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Abstract

Biomass serves as an abundant carbon feedstock, yet its inherently “non-graphitizable”
nature typically limits its use in high-performance applications such as batteries and elec-
tronics. This study investigates the catalytic graphitization of wood dust using iron(II)
sulfate (IS) and ammonium-iron(Il) sulfate (AIS) as scalable, non-toxic alternatives to tradi-
tional metal catalysts such as Ni, Co or Mo. Wood powder was impregnated with aqueous
solutions of these Fe salts and carbonized at temperatures ranging from 900 °C to 2200 °C,
followed by structural and electrical characterization using XRD, Raman spectroscopy, gas
adsorption, and four-point probe resistance measurements. Results demonstrate that both
Fe salts successfully induced high-order graphitic regions at temperatures as low as 1100 °C,
achieving interlayer spacing (~0.336 nm) close to perfect graphite, while non-impregnated
wood remained poorly ordered even at 2200 °C with interlayer spacing that can be associ-
ated with turbostratic structures. This improved structural ordering is also reflected in the
electrical conductivity of the catalytically graphitized samples, which is competitive with
commercial graphite already at production temperatures as low as 1300 °C. Additionally, in
the medium temperature range around 1500 °C, the catalytically graphitized samples show
unique combinations of high conductivity and large specific surface area (up to 586 m? g~ 1).
These findings show that iron salts are effective, sustainable catalysts for transforming
biomass into high-quality graphitic carbon at significantly reduced process temperatures.

Keywords: graphite; catalytic graphitization; sustainability; biomass; iron salt

1. Introduction

Natural graphite has been classified as a critical raw material by the European Union
due to its use in batteries and as refractories for steelmaking [1]. Almost all synthetic
graphite is produced from fossil carbon sources at high temperatures [2—4]. Graphite
and graphitic carbons show useful properties such as high chemical stability [5] and
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high thermal and electrical conductivities [3], depending on the feedstock, process and
operating conditions [6]. These properties make them valuable, not only for batter-
ies [7-9] and refractories for steelmaking [10] but also for graphene production through
mechanical or chemical exfoliation [11,12], as conductivity additives, for example, in
supercapacitors [13,14] or printed electronics [15,16] or as lubricants [10]. Biomass, such as
wood, is abundant in Europe and offers a promising carbon feedstock. A high carbon con-
tent as well as low costs are important considerations for a commercial-scale production [3].
However, biomass-derived carbon is typically “non-graphitizable” under conventional
high-temperature treatments [5,6,17]. To a certain extent, “non-graphitizable” carbons
also graphitize [18], but even at extremely high temperatures (e.g., 2800 °C), no sufficient
graphitic order with interlayer spacing close to that of perfect graphite and larger crystallite
sizes can be achieved, limiting their applicability in high-performance materials [6,19,20].

Catalytic graphitization has emerged as a transformative approach to overcome this
limitation. By introducing metal catalysts, graphitic structures can be formed from “non-
graphitizable” precursors. Interlayer spacing can be significantly reduced and crystallite
sizes increased to values comparable to natural graphite. Additionally, process tempera-
tures can be significantly reduced [5]. Many studies actually focus on the development
of graphitic structures or preparation of electrically conducting carbons at low temper-
atures [21,22], with some even stating temperatures as low as 715 °C [23]. While the
precursor also plays an essential role in the structure of the final carbons [24], with wood,
cellulose and lignin being the most widely used materials [23,25-27], the main impact factor
is the catalyst and how it is introduced in the precursor material. Typically, (transition-)
metal salts, such as Ni, Co, Cu, Mo, Fe and Ca as well as multi-metal catalysts are de-
scribed [3,11,28,29]. Fe, in particular, has been widely studied for its catalytic efficiency,
non-toxic nature, availability, and cost-effectiveness [22,23,25-27,30,31]. For Fe-based cat-
alysts, two main mechanisms are discussed in the literature, dissolution/precipitation
and carbide formation/decomposition. Both describe the formation of highly ordered
domains around Fe particles [3]. However, a recent study discovered a new mechanism of
burrowing through amorphous carbon to generate multiwalled graphitic nanotubes called
“homogeneous solid-state catalysis” [32]. Higher iron loadings lead to a higher degree
of graphitization [24,33]. Particle size and particle distribution additionally influence the
graphitization process [33]. Dissolution of the metal salts and wet impregnation ensure
the best catalyst distribution within the feedstock matrix. Previous research has primarily
focused on iron nitrate salts, which can pose scalability challenges. Alternative iron-based
catalysts could include iron(Il)sulfate (IS) and ammonium-iron(Il)sulfate (AIS). Both are
highly soluble in water, which makes them ideal for impregnation. In addition, AIS might
also have a beneficial effect on the carbon yield similar to ammonium sulfate that has
been previously used as a cellulose dehydration catalyst in the thermal conversion of cellu-
lose/lignin filaments [34]. Both iron salts represent scalable and safe alternatives to nitrates,
yet their potential for catalytic graphitization of biomass has remained largely unexplored.

This study systematically investigates catalytic graphitization of wood using IS and
AIS. The process is conducted at various temperatures to investigate how the process
temperature influences structure formation. This study focuses on a scalable, simple
solution for the catalytic graphitization of wood in order to demonstrate a method for
processing larger quantities. By optimizing the process parameters, we aim to contribute to
the development of sustainable, high-performance carbon materials derived from biomass,
thereby reducing dependence on natural and fossil-based synthetic graphite.
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2. Materials and Methods

Arbocel CW630PU wood powder was purchased from J. Rettenmaier & Stchne (Rosen-
berg, Germany) and dried in a cabinet dryer at 105 °C for 8 h. It was separated into
three parts, and two were impregnated with 1 M solutions of iron(Il)-sulfate heptahydrate
(IS; CAS: 7782-63-0) and ammonium-iron(Il)-sulfate hexahydrate (AIS; CAS: 7783-85-9)
respectively, all purchased from Carl Roth (Karlsruhe-Miihlburg, Germany). Precursor and
catalyst solution were mixed for 30 s using an Ultraturrax (IKA-Werke, Staufen, Germany)
and centrifuged to separate the liquid phase. After drying at 70 °C overnight, the samples
were carbonized at 900 °C using an HTK 8 W chamber furnace (Carbolite Gero, Neuhausen,
Germany), together with the third pristine part. After evacuation of the chamber, a nitrogen
flow of 250 L h~! was adjusted. The sample was heated using a temperature program
(5°Cmin~! to 180 °C, 1 °C min~! to 400 °C, 5 °C min~! to 900 °C) and held at 900 °C for
30 min. Subsequent thermal treatment steps were conducted with the materials carbonized
at 900 °C. A heating ramp of 5 °C min~! to the final temperature was used, followed by an
isothermal holding step for 30 min. A flow rate of 250 L h~! of inert gas was used—N, for
thermal treatments at 1100 °C, 1300 °C and 1500 °C and Ar for 2000 °C and 2200 °C.

To remove iron residues from the prepared carbons, washing with concentrated
hydrochloric acid (37%, CAS: 7647-01-0, purchased from Merck, Darmstadt, Germany) was
performed. A total of 500 mg of each sample was added to 20 mL of hydrochloric acid,
mixed using an ultrasonic bath and stored overnight. The samples were filtered using a
sintered glass funnel Por.4, and 80 mL of deionized water was added and adjusted to a pH
value of 7 using a 0.1 N NaOH solution (prepared from sodium hydroxide, CAS: 1310-73-2,
purchased from Carl Roth, Karlsruhe-Miihlburg, Germany), if applicable. The samples
were stored overnight, while some of them became acidic again. Those samples were again
filtered, washed using deionized water and stored overnight. Washing with water was
repeated until the samples became neutral, and they were then filtered and dried using a
drying cabinet at 160 °C overnight.

The iron loading of the samples [g Fe/g wood] was determined gravimetrically imme-
diately after impregnation using Equation (1), where m is the mass of the wet impregnated
sample, myg is the mass of the dried wood powder before impregnation, c¢ refers to the
concentrations of the impregnation solutions (24.4 wt.% for IS and 32.7 wt.% for AIS deter-
mined by weight measurements), RM is the residual moisture content of the dried wood
powder, M is the molar mass of iron and M is the molar mass of IS or AIS.

(m—mg)-c-M

mO'(l *RM)'Mtot (1)

Fe Loading =

The actual iron loading of the IS-impregnated samples was 18.5%, while it was 18.9%
for the AIS-impregnated samples. For comparison, commercial graphite C-nergy KS-L
(Imerys, Paris, France) was used.

Raman spectra were recorded by using a Horiba Scientific (Kyoto, Japan) LabRam
Aramis Raman microscope. A Nd:YAG laser with a wavelength of 532 nm, a diffraction
grating of 300 grooves/mm, and a Peltier-cooled CCD detector were chosen for operation.
The beam was focused with a 100 x magnification objective, which allows a focal point of
roughly 1 um in diameter. Calibration of the instrument was done against the Stokes Raman

signal of pure silicon at 520 cm ™!

using a silicon wafer (111) crystal plane surface. Spectra
were recorded in the Stokes region from 100 to 3500 cm ™! and the baseline was corrected
using the “goldindec” algorithm approach [35]. “Goldindec” is an automated Raman spec-
trum baseline correction algorithm designed to separate broad fluorescence/background

signals from narrow Raman peaks. It models the baseline with a low-order polynomial and
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iteratively refines the fit by identifying spectral points that are likely to belong to Raman
peaks and reducing their influence on the polynomial regression.

Peak fitting of the D and G bands was done using Lorentzian models at around
1345 cm ! and 1590 cm~!. The other first-order bands, namely D4, D3 and D2, were
deconvoluted using Lorentzian models at 1150 cm !, 1500 cm~! and 1610 cm ! respectively,
if applicable. The second-order spectrum was deconvoluted into three further peaks also
using Lorentzian models at around 2650 em~1, 2930 em =1 and 3200 cm 1.

X-ray diffraction (XRD) was measured using an Ultima IV diffractometer (Rigaku
Corporation, Tokyo, Japan) with a Ni-filtered Cu K« radiation source (A = 1.5406 A). The
crystallographic data were collected in Bragg—Brentano mode, in the 26 range from 3 to 90°
with a scan step size of 0.05°. XRD spectra were baseline-corrected manually, and the (002)
diffraction peaks were fitted with either one or two pseudo-Voigt functions, depending
on whether a sharp peak around 26° was present [2]. For fitting, the Fityk 1.3.1 software
was used. Only data points between 13° and 35° were used for fitting; all others were
set to inactive. The baseline was set manually, with several points before and after the
(002) peak, always including points at 15° and 33°. The resulting functions were analyzed
regarding their peak maximum 6y, and the full width at half maximum (FWHM, ) [19].
The interlayer spacing doy, was determined using Bragg’s law:

n-A
2-sin(6002)

dooz = 2)
where n is the integer (usually 1) and A is the Cu-K« radiation wavelength with 1.5406 A.
The crystallite size Lc was calculated using the Scherrer equation:

K-A

Le= ———
¢ ‘B'COSQOOZ

)
where K is a dimensionless constant of 0.89. Fitting and subsequent calculations were
done three times, and the average value and the 0.95 confidence interval were calculated to
address fitting uncertainty. The average number of stacked graphene fringes nginges was
calculated by dividing the average crystallite size by the average interlayer spacing:

Lc

—+1 4
doo2 @)

Nfringes =
Electrical resistivity was measured using a SDKR-13 4-point probe (Nagy Messsys-
teme GmbH, Gadufelden-Nebringen, Germany) with spring-loaded Rh-plated steel needles
(250 pm tip diameter) spaced at 1.3 mm. The obtained uniform force applied to each needle
is approximately 1 N. A total of 144 mg of each carbon sample (or the graphite reference)
was mixed with 16 mg of PTFE powder (PTFE with a mean particle size of 20 um; Sigma
Aldrich, St. Louis, MO, USA) and kneaded using mortar and pestle until a kneadable dough
was obtained. The dough was processed to a carbon-PTFE foil with at least 25 x 25 mm?
having a maximum thickness of 150 um using a sheet metal roller [36]. The resistivity p
[Q) cm] was calculated according to Valdes, where V is the floating potential difference
between the inner probes, I is the current through the outer pare of probes and s is the
needle distance [37]:

p= % 27s )

Subsequently, the sheet resistance R [()/sq] was calculated by dividing the resistivity
by the thickness of the foil. Each carbon-PTFE foil was measured 12 times, and the average
value calculated.

https:/ /doi.org/10.3390/ 12040080
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N adsorption at an isothermal temperature of —196.15 °C was used in a gas sorption
system (Autosorb-iQ, Anton Paar QuantaTec Inc., Graz, Austria) to examine the porosity of
the samples. The samples were outgassed for 3 h at 300 °C under vacuum before analysis.
A multi-point BET approach was used to determine the specific surface area, while the pore
volume was estimated to be equal to the liquid volume of the N, adsorbate at a relative
pressure of 0.99.

Morphological analysis of the carbonized wood samples was conducted with a Cross-
Beam 1540 XB FIB-SEM (Carl Zeiss AG, Oberkochen, Germany). Secondary electron
imaging was used to distinguish phases, offering superior resolution and improved signal-
to-noise ratios. Three-dimensional characterization of the boundary region was performed
by FIB tomography using Ga ions at 10 kV.

X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Thermo
Fisher Scientific Nexsa G2 system (Waltham, MA, USA) operated in standard lens mode and at
constant analyzer energy (CAE). A monochromated Al-Ko X-ray source (hv = 1486.6 eV) was
used for excitation. Survey spectra were recorded with a pass energy of 200 eV and an energy
step of 1.0 eV (dwell time 50 ms). High-resolution spectra were acquired with pass energies
of 20 eV using an energy step of 0.05 eV and a dwell time of 50 ms to ensure high intensity
at a suitable signal-to-noise ratio. For large-area measurements, the X-ray spot was set to
400 pum in diameter to balance depth resolution, spectral quality, and acquisition time. Surface
charging was compensated using the instrument’s dual flood gun, which simultaneously
supplies low-energy electrons and Ar ions to the sample surface. Unless otherwise stated,
charge referencing was performed using the Cy5 peak of adventitious carbon at 284.8 eV. Data
acquisition and quantification were performed with the manufacturer’s Avantage software
v6.8.0. Background subtraction employed the Smart background (a modified Shirley), and
Scofield sensitivity factors were used for elemental quantification.

The authors used ChatGPT to prepare the Graphical Abstract. The authors manually
modified and rearranged the images and added their own figures. The final Graphical
Abstract was assembled and revised by the authors. The authors have reviewed and edited
the output and take full responsibility for the content of this publication.

3. Results and Discussion

In this study, wood dust was used as a precursor and IS and AIS were evaluated as
graphitization catalysts. Besides the testing of rarely used iron sulfate catalysts, the main
aim was the evaluation of the graphitization temperature in the range of 900 to 2200 °C. To
minimize the influence of iron loadings and have more focus on the different processing
temperatures, a relatively high iron content was desired. Based on similar studies using
concentrations of 0.25-2 M [23,27,38] and our own preliminary screenings, 1 M solutions
were chosen to achieve sufficient iron loadings.

3.1. XRD

The crystallographic structure of the samples at different carbonization temperatures
was determined using XRD and compared to commercial graphite. The general shape of the
diffractograms gives information about the quality and quantity of graphitization. All sam-
ples carbonized at 900 °C show broad symmetric peaks typical for low-ordered structure.
However, both iron-impregnated samples already show narrower peaks shifted to slightly
higher 20 values, indicating higher structural order compared to the non-impregnated
reference sample. Starting at 1100 °C, asymmetric peaks were detected for both iron-
impregnated samples. In Figure 1a, diffractograms of graphite and wood samples car-
bonized at 1300 °C are compared. Commercial graphite possesses a very sharp (002) peak
at 26.4°, which is attributed to an interlayer spacing dgo, of 0.337 nm, which is very close to
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Intensity / a.u. (normalized)

the theoretical literature value of 0.3354 nm [39,40]. The (002) peak of the non-impregnated
sample (wood 1300 °C) is much broader, indicating poor structural order with small crystal-
lite sizes or high curvature of the graphene fringes [2]. It is additionally shifted to a lower
26 value due to higher interlayer spacing, as described for immature carbons [39]. Both
iron-impregnated samples (wood + AIS and wood + IS) show an asymmetric (002) peak
with a broader part, shifted to a lower 26 value, and a sharper part exactly at 26.4°. This
sharper peak indicates high-order graphitic regions within low-order regions described
before [2]. To evaluate asymmetric (002) peaks, two curves were used to fit low-order
regions (LOR) and high-order regions (HOR), as presented in Figure 1b. Both fittings were
evaluated regarding their interlayer spacing. HOR peaks of all iron-impregnated carbon
samples show interlayer spacings below 0.340 nm. These values are below the interlayer
spacings reported for turbostratic carbon, for which a limit of 0.344 nm or even higher,
depending on local steric constraints, has been reported [39]. Non-impregnated reference
samples show HOR peaks only at carbonization temperatures higher than 2000 °C, with
interlayer spacings close to those of turbostratic carbon. They show (10) and (11) peaks,
which are broad and asymmetric, typical for turbostratic carbon. The broadness of the
peaks indicates small crystallite sizes and/or curvature of the graphene fringes [2] as well
as random orientation of the stacks. Other graphitic peaks displayed here are (100), (101),
(004), (110) and (112), coming from its hexagonal structure. Some of them are slightly
visible in the iron-impregnated samples, starting from a graphitization temperature of
1300 °C, e.g., (110) and (112) of the iron-impregnated samples wood + IS 1300 °C and wood
+ AIS 1300 °C (Figure la), depending on the quality of the XRD measurement. Even a
slight segregation of the (10) peak into two separate peaks is visible. These results indicate
the formation of graphitic structures through impregnation with iron salts, which are not
visible in the non-impregnated reference samples.

wood+AIS 1300°C wood 1300°C
wood+IS 1300°C wood 1300°C LOR
—wood 1300°C PR wood+IS 1300°C
et | Graphite B wood+IS 1300°C LOR
Ty P — B T USRS SES ST E wood+IS 1300°C HOR

©
E

IR g L P s £ ; "

PNy i R 1 s i O
;‘M \ (10) ©
if 4 f”"‘»‘\\ (11) | ;
bk W \"\W A ””‘“\WM L. 5
Ayt ] e s b : @
Q
‘ E
(002) (100). :(101) .(004) (110)‘ (112
T T T T T T T — T T T T
10 20 30 40 50 60 70 80 90 10 15 20 25 30 35
201/° 20/°
(a) (b)

Figure 1. XRD diffractograms of (a) graphite and Fe-impregnated and non-impregnated wood sam-
ples carbonized at 1300 °C and (b) non-impregnated and IS-impregnated wood samples carbonized
at 1300 °C, including (002) peak fittings.

Figure 2 shows the evolution of the IS-impregnated wood dust with increasing temper-
ature. At 900 °C, no (002) HOR peak is visible, while at 1100 °C, a small peak can already
be seen. The calculation of the interlayer spacing for the HOR already shows a value of
0.336 nm, attributed to a fully graphitic structure. With increasing temperature, the (002)
HOR peak increases, until at 2000 °C and 2200 °C, only an HOR and no LOR peak can
be fitted. All other peaks attributed to a graphitic structure also increase with increasing
temperature. According to Monthioux, a (112) diffraction peak ascertains a graphitic or
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partially graphitic structure [41]. Diffractograms at 2000 °C and 2200 °C exhibit Fe impuri-
ties (indicated by *) despite excessive washing with concentrated hydrochloric acid and
water. We assume a certain iron particle enclosure within graphitic shells, as the literature
describes the formation of graphitic structures around the catalyst particles [42]. At higher
carbonization temperatures, iron particles sinter together, leading to larger particles with a
higher average number of graphene sheets [42]. Therefore, graphitic shells are thicker and
neater, which makes washing more complex, leading to residual iron impurities.

* a-Fe wood+IS
£}
(O]
N (101)
o (100))  (004) (110)(112)
S [2200°C_J ¥ N ]
S |2000°C_ | N : )
© ! T |
~ |1500°C .
£ 11300°C |
2 :
£ [1100°C

1900 °C

— T T T T T T

10 20 30 40 50 60 70 80 90
20/°

Figure 2. XRD diffractograms of IS-impregnated wood samples at different carbonization tempera-
tures. * indicates peaks originating from Fe impurities.

The value Igor/ILoR is a parameter for the quantitative amount of graphitic and
turbostratic structures relative to amorphous structures. The heigth of the deconvoluted
(002) peaks was used for the calculation of this intensity ratio. Figure 3a shows a comparison
of Inor /I or at different carbonization temperatures and impregnation conditions. For the
impregnated samples, temperature increase leads to an increase in HOR quantity. There
is no value for higher temperatures (2000 and 2200 °C) since the (002) peak is very sharp
and no LOR peak could be fitted. The non-impregnated samples show HOR peaks at
temperatures above 2000 °C, but the ratio of HOR to LOR is low compared to the Fe-
impregnated samples. In addition to the number of carbon structures, their quality is
assessed too. As displayed in Figure 3b, dyy, values for HOR and LOR were calculated.
The samples carbonized at 900 °C do not exhibit an HOR. We believe that the structures
are immature and not fully formed at this stage of carbonization. However, the (002)
peak for the iron-impregnated samples at 900 °C is much narrower compared to the
reference sample. Therefore, a catalytic effect can be assumed already at this temperature,
as described in the literature [23,31]. Starting from 1100 °C, with increasing temperature,
a decrease in interlayer spacing within LOR regions can be observed. This means that
low-ordered regions become more ordered. However, the most important findings are
the interlayer distances of HOR in the iron-impregnated samples. The values are close to
the theoretical value of perfect graphite (0.3354 nm), highlighted by a line. In comparison,
those of the reference samples are above 0.34 nm, indicating a turbostratic structure for their
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HOR. Since wood belongs to the “non-graphitizable” precursors, a turbostratic structure
would be expected. It seems possible to surpass this limitation of wood as a precursor by
impregnation with iron sulfate salts.

184 ® ® wood + 1S 0-3%0 O wood - d (LOR)
6] A wood + AIS O wood+IS - d (LOR)
®  wood 030 o o e A wood+AlIS - d (LOR)
14 - ® wood -d (HOR)
A m] ® wood+IS - d (HOR)
124 0.370 1 A wood+AIS - d (HOR)
8 € A !
=" A < 0360 o
x g | o T m}
£° &
_ o
6 0.350
4 4
] turbostratic carbon | ] u
2 0.340
" « ¢ s A
04 Graphite b
T T T T T T 0.330 T T T T T T T
1000 1200 1400 1600 1800 2000 2200 800 1000 1200 1400 1600 1800 2000 2200
carbonization temperature / °C carbonization temperature / °C
(a) (b)
Figure 3. Comparison of (a) Igor /ILor values for non-impregnated and Fe-impregnated samples at
different carbonization temperatures and (b) interlayer spacings dgp, calculated from HOR and LOR
peak fittings of different samples at different temperatures.
Calculated XRD values are displayed in Table 1. The crystallite sizes L. (stacking
height) of LOR and HOR structures and subsequently the number of fringes of HOR
Nfringes Were calculated. For the iron-impregnated samples, crystallite sizes at carbonization
temperatures higher than 2000 °C are smaller compared to 1500 °C. Since no LOR at
higher carbonization temperatures can be detected, we assume that HOR structures are
formed out of it. These newly formed graphitic structures possess smaller crystallite
sizes, thus reducing the average values. This correlates with the literature findings that
graphitic structures are formed around catalyst particles while etching through biomass [21].
Interestingly, at higher temperatures, the iron catalyst seems to be mobile enough to ensure
the graphitization of the whole material.
Table 1. Calculated XRD values for non-impregnated and Fe-impregnated samples carbonized at
different temperatures.
Sample dooz (LOR)/nm LC (LOR)/nm dgoz (HOR)/nm Lc (HOR)/nm nmnges IHOR/ILOR
wood 900 °C 0.380 + 0.002 1.06 & 0.04 X 0 0 0
wood + IS5 900 °C 0.353 £ 0.010 1.42 £ 0.08 X 0 0 0
wood + AIS 900 °C 0.368 + 0.006 1.12 £0.10 X 0 0 0
wood 1100 °C 0.379 £ 0.003 1.04 £ 0.04 X 0 0 0
wood + 151100 °C 0.382 £ 0.011 1.06 £0.10 0.336 £ <0.001 15.59 +1.99 47 1.15+0.16
wood + AIS 1100 °C 0.374 &+ 0.006 1.09 £ 0.12 0.336 & <0.001 24.77 £ 0.68 75 1.07 £ 0.13
wood 1300 °C 0.378 £ 0.003 1.07 £ 0.07 X 0 0 0
wood + 151300 °C 0.380 + 0.002 0.93 + 0.08 0.337 4+ 0.001 25.24 £+ 0.09 76 4.51 £0.83
wood + AIS 1300 °C 0.378 + 0.005 1.14 £ 0.16 0.337 + <0.001 34.94 + 0.64 105 5.07 £ 0.84
wood 1500 °C 0.374 4+ <0.001 1.14 £0.03 X 0 0 0
wood + IS 1500 °C 0.368 £ 0.005 1.26 £0.10 0.337 £ <0.001 34.05 £ 0.01 102 18.35 +2.31
wood + AIS 1500 °C 0.367 £ 0.010 1.37 £0.29 0.338 £ <0.001 20.20 £0.37 61 9.31 £3.94
wood 2000 °C 0.361 &+ 0.003 1.32 £ 0.08 0.342 £+ <0.001 19.52 £ 1.38 58 1.66 & 0.04
wood + IS 2000 °C X 0 0.337 £ 0.001 26.61 = 1.24 80 ©
wood + AIS 2000 °C X 0 0.337 &+ <0.001 15.23 £ 0.72 46 S
wood 2200 °C 0.359 £ 0.002 1.39 £ 0.04 0.343 £ 0.001 18.00 & 0.72 54 2.66 &= 0.05
wood + 152200 °C X 0 0.335 + <0.001 27.96 + 0.28 84 [N
wood + AIS 2200 °C X 0 0.338 & <0.001 23.28 £ 0.97 70 S
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3.2. Raman

Raman spectra are in good agreement with XRD measurements and show an increase
in graphitic structure with increasing temperature. However, more information on the
structure, texture and nanotexture of the carbonized samples is compiled. Raman spec-
tra are deconvoluted into five peaks in the first-order spectrum in the region between
1000-1800 cm !, where applicable. Two main peaks, namely the D (~1345 cm~!) and G
(~1590 cm~!) bands, are attributed to turbostratic and graphitic carbon nanocrystallites,
respectively [43]. The D band is a breathing mode of Ajg symmetry and is not possible in
perfect graphite. It is therefore characteristic for disorder [44] and structural defects [23].
The G band corresponds to the in-plane E», optical mode and is characteristic for perfect
graphite [45]. The D4 band (~1150 cm™!) is attributed to hydrocarbon or aliphatic moieties
connected to graphitic basic structural units [45]. The D3 band (or D” band at ~1500 cm 1)
is attributed to amorphous carbon and therefore is of high interest for structural charac-
terization [45]. The D2 band (~1610 cm™1) relates, as the D band, to turbostratic carbon
nanocrystallites, representing the edges of a graphitic crystallite [43]. The second-order

spectrum in the region between 2400-3300 cm !

reveals bands of lower intensity and is de-
convoluted into three further peaks. The G’ band (or 2D at ~2650 cm™!) is a Raman-allowed
mode for sp?-carbons and indicates well-stacked graphene layers [40,43]. The other peaks
are a G + D band at ~2930 cm~! and 2 D2 band (or 2 D* band) at ~3200 cm ™! [43,45],
representing the G + D overtone combination and 2 x D2 overtones [23]. Highly oriented
pyrolytic graphite reveals a sharp G band, while no D band exists. In the second-order
spectrum, a G’ band is well established [45]. Other graphite materials show D bands
of varying intensities assigned to structural defects [45]. In Figure 4a,b, the structural
evolution of non-impregnated and IS-impregnated carbon samples is shown. With in-
creasing temperature, both the D and G band get narrower, meaning lower full width at
half maximum (FWHM) values. The sharpened peak at higher temperatures (Figure 4b)
reveals shoulders at 1600 cm ™!, which indicates turbostratic carbon nanocrystallites. The
FWHM of the D band is a parameter used to estimate the disorder degree of polyaromatic
stacks [46]. In Figure 5a, the FWHM values of the D bands are shown. With increasing
carbonization temperatures, the values decrease. The IS-impregnated samples show less
disorder than non-impregnated samples, starting from 1100 °C. This is consistent with XRD
measurements, in which impregnated samples at 900 °C show no high-order regions. Using
Raman, differences between IS and AIS impregnation can be seen, showing a higher order
for the IS-impregnated samples at lower carbonization temperatures. The AIS-impregnated
samples show a higher disorder at lower temperatures, until above 1500 °C, polyaromatic
stacks become more ordered. The iron-impregnated samples above 2000 °C even show
clearly separated D and G bands, revealing the absence of a D3 band, which means the
absence of amorphous carbon. The carbon samples above 2000 °C reveal a shoulder at the
G band, which is deconvoluted into a D2 band. This is attributed to a higher structural
order with subsequent sharper peaks with a lower FWHM. Therefore, the D2 band becomes
visible and can be distinguished from the G band. At lower carbonization temperatures, it
cannot be distinguished from the G band and is therefore not deconvoluted into a separate
peak. With increasing carbonization temperatures and through impregnation with IS and
AIS, the D2 band decreases, meaning a less turbostratic and more graphitic structure. This
directly corresponds with an increase in the G” band, showing well-stacked graphene layers,
mainly through iron impregnation. In the literature, often the D-to-G ratio of peak areas
Ap/Ag [43] or peak heights Ip/Ig values [2,40] are shown to demonstrate an increase
in graphitic structure. In our case, neither value shows a clear trend, since turbostratic
and graphitic structures are both increasing with increasing carbonization temperatures,
and therefore, both the D and G band are increasing. Figure 5b shows a comparison of
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samples carbonized at 1500 °C. D and G bands are better separated through IS and AIS
impregnation. This is attributed to a smaller amount of amorphous carbon, represented
by the D3 band at 1500 cm~! and sharper peaks through a higher order. In Figure 6, a
comparison of IS-impregnated and non-impregnated wood samples carbonized at 2000 °C
is shown. The IS-impregnated sample shows a higher structural order, and the D and the G
band are clearly separated. Therefore, no amorphous carbon is detected. This is consistent
with the XRD measurements, in which no low-order regions were detected. The D2 band
is much smaller, which represents the edges of a graphitic crystallite. This is attributed to
larger crystallite sizes. The calculated crystallite size Lc (from XRD measurements) shows
26 nm for the IS-impregnated sample vs. 19 nm for the non-impregnated reference sample
(see Table 1). Accordingly, the G’ band is larger, showing well-stacked graphene layers.
For the non-impregnated wood sample, D4 and D3 bands are clearly visible as well as
a more prominent D2 band. To summarize the results from the Raman measurements,
impregnation with iron salts led to improved structural development at any carbonization
temperature tested within this study when compared to non-impregnated samples.

Intensity / a.u. (normalized, shifted)

2200°C

1300 °C

wood | wood+IS

2200°c J\_J|\_

Intensity / a.u. (normalized, shifted)

1300 °C
1100 °C 1100 °C
900 °C
900 °C
T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Wavenumber / cm™ Wavenumber / cm™
(a) (b)
Figure 4. Comparison of (a) non-impregnated samples and (b) IS-impregnated samples at different
temperatures.
200 4 N —m— wood wood 1500 °C
0~ —@—wood + IS —— wood+IS 1500 °C
1801 m A —A—wood + AlS —— wood+AIS 1500 °C
- l\ o
IE 160 .\A ﬁ
o ©
S 140 3
c 2
8120+ n 5
a] o
S 100 >
< k2
T 60- g
c
- —_
—_
60 =
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40 —°
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1000 1200 1400 1600 1800 2000 2200 500 1000 1500 2000 2500 3000 3500
temperature / °C Wavenumber / cm™
(a) (b)

Figure 5. (a) FWHM of the D bands of non-impregnated and IS and AIS-impregnated samples at
different carbonization temperatures and (b) Raman comparison (normalized) of samples carbonized
at 1500 °C.

https:/ /doi.org/10.3390/c12040080


https://doi.org/10.3390/c12040080

C2026,12,80

11 of 17

— wood+I|S 2000 °C
—D2 band
— G’ band

A\

Intensity / a.u. (normalized, shifted)

— T T —T T
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D4 band

—— D3 band

—— D2 band

—— G’ band

500

100 1500 2000 2500 3000 3500
Wavenumber / cm™

Figure 6. Comparison of IS and non-impregnated wood samples carbonized at 2000 °C, including
peak deconvolution. All peaks were fitted but, for the sake of clarity, only relevant peaks were labeled.

3.3. Electrical Resistance

The electrical resistance of the carbonized samples was determined on carbon-PTFE
foils using a four-point probe method. As a reference, a similar PTFE foil was prepared from
a commercial graphite powder, and the electrical resistance was determined in identical
manner. Impregnation with iron salts has an enormous effect on electrical conductivity,
as shown in Figure 7a. Especially at a carbonization temperature of 900 °C, values are
nearly 100 times lower compared to the non-impregnated samples and prove the catalytic
activity of iron at temperatures below 1000 °C, as described in the literature [23,31]. With
increasing carbonization temperature, the sheet resistance approaches towards values of
the reference foil based on commercial graphite. For the iron-impregnated samples, values
in the same range are reached around 1300 °C. According to Krishnan et al., the electrical
conductivity of biocarbon increases with increasing graphitic carbon content and through
the presence of structural defects [47]. XRD measurements show an increasing graphitic
content at higher carbonization temperatures. This is in general agreement with sheet
resistance measurements and can explain the lower resistance at higher carbonization
temperatures. However, while strong changes can be observed in the XRD data with the
complete vanishing of LOR at 2000 °C and above, only minor improvements in electrical
conductivity can be observed when increasing the carbonization temperature of the iron-
catalyzed samples above 1300 °C. This makes catalytically graphitized biomass highly
interesting for electrical applications, as performance competitive to commercial graphite
can be achieved at comparatively low temperatures, thus reducing energy input.
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Figure 7. (a) Sheet resistance of carbon/PTFE (90/10) foils. As a reference, a graphite/PTFE (90/10)
foil is shown. Comparison of iron-catalyzed and non-catalyzed carbon samples at different car-
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bonization temperatures and (b) SSA comparison of non-impregnated and Fe-impregnated samples
carbonized at different temperatures.

To test the influence of residual iron on electrical conductivity, washed and unwashed
iron-impregnated samples carbonized at 1500 °C were compared. The unwashed samples
exhibited slightly lower conductivities, which can be attributed to the lower purity of
graphite and the higher amount of low-conductivity iron oxides and sulfates that were
identified in the XPS analyses (see Table 2).

Table 2. XPS-derived composition of samples carbonized at 1500 °C before (raw) and after washing.

Sample Composition/at.%

C o Fe S
wood 1500 °C 98.11 1.89 0 0
wood + IS 1500 °C 97.67 1.79 0.31 0.24
wood + AIS 1500 °C 97.82 1.53 0.13 0.52
wood + IS 1500 °C (raw) 94.38 4.00 1.29 0.11
wood + AIS 1500 °C (raw) 96.10 2.46 0.81 0.62

The electrical resistance of the non-impregnated samples strongly decreases from 900
to 1300 °C carbonization temperature. At elevated temperatures from 1300 to 2200 °C, only
a minor effect on conductivity is observed. The sheet resistance is more than 10 times
higher compared to commercial graphite. This is related to the carbon structure, as
only turbostratic and no graphitic regions form during the carbonization of the non-
impregnated samples.

3.4. Specific Surface Area

Specific surface area (SSA) values were determined from gas adsorption measurements
using the BET method (Figure 7b). The SSA for the non-impregnated sample carbonized at
900 °C was 420 m? g~ !. Athigher temperatures, the BET surface area decreases, as described
in the literature [48]. Iron-impregnated samples behave differently. While no clear trend is
visible among the samples prepared at 900 °C, at higher temperatures, all iron-catalyzed
samples show significantly higher surface areas than their non-impregnated counterparts.
Thompson et al. describe increased surface areas of iron-catalyzed graphitized wood due
to etching of the solid material and an additional small contribution due to the removal of
iron residues after acid washing [21].
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The detailed surface area evolution of the IS- and AIS-impregnated samples with
increasing temperatures shows additional trends that are yet not fully understood. The
IS-impregnated sample carbonized at 900 °C (wood + IS_900) has a lower SSA of 250 m? g~
and increases with increasing carbonization temperature to 423 m? g~! at 1100 °C and
even 578 and 586 m? g~! at 1300 and 1500 °C, respectively. Semeniuk et al. describe
an SSA increase in their iron-impregnated sawdust when the carbonization temperature
is increased from 700 to 800 °C [27]. They attribute it to an incomplete carbonization
reaction at lower temperatures, which leads to the formation of residues, mainly tar, which
block the pores. The AlS-impregnated sample carbonized at 900 °C (wood + AIS_900) has
a higher SSA of 490 m? g~!. The SSA slightly decreases with increasing carbonization
temperature, with a much lower value of 225 m? g~ at 1300 °C. While the true mechanism
is not revealed so far, it could be related to differences in the carbonization behavior in
the low temperature range. In contrast to IS, AIS can act as a dehydration catalyst for the
cellulosic components of the wood precursor, eventually leading to reduced formation of
volatile carbon compounds with increasing temperature [34]. Thus, the maximum surface
is already achieved at a lower temperature for the AIS-impregnated sample compared to IS.
In addition, XRD and Raman measurements show a large increase in graphitic structure
between 1300 and 1500 °C for the AIS-impregnated samples. We attribute this low value to
a larger residue formation at 1300 °C due to high catalytic activity at this temperature.

At higher carbonization temperatures, the SSA of both the Fe-catalyzed samples signif-
icantly decreases. For the IS-impregnated samples, the SSA decreases to 49 and 38 m? g~!
for 2000 and 2200 °C, respectively. These values are higher than we would have expected
at these carbonization temperatures. The IS-impregnated samples possess a high SSA
and pore volume, which, alongside a high degree of graphitization, are important to im-
prove capacitance and rate performance in electrode materials for energy devices [27].
This property profile could make the samples suitable as conductive additives in super-
capacitors or electrodes in redox-flow batteries. Above 2000 °C, the SSA values for the
AlS-impregnated samples are lower compared to the IS-impregnated samples but still
higher than non-impregnated references.

3.5. Morphology and Composition

To examine the morphology and composition of the washed and unwashed samples,
SEM-EDX and XPS measurements were conducted. SEM images of unwashed carbons
from the impregnated samples show small particles, attributed to iron, attached to the
surface of carbonized wood, as shown in Figure 8. The morphology of the carbon particles
itself could be described as bulk and slightly lamellar or fibrous due to their higher length
in one dimension. No differences in morphology between the non-impregnated and iron-
impregnated samples were detected.

After acid washing, most of the iron particles are removed and only small amounts of
residual iron remain, as validated by XPS measurements. Since mainly impurities attached
to the carbon surface are removed through acid washing, XPS is ideal for checking the
residual surface-related impurities. Carbonized samples at 1500 °C were compared to
each other after washing, as shown in Table 2. The non-impregnated sample wood at
1500 °C was the purest sample and therefore had the highest carbon content of 98.11 at.%
and an oxygen content of 1.89 at.%. For the IS- and AIS-impregnated samples, sulfur and
iron were additionally detected, which are attributed to residues of the impregnation salts.
The quantities are close to the detection limit, with 0.24 at.% and 0.52 at.% for sulfur and
0.31 at.% and 0.13 at.% for iron, respectively, for IS and AIS. The carbon content ranges
between 97.67 at.% and 98.11 at.% for all samples. No major differences in composition can
be detected due to the impregnation of the samples.
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Figure 8. SEM pictures of carbonized wood at 900 °C: (a) non-impregnated reference sample; (b) IS-
impregnated sample; (c) AIS-impregnated sample.

4. Conclusions

This study demonstrates that iron sulfate salts are effective, scalable and non-toxic
catalysts for the graphitization of wood dust. The introduction of these iron salts allows
for the formation of high-order regions of the typically “non-graphitizable” wood-based
precursor material, with the formation of graphitic regions starting already at temperatures
as low as 1100 °C. XRD and Raman spectroscopy confirmed that the Fe-impregnated
samples achieved interlayer spacings (dggz) as low as 0.335-0.336 nm, which are nearly
identical to perfect graphite, whereas the non-impregnated wood reference remained in a
turbostratic state even at 2200 °C.

The catalytic effect was further evidenced by the electrical properties of the resulting
“biographites”. The impregnated samples exhibited electrical resistance values nearly
100 times lower than the reference wood at 900 °C and became competitive with com-
mercial graphite by 1300 °C. Furthermore, the IS-impregnated samples reached a high
specific surface area of 586 m? g~ ! at 1500 °C. These combined properties—high graphitic
order, low electrical resistance, and potentially high surface area—position these mate-
rials as sustainable alternatives to fossil-based synthetic graphite for a large variety of
high-performance applications such as batteries, electronics or functional composites upon
further optimization regarding purity, particle size and scalability.

Future research will address the residual Fe impurities detected even at higher tem-
peratures, which were likely encapsulated within protective graphitic shells, making them
resistant to standard acid washing. Developing more efficient purification techniques or
exploring applications where these residual metal particles provide added functionality
would be a significant next step. Optimized purification routines in combination with
potential catalyst recovery would further improve cost-effectiveness and facilitate indus-
trial implementation. Furthermore, the transfer of the developed technologies to other
precursors is ongoing. Impregnation and washing are liquid-based processes without
high shear forces. Thus, the use of bio-based fibers or textiles that might allow for the
preparation of fibrous or even self-standing textile “biographites” seems very promising. In
addition, dedicated use-case-related tests will be essential for validating their commercial
and industrial potential as sustainable, bio-based functional materials. This is planned
after additional optimization, as higher purity is needed for Li-ion battery anodes, defined
sub-micron particles for conductive inks for printed electronics and larger quantities for
composite production.
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