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Iron Nanoparticles to Catalyze Graphitization of Cellulose for Energy
Storage Applications
Lina M. Romero Millán, Amel C. Ghogia, Claire E. White, and Ange Nzihou*

ABSTRACT: The production of highly graphitic carbon from bioresources is an environmentally friendly approach to synthesize 
graphene for energy storage applications. Iron catalytic graphitization of cellulose, the most abundant biopolymer on earth, is an 
alternative approach as until now, cellulose has been classified as poorly graphitizable material. In this study, the impact of processing 
temperature and iron impregnation on the extent of graphitization of the cellulose-derived graphitic carbon nanostructure is 
uncovered by combining Raman spectroscopy, X -ray diffraction, t r ansmission e l ectron m i croscopy, a n d X -ray p a ir distribution 
function analysis. Raman spectroscopy is used in an innovative way to describe the evolution of the average graphitic phase size 
where the ash content misguides the X-ray diffraction analysis. A  correlation was established between (i) the in-plane crystallite size 
La and the ID″/IG first-order ratio, (ii) the out-of-plane L c crystallite size and the I G/Itot′ second-order ratio, and (iii) the second-order 
Raman IG′/Itot′ ratio and the average number of carbon layers per carbon crystallite. For iron-impregnated cellulose, phase 
quantification and analysis of the spatial distribution reveal highly crystalline rhombohedral graphite surrounded by a nanocrystalline 
carbon matrix. We explicitly show that traditionally non-graphitizable carbons can be used to form a graphite-like structure with 
multilayers of graphene sheets by careful addition of widely available nontoxic metal as catalysts. The study also shows that the 
impact of the catalyst is much more effective than the temperature in the nanostructure transformation. The proposed approach and 
the results obtained provide interesting insights that should stimulate further works aimed at extending the knowledge in the field.

■ INTRODUCTION
Widespread attention has been paid to the development of
two-dimensional graphene due to its distinctive and extra-
ordinary properties.1−3 Owing to these characteristics,
graphene is considered a promising material for energy storage
applications.4 In general, graphene synthesis can be performed
using top-down and bottom-up methods. In the top-down
approach, graphene is derived or exfoliated from graphite to
form nanosized graphene sheets.5,6 In contrast, bottom-up
methods involve the growth of graphene from atomic-sized
precursors on a support.7,8 This latter approach often requires
sophisticated equipment and strict operating conditions,
increasing the production cost in comparison to top-down
methods. Considering these restrictions, top-down methods
are presently the most common for the production of
commercial graphene.

Top-down methods generally use synthetic graphite from
fossil sources like coke, pitch, or coal as precursor for graphene
synthesis, involving costly and energy-intensive preparation
conditions with extremely high temperatures (>2000 °C).9
Greener methods have been explored that produce graphitic
materials with lower environmental impact. For example, some
biomass is a sustainable precursor that can be easily converted
into a graphitic material using thermochemical decomposition
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processes.10 However, cellulose, the main constituent in
lignocellulosic biomass and the most abundant source of
sustainable carbon, is a non-graphitizable material, and as a
consequence, the resulting graphitic carbons may exhibit a
randomly oriented carbon structure even after pyrolysis at high
temperatures.11 This characteristic may represent a barrier for
the production of graphene, considering that highly ordered
graphitic structures are required. Interestingly, different studies
have demonstrated that transition metals may catalyze
graphitization of other carbon materials.12 Among them, iron
is particularly interesting considering its abundance, relatively
nontoxicity, and high catalytic activity toward carbon
graphitization compared to other transition metals such as
cobalt and nickel.13−17 Up to now, first-order characteristic
bands, especially the D and G peaks of carbonaceous materials,
are widely used in the literature to describe the structure
evolution of different carbon materials.10,12,17 Generally, the D
band is associated with the presence of defects in the graphitic
structure (e.g., crystallite boundaries, defective carbon rings,
impurities, etc.),18 while the G band is related to the in-plane
vibration of sp2-hybridized carbon atoms in graphitic
materials.19 The relationship between these peaks has proved
to be suitable for studying graphitizable and graphitic
materials20,21 but does not seem appropriate to evaluate the
structure evolution of non-graphitizable feedstocks (e.g.,
cellulose) and the catalyst-enhanced graphitization proc-
ess.22,23 In fact, it has been reported that the lattice region
electronically affected by the presence of a defect may be
around 2 nm.24 In this respect, Ferrari and Robertson have
shown that the ID/IG ratio may decrease during the structural
evolution of carbon materials from nanocrystalline graphite to
highly ordered graphite. However, they also found that this
ratio may decrease with the increase in the structural disorder
for carbon materials with a crystallite size below 2 nm.25

Moreover, other authors have shown that the D band can be
even observed in perfectly oriented graphite, near the edges of
the carbon crystallites,26 and has been reported for carbon
samples with in-plane crystallite size La length as big as 30
nm.21 Consequently, the developing growth of graphitic zones
in non-graphitizable materials by the effect of pyrolysis
temperature or the presence of a catalyst may not be directly
reflected in the D band, even though other Raman features
confirm the graphitization of their carbon structure (i.e.,
second-order Raman band, ID″).

To make affordable highly graphitic carbons from
bioresources using a scalable production process, it is necessary
to effectively understand and quantify the structural develop-
ment of these materials during pyrolysis in the presence of iron
as catalyst. Several studies in the literature combine Raman
spectroscopy and X-ray diffraction (XRD) to provide
information about (i) defects in the carbon structure, (ii)
stacking of layer, and (iii) average crystallite size for
turbostratic carbons with short-range order or highly oriented
and ordered materials.21,27 A recent study showed that the
structural development of carbon during iron-catalyzed
graphitization can be rationalized by the formation/decom-
position of Fe3C at lower temperature <1000 °C by combining
in situ X-ray diffraction and X-ray scattering. However, there is
a lack of comprehension about the nanostructure of catalyst-
enhanced graphitic carbons and its evolution with temper-
ature.16

Here, we propose a novel approach to rigorously character-
ize the carbon structure using second-order Raman bands, and
we demonstrate the complementarity of Raman spectroscopy,
X-ray scattering, and transmission electron microscopy (TEM)
to effectively describe the nanostructure of highly graphitic
carbons produced from the catalytic graphitization of cellulose.
Cellulose before and after impregnation with iron nitrate
solution has been pyrolyzed at different temperatures. From
the analysis, we propose a set of empirical correlations to easily
assess the average size of the graphitic crystalline domains
based on a novel interpretation of the Raman spectra of highly
graphitic carbons. We emphasize the validity of the second-
order Raman bands, scarcely addressed in the literature, to
effectively assess the carbon layer stacking of highly graphitic
carbons from a non-graphitizable precursor, extending the
applicability of Raman spectroscopy as a versatile tool to
quantify the structural development of catalyst-enhanced
graphitic carbons. We also reveal the spatial heterogeneity of
carbon phase(s) in the iron-containing samples, as assessed
using TEM and X-ray pair distribution function (PDF)
analysis, which reveal that in pyrolyzed cellulose iron catalyzes
the formation of highly crystalline rhombohedral graphite that
is dispersed in a nanocrystalline carbon matrix. This work
should also open new perspectives in the production and
utilization of sustainable graphene materials.

Impact of Pyrolysis Temperature and Iron Content
on the Structure of Graphitic Carbon. The structure of the
produced highly graphitic carbons was first analyzed using

Figure 1. (a) Raman spectra of select graphitic carbons from nonimpregnated microcrystalline cellulose. Only a broad bump is observed for the
second-order band of all the analyzed samples. (b) Raman spectra of carbons from iron-impregnated precursors. An evolution of the first- and
second-order bands is observed, in contrast to the nonimpregnated samples. The second-order band is characteristic of graphitic materials.
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Raman spectroscopy. The normalized Raman spectra of select
graphitic carbons at 1000, 1400, and 1800 °C from non- and
iron-impregnated microcrystalline cellulose are presented in
Figure 1. The spectra of the analyzed samples show the first-
order characteristic bands of carbonaceous materials between
1000 and 2000 cm−1, with the peaks D near 1350 cm−1 and G
near 1580 cm−1, along with intensity D″ near 1500 cm−1, being
the most representative bands. In addition to the main D and
G bands observed in the Raman spectra of the analyzed
graphitic carbons, the impregnated samples also exhibited
distinct peaks in the second-order region, between 2500 and
3000 cm−1, while only a broad bump was observed in the
nonimpregnated samples.
From the mathematical treatment of the first-order Raman

spectra presented in the Methods section, the intensities of the
observed bands were analyzed and compared as well as the
ratios between them (i.e., IG/Itot, ID/IG, and ID″/IG) to
determine the evolution of the carbon structure as a function
of pyrolysis temperature and iron impregnation. In the
literature, either the ratio of the band heights or the band
areas have been used to describe the structure evolution of
different carbon materials.27 However, considering that the
band areas may be more sensitive to the discrepancies in the
mathematical treatment of the Raman spectra (e.g., fitting
functions, number of analyzed bands, bandwidths, etc.), only
the band heights have been analyzed in this work.28

The experimental results showed that both the increase of
pyrolysis temperature and the presence of iron had positive
effects on the graphitization of the samples (Figure 2). For
both non- and iron-impregnated samples, the temperature
increase from 1000 to 1800 °C was associated with a decrease
in the ID″/IG ratio (Figure 2b). In the particular case of
nonimpregnated samples, an average reduction of 31% in the
ID″/IG ratio was observed over the analyzed temperature range,
suggesting a decrease of sp2 and sp3 amorphous structures with
the thermal treatment. This effect was accentuated by iron,
with an average reduction of 72% in the ID″/IG ratio, observed
for the iron-impregnated samples, suggesting a reduced
amount of sp2 and sp3 amorphous structures and greater
development of graphitic carbon (Figure 2a,b). It is worth
noting that the organic composition and the mineral content of
the cellulose did not show any significant effect on the
graphitization of the samples. In contrast, no significant
evolution was observed in the IG/Itot and ID/IG ratios with
the temperature increase for nonimpregnated samples and a
slight increase of 34% in the IG/Itot ratio for impregnated
samples (see Table S3).
Accordingly, in the first-order region, the ID″/IG ratio seems

to be the most appropriate to describe the evolution of the
carbon structure of the analyzed materials. Considering that
the D″ band has been generally attributed to the presence of a
random mixture of sp2 and sp3 amorphous carbons, the

Figure 2. Evolution of structure for non- and iron-impregnated cellulose. (a) First-order Raman bands deconvolution of non- and iron-impregnated
cellulose after pyrolysis. (b) Evolution of the first-order ID″/IG ratio of pyrolyzed cellulose with processing temperature. Iron impregnation is mainly
related to a decrease in the D″ feature and consequently in the ID″/IG ratio. An increase in the G peak is also observed for the iron-impregnated
sample. (c) First- and second-order Raman bands deconvolution of non- and iron-impregnated cellulose after pyrolysis. (d) Relationship between
the first- and second-order Raman bands of carbon produced from non- and iron-impregnated cellulose and a TEM image which shows the
stacking of the graphene layers. A linear correlation is observed between ID″/IG and IG′/Itot′ ratios.
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increased degree of structural order of the samples may be
related to the decrease of this feature intensity. This impact is
scarcely covered in the literature.
As was performed for the first-order bands, the second-order

bands were deconvoluted according to the procedure
presented in the Methods section, and the relationships
between the intensities of the identified bands were analyzed.
Particular attention was given to the ratio IG′/Itot′ because the
G′ peak around 2700 cm−1 is characteristic of graphitic
materials and corresponds to the second-order Raman band of
crystalline graphite.26 The appearance of the G′ peak confirms
the presence of highly oriented graphitic structures in the
impregnated samples and, thus, the positive impact of iron
impregnation on the carbon structure evolution. From the
comparison of the first- and second-order Raman bands of all
the analyzed samples, a linear relationship was found between
the ID″/IG and IG′/Itot′ ratios (Figure 2c,d). Accordingly, the
development of graphitic structures is related to a decrease in
the ID″/IG ratio and an increase in the IG′/Itot′ ratio. These
results confirm that under the analyzed experimental
conditions of this investigation the reduction of sp2 and sp3
amorphous carbon is associated with the evolution of highly
oriented graphitic carbon. Accordingly, the second-order ratio
IG′/Itot′ may also be a good indicator of the degree of
crystallinity for highly graphitic materials from non-graph-
itizable feedstocks and those processed using the catalyst-
enhanced graphitization approach.
Evolution of the Average Crystallite Size of Carbon.

In addition to the analysis and comparison of the Raman bands
and associated intensity ratios, the evolution of the carbon
structure of the pyrolyzed carbon materials may also be
described by the carbon crystallite size.1 The crystallite lattice
parameters include the height of the organized stacking of
carbon layers Lc, the lateral extension of the graphene sheets
La, and the average spacing between the layers d002. In this
regard, the graphitization of the carbon matrix of the samples
should be related to an increase in their carbon crystallite size.
X-ray diffraction has been extensively used to characterize the
structure of carbon materials and determine their apparent
crystallite dimensions. As presented in the Methods section,
the Lc and La lattice parameters can be deduced using the
Debye−Scherrer equation, while the d002 distance can be
calculated from Bragg’s law. The X-ray diffraction results
obtained for the samples are presented in Figure 3a,b.
The X-ray diffraction analysis of the produced carbons

confirmed the positive effect of the pyrolysis temperature, and
particularly of the iron impregnation, on the graphitization of
the carbon. It can be observed from Figure 3a that
nonimpregnated samples are amorphous/nanocrystalline,
showing broad (002) and (10) carbon peaks, with no
significant evolution with the temperature increase. Only a
slight structural improvement is suggested from the calculated
Lc and La values. In particular, the temperature rises from 1000
to 1800 °C was related to an increase in the average crystallite
size from 0.9 to 1.1 nm for Lc and from 2.9 to 3.9 nm for La.
In contrast, the shape of the X-ray diffractograms noticeably

changes for iron-impregnated samples (Figure 3b), showing
sharp carbon peaks along with those attributed to the iron-
containing phases. This confirms the significant impact of iron
in enhancing the graphitization of carbon during pyrolysis.
From 1000 to 1800 °C the average crystallite size of the
samples increased from 4.7 to 6.4 nm for Lc and from 5.4 to 7.2
nm for La. From these results, it is clear that the effect of iron

impregnation in carbon graphitization is much stronger than
that of the temperature.
To better understand the evolution of carbon structure, the

complementarity between X-ray diffraction and Raman
spectroscopy to analyze the structure of nongraphitizable and
catalyst-enhanced graphitic carbons was further explored in
this study. More specifically, it was observed that the evolution
of the carbon crystallite size, calculated from XRD analysis is
inversely proportional to the first-order ID”/IG ratio and
proportional to the second-order Raman IG′/Itot′ ratio (Figures
3c and 3d, respectively). The observed relationships suggest
that Raman spectroscopy could also be used to give insight
into the average crystallite size of catalyst-enhanced graphitic
carbons. Several authors have already proposed the use of
Raman to evaluate the crystallite size of highly ordered
materials. The reported studies are mainly focused on the
evaluation of the in-plane La dimension from the first-order D
and G Raman bands. Tunistra and Koening were the first to
propose the use of the Raman intensity ratio ID/IG to calculate
the average La crystallite size.29 The validity of this approach
was subsequently confirmed by different authors,30 where
crystallite La sizes between 2 and 10 nm have been reported
using several different Raman excitation energies.31,32 Similarly,
other reported studies have proposed the calculation of La
from the HWHM (half-width at half-maximum) of the G peak,
fitted using a Breit−Wigner−Fano function (BWF).33

However, it is worth stressing that the existing correlations
for La have been established based on highly ordered graphitic
materials and, as such, should be considered with caution.27 As
already indicated above, we have demonstrated that the ID/IG
ratio generally used to calculate the La crystallite size is not
suitable to describe the carbon structure evolution of non-

Figure 3. X-ray diffraction (XRD) patterns of graphitic carbon
pyrolyzed at 1000, 1400, and 1800 °C: (a) graphitic carbon from
nonimpregnated cellulose; (b) graphitic carbon from iron-impreg-
nated cellulose. (∗) α-Fe (ferrite), (●) γ-Fe (austenite), and indices
(002), (10), and (004) are noted for the carbon peaks based on the
crystal structure of graphite. (c) Relationship between the Raman IG′/
Itot′ ratio and the calculated Lc crystallite size of the analyzed graphitic
carbon. (d) Relationship between the Raman ID″/IG ratio and the
calculated La crystallite size of the analyzed graphitic carbons. In both
(c) and (d), the samples from nonimpregnated precursors are circled
in green. The crystallite size values were calculated from XRD
diffractograms.
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graphitizable or catalyst-induced graphitic carbons and there-
fore should not be used to estimate the average carbon
crystallite size. In contrast, the intensity ratios IG′/Itot′ and ID″/
IG are more appropriate to describe these materials.
From the results in Figure 3c, eq 1 was derived to

quantitatively describe the linear relationship between the
Raman ID″/IG first-order ratio and the lateral crystallite size La
calculated from analysis of the (10) diffraction peak using the
Scherrer equation (considering the Warren correction).34 This
relationship suggests that the decrease of sp2 and sp3
amorphous structures in the samples is associated with an
increase in the in-plane lattice size of the carbon crystallite.
This is related to the development of highly graphitic
structures induced mainly by the iron impregnation of the
samples and, to some extent, the pyrolysis temperature. Thus,
eq 1 provides an empirical correlation to describe the La
crystallite size evolution of non-graphitizable materials during
the catalytic graphitization process such as cellulose.

= +L I I(nm) 7.05( / ) 7.69a D G (1)

Concerning the out-of-plane Lc crystallite size, it has been
reported that the second-order Raman bands may provide
information about the stacking of graphene layers in highly
graphitic samples. Malard et al. showed that in the case of
carbon AB graphitic stacking analysis of the second-order
features allowed the identification of the number of graphene

layers, from monolayer to four-layer graphene.35 In contrast,
they pointed out that the identification of the number of layers
in nanocrystalline and turbostratic carbons is not as
straightforward, considering the random orientation of
graphene sheets with respect to each other.
To the best of our knowledge, only one study has attempted

to describe the Lc crystallite size of partially disordered
graphite from Raman spectroscopy data,36 where the second-
order Raman bands (G′) were correlated to the Lc parameter.
However, the proposed mathematical treatment to fit these
bands was not completely established and may not be suitable
to describe the evolution of the catalyst-enhanced graphitiza-
tion process of carbons. Here, a linear relationship was
observed between the IG′/Itot′ ratio and the Lc crystallite size
determined by the analysis of the (002) diffraction peak using
the Scherrer equation. From Figure 3d, it can be seen that
higher IG′/Itot′ ratios are associated with larger Lc crystallite
sizes and, consequently, a greater number of stacked carbon
layers. In accordance, an empirical correlation can also be
established to describe the average Lc crystallite size of
nanocrystalline and catalyst-induced graphitic carbons from
their second-order Raman bands.

=L I I(nm) 10.03( / ) 1.30c G tot (2)

Figure 4. HRTEM image of the produced graphitic carbon nanostructure from iron-impregnated cellulose treated at 1800 °C. (a) The graphitic
carbon is formed around the iron nanoparticles. (b) TEM image and (c) TEM-energy dispersive X-ray spectroscopy (EDX) map of the produced
carbon showing the dispersion of iron nanoparticles (violet) in the carbon matrix (red). (d) EDX spectrum, where the presence of the copper on
the energy-dispersive X-ray (EDX) spectrum comes from the TEM grids that is made of collodion carbon-covered copper film. (e) TEM shows the
existence of two domains: in the red arrow, the growth direction of the carbon crystallite size La and Lc, and in the blue arrow, the nanocrystalline
carbon with short-range order. Raman analysis shows two spectra which correspond to the two different zones (red and blue) on the spatial
mapping.
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With these data, an empirical correlation between the Raman
IG′/Itot′ ratio and the average number of carbon layers per
carbon crystallite is also proposed in this work:

=n I I29.65( / ) 4.15avg G tot (3)

These relationships are valid in the La size range between 2 and
5 nm and the Lc size range between 1 and 7 nm. Also, they
correspond to Raman spectra measured with 532 nm excitation
wavelength. From Figure 3c,d, it is worth noting that the
crystallite size evolution of the analyzed samples is not the
same in the in-plane and out-of-plane directions. In particular,
the Lc size increased from an average of 1 nm for
nonimpregnated samples to 6 nm for iron-impregnated
samples treated at 1300 °C. In contrast, the La size evolved
to a lesser degree from an average of 3 nm for nonimpregnated
samples to around 5 nm for the iron-impregnated samples.
These results may be related to the non-graphitizable nature of
the cellulose and can be explained by the fact that for
impregnated samples the iron nanoparticle controls the La
parameter because the curvature of the particle governs the
curvature of the graphene layers (Figure 4a).
From the above analysis involving the different Raman

bands and their ability to shed light on the degree of
graphitization of cellulose, the empirical correlation proposed
in this work for the calculation of the La crystallite size is
suitable particularly in the case of iron-catalyzed graphitic
materials. In the comparison with the correlation of this work,
those already existing in the literature established considering
only the D and G Raman bands are only applicable for
graphitic materials.33

The process of iron catalytic graphitization has been
generally described as a dissolution−precipitation mechanism
followed by particle growth, where the carbon precursor
dissolves in the iron droplets during pyrolysis and subsequently
precipitates as graphite during cooling.12,37,38 This results in
the formation of graphitic zones around the iron nanoparticles.
As presented in Figure 3b, XRD analysis confirmed the
presence of iron phases in the produced carbons in the form of
α-Fe and γ-Fe, while the presence of iron carbides was not
identified. Considering that the thermal expansion coefficient
of iron is higher than that of graphite (∼12 to ∼6 × 10−6 °C−1,
respectively),39 pyrolysis may cause the nanoparticles to
expand and break the graphitic shells, forming also carbon
nanoribbons and graphitizing other areas of surrounding
carbon.40

As observed in Figure 4a, the growth of crystalline carbon
takes place with a curved stacking of carbon layers around the
metal nanoparticle. This curvature is related to the relatively
short size of the average in-plane crystallite size (La), despite a
large number of stacked carbon layers. This characteristic
growth of graphitic structures is representative of iron catalyst-
enhanced graphitization37 and may explain the fact that the
existing correlations in the literature are not suitable to
describe the carbon structure evolution of the analyzed
materials. Figure 4b,c shows the spatial distribution of carbon
and iron phases in iron-impregnated samples. The simulta-
neous presence of carbon and iron phases in iron-impregnated
samples was confirmed by EDX analysis (Figure 4d). TEM
result in Figure 4e showed that the carbon graphitization
around iron nanoparticles produces a nonhomogeneous
structure at the nanometer scale, with highly crystalline
zones adjacent to regions with reduced degrees of nano-

Figure 5. PDFs showing the carbon nanostructure of non- and iron-impregnated cellulose. The carbon nanostructure of iron-impregnated cellulose
pyrolyzed at (a) 1000, (b) 1400, and (c) 1800 °C is quantitatively replicated using two (for 1000 and 1400 °C) or three (for 1800 °C) phases. All
iron-impregnated samples are found to contain nanocrystalline carbon domains and highly crystalline rhombohedral graphite, while the sample
treated at 1800 °C also contains a small amount of highly crystalline hexagonal graphite. (d) The nonimpregnated cellulose samples consist solely
of amorphous (1000 °C) or nanocrystalline carbon (1800 °C). (e) Relative phase fraction (by mass) of the carbon phases in the iron-impregnated
samples. (f) In-plane crystallite size (i.e., size of graphene sheets) of the non- and iron-impregnated samples obtained from the nanocrystalline
carbon crystallite size. (g) c-axis atomic displacement parameter (ADP) of nanocrystalline carbon phase. A higher c-axis ADP value implies a
reduced height of the organized stacking of carbon layers.
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crystallinity. The red Raman spectrum showing the G′ peak
and red zone in the mapping correspond to the highly
crystalline zones, while those in blue correspond to nano-
crystalline carbon (Figure 4e).
These observations can explain the fact that in the analyzed

range of iron concentrations higher concentrations in the raw
samples resulted in a greater extent of structural ordering of the
carbon materials, attributed to the presence of a higher number
of iron particles enhancing the graphitization during pyrolysis.
Similarly, Figure 4e illustrates the heterogeneity of the

carbon structure of the samples at the nanometer scale, where
two distinct Raman spectra for adjacent regions in the same
carbon particle exhibit different degrees of organization. The
red zone spectrum corresponds to a well-developed crystalline
structure, probably near an iron nanoparticle. In contrast, the
blue zone spectrum is characteristic of carbon with a lower
degree of nanocrystallinity and thus possesses only short-range
order (limited to a couple of nanometers). An example of the
presence of these zones in the produced graphitic carbon is
presented in the TEM image in the figure inset.
Impact of Iron on Graphitic Carbon Nanostructure.

As shown by the X-ray diffractograms, the average crystallite
size of cellulose-based carbons increased due to iron
impregnation, but specific details on the impact of iron
impregnation on the nanostructure of the carbon were not
accessible using this technique. X-ray total scattering and
subsequent PDF analysis is an ideal technique to elucidate the
nanostructure of disordered materials.41 Figure S2 depicts a
typical X-ray PDF data set for temperature-treated iron-
impregnated cellulose, where the nanostructure of the carbon
has been isolated from that of the iron (see the Methods
section for the procedure used to remove non-carbon atom−
atom correlations from the X-ray PDF). Figure 5a−c shows the
PDFs of the carbons contained in the iron-impregnated
samples along with their multiphase least-squares refinement
results (refinement details outlined in the Methods section).
Refinements of the nonimpregnated carbon X-ray PDFs using
the same least-squares approach revealed that the nanostruc-
ture of these carbons was amorphous (for 1000 °C) or
nanocrystalline (for 1800 °C) with atom−atom correlations
out to roughly 1.5−2.5 nm (see Figure 5d).
The anisotropic crystallite size of the nanocrystalline carbon

phase was modeled in real space by considering a spherical
graphite nanocrystallite where the atom−atom correlations
along the c-axis (i.e., out-of-plane) were suppressed relative to
those in the a−b plane (i.e., in-plane) via directional-
dependent refinement of the atomic displacement parameters
(ADPs).42 As such, the in-plane crystallite size (akin to the La
parameter) can be estimated from the size of the spherical
graphite nanocrystallite, while the out-of-plane dimension is
expected to be inversely correlated to the magnitude of the c-
axis ADP, where a larger c-axis ADP value implies a smaller
out-of-plane nanocrystallite domain size (similar to the Lc
parameter). As seen from Figure 5f, the in-plane crystallite size
increases from approximately 1.6 to 2.7 nm for non-
impregnated cellulose pyrolyzed at 1000 to 1800 °C,
respectively. Comparison with X-ray diffraction results, where
La increased from 2.9 to 3.9 nm for the same treatment
temperature range, reveals that the PDF-derived crystallite size
is underestimated, likely attributed to the limitations of
applying a spherically shaped crystallite during PDF analysis
to represent anisotropic crystallites. Nevertheless, the magni-

tude of increase from 1000 to 1800 °C (1.1 nm from PDF, 1.0
from XRD) is accurately predicted using PDF analysis.
One major finding of the PDF analysis was the identification

and quantification of multiple distinct carbon phases in the
iron-impregnated samples. Specifically, in addition to the
nanocrystalline carbon phase there were found to be larger
crystallites of rhombohedral graphite in all iron-impregnated
samples along with crystalline hexagonal graphite for the
sample treated at 1800 °C (Figure 5a−c). Interestingly, as seen
in Figure 5e, the relative amounts of the phases in the iron-
impregnated samples do not change significantly with
treatment temperature. Instead, these samples roughly consist
of 70 wt % nanocrystalline carbon and 30 wt % crystalline
rhombohedral graphite. Hence, conventional X-ray diffraction
failed to reveal that two distinct carbon phases were present in
the iron-impregnated samples, and additional characterization
is required to ascertain these details. In fact, the average
crystallite size obtained from X-ray diffraction, and specifically
the Lc parameter, does not accurately reflect the complex
structural details apparent in the TEM images (Figure 4a)
where both highly crystalline zones of graphite are seen to be
adjacent to regions with reduced degrees of nanocrystallinity.
Nevertheless, X-ray diffraction and quantification of the La and
Lc parameters can accurately capture the general trend of
increased crystallinity with treatment temperature and iron
impregnation and thus when combined with Raman spectros-
copy is ideal for characterization of relative changes in degree
of crystallinity for non-graphitizable biomass.
Iron impregnation not only instigates the formation of

highly crystalline rhombohedral graphite, but it also catalyzes
an increase of the in-plane crystallite size of the nanocrystalline
carbon phase, particularly for the lower treatment temperatures
(1000 and 1400 °C) as seen in Figure 5f via comparison of the
non- and iron-impregnated samples. As alluded to above, PDF
analysis of the nanocrystalline carbon phase underestimates the
in-plane crystallite size, and thus the crystallite sizes reported in
Figure 5f for the iron-impregnated samples are likely
underestimated by about 1 nm. Nevertheless, from Figure 5f
it is clear that the disordered carbon phase in all iron-
impregnated samples is nanocrystalline as opposed to
amorphous, and thus iron impregnation not only catalyzes
the formation of highly crystalline graphite at 1000 °C but also
increases the degree of ordering of the remaining carbon.
Lastly, PDF analysis may also shed light on the impact of

iron impregnation and treatment temperature on the height of
the organized stacking of carbon layers in the nanocrystalline
carbon phase. Figure 5g reports the ADP value of the
nanocrystalline carbon phase, which is expected to be inversely
correlation with the number of stacked carbon layers, with a
higher ADP corresponding to a smaller region of stacked
layers. For the nonimpregnated samples this ADP value slightly
increased with higher treatment temperature implying less
layers in a coherent stack. However, this contradicts the Lc
parameter from X-ray diffraction which slightly increased from
0.9 to 1.1 nm; thus, the PDF-derived ADP values may be less
sensitive to changes in dimensions of the stacked layers
although Poulain et al. did find a correlation between
decreasing Lc parameter and increasing c-axis ADP for beech
biomass as a function of pyrolysis temperature.42 Hence, the
decrease of ADP values for the iron-impregnated samples is
likely indicative of an increase in stacked layers for the
nanocrystalline carbon phase in these samples, which shows
that both the in-plane and out-of-plane dimensions of the
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nanocrystalline carbon phase found in the iron-impregnated
samples increased as a function of pyrolysis temperature. It
remains to be proven if the in-plane and out-of-plane
dimensions of the highly crystalline rhombohedral graphite
crystals also increase in size with treatment temperature,
although the TEM images in Figure 4 indicate that this may
indeed be the case.
This study exemplifies how complementary experimental

techniques are required to fully understand the nanostructural
details of complex carbon materials. For example, TEM
showed the existence of two carbon phases in the iron-
impregnated samples, while PDF analysis revealed that the
crystal structure of the highly crystalline graphite phase was
rhombohedral and provided a rough estimate of the relative
phase fraction of the individual carbon phases. Raman
spectroscopy, and specifically analysis of the first- and
second-order bands, allowed for quantification of the relative
degree of graphitization for carbons that are traditionally
thought to be non-graphitizable, while its comparison with X-
ray diffraction enabled for estimation of the average in-plane
and out-of-plane carbon crystallite size. The approaches
outlined in this study and associated methods pave the way
for future investigations of other complex carbon systems, with
the aim to discover routes to instigate graphitization of
renewable bioresources that until now have been considered
non-graphitizable.

■ CONCLUSION AND OUTLOOK
Cellulose was used for graphitic carbon production from non-
and iron-impregnated samples at different temperatures. A
multiscale investigation addressing the bulk, molecular, and
atomic scales was used to describe the carbon nanostructure.
The combination of Raman spectroscopy and X-ray diffraction
revealed that the effect of iron impregnation in carbon
graphitization is much stronger than that of temperature.
This effect of iron as a catalyst for carbon graphitization was
confirmed by high-resolution transmission electron microscopy
(HRTEM) and X-ray pair distribution function (PDF) analysis
of iron-impregnated cellulose biochar, revealing the existence
of highly crystalline graphitic domains (identified as
rhombohedral graphite in PDF data) dispersed within a
disordered arrangement of short-range stacked carbon layers.
Such graphitic domains are absent in the nonimpregnated
samples. This behavior can be rationalized by considering that
the formation of multilayers graphene with a rhombohedral
stacking sequence takes place directly on the iron nano-
particles. Using Raman spectroscopy in an innovative way,
correlations allowing to calculate the parameters La, Lc, and navg
proposed in this work constitute a new approach to describe
and quantify the structure of graphitic materials produced from
cellulose because the presence of inorganic features in the X-
ray diffractograms could complicate or misguide the analysis of
the carbon peaks. In addition to Raman, X-ray diffraction, and
HRTEM, X-ray PDF analysis revealed that the amorphous
carbon making up the nonimpregnated sample after pyrolysis
at 1000 °C is nanocrystalline in the iron-impregnated sample,
and thus iron impregnation not only catalyzes the formation of
highly crystalline rhombohedral graphite but also an increase
ordering of the short-range stacked carbon layers. The
assessment of the nanostructure development of catalyst-
enhanced graphitic carbons from bioresources is a crucial step
to effectively advance the development of methods to produce
graphene from sustainable and renewable resources for energy

storage applications. Current work is devoted to the
investigation of parameters such as the particle size and the
shape of the initial cellulose to optimize the graphitization. The
thermal, electrical, and mechanical properties of the graphitic
matrixes obtained will be investigated and compared with
carbon graphitized using other approaches developed in the
literature.

■ METHODS
Biomass Precursor. Microcrystalline cellulose (Sigma-Aldrich,

CEL) was used in this study to analyze the graphitization during
pyrolysis. Microcrystalline cellulose was impregnated with an iron
nitrate solution prepared with Fe(NO3)3·9H2O (Sigma-Aldrich, 99%
purity). 20 g of cellulose was immersed in 200 mL of a 0.049 M
solution under continuous stirring for 6 h. The samples were then
filtered and dried at 105 °C for 24 h.

To determine the inorganic composition of the non- and iron-
impregnated samples, 50 mg of ground sample was acid digested in
closed vessels at 220 °C for 4 h. Acid reagents H2O2, HNO3, HF, and
H3BO3 were used according to EN 16967. Acid solutions were diluted
with demineralized water to 50 mL and analyzed using a HORIBA
Jobin Yvol Ultima 2 inductively coupled plasma optical emission
spectrometer (ICP-OES). The CHNS composition of the samples
was determined using a Themoquest NA 2000 elemental analyzer,
and their ash content was calculated according to the standard EN
ISO 18122. The inorganic and the CHNS compositions of non- and
iron-impregnated carbon after pyrolysis were also determined by the
same method described above. The compositions of all samples are
summarized in Table S1.

Pyrolysis Experiments. Pyrolysis of the non- and iron-
impregnated cellulose was performed in a horizontal laboratory-
scale reactor, with an internal diameter of 20 mm, externally heated
with an electric furnace. For each experiment, between 0.5 and 1 g of
sample was placed inside the reactor using a high-temperature ceramic
crucible. The samples were pyrolyzed at 1000, 1400, or 1800 °C with
a heating rate of 8 °C/min under a nitrogen atmosphere with a gas
flow of 1000 mL/min. The pyrolysis temperature was maintained for
1 h, and then the reactor was cooled to room temperature. Finally, the
resulting produced carbon was collected, weighed, and stored for
further characterization.

Characterization of Graphitic Carbons Using Raman Spec-
troscopy. Raman spectroscopy was used to analyze the carbon
structure of the prepared samples. For this purpose, the carbon
samples were mixed and ground with spectroscopic grade KBr in a
weight proportion of 1:100 to prevent the sample from being heated
during the acquisition of the Raman spectra. The mixtures were
compressed using a 13 mm diameter die to form thin pellets for
subsequent analysis. The spectra were acquired using a confocal
Raman AFM WITEC Alpha 300AR microscope, using an excitation
wavelength of 532 nm in the region between 200 and 4000 cm−1. For
each sample, at least three different spectra were collected (analysis
surface near 25 μm2), and the average data were calculated. Curve
fitting of the Raman spectra was performed using MagicPlot software.

The first-order region between 800 and 2000 cm−1 was fitted using
five Raman bands, as usually reported for carbon materials, and is
summarized in Table S2.43 Each band was represented using a
Gaussian function, where the initial position was fixed for the iteration
procedure according to the values in the table. No width limits were
fixed for the Raman shift range of the D and G bands, while a
maximum width was set for peaks I, D″, and D′ to avoid interference
between these features and the D and G bands (width: 100, 70, and
30 cm−1, respectively). In fact, a very large amplitude of peaks I, D″,
and D′ may impact the height and amplitude of the main D and G
features, hindering correct analysis of their evolution.

The second-order region between 2000 and 3500 cm−1 was fitted
using four bands as reported in the literature.44 For the analyzed
samples, a good curve fitting was found using Gaussian functions, with
initial positions at 2450 cm−1 for the I′ peak, 2700 cm−1 for the G′
peak, 2900 cm−1 for the D+G peak, and 3100 cm−1 for the 2D′ peak.
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The general descriptions of the second-order features are also
summarized in Table S2. In all cases, the maximum peak width was
limited to 100 cm−1 to reduce overlapping and consider the
contribution of each peak. No limits were fixed regarding the
Raman shift range.
Characterization of Graphitic Carbons Using X-ray Dif-

fraction. X-ray diffraction analysis was conducted using a Phillips
Panalytical X’pert Pro MPD diffractometer and a Cu Kα radiation
source (1.543 Å) with a voltage of 4 kV and a current of 40 mA. The
diffraction patterns were collected for powder samples (particle size
below 250 μm) between 2θ = 10° and 2θ = 70° with a step of 0.05°.

The structure of the carbon samples was determined from analysis
of the X-ray diffraction patterns. Particular attention was given to the
width of the carbon bands (002) and (10) which are related to the
extent of atomic order of graphite-like carbon in the out-of-plane and
in-plane direction, respectively.45 To determine the carbon structural
parameters, the (002) and (10) bands were fitted with HighScore
software, using pseudo-Voigt functions. The instrument broadening in
XRD analysis was removed in order to have accurate values of the Lc
and La parameters. Thus, a standard NIST sample (silicon) was
analyzed under the same conditions as those of the samples. The
pseudo-Voigt functions were also used for standard peaks fitting.
Because the Voigt function is a convolution of Gaussian and
Lorentzian functions, and the Lorentzian function is the dominant
cause of broadening,46 the correction of the mid-width was performed
using the Lorentzian shape (see eq 4).

The sample and standard peak widths at half-maximum were
automatically calculated by the software, and these values were used
to calculate the corrected peak width (eq 4). Then, this latter was
used to calculate the average carbon crystallite domain size.

=size obs inst (4)

Here, βsize is the corrected peak width at the half-maximum intensity
in radians, βobs is the sample peak width at the half-maximum intensity
in radians, and βinst is the peak width from instrument broadening at
the half-maximum intensity in radians.

Accordingly, the average crystallite size L of the samples and the
average distance between carbon layers d002 were expressed by the
Debye−Scherrer equation (eq 5) and Bragg’s law (eq 6), respectively:

=L K
cossize (5)

=d
2 sin002

002 (6)

where θ is the peak position in radians, λ is the X-ray wavelength in
nm, and K is a constant that generally depends on the shape of the
crystallite.47 The calculations were performed with K values of 0.89
for Lc (graphitic planes stacking in the carbon crystallite) and 1.84 for
La (graphite-like atomic order in the single plane).48

Characterization of Graphitic Carbons Using High-Reso-
lution Transmission Electron Microscopy (HRTEM). The
structure of the prepared carbons was observed using a JEOL JEM-
ARM200F high-resolution transmission electron microscope. The
elemental mapping of chemical species at the nanoscale was also
performed using the microscope X-ray spectroscopy capability
(EDX). Powder samples with particle sizes below 250 μm were
dispersed in ethanol and mixed in an ultrasonic bath. The samples
were then collected from the surface of the solution and deposited
onto carbon support films before analysis.
Characterization of Graphitic Carbons Using X-ray Total

Scattering and Pair Distribution Function Analysis. The
nanostructure of the prepared graphitic carbons was determined
using synchrotron-based X-ray total scattering and pair distribution
function (PDF) analysis. Samples were loaded into 1 mm diameter
polyimide capillaries and measured on the 11-ID-B beamline at the
Advanced Photon Source, Argonne National Laboratory. Samples
were measured in transmission geometry using a photon wavelength
of 60 keV and a 2D image plate detector. High-resolution X-ray

diffraction patterns were obtained using a sample-to-detector distance
of ∼1000 mm, while X-ray total scattering was performed using a
distance of ∼180 mm. Data reduction was performed using GSAS-II49

with CeO2 as the calibrant to obtain 1D data sets. For the total
scattering data, the structure factor and PDF were obtained using the
PDFgetX2 software,50 where a Qmax of 21.5 Å−1 was used for the sine
Fourier transform. Instrument parameters were determined using
nickel as the standard and the PDFgui software,51 where Qbroad was
found to be 0.0200 Å−1 and Qdamp to be 0.0375 Å−1.

Isolation of the graphitic carbon contributions in the iron-
impregnated PDF data sets was performed using a direct subtraction
method.52,53 Preliminary analysis of the high-r component of the PDF
data sets (above 50 Å) using the real-space PDF modeling software
PDFgui revealed that this region was dominated by contributions
from α-Fe (ferrite), and no contributions from γ-Fe (austenite) were
identified due to the relatively small amount of the γ-Fe phase (see
Figure S1 for high-resolution X-ray diffraction patterns). The
simulated X-ray PDF for α-Fe was generated using PDFgui and the
iron-impregnated sample treated at 1800 °C, where the lattice
parameters were refined over an r range of 50−60 Å together with the
isotropic atomic displacement parameter (ADP) and scale factor.
Subtraction of α-Fe from the iron-impregnated PDFs (to obtain the
carbon contributions) was performed after the α-Fe simulated PDF
data set was scaled to match that of the iron-impregnated PDF
between 50 and 60 Å.

Identification and quantification of the carbon-based nanostruc-
tures found in the non- and iron-impregnated carbons were
performed using the PDFgui software over an r range of 1−40 Å.
Preliminary analysis revealed that the possible contributions to the
graphitic carbon PDFs were from crystalline hexagonal and
rhombohedral graphite and a disordered nanocrystalline phase
based on hexagonal graphite. An amorphous carbon structure was
only found to match the PDF of the nonimpregnated sample
pyrolyzed at 1000 °C.54 The PDFs of the nonimpregnated samples
pyrolyzed at 1400 and 1800 were better replicated using a
nanocrystalline model. Note that crystallite sizes only below ∼8−10
nm could be assessed using the 11-ID-B beamline due to its
instrument resolution. Therefore, phases identified as crystalline using
PDF analysis in this investigation (i.e., α-Fe and crystalline hexagonal
and rhombohedral graphite) will consist of crystallites that are larger
than ∼8−10 nm, where other characterization techniques are required
to determine their exact crystallite size. PDFgui software and a least-
squares approach were used for the quantification process. First,
crystalline hexagonal and rhombohedral graphite phases were refined
against the experimental PDFs of the carbons (iron-impregnated)
over an r range of 30−40 Å. For both phases the scale factor, lattice
parameters, and isotropic ADP were allowed to refine. Refinement of
the crystallite sizes for these phases did not lead to an improved fit. A
similar refinement for the nonimpregnated biocarbons was not
performed due to the absence of discernible atom−atom correlations
over this r range. Second, the nanocrystalline carbon phase (based on
structure of hexagonal graphite) was refined over an r range of 1−40
Å. At first the parameters for crystalline hexagonal and rhombohedral
graphite were kept fixed during the second stage of refinement.
During this stage the following parameters for nanocrystalline carbon
were allowed to refine: scale factor, lattice parameters, ADPs (c-axis
separate from the a/b-axis), and spherical crystallite size. The separate
refinement of c-axis ADP and a/b-axis ADP was necessary due to the
inability of PDFgui to refine nonspherical crystallite shapes. By
allowing the c-axis ADP to refine to a different value, the out-of-plane
atom−atom correlations could be decoupled from the in-plane
correlations,42 where a larger c-axis ADP value implies fewer graphene
sheets making up the nanocrystallite domain. Subsequent refinement
of all phases occurred together with their delta1 values (which
account for in-phase vibration of atoms and the greater intensity of
the first few atom−atom correlations). The level of agreement
between the simulated and experimental PDF was provided by the Rw
value, where a smaller value implies better agreement.
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