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ABSTRACT: Carbon porous structure can be generated by an activation
process, either chemically or physically. However, it remains a challenge to
understand the pore structure evolution especially in a physically thermal
oxidation process. In this work, mesopore evolution is revealed in association
with three distinct stages: phase separation, migration, and thermal degradation.
Oxidation temperature (270−370 °C) and time (1−7 h) are employed to study
the microstructure evolution in oxidative environment. Various characterization
techniques including scanning electron microscopy, transmission electron
microscopy, N2 adsorption−desorption, Raman and X-ray photoelectron
spectroscopy have been used to investigate the structural and compositional
change during thermal oxidation. High surface area mesoporous carbon is
successfully manufactured from natural wood via this green technique, which
could be applied to synthesize other highly porous carbon materials from similar
biomass resources.
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■ INTRODUCTION

Porous carbon materials have attracted significant interest in
the last a few decades due to their versatile applications in
adsorption and separation,1−4 catalysis,5−8 energy storage/
conversion,9−13 and electrochemical sensors.14 When rapid
diffusion of molecules into a porous carbon internal surface is
required especially in adsorption and catalytic reactions, the
pore size and surface area need to be well controlled in a
desired manner. The well-known template methods, either
hard-template15−20 or soft-template,17,21−24 have been demon-
strated to be very successful in controlling carbon pore size.
However, the hard-template method is time-consuming, costly,
and unsuitable for scale-up production. In particular, the
necessity of removing the inorganic template by employing
hazardous chemicals such as HF and NaOH is an unavoidable
drawback. In soft-template method, the major concern comes
from the utilization or the release of hazardous reactants such
as formaldehyde and phenol. In fact, formaldehyde is often
used as a cross-linking agent in mesoporous carbon (MC)
synthesis, which is known to be carcinogenic and should be
removed from industrial processes. Moreover, phenol is also
carcinogenic and its derivatives are mostly toxic. Even though
template methods provide a unique platform to control the
pore structure, it remains a challenge to address the
corresponding cost and environment related issues.
Utilizing lignocellulosic biomass (raw resources such as

wood, cotton, or treated resources including cellulose, lignin,
tannin, and starch) as a carbon precursor to synthesize porous
carbon seems a promising approach.19,25−27 By simply applying

a carbonization process in an inert gas environment, solid
carbon with possible rudimentary micropores could be
produced, which is actually not practically useful in real
applications. Larger pores will be required for diffusion and
transport purposes. Conventionally, an activation process is
usually adopted to open up the pore structure either chemically
or physically. Chemical activation relies on the usage of a strong
dehydrating agent, such as phosphorus pentoxide (P2O5),
KOH, H2SO4, and zinc chloride (ZnCl2).

28−30 Not only the
corrosive feature of these chemicals, a washing process will be
required to remove these chemicals which actually generates
large amount of wastewater. Most of the existing physical
activation processes are carried out at high temperatures of
800−1000 °C in the presence of steam and CO2.

31−34 Besides
the large energy consumption, carbon porosity control is
relatively more difficult than that of a chemical activation
method. Using thermal oxidative degradation seems more
appealing because no chemicals will be involved and it requires
relatively low temperature to burn out certain component and
lead to pore formation. However, it is still a great challenge to
control precisely the selective degradation without a
fundamental understanding of pore structure evolution during
thermal oxidation.
In this work, we first use natural soft wood as the starting

material and process into carbon by a thermal annealing
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process in N2 atmosphere. Then, thermal oxidation in air
atmosphere with different processing temperatures and time is
applied with the aim to create mesopores in carbon. Different
from the conventional understanding of direct thermal
degradation, three different structure evolution stages are
discovered, which is phase separation, migration, and
degradation of carbonized lignin from carbonized wood.
Upon degradation of the relatively volatile component-
carbonized lignin, at the final stage, cellulose-based highly
porous carbon could be manufactured via this chemical-free
process. Corresponding structural and compositional analysis
are performed to understand the mesopore structure evolution
process.

■ EXPERIMENTAL SECTION
Materials Preparation. Wood sample was collected from SPF

(spruce-pine-fir) lumber. The composition is examined as 41.5% of
cellulose, 24.7% hemicellulose, and 33.8% of lignin following Li’s
work.35 SPF was cut into 3 × 3 × 10 mm small pieces and carbonized
at 800 °C (heating rate: 5 °C min−1) in nitrogen atmosphere for 2 h,
and the product was named C-800. By applying a thermal oxidation
process on C-800, carbon materials with different porous structures
can be produced. Oxidation temperature and time are the two major
factors those affect the final pore structure in oxidized carbon. The
oxidation temperature is carefully selected within the range of 270−
370 °C because material properties will not experience noticeable
change when oxidized below 250 °C and white ashes will be observed
due to overheating beyond 370 °C. With 5 h thermal heating in air,
different porous carbon materials can be produced and named MC-T
(T = 270, 300, 330, 340, 350, 360, and 370 °C). To study the
oxidation time effect, C-800 was heated in air at 350 °C for 1, 3, 5, and
7 h and the products were named MC-1H, MC-3H, MC-5H and MC-
7H.
Characterization. Thermal stability of C-800 and its oxidized form

MC was studied by thermogravimetric analysis (TGA, TA Instruments
Q500) in air atmosphere from 20 to 625 °C with a ramp rate of 5 °C
min−1. The morphology at cross section area and surface was
characterized by scanning electron microscopy (SEM, JEOL-7401).
Transmission electron microscopy (TEM) images of C-800, MC-330,
and MC-360 were obtained by a JEOL JEM-1230 microscope
operated at 120 kV. Samples for TEM observation were prepared by
drying a drop of sample powder ethanol suspension on carbon-coated
copper TEM grids. X-ray photoelectron spectroscopy (XPS) was
accomplished using a PHI VersaProbe II Scanning XPS Microprobe
with Al Kα line excitation source. Brunauer−Emmet−Teller (BET)
surface area analysis of samples was performed using a TriStar II 3020
surface analyzer (Micromeritics Instrument Corp., USA) by N2
adsorption−desorption isotherms. The average pore size was
calculated by the Barret Joyner and Halenda (BJH) method from
adsorption isotherm. Raman spectrum was obtained using a Horiba
LabRam HR Micro Raman Spectrometer, equipped with a CCD
camera detector within the range of 400−3000 cm−1.

■ RESULTS AND DISCUSSION

The carbonized wood shows tightly adhered tubular cell arrays
from a top view of the cross section area, Figure 1a. Focusing
on a single cell, the schematic structure is presented in Figure
1b, where the tubular cells are closely packed with surrounding
cells. C1, C2, and C3 represent three neighboring cells adhered
together. Each cell is composed of cellulose framework, lignin,
and hemicellulose. All the cells are strongly bonded with each
other by the lignin lamella “glue” between the cells. Cellulose
aggregates have an average diameter of 16 nm with elliptical
spaces in-between having a length/width ratio of ∼2 and a
minor diameter across the ellipse of 5−10 nm.36 These elliptical
spaces constructed by cellulose/hemicellulose frame will be

filled by lignin molecules afterward. From our previous work,
the tubular cell array structure can be well remained after
carbonizing the wood at 800 °C, Figure S1. Most of the
previous study carried out the thermal oxidation at <300 °C,
whereas it is not sufficient to generate structural change.37

Microscale structure change has been rarely investigated by
thermal oxidation at temperatures beyond 300 °C. Considering
the nature of cellulose, hemicellulose and lignin molecules, the
carbonized forms (C-cellulose, C-hemicellulose, and C-lignin)
carry different physiochemical properties, e.g., thermal stability.
By separating or removing one of the components in a
designed thermal heating process, the carbon porous structure
can be controlled in a desired manner. The structure change at
the cross section area with increasing temperature from 300 to
350 °C clearly reveals the degradation of lignin lamella, Figure
1c−e. At 300 °C, the cells are still tightly bonded to each other,
Figure 1c. A clear triangle-shaped void boundary was observed
with increasing oxidation temperature to 330 °C, Figure 1d,
indicating the degradation of lignin lamella was initiated. The
cells were completely separated from each other by further
increasing temperature to 350 °C, Figure 1e. These results
confirmed C-lignin can be selectively degraded from carbonized
wood by controlling oxidation temperature.
Besides the cell−cell adhesion area, structural change was

also observed in the cell itself. Through characterizing the
surface morphology change by SEM, Figure 2, the pore
structure evolution was monitored with gradually increasing
oxidation temperature from 300 to 370 °C. The temperature
range was selected based on the thermal stability of the
carbonized wood because white ash was observed in the
product beyond 370 °C. Within the selected temperature range,
the surface morphology showed two distinct stages. One is the
enrichment of nanoparticles on the surface from 300 to 340 °C;
the other is vanishing of nanoparticles and leaving porous
texture from 350 to 370 °C. At the first stage, it is obvious that
certain material migrated out of the bulk carbon phase (C-800)
and aggregated on the surface in the form of spherical
nanoparticles with uniform size of around 100 nm. At the
second stage, these nanoparticles were thermally degraded at
higher oxidation temperatures and the relatively stable carbon
framework was well remained even heated at 370 °C. Apparent
surface cracks were observed on MC-370 compared to MC-
360, which is probably due to the partial degradation of carbon
framework. From TEM study, the C-800 shows solid structure
without pores, Figure 2g. By applying thermal heat at 330 and

Figure 1. (a) cross section view of carbonized wood chunk with
tubular cell arrays adhering to each other, (b) schematic structure of
wood cells, (c and d) top-view SEM images at the interconnected area
after thermal oxidation at 300 and 330 °C, and (e) side-view of the
separated wood cell after 350 °C oxidation. C1, C2, and C3 represent
the three adhered neighboring cells.
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360 °C, obvious mesopore structures were successfully created.
It is worth mentioning that the pore structure was created at
early stage of nanoparticle migration even though the surface
morphology does not show clear porous texture, Figure 2b,h.
The pore size became larger at higher temperature.
Not only oxidation temperature but oxidation time also plays

a significant role in the pore structure evolution process. As
revealed in Figure 3, similar nanoparticle migration and

degradation was observed in C-800 with heating durations of
1, 3, 5, and 7 h at 350 °C. With 1 h heating, the nanoparticles
were migrated out and well distributed on the surface with 19%
coverage. Most of the nanoparticles were degraded after 3 h of
heating and only a few scarcely distributed nanoparticles
remained, Figure 3b. Focusing on the relatively smooth surface
beneath the nanoparticles, small slit pores or cracks are
observed. With further extending the heating time to 5 h, the
slit pores grow bigger and the surface texture shows a particle-
chain structure with significant amounts of void spaces. These
particle-chain structures are different from the aggregated
nanoparticles observed at relative lower temperature, which can
be attributed to the oxidized form of carbonized cellulose. With
7 h of heating, the chain structure becomes dominant, where
the interpenetrating network formed eventually.

To investigate the pore structure evolution during thermal
oxidation, N2 adsorption−desorption analysis was performed,
Figure 4a,b. The C-800 shows typical Type I isotherm with

prominent adsorption at low relative pressures and then level
off at higher relative pressure. Type I isotherm is usually
considered to be indicative of adsorption in micropores (<2.0
nm).38−40 Type IV hysteresis loops appeared after oxidation at
different temperatures of 300−370 °C, signifying the formation
of mesopores (2−50 nm). The hysteresis loops of MC-300 and
MC-330 show type H4 feature and have been attributed to
adsorption−desorption in narrow slit-like pores.41 MC-340,
MC-350, MC-360, and MC-370 exhibit type H3 feature, where
the loops do not level off at relative pressure close to saturation
pressure. A Type H3 loop was reported for materials comprised
of aggregates of plate-like particles forming slit-like pores.41

Time study shows a similar trend that H4 type loops formed
with shorter oxidation time (MC-1H and MC-3H) and H4 →
H3 type loop transition occurred with longer oxidation times
(MC-5H and MC-7H). Before spherical nanoparticles migrated
out of the bulk phase to surface, C-cellulose/C-lignin phase
separation occurred first and slit-pores were formed at the
boundary area. These results were consistent with SEM
observation, where only small amount of nanoparticles
appeared on the surface with majority remained in the bulk
phase. Once the majority of flow phase migrated out to the
surface, more internal spaces were created and subsequent
structural change led to the type H4−H3 pore structure
transition. The adsorption−desorption curves were almost
overlapped for MC-340, MC-350, and MC-360, indicating the
similar pore structure in these materials. Together with the
SEM results in Figure 2c−e, it is highly possible that migration
and degradation of flow phase occurred within the temperature
range of 340−360 °C. Once migration is completed, the
internal pore structure is fixed and thus similar adsorption−
desorption curves were observed.
The BET surface area, average pore size and pore volume are

summarized in Table 1. The total surface area gradually
increased from 499 to 805 m2/g with increasing oxidation
temperature from 300 to 370 °C. Compared to C-800, the
oxidation process at different temperatures increased the
internal surface area (contributed by micropores) slightly by
4.8−12.6% whereas the external surface area was 1.1−6.7 times
larger. A similar phenomenon was observed in samples with
different heating times. The average pore size did not follow a
linear pattern with oxidation temperature due to the existence
of two contrary but simultaneous processes: one is new

Figure 2. SEM surface microstructure of carbonized wood after
thermal oxidation at different temperatures (a) MC-300, (b) MC-330,
(c) MC-340, (d) MC-350, (e) MC-360, (f) MC-370. TEM images of
(g) C-800, (h) MC-330, and (i) MC-360.

Figure 3. SEM surface microstructure of C-800 after thermal oxidation
at 350 °C for different times (a) MC-1H, (b) MC-3H, (c) MC-5H,
and (d) MC-7H.

Figure 4. N2 adsorption−desorption isotherms of carbons (a) oxidized
at 300−370 °C for 5 h, (b) oxidized with different times (1−7 h) at
350 °C.
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micropore generation and the other is micropore growth into
mesopore (or direct mesopore formation). The first process
contributed to decrease the average pore size by generating
small size pores while the second process did the opposite. The
total pore volume increased monotonically with increasing
temperature or heating time, indicating the well remained
porous carbon frame without structural collapse.
To understand better the pore structure evolution during

thermal oxidation, TGA analysis was performed on the carbon
samples after oxidation at different temperatures. On the
collected DTG curves in Figure 5a, two separated degradation

peaks were observed in MC-270, MC-300, MC-330, and MC-
340, indicating the multiple components in the samples. These
results were consistent with the SEM observation, where
nanoparticles are separated from carbon bulk phase to form two
different materials. After the complete degradation of nano-
particles at the temperature range of 350−370 °C, MC-350,
MC-360, and MC-370 show only one broad degradation peak
that is attributed to the degradation of the porous carbon frame.
All the above characterizations confirmed the nanoparticle

migration from carbon bulk phase and subsequent degradation
at elevated temperatures, which left the porous carbon texture
behind. However, it is still not clear which component in the C-
800 migrated out as nanoparticle and which component left
behind to form the mesoporous carbon. It is well-known that
cellulose and lignin are the major components in natural wood.
Both can be converted to carbon by thermal annealing, while it
remains a challenge to distinguish them through character-
ization techniques in the carbonized wood. Considering the
physical nature of crystalline cellulose and amorphous lignin,

we hypothesized that higher graphitization degree would be
obtained in carbonized cellulose (C-cellulose) than that of
carbonized lignin (C-lignin). Therefore, Raman technique was
used to characterize both C-cellulose and C-lignin. The I(G)/
I(D) ratio (G band intensity at 1605 cm−1/D band intensity at
1335 cm−1)42,43 is 1.17 and 1.03 (Figure S2) for C-cellulose
and C-lignin, respectively, which is consistent with our
hypothesis. However, it is worth mentioning that the I(G)/
I(D) of C-cellulose might be underestimated since the cellulose
molecular weight could be unavoidably decreased during the
chemical extraction process. The graphitization degree will be
negatively affected by the decreased molecular weight of
cellulose.44 With thermal oxidation at different temperatures,
the I(G)/I(D) ratio changes significantly, Figure 5(b).
The I(G)/I(D) ratio as a function of oxidation temperature

is summarized in Figure 6a. The change of I(G)/I(D) clearly

indicated the surface composition change, which serves as an
index to identify the structural evolution. The I(G)/I(D)
increased from 1.12 to 1.18 and 1.20 after oxidation at 270 and
300 °C. At this stage, phase separation occurred that exposed
more C-cellulose component on the surface and leads to higher
I(G)/I(D) ratios. The I(G)/I(D) values of MC-270 and MC-
300 are larger than that of C-cellulose (1.17), indicating that
the C-cellulose component in C-800 acquires a larger
graphitization degree than the one carbonized after extraction.
By further heating to 340 °C, nanoparticle migration became
the dominant phenomena at this stage. Accompanied with the
migration, I(G)/I(D) dropped down continuously to the
lowest value of 1.04 that perfectly matched the 1.03 of C-lignin.
Together with the SEM observation of MC-340, the aggregated
nanoparticles on the fully covered surface could be identified as
C-lignin. With further increasing oxidation temperature to the
third stage (350−370 °C), the C-lignin nanoparticles degraded
(partial C-cellulose degradation is possible) and I(G)/I(D)
went up to 1.12−1.13 in MC-350, MC-360, and MC-370. The
relatively lower I(G)/I(D) than that of C-cellulose is attributed
to the SP2 → SP3 carbon conversion.

Table 1. Summary of N2 Adsorption−Desorption Results

sample
SBET

(m2/g)
SBET(internal)
(m2/g)

SBET(external)
(m2/g)

Dpore
(nm)

Vpore
(cm3/g)

C-800 421 378 43 3.17 0.02
MC-300 499 409 90 3.64 0.06
MC-330 623 423 180 4.54 0.16
MC-340 686 418 268 4.51 0.24
MC-
350a

694 426 268 4.47 0.24

MC-360 693 396 298 4.49 0.28
MC-370 805 473 332 4.53 0.31
MC-1H 557 434 123 4.12 0.09
MC-3H 633 427 206 4.38 0.18
MC-
5Ha

694 426 268 4.47 0.24

MC-7H 725 414 311 4.60 0.29
aMC-350 and MC-5H are the same sample.

Figure 5. (a) DTG curves and (b) Raman spectrum of C-800 and
MC-T (T = 270−370).

Figure 6. (a) I(G)/I(D) ratio of C-800 and MC-T (T = 270−370)
from Raman spectrum, (b) weight loss of C-800 with thermal
oxidation at different temperatures (T = 330, 340, 350, 360, and 370
°C; heating duration: 5 h), and (c) weight loss of C-800 with different
oxidation time (1, 3, 5, and 7 h; T = 350 °C).

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.5b00563
ACS Sustainable Chem. Eng. 2015, 3, 2489−2495

2492

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5b00563/suppl_file/sc5b00563_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.5b00563


The carbon yield after specific thermal oxidation process was
also monitored. The degradation of a specific component
depends on both heating temperature and time. For example,
with 5 h of heating, 350 °C seemed sufficient to degrade the C-
lignin whereas not for C-cellulose, Figure 6b. Increasing the
temperature to 360 and 370 °C, weight loss of >80% was
observed indicating the degradation of C-cellulose, Figure 6c.
While keeping at 350 °C for longer time, e.g., 7 h, C-cellulose
degradation was also observed. In a word, thermal oxidation not
only contributed to the degradation of less stable component
but also involved gradual surface oxygenation that led to
degradation on more stable component eventually.
To understand the surface property change together with the

structural change, XPS characterization was performed on C-
800, MC-330, and MC-360, Figure 7a. The atomic percentage

of O 1s is 6.1% in C-800. After oxidation at 330 and 360 °C for
5 h, the atomic percent of O 1s increased to 13.8% and 16.2%,
respectively. To quantify further the specific functional groups
on the surface, C 1s spectrum was deconvoluted into three
major bonding, CC and CC, CO, and OCO. The
area percentage of the deconvoluted peaks is summarized in
Table 2. The area percentage of CC and CC, CO, and

OCO in C-800 was 82.7, 12.0, and 5.3%, respectively. The
π−π* satellite peak appeared at 290.5 eV due to extended
delocalized electrons in aromatic rings.45,46 Also, the broad and
asymmetric tail toward higher binding energy indicated a high
concentration of CC bonding in the sample. After oxidized at
330 and 360 °C, the area percent of CC and CC

decreased to 67.5 and 59.0%, respectively. Meanwhile, the area
percentage of oxygen-containing groups (CO and O−C
O) increased significantly, which clearly indicated the severe
surface oxygenation at elevated temperatures. The disappear-
ance and appearance of π−π* satellite peaks in MC-330 and
MC-360 is probably due to the migration (330 °C) and
degradation (360 °C) of carbonized lignin.

■ CONCLUSIONS
In summary, a facile thermal oxidation method has been
developed to process natural wood into high surface area
mesoporous carbon materials. A unique transport phenomenon
associated with carbonized lignin is observed during the
oxidation process, which contributes to the pore structure
evolution. The transport process experiences three distinct
stages, e.g., phase separation of carbonized lignin from bulk
carbon, migration to surface as spherical nanoparticles, and
finally degradation. Together with the pore structure evolution,
surface oxygenation on a porous carbon surface also occurred
that introduces oxygen-containing functional groups. A carbon
surface area of higher than 800 m2/g is successfully synthesized
from this green process. The interpenetrating porous feature of
these materials ensures their promising applications in the fields
of adsorption/separation, catalysis, and energy storage. More
importantly, this technology could serve as a general tool to
manufacture high surface area mesoporous carbons by using
other similar biomass resources.
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