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A B S T R A C T

This study aims at understanding the structural changes occurring in the carbonaceous matrix of wood-based
chars during their thermal conversion. Although chars are routinely characterized by porosity measurements or
scanning electron microscopy, the composition and structure of the carbonaceous matrix is often not in-
vestigated. Here, advanced characterization using X-ray synchrotron microtomography, transmission electron
microscopy, Raman spectroscopy and X-ray diffraction provided a precise description of the char properties,
allowing for an accurate discussion of their catalytic properties. Two chars were produced by slow pyrolysis of
wood waste (400 and 700 °C) and a third one was fabricated by activation under steam at 850 °C of the char
obtained at 700 °C. The results show that the pyrolysis temperature and the activation performed did not affect
the macrostructure of the chars and that the pores were interconnected at the macroscopic scale. However, at
700 °C, the micro- and nanostructures were modified: short-range organized graphene fringes were observed.
The activated char showed a homogeneous microstructure similar to that of its precursor. Besides, the ratio of
graphene-like structures, the local organization of graphene sheets, and the imperfections in graphene-like
sheets were clearly improved by the post-treatment. To our knowledge, this is the first time that such an ap-
proach, combining various tools, is applied for the study of pyrolysis chars.

1. Introduction

Nowadays much research is conducted to tackle the rarefaction of
petroleum-based resources. Biomass and waste materials engineering is
thus investigated to take into account environmental considerations.
Biochars appear to be promising materials for many applications such
as soil amendment, fuel, sorbent, support for catalyst, catalyst, elec-
trochemistry, water treatment, gas cleaning, additives in anaerobic di-
gestion, etc. [1–9]. Among these possible outcomes, energy applica-
tions, where biochar acts as a catalyst, are of great interest [10]. For
instance, syngas (CO+H2) can be produced and further converted into
fuel in the Fischer-Tropsch synthesis by pyro-gasification of biomass
and residues. However, the development of this process is industrially

limited because of by-product generation and the costly step of syngas
purification [11,12]. In this context, some research projects focus on
the direct use of chars resulting from pyro-gasification as a catalyst for
hydrocarbon cracking to upgrade the syngas yield and its quality
[13–22].

A better understanding of biochar structure and its evolution de-
pending on the fabrication process is therefore required to tailor and
optimize biochar properties depending on the targeted application. In
the above example (biochar as a catalyst), the key parameters to con-
sider include surface area, porosity, texture, surface functionality (in-
cluding specifically acidic-basic sites), metals nature and distribution
[10,14–17,21,23,24]. High surface area promotes mineral distribution
and favors pollutant diffusion through the porous network to the active
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sites [25]. The organic functions promote the multi-layer adsorption of
tar through hydrogen bonds or π −π* stacking interactions [16]. Free
carbon sites or defects in the carbonaceous matrix (vacancy, insertion of
O atoms, curved graphene fringes…) can catalyze tar cracking reactions
[26]. Mineral particles initially contained in the feedstock can have a
catalytic role (especially alkali and alkaline earth metal species) [27]. It
has been shown that the efficiency of chars is comparable to that of
metallic catalysts, although deactivation occurs more rapidly and the
reaction mechanisms are not completely elucidated [13,17,28–32]. The
char surface activity comes from the porosity, the mineral and metal
contents, the organic function nature and amount
[15–17,22,27,33–35], as well as the carbonaceous structure [16,20,23].
In the case of wood-based materials, the textural properties play a de-
cisive role, since the fibrous structure of the original wood is usually
preserved in the resulting pyrolysis chars [17,22,36]. The operating
conditions of char production and post-treatment affect the textural
properties, especially the pore size, the total pore volume, the specific
surface area, the nature of the pores (opened or closed)
[15–17,22,27,33–35]. The pyro-gasification conditions (temperature
and atmosphere) and post-treatments (activation, oxygenation) also
impact porosity development. First, temperature impacts polymer de-
gradation, which leads to pore creation and may limit tar condensation
in the porous network [17]. Second, the use of a carbon dioxide at-
mosphere increases pore development compared to other atmospheres
[17]. Third, chars post-treated in steam or oxygen-rich atmosphere
develop a high porous network and such processes commonly result in
activated carbons [15,21,22,37]. However, the usual characterization
techniques do not enable to show the interconnectivity and the geo-
metry of the pores. These latter features are of great interest since the
gas diffusion is pore diameter limited, and tar could be condensed in the
porous network. Therefore, as shown by previous studies, a better un-
derstanding of the macrostructure involves char imaging [38–41].
Moreover, it is worth noting that the porosity development will impact
the carbonaceous matrix since graphene fringes are supposed to be
reorganized [23,42–44]. However, the techniques employed in most
studies are mainly based on the adsorption of gases or mercury intru-
sion in order to investigate the porosity either at different scales. These
methods do not enable to visualize the pores and their distribution
within the carbonaceous matrix. Besides, they do not provide in-
formation on the chemical composition of the carbonaceous matrix and
the various types of carbon structures that may be present in it and
affect char reactivity. Finally, chars are also characterized by the total
amount and the surface distribution of mineral and metal species [24].
It has been shown that mineral clusters could clog the pores at the
surface [17,22,27,32,33], which would impact the interconnected
porosity in the resulting chars.

This work aims at describing in further detail the carbonaceous
matrix in wood-based chars. Macro-, micro- and nanostructures were
investigated using a combination of advanced characterization techni-
ques in order to understand the structural changes occurring during
char fabrication and post-treatment. The types and relative amounts of
the various carbon structures were also determined. To our knowledge,
it is the first time that such a method is applied to reveal the structural
evolution that the char carbonaceous matrix undergoes during the
fabrication process. Thanks to this approach, a precise description is
obtained, enabling a full characterization of the char structural features
and a discussion on its potential use as catalyst for tar cracking. This
work will have direct implications for char engineering and could be
also of interest for other types of applications.

Three types of wood-based chars were analyzed in this study. In
order to observe the structural changes occurring over pyro-gasifica-
tion, wood feedstock was used to produce chars at two pyrolysis tem-
peratures (400 and 700 °C). In addition, to understand the modifica-
tions resulting from activation, the 700 °C char was post-treated under
steam at 850 °C. Characterization at the macroscopic scale involved
imaging of the sample in three dimensions by X-Ray synchrotron

microtomography. The degree of ordering of the carbonaceous matrix
(graphene fringe stacking, fringe orientation, aromaticity, crystallite
size, etc.) was studied using transmission electron microscopy, Raman
spectroscopy, and X-ray diffraction. These latter two techniques also
allowed to quantify the relative amounts of the various carbon structure
types composing the char. All these advanced analytical techniques
were combined to provide a better understanding of the char structure
and to discuss the expected reactivity.

2. Materials and methods

2.1. Char preparation and basic characterization

Three types of pyrolysis chars were produced from wood of used
pallets (WUP) that were utilized on cruise ships. WUP was common
softwood (from gymnosperm trees) used in the production of pallets for
loading and transportation of food. The chars as well as the raw ma-
terial considered in this study were all composed of small fragments
such as twigs or millimetric blocks. For each type of char, character-
ization was carried out, except for X-Ray synchrotron micro-
tomography, on several fragments and when applicable on different
locations. This ensured that the observations were related to the fab-
rication process and not to possible intrinsic heterogeneities. The pyr-
olysis chars were produced in a semi-continuous screw reactor (internal
diameter of 0.167m and 2m in length) by slow pyrolysis of WUP in
order to maximize the char formation yield. Char c.WUP400 was ob-
tained by pyrolysis at 400 °C during 30min, with a heating rate of
10 °C.min−1. Char c.WUP700 was produced by pyrolysis at 700 °C for
30min, with a heating rate of 22 °C.min−1. These temperatures were
selected as they are representative of low and high conventional pyr-
olysis temperature, respectively. The details of the experimental pro-
cedure were described in a previous paper [45]. The activated char
a.c.WUP700 was produced by pyrolysis of char c.WUP700: a sample of
100 g of c.WUP700 was introduced in a semi-rotation reactor in quartz
(Carbolite HTR 11/150), and heated to 850 °C in an inert atmosphere
(nitrogen flow rate= 0.5 Lmin−1) with a heating rate of 10 °Cmin−1.
Once this temperature was reached, steam was added in the nitrogen
flow at a concentration of 15 vol.%. This activation process was carried
out under these conditions for 80min. The char formation yield was
22 wt% for c.WUP700 and 77wt% for a.c.WUP700.

As a first step, the chars were characterized using common techni-
ques such as scanning electron microscopy and mercury porosimetry
(results shown in Fig. 8 and Table 5 in Supporting Information). The
sample macrostructure was typical of that of wood-based materials and,
as the pyrolysis temperature was raised or activation was carried out,
the char surface became rougher with nanoporosities and outcropping
particles. Mercury porosimetry showed that higher pyrolysis tempera-
tures resulted in an increase of the total pore area and of the meso-
porous volume. The activation step also increased the total pore area of
the materials. This increase is mainly explained by the development of
the microporous and macroporous volume, corresponding to the ma-
terial roughness. The mesoporous volumes measured in this study are in
agreement with those measured by other researchers for similar mate-
rials [46].

2.2. Synchrotron microtomography

The three-dimensional (3D) macrostructure of the samples was as-
sessed by X-Ray microtomography. For each sample, a twig-shaped
fragment of roughly 1mm2× 1 cm was selected. X-Ray micro-
tomography scans were acquired on the PSICHÉ beamline at the SOLEIL
synchrotron. The tomographic setup used a monochromatic parallel
beam at 32 keV, with a size of 1.4 mm in both directions, which illu-
minated the char sample glued vertically on the rotation table.
Attenuated X-rays were collected by the Hamamatsu CMOS 2k detector
via a 10×magnifying optics to form a radiograph. A tomographic scan



corresponded to a set of 1000 radiographs, recorded over a 180° rota-
tion. One image was recorded every 3.5 s, resulting in a scan duration
of∼ 1 h. The distance between the specimen and the camera was set to
40mm which led to a good combination of absorption and phase
contrast. The size of the isotropic voxels in the reconstructed volumes
was 0.65 μm.

After acquisition, the different sets of two-dimensional (2D) radio-
graphs were processed by the state of the art PyHST reconstruction
software [47] installed at SOLEIL. The Paganin algorithm [48], im-
plemented in PyHST, was used to take advantage of the phase contrast
between the air and the carbon matrix, since the carbon matrix had a
very low absorption. Using the phase contrast with the Paganin algo-
rithm provided a good signal to noise ratio and considerably eased the
subsequent image analysis process to study the pore morphologies. The
tomographic scans were processed by automated 3D image analysis to
separate the wood phase from the interior cavities and the exterior. An
in-house code combining state of the art Python and VTK routines was
used on a subset of 500 slices corresponding to a height of 325 μm in
each volume. The subset was chosen to keep the computation time
reasonable while containing a statistically relevant number of pores
(typically several thousands). The segmentation procedure was carried
out as follows: first the volumes were rotated in plane to align the pore
network with the X, Y directions. A watershed transform was then ap-
plied using markers at both ends of the histogram to obtain respectively
the void and the wood phases. For this work we have used the im-
plementation available in the Python scipy package [49]. Since most of
the voids were connected to the outside air, morphological closing
operations were also used to separate them from the air. Interior voids
were then labeled individually based on their connectivity (using a
cross-shape structuring element). This way, communicating cells were
given a unique label and can be displayed with the same color. Based on
this segmentation, the wood volume fraction and surface to volume
ratio could be computed. The size of the individual connected cavities
was measured as the Feret diameters with respect to the X, Y, Z axes.
The Z value although computed was not studied here since the cells
typically cross the whole volume (even considering the 2048 slices ie.
1.3 mm). One should note that since the cavities are very elongated in
the Z direction, the connection network for a given volume depends on
the height considered. The different steps in the experimental proce-
dure and image processing led to an error of∼ 4 μm on the in plane
dimension determination.

2.3. Transmission electron microscopy

Transmission electron microscopy (TEM) samples were prepared by
ultramicrotomy using a LEICA Ultracut R Ultramicrotome. Char frag-
ments of approximatively 2–3mm2× 1 cm were inserted into standard
BEEM capsules (Agar Scientific) and embedded in an epoxy resin in
order to produce blocks with a pyramidal top well-suited for cutting
operation. The resin polymerization was carried out at 55 °C for 4 h.
Such a resin is well-known to provide appropriate results in terms of
cutting quality for carbon-graphite materials [50]. After being removed
from the mold, the block top was perfectly flattened using a diamond
trimming tool 45° (DiATOME). Thin slices of ∼100 nm thickness were
then cut using a 35° ultra diamond knife (DiATOME) at a cutting speed
of 1mm s−1 and a clearance angle of 6°. The undamaged rectangular
sections floating on the surface of the water bath were gently collected
with a perfect loop and transferred onto 300 square mesh gold grids
(Agar Scientific). TEM characterization was performed using a FEI
Tecnai F20 ST TEM, operated at 200 kV and equipped with a field
emission gun (FEG) electron source. High angle annular dark field
(HAADF) images were acquired in scanning TEM (STEM) mode using a
Model 3000 Annular Dark Field detector (Fischione Instruments). The
002 lattice fringe mode – referred later to as high resolution (HR) – was
used to image the profile of the aromatic layers (extent and shape) on
the thinnest parts of the samples. The HRTEM images were acquired

with drastic care at a magnification of 700 000 times, and at about the
Scherzer optimum underfocus (−55.88 nm) to obtain reliable and
consistent data with a spatial resolution of 0.028 nm.

2.4. Mathematical morphology analysis of HRTEM images

In order to characterize the nanostructure of samples c.WUP700 and
a.c.WUP700, a method based on the mathematical morphology analysis
of HRTEM images was used. This method is fully described elsewhere
[51] and provides statistical information on features of the graphene
sheets composing the material matrix. For each sample, a set of HRTEM
images was processed using the mathematical morphology analysis
software, resulting in an area of at least 1500 nm2 being analyzed per
char. The fringe length, the tortuosity, the local curvature radius and
the number of graphene sheets forming locally a stack of parallel fringes
were then determined. The individual fringe length was simply deduced
by counting the number of its constitutive pixels, whilst their tortuosity
was derived from the ratio of their length to the Euclidean distance
between their two ends. The local curvature radius was computed at
every point of the fringe, by searching the circle radius matching the
best the curvature of the fringe fragment composed of the central point
and its next four pixels on each side.

2.5. Raman spectroscopy

Raman spectroscopy was used to analyze the different carbon
structures of the carbonaceous solids. Raman spectra were acquired
using a Confocal Raman – AFM WITEC Alpha 300AR microscope
equipped with a CCD camera detector (175–4000 cm−1) at room tem-
perature in air. Spectra were recorded using a 50× lens (Na= 0.75)
and an excitation laser at 532 nm. Each char was analyzed on at least
two zones at the surface (on a square of 5× 5 μm2) and for a depth of
3 μm. Spectra were then compared in each zone and an average spec-
trum was used for curve-fitting. Details of the procedure used for
spectrum analysis are given in Supporting Information.

2.6. X-ray diffraction

The carbon structures present in the chars were further assessed by
X-ray diffraction (XRD). X-ray powder diffraction (XRPD) measure-
ments were carried out at room temperature using a Philips Panalytical
X’pert Pro MPD diffractometer equipped with an X’celerator linear
detector which simultaneously measures data within ∼2.1° in 2θ
(equivalent to 127 point detectors simultaneously collecting data).
XRPD patterns were collected with a Cu Kα radiation source (1.541 Å)
operating at 45 kV and 40mA. The whole diffraction pattern was col-
lected between 2θ=9° and 2θ=75° with a step size of 0.033° in 2θ
and an integration time of about 30 s per step leading to a total col-
lection time of 33min for each sample. A silicon standard material was
used to calibrate the 2θ scale of the diffractometer. The phase identi-
fication of the diffraction pattern was performed using the JCPDS da-
tabase. The procedure used for data analysis and interpretation is de-
scribed in Supporting Information.

3. Results

The structural properties of chars are routinely characterized by
scanning electron microscopy. Although this technique provides valu-
able information, it can only give an incomplete overview of the 3D
structure of the material. Particularly, in the case of wood-based sam-
ples, a 3D porous structure exists at the macroscopic scale, with several
levels of organization [52]. Basically, the four materials considered in
this study consisted of a regular assembly of hollow, elongated, parallel
fibers referred to as tracheid cells (Fig. 8 in Supporting Information).
Periodically, another set of transversally-orientated cells – the ray
parenchymae – crossed the structure perpendicularly. Consequently, it



would be interesting to describe more precisely the cell geometry, or-
ganization, and interconnection. The macroporous structure of samples
WUP, c.WUP400 and c.WUP700 was thus further assessed using X-ray
synchrotron microtomography. Reconstructed 2D and 3D images are
shown in Fig. 1 and quantitative data were extracted (Table 1). How-
ever, as only one twig per sample could be scanned because of time
constraints, one should be cautious in the interpretation of the results.
For a detailed comparison of the materials, several fragments should be
analyzed in order to obtain a reliable statistical dataset. Nevertheless,

the samples could be here qualitatively described and trends on the
pore size distribution could be seen (Fig. 2). Reconstructed 2D cross-
sections unveiled the internal structure and its porous, regular organi-
zation of longitudinal and transverse cells (Fig. 1a, c and e). One can
notice regions of higher density due to thicker walls − as for sample
c.WUP400 (Fig. 1c) – or due to smaller tracheid cell diameters − as for
sample c.WUP700 (Fig. 1e). This is an indication of the variety of
macrostructures that can be found in one specimen. Scans were con-
catenated to reconstruct 3D volumes and the solid phase was displayed

Fig. 1. 2D XY cross-sections and 3D volumes reconstructed from X-ray synchrotron microtomography scans for samples WUP (a and b), c.WUP400 (c and d), c.WUP700 (e and f). The
solid phase is shown in light gray and the pores in color. The axis length in b), d) and f) is 200 μm. The inset in b) shows an example of connected pores. The 2D XY cross-sections are
shown here as reconstructed and were rotated according to the pore network for further analysis.



in light gray whereas the pores were shown in color. To illustrate the
pore interconnectivity, a color code was applied: communicating cells
were displayed in the same color (Fig. 1b, d, and e). For the three
samples, a vast majority of the tracheid cells were interconnected. It can
be noted that the reconstruction was carried out over a Z-length of
325 μm, meaning that even more tracheid cells were communicating
over the full twig length. One can then assume that access to a large
fraction of the material volume would be easily provided for a diffusing
medium, such as a gas. An example of an ensemble of connected pores
is shown in inset of Fig. 1b. This ensemble is also displayed in a video
available in electronic supplementary content. It can be observed that
the interconnection between the tracheid cells is also ensured by
transverse cells. Using these 3D reconstructed volumes, the solid vo-
lume fraction and the tracheid cell dimensions could be measured.
However, only the X and Y Feret diameters were evaluated as most of
the pores did not fit in the detector field of view in the Z direction. After
pyrolysis, the solid volume fraction increased from 0.42 for the raw
material (WUP) to 0.50 for c.WUP400 and 0.49 for c.WUP700. This
may suggest a densification of the material structure during char fab-
rication mainly explained by the release of light organic compounds
from the wood. No significant difference in terms of surface to volume
ratio was found between the three specimens. The pore size distribution
was widely spread for the three samples, as indicated by the results
shown in Table 1 (large standard deviation values). However, the mean
Feret diameters compared well to dimensions measured by SEM
(∼20 μm). This large pore size distribution is due to the presence of
longitudinal and transverse pores as well as to irregularities in the
tracheid cell dimensions observed in one twig. The histograms of the X
and Y Feret diameters are given for sample c.WUP700 in Fig. 2 to

illustrate this phenomenon. Feret diameters below ∼50 μm corre-
sponded to longitudinal pores, which formed the major fraction of the
porosity. Transverse pores, on the contrary, led to larger Feret dia-
meters and were less frequently found. The higher occurrence of
longitudinal pores with respect to transverse pores is also illustrated by
the fact the median X and Y Feret diameters were smaller than the mean
ones.

The sample micro- and nanostructure was studied in greater detail
using TEM and typical results are shown in Fig. 3. Sample WUP was
very fragile under the electron beam and it was difficult to acquire
images. It exhibited an amorphous isotropic structure, as confirmed by
the fast Fourier transform (FFT) image obtained from the region shown
in the inset (Fig. 3a). For the c.WUP400 char, a heterogeneous micro-
structure was observed and the selected area electron diffraction
(SAED) ring pattern was typical of a nanocrystalline material (Fig. 3b).
At higher magnification one could indeed distinguish many crystallites
of a few nanometers in size embedded in the carbonaceous matrix.
Further energy dispersive X-ray spectroscopy analysis revealed that this
char contained a significant amount of elements such as O, Fe, Si or P
(not shown here) but it was not possible to assign the rings of the SAED
pattern to a definite crystalline structure with certainty. The c.WUP700
and a.c.WUP700 samples possessed a more homogeneous micro-
structure in terms of density (Fig. 3c and d). Moreover, the SAED diffuse
ring patterns were indicative of an isotropic vitreous structure at the
nanoscale. The SAED ring diameters matched inter-reticular distances
of 0.35–0.40 nm, 0.21 nm and 0.12 nm. Such reflections may be as-
signed to the (002), (100)+ (101), and (110)+ (112) atomic planes of
a graphitic structure. A lamellar organization could be seen at the edges
of these two samples. The graphene sheets could also be just dis-
tinguished at higher magnification (insets of Fig. 3c and d). Besides, the
presence of nanoporosities measuring ∼20–50 nm was confirmed for
the activated char (a.c.WUP700) using the high angle annular dark field
(HAADF) mode. These nanoporosities can be seen in dark gray in the
bottom left inset of Fig. 3d. They corresponded to regions where fewer
counts were detected by the HAADF detector, confirming the lesser
amount of matter and thus the presence of pores.

The nanoscale structure was further assessed by acquiring HRTEM
images on the thinnest parts of samples c.WUP400, c.WUP700 and
a.c.WUP700 (Fig. 4). For the char prepared at 400 °C (Fig. 4a and b),
crystallized nanoparticles were embedded in the carbonaceous matrix,
which was in agreement with the TEM results discussed previously. No
graphene fringes were visible, suggesting that the pyrolysis temperature

Table 1
Data extracted from the analysis of the X-ray synchrotron microtomography scans.

WUP c.WUP400 c.WUP700

Solid volume fraction 0.42 0.50 0.49
Surface to volume ratio (μm−1) 0.53 0.47 0.56
X Feret diameter (μm) Mean 36 29 28

Median 25 19 21
Standard deviation 57 27 26

Y Feret diameter (μm) Mean 19 15 21
Median 10 11 10
Standard deviation 34 18 21

Fig. 2. Histograms of the Feret diameters along the X and Y directions illustrating the pore size distribution for sample c.WUP700.



was not high enough to lead to the formation of graphene sheets. On the
contrary, for samples c.WUP700 and a.c.WUP700, only graphene
fringes were seen (Fig. 4c–f). The pyrolysis temperature rise seemed
thus to result in the disappearance of the crystallized nanoparticles in
the bulk of the material and in the partial graphitization of the carbo-
naceous matrix. The graphene sheets arranged themselves in a turbos-
tratic structure with an isotropic short-range ordering. The activated
char seemed to possess a slightly more ordered structure, with the
graphene fringes forming locally onion-like layers.

In order to characterize in more detail the graphene sheet ar-
rangement, an approach based on mathematical morphology was used.
The fringe length, tortuosity, local curvature radius were estimated for
c.WUP700 and a.c.WUP700 and results are summarized in Table 2. The
fringe length and the local curvature radius did not vary significantly
between the two samples. However, the mean tortuosity increased by
almost 7% after the activation step while its standard deviation was
reduced by almost 60%. This suggests that a more regular turbostratic
structure is obtained for sample a.c.WUP700 and confirms the HRTEM
image observation.

The graphene fringes also arranged themselves locally in small
stacks of parallel layers. These domains could be identified using the
mathematical morphology software and the number of parallel layers
for each stack could be determined. As can be seen in Fig. 5, for both
materials, most of these stacks are composed of 2–4 layers. The acti-
vated char exhibited a slightly higher fraction of 3–4 layer stacks,
suggesting a more ordered structure induced by the activation step.

Another way to characterize the char structure relies on Raman
spectroscopy and therefore samples c.WUP400, c.WUP700 and
a.c.WUP700 were studied using this technique. The normalized Raman
spectra at the first order of the three chars are shown in Fig. 6. The
three spectra were typical of short-range ordered and disordered ma-
terials since the two main broad bands (G and D) were observed.
However, differences could be noted between the three spectra. First,
the spectrum from c.WUP400 was characterized by shoulders below
1100 cm−1 of Raman shift as well as above 1700 cm−1. Second, for
samples c.WUP400 and c.WUP700 a higher intensity was recorded for

the G band compared to the D band, whereas the activated char showed
a reverse trend. Third, the D band was shifted to lower values of Raman
shift as the pyrolysis temperature was increased and also as activation
was carried out. In addition, the height of the valley between the D and
G bands also decreased with the severity of the treatment. These fea-
tures can be considered to discuss the distribution of the different
carbon structures in the three chars.

The shoulder observed between 800 and 1100 cm−1 in c.WUP400
spectrum could be due to volatile compounds which were condensed on
the surface of the char at this temperature and were not already poly-
merized [53]. The second shoulder above 1700 cm−1 is likely to be due
to carbonyl structures which are stable until 800 °C [54–56].

The increase in pyrolysis temperature decreased the amount of
aliphatic structures (II/Itot) as seen in Table 3 by comparing data for
c.WUP400 and c.WUP700. One can also observe that the temperature
rise led to a greater amount of the graphene and graphene-like sheets
(IG/Itot) and disordered graphitic structures (ID/Itot), while the amor-
phous content decreases (see ID”/Itot ratio in Table 3 and height of the
valley in Fig. 6). In addition, the G band maximum was shifted from
1587 cm−1 (c.WUP400) to 1599 cm−1 (c.WUP700) of Raman shift
(Fig. 6). This trend is in agreement with the literature and means that
graphitic nanocrystallites (very short order) and curved graphene-like
fringes were developed in the structure [57]. Although the main part of
the “graphitic structure” is disordered, the peak ratio describing the
total amount of “graphitic structure” increased with the temperature
from 58.2 to 82.6%.

The Raman spectrum of the activated char (a.c.WUP700) showed a
higher intensity for the D band than for the G band. Simultaneously, the
fraction of amorphous structure (ID”/Itot ratio in Table 3 and the height
of the valley in Fig. 6) was significantly reduced. Data in Table 3 shows
that graphene and graphene-like sheets (G band) and disordered gra-
phitic structures (D, D’ and I bands) increased with the activation
treatment and were the main carbon structures of the activated char
(84.2%).

In conclusion, Raman spectroscopy showed that the fractions of
disordered graphitic structures with a very short order (D band,

Fig. 3. Transmission electron micrographs of samples WUP (a), c.WUP400 (b), c.WUP700 (c), and a.c.WUP700 (d). Insets show on the top right corner the corresponding FFT or SAED
pattern and on the bottom right corner details of the nanostructure. Inset on the bottom right corner of picture d: imaging in HAADF mode reveals the presence of nanoporosities.



turbostratic carbon) were increased with the severity of the treatment
(pyrolysis and activation). The total amount of graphite and graphite-
like structures rose from 58.2% to 82.6% by changing the pyrolysis
temperature from 400 °C to 700 °C, and reached 84.2% after activation.
At the same time, the amount of amorphous structures was lowered.

XRD patterns recorded on c.WUP400, c.WUP700 and a.c.WUP700
are shown in Fig. 7. Two peaks were observed at d≈ 2.08 and 3.80 Å,
which correspond to the (100) and (002) graphite planes respectively.

The parameters calculated from the XRD patterns are shown in
Table 4. Deconvolution of the (002) peak and the γ-band was carried

Fig. 4. HRTEM micrographs of samples c.WUP400 (a and b), c.WUP700 (c and d), and a.c.WUP700 (e and f).

Table 2
Graphene fringe features calculated by mathematical morphology analysis for samples c.WUP700 and a.c.WUP700.

Sample Fringe length Tortuosity Local curvature radius

Mean (nm) Standard deviation (nm) Mean Standard deviation Mean (nm) Standard deviation (nm)

c.WUP700 1.82 ± 0.03 2.15 2.65 ± 0.03 2.88 0.76 0.88
a.c.WUP700 1.87 ± 0.04 2.42 2.83 ± 0.01 1.16 0.78 0.90



out (Fig. 13 in Supporting Information). When the pyrolysis tempera-
ture was increased, the (002) peak became sharper (Fig. 7) indicating
an increase of the carbon crystallite size. In the same time, the inter-
reticular distance d002 decreased when the temperature was raised
(Table 4). After activation, the (002) peak became slightly sharper
while its intensity decreased.

When the pyrolysis temperature was raised and also when activa-
tion was performed, the background intensity Iam measured on the XRD
pattern decreased, the (100) peak became sharper, and the relative area
of the γ-band decreased.

4. Discussion

4.1. Effects of the fabrication process on the char structure –
characterization technique coupling

Advanced characterization techniques were used in this study and

provided complementary information at different scales on the struc-
tural properties of wood-based chars. The data thus gathered allowed
for a better insight into our samples: the composition and organization
of the carbonaceous matrix composing the chars were described qua-
litatively and quantitatively in detail. To our knowledge, this is the first
time that such an approach, combining various tools, is applied for the
study of pyrolysis chars.

The char porosity was characterized by routine techniques such as
SEM and Hg porosimetry (results shown in Supporting Information).
However, these latter techniques provide poor information on the pore
geometry and interconnectivity. Here, we showed thanks to synchro-
tron microtomography that a vast majority of the pores were connected.
At the macroscopic scale, the longitudinal and transverse cells formed
an interconnected network of pores. As most of the pores were inter-
connected, a diffusing medium would be able to reach a large fraction
of the char volume, which is promising for syngas purification.
Although a greater number of samples should be probed by synchrotron
microtomography for a reliable statistical analysis of the pore size
distribution, the results were consistent and a trend could be seen. Bird
et al. studied charcoals by X-ray microtomography for archeological
purposes [58]. They observed as we did that the pyrolyzed materials
retained much of the macrostructure of the parent material. However,
they reported a dramatic increase in porosity after pyrolysis, which was
not our case. This difference may be due to their use of slightly oxi-
dizing conditions during pyrolysis whereas our chars were produced in
an inert atmosphere.

Information on the microstructure was gathered. SEM character-
ization showed that a higher process temperature (700 °C instead of
400 °C) led to a rougher surface, with particles clearly outcropping at
the char surface after activation. Fig. 8l and p (in Supporting
Information) images show small and well-dispersed mineral species on
the char surface which provide many active sites that promote the char
catalytic activity [24]. Mineral species like calcium and potassium are
known to have significant catalytic activities in tar cracking reactions
[32,59,60], as well as iron, manganese, copper and zinc [61]. More-
over, for the chars prepared at 700 °C, no more nanocrystallites were
observed using TEM. Because of the sample preparation method TEM

Fig. 5. Distributions of the number of layers composing stacks of parallel graphene
fringes for samples c.WUP700 and a.c.WUP700. The error margins with a confidence
interval of 95% were below 0.01.

Fig. 6. Normalized Raman spectra of samples c.WUP400, c.WUP700 and a.c.WUP700.

Table 3
Values of various peak ratios obtained from the deconvolution of the Raman spectra.

c.WUP400 c.WUP700 a.c.WUP700

Graphene sheets and graphene-like
sheets (IG/Itot)

0.168 0.174 0.179

Disordered graphitic lattice (ID/Itot) 0.184 0.408 0.427
Disordered graphitic lattice (A1g

symmetry) (II/Itot)
0.226 0.140 0.183

Total graphitic and disordered graphitic
structures ((IG+ ID+ ID’+ II)/Itot)

0.582 0.826 0.842

Amorphous carbon ID”/Itot 0.418 0.173 0.158
Disordered graphitic lattice over

graphene sheets and graphene-like
sheets ID/IG

1.09 2.35 2.40

Fig. 7. XRD patterns of c.WUP400, c.WUP700 and a.c.WUP700.

Table 4
Specific parameters of chars determined from XRD pattern.

Parameter c.WUP400 c.WUP700 a.c.WUP700

d002 (nm) 0.3849 0.3785 0.3748
Iam (counts) 28,554 22,750 17,106
fa 78.7 87.7 88.2
Aγ/(A002+Aγ) 0.213 0.123 0.057



probed the bulk of the materials. Hence these results suggest that the
increase in pyrolysis temperature favors the diffusion and reorganiza-
tion of mineral and/or metal particles at the char surface.

The degree of ordering of the carbon matrix was assessed. The
evolution toward a sharper (002) XRD peak when increasing the pyr-
olysis temperature indicated that the degree of orientation of the aro-
matic lamellae increased with the pyrolysis temperature, and that the
char structure became more and more ordered (Fig. 8 in Supporting
Information). The d002 value of the a.c.WUP700 char was lower than
that of c.WUP700, indicating that despite the development of porosity
the activation led to a more ordered material. This result is in agree-
ment with literature data. Indeed, the d002 interlayer spacing is known
to decrease with increase in carbon content and aromaticity [62]. The
background intensity Iam measured on the XRD pattern decreased when
the pyrolysis temperature increased and after steam activation. This
suggests that the bonds between macromolecules and the amorphous
carbon were broken during the wood heating treatment, leading to the
release of carbon species as volatiles. The relative area of the γ-band,
which represents the aliphatic side chains grafted on the char, de-
creased when the pyrolysis temperature was raised and also when ac-
tivation was performed. Besides, the char aromaticity (reflected by the
fa values) increased with increasing temperatures which suggests that
aliphatic side chains were not strongly bonded to char crystallites and
tended to be released as volatiles during the heating. On the contrary,
the aromatic rings seemed to be stable with temperature. An increase of
the carbon crystallite size with increasing temperature is also reflected
by the (100) peak that became sharper.

According to XRD, TEM/HRTEM and mathematical morphology
results, the increase in the pyrolysis temperature resulted in a more
ordered carbonaceous structure (shorter d002 interlayer spacing, in-
crease in the crystallite size, formation of graphene sheets). Besides,
these techniques showed that the activation step resulted in a re-
arrangement of the carbonaceous matrix with the appearance of onion-
like graphene structures, higher tortuosity of the graphene fringes,
higher fraction of 3–4-layer graphene stacks and larger crystallite sizes.
Raman spectroscopy characterization led to similar conclusions. An
increase of the amount of total “graphitic” structures and a decrease of
the amorphous content were observed as for the high temperature
pyrolysis char and the activated char. The abrupt change in amorphous
content is in agreement with the HRTEM images shown in Fig. 4.
Overall, this would mean that the amorphous content is consumed in
favor to short-ordered graphitic structures.

HRTEM characterization also showed an increased in short-ordered
graphitic structures such as onion-like structures after activation.
Mathematical morphology analysis indicated that the stacking of gra-
phene sheets was mainly reaching 2–4 layers for a.c.WUP700. These
results mean that, although the carbonaceous matrix is more ordered at
higher pyrolysis temperature and after activation, the graphitic struc-
tures formed possess a short order. This is in agreement with Raman
spectroscopy data, which showed that disordered structures are in
higher amount (D band and total graphitic structures ratios in Table 3)
after pyrolysis at 700 °C and activation treatment. These imperfections
include graphitic nanocrystallites, large aromatic rings, insertion of O-
atoms, curved graphene fringes, point defects in pure graphitic struc-
tures.

It can also be seen in Fig. 6 that the G band maximum was shifted
from 1587 cm−1 (c.WUP400) to 1599 cm−1 (c.WUP700) of Raman
shift. This trend is in agreement with the literature and means that
graphitic nanocrystallites (very short order) and curved graphene-like
fringes were developed in the structure [63]. After activation, a slight
red-shift of both bands is observed. A red-shift in the G band position
may be due to curvature induced tensile strain in fullerene-like struc-
tures as well as a partial relaxation of the compressive strain in gra-
phitic-like network. A red-shift of the D band could originate from the
nature of graphene defects (armchair or zig-zag edges) as well as
“fullerene-like” defects which are involved in the curvature of the

graphene sheets [57]. Regarding the activated char (a.c.WUP700), the
higher D band intensity could be correlated to the presence of O-atoms
between graphene layers and the increase in the number of graphite
edges [64]. The G band is also greatly influenced by the presence of O-
containing functional groups [57]. Therefore, the steam activation
process would increase the defect density due to oxygenated groups and
would favor the formation of turbostratic and short-order graphitic
structures in the carbonaceous matrix.

The combination of XRD and Raman spectroscopy gave also in-
formation on the aliphatic chains. The activation treatment seemed to
not impact the amount of aliphatic structures (similar IS/Itot ratio) but
this could be due to a balance between combustion and decomposition
of some aromatic rings [65,66] since the activation was carried out at
high temperature. On the other hand, XRD characterization suggested
that aliphatic chains grafted to graphitic nanocrystallites were less
numerous in the bulk after activation.

4.2. Implications of the char structural properties on the expected catalytic
activity

Based on the results obtained in this study, the efficiency of the
materials for syngas cleaning application could be discussed. Although
the role of inorganics is well established in the literature [32], the focus
was put here on a better understanding of the carbonaceous matrix
organization, structure and composition. The carbonaceous structure of
the materials has been found to be of prime importance for char gasi-
fication reactivity as well as for tar cracking. Tar is one of the most
problematic pollutants of the syngas. Indeed, tar can condense at re-
latively high temperature, fouling and blocking the downstream ap-
plications. For this reason, it must be eliminated from the syngas before
utilization.

Defects present in graphene layers were found to be active sites for
methane cracking reaction [16]. Their activity results from the fact that
they decrease the electronic stability of the graphene structure, leading
to higher carbon reactivity. A similar activity of graphene defects can
be expected for the cracking reactions of heavier hydrocarbons, such as
poly-aromatic hydrocarbons. Thus, chars c.WUP700 and a.c.WUP700
may be promising candidates for the catalysis of tar cracking reactions.

Amorphous carbon, small polyaromatic rings and aliphatic struc-
tures are highly reactive with some compounds found in syngas, such as
carbon dioxide and water [53,67]. Therefore, the presence of the
abovementioned structures appears as an important drawback for
syngas cleaning applications. Char a.c.WUP700 is the material pre-
senting the highest ratio of graphene-like structures (very short ordered
structures and graphitic-like structures) over small aromatic rings.
Thus, it should not be subject to competitive gasification reaction
during the tar cracking process.

Based on the literature and on the properties determined in this
study, the material with the highest potential for tar cracking reactions
is a.c.WUP700.

5. Conclusions

In this study the structural changes in the carbonaceous matrix of
wood-based chars induced by the process conditions (pyrolysis tem-
perature of 400 and 700 °C) and post-treatment (activation) were in-
vestigated. As the role of the mineral species present on the char surface
is already well established in the literature, the focus was put here on
the carbonaceous matrix even though some mineral particles were
observed on the samples. Advanced characterization was carried out
using a combination of imaging and analytical techniques, providing a
unique insight into the material properties. This approach allowed for a
detailed description of the char macro-, micro-, and nanostructure.
Thanks to this work the potential of each of the three chars as a catalyst
for tar cracking could be discussed by taking into account previous
findings from the literature. Although no significant difference was



observed at the macroscopic scale between the samples, the fabrication
process caused important structural changes at the micro- and nano-
metric scales. The three chars exhibited the typical macrostructural
features of the parent material – wood – characterized by a network of
interconnected pores. This macrostructure would greatly favor gas
diffusion inside the whole char volume, which would lead to better
efficiencies for syngas cleaning applications. The increase in the pyr-
olysis temperature resulted in the appearance of short-range ordered
graphene fringes. More short-range ordered structures were formed in
the carbonaceous matrix at the nanometric scale after activation.
Thanks to defects contained in these graphene-like structures, more
carbonaceous active sites would be formed. Therefore, based on these
results and on previous reports in the literature, the activated char is
expected to be a promising low-cost catalyst hydrocarbon cracking
thanks to its high porosity and carbonaceous active sites. Future work
will focus on testing the catalytic efficiency of the different chars dis-
cussed in this study for tar cracking reactions.
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