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Abstract

Metal-free catalysts are promising candidates for Bio-electrochemical Systems (BESs) due
to their high surface area, chemical stability, good electrical conductivity, and enhanced
mass-transport capabilities. In this study, biochars derived from olive mill waste (OMW)
with and without supercritical CO> pretreatment, and salted pistachio nut shells, were
produced via pyrolysis and/or chemical and physical activation. The catalytic activity
towards oxygen reduction reactions (ORR) of the biochars was investigated by cyclic and
linear sweep voltammetry in neutral media. The electrochemical characterization of the
samples revealed that olive mill waste biochar showed the highest catalytic activity toward
ORR, in terms of reaction rate (Epr V vs. RHE= 0.537+ 0.00), density of active sites, and

number of electrons exchanged (ne- Eg -0.6 V vs. RHE=3.9£0.2). These biochars were
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used as catalysts in air cathode microbial fuel cells. The power density obtained by MFCs
equipped with an OMW cathode achieved a maximum power density of 271 + 34 mWm-
(Rext=250 Q). This value was approximately 15 times higher than the power density
obtained by a commercial carbon black used as control.
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1. Introduction

In recent years, biomasses sourced from agricultural by-products have been touted as an
important feedstock for the production of high-value materials, chemicals, and fuels to
promote a circular economy and zero-waste production [1]. Within the wide range of
possible products recoverable from biomass, the conversion of residual carbon to upgraded
biochars that serve as high performance materials for electrochemical energy systems
represents a sustainable and economic green energy application [2]. Many electrochemical

storage and conversion systems use carbon electrodes, often composed of different types



of nanostructured carbon materials having high surface area and porosity, high electrical
and thermal conductivity, high stability, low cost and abundant availability [3,4]. There are
many different types of energy conversion devices that use biochars for electrode materials.
One example is microbial fuel cells (MFCs), which oxidize biodegradable organics in
aqueous wastes by electrochemically active microorganisms while generating renewable
electricity. By using this technology, it is possible to harvest energy in the form of
electricity, using domestic wastes and wastewaters as a fuel, reducing at the same time the
problems linked to their disposal.

The performance of MFCs is highly influenced by reactions on the cathode side [5], where
oxygen is the most widely used electron acceptor in air-cathode MFCs. Nevertheless, the
oxygen reduction reaction (ORR) at the cathode is one of the major challenges limiting the
MFC due to the high over potential and slow reaction kinetics under normal MFC operating
conditions [3]. Precious metal catalysts, such as platinum group metals, are extensively
used to enhance ORR kinetics. However, Pt/C catalysts, which are the state-of-the-art
catalyst for conventional fuel cells, are not suitable for large scale application in MFCs due
to platinum’s limited reserves, high cost and sensitivity to poisoning [6]. As such, the
inclusion of non-precious materials such as graphene and nanostructured carbons represent
both a sustainable and more economically viable catalyst for MFCs [7,8,9]. In recent years,
biochars made from the pyrolysis and subsequent activation of a variety of biomasses have
been explored as low-cost catalysts to replace platinum group metals in MFCs due to their
good electric conductivity and enhanced mass transport capability [10,11].

A handful of prior studies report the use of the low-cost biochar from agricultural biomass

by-products such as coconut shell and banana peels [12] as well as sewage sludge [13] as



ORR electrocatalysts for MFC cathodes. The present work explores the suitability of
various preparation conditions on the catalytic activity of olive mill waste (OMW) and
pistachio nutshell (PNS) derived activated biochars for ORR electrocatalyst for MFC
cathodes. Olive mill waste and pistachio nutshells are widely available agricultural by
products: OMW reached a global production of 3 x 10" m® per year [14] and has a high
disposal cost associated with this production [14,15]. Worldwide pistachio production
amounts to over 5.8 x 10° m? per year (in-shell basis) mainly produced in the United States,
Iran and Turkey [16]. These two food production waste products were selected for their
dense structures as well as intrinsically high content of heteroatoms, which are beneficial
to increase current density and accelerate the ORR activity [17,18].

In this study, activated biochars derived from olive mill waste and pistachio nutshells
precursors were produced by several facile, low-cost, and readily scalable thermochemical
approaches. The catalytic activity of the activated biochars towards ORR was investigated
by cyclic and linear sweep voltammetry in neutral media. The ORR activity of the
fabricated biochar-based activated carbons was probed via the assembly of biochar-based
cathodes in single chamber MFC to evaluate electrochemical performance in terms of

power generation and coulombic efficiency.

2. Materials and Methods

An initial set of five activated biochars from two biomass precursors were manufactured
and their baseline electrochemical performance assessed. From this analysis, two biochars
were selected for inclusion in a microbial fuel cell to compare their ORR activity against a

commercial activated carbon.



2.1  Synthesis of Biochar catalysts
Biomass Samples
Olive mill waste was sourced from an olive oil production plant in Calabria, Italy. A portion
of the waste was supercritical fluid extracted as previously described [17]. Briefly, raw
olive mill waste (OMW) was extracted with pure supercritical CO2 (SCO) at a total
pressure of 250 bar and a temperature of 70 °C, with a CO; flow rate of 80 kg-hr. The
reactor contained 7300 g of raw OMW. To achieve a uniform particle size, the OMW raw
and SCO_ samples were ground in a ball mill and mechanically sieved, which yielded
sufficient quantities of particles between 250 and 300 pum.
Salted pistachio nuts were purchased from Trader Joe’s (product of California, USA) and
the shells and nutmeat separated. The shells were weighed to the 0.1 mg, then washed in
deionized water and placed into an oven at 90°C to dry, and the weight recorded. This
procedure was repeated three times until a constant weight was obtained to remove all
traces of salt. The shells were ground and sieved to a particle fraction between 125 and 300
um.

Preparation of Activated Biochars
COz-activated biochars were prepared in a 2” MTI tube furnace. Approximately 10 g of
the raw or extracted OMW or PNS sample was loaded into a porcelain boat and inserted
into the quartz tube. The samples were heated under 100 mL/min of high purity nitrogen
to 110 °C at 10 °C/min and held for 30 minutes to remove residual moisture, then to 600°C
(OMW) or 450/550°C (PNS; conditions given in Table 1) and held for 30 min to pyrolyze

a portion of the volatile matter. Following this brief pyrolysis step, the samples were then



heated at a rate of 10 °C min™ to 800 °C, at which point high purity CO2 at 100 mL/min
was introduced into the reactor bed, and the sample was held at 800 °C under CO; for 45
minutes (OMW samples) or 90 minutes (PNS samples) to produce the physically activated
biochars. It was found that 90 minutes resulted in considerable oxidation for the OMW
samples, whereas 45 minutes was not sufficient to open the porous network for the PNS
samples. Following CO; treatment, the samples were cooled in an inert atmosphere to room
temperature.

Chemical activation of the biomass samples was performed using potassium hydroxide
(KOH), a known porogen. To achieve sufficient porosity development while maintaining
structural integrity, the biomasses were first pyrolyzed (conditions given in Table 1) and
then subjected to chemical treatment. The KOH was dissolved in deionized water at a
weight ratio of 14:1 H,O: KOH. Raw biomass in a ratio of 2:1 KOH: biomass was added
to the beaker and the contents stirred at 150 rpm for one hour. The soaked samples were
filtered and washed with 3 volumes of 150 mL each of deionized water, then dried,
uncovered, in a laboratory oven at 110 °C. Samples were subsequently activated in the tube
furnace under nitrogen at 600 °C (OMW samples) or 700°C (PNS samples) at a heating
rate of 10 °C min with a 60 minute hold time, and cooled under N2 to prevent oxidation.
After being removed from the tube furnace, the samples were neutralized with 1.2 M HCI,
the pH of the filtrate was monitored using pH paper until it was between 7.2 and 6.7. The
samples were washed once more with 150 mL of DI water and gravimetrically filtered,
then dried overnight. These dried activated samples were flushed once more with deionized

water to remove any visible traces of salt that had crystallized and were then filtered. The



chemically activated solid collected on the filter paper was dried, uncovered, in the oven
overnight at 110 °C.
A synoptic scheme is reported in Table 1.

Table 1: Samples labeling of biochars obtained from two different types of biomass, and

experimental condition for their synthesis and activation.

Fe_e dstock Synthesis and Activation Sample
biomass labeling
Pretreatment Pyrolysis Activation
Supercritical
_ ) CO2 extraction 600 °C, 30 min.  COz2 (45 min. 800 °C) OMW_1
Olive Mill _
Supercritical
Waste ) ) )
(OMW) CO; extraction 600 °C, 30 min.  KOH (60 min. 600 °C) oMW _2
none 600 °C, 30 min.  CO2 (45 min. 800 °C) OMW_3
Pistachio Washed 450 °C, 30 min.  CO2 (90 min. 800 °C) PNS 4
Nutshells ) )
(PNS) Washed 550 °C, 60 min.  KOH (60 min. 700 °C) PNS 5

2.2 Biochar characterization and electrochemical performance assessment
To down select a series of activated biochars to manufacture in greater quantity and use for
MFC studies, a series of physical, chemical and electrochemical measurements were

obtained on each of the biochars listed in Table 1.

Biochar Physical and Chemical Characteristics
The carbon content (volatile + fixed carbon) was determined in a Mettler Toledo
TGA/DSC-1 by heating 9-11 mg of each sample in a 70 uL alumina crucible at 10°C/min

under 50 mL/min air to 110 °C and held for 30 minutes to remove residual moisture.



Samples were then oxidized in air heated at 10°C/min up to 900 °C, held for 60 minutes
with the loss attributed to total carbon content. The ultimate analysis was conducted in an
Exeter Analytical CE-4400 Elemental Analyzer to measure C, H, N; O was determined by
difference. Both carbon content and elemental analyses were repeated twice; results
presented are the average of two runs, all of which were within + 2% for each sample. The
BET surface area of the samples was measured on a Quantachrome Autosorb-1 over a
partial pressure range of 0 to 0.35 using nitrogen as the adsorbate gas. Samples were
degassed prior to measurement for at least 16 hours at 180 °C.

Fourier transform infrared spectroscopy (FTIR) was carried out using a FTIR100
spectrometer (Perkin Elmer) in transmittance mode to assess the biochars’ surface
functional groups. Biochar samples were pelleted in 150 mg of KBr (at 0.5 wt.% loading)
using a Specac manual hydraulic press, by applying a pressure of 7 tons for 5 min. The
diameter of pellets was of 13 mm.

Biochar morphology was characterized using scanning electron microscopy (SEM) using
a field emission SEM microscope (FE-SEM, SUPRA™ 35, Carl Zeiss SMT, Oberkochen,
Germany), by dropping a 1 mg mL* dispersion of biochar in ethanol on carbon tape (5.00

kV beam voltage; magnification 50.00 and 10.00 KX).

Electrochemical Characterization
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) with rotating disk electrode
(RDE) were performed in three electrodes cells. The reference electrode was a saturated

calomel electrode (SCE, Amel 303/SCG/12), the auxiliary electrode was a platinum wire



(Amel, 805/SPG/12), and the working electrode (WE) was a glassy carbon disk (GC, 0.196
cm? area) modified with the catalyst layer.

The electrolyte solution was a 0.1 M neutral phosphate buffer solution, saturated in either
nitrogen or oxygen atmosphere at room temperature. The catalyst layer was prepared by
dispersing 4 mg of biochar in 270 L of distilled water, 135 pL of ethanol, and 50 pL of a
Nafion® perfluorinated resin solution (274704, Aldrich). Then the mixture was treated in
an ultrasonic bath for 30 min and deposited on the GC electrode to achieve a catalyst
loading of 0.3 mg cm™. The GC electrode was dried at 70 °C for 2 min. under vacuum.
CV was run between -0.9 V and 0.6 V with a scan rate of 5 mVs™. The electrical double-
layer capacitance, Cpi, of biochars was estimated by acquiring CV curves in N2-saturated
atmosphere and measuring the charging current in the absence of Faradic contribution (at
-0.1V) as a function of potential scan rate from 5 to 50 mVs™. A capacitance of 30 uF cm?
was used to estimate the electrochemical surface area (ECSA) [19-23] LSV-RDE
experiments were run between -0.8 V and 0.2 V at 5 mVs™ under hydrodynamic conditions,
with electrode rotation speed in the range 100-1600 rpm. LSVs shown in this manuscript
were corrected by subtracting the background current measured in a N2 atmosphere. The
overall number of electrons (n) exchanged in ORR (oxygen reduction reaction) were
extrapolated by analyzing the LSV-RDE curves with the Koutecky—Levich theory, as

previously reported [4, 24].

2.3 Preparation of MFC cathodes
The best performing biochars were incorporated into gas diffusion layer cathodes and then

tested in microbial fuel cells. The cathodes were prepared as follows. Carbon cloth



electrodes (ELAT® LT1400W MPL treated, FuelCellsEtc, US) were modified by brush
painting a PTFE diffusion layer on the opposite side of MPL, as previously described [3].
After that, the biochar layer was applied on the opposite side of the PTFE layer side by
brush painting a 0.185 mgmL™ suspension of biochar in a solution of 2-propanol (31
vol.%), DI (7.5 vol.%), and Nafion® perfluorinated resin solution (274704, Aldrich, 61.5
vol.%): The loading of biochar was 5 mgcm™2. The electrodes were dried at room
temperature overnight and finally pressed at 90 °C for 2 min. at 2 bars.

Cathodes based on bare carbon black (Vulcan XC72R by Cabot corporation, MA, US)
were also prepared and taken as a reference, with the same loading as compared to biochar-
based cathodes. Carbon black was activated in concentrated nitric acid before use, as

previously reported [25].

2.4 Operating conditions of MFCs

Microbial fuel cell experiments were performed using lab-scale prototypes of single
chamber air-cathode MFCs with a volume of 28 mL, constructed by assembling the
modified cathodes equipped with OMW_2 and OMW_3 as catalysts and commercial
carbon black as a control (CTRL). The anode was made of graphite fibre brush with
titanium wire as the core (Panex 33 160 K, Zoltek, US), 2.5 cm in both outer diameter and
length. The estimated surface area was 0.22m? or 18 200 m?/m? brush-volume, the porosity
being 95%. The fibre brush electrodes were heated at 450°C for 30 min under ambient air
before use [5]. The tests were run by adding a synthetic solution of phosphate buffer
solution (PBS) with neutral media pH and concentration of 0.1 M, containing 1 gL"* sodium

acetate, and acquiring voltage power generation cycles, as previously reported [5].



Polarization and power density curves were carried out by varying the external resistance
(from 10 to 10 KQ) every 30 min and measuring cell voltage at each resistance. Coulombic
efficiency (CE), i.e. the fraction of electrons recovered as current versus that in the starting
organic matter, was calculated as follows:

CE = Cp/CTi x 100% [1]
where Cp is the total Coulombs calculated by integrating the current over time, CTi is the
theoretical amount of Coulombs that can be produced from the substrate, i.e. sodium
acetate (i = a), calculated as:

CTi = FhiSiv/IM; [2]
In Equation 2, F is Faraday’s constant (96 485 C/mol electrons), bi the number of moles of
electrons produced per mole of substrate (b acetate = 8), Si the substrate concentration, and
Mi the molecular weight of the substrate (M sodium acetate = 82) and v is the volume of
the reactor. All measurements were carried out at room temperature (23 + 3 °C) having two

independent replicates for each cathode.

3. Results and Discussion

The morphology, physical surface area and surface functional groups of the five activated
biochars produced were characterized prior to electrochemical performance assessments.
Two biochars displaying optimized electrochemical performance were down selected for

MFC performance assessment as compared to a commercial activated carbon.

3.1 Biochar characterization
The activated biochar samples have a heterogeneous morphology characterized by the

presence of particle agglomerates and amorphous regions composed of different



microporous structures (Figure 1 and Figure S1). In particular, OMW samples have a

granular profile with a porous structure, particularly evident for OMW_3 (Figure 1 a-b).

Figure 1: SEM images of biochars OMW _3 (a-b) and PNS_4 (c-d) at 10.00 KX and 50.00
KX magnification and EHT @ 5.00 KV.

Conversely, the granular profile and porous structure is less evident for the PNS samples
(Figure 1 c-d), despite having a higher BET surface area than those of OMW biochar
samples, as shown in Table 2. This finding can be ascribed to both the different feedstock
nature, pyrolysis temperature (lower in the case of PNS) and activation conditions,
affecting the overall morphological properties [26]. The KOH activation had opposite
effects on the surface areas of the two biomasses; for OMW the use of this porogen resulted
in a lower surface area than the CO,-activated samples, whereas for the PNS biomass we

saw the highest surface area of any sample at 1970 m?/g.



Table 2: Oxidizable carbon content (fixed + volatile matter) and BET surface area of

resulting activated biochars

Oxidizable Carbon Content

Sample (Volatile + Fixed) wi%) BET Surface Area (m?/g)
OMW_1 0.82 742
OMW_2 0.87 444
OMW_3 0.80 658
PNS_4 0.93 1121
PNS 5 0.93 1970

Fourier Transform Infrared spectroscopy was used to identify the presence and nature of
functional groups on the surface of the biochar samples (Figure 2). In agreement with
previous reports, all samples displayed well-defined FTIR bands corresponding to
vibrations of C-H bonds, as well as vibrations of bonds in oxygen and nitrogen functional

groups [26-29].
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Figure 2. FTIR spectra of biochar carbon activated catalysts

Two vibration bands can be seen in the 2950-2850 cm™ region for PNS_4, OMW_3, and
OMW_1, which can be ascribed to the aliphatic C-H deforming vibration. Such bands are
absent for PNS_5 and OMW_2. This is attributed to the effect of the KOH activating agent
in aromatization of the product [30, 31]. In addition, PNS_4 presented a further intense
peak at 1388 cm, associated with the vibration of C-H bond in alkenes and alkyl groups.
This finding suggests that the low temperature pyrolysis of the PNS_4 sample maintained
the alkyl functional groups, compared to the other samples, which were pyrolyzed at higher
temperature [17, 27].

The band at ~ 1200 cm™, visible for all samples, can be assigned to the asymmetric C-N

stretching vibrations coupled with the out-of-plane NHa, indicating the presence of



nitrogen functional groups in all samples [29]. The presence of nitrogen was further
confirmed by elemental analysis results, which shows a nitrogen content ranging from 0.1
to 1.1 wt.%. In addition, all samples showed bands at 3660 cm™ and 1570 c¢m™ which can
be assigned to OH and C=0 stretching vibrations in carbonyl groups, respectively [32, 33].
Interestingly, OMW2 and OMWS3 contain additional oxygen functional groups, as
indicated by the two bands at 1730 cm™ and 980 cm™ arising from C=0 stretching
vibrations in carboxyl groups and alcoxy CO stretches [34]. Hence, the major difference in
the functional groups of the biochar was the presence of an increased variety of oxygen
functional groups (i.e, ether and carboxyl groups) in OMW2 and OMWa3. As previously
reported, such oxygen functional groups plays a key role in enhancing ORR activity of
carbon-based materials [29].

3.2 Electrochemical characterization

The catalytic behaviour towards the oxygen reduction reaction (ORR) of the activated
biochar samples was studied by cyclic voltammetry. Figure 3 shows CVs curves in N2- and
O.-saturated neutral electrolyte solution for two representative samples of the series, i.e.

OMW_3 and PNS_4, while CV curves for all samples are shown in Figure S2.
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Figure 3: CV curves of OMW _3 (a) and PNS_4 (b) in O2-saturated (solid line) and Na-
saturated (dash line) neutral PBS.

All samples showed the typical CV profile of high surface area carbon materials in No-
saturated atmosphere (dashed curved in Figure 3), from which the double layer capacitance
(CDL) and electrochemical surface area (ECSA) values were calculated, as illustrated in
Table 3 and Figure S3. Biochar CDL values, showed in Table 3, were in good agreement
with previous reports, especially considering variations due to synthesis and activation
conditions [35-37]. ECSA values increased in the following order: PNS 4 < PNS 5 =
OMW_1 < OMW_2 < OMW_3. Despite their lower BET surface areas, OMW samples
showed higher ECSA than that of PNS samples; in particular, OMW_2 and OMW _3
biochars showed the highest ECSA. This behaviour can be related to the increased
hydrophilicity of OMW_2 and OMW_3 caused by their greater variety of oxygen
functional groups, as revealed by FTIR. Along with hindering aggregation phenomena
occurring during the electrode preparation in the ethanol-based ink [38], an increased
hydrophilicity enhances electrode wettability and affinity of the electrolyte species for the
electrocatalyst surface, resulting in a beneficial effect towards ORR [28, 39]. In the O»-
saturated atmosphere, a reduction peak centred in the 0.5-0.6 V vs. RHE can be seen for
all samples (solid lines in Figure 3; additional CV curves in Figure S2), as a result of the
catalytic activity towards ORR of the biochars. Peak potential (Epr) and peak current
density (Jp) values are shown in Table 3. More positive Epr values corresponded to a higher
reaction rate, such as higher absolute Jp values corresponded a greater density of active
sites for oxygen adsorption. Among all samples, PNS_4 and PNS_5 samples show the
poorest catalytic activity towards ORR, while OMW_2 and OMW _3 showed the highest

performance, as revealed by the best set of Epr and Jpr results. The superior catalytic



activity of OMW _2 and OMW_3 can be ascribed to an interplay of surface chemistry and
morphology, which lead to high surface area, high density of oxygen functional group and

high hydrophilicity.

Table 3. Electrochemical parameters of biochar catalysts obtained by Cyclic Voltammetry
and Linear Sweep Voltammetry under O2 or No-saturated neutral PBS.

Cyclic Voltammetry Linear Sweep Voltammetry
SAMPLE
Jpr Epr CDL/F ECSA/ng-l Eonset =7 ne-
(MAcm™2) (V vs. m-2 (Vvs.RHE) (Vvs.RHE) @ -0.35V
RHE) @1600 rpm  @1600 rpm
OMW 1 035+ 0.517 10742 119+2 0.76 £ 0.07 0.37 £ 0.05 2.9+ 0.3
0.01 0.00
OMW 2 0.38+ 0.627 + 161+1 179+1 0.80 £ 0.02 0.44 +0.01 3.1+0.2
0.03 0.02
OMW 3 0.72 + 0.537 £ 21542 239+3 0.79+£0.03 0.42 £ 0.05 3.91+0.2
0.25 0.00
PNS 4 017+ 0517+  96.7+0. 107+1 0.73+0.10 0.33+0.05 1.8+0.4
0.02 0.02 7
PNS 5 0.13 + 0.477 £ 106+1 118+1 0.77 £ 0.02 0.30 £ 0.05 2.2+0.5
0.01 0.01

To gain deeper insight into the catalytic activity towards ORR of the biochars, linear sweep
voltammetry (LSV) with rotating disk electrode (RDE) was carried out and is shown for
OMW_3 (Figure 4a), as a representative sample of the series. The complete set of LSV
curves for all samples is reported in Figure S4. The corresponding onset potential (Eonset)
and half-wave potential (E1/2) values are shown in Table 3. Both Eonset and E1/2 for OMW _2

and OMW _3 are shifted towards more positive values, as compared to the other samples;



confirming their superior catalytic activity towards ORR, in good agreement with CV
results. The number of electrons exchanged during ORR (n) can be also calculated
according to the Koutecky-Levich (K-L) theory [4, 24]; K-L plots are shown in Figure 4b,

and the resulting n values are listed in Table 3.
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Figure 4: a) Background-corrected LSV-RDE curves acquired at electrode rotation speed
from 100 to 1600 rpm for OMW _3; b) the corresponding K-L plots taken at different
potential values.

KL plots, extrapolated at different potential values, show a good linearity in the 0.3 + 0.4
V potential window. The number of electrons exchanged was higher for the OMW _3,
OMW_2 and OMW _1 catalyst with a value of 3.9, 3.1 and 2.9, respectively. PNS_4 and
PNS_5 catalysts showed the lowest number of electrons exchanged, lower and/or close to
2. In fact, when ORR takes place, oxygen can be reduced to water by either a direct 4-
electron or a 2x2 electron transfer pathway, or to peroxide by a 2-electron pathway. For
achieving high current density and avoiding peroxide formation, the water pathway is

preferred [40]. The data in Table 3 indicate that ORR at the surface of PNS sample mainly



proceeds through the peroxide pathway, while the number of electrons exchanged during
ORR at the surface of OMW_3 is close to 4, involving the 4 or 2x2 electron mechanisms
as the possible pathway. On the other hand, OMW _1 and OMW_2 exhibit two coexisting
pathways for ORR involving both the peroxide and water pathway.

The electrochemical characterization of the samples revealed that OMW_2 and OMW _3
showed the highest catalytic activity toward ORR in terms of reaction rate, density of active
sites, and number of electrons exchanged, as a result of higher electrode double layer
capacitance leading to the higher exposure of effective active sites.

These results are in good agreement with previous reports dealing with the study of ORR
activity of biochar-based electrodes. Zhong et al. (2019) [11], investigated ORR activity of
nitrogen-doped biochar derived from watermelon rind in alkaline media, demonstrating
that a good ORR activity and an electron transfer number as high as 3.26 can be achieved
owing to the high electrochemical active surface area of the sample. Similar findings were
achieved by Marzorati et al. (2019) [41] who reported on electro-active biochar from
pyrolysis of Giant Cane stalks; high surface electrocatalytic activity was sufficient to
accelerate ORR at neutral pH, in terms of both onset potential (— 0.02 V' vs Ag/AgCl) and
limiting current density (0.1 mA cm™2). Further studies on ORR performance of carbon-
based catalysts found that the presence of oxygen and nitrogen groups on the carbon
surface also plays a key role in accelerating ORR. In particular, Zhao et al. fabricated high
performance graphitic carbon-based ORR electrocatalysts by crafting N-containing
functional groups onto both holey graphene oxide and porous carbon obtained by thermal
treatment of natural biomass [29, 34, 39]. The material treatment functionalized the carbon

surface with a high density of oxygen-containing groups, which was critical for enhancing



oxygen electrocatalytic activity of this material in energy storage devices. In addition, the
ORR performance was found to be dependent on crafted N groups, which. facilitate O

adsorption [42, 43].

3.3 Microbial fuel cell performance

Based on the physical-chemical and electrochemical characterizations, OMW_2 and
OMW_3 were selected as materials for the cathode side of air-cathode MFCs to evaluate
their performance under representative MFC operating conditions.

The performance of the Microbial fuel cells equipped with different cathodes was
evaluated by monitoring the output voltage. Data obtained were compared with MFCs
assembled using commercial carbon black as a control (CTRL). In total, 6 single chamber
MFCs were used during the test. The cells were operated in parallel in batch mode using
phosphate buffer solution 0.1M (PBS) and acetate (1 g L) as the feed solution. The voltage
output was monitored for approximately 480 h in order to evaluate the stable voltage
production over time. As shown in Figure S5, after about 120h from inoculation, the MFCs
achieved a stable output voltage; this acclimation time length is in line with those reported
in the literature [44] showing that the biochars did not negatively affect the exoelectrogens
bacteria growth. Concerning the maximum voltage generated, the bioreactors equipped
with OMW_3 cathodes reached a maximum peak voltage of ~0.4 V after 240 h. This
maximum peak voltage was maintained roughly until the end of the test (Figure S4). The
voltage output trend obtained from MFCs equipped with OMW_3 was compared with
other MFC reactors equipped with OMW _2 biochar and the control. As reported in Figure

S4, the voltages peaks obtained by the other cathodes, i.e. 0.12 V for OMW_2 and 0.13 V



for CTRL, were lower. From the voltage cycles peaks, the power density and polarizations

curves were calculated in order to understand the maximum performance of the MFCs

analyzed.
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Figure 5: Power curves a) and polarization curves b) obtained from the MFCs reactors
tested with OMW_3, OMW _2 biochars and black carbon (CTRL).



The power density and current density obtained from the MFC equipped with an OMW _3
cathode achieved a maximum power density of 271 + 34 mWm2 (Rext 250 Q) (Fig.5a, b)
and a corresponding maximum volumetric power of 5 + 0.75 Wm™, As indicated in Figure
5a the power density values from the OMW _3 cathode were about 15 times higher than
the power density obtained from OMW _2 cathode (17.3 + 1.5 mWm2) and the CTRL. This

difference was also found by comparing the volumetric power (Table 4).

Table 4. Electrochemical parameters of biochar catalysts obtained by Cyclic Voltammetry
and Linear Sweep Voltammetry under Oz or N»-saturated neutral PBS

Samples E max (V) Volumetric Power Coulombic Efficiency
(Wm-3) (C.E)
OMW 2 0.12+0.01 0.55+0.08 6.8+ 1.0
OMW _3 0.37 £ 0.02 5.00 £ 0.65 99+15
CTRL 0.13+0.01 0.60 £ 0.10 81+10

At last, the coulombic efficiency (CE) calculated for each cathode was compared (Table
3). The CE obtained from OMW _3 was 9.9 + 1.5%, while for OMW _2 the value of CE
was lower than MFCs modified with OMW _3 and CTRL. The results achieved during the
microbial fuel cell test confirmed those obtained during the cyclic voltammetry
experiments, where OMW _3 showed the highest ORR activity (Table 3). Data from the
MFCs test were compared with results reported in literature. Li et al., (2018) [10] tested
biochars derived from corncob as an oxygen reduction catalyst in the air cathode microbial
fuel cells, obtaining a maximum output voltage and power density of 0.221 V and 0.458
Wm? respectively. Furthermore, Zhong et al., (2019) [11], reported MFC performances by

using nitrogen-doped biochar derived from watermelon rind as oxygen reduction catalyst



in air cathode microbial fuel cells. In this case, a maximum output voltage of 0.27 V was
achieved, corresponding to a maximum volumetric power of 0.262 Wm. In both cases,
data were comparable to the results obtained in this work, confirming that activated biochar
obtained from olive mill waste is suitable as a catalyst for ORR in the air cathode of a

microbial fuel cell.

4. Conclusions

Electrochemical characterization of biochar-based catalysts derived from olive mill waste
and pistachio nut shells demonstrated good catalytic activity towards oxygen reduction
reaction in neutral media. This beneficial catalytic activity is likely attributed to the wide
variety of oxygen and nitrogen surface functionalities of the biochar and high
electrochemical surface area; there was no distinct correlation of activity to oxidizable
carbon content of the activated biochars. Microbial fuel cells equipped with biochar
cathodes confirmed the results of the electrochemical tests. One activated biochar in
particular — olive mill waste pyrolyzed at 600°C for 30 min, followed by CO: activation
for 45 min at 800°C, achieved higher performance than conventional carbon black

cathodes.
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