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ARTICLE INFO ABSTRACT
Keywords: Biochars, i.e. porous carbons obtained by pyrolysis of biomass, can act as electrocatalysts for oxygen evolution
Biochar and oxygen reduction reaction. In the present work, two biochars have been prepared by using materials of
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Electrocatalysis

completely different biomass origin: olive-tree twigs and spent malt rootlets (brewery wastes). Both biomass
species were subjected to pyrolysis under limited oxygen supply and then they were activated by mixing with
KOH and pyrolysis again. The obtained biochars were characterized by several techniques in order to determine
their structural characteristics and the composition of their active components. Despite their different origin, the
two biochars demonstrated similar structural and compositional characteristics thus highlighting the importance
of the pyrolysis and activation procedure. Both biochars were used as electrocatalysts in the operation of
rechargeable Zn-air batteries, where they also demonstrated similar electrocatalytic capacities with only a small
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advantage gained by olive-tree-twigs biochar. Compared to bare nanoparticulate carbon (carbon black), both
biochars demonstrated a marked advantage towards oxygen evolution reaction.

1. Introduction

Zn-air batteries are recently studied with great interest as alternative
means of energy storage [1-10]. One of the main functions in the
operation of Zn-air and, generally, metal-air batteries is the oxygen
reduction reaction (ORR) at the air (cathode) electrode. The metal anode
is easily oxidized, particularly in a highly alkaline environment, liber-
ating electrons. For the battery to properly function, these electrons
must be carried through an external circuit and consumed at the air
electrode by oxygen reduction. The consumption of electrons must be
very efficient, otherwise, they are stacked, and instead of oxygen, they
reduce water producing hydrogen. This is an undesirable side-effect.
Oxygen can be reduced by one of the following 2e” or 4e” reactions
(written for an alkaline environment):

0O, + 2e” + 2H,0 - Hy0, + 20H™ (€D)]

(2)

It is obvious that reaction (2) is preferred in order to consume more
electrons; however, this 4e” reaction is only possible in the presence of
an efficient electrocatalyst. Nanoparticulate Pt is the obvious choice for
an efficient electrocatalyst, but this metal is very expensive and also
suffers from agglomeration and sulfur poisoning that may deactivate it
[11,12]. Therefore, it is necessary to search for alternative electro-
catalysts. ORR is not only important for metal-air batteries but also for
any other device that depends on an air—cathode, including hydrogen
fuel cells, microbial fuel cells, etc. For this reason, the research com-
munity has undertaken a huge effort to develop alternative ORR elec-
trocatalysts. In the case of rechargeable Zn-air batteries, the
electrocatalyst on the air electrode should additionally facilitate the
oxygen evolution reaction (OER). Indeed, when a Zn-air battery is
charged, the flow of electrons is reversed, i.e., it takes place from the air
electrode to the metal electrode. This results in water oxidation and
oxygen evolution at the air electrode, i.e., the reversal of reaction (2). In
order for the reversal of reaction (2) to be efficient, it is again necessary
to employ an efficient electrocatalyst. Electrocatalysts then employed
with rechargeable Zn-air batteries should be bifunctional and should
facilitate both ORR and OER. This calls for further studies and is
responsible for further intensification of the related research
[3-5,13-22].

The three basic properties of an efficient electrocatalyst are the
following: (1) it should be made of an electrically conductive material so
as to allow the transfer of charges from the solid to the fluid phase; (2) it
should possess a high active area in order to increase the interface be-
tween the solid and the fluid phase; and (3) it should possess active sites
that would again facilitate the transfer of charges between the two
phases. Any serious electrocatalyst should demonstrate such properties.
Fortunately, in recent years, it has been realized that all three basic
properties may be simultaneously possessed by a material that is
abundantly available and can be easily processed. This is biochar, i.e.
carbon, which can be obtained by pyrolysis of wastes of biological
origin, both from plants and animals, with the advantage of almost
unlimited selection of the raw biomass to obtain biochars of different
origins [17,23-27].

The standard route to make activated biochar is to dry biomass, mix
it with KOH, dry again, and pyrolyze the mixture in an oxygen deficient
atmosphere. Variants of this process have also appeared in the literature
[17,23,24,27-31]. This treatment may lead to the evaporation of all
volatile components, leaving behind only carbon. The presence of KOH
leads to the decomposition of lignin, thus ensuring that the final material
is active carbon and does not contain inactive residues. The final

0, + 4e” + 2H,0 — 40H™
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material is highly porous, with a hierarchical distribution of micro,
meso, and macro pores. Porosity is necessary in order to increase the
specific surface. The hierarchy in pore distribution is also necessary in
order to facilitate ion dispersion through the pores. Activated biochar is
recorded to reach very high specific surfaces, in some cases over 1000
m?/g [29,32,33]. Because of its electric conductivity and its high spe-
cific surface, activated biochar has been repeatedly studied as a material
for making supercapacitors [29,32-39], that operate by the formation of
a Helmholtz double layer in the presence of an electrolyte. Nevertheless,
biochars are naturally enriched with active sites, such as O, N, S, P, etc.,
depending on the origin of the biomass. Furthermore, it is always
possible to enrich biochar with active sites through additional treat-
ment. In any case, such biochars possess the three above basic properties
of an electrocatalyst, i.e., they are electrically conductive, because of
carbon, they have a high specific surface, because of their porosity,
which is additionally hierarchical, and they contain active sites. Indeed,
biochars have been recently studied as electrocatalysts, and they have
subsequently been applied to the construction of Zn-air batteries
[4,5,15-17,19]. It must be also added at this point that in recent years
there has been an explosive interest in the use of biochar for environ-
mental remediation purposes, thanks to its ability to adsorb environ-
mentally harmful agents, and this has promoted biochar as one of the
most interesting materials of our days [31,39-41]. Furthermore, its
catalytic capacity is not limited to electrocatalysis but it is also valuable
as catalyst in a wide range of processes, including among others
oxidation of organic components and transesterification [42,43]. Even
though, other carbon materials may be used as catalysts [44-46], bio-
char is more attractive, since it is the product of valorization of spent
biomass.

The electrocatalytic functionality of biochars has also been examined
in the present work. More specifically, we have studied two biochars
derived from two common materials originating from biomass, which
would otherwise be disposed of as waste: olive-tree twigs (i.e. small
branches from olive trees, OTT) and spent malt rootlets (SMR). Olive-
tree twigs are either burned or disposed of, while SMR are brewery
waste. Our specific purpose was to investigate the presence of hetero-
atoms in biochars of various origins, assess their variation from one
species to the other, and finally study their electrocatalytic ORR and
OER capacities.

2. Experimental
2.1. Materials

All reagents were supplied by Sigma-Aldrich, unless otherwise
specified. Thus, carbon cloth (CC) was from Fuel Cell Earth (Wobum,
MA, USA) and carbon black (CB) from Cabot Corporation (Vulcan XC72,
Billerica, MA, USA).

2.2. Preparation of the biochar and the electrodes

The biochar was prepared from either spent malt rootlets, the main
byproduct of the Athenian Brewery S.A (Patras, Greece) or from olive-
tree twigs, collected from local olive trees. Both of these materials
have high lignin content, and they are expected to yield a highly specific
surface after lignin removal [47].

A weighed quantity of the dried rootlets or ground dry olive-tree
twigs was placed in a quartz vessel and pyrolyzed at 850 °C in a
gradient temperature furnace (LH 60/12, Nabertherm GmbH, Germany)
under limited air supply, containing 20 % of the oxygen that would have
been necessary to completely burn the biomass. The heating and cooling



T. Kottis et al.

rate was 10 °C per min. The obtained powders were further treated by
mixing them with KOH. The mixture contained 3 parts of KOH and 1
part of biochar (by weight). Then it was again placed in a quartz vessel
and heated again at 850 °C, as above. Finally, the obtained material was
washed and filtered a few times, and at the end, it was dried for 2 h at
80 °C in a vacuum furnace (Niive, EV018). This final product was used to
make electrodes. Electrodes were made of carbon cloth with biochar
deposited on it. To do so, 0.27 g of biochar, 0.03 g of carbon black, and 5
mL of isopropanol were vigorously mixed in a homogenizer (Silverson
L5M) until a uniform dispersion was formed. Then 0.1 g of polytetra-
fluoroethylene (60 % wt. dispersion in water) was added to this
dispersion, sonicated for 30 min, and homogenized again until a uniform
suspension was again obtained. A layer of this suspension was then
deposited onto a carbon cloth of active dimension 1 cm x 1 cm by doctor
blading. The cloth was then dried at 80 °C for 30 min and calcined at
340 °C for 1 h. This procedure was repeated for a second time to ensure
uniform deposition of the biochar on the carbon cloth and load
approximately the same amount of material, which was 30 mg (OTT/CC
or SMR/CC electrodes). In addition, an electrode made only with carbon
black on carbon cloth (CB/CC) has also been constructed by mixing 0.3 g
of CB with 5 mL of isopropanol and by following the rest of the above
procedure. Care was taken to deposit the same quantity of CB on CC, i.e.
30 mg, as in the case of biochar electrodes.

2.3. Characterizations

Electron microscopy images for characterizing the morphologies of
the prepared powders were recorded with a Scanning Electron Micro-
scope (SEM) (JEOL, JSM-6300) operating at 20 kV, equipped with an X-
ray Energy Dispersive Spectrometer (EDX) (Oxford). Surface analysis
measurements were performed in a UHV chamber (P ~ 5 x 1071% mbar)
equipped with a SPECS Phoibos 100-1D-DLD hemispherical electron
analyzer and a non-monochromatized dual-anode Mg/Al x-ray source.
The XP Spectra were recorded with MgKa (hv = 1253.6 eV) and an
analyzer pass energy of 15 eV giving a Full Width at Half Maximum
(FWHM) of 0.85 eV for the Ag3d5/2 line. The analyzed area was a spot
of 3 mm diameter. For spectra collection and treatment, including
fitting, the commercial software SpecsLab Prodigy (Specs GmbH, Berlin)
was used. The XP core level peaks were deconvoluted with a mixed
Gaussian — Lorentzian functions after a Shirley background subtraction.
The samples were in powder form and were pressed on an In foil.

The specific surface area (SSA) of the samples was determined by
using the BET equation from Ny adsorption isotherms at liquid N2
temperature and by using a Tristar 3000 porosimeter, Micromeritics.
The micropore surface area was determined by using the t-plot method.
X-ray diffraction (XRD) patterns were recorded using a Bruker D8
Advance diffractometer equipped with a nickel-filtered CuKa (1.5418 A)
radiation source and the Fourier transform infrared (FTIR) spectrum was
recorded at 4000-400 cm™! using a Perkin Elmer Spectrum RX FTIR
system with a KBr pellet and with 1 % w/w biochar.

All electrochemical measurements were carried out with an Autolab
potentiostat PGSTAT128N (Utrecht, The Netherlands).

2.4. Electrochemical characterization of the electrodes

Water oxidation and oxygen reduction capacity of the biochar and
CB electrodes were studied in a three-electrode cell by employing bio-
char or CB electrode as the working electrode, a Pt wire as the counter
electrode and Ag/AgCl as the reference electrode. The electrolyte was
aqueous 0.5 M NaOH. Water oxidation was studied in linear sweep
voltametry by scanning voltage from 0 to 1.2 V vs Ag/AgCl. Oxygen
reduction was studied in an oxygen saturated solution by scanning
voltage from O to —1.0 V vs Ag/AgCl. The obtained data were plotted
against Reversible Hydrogen Electrode (RHE) by taking into account the
potential of the Ag/AgCl electrode (approximately 0.2 V) and the pH of
the 0.5 M NaOH solution (~13).
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2.5. Construction and operation of the Zn-air battery

Zn-air batteries were constructed by using a Zn foil (Alfa Aesar)
anode and an OTT/CC, SMR/CC or CB/CC cathode electrode. The dis-
tance between the two electrodes was 5 mm and the electrolyte was 5 M
NaOH containing 0.2 M ZnO [9]. All measurements were carried out by
employing the above mentioned Autolab potentiostat.

3. Results and discussion
3.1. Structural characterization of the OTT and SMR biochars

The two samples studied in this work were first characterized by SEM
and EDX analysis. SEM images are shown in Fig. 1 revealing a charac-
teristic tubular structure in the case of OTT. The tubes were all about the
same diameter. After KOH treatment, the tubes were broken but
approximately kept the same diameter. In the case of SMR, tubular pores
were again observed, but they were dispersed in a hierarchical distri-
bution of sizes, i.e. pores attained dimensions of various sizes, from very
small to very large.

Subsequent EDX analysis showed the atomic percentage composition
of the two biochars (after KOH treatment). The results are shown in
Table 1. The table reveals the predominant presence of C and O. Po-
tassium is expected as a residue of the KOH treatment. In addition, only
traces of Ca were detected in OTT and traces of P in SMR. This infor-
mation was further enriched by XPS analysis.

From the XPS Survey scans of OTT and SMR samples (not shown),
Carbon, Oxygen, Silicon, Calsium and Magnesium have been detected.
Additionally, potassium was detected on SMR, while phosphorus and
nitrogen were again found only on the SMR sample. From the peak area
of the detailed Cls, Ols, K2p, Si2p, Ca2p, P2p, Mg2p and N1s peaks
divided by relative sensitivity factors (based on Scofield RSF and the
energy analyzer transmission function), the % atomic concentration can
be derived and is presented in Table 2. Furthermore, Fig. 2 shows the
C1s-K2p XPS combined window, where the C1s peak is analyzed into six
components attributed to C—C sp? and sp> hybridization, hydroxyls,
carbonyls, carboxyls and carbonates, in accordance with previously re-
ported data [48]. The % component concentration and the binding en-
ergies of each component are shown in Table 3. The C—C sp? (C=C)
bonding, responsible for electric conductivity in carbon, attained a
predominant percentage in both biochars (55.7 % in OTT and 59.4 % in
SMR).

The adsorption and desorption isotherms at liquid nitrogen tem-
perature for the two activated biochars can be seen in Fig. 3. Both OTT
and SMR attained high values of specific surface area, i.e. 1020 and 1140
m2g~!, respectively, the micropores surface area were 610 and 690
m?g~!, while the corresponding pore volumes were 0.62 and 0.99
mLg !, respectively. This was an expected result since the KOH activa-
tion procedure has been repeatedly proven to be a powerful tool for
increasing the SSA of biochar [31]. Indeed the SSA for the two biochars
before KOH treatment was only 89 and 100 m?g™!, for OTT and SMR,
respectively. As it was reported in a previous work [49], the various
components found in raw biomass, like cellulose, hemicellulose and
lignin, considerably influence the properties of the carbon phase after
pyrolysis, especially at 850 °C. This high temperature can cause severe
transformation of the carbonaceous phase during pyrolysis, although it
is not completed. Thus various parts of the carbonaceous phase may
react with base or acid solutions. Especially the carbon phase of lignin is
sensitive to bases while the carbon phase from cellulose and hemicel-
lulose can react with acid solutions. The main component of the two
presently used raw biomass samples is lignin, thus part of the lignin and
the lignin-based carbon phase can react with bases, be dissolved, and
thus be removed. [49]. During the pyrolysis procedure, KOH melts,
facilitating the reaction with lignin-derived components. Consequently,
both activated OTT and SMR attained high SSA and pore volume as
expected. Fig. 3 shows that the two biochars have an hierarchical



T. Kottis et al.

Journal of Colloid And Interface Science 665 (2024) 10-18

Fig. 1. SEM images of the OTT and SMR biochar powders before (1) and after (2) KOH treatment.

Table 1
Atomic percent of elements detected by EDX analysis on samples treated with
KOH.

Sample C o K P Ca

OTT 85.3 13.2 0.4 - 1.1

SMR 84.6 9.2 5.9 0.3 -
Table 2

% surface atomic concentration of OTT and SMR biochar samples as derived
from the XPS analysis. Data recorded with 0.5% error.

XPS Peak Eb [eV] Assignements OTT SMR
Cls 284.5 c-C 85.4 63.6
Ca2p 347.7 CaCO3 0.5 1.9
Ols 532.5 Mainly C—O 9.6 20.7
K2p 293.0 K2CO3 - 3.0
Si2p 103.2 SiO, 1.0 2.3
P2p ~135 H3PO,4 - 1.6
Mg2p 51.5 Mg(OH), 35 4.8
Nis 401.2 N-C - 2.1

structure. Pores can be determined in all three dimensions, micropores
(with diameter lower than 2 nm), mesopores (with diameter between 2
and 50 nm) and macropores with diameter higher than 50 nm. Inter-
estingly, there are a few differences between the two biochars. Although
the majority of the pores are located in the microporous region, the OTT
biochar had a limited amount of macropores in contrast to the SMR. The
mesopores were rather smaller in the case of OTT. They had a mean
diameter of 18 nm while in the case of SMR the mean diameter was
higher and estimated about 38 nm.

The XRD patterns of the two biochars are presented in Fig. 4. The
SMR biochar had a low-intensity XRD pattern in contrast with the OTT
biochar. As seen in Fig. 4, where the SMR XRD pattern is magnified, both
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biochars possess the two main broad peaks centered at about 23.5° and
42°, corresponding to C(002) and C(100). The first can be assigned to
the (002) crystal plane of hard carbon in lignocellulose form [50]. This
peak is typical of a carbonaceous material with a less ordered structure
due to pyrolysis (amorphous graphitic phase). In our case, this peak is
broad in the SMR biochar. This can be evidence that KOH can interact in
a higher degree with the SMR biochar and dissociate the graphitic layers
better in contrast with the OTT biochar. The second peak is due to sp>
carbons and is closely related to the electrical conductivity of the bio-
char [51]. Both biochars then contain a substantial percentage of sp2
carbons, in accordance with the data in Table 3. The only peak that
corresponds to an inorganic phase is the one at about 31°, describing
potassium carbonate species.

Finally, the FTIR spectra of the two biochars are presented in Fig. 5.
The main band in both biochars is the intense band centered at about
1380 cm ™2, due to carbonates. The exact position of this band can be
influenced by many parameters, like the hydration ratio or the cation
used for the formation of carbonates. In our case, the main compensating
ion is K* [52], as was suggested from the EDX and XPS analysis. Other
bands are due to C—O and —OH bonds centred at 1035 cm ™! and 3432
em™}, respectively, typical of the carbonaceous phase [53,54]. These
bands are more intense in the case of SMR biochar. This is expected since
the O content was higher in SMR.

The above physicochemical characterization techniques have shown
that the activation procedure was successfully performed since the SSA
of the biochars was increased more than ten times. Indeed, non-
activated biochars have a moderate SSA of about 100 m?g~! or less.
Although the activation pyrolysis was performed under intense condi-
tions, these conditions tend to smooth out possible differences. The
starting biomass had an impact on the physicochemical characteristics
of the final biochar. Indeed, the SMR biochar has a higher content of O
and K in contrast with the OTT. This means that the surface is more
oxidized in SMR biochar. As a result, the SMR may exhibit more oxygen
groups than the OTT. Although this is an interesting property for the
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Fig. 2. Deconvoluted Cls XPS peak for the OTT and SMR biochars. K2p peak was detected only in SMR.
development of the double layer and the interaction with possible ions
Table 3 in the interface region, it is not expected to alter the electrical conduc-

% carbon component concentration derived from C1s XPS peak deconvolution of
OTT and SMR biochar samples. Data recorded with 0.5 % error.

Eb (eV) Assignments OTT SMR
284.4 £ 0.1 C—C sp? 55.7 59.4
285.3+0.1 c-C sp3 15.5 15.2
286.2 + 0.2 C-O(H) 18.6 8.5
287.8 +£ 0.2 Cc=0 4.2 9.8
289.0 +£ 0.2 COOH 3.2 4.8
290.5 carbonates 2.8 2.3
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Fig. 3. N, adsorption-desorption isotherms at liquid nitrogen temperature (A)
and pore widths (B) for the two biochars.

tivity and thus the electrochemical properties of the biochar. Also, K
content was higher in SMR, pointing out either that the surface can
interact better with cations or that the activation procedure was more
effective in SMR, probably due to the different raw biomass. This con-
firms that the reactivity of various carbon sources has a significant in-
fluence on the surface chemistry, which may further affect the
performance of biochar as an electrode [55]. On the other hand, the
higher amount of C in the OTT, as found by XPS analysis (85.4 % for OTT
and 63.6 % for SMR), is expected to be beneficial for the conductivity.
The XRD patterns is a first, although weak, evidence for this fact, since
the peaks which correspond to C are more intense in the case of OTT.
Interestingly, the ratio of the different non-oxidized forms of the surface
carbon, namely C—C sp® and C=C sp?, was not significantly different in
the two biochars, although the percentage in OTT was higher. At this
point, it should be noted that the activation procedure leads to biochars
with a high point of zero charge, higher than 11, thus diminishing all
possible effects due to surface charge. This is not crucial to our appli-
cation since the charge is defined by the applied potential.

Various studies have been reported on the performance of biochar
electrodes in many different applications including direct carbon fuel
cell and supercapacitors [56-60]. The high specific surface area is a
prerequisite for active electrocatalysts but the efficiency is not governed
only by the surface area and the surface groups. To increase the effi-
ciency, doping with heteroatoms has been applied. The heteroatoms are
usually N, S and transition metal ions [61-63]. Although significant
work has been performed in this field, comparison of different raw
biomass under the same conditions are scarce.

In conclusion, SMR and OTT have some interesting differences,
which originate from the different raw biomass. However, these differ-
ences are relatively small, since the intense pyrolysis conditions smooths
them, and may or may not affect their application as electrocatalysts. An
answer to this question is provided in the following subsection.

3.2. Electrocatalytic properties of the two biochars in comparison with
carbon black

Electrodes made by depositing equal quantities of the two biochars
on carbon cloth, as described in detail in the experimental section, were
studied for their OER and ORR capacities in comparison with an elec-
trode loaded with only carbon black. Fig. 6A and B show the results. In
the case of oxidative electrocatalysis (Fig. 6A), both biochars demon-
strated a marked difference from CB but a small difference between each
other. Thus, the water oxidation threshold was approximately located at
about 1.25 V vs RHE in the case of the two biochars, and the corre-
sponding current increased fast after threshold in both OTT and SMR
while in the case of CB substantial current was obtained only above 2.0 V

14
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vs RHE. Obviously, the present biochars were much better OER elec-
trocatalysts than nanoparticulate graphite (i.e. CB) but did not differ-
entiate much between themselves. The small differences observed
between the two biochars give an advantage to OTT, where the current
increase is faster. In the case of reductive electrocatalysis (Fig. 6B), the
differences between the three electrodes were smaller, with an advan-
tage for the OTT biochar. It is concluded that the differences in the
electrocatalytic capacity between the two biochars were relatively small
with a slight advantage in the case of OTT biochar. Both biochars were
much better OER electrocatalysts than carbon black, but in the case of
ORR the differences between the three materials were smaller. In order
to verify these conclusions, the above three electrodes have been
employed as cathode electrodes in Zn-air batteries, as detailed in the
following subsection.

3.3. Operation of the Zn-air battery

The functionality of a Zn-air battery was studied by employing Zn
foil as anode and biochar or CB electrode as cathode. In order to
distinguish the differentiation of behavior between the cells made by
using the three different cathode electrodes, the devices were subjected
to potentiometric measurements under galvanostatic conditions by
consecutive charge-discharge cycles. This is demonstrated by the results
presented in Fig. 7. In the case of the CB/CC cathode, the variation of the
potential took place between 1.0 and 2.7 V for a constant current density
of 10 mA cm2 The lower potential corresponds to the discharge
voltage, while the higher potential corresponds to the voltage necessary
to charge the battery with a constant current density of 10 mA cm™2. In
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the case of the SMR/CC cathode electrode, the corresponding potentials
were 1.2 and 2.2 V while in the case of the OTT/CC they were 1.3 and
2.0 V. It is obvious that both biochars produced higher potentials during
discharging and necessitated lower voltages to charge the battery
compared with the CB/CC cathode. In the same sense, a clear advantage
has also been observed with the biochar obtained from olive-tree twigs.
Even though the differences between the three electrodes are not
impressive, they remain very important, and they may have very
important technological consequences in the sense that the present
biochars were only KOH-activated carbons and were not additionally
treated. It must be underlined at this point that the above results are
comparable with those reported by other researchers using cathode
electrodes bearing a variety of metal-free, carbon-based electrocatalysts
[15,17,64].

Fig. 7 is in accordance with the results of Fig. 6. Indeed, the differ-
ences between the three materials were relatively small, as far as the
discharge voltage is concerned (i.e. the lower voltage in Fig. 7) and this
is in accordance with the small differences observed in their ORR ca-
pacity, seen in Fig. 6B. It is reminded that discharge of the battery takes
place by oxygen reduction at the carbon electrode. On the contrary, the
difference in charging voltage between CB and the biochars (upper po-
tential) was much larger, and this is in accordance with the data in
Fig. 6A. The small advantage detected by OTT biochar, is also in
accordance with the data in Fig. 6.

Despite the small difference between SMR and OTT, both the above
characterization procedures and the present electrocatalytic data rather
tend to highlight two materials of similar behavior as opposed to the fact
that their biomass origin is entirely different. In other words, the present
data stress the importance of the preparation procedure rather than the
biomass origin of the biochar.

4. Conclusions

The two biochars of different biomass origin studied in the present
work as electrocatalysts demonstrated similar behavior both in their
electrocatalytic properties and their structural characteristics. Both
biochars were obtained by pyrolysis followed by KOH activation. Acti-
vated biochars did not contain any important sites due to heteroatoms
except for C=0 and C—O species. Double-bonded carbon appeared at
an equivalent percentage in the two samples (55.7 and 59.4 % for OTT
and SMR, respectively), thereby ascribing similar electric conductivities.
Specific surface areas were high in both cases (1020 and 1140 m2g ! for
OTT and SMR, respectively), with a difference which is considered
small. The ratio of sp to sp° species was similar in the two samples, and
in general, all recorded data did not manage to greatly differentiate the
two materials despite their different origin. All these results highlight
the importance of the treatment procedure vs. biomass origin itself; at
least as far as electrocatalytic properties are concerned.
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Fig. 6. Oxidative (A) and reductive (B) linear sweep voltametry using biochar or CB electrodes as the working electrode, a Pt wire as the counter electrode and Ag/
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