scans of resol/PEO-b-PCL mixtures with 
various resol concentrations. (b-c) FTIR spectra of resol/PEO-b-PCL 
mixtures with various resol concentrations, showing (b) C=O 
region and (c) ether stretching region. 
 
Table 1. Thermal properties of various resol/PEO-b-PCL mixtures 

Resol/PEO-b-
PCL 

Tg  (oC) Tm (oC) Tc (oC) 

0/100 -60 --- 65 34 --- 
30/70 -57 -23 64 32 --- 
40/60 -55 -13 58 32 --- 
50/50 -26 -10 55 20 -43 
60/40 -20 -9 51 18 -48 
70/30 -16 2 50 -52 --- 
80/20 -12 9 50 --- --- 
90/10 37 --- --- --- --- 
100/0 64 --- --- --- --- 

 
FT-IR analysis was further carried out to investigate the 

hydrogen bonding interaction in the resol/PEO-b-PCL blend 
system as shown in Figure 1b-c. The FT-IR spectrum of the pure 
PEO-b-PCL diblock copolymer shows the presence of free carbonyl 
group at 1724 cm-1. In contrast, the FT-IR peak of the H-bonded 
carbonyl group of PCL at 1700 cm-1 was observed when the resol 
concentration was at 50 wt% or larger, indicating that the 
hydroxyl group of resol starts to interact with carbonyl group of 
PCL as shown in Figure 1b. The fraction of the H-bonded carbonyl 
group of PCL could be resolved by the Gaussian function as 
mentioned in a previous report.28 In addition, the ether group of 
the PEO segment (1160~1030 cm-1) is also sensitive to the H-
bonding interaction as shown in Figure 1c. The pure PEO-b-PCL 
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diblock copolymer displays a characteristic band at 1110 cm-1, 
corresponding to the ether (C-O-C) absorption. However, this 
characteristic band is shifted to 1098 cm-1 at 30 wt% or greater 
resol concentration due to the H-bonding with resol. As a result, 
we can conclude that the hydroxyl groups of resol only interact 
with the ether group of PEO at a relatively lower resol 
concentration (< 50 wt%) and interact with both the ether group 
of PEO and the carbonyl group of PCL at a relatively higher 
concentration (> 50 wt%). 
 
Mesoporous Phenolic Resin.  
Figure 2 shows the SAXS patterns and TEM images of mesoporous 
phenolic resin templated by PEO-b-PCL diblock copolymer with 
different resol concentration. Only nanostructures were found at 
a low resol concentration of 30 wt% based on the SAXS pattern 
(Figure 2a) and TEM image (Figure 2b). In comparison, highly 
ordered mesoporous bicontinuous-gyroid phenolic resin was 
found at 40 wt% resol concentration based on the SAXS pattern 
and TEM image (Figure 2c). The characteristic 
√6:√8:√14:√16:√20:√22 ratios observed in Figure S1a confirm the 
highly ordered gyroid structure of the obtained mesoporous 
phenolic resin. The first maximum peak appeared at √6q* = 0.21 
nm-1 (d = 29.9 nm), which √6q* reflected view from [211] plane, 
and the cell parameter ‘a’ could be determined from the equation 
of a = 61/2 d211 to be 73.2 nm. The detailed characterization results 
of this highly ordered mesoporous gyroid phenolic resin, including 
the TEM images viewed from different directions and N2 
adsorption-desorption isotherm are given in Figure S1a-b. 
Furthermore, TEM images of the mesoporous gyroid phenolic 
resin viewed from different directions are also consistent with the 
highly order of bicontinuous-gyroid mesoporous structure with Ia-
3d symmetry. Figure S1b displays the N2 adsorption-desorption 
isotherms of the mesoporous bicontinuous-gyroid phenolic resin 
measured at 77 K, exhibiting the representative type-IV isotherm 
with a hysteresis loop. In addition, a sharp capillary condensation 
step was observed at a relative pressure range of 0.45 to 0.85, 
indicating the uniformity of the mesopores. The mean pore size 
determined from the adsorption branch was ca. 12.4 nm. The 
surface area was measured to be 547 m2 g-1 by the BET method. 
Further increasing the resol concentration to 50, 60, and 70 wt%, 
the hexagonal packing cylindrical structure was formed as 
identified through SAXS analyses (Figure 2a), by the definitive 
1:√3:√4:√7:√9 ratio of their scattering peaks, which are consistent 
with TEM images (Figures 2d-f). The TEM images viewed from 
different directions and N2 adsorption-desorption isotherms of 
this highly ordered cylindrical mesoporous phenolic resin (50 wt% 
resol) are presented in Figure S1c-d. It is evident from these 

results that the mesoporous phenolic resin obtained at a resol 
concentration of 50% exhibited apparent reflections with 
1:√3:√4√7:√9:√12:√13:√16 reflection ratios, revealing the highly 
ordered hexagonal cylindrical structure. The first maximum peak 
appeared at q* = 0.21 nm-1, which corresponded well to the d-
spacing of 29.9 nm, as depicted in Figure 2a. Furthermore, the 
TEM images of the mesoporous cylindrical phenolic resin viewed 
from different directions of [10] and [01] confirmed the highly 
ordered cylindrical mesoporous structure. Figure S1d displays the 
N2 adsorption/desorption isotherms of the cylindrical mesoporous 
phenolic resin, showing the type-IV isotherm with a hysteresis 
loop. The mean pore size of the cylindrical mesoporous phenolic 
resin was determined from the adsorption branch to be ca. 12.2 
nm. The surface area was measured to be 425 m2 g-1 by the BET 
method. 

When the resol concentration in the resol/PCL mixtures was 
increased further to 80 wt%, a disorde red structure was found 
based on SAXS analyses (Figure 2a). The broad peak with 1:√3 
reflection ratio corresponds well to a disordered micelle structure, 
as also confirmed by the TEM image in Figure 2g. No obvious peak 
was found in the SAXS pattern at 90 wt% resol concentration, 
suggesting the absence of formation of any nanostructures (The 
TEM image is similar with Figure 2b.). 

Figure 3 summarizes the fraction of H-bonded carbonyl 
group of PCL (based on the curve fitting results from Figure 1b) 
and pore sizes of different structured mesoporous phenolic resin 
samples obtained by changing the resol concentration. Clearly, the 
pore size was decreased with the increase in resol concentration. 
We know that the hydrogen bonding strength of the resol/PEO 
blend is stronger than that of the resol/PCL blend, implying that 
the PEO block segment prefers to interact with the resol, thus 
acting as the corona domain. However, the weaker H-bonded PCL 
segment would act as the core domain to induce porosity after 
calcination, at lower resol concentrations. The fraction of H-
bonded carbonyl group was increased with the increase of resol 
concentration in resol/PEO-b-PCL mixtures, as shown in Figure 3, 
implying that the size of the core domain from the PCL segment 
would decrease and thus, the pore size was decreased with the 
increase of resol concentration following calcination. 

In addition, the morphological transitions of the 
mesoporous structures from disordered to gyroid to cylindrical 
and finally to disordered micelle structure were observed with 
increasing resol concentrations. At higher resol concentrations (> 
80 wt%), a completely miscible, disordered miscible or micelle 
structure was observed since most of the hydroxyl groups in resol 
can form H-bonding with both PEO and PCL block segments. 
However, at lower resol concentrations (< 30 wt%), the blend 

 
Figure 2. (a) SAXS patterns of mesoporous phenolic resins obtained with various resol concentrations and (b-g) their corresponding 
TEM images from resol/PEO-b-PCL mixtures of (b) 30/70, (c) 40/60, (d) 50/50, (e) 60/40, (f) 70/30, and (g) 80/20 
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system did not have sufficient resol to form the template block 
copolymer, which exhibited a disordered structure. Therefore, the 
highly ordered mesoporous phenolic resin was observed only at 
resol concentrations between 40~70 wt% through the intriguing 
balance of H-bonding formation and resol concentration. 
 

 
Figure 3. Relationship between the fraction of H-bonded C=O 
group of PCL and the pore sizes in various self-organized 
mesoporous phenolic resins. 
 
Mesoporous Carbon Materials.  
Mesoporous bicontinuous gyroid structure has received much 
attention due to their potential use in optical and energy 
applications.[33-36] We further investigated the mesoporous gyroid 
carbon pyrolyzed from mesoporous gyroid phenolic resin under N2 
atmosphere using SAXS, TEM and N2 adsorption-desorption 
isotherm, as shown in Figure 4a-b and Figure 5a. The SAXS pattern 
in Figure 4a displays similar characteristic √6:√8:√14:√16:√20:√22 
ratios and the TEM images of mesoporous gyroid carbon viewed 
from different directions (Figure 4b) are consistent with the highly 
ordered bicontinuous-gyroid mesoporous structure with Ia-3d 
symmetry. All these results indicate that the highly ordered 
mesoporous gyroid carbon was thermally stable after calcination 
under N2 atmosphere. In addition, the first maximum peak was 
found at √6q* = 0.259 nm-1 (d = 24.2 nm), which reflects a 19.1 % 
shrinkage of the carbon framework. The mean pore size of the 
mesoporous gyroid carbon as determined from the adsorption 
branch was calculated to be ca. 18.1 nm (Figure 5a and Table 2) 
based on N2adsorption/desorption isotherms measured at 77 K. 

We further used the melamine compound to prepare N-doped 
mesoporous gyroid carbon. Figure 4c reveals the similar 
characteristic peak ratio based on SAXS pattern. Moreover, the 
TEM images of the N-doped mesoporous gyroid carbon viewed 
from different directions (Figure 4d) are still consistent with the 
highly order bicontinuous-gyroid mesoporous structure. These 
results suggest that the highly-ordered nature of the mesoporous 
carbon was perfectly retained after the thermal treatment with 
melamine compound. Furthermore, the first maximum peak at 
√6q* was shifted to  0.280 nm-1 (d = 22.4 nm). The total shrinkage 
of the carbon framework for N-doped mesoporous gyroid carbon 
was 25.1 % compared to the original mesoporous gyroid phenolic 
resin. In addition, the mean pore size of the N-doped mesoporous 
gyroid carbon was ca.11.8 nm, as shown in Figure 5b and Table 2. 

Figure 6a displays the Raman spectra of the mesoporous gyroid 
carbon and the N-doped mesoporous gyroid carbon from 1000 to 
3000 cm-1. Two strong peaks attributed to the D band at ca. 1334 
cm-1 corresponding to disordered carbon and the G band at ca. 
1590 cm-1 corresponding to the in-plane displacement of carbon 
atoms in the hexagonal carbon sheets.[37-39] As a result, the ID/IG 
ratio could be used as the reference for understanding the degree 

of graphitization. The mesoporous gyroid carbon possesses an 
ID/IG ratio of 1.01, whereas the ID/IG ratio of the N-doped 
mesoporous gyroid carbon is 1.22. The ID/IG ratio of the N-doped 
mesoporous gyroid carbon was higher than pure mesoporous 
gyroid carbon, suggesting that the addition of melamine within 
the mesoporous carbon lowered the degree of graphitization. 
 

 
Figure 4. (a) SAXS pattern, and (b) TEM images viewed from [111] 
and [311] directions planes of mesoporous gyroid carbon. (c) SAXS 
pattern, and (d) TEM images viewed from [110] and [111] 
directions planes of N-doped mesoporous gyroid carbon 
 

 
Figure 5. (a-1) N2 adsorption-desorption isotherm, and (a-2) pore 
size distribution curve of mesoporous gyroid carbon. (b-1) N2 
adsorption-desorption isotherm, and (b-2) pore size distribution 
curve of N-doped mesoporous gyroid carbon. 
 
Table 2. Textural properties of mesoporous gyroid phenolic resin, 
mesoporous gyroid carbon, and N-doped mesoporous gyroid 
carbon 

Samples Pore Size 
(nm) 

Surface area 
(m2/g) 

Pore volume 
(cm3/g) 

Carbon 18.1 647 0.61 
N-doped carbon 11.8 620 0.59 

 
Figure 6b shows the high resolution N1s XPS spectra of the 

obtained mesoporous N-doped carbon. The nitrogen content is 
measured to be 2.8 %. Three major types of nitrogen species 
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could be distinguished on the sample surface: pyridinic-N (398.3 
eV, 50.7 %), pyrrolic-N (400.2 eV, 39.0 %), and quaternary-N (401 
eV, 10.3%).[25-27] This result indicates that pyridinic-N and pyrrolic-
N are the predominant N species (89.7%) in the obtained 
mesoporous N-doped carbon. The pyridinic-N has two carbon 
atoms in the graphitic network, and can form intramolecular H-
bonding with the surrounding C-H group. As a result, it can exhibit 
a stronger Lewis base for enhancing the CO2 adsorption capacity 
of the mesoporous carbon.[26-28] The equilibrium CO2 isotherms at 
0 °C for mesoporous phenolic resin, carbon, and N-doped carbon 
materials. It can be observed that the CO2 uptake values of the 
mesoporous gyroid phenolic resin, mesoporous gyroid carbon and 
N-doped mesoporous gyroid carbon are 2.36, 4.78 and 6.72 
mmol·g-1, respectively (Figure 7). The high CO2 uptake of the N-
doped mesoporous gyroid carbon (6.72 mmol·g-1), is mainly 
attributed to the high nitrogen content which could effectively 
promote the adsorption of acidic CO2 gas, which is also higher 
than other reported works.[26-28, 40-46] 

 

 
Figure 6 (a) Raman spectra of mesoporous gyroid carbon and N-
doped mesoporous gyroid carbon. (b) The high resolution N1s XPS 
spectrum of N-doped mesoporous gyroid carbon. 
 

 
Figure 7 CO2 capture properties of (a) mesoporous gyroid phenolic 
resin (b) mesoporous gyroid carbon, and (c) N-doped mesoporous 
gyroid carbon. 
 
Conclusions 
In this work, highly ordered mesoporous phenolic resins with 
various structures including gyroid and cylindrical structures have 
been successfully obtained through a soft-templating approach 
using PEO-b-PCL diblock copolymers as templates. 
Correspondingly, mesoporous carbon with gyroid structure could 
be obtained from the calcination of the mesoporous gyroid 
phenolic resins under N2 atmosphere at 800 °C. The post-
treatment of the mesoporous gyroid phenolic resin with 
melamine resulted in the formation of N-doped mesoporous 
gyroid carbon with a significantly higher superior CO2 adsorption 
capacity (6.72 mmol·g-1), compared to mesoporous gyroid 

phenolic resin and undoped mesoporous gyroid carbon. In the 
future, the adsorption performance of these N-doped 
mesoporous carbon materials may be further improved by finely 
tuning the mesostructures, pore sizes, wall thicknesses, and 
electronic properties through the use of different types of block 
copolymers and nitrogen sources. 
 
Experimental Section 
Materials. The macro-initiator of poly(ethylene glycol) methyl 
ether with molecular weight of 5,000 was obtained from Sigma-
Aldrich and prepared by azeotropic distillation with dry toluene 
(Acros). The ε-caprolactone (ε-CL, Acros) monomer was purified 
using vacuum distillation over calcium hydride (Acros). The 
catalyst of stannous(II) octoate Sn(Oct)2 and the solvent of 
tetrahydrofuran (THF), dichloromethane and n-hexane were 
obtained from Acros. The resol phenolic resin was synthesized 
from phenol (Acros), formalin (Acros) and sodium hydroxide, 
NaOH (Acros) through a condensation reaction, and purified using 
hydrochloric acid (HCl), dichloromethane and magnesium sulfate 
(MgSO4, Acros). The N-doped carbonaceous materials were 
synthesized in dimethyl sulfoxide (DMSO, Acros), in the presence 
of melamine (Sigma-Aldrich).  
Synthesis of PEO-b-PCL diblock copolymer. The diblock copolymer 
was synthesized through ring-opening polymerization (ROP). The 
monomer ε-CL (10 g, 0.088 mol) and the macroinitiator of 
poly(ethylene glycol) methyl ether (5.0 g, 0.001 mol) and toluene 
(200 mL) were charged into a flask equipped with condenser and a 
magnetic stirrer under nitrogen atmosphere. Before refluxing at 
150 °C for 18 h, Sn(Oct)2 (0.8 mg, 0.002 mmol) was added into the 
flask. Finally, the solvent was removed via rotary evaporation and 
the white powder was obtained, and then the product of block 
copolymer was dissolved in dichloromethane and precipitated in 
the excess of n-hexane. The white powder of PEO-b-PCL block 
copolymer was dried in vacuum at 60 °C overnight. 
Synthesis of resol-type phenolic resin. The resol-type phenolic 
resin was obtained from the reaction between phenol and 
formalin, catalyzed by NaOH solution. Typically, phenol (10.0 g, 
106.6 mmol) and 20.0 wt% NaOH solution (2.1 g, 53.5 mmol) were 
charged into a flask equipped with condenser and were 
completely melted at 42 °C under stirring. After that, 37.0 wt% 
formalin (17.2 g, 213 mmol) was added into above mixture under 
vigorous stirring. The flask was subsequently heated at 70 °C for 1 
h and purged with highly pure N2. Finally, 2.0 M HCl was added 
dropwise to adjust the pH of the mixture solution to 7.0 and the 
product was extracted using dichloromethane. After removing the 
solvent, the liquid product was stored at 0 °C. 
Preparation of mesoporous resol-type phenolic resins and 
carbonaceous materials. Different compositions of resol-type 
phenolic resin and PEO-b-PCL diblock copolymer were dissolved in 
THF under magnetic stirring. Once the mixture solutions became 
homogenous, they were placed into aluminum dishes. Next, the 
THF was slowly evaporated at room temperature and the thermal 
curing was performed on all of the mixtures by using consecutive 
heating steps (100 °C for 2 h, 150 °C for 2 h, and 190 °C for 0.5 
h).These cross-linked samples were subsequently pyrolyzed by 
heating them to 330 °C with a slow heating rate of 1 °C·min-1 
under inert atmosphere to remove the PEO-b-PCL template (a 
temperature of 330 °C was found to be sufficient for removing the 
majority of the PEO-b-PCL template). The resulting material was 
identified to be mesoporous phenolic resin. Finally, to obtain the 
mesoporous carbon, the mesoporous phenolic resin was 
carbonized in a tubular furnace under highly pure N2 flow, using a 
step-wise heating profile (200 °C, 250 °C, 500 °C, and 800 °C with a 
ramping rate of 5 °C·min-1 and each temperature was maintained 
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for 2 h before increasing the furnace temperature further). To 
synthesize the N-doped mesoporous carbon, melamine was added 
into the mesoporous phenolic resin as shown in Scheme 1. Briefly, 
mesoporous phenolic resin (10 mg), melamine (1.5 g) and 15 mL 
DMSO were mixed at 100 °C under vigorous stirring for 10 h. After 
drying in vacuum oven at 100 °C for 24 h, the 
melamine/mesoporous phenolic resin samples were carbonized in 
a horizontal tube furnace under N2 atmosphere using the same 
step heating profile as that used for obtaining pure mesoporous 
carbon. 
Characterizations. DSC thermograms were measured by using the 
TA-Q20 instrument under the N2 atmosphere at a heating rate of 
20 °C·min-1 from 25 °C to 150 °C for 3 mins and then using 
5 °C·min-1 cooling rate from 150 °C to -90 °C to observe the 
confinement effect of PEO-b-PCL diblock copolymer segment. FT-
IR samples were prepared by the conventional KBr disk method 
where the sample thickness should be thinner to obey the Beer-
Lambert law. The FTIR spectra were obtained by using the Bruker 
Tensor 27 spectrophotometer. SAXS data were recorded by using 
the BL17A1 wiggler beam line at the National Synchrotron 
Radiation Research Center (NSRRC) in Taiwan. The d-spacing was 
determined by using the d = 2π/q, where q is the scattering vector. 
TEM images were obtained by using the JEOL 3010 microscope, 
which operated at 200 kV. In addition, the TEM sample was 
suspended into the ethanol and then supported onto the holey 
carbon film on the Cu grid. Nitrogen adsorption/desorption 
isotherms of the mesoporous samples were determined by using 
the ASAP 2020 analyzer at 77 K. The samples were degassed 
under vacuum at 200 °C overnight prior to the BET measurements. 
The surface area, pore size distribution, and pore volume were 
obtained by using the BET, BJH, and t-plot methods, respectively. 
Raman spectra was collected using the Jobin-Yvon T6400 micro-
Raman machine with He-Cd laser as the excitation source (325 
nm) at room temperature. X-ray photoelectron spectroscopy (XPS) 
was measured by using Mg-Kα radiation from the double anode at 
50 W. The binding energy was calibrated by using C1s at 284.6 eV 
for the high-resolution spectra. 
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