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We report on the effects of thermal treatment of biochar embedded in epoxy-based composites on their
microwave electrical properties, linking such properties to the material structure investigated by Ra-
man, X-ray photoelectron spectroscopy, and X-ray diffraction. Annealing temperatures in the range 900-
1500 °C and biochar concentrations in the epoxy matrix in the range from 5 to 25 wt.% were investigated.
The microwave analysis, in the range from 250 MHz to 6 GHz, allowed us to determine the complex per-
mittivity of composites and, through a proper deconvolution technique, to determine the contribution of
biochar inclusions alone. High values of real permittivity (up to 220) and conductivity (up to 17 S/m)
were evaluated for the biochar particles at 5 GHz, after the 1500 °C thermal treatment. A clear corre-
lation between electrical properties and the biochar microstructure emerged from the dataset, with real
permittivity and conductivity increasing as carbon inclusions transform from amorphous to nanocrys-
talline graphite. Conversely, the percentage of aromatic carbon has a weaker influence on the microwave
properties. This study opens to the possibility of tailoring the high-frequency properties of biochar and
biochar composites through proper thermal treatments.
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1. Introduction

Nowadays, the worldwide attention is focused on environmen-
tal threats, and innovations aimed at preserving the earth re-
sources are finally a primary goal. This new state of mind rep-
resents an astonishing driving force for the development of sus-
tainable processes and materials [1]. In this regard, a special at-
tention has been focused on carbon-based materials that are very
well-established commodities [2] used for many applications [3,4].
Among the various sustainable carbon materials, biochar is highly
promising, due to its low cost (of around 0.8-2.4 €/kg [5]), and its
performance and tuneable properties [6]. These features, together
with a reduced environmental footprint, promise a new era for
materials science [7].

* Corresponding authors.
E-mail addresses: gianluca.ghigo@polito.it (G. Ghigo), alberto.tagliaferro@polito.it
(A. Tagliaferro).
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Actually, the most widespread uses of biochar are as soil
amendment [8] or as solid fuel, but it has a great potential for
plenty of other applications [7]. Among them, the production of
biochar-based composites is of high interest due to the growing
demand of several industrial sectors for affordable and high per-
formances carbon-based composites. In this framework, Khan et al.
[9,10] used biochar as efficient replacement for carbon nanotubes
(CNT) reaching better mechanical performances. Moreover, sev-
eral studies clearly showed that biochar could enhance selectively
both brittleness or ductility based on feedstocks [11], temperature
[12] and particle shape [13].

Mechanical enhancement is neither the only improvement in-
duced by biochar nor the most interesting. Biochar-based com-
posites remarkably showed properties comparable with those
achieved by using expensive nanostructured fillers such as
graphene and CNT.

Nonetheless, biochar optimization seems to require high tem-
perature treatments to improve the dimension and quality of the
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Table 1
Samples labelling.

Samples labelling ~ Treatment temperature [°C]

OSR 550 550?
OSR 900 900"
OSR 1100 1100°
OSR 1500 1500°

@ Pyrolysis process.
b annealing process.

graphitic domains [14,15]. Although the graphitization of biochar,
even if improved by using pyrolysis temperature over 800°C
[12,16-18], remains far from those of neat CNT and graphene, its
higher dispersibility allows reaching similar overall properties in
the composites.

Accordingly, post-production thermal annealing has been
shown to be a very effective way to increase the electrical conduc-
tivity of biochar [19-21]. A strong conductivity enhancement was
observed for annealing temperature of up to 1000 °C due to the
formation and reorganization through turbostratic rearrangement
[22] of graphitic domains [23].

In this work, we evaluate in detail the relation between the
thermal treatment of biochar and its electrical properties by cor-
relating microwave measurements with structural features de-
duced by Raman, X-ray photoelectron spectroscopy (XPS) and X-
ray diffraction (XRD) analysis. Furthermore, we analyze the effect
of highly conductive biochar on permittivity and conductivity of
epoxy-based composites in a wide range of concentrations. The use
of a microwave characterization technique allowed us to address
the topic - relevant for applications - of the high-frequency re-
sponse of biochar, when embedded in a composite material. The
aim of this study is in fact to explore the possibility of tailoring
the high-frequency properties of biochar and biochar composites
through proper thermal treatments.

2. Materials and methods
2.1. Materials

Oil seed derived biochar, OSR 550 (C 68.94+2.26 wt.%, H 1.82+
0.22 wt.%, N 1.59+ 0.22 wt.%, P 0.2940.08 wt.%, K 2.86+ 0.26 wt.%,
total ash 19.54+0.86 wt.%), was purchased from UK Biochar Re-
search Centre and it was produced using a pilot-scale rotary kiln
pyrolysis unit [24] setting the highest treatment temperature to
550 °C. The metal content of such powders is limited to concentra-
tion in the ppm range. Two components BFA diglycidyl resin was
purchased from CORES (Cores epoxy resin, LPL).

2.2. Methods

OSR 550 biochar was annealed at temperatures of 900 °C,
1100 °C and 1500 °C by using a vacuum electric furnace (Pro.Ba.,
Cambiano, Italy) under argon atmosphere (99.99% purity, con-
trolled pressure 550 mbar) using a heating rate of 150 °C/h, a
dwell at the maximum temperature for 30 min and a cooling to
room temperature with the same thermal gradient used for heat-
ing. Samples labelling is summarized in Table 1.

Biochar based composites were prepared according to the re-
port of Bartoli et al. [11]. Biochars were mechanically pulverized
and subsequently dispersed into the epoxy monomer using a tip
ultrasonicator apparatus (Sonics Vibra-cell) for 15 min. In order to
avoid an excessive temperature rise, ultrasounds were pulsed with
cycles of 20 s alternating to pause of 10 s to allow a better heat
diffusion. After the addition of the curing agent, the mixture was
further ultrasonicated for 2 min and left into the moulds for 16 h
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Fig. 1. XRD patterns of biochar after thermal treatment at various temperatures.

at room temperature. A final thermal curing was performed using a
ventilated oven (1.S.C.O. Srl “The scientific manufacturer”) at 70 °C
for 6 h. At the end, this process gives a specific surface area of the
mechanically pulverized product of about 7.3 m?2/g.

Raman spectra were collected using a Renishaw inVia (H43662
model, Gloucestershire, UK) equipped with a green laser line
(514 nm) with a 50 x objective. Raman spectra were recorded
in the range from 250 cm! to 3500 cm~!. Decomposition of Ra-
man spectra was focused on the range 1000-2000 cm~! and per-
formed with a homemade software developed using Matlab® (ver-
sion R2020a) according to the procedure proposed by Tagliaferro
et al. [25].

XPS spectra were recorded by using a PHI 5000 Versaprobe
(Physical Electronics, Chanhassen, MN, USA) scanning X-ray pho-
toelectron spectrometer (monochromatic Al K-alpha X-ray source
with 1486.6 eV energy, 15 kV voltage, and 1 mA anode current) to
investigate surface chemical composition.

Morphology of composites were investigated using a Field
Emission Scanning Electrical microscope (FE-SEM, Zeis SupraTM
40).

XRD analyses were performed by using Panalytical X’'PERT PRO
PW3040/60 diffractometer, with Cu Ko radiation at 40 kV and
40 mA, Panalytical BV, Almelo, The Netherlands. The spectra were
obtained from biochar powder in the 26 range from 10 to 90° with
a step size of 0.013°.

The complex permittivity of the samples was measured in the
GHz range by means of a cylindrical coaxial cell (EpsiMu toolkit
[26]), containing the sample as a dielectric spacer between inner
and outer conductors, whose diameters are 0.6 cm and 1.3 cm,
respectively. Two conical parts link the cell to standard connec-
tors, keeping the characteristic impedance to 50 €2, thus mini-
mizing mismatch and energy losses. The cell is connected to a
Rohde Schwarz ZVK Vector Network Analyzer, suitably calibrated,
and measurements are analyzed with a two-port transmission
line technique. The electromagnetic properties of the sample are
determined by de-embedding and Nicolson-Ross-Weir transmis-
sion/reflection algorithm [27,28].

3. Results
3.1. Biochar characterization

OSR 550 and annealed OSR biochars were preliminary charac-
terized by using XRD analysis and diffraction patterns are shown
in Fig. 1.

Diffraction patterns of biochars showed a broad hump in the 20
region from 16° to 32° due to the presence of a great amount of
amorphous carbon, and a second broad feature between 42° and
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Fig. 2. XPS spectra of OSR550, OSR900, OSR1100, and OSR1500. The original XPS spectra are reported in black, the colored areas are the components of the peaks related to
conducting sp? C atoms discussed in the text, each color identifies a specific functional group.

47° typical of sp? hybridized carbon. This second feature increases
in intensity for higher temperature treatment of biochar, indicat-
ing a larger fraction of C atoms in this configuration and their in-
creased connectivity [29]. OSR 1500 was the only one showing the
peak at around 26°, associated to the formation of graphite (002
reflection). The band between 16° and 32° in OSR 1500 was asym-
metric due to its composition comprising of two contributions cen-
tered at 20° and 25.5°, respectively [30-32]. The former is called
y-band and arises from sp? carbon residues linked to sp? crystal-
lites edges. The latter is called TI-band and is caused by the spacing
between aromatic domains layers [33]. To this second contribution
belongs also the 002 reflection of graphite, resulting in a three-
component complete fit of the band. More details are given in the
Supplementary Material. Furthermore, OSR 1500 spectrum showed
the presence of 3C-SiC phase arising from the carbothermal reac-
tion between SiO, and carbon with the presence of 8-SiC accord-
ingly with Li et al. [34]. The size of the aromatic/graphitic crys-
tallites increases with treatment temperature in the investigated
samples.

OSR 550 and annealed OSR (900-1100-1500) were analyzed also
by using XPS and Raman spectroscopy as summarized in Figs. 2
and 3, respectively.

XPS spectra reported in Fig. 2 were analyzed according to the
components assignation proposed by Smith et al. [35]. The mas-
sive presence of sp? carbon (peak at 284.5 eV) was detected since
the lower pyrolytic temperature investigated. This peak identifies
the carbon that composes the aromatic structures. The other com-
ponents reported showed the presence of C-O (peak in range from
285.2 eV up to 285.9 eV), C=0 (peak at around 288 eV) and COOH
(peak at around 293 eV), according to a highly tailored surface of
low temperature produced materials. Interestingly, C=0 and COOH

are sp? hybridized but do not participate to graphitic conduc-
tion, representing quinoidic defects and border functionalization,
respectively, as reported by Lerf-Klinowski [36]. Contrary, aromatic
C-O carbon are part of the aromatic cluster due partial oxidation of
boarders and actively participate to orbital delocalization and elec-
trical conductivity. An additional peak was detected at around 296
due to w—m* satellite [37]. These components were present in all
samples tested, and signal pattern changed only when an anneal-
ing temperature of 1500 °C was reached.

OSR 1500 showed a simplified spectrum without the presence
of C=0 related peak and with a strongly decreased COOH. C=0
disappeared due the thermal decomposition and rearrangement
of carbonyl functionalities [38], while carboxylic residues concen-
trated themselves on the borders of the graphitic domains, proba-
bly as a consequence of partial oxidation induced by air exposure
[39]. Additionally, a peak at 283.4 eV was detected due to the for-
mation of SiC as a consequence of carbothermal reduction of silica
present in the original OSR [40]. As reported by Padovano et al.
[41], SiC included into a carbon matrix shows continuity with car-
bon domains, contributing to conductivity of the material [42].

Raman spectra reported in fig. 3 enlighten the evolution of OSR
550 biochar with increasing annealing treatment temperature. The
main features are the D (orange) and G (blue) peaks [43]: the
former arises from aromatic rings confined in defective graphitic
structures and is related to the size of crystallites [44]| and their
edges [45], while the latter is related to in-plane carbon sp? bonds
stretching.

As discussed in detail by Tagliaferro et al. [25], in all spectra, D
and G peaks were fitted by two components each (G!, G2, D!, D?)
with the exception of OSR 550 where the presence of CaCO3+nH,0
[46] required an additional component centered at 1700 cm~!. This
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Fig. 3. Raman spectra of OSR550, OSR900, OSR1100, and OSR1500. The original Raman spectra are reported in black; the colored areas are the components of the D (orange)
and G (blue) peaks, discussed in the text. The inset shows the increase of the Ip/Ig ratio with treatment temperature, indicating the transition towards the formation of

graphitic crystallites.

component disappeared due to the decomposition of carbonates at
temperature beyond 900 °C [47]. According to ref. [25], the G! peak
intensity is proportional to the reduction of interlayers spacing of
aromatic layers and the increment of graphitic crystallites, while
G2 is related with bond angle disorder as suggested by Shimodaira
et al. [48]. G! and G? peak positions were centered respectively
between 1546-1580 cm~! and 1590-1612 cm~! (drifts are due to
the thermal treatment [49]). The interpretation of the D compo-
nents (centered between 1159-1480 and 1369-1377, for D! and D?
respectively) was more complex, and we hypothesized that they
rose from two different but similar phenomena. According to Shi-
modaira et al. [48], D components were both related to angle dis-
order related to graphitic domains misalignment induced by inor-
ganic components uniformly dispersed in the carbon matrix. Dur-
ing the sp? carbon clusters growth, inorganics were excluded from
the growing area inducing at the same time a stress on the aro-
matic domains. As an example, SiC region embedded into aromatic
domains of OSR 1500 can perturb the bond angles of carbon planes
originating the band D!.

The ratio of the intensities of the two peaks (Ip/Ig), shown in
the inset of fig. 3, is the most relevant feature that can be extracted
for the following discussion, as it is a measure of the evolution
from amorphous carbon to nanocrystalline graphite. This ratio de-
creases with higher treatment temperature, indicating an increas-
ing contribution from graphitic domains, also in agreement with
the XRD data discussed above.

OSRs were then mixed with epoxy resin and composites were
analysed through FESEM, after cryofracture, as reported in fig. 4.

The analysis showed that OSR 1500 particles, with diameter
ranging from 20 um to 200 um, were quite uniformly dispersed
and well embedded into the epoxy matrix. Particles were not infil-

trated by epoxy matrix, and their close surrounding environment
was deformed by the carbon particles presence, showing the dis-
coidal artefacts shown in Fig. 4. These formations were reasonably
due to the high biochar loading that induce a high stress in the
crystalline structure of the resin. As previously reported by Das
et al. [50], the infiltration of filler in the biochar porosity is strictly
related to the pore average size: in the present case, the pores,
ranging from 1 um to 5 um, prevent the infiltration phenomenon.

3.2. Composites characterization

The electromagnetic properties of the composite and its com-
ponents in the GHz frequency range were then analyzed through
the evaluation of their complex relative permittivity, that can be
defined as:

/ sl / : "
—e _ e _if % 1
&E=¢ 1€ & ] ( €0 +& d) ( )

where j =+/—1, o is the conductivity, w is the angular frequency,
and gy is the permittivity of the vacuum. The real part of the
dielectric constant, &', is mainly associated with the polarizabil-
ity of the medium, and the imaginary part &” to losses, with &;”
representing relaxation, i.e. the dissipation energy during polar-
ization and depolarization process. Usually, in the microwave do-
main the o term is dominant [51]. Moreover, the electric loss tan-
gent, tand,, and the microwave penetration depth, dp, can be cal-
culated starting from the complex permittivity, as tand, = &”/¢’

-12
and dp = %{5'(\/1 + (tan 85)2 —1)] , respectively.

Fig. 5 shows the real part of the complex permittivity and the
conductivity, as a function of frequency.

To highlight the behaviors as a function of the biochar weight
fraction and of the treatment temperature, we report in Fig. 6 both
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Fig. 4. FESEM image of composites containing 25 wt.% of OSR 1500. Biochar particles are circled in red.
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Fig. 5. Real part of the complex permittivity (a) and conductivity (b) as a function of frequency, measured for the composites prepared at different temperatures and with

different weight fraction of biochar, as reported in the legend.

the real part of the permittivity and the conductivity at the ref-
erence frequency of 5 GHz. Composites prepared using OSR 550
showed values not significantly different from the blank sample,
while increasing values are shown at increasing temperature and
weight fraction.

In order to extract the information concerning the electromag-
netic properties of the biochar inclusions from the overall response
of the composite, one needs to express the effective permittivity
of the composite as a function of permittivity of each constituent
and volume concentration of the filler, the so-called mixing rule.
Several approaches have been reported in literature [52-54], and
for many of them, the general formula of the effective permittivity

&efy for a two-phase system, as the one we are investigating, can
be defined according to the following equation [55,56]

Eepf” = (1= flem®™ + f&r® (2)

where the exponent is in the range -1 <« <1, &5 is the complex
permittivity of the epoxy matrix, ¢, is the complex permittivity
of the biochar inclusions, and f is the volume fraction of the in-
clusions with respect to the total sample volume. We adopted the
Looyenga’s approach [54], which does not involve any assumption
about the shape of the inclusions: for any particle geometry, the
mixing formula is Eq. (2) with o = 1/3. Fig. 7 shows the results for
our samples, with the ¢,’ and o}, curves corresponding to the com-
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Fig. 6. Real part of the complex permittivity (a) and conductivity (b) at the frequency of 5 GHz, as a function of the biochar weight fraction. Dashed lines are guides to the

eye.
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Fig. 7. Real part of the complex permittivity (a) and conductivity (b) of the biochar inclusions, obtained with the deconvolution method described in the text.

positions prepared at the same temperature represented by curves
with the same color. The volume fraction f was estimated by di-
rect FESEM observation (see Fig. 4) on 25 wt.% samples according
to the approach proposed by Dong et al. [57] and it was evaluated
to be f=0.20, with a percentage error of the order of 10%, evalu-
ated by the analysis of several 500 um x 500 pum images taken
from different areas of cryo-fractured samples. Accordingly, for the
other samples with 15 wt.% and 5 wt.% biochar inclusions, f was
assumed to be 0.12 and 0.04, i.e. proportional to the weight frac-
tion. This assumption is justified by the uniformity of dispersions
achieved after the sonication process, as reported in Ref. [11], and
by the microwave analysis itself, since the ¢ " and o}, curves for
biochar inclusions prepared with the same treatment temperature
nicely scale, collapsing on the same trend when f=0.2, 0.12, and
0.04 is assumed (Fig. 7).

The deconvolution method is validated by the observation that
the curves corresponding to the three compositions prepared at
the same temperature almost collapse to a single behavior (within
the amplitude of the spurious experimental ripples due to the non-
ideality of the measurement). The sample with the smallest vol-

ume fraction prepared at the lowest temperature is not always re-
ported, since it is too close to the curve of the blank sample to
allow a meaningful extraction of the biochar characteristics. A dif-
ference still persists between the curves of samples treated at dif-
ferent temperatures, reflecting the variation of the electromagnetic
properties of different biochar inclusions.

In Fig. 8, we report the behavior of ¢’ and o as a function of
treatment temperature, for both the composite and the biochar in-
clusion alone, at the reference frequency of 5 GHz.

Data show a remarkable enhancement of real permittivity and
conductivity with the increment of temperature even if OSR based
materials are non-graphitizable carbons [58]. As a reference, we
note that the values of complex permittivity after the 1500° heat
treatment correspond to a loss tangent and a penetration depth of
tand, = 0.178 (0.267) and d, = 31 mm (4.8 mm) for the composite
(biochar inclusions), respectively.

Microwave conductivity of OSR 550, OSR 900, OSR 1100 are
comparable with those measured for the coffee treated at 600 °C,
800 °C and 1000 °C respectively [17]. OSR 1500 showed a higher
biochar conductivity of up to 17 S/m, according to the higher de-
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Fig. 8. Dependence of the real part of the complex permittivity (a) and conductivity (b) from the preparation temperature, at the frequency of 5 GHz. Data are extracted
from the 25 wt.% curves, which show the largest difference from the neat. (Note the log scale on the vertical axis).
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Fig. 9. Dependence of the real part of the complex permittivity (top panels) and conductivity (bottom panels) of biochar, at the frequency of 5 GHz, from the Ip/Ig ratio of
Raman peaks (left panels) and from the graphitic carbon percentage (GCP) deduced from XPS spectra. Data are extracted from the 25 wt.% curves, which show the largest
difference from the blank. The Ip/I¢ ratio increases with the transition from amorphous carbon to nanocrystalline graphite.

gree of graphitization observed by both XRD and Raman analysis.
Nonetheless, composites containing 25 wt.% of OSR 1100 and OSR
1500 showed similar values of conductivity, suggesting that perco-
lation threshold of OSR 1500 was not yet reached.

It is interesting to compare the behavior of the biochar inclu-
sions as a function of treatment temperature (Fig. 7) with that of
the biochar inclusions as a function of the Ip/I¢ ratio and graphitic
carbon percentage (GCP) calculated as the percentage of XPS signal

from C=C and C-O identified in Fig. 9. This allows to gain a better
insight into the structural details and opens to the optimization
of the radiofrequency properties. In fact, the Ip/Ig ratio is a mea-
sure of the transformation from amorphous carbon to nanocrys-
talline graphite (increasing order for decreasing values), whilst the
GCP directly characterizes the local properties of the biochar. When
the electromagnetic properties are plotted directly against the Ip/Ig
ratio, no saturation is found and data clearly show a correlation



D. Torsello, G. Ghigo, M. Giorcelli et al.

(Fig. 9, left panels). Conversely, when data are plotted against the
GCP, no clear correlation emerges (Fig. 9, right panels). The lack
of correlation between GCP and conductivity should be interpreted
in light of the characteristics of the technique used: XPS analysis
mainly scans the investigated material surface [59], representative
in this case of the interface with the polymeric matrix, while Ra-
man spectroscopy could reach a depth inside a carbon sample up
to about 1 um, by using a wavelength of 532 nm [60]. There-
fore, the observed trends enlighten a strong correlation between
long range order detected through Raman spectroscopy while in-
terphase properties investigated through XPS seem not to signifi-
cantly affect the conductivity evolution. Moreover, since the com-
position of this kind of biochar is quite uniform, this absence of
correlation with GCP suggests that it is more convenient to work
on the ordering of biochar particles rather than on the percentage
of sp? C when optimizing these materials for high frequency ap-
plications. OSR series displayed a very high amount of aromatic
carbons already from the bottom of the temperature range ex-
plored in the present study, but showed a relevant electrical con-
ductivity only after further thermal treatments. This proved that
isolated aromatic clusters are not sufficient for promoting conduc-
tivity since they need to form proper graphitic domains. In the
OSR series showed this reorganization between OSR 550 and OSR
900, while OSR 1100 and OSR 1500 are characterized by the en-
largement of graphitic domains. The difference between formation
and enlargement lays behind the different conductivity values ob-
served.

4. Conclusions

In this work, we correlated the structural changes induced by
thermal annealing of OSR with the complex permittivity and con-
ductivity properties measured in OSR-epoxy composites in the GHz
frequency range. Data collected clearly showed an increment of
both the real part of permittivity and of conductivity with increas-
ing treatment temperature. This can be correlated with the order-
ing process induced by annealing that leads to a higher degree of
graphitization in OSR, as observed by both Raman and XRD analy-
sis. The highest biochar conductivity is estimated in 17 S/m, while
&’ reached 220 for an annealing temperature of 1500 °C.

The biochar conductivity trends with treatment temperature
were preserved in the related epoxy-based composites, although
with reduced differences between OSR 1100 and OSR 1500. In-
creasing biochar concentration in the epoxy matrix increases both
¢’ and o in a slightly supralinear fashion, allowing easy tuning of
the composite properties.

We clearly reported the dependence of electromagnetic prop-
erties of biochar to the order of the carbon structures while the
carbonization degree expressed as the percentage of carbon insert
into aromatic systems able to participate to orbital delocalization
seems not to influence the observed properties.

Overall, this work indicates a path for the engineering of the
electromagnetic properties of biochar composites in the microwave
frequency range.
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