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ABSTRACT: Novel wood-derived hierarchical porous carbons (HPCs) with biomimicry macro-/microporous and ordered
mesostructures have been successfully prepared by using wood processing residues, such as poplar powder/or shavings, as a
mimic-template to reproduce the wood cellular structures, resol as a precursor, and triblock copolymer F127 as a soft-template to
construct the mesostructure onto the wood scaffold. X-ray diffraction, scanning electron microscopy, transmission electron
microscopy, and N, adsorption results indicate that the obtained HPCs not only faithfully reproduce the wood cellular structures
but also possess ordered mesostructures (p6 mm) with uniform pore sizes (~4.0 nm) and high surface areas (~463m?/g).
Furthermore, the pore texture and properties of HPCs could be regulated by simply varying the dosages of resol precursor to
poplar shavings. A formation process for wood-derived HPCs with controlled hierarchical nanostructures through wood-template
and interface self-assembly approaches is proposed in this work. In addition, HPCs exhibit good adsorption properties toward
organic vapors, demonstrating that this kind of HPCs could be used as a promising material for adsorbents and separation

systems.
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B INTRODUCTION

Hierarchical porous carbons (HPCs), as a novel type of
nanostructured materials, have received considerable interest as
candidates for electrochemical capacitors, lithium ion batteries,
solar cells, hydrogen storage systems, sorbent for toxic gas
separation, and so on due to their well-defined pore dimensions
and topologies.' > Compared to conventional porous carbona-
ceous materials, HPCs could improve the diftusibility of guest
species through its unique hierarchical pores and more open
framework." As we know, macropores could minimize diffusive
resistance to mass transport, while the micro/mesopores could
provide high surface areas and large pore volumes that will
benefit active sites dispersion. Therefore, much effort has been
focused on the design and construction of hierarchically
structured materials with desired nanoscaled pores and
topologies, such as HPCs or the monolithic materials with
hierarchically porous structures.”'® Up to now, fabrication of
well-defined HPCs has been mainly carried out using various
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template-assisted methods, such as hard-/soft-templating
approaches, dual-template routes, or templating and post-
activation combination methods, etc.''™'” However, each of
these methods has limitations, such as most of the soft-/hard
templates are chemical products, high-cost and nonrenewable.
In particular, the post-activation approach or hard-template
method requires additional processing steps that are usually
time-consuming, and a collapse of the regular nanostructure
would easily occur during the removal of templates.

Recently, biological-templates have been demonstrated to be
a green and efficient way to construct hierarchical porous
materials.'®">® This is because materials from nature can be
renewable and environmental friendly, especially those that are
morphologically complex with sophisticated structures and
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Scheme 1. Scheme for Fabrication of HPCs with Ordered Mesostructures by Wood-Template and Self-Assembly Methods
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ordering, which can be adjustable over a wide range of length
scales. It is well known that wood is not only environmental
friendly and renewable but also has complex hierarchically
porous structures and open cellular cavities, such as the
micrometer scale of the cell diameter and wall, and the
nanometer level of the molecular fiber and membrane. More
importantly, the open cellular cavities and hierarchical pores are
easily accessible by the impregnation method via liquid or
gaseous infiltration. Therefore, these features make wood a
perfect template candidate for generating porous materials with
both structural and morphological complexity and especially
suitable to be directly converted into activated carbons or
monolithic inorganic materials.”” >

Nevertheless, although the macro-/microporosity can be
easily created by reproduction of these natural systems and
potassium hydroxide activation, there exists a difficulty in the
formation of ordered mesostructures for the wood-derived
porous materials, thus limiting its application in the fields of
selective catalysis, adsorption, or separation, etc. Specifically,
the chemical activation procedures often involve rigid reaction
conditions and potassium hydroxide, which is not in accordance
with the urgent requirements of low-cost and environmental
protection. Obviously, the above drawback would be
completely overcome if the ordered mesostructure could be
incorporated into wood cellular structures by a simple self-
assembly method. As we all know, the solvent-evaporation-
induced self-assembly is a sol—gel process which relates with a
liquid-deposition coating technique to fabricate 2D materials,
such as thin films and monoliths during solvent evapora-
tion.*"** Therefore, a controllable evaporation-induced coating
and self-assembly on a decomposable 3D scaffold, such as
polymer- or/and biological-template scaffold would be a
desirable strategy for preparation of hierarchically porous
monoliths.'® To date, although great progress has been made in
the biological-template route to fabricate hierarchical porous
materials, to the best of our knowledge, it remains a great
challenge to develop a simple but efficient route to achieve
faithful reproduction of the wood cellular structures while
endowing the hierarchical porous materials with ordered
mesostructures.
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Herein, for the first time, we developed a facile strategy for
preparation of a novel type of HPCs with biomimicry macro-/
micropores and ordered mesostructures by using poplar
shavings as a mimetic template to reproduce the cellular
structures, with resol as a precursor and triblock copolymer
F127 as a soft-template to assemble mesostructures onto the
surface of wood cellular structures. The fabrication procedure
mainly involves four steps as shown in Scheme 1; the
evaporation-induced coating and interface self-assembly
method could explain the formation process for the ordered
mesostructures of HPCs.

B EXPERIMENTAL SECTION

Chemicals. All chemicals were used as received without
further purification. Poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide) triblock copolymer Pluronic
F127 (EO;pPO7EO gy My = 12600) was bought from
Aldrich. Phenol, formalin solution (37%), sodium hydroxide,
and ethanol were obtained from Sinopharm Chemical Reagent
Company. Deionized water was used in all the experiments.
Commercial activated carbon YP-50F was purchased from the
Kuraray Group. Poplar shavings were chosen as the biological
templates and extracted by ethanol for 6 h at 60 °C and then
dried at 80 °C for 24 h under vacuum.

Preparation of Phenol-Formaldehyde (PF) Resin
Precursor. In a typical procedure, 6.1 g of phenol was
completely melted at 42 °C in a flask; then, 1.3 g NaOH
solution (20 wt %) was slowly added with stirring over a period
of 15 min. After that, 10.5 g formalin (37 wt %) was added, and
the mixture was heated at 70—72 °C for 1 h. After cooling to
room temperature, the pH was adjusted to 7.0 by using a 2.0 M
HCI solution. Water was then removed under vacuum below 50
°C. The final product (Mw < 500) was dissolved in ethanol (40
wt %).

Preparation of HPCs. In a typical synthetic procedure, 10 g
of F127 was dissolved in 70 g of ethanol and stirred at 40 °C
for 1 h to obtain a clear solution. Then, 50 g of the resol
solution mentioned above was slowly added, and the mixture
was further stirred for 1.5 h. The solution was prepared
according to the mass ratios of resol/F127/ethanol = 2:1:10.

DOI: 10.1021/acssuschemeng.5b00243
ACS Sustainable Chem. Eng. 2015, 3, 1724—1731


http://dx.doi.org/10.1021/acssuschemeng.5b00243

ACS Sustainable Chemistry & Engineering

Research Article

1.0

0.9+

Transmittance (%)
o o o o
b > 3 ®
1 1 1 1

o
S

) poplar
as-HPCs|
1

1645 3

1596

0.3
2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber (cm™)

Figure 1. FTIR microspectroscopy (C) of poplar shavings and as-made HPCs with corresponding micrographs: (A) poplar shavings and (B) as-

made HPCs.

After that, the obtained homogeneous solution was infused into
20 g of treated poplar shavings under pressure and then slowly
stirred over 60 min until the poplar shavings are fully saturated
with the above precursor solution. Then, the completely
impregnated poplar shavings were cast onto open dishes,
followed by evaporation of the solvent for 24 h at 40 °C, and
further thermosetted at 105 °C for 24 h. The obtained samples
were denoted as as-HPCs-x, wherein x represents the mass
ratio of PF to poplar shavings. Last, the as-made samples were
placed in an alumina boat and pyrolyzed at 900 °C for 3 h
under an argon atmosphere in a tubular furnace. The heating
rate was 3 °C/min below 600 and S °C/min above 600 °C. The
hierarchically biomorphic carbons were obtained and were
denoted as HPCs-x-y, wherein x represents the mass ratio of PF
to poplar shavings and y represents the temperature of
pyrolysis. The original poplar shavings directly carbonized
product was denoted as CWs. Moreover, it is worth noting that
this strategy also provides a new way to prepare hierarchically
porous carbonaceous monoliths by additionally molding the as-
made HPCs and then pyrolyzing at high temperature, as shown
in Figure S1 of the Supporting Information. A typical process is
as follows: 105 g of the sample of as-HPCs was poured into a
metalline mold and then compressed into plate shape with
dimensions of 100 mm (length) X 100 mm (width) X 10 mm
(height) under a pressure of 0.8 MPa for 15 min at 150 °C.
After that, the plate-like sample was pyrolyzed at the same
experimental conditions as mentioned above; monolithic HPCs
were obtained.

Characterization. Powder X-ray diffraction (XRD) pat-
terns were conducted on a Rigaku 2200 diffractometer using a
Cu Ka radiation source (40 kV, 30 mA) with a 20 range from
0.6° to 5°. All of the samples were scanned under the same
conditions. Transmission electron microscopy (TEM) images
were obtained on a HITACHI H-800 microscope operated at
200 kV. Scanning electron microscopy (SEM) was conducted
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using a Quantan 450 at 15 kV. An N, adsorption measurement
was carried out using a Micromeritics ASAP 2020 analyzer at 77
K. Before the measurements, all samples were degassed at 250
°C under vacuum for 5 h. The BET surface area (Sppr) was
analyzed by the Brunauer—Emmett—Teller (BET) theory. The
external surface area (S,,) and micropore surface area (S,;.)
was determined by the t-plot theory. The pore size distribution
was analyzed by the original density functional theory (DFT)
combined with non-negative regularization and medium
smoothing. The adsorption properties toward organic vapors
were studied with a Hiden IG-3 intelligent gravimetric analyzer.
Thermogravimetric analysis (TGA) was performed on a
Netzsch TG-209 instrument at a heating rate of 10 °C/min
under a nitrogen atmosphere. Fourier-transform infrared
(FTIR) microspectroscopy was conducted using a Bruker
EQUINOX 55 FT-IR spectrometer.

B RESULTS AND DISCUSSION

Formation of Hierarchical Porous Structures. As
illustrated in Scheme 1, a simple and feasible dual-template
strategy for fabrication of wood-derived HPCs is described in
detail. First, a homogeneous solution of resol precursor and
triblock copolymer F127 in ethanol was prepared. Then, the
above solution was continuously poured into poplar shavings
by the impregnation method under pressure. After a period of
infiltration, the resol precursor was gradually coated onto the
cellular walls and channels of the poplar shavings. This is due to
the strong hydrogen bonding interaction between the resol and
the surface of the poplar cellular walls. With a further increase
in concentration (¢ > CMC, the critical micelle concentration),
the resol precursor assembled with the F127 triblock copolymer
to form ordered mesostructured resol polymers on the interface
of the poplar cellular walls.">** The thickness of the polymer
depends on the mass ratio of the resol precursor to poplar
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shavings. After the ethanol completely evaporated, the poplar
shavings still kept its original shape and size (Figure S1,
Supporting Information, as-made HPCs). This implied that the
resol precursor was infused into cellular structures of the poplar
shavings, which could be confirmed by FTIR microspectro-
scopy. As shown in Figure 1A and B, the appearance of the
original poplar shavings and as-made HPCs is remarkably
similar, both exits tube-like cells structure, which is consistent
with SEM observations (Figure 2A,B). Nevertheless, the

Figure 2. SEM micrographs of (A) cellular structure of the original
poplar shavings, (B) as-HPCs-0.8, (C) HPCs-0.8-700 (parallel to the
vessels direction), and (D) HPCs-0.8-700 (sectional areas of the
vessels).

corresponding FTIR spectra provide more information (Figure
1C). For the as-HPCs-0.8, it can be seen that the characteristic
peak at 1596 cm™ is attributed to skeletal stretching vibration
for lignin in wood. Although the characteristic band of the
phenylene peak might overlap the lignin peak at around 1600
cm™, the appearance of the shoulder at 1645 cm™" still reflects
the existence of phenyl groups, and the peaks around at 756,
784, and 842 cm™' also reflect the existence C—H bending
vibrations for the phenyl groups. It is further confirmed that the
resol precursors have been successfully coated onto the surface
of the cellular walls, which is in good accordance with the SEM
analysis. In addition, the peak around 2400 cm ™" is attributed to
the background information on CO,. Lastly, the pyrolysis
process was carried out by slowly increasing temperature from
40 to 350 °C to achieve a uniform shrinkage and avoid a
collapse of the nanostructure regularity. After further carbon-
ization at a higher temperature (350—900 °C), the F127
templates can be removed about 380 °C (Figure 6), while the
phenolic resin and poplar shavings directly converted into
carbons during the carbonization process. As a result, the
ordered mesoporous carbon yielded on the interface of the
poplar struts, and wood-derived HPCs can be obtained.

To further understand fabrication of the wood-derived
HPCs, the morphologies of the original poplar shavings, as-
made HPCs, and the wood-derived HPCs were investigated
using the SEM technique. As shown in Figure 2A, many
opening pits (marked with arrow) exist on the cellular walls and
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membrane of poplar shavings, which act as channels to connect
different tracheidal cells, so that it is easy for the precursor
solution to infiltrate into the cellular structures. The surface of
the cellular walls become smooth (Figure 2B) after the
impregnation process, implying that the cellular walls have
been successfully coated by resol precursors during solvent
evaporation, which is in well accordance with FTIR micro-
spectroscopy results (Figure 1). Figure 2C and D (marked with
arrows) and Figure S4 of the Supporting Information show that
the resulting HPCs still keep the same external and internal
morphology as the original wood cellular structures after
pyrolyzed at high temperature (700 °C, 900 °C). Besides, the
photograph in Figure S3A and B of the Supporting Information
also demonstrates that the as-HPCs-1.0 almost kept its external
shape and size. But the colors changed from thin yellow to dark
brown due to the partial oxidization of phenol during the
process of thermopolymerization.

Moreover, an important feature of the monolithic HPCs is its
stable and regulable bulk form. It can be found that the
monolithic HPCs-1.0-700 retains its plate-like shape with
obvious shrinkage after carbonization processing (Figure S3,
Supporting Information), although its color turns from dark
brown to black because of carbonization. The calculating data
indicate that the shrinkage is about 27% in linear dimensions
and 43% in volume, and the carbonization yield is about 29%.
By further grinding the monolithic HPCs-1.0-700, we can
obtain a powdery sample of HPCs-1.0-700 (Figure S3ESup-
porting Information).

Mesostructure Analysis. Figure 3 and Figure S2 of the
Supporting Information display XRD profiles of HPCs after

——CWs-700
= HPCs-0.48-700
= HPCs-0.6-700
=———HPCs-0.8-700
HPCs-1.0-700
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Intensity (a.u.)

2 3
2 Theta (degree)

Figure 3. XRD patterns of HPCs with different PF/poplar shaving
mass ratios after pyrolyzed in argon at 700 °C.

carbonization at high temperature under argon atmospheres. It
is clearly shown that no peaks can be found in the low-angle
region of CWs, indicating that no ordered mesostructures exist,
and TEM observation sustains this opinion (Figure 44, inset).
Compared to the CWs, the XRD patterns of all HPCs show a
resolved diffraction peak, which can be indexed as [100]
reflections of a 2D hexagonal mesostructure. The structural
assignments based on the XRD patterns can be demonstrated
by TEM images (Figure 4B—F). More interestingly, with a rise
in PF/W mass ratios, narrower and more intense diffraction
peaks are presented at low-angle regions, which suggests the
ordered mesostructures of HPCs is enhanced accordingly. After
further carbonization at 900 °C, the characteristics of the XRD
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Figure 4. TEM images of HPCs with different PF/wood shaving mass
ratios: (a) CWs, (B) HPCs-0.48-700, (C) HPCs-0.6-700, (D) HPCs-
0.8-700, (E) HPCs-1.0-700, and (F) HPCs-1.2-700 viewed along the
[100] and [001] directions.

pattern of HPCs can also be observed (Figure S2, Supporting
Information), indicating that the ordered mesostructure is
thermally stable. Nevertheless, sharp diffraction peaks are

observed at higher angles, owing to the mesostructural further
shrinkage at higher temperature.

To reveal more refined structural features, TEM inves-
tigations were performed for HPCs with different PF/W mass
ratios. As shown in Figure 4A, the CWs display a disordered
worm-like nanoporous appearance, which mainly results from
wood tissues through high temperature carbonization. As the
mass ratios of PF/W increase to 0.48, however, pronounced
changes in the TEM images with weakly striped-like
mesostructures were observed (Figure 4B). When the mass
ratios were further increased to 0.8, HPCs displayed large
domains of striped-like and hexagonally arrayed patterns viewed
along the [110] and [001] directions, respectively (Figure 4D—
F). Clearly, the above TEM observation of HPCs show that the
PF/W mass ratios are closely related to the mesostructures of
HPCs, which is in good accordance with the XRD analysis.
This is due to the ordered mesostructure strongly depending
on the PF assemble with the F127 to form an ordered
mesophase resol polymer onto the surface of the wood cellular
walls, and the thickness of the polymer is directly related with
the mass ratio of the resol precursor to poplar shavings. To
further probe the component of the samples, we used an
energy-dispersive X-ray (EDX) measurement to analyze the
CWs and HPCs. As displayed in Figure S5 of the Supporting
Information, the EDX spectrum on the randomly selected area
only showed the existence of the C element.

N, Sorption Characteristics. The N, adsorption method
is used to further quantitatively elucidate the hierarchical
porous structure of HPCs. As shown in Figure Sa, all the
isotherms are a combination of types I and IV, and the step rise
of the initial part of the isotherm evidences the presence of
plentiful micropores. It is shown that the CWs exhibit an
atypical type IV isotherm with an obvious H3 hysteresis loop,
and the adsorption and desorption branches are apparently not
close at low relative pressure, indicating the presence of partly
interstitial nanopores. However, HPCs show typical type IV
curves with mass ratios of PF/W increasing from 0.48 to 1.2,
and the hysteresis loops are more like H4 type, which
corresponds to limited amounts of mesopores limited by
micropores. It is also further confirmed that the mesostructure
of HPCs can be adjusted by the mass ratios of PF/W, which is
consistent with the above XRD and TEM results. Moreover,
the adsorption amount increases gradually and does not reach a
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Figure 5. (a) N2 adsorption—desorption isotherm of HPCs and corresponding (b) DFT pore size distribution.
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Table 1. Synthetic Conditions and Structural Parameters of All Samples Pyrolyzed at 700°C*

samples (PF/W) (g/g) Sper (m?/g) Smmic (m?/g)
CWs 0 151.6 97.4
HPCs-0.48 0.48 209.3 140.4
HPCs-0.6 0.6 3515 244.6
HPCs-0.8 0.8 4187 3109
HPCs-1.0 1.0 463.8 3309
HPCs-1.2 12 459.6 3243
YP-S0F - 1600 -

Sux (/) Vp (am'/g) D, (am)  yield (wt %)
543 0.119 7.3 20.7
68.9 0.132 4.0 26.5
106.8 0.198 33 27.5
107.7 0.226 32 28.1
132.9 0.251 3.0 28.7
135.3 0.253 3.1 29.8

- 0.70 - —

“Notes: PF/W is the mass ratio of phenol—formaldehyde resin to poplar shavings. Sggr, Sevy Smio Vi and D, are the BET surface area, external
surface area, micropore surface area, total pore volume, and BJH adsorption average pore diameter, respectively. Yield = (quality of HPCs/quality of

PF and wood) X 100%. YP-SOF is commercial activated carbon.
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Figure 6. TGA (a) and corresponding DTG (b) curves of the original poplar shavings, copolymer surface F127, PF resins, and as-made and HPCs-

1.0-700 under nitrogen atmosphere.

plateau near the P/P, of 1.0, also demonstrating the presence of
mesopores and macropores.'®

The pore size distribution (PSD) curves obtained using
density functional theory (DFT) are displayed in Figure Sb;
three obvious regions can be confirmed. For all HPCs, bimodal
PSD peaks at 0.6 and 1.3 nm could be observed, which are
mainly ascribed to slot-shape pore and networks formed by PF
resin polymer and/or wood fiber through pyrolysis. Further-
more, all HPCs displayed a narrow mesoporous PSD peak at
~4.0 nm (Figure Sb, inset) except for the CWs, which result
from the resol precursor assembled with the F127 triblock
copolymer. The result is well in accordance with both the XRD
analysis and TEM observations. Interestingly, the first PSD
peak and the mesoporous PSD peak are closely correlated with
the mass ratios of PF/W. As the mass ratios of PF/W increase,
their peak intensity gradually enhances. It should be noted that
the macropores formed from the micrometer-scaled cell
channels and walls are not reflected in the PSD curves but
verified by SEM observation (Figure 2C and D), which is
probably due to capillary condensation. Furthermore, data
describing the pore texture of the mesostructured HPCs based
on nitrogen-sorption experiments are listed in Table 1. It is
clear that the BET surface areas, micropore surface areas,
external surface areas, total pore volume, and carbonization
yield of HPCs also showed a growth trend with the mass ratios
of PF/W increasing from 0 to 1.2 (Table 1). By simply
adjusting the mass ratios of PF/W, the mesostructure of HPCs
is gradually changed to an ordered 2-D hexagonal structure, and
the surface areas and pore volumes are increasing accordingly.
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Thermogravimetric Analysis. It is clearly shown in Figure
6a that the TGA curves of the original poplar shavings display
notable weight losses at about 352 °C, which correspond to the
observed weight loss of ~79% below 700 °C. Similarly, the
TGA curve of the PF resin displays about 1.9% of a weight loss
from 100 to 200 °C, which may be related to the
polymerization of the phenolic resins. The subsequent weight
loss (~36%) between 400 to 800 °C can be mostly attributed
to decomposition of the PF resins. This implies that the poplar
shavings and PF resin have a generally trend to thermal
decomposition during the carbonization process. Furthermore,
it should be noted that the TGA curve of the copolymer
template F127 under a N, atmosphere shows a weight loss of
about 100 wt % at 410 °C, suggesting that the triblock
copolymer template can be removed by carbonization above
410 °C in N,. Thus, the TGA curve of as-HPCs-1.0 shows a
weight loss (~9 wt %) at about 280 °C, which corresponds to
partial decomposition of the poplar (Figure 6). The subsequent
weight loss (~45%) between 350 to 410 °C can be mostly
attributed to F127 entirely removed. Further weight loss of 22
wt % in the range of 410—900 °C is detected, which may be
related to the polymerization of phenolic resins and further
decomposition of the poplar.

The corresponding DTG curve (Figure 6b) also confirms
that the temperature range of decomposition of as-HPCs-1.0 is
coincident with the wood template and PF precursors. A
significant weight loss (~5S wt %) in the range of 300—500 °C
is observed, which is mainly attributed to the decomposition of
the wood template (350 °C), triblock copolymer F127
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Figure 7. Adsorption isotherms of methanol vapor (a) and benzene vapor (b) for YP-SOF, CWs, and HPCs-1.0-700.

template (392 °C), and PF resins (398 °C). In addition, the vapors, demonstrating that this kind of HPCs could be used

TGA curve for the wood-derived HPCs only shows a weight as a promising material for adsorbents and separation systems.
loss of about 6.6 wt % above 700 °C (Figure 6a), suggesting More importantly, this strategy provides a new avenue for
that HPCs have goodl thermal stability. effective combination of the biological-template and self-

Adsorption Property. To demonstrate the adsorption assembly methods to prepare HPCs with controlled hierarchi-
ability of the wood-derived HPCs with ordered mesostructures, cally porous structures and monolithic shapes. In this way,
the adsorption behaviors toward organic vapors were studied by wood processing residues can also be sustainably utilized for
contrast with CWs and commercially activated carbon YP-50F. extra value.

It is clearly shown that the wood-derived HPCs had a superior

adsorption performance toward organic vapors such as B ASSOCIATED CONTENT
methanol and benzene at various relative pressures than the
poplar shavings directly carbonized product, denoted as CWs.
This is mostly owing to the BET surface area difference
between HPCs and CWs that could play a key role in the
adsorption properties (463 vs 151m’/g). The adsorption
behavior of porous carbon materials toward organic vapors
not only is directly related to BET surface area, pore size
distribution, and porous structures, but also has a close B AUTHOR INFORMATION

relationship to the relative pressure and surface chemical Corresponding Authors

groups. Usually, the adsorption capacity continuously increases *E-mail: xlyl1S16@126.com. Phone/fax: +86-20-84114008.
with the relative pressure because the organic vapors in *E-mail: wuyq0506@126.com. Phone/fax: +86-20-84114008.
mesopores and macropores will continue to condensation. Notes
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