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Abstract

The sluggish nature of the cathodic oxygen reduction reaction (ORR), and the expensive price of the precious metal-based
nanocatalysts are the biggest obstacles to the practical applications of cutting-edge technologies including metal—air batteries
and fuel cells. Hence, it is crucial to engineering a scalable-production pathway for the fabrication of a high-performance
ORR catalyst. Herein, it was aimed to boost the performance of the ORR in neutral media, especially for microbial fuel cells,
by tailoring a biomass-derived ORR electrocatalyst. In this regard, with the approach of nanochemistry, which is concerned
with the fabrication of building blocks that vary in size, surface, shape, and defect characteristics, iron- and nitrogen-doped
activated carbon framework (Fe,N-AC) was derived from waste orange peels by a two-stage pathway comprising microwave-
assisted chemical activation and the thermal annealing processes. The physicochemical characterizations confirmed the
successful co-doping of iron and nitrogen atoms to the activated carbon skeleton with the hierarchically ordered porous
structure. Thanks to the interdependent effects of metal and heteroatoms in the structure, as well as the enlarged specific
surface area (1098 m”.g™!), Fe,N-AC catalyst offered a superior ORR activity thru the 4-electron transferring way (n=3.969)
with long-term stability (81.4% retention of initial current over the period of 7200 s). The half-wave potential was deter-
mined as 0.871 V by the introduction of iron and nitrogen to the nanoarchitecture, implying the boosting impact of the iron
and nitrogen decoration. Moreover, the exceptional electrocatalytic activity of Fe,N-AC was validated by an onset potential
of 0.951 V that was ca.16 mV smaller than that of Pt/C catalyst (0.967 V). The accelerated S*~ poisoning test of Fe,N-AC
catalyst was outperformed to Pt/C catalyst, thereby foreboding its practical utilization in MFCs. The current loss of Pt/C
catalyst was determined almost five times that of Fe,N-AC catalyst at 5 mM S*~ concentration. The findings paved the course
for the engineering of the state-of-the-art low-cost nanocatalyst by converting agricultural biomasses to a multi-functional
advanced material to be employed in sustainable energy conversion systems.
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Introduction

In addition to the outstanding efforts made for the utili-
zation of green technologies to overcome the energy cri-
sis, various subclasses of fuel cells (FCs) including direct
alcohol FCs, microbial FCs, proton-exchange membrane
FCs, etc., have been considered among the most promising
alternative energy conversion systems owing to their supe-
rior advantages such as excellent efficiency and negligible
greenhouse gas emission values [1-4]. Microbial fuel cells
(MFCs), regarded as a viable prospect for renewable energy
and green technology approaches, are the contemporary
energy conversion systems that generate power via electro-
chemically microorganisms to catalyze the decomposition
of biodegradable organic wastes [5]. In the cathode of the
microbial fuel cells (MFCs), the oxygen reduction reac-
tion (ORR) occurs, and its slow reaction kinetics hinders
mainly the whole performance of the cell [6, 7]. Although
noble metal-based electrocatalysts, especially Platinum (Pt),
have been widely employed in MFCs to boost the reaction
kinetics, they suffer from poor stability and poisoning from
toxic intermediates, as well as their high-cost accounting
for over half of the entire price of the cell. [8, 9]. Hence,
it is of substantial importance to boost the electrocatalytic
performance of the nanocatalyst while lowering the cost of
the cell [10]. Thanks to the state-of-the-art advancement in
nanotechnology, accompanied by the fabrication of novel
nanocomposites such as metal-based [11-14], polymeric-
based [15, 16], carbon-based [17, 18], etc. they have been
employed in distinct areas including energy storage and con-
version systems [19-22], environmental implementations
[23-27], electrochemical (bio)sensors [28-32], pharma-
ceutical [33-36], antibacterial applications [37-39], (photo)
catalysis [40, 41], etc.

Bimetallic or ternary nanocomposites fabricated by
combining transition metals and noble metals have previ-
ously been reported to perform better [42, 43]. Furthermore,
using a lower percentage of noble metal catalyst, the cost
of the catalyst can be decreased. On the other hand, it is
also possible to reduce the catalyst cost by designing noble
metal-free electrocatalysts with high-catalytic activity, such
as metal nitrides [44], metal/metal oxides [45, 46], metal
chalcogenides, carbonaceous material supported metal cata-
lysts [47], heteroatom-doped carbon structures, etc. [48—50].
Furthermore, noble metal-free nanocatalysts have recently
garnered a lot of interest since they have a tolerance to toxic
poisoning intermediates, are of relatively low price, and
offer long-term operating stability [51, 52]. Additionally,
amongst numerous carbon-based nanostructures, activated
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carbon-based nanocatalysts have been regarded as one of
the feasible nanocatalysts for ORR, thanks to their adjust-
able porous structure, tunable surface morphology, superior
electrical conductivity, and a possibility to be synthesized
from lignocellulosic agricultural wastes [53—-57]. Processing
of agricultural waste to a value-added material, namely acti-
vated carbon, is considered to be a promising way of waste
management. However, there have been limited investiga-
tions on the tailoring of the agricultural waste-based acti-
vated carbons towards enhancing their ORR electrocatalytic
activity and utilizing them in MFCs [58—60].

Surface engineering of the carbon-based materials with
heteroatoms or metal nanoparticles can remarkably enhance
their electrochemical activities thanks to enhanced electronic
conductivity and increased number of electrochemically
active sites [61]. Moreover, by accompanying the carbon
skeleton it is possible to stabilize the metal nanoparticles,
thereby improving the long-term stability of the electrocata-
lyst [51]. The synergistic influence of metal nanoparticles
and heteroatoms doped onto high specific surface area car-
bon skeletons with high electrical conductivity is among the
most well-known approaches of catalyst surface engineering
[62].

With the above in mind, the fabrication of a cost-neutral
high-performance ORR electrocatalyst that can be employed
as a cathode catalyst in MFCs was aimed. It is worth noting
that waste orange peels are a kind of lignocellulosic waste
especially originated from in the juice beverages industry,
thereby meaning it is of substantial potential for the engi-
neering of carbon-based nanomaterials to be utilized in vari-
ous applications. Considering this it was aimed to fabricate
waste orange peel-derived activated carbon frameworks by
microwave-assisted chemical activation process, followed
by iron and nitrogen co-doping by thermal annealing pro-
cess. Although up to now, the inclusion of both nitrogen
and iron into various carbon architectures to fabricate an
efficient ORR catalyst has been investigated [47, 63—-65], to
the based on the authors’ information, this will be the first
paper that investigates the ORR catalytic activity of the iron
and nitrogen dual-decorated waste orange peel-derived acti-
vated carbon frameworks. The interdependent effect of dual
decoration of nitrogen and iron nanoparticles on the electro-
catalytic activity of biomass-derived carbon frameworks was
highlighted in this study. Herein, it was desired to furnish
a facile production pathway that meets the demands of sus-
tainability and to engineer cost-effective functional nano-
composites with high electrocatalytic activity. In this regard,
following the physicochemical characterization of the nano-
structures, the electrochemical performance of the proposed
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nanocatalyst towards ORR in alkaline media was explored
through cyclic voltammetry (CV), linear sweep voltammetry
(LSV), and chronoamperometry (CA) techniques. Moreover,
the sulfide poison tolerances of the electrocatalysts were also
investigated by CA measurement, as well as stability tests.
The findings offered that the Fe,N-AC catalyst was capable
of tremendously boosting the performance of the MFC in
comparison to bare AC, and commercial Pt/C.

Experimental
Fabrication of AC

Activated carbon frameworks were fabricated by the thermal
treatment procedure, following by microwave-assisted chem-
ical activation of dried waste orange peels in the existence of
H;PO,. The collected waste orange peels were thoroughly
scrubbed with a huge quantity of tap water, followed by
deionized (DI) water, and allowed to dry in a vacuum oven
at 80 °C until reached the constant weight [27]. Following
that, the dried waste orange peels were crushed and sieved
into a particle size ranging 250-500 pm and labeled as OP.
Afterward, the acid washing pre-treatment was conducted. In
this regard, 25 g of OP was introduced into a beaker contain-
ing 250 mL, 0.1 M HCI, and stirred at ambient temperature
over 5 h. It was then filtered and rinsed with hot DI water
until the pH reached 7.0. Then, the acid-washed OP was
dried at 90 °C overnight and denoted as p-OP.

In the following step, a microwave-assisted chemical acti-
vation process was implemented in the existence of H;PO,
(85% wt.). As-obtained p-OP was coupled with a certain
amount of H;PO, (1:3 by weight), then placed into the Tef-
lon-lined beaker, and allowed to impregnation of acid to the
carbon precursor under stirring at ambient temperature for
72 h. Subsequently, the Teflon-lined beaker was placed into
a microwave furnace and treated at 900 W, 2.45 GHz for
45 s. Followed by the microwave pre-treatment, the resultant
sample was transferred into a quartz-tube furnace and the
temperature was raised up to 450 °C (with a heating rate of
10 °C per minute) under a constant nitrogen gas flow rate,
and it was maintained at this temperature over one hour. The
resultant sample was bathed with hot water and then dried
overnight at 80 °C. The eventual product was denoted as
activated carbon (AC).

Fabrication of Fe,N-AC frameworks

The iron and nitrogen dual-decorated AC frameworks were
synthesized by a facile thermal annealing process. In this
regard, 1.0 g Iron(IIl) chloride was dispersed in 50 mL
ethanol, followed by 50 mL ethylenediamine, as a nitrogen
source, was introduced to the Iron(III) chloride—ethanol

dispersion to result in FeN, species. Subsequently, 5.0 g of
as-prepared AC was gently supplemented into the disper-
sion and continuously stirred over 24 h at 60 °C. Afterward,
the resultant mixture, was placed into the vacuum oven and
allowed to evaporate off the solvent at 90 °C. Following that,
the obtained powder was thermally treated at 800 °C under
nitrogen gas flow for over 1 h. Once the resultant sample
cooled down to the ambient temperature, it was soaked into
the 0.01 M HCI solution, followed by stirring over one hour
to eliminate the residual iron species, filtered, and purged
with deionized water until pH reached ca.7.0. At last, it was
allowed to dry at 80 °C over 24 h in a vacuum oven. The
final sample was labeled as Fe,N-AC.

Physicochemical characterizations
of nanostructures

The physicochemical features of as-synthesized nanostruc-
tures were characterized via field-emission scanning electron
microscope (FESEM), transmission electron microscope
(TEM), X-ray diffraction (XRD), N, adsorption—desorp-
tion isotherms, and X-ray photon spectrometer (XPS). Fur-
ther information on the characterization techniques and the
brands of each equipment were provided in the S.M. file.

Electrochemical characterization of nanostructures

The electrochemical characterizations of the catalysts were
investigated in a typical three-electrode setup in which Pt-
wire was employed as the counter electrode, whereas Ag/
AgCl (3.0 M KCl]) took role as reference electrode. The
rotating disk electrode (RDE) modified by catalyst ink, on
the other hand, was exploited as the working electrode. The
details for the preparation of catalyst ink and electrode modi-
fication procedure were supplied in S.M.

The electrochemical analysis consisting of CV, LSV,
and CA techniques were conducted on Gamry Reference
600 + workstation at ambient temperature. To assure the
accuracy of the experiment, all electrochemical studies were
carried out in triplicate. Moreover, by means of the Nernst
Equation (see S.M. for details), all potentials in this work
were normalized to a reversible hydrogen electrode (RHE).

The electrocatalytic features of the nanocatalysts towards
ORR in neutral media were first assessed by CV responses in
0,- and N,-saturated 0.1 mol.L ™! phosphate buffered saline
solution (PBS, pH=7.0) electrolyte at room temperature,
with a potential sweep rate of 15 mV.s™!. LSV curves were
recorded at varied rotational speeds ranging between 400 to
1600 rpm at 10 mV.s~!. The number of transferred electron
was computed with the help of the Koutecky—Levich model
(the details are provided in S.M.).

The accelerated sulfur poisoning experiments were car-
ried out by means of the chronoamperometry approach in
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0.1 mol.L"! PBS at 0.1 V (vs. Ag/AgCl (3.0 M KCl)) in a
typical 3-electrode cell as stated above. At the end of almost
60 min period of time when the stable current was acquired,
Na,S solutions with various concentrations ranging from 0.1
to 20.0 mM were introduced to the 0.1 mol.L~! PBS solu-
tion. After that, the normalized value of the current losses
depending on the concentration of S*~ were plotted vs. time.
Moreover, the stability of the as-synthesized electrocatalyst
was explored by chronoamperometry analysis over a period
of 7200 s at a rotational speed of 1600 rpm in O,-saturated
electrolytes.

Results and discussion

Evaluations of physicochemical characteristics
of nanostructures

The SEM micrographs of the samples are illustrated in Fig. 1
to examine their morphology. The SEM of OP (Fig. 1A)
implied the irregular bulk-surface structure formed by mon-
olith plates with almost no holes/cavities possibly with a low
specific surface area. The SEM images of p-OP (Fig. 1B)
and AC (Fig. 1C), on the other hand, offered porous struc-
ture contributing to the increase in the specific surface area
as a consequence of acid treatment and microwave-assisted
activation steps. It was determined that p-OP was of a mor-
phology that was uneven and heterogeneous on the sur-
face (Fig. 1B), attributing to the fact that H;PO, treatment

resulted in crumbly and rough surfaces as well as voids of
various widths. At the end of microwave treatment, the sur-
face of AC (Fig. 1C) became more regular with an ordered
micro-and mesoporous structure, ascribed to the effect of
microwave-assisted acid activation. The surface morphol-
ogy of iron and nitrogen dual-decorated AC was explored
by different magnification scanning electron microscopy
images (Fig. 1D, E). A highly porous ordered carbon struc-
ture was observed, revealing its high specific surface area
due to the increased active edges as a result of the iron and
nitrogen doping process. It was obviously detected that the
crater-like structures with thin walls were formed in the
presence of iron and nitrogen species (Fig. 1E). The craters
on the surfaces of carbons appear to be the consequence of
the departing of phosphoric acid by evaporation from the
space formerly filled by it, during the thermal treatment step
[66]. TEM recordings were used to further investigate the
morphology and architecture of the Fe,N-AC nanostructure
(Fig. 1F). Several nanoparticles ranging in size between 5
and 30 nm were observed in the TEM micrograph of Fe,N-
AC as shown in Fig. 1F.

The powdered X-ray spectrometry was performed in the
20 range of 10°-90° to determine the crystalline nature of
the Fe,N-AC nanostructure (Fig. 2A). The XRD spectra of
Fe,N-AC offered the characteristic peaks of both carbon
and zero-valent iron atom. The wide peak appeared at ca.
20= 24.4° was ascribed to the (002) crystalline plane of
hexagonal structure carbonaceous materials [67], whereas
the peaks detected at 20 of ca.44.8°, 65.1°, and 82.2° were

Fig. 1 The scanning electron microscopy images of A OP, B p-OP, C AC, and D, E Fe,N-AC, and F the transmission electron microscopy image

of Fe,N-AC
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frameworks

ascribed to the (110), (200), and (211) planes of zero-
valent iron atoms (JCPDS card #06-0696) [68, 69]. Moreo-
ver, for comparison, the XRD spectrum of waste orange
peel-derived AC sample is presented in Fig. S1. The peaks
that appeared at approximately 2 6=24.2° and 42.8° in
the XRD diffraction pattern of the as-fabricated AC were
assigned to the (002) and (100) facets of carbonaceous
materials, respectively. The XRD spectra confirmed the
successful synthesis of Fe,N-AC, as well as the purity of
the nanostructure.

The full range XPS spectra of the Fe,N-AC frameworks
are illustrated in Fig. 2B to explore and confirm the chemical
composition of the structure. There was only Cls, N1s, Ols,
and Fe2p peaks were detected in the full range XPS spec-
tra at almost 284.9 eV, 398.2 eV, 530.6 eV, and 710.7 eV,
respectively. The XPS survey demonstrated the effective

integration of nitrogen and iron atoms into the activated
carbon frameworks, as well as the nanostructure’s purity.
The specific surface area and PSD curve of as-syn-
thesized AC and Fe,N-AC frameworks were explored
by nitrogen adsorption—desorption investigations. The
BJH curve and the BET isotherm of AC sample were
also provided in Fig. S2. The results demonstrated that
the nitrogen adsorption—desorption isotherm of AC cor-
responded to the type IV isotherm with the H4 hysteresis
loop, which was attributed to the thin slit-like organized
micro- and mesopores [70]. The specific surface area of
AC sample was obtained as 1019 m?.g™! according to
BET analysis. The total pore volume of AC was deter-
mined as 0.418 cc.g™!, and the BJH curves of bare AC
sample confirmed the formation of ordered micro- and
mesopores which were in accordance with SEM images.

o’
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The BET surface area of the Fe,N-AC was computed as
ca.1098 m*.g~! with the help of N, adsorption—desorption
isotherm (Fig. 2C), which was well-suited to the type IV
isotherm having a hysteresis loop of H3 type, display-
ing the micro-and mesoporous besides the tiny macropo-
res. The findings were in accordance with the scanning
electron micrographs of the Fe,N-AC. The BJH pore size
distribution curve (Fig. 2D) confirmed the ordered micro-
and mesoporous structures with a cumulative adsorption
pore volume of 0.986 cc.g™!. It was expected that thanks
to the large pore volume and the high specific surface
area, the electrocatalytic performance would be facilitated
by permitting the easy transfer of the ions throughout the
pore channels with lowered charge transfer resistance.
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Evaluations of electrocatalytic performance
of Fe,N-AC frameworks

The ORR activity of Fe,N-AC frameworks was explored
first by CV experiments at 15 mV.s™! scan rate in N,- and
O,-saturated neutral electrolyte of PBS (Fig. 3A). Although
there was no visible peak detected in the nitrogen-saturated
electrolyte, the significant peak appeared at ca.0. 850 V in
oxygen-saturated electrolyte for Fe,N-AC revealed its elec-
trocatalytic activity towards ORR (Fig. 3A). The potential
of the reduction peak was determined so closed to the Pt/C
electrocatalyst (0.853 V). The hump observed at anodic CV
scan of Fe,N-AC in the O,-saturated electrolyte was ascribed
to the pseudocapacitive effect of both Fe nanoparticles and
N atoms. It was revealed that the bare AC framework, on the
other hand, was of a negligible catalytic activity since there
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was a slight oxygen reduction peak observed at ca.0.698 V
(Fig. 3A). Moreover, in comparison to the CV curves in
oxygen-saturated electrolyte for bare AC network, it was
obviously concluded that the inclusion of iron and nitrogen
species into the structure endowed the electrocatalytic activ-
ity towards ORR. However, it would be better to mention
that both Fe,N-AC and bare AC were of capacitive behavior,
confirmed by a semi-rectangular CV curve with high current
density values. As a result, these results illustrated that Fe,N-
AC framework would have a low overpotential and enhanced
ORR catalytic activity.

Moreover, to assess the catalytic activity LSV curves
of catalysts were acquired a rotational rate of 1600 rpm in
oxygenated electrolyte and compared (Fig. 3B). Although
the LSV curve of bare AC revealed nearly no ORR activity,
effective ORR electrocatalytic activity of Fe,N-AC with a
4e” transfer way was affirmed by a well-defined diffusion
plateau. The half-wave potential (E;,,) value of bare AC
boosted almost 1.2-fold and reached 0.871 V with the intro-
duction of iron and nitrogen to the structure, implying the
boosting impact of the iron nanoparticles and nitrogen atoms
(Fig. 3B). The E,;, value of Pt/C, on the other hand, was
determined to be 0.852 V at the same condition. Moreover,
the outstanding electrocatalytic performance of Fe,N-AC
nanocatalyst was also proved with the onset potential (E,,)
of 0.951 V which was only ca.16 mV lower than that of Pt/C
(0.967 V). These findings were promising in comparison to
other reported ORR electrocatalysts for neutral media and
offered the remarkable superiority of the synthesized nano-
catalysts [71-77].

The linear sweep voltammograms of Fe,N-AC catalyst
obtained at varying rotational speeds in oxygenated electro-
lyte were presented in Fig. 3C. High rotation speeds result
in instantaneous transportation of the oxygen molecules
to the electrode surface and, as a result, higher diffusion
limiting current densities (j; ) could be achieved as rotation
speeds increase due to the shorter diffusion distance. It was
confirmed with the help of K-L plots (Fig. 3D) extracted
from linear sweep voltammetry curves at varied rotational
rates that the Fe,N-AC electrocatalyst catalyzed the ORR
occurred through the 4e™ transfer mechanism (n=3.969).
In comparison, the n value for the bare AC catalyst was also
computed as 2.73, indicating that bare AC might catalyze
oxygen reduction reaction via a direct 2¢~ pathway with a
high peroxide yield [78]. Hence, it can be speculated that

introducing iron and nitrogen atoms to the AC framework
facilitates the reduction of O, molecules to H,O molecules
via the 4¢™ transfer mechanism [79]. The various iron—nitro-
gen-doped carbonaceous neutral media ORR electrocatalysts
were compared in Table S1. The reported values of electron
transfer numbers offered that the as-synthesized Fe,N-AC
was of superior to or comparable performance with the simi-
lar electrocatalysts.

The obtained parameters related to the electrocatalytic
features of nanocatalyst towards the ORR were tabulated
in Table 1. Although the sluggish reaction kinetics of oxy-
gen reduction at bare AC, these findings indicated that the
presence of iron and nitrogen atoms can significantly boost
the intrinsic activity of Fe,N-AC. Additionally, it is worth
noting that the charge/spin distribution caused by nitrogen
doping is mostly responsible for the electrocatalytic activity
of carbonaceous nanocatalyst [80]. The presence of large
mesoporous also aided the oxygen transportation, and a cer-
tain amount of micropores on the Fe,N-AC frameworks also
boosted the electrochemically active sites. In brief, thanks to
the prevention of aggregation of iron nanoparticles, enhanc-
ing the electrochemically active sites, the ordered porous
carbon structure with high specific surface area derived
from agricultural waste, and the contribution of nitrogen-
comprising surface functionalities, the ORR performance
was significantly boosted.

The sulfide/sulfate ion poisoning of the Pt catalyst is
another critical constraint to consider in the actual imple-
mentation of microbial fuel cells. $*~ and SO*~, two typical
wastewater components, are known to reduce Pt electrocata-
lytic activity in microbial fuel cells [81, 82]. Hence, the poi-
soning tolerance of Fe,N-AC was assessed by the divergence
between the initial current and the current obtained after
injecting the S™2 species at a specific concentration. The
current losses were computed as a function of the S*~ con-
centration as well (Fig. 4A). The current loss of Pt/C catalyst
was ca.5 folds of that of Fe,N-AC catalyst at an S~ concen-
tration of 5 mM. These findings corroborated the findings
of the chronoamperometry studies (Fig. 4B) performed to
evaluate the catalyst's stability. The Fe,N-AC catalyst pre-
served 81.4% of its initial catalytic activity, whereas that
was determined only 65.1% for Pt/C catalyst. Pt/C swiftly
lost its initial activity, attributed to its poor tolerance for
toxic S? species, and performed poorly when compared to
Fe, N-AC. These experiments revealed that the Fe,N-AC

Table 1 The comparison of

X Catalyst ORR peak potential ~ E ... (Vvs.  E;, (Vvs. RHE) Mayerage jr (mA.cm™2)
electrocatalytic performa.nce (V vs. RHE) RHE) ¢
parameters of as-synthesized
nanocatalysts AC 0.698 0.801 0.724 3.73 -2.98
Pi/C 0.853 0.967 0.850 3.996 —-4.71
Fe,N-AC 0.850 0.951 0.870 3.969 —5.58
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framework had significantly superior poisoning tolerance
and long-term durability than Pt/C in the same microbial
fuel cell operating conditions.

Conclusions

Herein, a simple and sustainable fabrication pathway to the
engineering iron- and nitrogen-doped activated carbon from
waste orange peels with a nanochemistry approach was pro-
posed. The synthesized Fe,N-AC frameworks were assessed
to be employed as a possible ORR electrocatalyst for the
MEFCs. The electroactivity of waste orange peel-derived
AC catalyst towards ORR in neutral media was consider-
ably boosted by the dual decoration of zero-valent iron
nanoparticles and nitrogen atoms to the nanostructure. This
phenomenon was linked to the lowering of diffusion resist-
ance and charge transfer resistance thanks to the enlarged
BET surface area of 1098 m?.g™!, comprising of abundant
micro- and mesopores, as well as the interdependent effect
of the Fe nanoparticles and N atoms. The ORR mechanism
was altered from the 2e¢~ pathway (n=2.73 for bare AC)
to the 4¢™ mechanism (n=3.969 for Fe,N-AC), thanks to
the superior electrochemical features of Fe,N-AC frame-
work with abundant electrochemically active sites. The
improved activity of fabricated Fe,N-AC catalyst was fur-
ther validated by its E ., value of 0.951 V, that was only
about 16 mV smaller than that of Pt/C (E,,,,=0.967 V).
The high specific surface area of waste orange peel-derived
activated carbon frameworks allowed metal nanoparticles to
disperse uniformly without aggregation, thereby enhancing
the electrocatalytic activity. In comparison to conventional
Pt/C catalyst, the Fe,N-AC frameworks offered exceptional
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tolerance to poisonous S>~ contaminants, besides its superior
stability (81.4% over the period of 7200 s). The employment
of the as-synthesized Fe,N-AC as a cathode catalyst can,
thus, significantly facilitate power generation in MFCs, and
also its application in microbial fuel cells for wastewater
treatment should be possible, thanks to its superior tolerance
to poisoning species. In brief, this work could open up a
viable route for catalyst engineering of low-cost ORR elec-
trocatalysts from sustainable biomass precursors, together
with outstanding catalytic activity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40097-022-00492-3.
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