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HIGHLIGHTS

e ORR kinetics in neutral medium are slower compared to acidic or alkaline media.
e O, can adsorb onto electrocatalyst surfaces through three distinct modes.
o Novel (bio)cathode designs will enhance ORR kinetics in neutral media.

ARTICLE INFO ABSTRACT

Keywords: Oxygen reduction reaction (ORR) is a key electrochemical process with significant implications at the industrial
Oxygen reduction reaction (ORR) level from energy conversion/storage to corrosion protection and production of valuable chemicals. Oxygen is
Neutral pH

also critically involved in biological systems at the level of the respiratory chain, allowing the development of
several biomimicking bioelectrochemical devices encompassing microbial fuel cells (MFCs) and enzymatic fuel
PGM-Free electrocatalysts . . . . . . .

R . cells (EFCs) exploited for power generation, organics transformation, water desalination, biosensing and other
Multicopper oxidases (MCOs) o X X X R L K K
Bacterial ORR-Electrocatalysts applications. Many studies on ORR mechanisms in near-neutral environments for potential integration with
bioprocesses are currently ongoing with many phenomena still to be explained, especially concerning biotic and
abiotic electrocatalysts. This comprehensive review aims at summarizing the state-of-the-art for each electro-
catalyst category, namely: noble-metal/transition-metal-based/carbonaceous electrocatalysts, enzymes, and
bacterial cells. In particular, the performances are compared based on their ORR mechanisms, quantitatively
discussing the practical limitations, and addressing the technological challenges of their integration in sustain-
able electronics.

Platinum group metals (PGM) electrocatalysts

operational stability, including enzymatic fuel cells, microbial fuel cells,
and advanced bioelectronic devices [5-8]. However, the kinetics of ORR

1. Introduction in neutral conditions are inherently slower compared to acidic or alka-
line environments due to reduced proton activity ([H'] ~ 1077 M)

Oxygen reduction reaction (ORR) is a fundamental electrochemical affecting both Oy adsorption on electrocatalyst surfaces and ORR in-
process that underpins the performance of energy conversion systems termediates stabilization through proton-coupled electron transfer

such as fuel cells and metal-air batteries [1-4]. In neutral media, ORR is (PCET), such as superoxide (O;7) and hydrogen peroxide (H202)
particularly relevant for applications requiring biocompatibility and
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List of abbreviations

4-ABA  4-aminobenzoic acid

AQS anthraquinone sulfonate
AuNPs  gold nanoparticles

BESs bioelectrochemical systems
BET Brunauer-Emmett-Teller

BNC heme-copper binuclear center
CcO cytochrome c oxidase

CPA carbon paper

CPs conductive polymers

CuBTT  Cu-based complex

DBA 1-dodecylboronic acid

DET direct electron transfer

DFT density functional theory
EAB electroactive biofilms

Ep binding energy

ECSA electrochemically active surface area
EFCs enzymatic fuel cells

EPS extracellular polymeric substances
ET electron transfer

GDE gas-diffusion electrode

GNPs glyconanoparticles

HBM hybrid bilayer membrane

IRRAS infrared reflection absorption spectroscopy
LD-EET long-distance extracellular electron transport
M-N-C  metal-nitrogen-carbon

MCOs  multicopper oxidases

MFCs microbial fuel cells

MIC microbiologically influenced corrosion
MnOOH manganese oxyhydroxide

MSC microbial solar cell

MvBOD  bilirubin oxidase

MWCNT multi-walled carbon nanotube
NI native intermediate

O-CNTs oxidized carbon nanotubes
Osads adsorbed O,

OCV open circuit voltage

OFGs oxygen functional groups

ORR oxygen reduction reaction

OSET oxygen single-electron transfer
PBSE 1-pyrenebutanoic acid N-hydroxysuccinimide ester
PCET proton-coupled electron transfer
PDMS polydimethylsiloxane

PEG polyethylene glycol
PGM platinum group metals

PI peroxy intermediate

Pt platinum

PTFE polytetrafluoroethylene
RDS rate-determining step

RGO reduced graphene oxide
RHE real hydrogen electrode

ROS reactive oxygen species

SAM self-assembled monolayer

SS stainless steel

T3u,0H bridge T3 copper hydroxy bridge
Ti titanium

TM-N-C transition metal-nitrogen-carbon
TNC trinuclear copper center

TPI three-phase interface

ZNCs silicalite-1 nanocrystals

[9-11]. Additionally, O, adsorption is influenced by the electrostatic
interaction between O and the surface charge of the electrocatalyst [12,
13]. At neutral pH, many electrocatalysts exhibit reduced surface charge
densities compared to acidic or alkaline conditions, which weakens the
electrostatic attraction and diminishes O, binding to the active sites [14,
15]. Furthermore, H,O molecules, abundant in neutral media, can
occupy active sites, blocking O, adsorption and reducing the availability
of sites for ORR [16,17]. This competition is particularly pronounced on
electrocatalysts with hydrophilic surfaces or poor Oy selectivity [18].
However, protonation is also essential for stabilizing superoxide (O2~)
and hydrogen peroxide (H;0,) as intermediates, because O, is typi-
cally converted to the hydroperoxyl radical (HO, ) further converted to
H,0, [19]. Neutral pH slow these protonation reactions leading to the
accumulation of unstable intermediates [20]. This impairs the overall
reaction kinetics and shifts ORR mechanism towards less efficient 2e™
pathway, where Hy05 is produced as the final product instead of HoO
[21,22].

Addressing these challenges is crucial for developing energy-efficient
and environmentally friendly systems capable of operating in mild or
biologically relevant conditions [23]. In particular, noble-metal elec-
trocatalysts, such as platinum or platinum group metals, PGMs), are
widely regarded as “standards” due to their high activity and selectivity
for the 4e™ reduction pathway, which directly converts Oz to HyO [24].
However, their high cost and limited availability have spurred interest in
alternative materials. Transition metal-nitrogen-carbon (TM-N-C) elec-
trocatalysts have emerged as promising non-precious alternatives, of-
fering high catalytic activity, structural versatility, and economic
feasibility [25]. Similarly, carbon-based materials, such as graphene and
nitrogen-doped carbons, have gained attention for their abundance and
adaptability, although they often favor the 2e™ pathway, leading to the
production of H,O, [26]. Biological catalysts, including enzymes like

multicopper oxidase (MCOs, e.g., laccases, bilirubin oxidases etc.),
provide excellent selectivity for the ORR in neutral conditions but suffer
from stability and operational challenges [27,28]. Artificial enzymes (e.
g., supramolecular electrocatalysts) represent an innovative approach
by mimicking enzymatic active sites to achieve enhanced catalytic
performance [29]. Additionally, electrogenic bacteria capable of extra-
cellular electron transfer, such as Geobacter sulfurreducens, have opened
new avenues for ORR in microbial fuel cells (MFCs) and other bio-
electrochemical applications [30-32]. Mechanistic studies from the past
five years have elucidated the roles of molecular adsorption, electron
transfer, and intermediate stabilization on these electrocatalysts, offer-
ing valuable insights for optimizing ORR performance in neutral media
[11,33].

Notably, O, adsorption onto electrocatalyst surfaces is a crucial step
in ORR, as it initiates the subsequent reduction processes [24,34]. The
process begins with the physical adsorption through weak interactions,
followed by chemisorption, where O, molecules form stronger bonds
with the active sites on the electrocatalyst surface [18]. For noble-metal
electrocatalysts like platinum (Pt/C), O typically binds in configura-
tions that weaken the O-O bond, facilitating electron transfer and
enabling the formation of reactive intermediates such as superoxide
(027) and hydroperoxyl (HO;) [35]. These intermediates are then effi-
ciently reduced to H,O via a kinetically favorable pathway. In contrast,
non-noble metal and carbon-based electrocatalysts often have weaker
O, adsorption due to differences in electronic structure, which can result
in partial reduction pathways and increased stabilization of in-
termediates [36-38]. Enzymatic and microbial electrocatalysts employ
distinct adsorption mechanisms, where O, interacts with active sites
such as metal centers or enzyme complexes, often enabling specific re-
action pathways [39,40]. Factors such as proton concentration, surface
charge, and water competition also influence the adsorption process at
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neutral pH, impacting the efficiency and selectivity of the ORR [41].
Understanding and optimizing these adsorption mechanisms are critical
for improving catalytic performance in neutral environments.

Moreover, detecting superoxide (O~ ) and hydrogen peroxide
(H,0y) as intermediates of the ORR at neutral pH is critical for under-
standing the reaction mechanism and improving electrocatalyst effi-
ciency [37,42,43]. These intermediates play a key role in determining
whether the ORR proceeds via the 2e” or 4e” pathway, with the latter
being more desirable for the direct reduction of O to HoO [9]. Accu-
mulation of Oy~ or H,0 indicates inefficient electrocatalysis leading to
energy losses and potential degradation of the electrocatalyst [44,45].
For noble-metal electrocatalysts, such as platinum, optimal O, binding
helps suppress intermediate formation. Non-noble metal and
carbon-based electrocatalysts can be tuned by introducing dopants, such
as nitrogen or transition metals, to enhance active site reactivity and
improve intermediate reduction. Additionally, coupling electrocatalysts
with proton donors or facilitating PCET can promote the conversion of
intermediates into HyO [46].

Recently, Santoro et al. have summarized recent findings on ORR
mechanisms over inorganic electrocatalysts, enzymatic systems, and
bacterial platforms, emphasizing electron transfer (ET) pathways, limi-
tations, and specific applications in bioelectrochemical systems (BESs).
Future directions and challenges for ORR in circumneutral pH envi-
ronments focus on bridging the gap between fundamental mechanistic
insights and practical implementation in sustainable technologies [47].

Differently, this review focuses on two critical aspects of ORR: Oy
adsorption and the stabilization of intermediates, particularly superox-
ide (0O27) and hydrogen peroxide (H203). It examines the mechanistic
challenges associated with O binding to electrocatalyst surfaces and the
subsequent reduction pathways, emphasizing the interplay between
adsorption efficiency and intermediate stabilization across various
electrocatalysts. Noble-metal, non-noble-metal, and carbonaceous
electrocatalysts are compared in terms of their ability to promote effi-
cient Oy adsorption and manage intermediates, with a focus on opti-
mizing binding energies and electrocatalytic performance. Enzymatic
and bacterial systems are explored for their unique mechanisms of in-
termediate stabilization and their implications for bioelectrochemical
systems (BESs). The discussion highlights the importance of designing
electrocatalysts that can effectively adsorb Oy while minimizing the
accumulation of reactive intermediates, thereby favoring the direct
reduction of Oz to H20, as shown in Fig. 1. The review concludes by
addressing strategies to enhance ORR performance at neutral pH
through mechanistic insights into adsorption and intermediate control,
paving the way for advancements in sustainable energy and bio-
electronic applications.

O——=0—m>»
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2. Oxygen reduction reaction (ORR): adsorption mechanisms
and limiting steps

0O molecules can adsorb onto electrocatalyst surfaces through three
distinct modes: Griffith-type mode, where O, binds either via side-on
coordination to a single electrocatalytic site or via end-on interaction
with a single electrocatalytic site; Pauling-type mode, where O, attaches
end-on to a single electrocatalytic site; and Yeager-type mode, where O4
forms a side-on bridge across two adjacent electrocatalytic sites [48,49].
O, adsorption mechanisms play a key role in addressing ORR, as shown
in Fig. 2.

Particularly, the Griffith-type adsorption mechanism relies on the
formation of electrocatalyst (low energy state)-O, bond due to weak
chemical bonds or van der Waals interactions with the surface atoms. O,
molecule remains intact with little distortion or activation. The mech-
anism does not involve a substantial weakening of the O-O bond, which
limits its ability to facilitate subsequent reduction steps in ORR. While
the Griffith-type adsorption mechanism is thermodynamically favored,
it is generally not effective for catalyzing ORR because it fails to activate
O, for the reduction process. Stronger binding or dissociation of O, is
typically required to initiate PCET processes that are essential for ORR
[50,51].

Pauling end-on adsorption mechanism relies on electrocatalyst-Oy
interaction through a single oxygen atom. This adsorption mode retains
the Oy molecular structure while moderately weakening the O-O bond,
facilitating its subsequent reduction. The end-on configuration typically
supports the associative pathway of ORR, enabling the formation of
intermediates like superoxide (O, ~) and hydroperoxyl radical (HO3')
before the complete reduction to H>O [52]. The mechanism begins with
the adsorption of O, on the electrocatalyst surface, where an electron is
transferred to form O, intermediate (eq. (1)):

O;+e =0, @
The adsorbed O~ is then protonated to form HO, (eq. (2)):

0,” +H"—HO, 2
Subsequent electron and proton transfers reduce HO," to OH* and finally
to Hy0, eq. (3):

HO,+e +H' —H,0 + OH" (3)

This pathway is especially efficient on noble-metal electrocatalysts,
such as platinum, due to their ability to provide optimal binding energy
for Oy, ensuring activation without excessive stabilization of in-
termediates. On these electrocatalysts, the end-on mechanism predom-
inantly drives the 4e~ pathway, directly reducing O3 to H20 (eq. (4)):

02 + 4H* + 497—>2H20 (4)
N A R A A AR AR AN R A S AR EEEEEEEEEEEEEEEsEEEEmEEAEE
Pt/C TM-Nx-C Metal-Free . Bacteria Enzyme
Carbon = DETand MET DET and MET
H202 E 02 HZO 02

0O——H40-w

CATHODE ELECTRODE

Fig. 1. Oxygen reduction reaction schematic occurring over abiotic and biotic electrocatalysts. From left to right: ORR over Pt/C electrocatalyst; over Fe-N-C
electrocatalyst, over carbonaceous-based metal-free electrocatalyst, ORR in the presence of bacteria through direct and mediated electron transfer, ORR using en-

zymes through direct and mediated electron transfer.
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Fig. 2. Correlation between oxygen adsorption mechanism and oxygen reduction reaction (ORR): (i) Griffith mechanism does not favor ORR, (ii) Pauling mechanism
favors 4e” associative mechanism for ORR (blue pathway), and (iii) Yeager mechanism favors the 2e™ associative mechanism for ORR (orange pathway) and
dissociative ORR (grey pathway). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

However, on electrocatalysts with weaker oxygen binding, such as
carbon-based materials, the same mechanism can lead to a 2e”~ pathway,
where the reduction produces Hy05 (eq. (5)):

0, +2H" 4+ 2¢"—H,0, 5)
In the Yeager-type mechanism, O, binds to two adjacent electrocatalytic
sites, creating a stronger interaction compared with other adsorption
mechanisms. This binding geometry exerts substantial strain on the O-O
bond, which facilitates its cleavage (dissociative pathway) or activation
(associative pathway) [53,54].

In the dissociative pathway, the O-O bond breaks immediately upon
adsorption, producing two oxygen atoms adsorbed on the electrocatalyst
surface (eq. (6)):

0,0 +0" 6)
Each adsorbed oxygen atom (O*) is then reduced independently (egs. (7)
and (8)):

O +H" +e »OH" )

OH' +H' +e —H,0 (8)

The Yeager-type adsorption strongly supports the dissociative
pathway due to its ability to destabilize and break the O-O bond. Elec-
trocatalysts such as single atoms transition metals coordinated with
nitrogen (e.g., Fe-N-C or Co-N-C) commonly undergo this mechanism, as
the adjacent active sites in these materials provide the necessary
configuration for bridge adsorption and bond cleavage [55].

Enzymatic and biological electrocatalysts, such as laccases or artifi-
cial enzymes, primarily undergo Pauling end-on adsorption mode,
where O, binds at active metal centers, such as copper or iron, within the
enzymatic electrocatalytic site. These systems are highly selective for
the 4e” pathway, reducing O3 to H2O avoiding the accumulation of
intermediates [56]. In bacterial systems, extracellular electron transfer
mechanisms can involve mixed adsorption modes, where Oy and its
intermediates interact with protein-bound or surface-adsorbed active
sites [57].

At circumneutral pH, a slow protonation can lead to the accumula-
tion/desorption of intermediates (causing catalyst degradation),
increasing the risk of side reactions or incomplete reduction pathways
that produce Hy0, instead of Hy0 [58,59].

Recently, Briega-Martos and his co-workers detected O, in-

termediates by using in situ infrared reflection absorption spectroscopy
(IRRAS) onto platinum (111) electrode in an O,-saturated solution at pH
5.5, proving that platinum can stabilize superoxide intermediates under
mildly acidic to neutral conditions [16,19]. The superoxide anion has a
pKa of around 4.8, meaning that at neutral pH, it predominantly exists in
its deprotonated form, with less than 1 % present as its conjugate acid,
hydroperoxyl radical (HO2") [60]. However, excessive stabilization of
O~ can be detrimental, leading to the accumulation of reactive oxygen
species (ROS) and potential electrocatalyst degradation. Therefore, the
design of ORR electrocatalysts for neutral pH applications should bal-
ance: optimal binding energy (sufficient binding energy to stabilize O~
to enable its reduction without excessive accumulation), efficient proton
transfer (promote the conversion of O, ~ to HO; '), and prevention of side
reactions (avoid ROS species formation) [61].

For instance, the degradation of Fe-N-C electrocatalysts during the
ORR at neutral and acidic pH is primarily caused by Fe demetalation,
protonation of nitrogen groups, carbon corrosion, and reactions with
H20; hydrogen peroxide, an intermediate of ORR. HyO4 reacts with Fe
species through Fenton-like reactions, generating ROS species that
oxidize the carbon surface, reducing the electrocatalytic efficiency and
increasing hydrophilicity, leading to micropore flooding. These effects
are more pronounced under acidic conditions, while neutral/alkaline
conditions show resistance to degradation, possibly due to slower car-
bon oxidation. Recently, Bae et al. investigated the pH-dependent
behavior of Fe-N-C catalysts in the presence of Hy09 and its implica-
tions for electrocatalyst durability, proving that at neutral/alkaline pH
this effect can be mitigated [62].

Armillotta et al. mechanistically demonstrated that the most stable
configuration of hydroperoxyl binding to the Co metal center (Co-OOH)
has a binding energy of 6.12 eV (ab initio calculation) [63]. Stabilization
occurs through three mechanisms: electron transfer from the CoTPyP
macrocycle to OzH, strong hydrogen bonding between O;H and H5O,
and long-range van der Waals interactions involving adjacent groups
(Fig. 3). Hydroperoxyl binding alone also induces a Co oxidation state
change from +2 to +3, but the addition of water restores the Co
oxidation state to +2 while further stabilizing the complex. Both
Co-OOH and a less stable Co-OHO configuration could coexist,
depending on environmental conditions. Hence, this suggests that the
selectivity between the 2e™ and 4e~ ORR pathways may be influenced
by the specific configuration of the hydroperoxyl ligand at the electro-
catalyst’s active site, due to charge transfer, chemical interactions,
dipole effects, and hydrogen bonding (or solvation) phenomena [64].



A. Tricase et al.

Journal of Power Sources 646 (2025) 237267

+02H'H20

Fig. 3. Ab initio analysis showing that the adsorption of OzH and H,O on the CoTPyP/graphene system has a minimal effect on its structure, apart from a slight
upward shift of the Co atom by 0.16 A. The bonding causes a redistribution of electron density in the O,H-H,0/CoTPyP/GR system, as visualized through electron
density isosurfaces. Reproduced with permission of American Chemical Society from Ref. [63].

Integrating in-operando spectroscopic techniques with ab initio cal-
culations will significantly advance the understanding of ORR mecha-
nisms, enabling the design and optimization of electrocatalysts towards
efficient ORR [65-68].

3. Metal-based, transition-metal-based single atoms (TM-N-C)
and carbonaceous-based electrocatalysts for ORR at neutral pH

Ngrskov et al. discovered that the adsorption of intermediate species,
such as O and OH, plays a crucial role in the ORR on metal electro-
catalysts [69,70]. Metal-based electrocatalysts can be efficiently opti-
mized by combining experimental and theoretical methods (mainly
density functional theory (DFT)) [49]. The direct cleavage of the O-O
bond during ORR on the cathode is challenging due to the high reor-
ganization energy of O [71]. Additionally, the unpaired electrons in the
n* orbital of Oz enable it to accept electrons, weakening the O-O bond.
Electrons transferred from the metallic active site to the n* orbital, along
with protons from the anode, generate reactive oxygen species (*OOH,
*O, and *OH) on the electrocatalyst surface [72]. The binding energy
(Ep) of these intermediates is a critical factor in determining ORR ac-
tivity, making it a key descriptor for electrocatalyst efficiency [73].
Modifying the binding energy of ORR intermediates through surface
engineering is, therefore, crucial for improving electrocatalyst perfor-
mance. Using calculated Ej, values for different electrocatalysts, a Vol-
cano plot was constructed to relate E, to ORR activity (Fig. 4A).
Electrocatalysts on the right side of the plot, which have strong oxygen
binding, experience limitations in activity due to slow proton and
electron transfer to the *O or *OH intermediates. Conversely, electro-
catalysts on the left side, with weak O, binding, are constrained by
proton and electron transfer to O, followed by either the associative or
dissociative pathways (shown in the previous section) [74].

Metals with slightly lower oxygen binding energy than pure plat-
inum (Pt) have the potential to achieve higher ORR rates. DFT calcu-
lations reveal that Pt alloys with elements such as Ni, Co, Fe, and Cr
exhibit reduced Oy binding energies compared to pure Pt, while the
decreasing in OH binding energy on these alloys is less pronounced. For
instance, DFT calculations indicate OH and O binding energies (AEgp,
AEp) as follows (Fig. 4A): (1.15 eV, 1.89 eV) for Pt over Ni, (1.06 eV,
2.00 eV) for Pt over Co, and (0.85 eV, 2.06 €V) for Pt over Fe. In contrast,
on pure Pt, these values are (1.05 eV, 1.57 eV). A Pt layer deposited onto

Pt3Co(111) has an oxygen binding energy 0.38 eV lower than pure Pt
(111), leading to increased reactivity. These studies highlight that Pt
layers on such alloys outperform pure Pt in ORR activity [69].

However, defects on Pt surfaces, such as those on Pt(110), tend to
bind Oy more strongly (by 0.5 eV) than flat surfaces, reducing the ac-
tivity. It is important to note that surface activity is not solely deter-
mined by O, binding energy but also depends on OH binding energy, as
both are interconnected. O and OH binding energies are generally
linearly correlated for elemental surfaces. However, new electro-
catalysts can be tailored with a non-linear correlation between O and OH
binding energies [69].

Recently, Thorarinsdottir et al. reported the synthesis of disk-shaped
silicalite-1 nanocrystals (ZNCs, d = 197 + 16 nm) able to entrap gaseous
O, dissolved in solution [75]. In the presence of ZNCs 6.7 vol%, the Oq
adsorption capacity increased up to 3.8 x 102 mM bar! at 20 °C, which
is 2 orders of magnitude higher than O, adsorption capacity in phos-
phate buffer solution at pH 7. Pt/C modified electrode reported a plateau
current density of 4.5 mA cm ™2 as a result of O, mass transport limita-
tions. After a gradual increase of ZNCs mass in solution from 25.0 to
122.7 mg mL™}, the ORR current density increased by 3.8-3.9 times
reaching 17.5 mA cm™2 as plateau current density. Electrokinetic
modeling reveals that microporous water significantly enhances ORR
electrocatalysis at pH 7 (enhancing [H"] concentration to favor PCET
within ORR). The model predicts O diffusion via a hopping mechanism
between ZNCs, following a chemical step preceding an electrochemical
step (CE mechanism). In phosphate-buffered water, the theoretical
maximum current density is 27.4 mA cm™2, but experimental mea-
surements without ZNCs show only 4.5 mA cm 2. Adding 6.7 vol% ZNCs
increases the current density to 17.5 mA cm ™2, reducing oxygen mass
transport limitations (Fig. 4B). This approach extends the ORR regime
and provides a valuable framework for designing advanced ORR
electrocatalysts.

Similarly, Lv and co-workers enhanced the performance of the Pt/C
cathode at a nearly neutral pH by adding the polyoxoanion [Feag(js3-
O)g(L-(7)-tart)16(CH3COO)24]20’ with phosphate buffer solution [76].
Particularly, Fepg enhances oxygen uptake and solubility in aqueous
electrolytes, contributing to improved ORR performance. Time-resolved
O, sensing revealed that Feyg solutions had a faster O, uptake rate (12.6
pmol Lt s_l) compared to PBS solutions (8.0 pmol Lt s_l), while both
showed similar O, saturation levels (~750 pmol L~1). This indicates that
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Fegg improves gas-to-liquid mass transfer, likely driving the enhanced
ORR activity. PBS-Feyg solution exhibited more positive onset potentials
(Eonser = 0.97 V vs. RHE) compared to the phosphate solution (Eonsgr
= 0.89 V vs. RHE). Similarly, the half-wave potentials (E;,2) followed
the same trend, with E; »(Feqg) at 0.84 V vs. RHE and E; »(PBS) at 0.74
V vs. RHE. Additionally, Tafel slope analysis showed that Feyg solutions
had lower kinetic barriers for ORR (106.6 mV dec 1) compared to the
PBS solution (136.6 mV dec’l). Pt/C modified electrode reported a
plateau current density of 5.8 mA cm ™2 at 0.5 V vs. RHE as a result of
improved gas-to-liquid mass transfer.

The prohibitive cost of noble metals such as palladium and platinum
required for ORR in any type of fuel cell cathode has hindered their
widespread adoption. Wu et al. quantitatively studied the synthesis and
performance of a novel PdsCuFeq 5 aerogel electrocatalyst, fabricated
using self-assembly and lyophilization techniques with a mild reducing

agent [77]. The resulting  material exhibits a  high
Brunauer-Emmett-Teller (BET)-specific surface area of 75.19 m? g’l,
indicative of its extensive 3D network structure. Electrochemical per-
formance tests revealed that the Pd3CuFe 5 aerogel achieves a high ORR
E1/2 potential of 0.92 V versus RHE, surpassing conventional electro-
catalysts such as Pt/C. Furthermore, the aerogel demonstrates a limiting
current density of 7.6 mA cm ™2, a critical metric indicating its ability to
support high reaction rates. Long-term stability assessments show that
the ORR activity decreases by only 4.9 % after 16,000 s of operation,
highlighting its superior durability compared to noble-metal-based al-
ternatives. The aerogel also exhibits excellent cycling stability, main-
taining performance over 120 h at a charge/discharge current density of
10 mA cm 2 making it a viable option for practical fuel cell
applications.

At neutral pH, precious-metals electrocatalysts produce low power
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output and are often poisoned by anions that deactivate the surface of
Pt/C electrocatalysts [16,78-80]. Alternatively, metals, either precious
or non-precious, can be combined in structures TM-N-C to improve both
electrocatalytic performance and durability compared to Pt/C electro-
catalysts [21,81-85].

Liang et al. reported on the incorporation of Cu nanoclusters into
Fe—N—C electrocatalysts that significantly enhance ORR performance
by improving the electronic structure and reaction kinetics without
altering the rate-determining step (RDS) [86]. In neutral pH (0.1 M
PBS), the electrocatalyst achieves an E; /5 of 0.84 V and a kinetic current
density of 68 mA cm ™2, demonstrating superior activity compared to
controls. Cu nanoclusters donate electrons to Fe—N4 active sites, redis-
tributing charge density and increasing electron transfer rates. Addi-
tionally, they modulate the spin state of Fe, enhancing reactivity by
increasing the spin population. While the RDS in neutral media remains
the formation of O,~ intermediate, Cu clusters accelerate this step by
facilitating faster electron dynamics. This synergistic interaction not
only boosts ORR activity but also improves stability, with no perfor-
mance degradation observed after 30,000 durability cycles.

Similarly, Fe,Cu/N-C electrocatalyst demonstrates superior ORR
performance in neutral media (0.1 M PBS), achieving an E; /2 of 0.73 V
vs. RHE, significantly outperforming Pt/C (E;/2 = 0.63 V) and single-
metal electrocatalysts such as Fe/N-C (E;,5 = 0.50 V) and Cu/N-C (E;,
2 = 0.45 V). It also delivers a high kinetic current density of 15 mA cm ™2,
which is 10, 20, and 3.3 times greater than Fe/N-C, Cu/N-C, and Pt/C,
respectively [87]. The electrocatalyst exhibits remarkable durability,
retaining over 86 % of its initial current after 40,000 s of continuous
operation, and follows a nearly complete 4e~ pathway with minimal
H,0; production (less than 2.5 %), highlighting its efficiency. The su-
perior ORR activity arises from the synergistic interaction between Fe
and Cu atoms, which enhances the electronic structure and facilitates
reaction kinetics. The introduction of Cu induces a transition of Fe from
a low-spin to a medium-spin state, increasing the number of unpaired 3d
electrons and enhancing orbital interactions with oxygen intermediates.
Additionally, Cu promotes charge redistribution and optimizes electron
transfer, as indicated by increased Bader charge transfer to Oz and *OH
species. The reaction follows a tandem mechanism, where Fe sites drive
the initial adsorption and transformation of O, into *OOH and *O in-
termediates, while Cu sites accelerate *OH desorption, overcoming
limitations associated with single-metal electrocatalysts. Furthermore,
the optimized bond strength and reduced activation barriers, aided by
the dual active centers, ensure faster reaction kinetics, making Fe,
Cu/N-C a highly effective and durable electrocatalyst for neutral pH
applications.

Moreover, a comprehensive quantitative comparison to assess the
ORR performance of catalysts is below summarized (last five years,
Table 1), highlighting variations in their electron transfer pathways,
kinetic currents, and E; ;. These metrics are critical for evaluating
electrocatalytic efficiency, particularly at neutral pH, where ORR per-
formance is typically constrained by sluggish reaction kinetics [86,88],
[128]

Most electrocatalysts operate via a 4e” pathway or 2 + 2 e, ensuring
efficient O reduction to HyO. Exceptions include 2e” pathway elec-
trocatalysts such as CoPc-6wt%/0-SWCNT-2 (n = 2, kinetic current =
45.0 mA cm_z, Ej/2 = 0.73 V) and Cu-tmpa (n = 2, kinetic current = 3.8
mA cm 2, E1/2 = 0.31 V). While the 2e™ pathway is selective for HyO»
production, these electrocatalysts generally show lower E; /2 and kinetic
currents, reflecting limited overall ORR activity. In contrast, FeCu/N-C,
Fel/DNC, and Ni-Co-Mn oxide, which achieve a 4e™ pathway, exhibit
the highest kinetic currents of 68.0 mA cm ™2 and E; values ranging
from 0.70 to 0.84 V, reflecting their superior electrocatalytic activity
and full reduction capability. Electrocatalysts like FeCu/N-C, Fel/DNC,
and Ni-Co-Mn oxide achieve exceptional kinetic currents of 68 mA
em™2, significantly outperforming others such as Fe-N-C (3.0-5.4 mA
em2) or FeAzPc-CNT (3.2 mA em ™ 2). The higher kinetic currents can be
attributed to structural properties, including optimized porosity and the
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Table 1

Comparison of various ORR metal-based, transition-metal-based single atoms
(TM-N-C) and carbonaceous-based electrocatalysts considering the number of
electrons transferred (n), kinetic current at 0.7 V vs. RHE (mA cm2), and half-
wave potential (E;,3) (V vs. RHE). Abbreviations: CapsFeRuOg (Calcium Iron
Ruthenium Oxide), Co-C (Cobalt-Carbon), Co/HNC (Cobalt Hybrid Nitrogen-
Carbon), Co/NCA (Cobalt/Nitrogen-Carbon Alloy), CONC@AC-850 (Cobalt-Ni-
trogen-Carbon@Activated Carbon), Co-N/C fiber (Cobalt-Nitrogen/Carbon
Fiber), CoPc-6wt%/0-SWCNT-2 (Cobalt Phthalocyanine-6wt% on Single-Walled
Carbon Nanotubes), CuBPS (Copper-Based Porous Structure), Cu/NCNSs (Cop-
per/Nitrogen-Doped Carbon Nanosheets), CuNSC-3 (Copper/Nitrogen-Sulfur-
Carbon), Cu-tmpa (Copper-Tetramethylphenylporphyrin), Fe0.05-N@MOF
(Iron-Nitrogen@Metal-Organic Framework), Fel/DNC (Iron/Nitrogen-Doped
Carbon), Fel/d-CN (Iron-Doped Carbon Nitride), Fe2P/FeNPC (Iron Phosphide/
Iron-Nitrogen-Phosphorus-Carbon), FeAzPc-CNT (Iron-Azaphthalocyanine-Car-
bon Nanotube), Fe-Co-LT (Iron-Cobalt-Layered-Transition Metal Catalyst),
FeCo-FePc/NTu-CNsh  (Iron-Cobalt-Iron  Phthalocyanine/Nanotube Carbon
Nitride), FeCo-NC (Iron-Cobalt-Nitrogen-Carbon), FeCu/N-C (Iron-Copper/Ni-
trogen-Carbon), Fe,Cu/N-C (Iron and Copper/Nitrogen-Carbon), FeMn PDA-900
(Iron-Manganese-PolyDopamine-900 °C), Fe-N-C (Iron-Nitrogen-Carbon), Fe-N-
C cig (Iron-Nitrogen-Carbon derived from cigarette but), Fe-NC(Zn?*") (Iron-
Nitrogen-Carbon-Zinc), FeN4-Cu (Iron-Nitrogen-Copper), FeNSC-ZM (Iron-Ni-
trogen-Sulfur-Carbon-ZM), Fe/Fe;C@FeNG-1000 (Iron/Iron Carbide@Iron-Ni-
trogen-Graphene-1000 °C), Fe@G-800/100 (Iron@Graphene-800/100 °C),
FeRPM_BP (Iron-RPM-Black Phosphorus), FeSNC-3 (Iron-Sulfur-Nitrogen-Car-
bon), Fe-SA/PNC (Iron-Single-Atom/Porous Nitrogen-Carbon), IrP;@PC-0.96
(Iridium Phosphide@Porous Carbon), MnFe;04/AC (Manganese-Iron Oxide/
Activated Carbon), Ni-Co-Mn oxide (Nickel-Cobalt-Manganese Oxide), P/Fe/N-
SS (Phosphorus/Iron/Nitrogen-Stainless Steel), PT-MnN4 (Platinum-Manga-
nese-Nitrogen-4), and Fe/N/C-50 (Iron/Nitrogen-Carbon-50).

Catalysts n.
electrons

Kinetic current Ey /o (V vs. Ref.
density (mA cm?) RHE)
@ 0.7 Vvs. RHE

CoPc-6wt%/o- 2 45.0 0.73 [88]
SWCNT-2
Fe,Cu/N-C 4 15.0 0.73 [89]
FeCu/N-C 4 68.0 0.84 [86]
Fe2P/FeNPC 4 n.a. 0.70 [90]
Fel/DNC 4 68.0 0.70 [91]
Cu-tmpa 2 3.8 0.31 [92]
Fe/Fe;C@FeNG- 2 1.2 0.62 [93]
1000
Fe-N-C 4 3.0 0.85 [94]
CuNSC-3 4 3.0 0.85 [95]
Fe-SA/PNC 4 3.2 0.83 [96]
FeAzPc-CNT 4 3.2 0.61 [97]
FeSNC-3 4 4.8 0.69 [98]
Fe-N-C 4 4.1 0.60 [99]
Fe@G-800/100 4 4.7 0.83 [100]
Fe0.05-N@MOF 4 6.6 0.56 [101]
Fe-N-C 4 5.4 0.77 [102]
Cu/NCNSs 2 1.8 0.77 [103]
Fe SAs/NC 4 4.8 0.75 [104]
Co—N/C fiber 4 2.2 0.74 [105]
Co/HNC 4 4.5 0.76 [106]
MnFe;04/AC 4 5.0 0.60 [107]
FeCo-FePc/NTu- 4 4.8 0.82 [108]
CNsh
FeNSC-ZM 4 6.1 0.66 [109]
FeN4-Cu 4 5.2 0.81 [110]
Fe-NC(zn*") 4 5.6 0.61 [111]
FeMn PDA-900 2/4 3.9 0.71 [112]
Fel/d-CN 4 5.6 0.61 [113]
FeRPM_BP 4 5.3 0.76 [114]
PT-MnN4 4 3.1 0.63 [115]
FeCo-LT 4 5.0 0.83 [116]
FeCo-NC 4 5.2 0.81 [117]
Co-C 4 3.1 0.63 [118]
CayFeRuOg 4 5.0 0.78 [119]
CoNC@AC-850 4 4.1 0.34 [120]
P/Fe/N-SS 4 5.8 0.55 [121]
CuBPS 2/4 n.a. 0.50 [122]
Co/NCA 4 n.a. 0.70 [123]
Co-PB-1(6) 2 n.a. 0.63 [124]

(continued on next page)
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Table 1 (continued)

Catalysts n

. Kinetic current Eq/2 (Vvs. Ref.
electrons

density (mA cm’z) RHE)
@ 0.7 Vvs. RHE

IrP2@PC-0.96 4 n.a. 0.81 [125]
Fe/N/C-50 4 n.a. 0.81 [126]
Fe-N-C 4 4.8 0.82 [127]
Fe-N-C cig 4 3.3 0.43 [128]

synergistic interaction of transition metals (e.g., Fe, Cu, or Co) with
nitrogen-doped carbon supports, which enhance active site exposure
and facilitate efficient oxygen adsorption and reduction. FeCu/N-C
(0.84 V), Fe-N-C (0.85 V), and FeCo-NC (0.81 V) exhibit the highest
E; /5 values, indicating superior ORR kinetics and lower overpotentials.
These electrocatalysts benefit from highly active Fe-Ny coordination
sites, which enhance charge transfer and oxygen binding. In contrast,
electrocatalysts such as CONC@AC-850 (E;/2 = 0.34 V) and Cu-tmpa
(E1/2 = 0.31 V) exhibit significantly lower E;,» values, reflecting
weaker electrocatalytic performance due to less effective active sites or
suboptimal structural properties.

Fe/N/C-50, FeN4-Cu, and FeCo-NC achieve balanced performance
with high E; /2 (0.81 V) and moderate to high kinetic currents (5.2-6.1
mA cm™2), highlighting the effectiveness of doping strategies involving
Fe and N coordination. Structural properties such as mesoporous
frameworks and high BET surface areas contribute to enhanced mass
transfer and active site utilization. Conversely, electrocatalysts like P/
Fe/N-SS (E;,» = 0.55 V, kinetic current = 5.8 mA cm~?) demonstrate
high currents but lower E; /o, suggesting trade-offs in activity optimi-
zation. Hence, electrocatalysts achieving the highest kinetic currents
and E; /; values—such as FeCu/N-C, Fe-N-C, and Fe/N/C-50—illustrate
the importance of synergistic effects between transition metals and
nitrogen-doped carbon frameworks. These properties enable enhanced
ORR activity by optimizing active site availability, charge transfer effi-
ciency, and oxygen binding. Electrocatalysts with lower performance
metrics tend to suffer from structural limitations such as low porosity,
poor conductivity, or insufficient active site density, underscoring the
importance of material design in maximizing ORR performance.

Despite the different ORR mechanisms and final products,
carbonaceous-based electrocatalysts represent a valid alternative to
metal-based and TNC. Notably, carbonaceous-based electrocatalysts are
highly selective for HyO5 formation due to their low binding affinity for
reaction intermediates and the retention of the O-O bond in alkaline
media. Interestingly, some carbon-based electrocatalysts also display
notable HyO9 selectivity in acidic and neutral environments. The
adsorption of O onto these electrocatalysts is hindered by a significant
energy barrier, yet the reaction still favors HyO2 production, implying
that the mechanism differs from the traditional adsorbed O, (Osads)
pathway [129].

Chai et al. introduced the OOH™ ion mechanism, which describes
how, in acidic conditions, hydrogenation of the electrocatalytic sites on
carbon-based materials leads to the formation of specific hydrogen-
active centers. These centers facilitate Oy adsorption, forming OOH ™,
which subsequently reacts with H' to generate HyO,. The process re-
quires less energy for hydrogen extraction than for direct O, adsorption,
making the 2e” pathway more efficient at lower potentials in acidic
environments [130].

As the pH increases, hydrogenation becomes less effective, and the
Ojads mechanism becomes more dominant, favoring the 4e” ORR at
higher potentials. Additionally, in a non-PCET mechanism, electrons
and protons are transferred independently in a sequential manner. This
pathway is characteristic of semiconductor electrocatalysts, where ox-
ygen species (O3(aq) or HO5(aq)) first form through oxygen single-
electron transfer (OSET) before being adsorbed onto the electro-
catalytic sites. The uncoupling of proton and electron transfer in this
mechanism leads to either HoO5 or HO3 formation, depending on the pH
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conditions [129].

Carbonaceous-based materials are promising electrocatalysts for
H,0;, production due to their low cost, high electrical conductivity
(10%-10* S/m), and excellent chemical stability. While their perfor-
mance in alkaline electrolytes (pH > 12) has been optimized, recent
advancements have improved HyO; selectivity in acidic media, though
their activity in neutral pH conditions (pH ~7) is relatively low [131].
The introduction of oxygen functional groups (OFGs) has proven to
enhance electrocatalytic efficiency, with oxidized carbon nanotubes
(O-CNTs) achieving 90 % H,0; selectivity in both alkaline and neutral
media, though their Egnggr in neutral conditions remains relatively low
at 0.35 V vs. RHE [132]. Additionally, porous structure plays a crucial
role in optimizing electrocatalytic performance by enhancing mass
transport and active site accessibility. Microporous (micro C) and mes-
oporous (meso C) carbons, synthesized via polymerization and pyrolysis
at 900 °C, exhibited HyO, selectivity above 70 % in alkaline and neutral
conditions, with meso C outperforming its microporous counterpart due
to its larger average pore diameter (10-50 nm), which improved O,
diffusion and mass transfer rates. The electrochemically active surface
area (ECSA) of meso C (~800 mz/g) was nearly double that of micro-
porous carbon (~450 mz/g), resulting in enhanced stability and pro-
longed electrocatalytic activity [26]. To further improve performance,
mesoporous carbon hollow spheres (MCHS) were synthesized via a
hard-template method, adjusting the precursor-to-template ratio to
optimize pore size and oxygen content. These materials exhibited a
specific surface area (SSA) of 900-1200 mz/g, an oxygen content of
12-15 at%, and exceptional H,0, selectivity of 99.9 % in 0.1 M
phosphate-buffered solution (pH 8). Furthermore, their stability across
potentials (0.35-0.62 V vs. RHE) remained above 90 % selectivity,
making them highly effective electrocatalysts for on-site HoO5 produc-
tion. Future research should focus on fine-tuning OFGs, optimizing pore
connectivity, and enhancing long-term stability to further advance
carbon-based electrocatalysts for scalable HoO5 electrosynthesis.

4. Enzyme-based electrocatalysts for ORR at neutral pH

The general ORR catalyzed by multi-copper oxidases (MCOs) begins
with the single-electron oxidation of an electron donor (e.g., 2,2-Azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid)). This process is linked to
the complete 4e™ reduction of Oy to Hy0. The initial step involves ET
electron transfer from the substrate to the T1 copper, which varies based
on the MCO type, leading to the reduction of T1 copper [56]. Electrons
then move internally to the trinuclear copper center (TNC) via a
cysteine-histidine pathway spanning approximately 13 A, reducing the
copper ions in the TNC [133]. When four substrates are oxidized, all
copper ions in the enzyme are fully reduced, as schematically depicted in
Fig. 5A.

The MCOs electrocatalytic mechanism is reported in Fig. 5B. When
the enzyme is fully reduced, it reacts with Oy to form a peroxy inter-
mediate (PI) [134,135]. This step depends linearly on oxygen concen-
tration with a bimolecular rate constant of approximately 2 x 106 M1
s7! [134,136]. In the PI, both oxygen atoms exist as super-
oxide/peroxide species, bridging the T2 copper (in its oxidized state)
and both copper atoms in T3 copper (one oxidized, one reduced) in a
side-on bridged structure. The PI is then reduced to the native inter-
mediate (NI) through reductive O-O bond cleavage, forming the T3
copper hydroxy bridge (T3p2OH bridge) [134,135,137]. This transition
occurs via the PI + e~ intermediate state, where four electrons are
transferred one by one from T1 copper and T2 copper before the O-O
bond cleavage. The electron transfer between T1 copper and T2 copper
is very rapid (k ~10% s!). The 2e~ reduction of PI to NI has a large
thermodynamic driving force to overcome the Franck-Condon barrier
for O-O bond cleavage. NI is the most oxidized state in the catalytic cycle
and can be quickly reduced by an electron donor, returning to the fully
reduced initial state for another cycle. Without an electron donor, NI
slowly decays (k = 0.034 s’l), releasing HyO and transitioning to the
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Fig. 5. (A) Scheme of electron transfer mechanism within MCOs during ORR. (B) Electrocatalytic pathway of ORR within MCOs from the fully reduced state through

intermediate states (peroxy and native) towards resting oxidized state.

resting oxidized state with one oxygen atom from O3 bound as OH to T2
copper [134]. The oxidized TNC in the resting oxidized state is further
reduced to the fully reduced state. These steps via the resting oxidized
state are too slow for the catalytic turnover mechanism [137,138].
Hence, the 4e™ reduction of Oy to HoO occurs in two 2e steps, with
peroxide formation being the rate-limiting step, though the overall
rate-limiting step in the enzyme-catalyzed ORR is considered the
oxidation of the electron donor [136].

MCO-modified electrodes find wide applications in enzyme-based
fuel cells (EFCs), biosensors, and pH-responsive biomolecule release
electrodes. In EFCs, enzymes serve as electrocatalysts to produce elec-
trical energy by oxidizing biomolecules like glucose at the anode and
reducing O, at the cathode in biological environments [139]. However,
EFCs currently operate at micro-scale power densities and face chal-
lenges in achieving efficiency and especially stability comparable to
microbial fuel cells (MFCs) and non-biological fuel cells. Further
investigation into bioelectrochemical processes is crucial for enhancing
their performance.

Tang et al. investigated ORR catalyzed by bilirubin oxidase (MvBOD)
immobilized on a 3D reduced graphene oxide (RGO)-modified carbon
electrode [140]. To prevent RGO aggregation, 4-aminobenzoic acid
(4-ABA) functionalization was employed, improving enzyme orientation
and enabling direct electron transfer (DET) at neutral pH. Electro-
chemical analysis showed an electrocatalytic current density of 193 + 4
pA cm 2 in Oy-saturated PBS buffer (pH 7.0, 100 mM), with an Egnsgr of

~1.18 V vs. RHE and a half-life of 55 h, marking it as the most stable
DET-type MvBOD biocathode to date. Integrating the bioelectrode into a
gas-diffusion electrode (GDE) increased the electrocatalytic current
density to 60 pA cm~2 at 0.81 V vs. RHE, surpassing the submerged
configuration (40 pA ecm~2). When applied in a membrane-less gluco-
se/03 EFC, the system achieved a power density of 22 yW cm ™2 at 0.83 V
and an open circuit voltage (OCV) of 1.12 V, demonstrating its viability
for bioelectrochemical energy conversion.

Lipinska and co-workers reported the immobilization of MvBOD
onto gold nanoparticles (AuNPs) supported by nanostructured titanium
(Ti) surfaces [141]. The researchers varied the gold layer thickness (2
nm, 5 nm, 10 nm, 15 nm), resulting in AuNP sizes of 13 + 6 nm, 46 + 12
nm, and 81 + 13 nm, to evaluate their impact on bioelectrocatalysis.
Electrochemical characterizations demonstrated that MvBOD immobi-
lized on 10 nm AuNPs (BOD-M-10Au@Ti) exhibited the highest cata-
lytic performance, achieving a threefold increase in current density (1.2
+0.2mA cm’z) compared to bulk gold electrodes (0.4 + 0.1 mA cm’z).
The ORR Egnsgr was measured at ~1.13 V vs. RHE, with optimal
enzymatic activity at pH 6, where electrostatic interactions between
MvBOD and self-assembled monolayer (SAM) on AuNPs were maxi-
mized. Long-term stability tests revealed that MvBOD on 10 nm AuNPs
retained 100 % of its catalytic current over 10 h in 1 M NaySO4, whereas
bulk gold electrodes experienced a 40 % loss in activity over the same
period. This suggests that the curvature of AuNPs enhances enzyme
stability by reducing crowding effects.
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Sedenho et al. immobilized MvBOD in a polymeric biogel matrix on a
carbon-based GDE. The biogel, formulated with Nafion and crosslinked
with glutaraldehyde, enhances enzyme stability and catalytic efficiency,
supporting a DET-driven 4e~ ORR pathway [142]. Electrochemical as-
sessments revealed a maximum catalytic current density of —1.5 + 0.2
mA cm 2 at 0.80 V vs. RHE, with an Egnsgr of ~1.16 V vs. RHE. The
process exhibited a 4e” reduction of Oy to Hz0. The biogel thickness
(~2.1 £ 0.2 pm) was optimized to prevent enzyme loss while ensuring
high catalytic activity. Durability tests indicated that the bioelectrode
retained ~97 % of its initial current density after 24 h at a steady current
of —1.00 mA cm’z, and maintained stable ORR potential (~1.16 V vs.
RHE) even after open-circuit storage. These results demonstrate that the
BOD-based biogel provides a highly stable and efficient solution for
enzymatic air-breathing cathodes, offering potential applications in
biofuel cells and bioreactors where enzyme longevity and performance
are critical.

Torrinha et al. developed a bioelectrode incorporating MvBOD into a
nanostructured carbon paper (CPA) transducer, highlighting its effec-
tiveness for microenergy generation in biobatteries and dioxygen
sensing [143]. When integrated into a zinc-BOD biobattery, the system
delivered an OCV of 1.69 V and reached a maximum power density of
165 pW cm 2, with a short-circuit current density of 94 pA cm ™2 The
electrochemical analysis confirmed a high ORR Egnggr 0f 1.17 V vs. RHE
at pH 7.1, demonstrating efficient electron transfer. The bioelectrode
exhibited excellent operational stability, retaining 88 % of its initial
activity after 34 days, attributed to the strong enzyme attachment via
1-pyrenebutanoic acid N-hydroxysuccinimide ester (PBSE). As an O,
biosensor, the MvBOD-modified electrode showed a sensitivity of 606 +
22 pA mM ! cm~2at 1.01 V vs. RHE and a limit of detection (LOD) of 1.3
+ 0.2 pM, while maintaining selectivity against potential interfering
compounds such as glucose, citric acid, and sodium chloride.

Carriere et al. reported on MvBOD immobilized onto MWCNTs
modified with glyconanoparticles (GNPs), aiming to enhance DET and
catalytic performance [144]. GNPs functionalized with anthraquinone
sulfonate (AQS), establish a negatively charged interface that facilitates
enzyme orientation and boosts electron transfer efficiency at the elec-
trode surface. Electrochemical evaluations showed an ORR Egnsgr of
1.11 V vs. RHE, with a peak cathodic current density of —0.88 mA cm™2
at 0.81 V vs. RHE, significantly surpassing control electrodes modified
solely with MWCNTs (—0.07 mA cm™2) or unmodified GNPs (—0.05 mA
cm™2). The enzyme-electrode interaction was characterized by an AQS
surface coverage of 8.0 x 10~° mol ecm ™2, corresponding to 48-72
monolayers, ensuring effective DET. Stability tests indicated that the
bioelectrode retained 88 % of its initial current density after 50
consecutive scan cycles, highlighting strong enzyme adherence and
minimal degradation.

Xiao et al. reported an innovative approach to enhancing ORR by
incorporating polytetrafluoroethylene (PTFE) submicro-rods as local-
ized "oxygen tanks" within MvBOD-modified cathodes. Electrochemical
analysis revealed a formal redox potential (EO’) of 0.68 V vs. RHE and an
ORR Egnser of 0.91 V vs. RHE [145]. The optimized configuration,
where PTFE was mixed directly within the redox polymer matrix, ach-
ieved a maximum cathodic current density of 36.6 + 2.2 pA cm™ 2 at
0.68 V vs. RHE, outperforming the PTFE-free counterpart by 17 %. More
importantly, this configuration significantly improved the operational
stability, maintaining 84 % of its initial current density after 16 h,
whereas the PTFE-free electrode lost nearly all activity within 7 h.

Nishida et al. examined MvBOD structure, which has two N-linked
glycan binding sites, N472 and N482, and applied site-directed muta-
genesis along with polyethylene glycol (PEG) modifications to assess
their influence on enzyme orientation and electron transfer [146].
Electrochemical measurements identified a formal redox potential (E™
of 0.45 V vs. RHE and an ORR Egnsgr of 0.50 V vs. RHE for both the
unmodified and modified enzymes. The maximum cathodic current
density (Jmax) for the native enzyme (eBOD) was —4.0 + 1.0 mA cm’z,
while modification at the N472 site (N472C-PEG12-eBOD) led to a
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significant decline in performance, reducing Jnax to —0.7 + 0.2 mA
cm_z, an 82.5 % decrease, likely due to steric interference near the T1
Cu active site (21.9 }o\). In contrast, altering the N482 site (N482C-PE-
G12-eBOD) had a minor effect, retaining 75 % of the DET activity with a
Jmax Of —3.0 £ 0.3 mA cm ™2, suggesting that its greater distance from
the active site (35.7 A) makes it less disruptive. Additionally, incorpo-
rating an acidic functional group (N472C-PEG12-acid-eBOD) slightly
improved enzyme orientation due to electrostatic repulsion but still
experienced steric hindrance, resulting in a Jyax of —1.0 £ 0.2 mA em 2
These results demonstrate that glycan structures play a vital role in
controlling DET efficiency and indicate that optimizing glycan compo-
sition could enhance BOD-based bioelectrodes for improved biofuel cells
and biosensors.

Interestingly, BES composed of microbial biocatalyst at the anode
electrode combined with enzymatic biocatalyst ORR at the cathode
electrode were presented. Cooney et al. showed firstly this hybrid BES
with Shewanella bacterial anode and laccase cathode [147]. The two
compartments were divided by a polymeric membrane achieving an
OCV of over 1 V and a 5th day stable performance under galvanic po-
larization. Santoro et al. introduced bilirubin oxidase at the cathode
while the anode was colonized by a mixed bacterial culture [148]. The
hybrid MFC was able to achieve as high as 200 pW cm™2 with cathode
OCP recording above 1.1 V vs RHE. The durability of BOx enzymatic
air-breathing cathode was also recorded for over 45 days of operation in
neutral media (phosphate buffer) under pristine and polluted environ-
ments [149]. In a clean environment, simply using PBS, the OCP
remained stable while the limiting current decreased. In polluted envi-
ronments instead, the OCP decreased as well as the limiting current.

Moreover, ORR in neutral media represents one of the most studied
electrochemical processes used to accomplish the local pH change at the
electrode/solution interface [150-152]. This process can take place
through different mechanisms mostly depending on the electrode ma-
terial, applied potential, current density, and the used electrocatalysts.

In particular, self-powered drug delivery systems based on conduc-
tive polymers (CPs) were developed, utilizing osmium redox polymer-
mediated glucose/Oy EFCs with an additional CP-drug layer on the
cathode (Fig. 6A-D) [153]. Controlled release of model drug compounds
like ibuprofen, fluorescein, and DAPI was achieved upon discharge in
the presence of glucose and oxygen, demonstrating applicability for
implantable devices (Fig. 6E, F and G). Alternatively, the ORR operated
from MCOs can yield to local (interfacial) pH increase due to the con-
sumption of H' ions required for the formation of HyO [154]. To realize
a pH-switchable (bio)molecule release electrode, ORR catalyzed by
MCOs should be combined with a pH-sensitive electrode surface like
trigonelline/boronic acid composite [156,157]. Thus, the local pH
change results in the production of the negative charge at the interface
and the repulsion/release of the electrostatically loaded DNA [158]. In
this application, the main drawback is the re-equilibration of interfacial
pH change due to the high buffer capacity of bulk solution (Fig. 6H)
[159].

Local pH changes reverse the charge of SiO, nanoparticles (200 nm,
modified with pH-sensitive polymers), releasing DNA molecules as the
surface shifts from positive to negative during ORR [156]. BOD bio-
electrocatalytic activity generates a mild electrical potential for ORR,
applicable through in situ biocatalytic or photo-biocatalytic processes
[156,157]. This method offers a versatile platform for the precise release
of biomolecules and nanomaterials triggered by various signals.
Recently, Tricase et al. introduced a method to regulate semiconductor
nanoparticle synthesis using a bionanoreactor driven by (bio)electro-
chemical stimuli, specifically pH changes induced by ORR (Fig. 61, J and
K) [155]. Bioelectrochemical synthesis yielded CdSe NPs with an
average diameter of 4 £+ 1 nm after 90 min of voltage application in the
presence of O,, showing promise for nanoparticle synthesis in biological
media despite challenges in optimizing the process.

Similarly, artificial enzymes designed for ORR leverage principles of
supramolecular catalysis to mimic the efficiency and selectivity of
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Fig. 6. (A) Diagram showing the regulated release of IBU using an EFC. (CVs for the IBU loaded nanoporous gold electrode (B) and nanoporous GOx-modified
electrode (C) in phosphate buffer. (D) Polarization curves for EFC, which includes the GOx-modified bioanode and the IBU-loaded biocathode, with 10 mM
glucose and without as control experiment (Inset in D). (E) Total IBU released from the EFC at different voltages. (F) IBU release profile at 0.15 V (red curve) and at
open-circuit voltage (black curve). (G) Total IBU released in ON-OFF mode (alternating between 0.15 V and open circuit voltage). (H) Local pH change occurring at
MCOs modified electrode where the thickness of the layer is correlated with buffer concentration and time. (I) Diagram of a Ti electrode modified with laccase/
apoferritin for pH-triggered synthesis and release of CdSe nanoparticles due to ORR. (J) CVs of Ti-modified electrode with ferritin and laccase in the absence and
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://creativecommons.org/licenses/by/3.0/. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

natural metalloenzymes [160]. These synthetic systems often incorpo-
rate transition metal complexes, macrocyclic ligands, and cooperative
multi-metallic centers to facilitate oxygen activation and electron
transfer. Unlike traditional catalysts, artificial enzymes are engineered
to replicate key structural and functional features of biological electro-
catalysts, such as active site architecture, substrate recognition, and
cofactor coordination. By fine-tuning ligand environments and incor-
porating secondary coordination interactions, these mimetic systems
enhance O, binding, activation, and selective reduction to either HyO5
(2e” pathway) or HoO (4e™ pathway) [161].

A key biological example is the heme-copper binuclear center (BNC)
in cytochrome c oxidase (CcO), responsible for reducing over 90 % of O,
to HpO in living organisms. In CcO, the released energy powers proton
translocation across the mitochondrial membrane, driving ATP synthe-
sis. Structurally, the BNC consists of high-spin Fe!' (heme az) and Cu!
(CuB), which synergistically facilitate Oo binding, activation, and
reduction [162].
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The electrocatalytic mechanism comprises oxidative and reductive
phases. Initially, O binds to Fell, forming a superoxide intermediate,
followed by homolytic O-O bond cleavage, producing FelV=0 (ferryl)
and Cu'OH species. The rapid 4e” transfer prevents the accumulation
of peroxo intermediates, enhancing efficiency. In the reductive phase,
four protons and three electrons restore the enzyme to its reduced R
state, coupling proton uptake with membrane transport. The CuB center
plays a critical role in O-O bond cleavage, distinguishing this system
from cytochrome P450, where heterolytic scission occurs. The heme-
copper active site serves as a model for designing synthetic bio-
inspired ORR electrocatalysts with enhanced efficiency and selectivity.

Notably, PCET plays a crucial role in directing the reaction pathway
and determining product selectivity. Tse et al. proposed a Cu-based
complex (CuBTT) as an artificial enzyme incorporated into a hybrid
bilayer membrane (HBM) to regulate proton transport precisely [46].
This system consists of a SAM of CuBTT chemically attached to a gold
electrode, with a lipid monolayer containing 1-dodecylboronic acid
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(DBA) as a proton transfer mediator. The presence of DBA-modulated
proton flux favors the four-electron reduction of Oy to Hy0O while
minimizing the production of undesirable intermediates such as HoOy
and Os. In the absence of a lipid monolayer, CuBTT facilitated a mixed
2e” and 4e” ORR, yielding approximately 0.11 mol of HyO5 per mole of
O, consumed. However, in the presence of a lipid layer without a proton
carrier, HyO, formation increased to 0.68 mol per mole of O, indicating
a shift toward the two-electron pathway due to restricted proton avail-
ability. The introduction of 10 mol% DBA within the lipid monolayer
completely redirected the reaction towards 4e” pathway, eliminating
H50, formation.

The reaction mechanism follows a PCET process, where the rate of
proton movement determines whether the ORR proceeds via le™, 2e™,
or 4e” pathways. Effective coordination between proton transport,
electron transfer, and O-O bond cleavage is critical for ensuring selec-
tive Oz conversion to HyO. By optimizing proton flux, the CuBTT-based
system exhibited enhanced ORR efficiency and selectivity, highlighting
the importance of proton transport regulation in improving electro-
catalytic performance for fuel cell applications.

The electrocatalysts listed in Table 2 exhibit a wide range of Eonsgr
and current output densities at 0.8 V vs. RHE, with notable differences in

Table 2

Comparison between enzyme-based and artificial enzyme-based electrode for
ORR at neutral pH (representative papers within last 5 years). Abbreviations:
6A2NA-MvBO (MvBOD immobilized onto 6A2NA), ABA (4-aminobenzoic acid),
AQS (anthraquinone-2-sulfonic acid), BP (buckypaper), CMC (carboxymethyl
cellulose), CP (carbon paper), GCE (glassy carbon electrode), GDE (gas diffusion
electrode), KB (ketjenblack carbon), eBOD (escherichia coli bilirubin oxidase),
MgOC (magnesium oxide-carbon composite), MVBOD (Myrothecium verrucaria
bilirubin oxidase)), MWCNT (multi-walled carbon nanotubes), Os(bpy),
(osmium redox polymer), PGE (pencil graphite electrode), PBSE (1-pyr-
enebutyric acid N-hydroxysuccinimide ester), PG (porous gold), PTFE (poly-
tetrafluoroethylene), PVI (polyvinylimidazole), Py (pyridine), rGO (reduced
graphene oxide).

Catalysts EoNseT Current Stability Ref.
(V vs. Output
RHE) Density (mA
cm’z)
@ 0.8V vs.
RHE
MvBOD-M- 1.13 0.02 n.a. [141]
10Au@Ti
eBOD/4-ABA/KB/ 1.11 4.00 88 % of its initial [146]
GCE current density after
50 continuous scan
cycles
BP/4-ABA/ 1.02 1.20 n.a. [163]
MvBOD
MWCNT/ 1.11 0.88 88 % of its initial [144]
GNPPSCD/AQS/ current density after
MvBOD 50 continuous scan
cycles
CP/MWCNT/ 1.19 0.17 88 % of its response [143]
PBSE/MvDOB after 34 days
MgOC ink-CMC/ 1.2 1.40 n.a. [164]
MvBOD
MvBOD-based 1.19 1.52 84 % retention of [142]
biogel/C GDE initial current density
after 24 h
Os(bpy)2PVI- 1.02 0.04 84 % retention of [145]
MvDOD-PTFE initial current density
(2)/GCE after 16 h
MvBOD/4-ABA/ 1.12 0.06 half-lifetime stability [140]
rGO GDE of 55 h
PG/MvBOD 1.19 5.10 n.a. [165]
MWCNT/Py 1.15 2.43 n.a. [166]
MvBOD
Mg-N-C 0.83 4.50 85 % of normalized [167]
current after 10 h
6A2NA-MvBO- 0.85 0.70 50 % activity was lost ~ [168]
modified PGE in6h
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stability. The highest onset potential is observed for MgOC ink-CMC/
MvBOD (1.20 V vs. RHE), followed closely by MvBOD-based biogel/C
GDE and CP/MWCNT/PBSE/MvDOB (1.19 V vs. RHE), whereas the
lowest Eonsgr is recorded for Mg-N-C (0.83 V vs. RHE). In terms of
current density at 0.8 V vs. RHE, Mg-N-C (4.50 mA cm2) and PG/
MVBOD (5.10 mA cm ™ 2) stand out with the highest values, significantly
outperforming MvBOD-M-10Au@Ti (0.02 mA em2) and Os(bpy),PVI-
BOx-PTFE(2)/GCE (0.04 mA cm’z), which exhibit the lowest perfor-
mance. Stability trends vary, with eBOD/ABA/KB/GCE and MWCNT/
GNPPSCD/AQS/MvBOD maintaining 88 % of their initial current den-
sities after 50 cycles, while 6A2NA-MvBO-modified PGE lost 50 % of its
activity in just 6 h. The MvBOD-based biogel/C GDE and Os(bpy)2PVI-
BOx-PTFE(2)/GCE electrodes retained 84 % of their initial current
densities over 24 and 16 h, respectively, indicating relatively good
durability. These variations highlight the influence of different electrode
compositions on electrochemical performance, with Mg-N-C and PG/
MvBOD emerging as the most promising electrocatalysts in terms of
current output, whereas MgOC ink-CMC/MvBOD demonstrates the
highest EoNseT-

Enzyme-based electrocatalysts offer high onset potentials and
selectivity but suffer from lower stability. Artificial enzyme-based
electrocatalysts, especially those utilizing nanomaterials like Mg-N-C,
can achieve comparable or even superior current densities while
providing enhanced stability. However, some artificial electrocatalysts
still lag EonseT, requiring further optimization to match the oxygen af-
finity and active-site efficiency of natural enzymes.

5. Microbial-based electrocatalysts for ORR at neutral pH

Electroactive microbial biofilms have been investigated since the
1980s for their ability to use electrodes as electron donors (microbial
cathodes or biocathodes) and catalyze ORR. Initially studied in relation
to metal aerobic biocorrosion, they gained attention in MFC applications
from the beginning of the years 2000 onwards [169-171]. These bio-
films develop naturally on artificial electrodes and conductive natural
solid materials, but their controlled growth is limited or absent and it
poses challenges due to the absence of precise tools or methodologies to
take control and drive their growth and structural organization on the
electrodes. In fact, a wide range of biotic and abiotic factors impact the
growth and electrocatalytic performance of these electroactive biofilms
(EAB) both on the anode for the oxidation reaction and on the cathode
for the reduction reaction [172].

From a mechanistic point of view, key enzymes involved in direct
microbial ORR include superoxide dismutases, catalases, and peroxi-
dases, which protect microbes from oxidative stress and catalyze ORR
when attached to surfaces [173]. Studies have shown that prosthetic
groups of these enzymes, like iron porphyrins, adhered to surfaces, can
catalyze ORR [174]. These compounds, along with organometallic
compounds formed by metallic cations with extracellular polymeric
substances (EPS) and flavins secreted by bacteria, act as ORR electro-
catalysts. However, inhibitors of enzyme activity reduce ORR electro-
catalysis, suggesting that active enzymes are crucial. Recently, a
fascinating but unconfirmed ORR pathway involves direct electron
transfer from the cathode to the microbial cell, which uses these elec-
trons for respiration and releases them to oxygen [57,175].

Some bacteria in environments containing manganese or iron ions
oxidize these metallic ions to oxides such as manganese oxyhydroxide
(MnOOH), facilitating ET to oxygen for bacterial energy use [176-178].
This process, studied with manganese and bacteria like Leptothrix dis-
cophora, explains the fundamentals of the initiation of metal aerobic
biocorrosion, also known as aerobic microbiologically influenced
corrosion (MIC) and has been replicated in lab settings with pure cul-
tures [179,180].

In general terms, MFCs are promising for generating low-cost elec-
tricity from sustainable organic compounds. Typically, in the majority of
works in the literature, MFCs have an anaerobic microbial anode and a
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non-biological, abiotic, inorganic ORR cathode [181]. However, the
efficiency of these abiotic air cathodes is very often limiting at the
neutral pH, operating conditions required for microbial anodes, posing a
significant challenge for scaling up this type of BES [182,183].
Currently, MFCs with non-biological ORR cathodes achieve a power
density of about 7 W m—2 (~50 A m’g) in small-scale cells (~1 L vol-
ume), but this efficiency drops significantly in larger systems, especially
with large-size electrodes [184].

Using ORR microbial cathodes can be an efficient alternative to
abiotic ORR cathodes [185]. However, pairing microbial anodes with
microbial cathodes creates a pH gradient due to proton production at the
anode and hydroxide production at the cathode [186]. Particularly,
local pH change at the bioanode hinders microbial growth and reduces
biofilm electrocatalytic activity, while increasing pH at the biocathode
reduces ORR efficiency by slowing reaction kinetics, particularly for
catalysts suited to near-neutral conditions. Additionally, high alkalinity
causes Ca®* and Mg?* to precipitate, forming carbonate and hydroxide
deposits that degrade cathode performance [187-190]. Chemical
buffers can address proton transport deficiencies but are costly and hard
to manage for large-scale use [191-193]. A loop configuration, directing
anode effluent to the cathode, reduces the pH gradient and enhances
cathode performance but requires careful operation to avoid issues with
oxygen supply and consumes extra energy to power the effluent circu-
lation pumps [194]. Reversible bioelectrodes can solve the pH gradient
problem and improve oxygen reduction by using biofilms to catalyze
both anodic and cathodic reactions in successive or alternative time
phases [195,196]. This method avoids strict aerobic bacteria growth and
leverages proton accumulation during the anodic phase to boost the
cathodic reaction. Systems using reversible electrodes, such as
solar-powered MFCs and dual bioelectrode MFCs with polarity reversal,
show significant power density improvements [197]. Despite their
promising advantages, reversible microbial electrodes are not
well-studied, and the microbial composition and long-term evolution of
these biofilms remain largely unexplored [176].

The electrode material widely used to design bacterial ORR cathodes
is carbonaceous-based such as graphite, in the form of monolithic ma-
terials or granular and filamentary materials [198,199]. Carbon surfaces
that are extremely hydrophobic limit the formation of aerobic electro-
active biofilms in three-dimensional electrode geometries, especially in
the core of the porosity where water has difficulty accessing. However,
surface structuration of carbon materials to create micrometer-scale
roughness or the deposition of thin layers of hydrophilic polymers can
reduce the hydrophobicity of the surfaces and promote the development
of bacterial biofilms [200-203]. Strycharz-Glaven et al. explored mi-
crobial oxygen reduction at the Dbiocathode of a
sediment/seawater-based microbial solar cell (MSC), demonstrating
that its catalytic activity does not rely on light [204]. Notably, the
dark-incubated biocathode produced higher current densities than the
illuminated one. CVs revealed a sigmoidal current-potential relation-
ship, indicating heterogeneous electron transfer facilitated by an
immobilized redox cofactor. Microbial community analysis showed that
the biocathode biofilm in the dark-grown MSC was predominantly
composed of Marinobacter spp. within the Gammaproteobacteria class,
forming a multi-layered biofilm up to 8.2 pm thick. Even after repeated
medium replacements, the biofilm retained its catalytic function and
could sustain growth using inorganic carbon as its sole carbon source. In
a three-electrode system, the enriched biocathode exhibited a maximum
current density between —0.035 and —0.045 A m~2, with a midpoint
potential of approximately 0.475 V vs. RHE. Less widespread, stainless
steel (SS) has shown a duality of behavior as a function of the salinity of
the electrolytic solution and the grade of SS alloy used [205]. Strong SS
alloys (316L, 254SMO) can outperform the performance of carbona-
ceous materials in a marine environment as they are more tolerant to
high salt concentrations and less prone to corrosion [206].

Abiotic ORR occurring directly on the surface of metal-based, TM-N-
C and carbonaceous electrode material can lead to the production of
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intermediates and several ROS species like HyO5, O3~ and *OH trig-
gering both Haber-Weiss and Fenton reactions in the presence of iron
[174,207]. Indeed, Indeed, reactive oxygen species (ROS) exert a dual
effect on bacterial biofilms. They induce cellular and DNA damage,
leading to mutations, structural alterations, and potential cell death.
However, ROS can also stimulate biofilm formation as a protective
response, enhancing bacterial resilience. This complex interaction plays
a crucial role in biofilm dynamics and antimicrobial agents resistance
[208]. Alkalization at the cathodic surface by the production of hydroxyl
ions (product of the ORR at neutral pH) results in the precipitation of
hydroxides that precipitate in the biofilm or deposited on the electrode
surface, causing fouling on the cathode surface [209-211].

Different strategies affect the efficiency of microbial biocathodes in
ORR. Marine biofilms on stainless steel electrodes show similar ORR
activity regardless of the potential applied during biofilm formation or
growth on the electrode. In contrast, the growth of cathodic biofilms
from aerated sludge collected in wastewater treatment plants revealed
significant potential-dependent variations in microbial composition and
ORR performance [212]. Microbial oxygen-reducing biofilms (EABs)
cultivated on graphite rods were analyzed under both anoxic and
oxygenated conditions. The cathodic current density stabilized at
approximately —71 + 6 pA cm™2 at 0.821 V vs. RHE, with an Ej,
recorded at 0.972 V vs. RHE at pH 7.8. When exposed to air, CVs
exhibited a sigmoidal shape, indicating quasi-reversible heterogeneous
electron transfer (HET) for O, reduction. The biofilms efficiently cata-
lyzed the complete reduction of O, to HoO through a 4e™ pathway, with
an Eonser for Oy reduction observed at 1.091 V vs. RHE. The redox
properties of the biofilm varied with pH, showing significant changes
between pH 6 and 9.5, while activity drastically declined below pH 5,
disrupting the characteristic sigmoidal polarization curve [213].

The design of microbial biocathodes is essentially used as inoculum
complex industrial or environmental, chemically variable media such as
wastewater, seawater or marine sediments and soils. Extracts and
leachates from these media lead to the selection of even more electro-
active bacterial populations [196,214].

In MFC research, key metrics like power and current generation,
chemical oxygen demand (COD) removal, and coulombic efficiency (CE)
are commonly reported. COD removal and CE are straightforward to
measure, especially with known substrates like acetate. Reporting cur-
rent and power involves different normalization methods, which vary by
electrode surface area, electrode volume, or MFC compartment volume.
Studies highlight both regional similarities and differences, compli-
cating the identification of individual parameter impacts due to
numerous variables.

Larrosa et al. emphasized the need for more replicates in MFC tests
due to low repeatability. Mateo et al. found that running over 100 MFCs
simultaneously under the same conditions could reduce uncertainty in
the maximum current probability to less than 5 % [215,216].

To develop simple and reproducible methods, five institutions from
the US and Europe conducted a cross-laboratory study, strictly following
a standardized protocol. They examined the influence of local domestic
wastewater’s microbial composition on MFC performance, including
voltage, power, current production, COD removal, pH, and microbial
population dynamics. Hence, it is not trivial to grow microbial pop-
ulations around the world, as shown in Fig. 7A-E (electrochemical and
microbiological cross-laboratory study) [217].

The statistical analysis revealed that the bacterial communities on
the cathodes were like those in the effluent, whereas the anodic biofilms
varied significantly between institutions and were closely related to the
source of the inoculum. Importantly, even anaerobic bacteria were
found on the cathode indicating probably a structure in layers of the
biofilm forming on the cathode. In fact, it was speculated that aerobic
bacteria stand on the part close to the air consuming the oxygen from
penetrating to the anode chamber while strictly anaerobes were in the
more internal part, protected by eventual air presence.

Only a few authors describe aerobic bacterial cathodes operating
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from pure bacterial cultures [218,219]. Electroautotrophic bacterial
communities are apparently much more robust than monocultures since
some members are not grown individually outside the electrode envi-
ronment at all, and electrochemical performance is more restricted in

pure culture [220]. Yates et al. reported that Mar-
inobacter-Chromatiaceae-Labrenzia (MCL) biofilm functions as an elec-
troautotrophic microbial system capable of reducing oxygen at neutral
pH by directly acquiring electrons from an electrode [221]. Operating at
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0.51 V vs. RHE, the biofilm facilitates oxygen reduction without relying
on hydrogen as an intermediary. Measurements using electrochemical
gating reveal that long-distance extracellular electron transport
(LD-EET) extends at least 5 pm beyond the electrode surface, allowing
cells beyond direct contact with the electrode to participate in electron
uptake. The biofilm exhibits electrical conductivity of 60 pS/cm at
30 °C, which is more than ten times higher than previously reported
values for microbial biofilms, demonstrating its exceptional electron
transport capabilities. Spectroscopic analysis, including confocal reso-
nance Raman microscopy, has identified c-type cytochromes as the key
redox mediators involved in this process. Environmental aerobic bio-
films contain microbial populations with strong syntrophic relation-
ships. The cultivable fraction of these biofilms is generally less than 1 x
1072 %, demonstrating that most microbial species have a vital need to
live in the community. Finally, pure cultures have a shorter operating
time than those grown in mixed culture and they are prone to possible
contamination that might affect their purity and cell density at the scale
of the cathode surface area [222].

6. Cathode upscaling for improved renewable energy
production

In the sections above, ORR mechanisms, limiting steps, and negative
effectors occurring over biotic/abiotic at the active site level have been
discussed in detail. To operate, these electrocatalysts need to be inte-
grated into cathode electrodes and their architecture optimization is
considered and discussed in this section. Integrating the electrocatalyst
into the cathode architecture posed numerous challenges related to
transport phenomena, current distribution and the effects of chemical
and physical processes spanning scales from angstroms/nanometers to
millimeters [223,224].

Two main cathode configurations are used in BESs which might
incorporate: i) cathode fully immersed into an aqueous solution; ii)
cathode open to the air (known as a gas diffusing electrode, GDE), Fig. 8)
[171]. The first configuration operates with the cathode electrode fully
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particles
Gas

Liquid electrolyte
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submerged within a liquid-phase electrolyte. The major characteristic of
this cathode is the fact that being completely in contact with the liquid,
the surface must be hydrophilic to enhance the contact of the electro-
catalytic sites with the electrolyte [225]. The reaction occurs at a
two-phase interface (liquid and solid) and oxygen as a reagent is dis-
solved into the liquid phase. Indeed, the protons and the reactants are
soluble in the liquid phase, while the electrocatalytic sites on the cath-
ode are in a solid phase. Therefore, the utilization of hydrophilic binder
is preferred to enhance the electrocatalyst/electrolyte inter-
action/affinity for maximizing the surface of the liquid/solid interface
and oxygen in dissolved form. Particularly, dissolved O, is needed for
bacterial ORR [226].

Dissolved O is strictly dependent on the air pressure, the salinity of
the electrolyte and the temperature with the latter being regulated by
Henry’s law [227]. Dissolved O, decreases with the increase in salinity
content and temperature and lower air pressure. For example, at sea
level, at 25 °C and with electrolyte salinity of 1 g L™" (referred to as total
salt content), dissolved oxygen is ~ 8 mg L' (0.24 mM). The oxygen
concentration in air is roughly 21 % which corresponds to a molar
concentration of 8.6 mM which is roughly 35 times larger compared to
dissolved Os.

Since the ORR frequently limits the performance of BESs, a higher
concentration of reactant is required. As a result, atmospheric oxygen is
preferred and more efficient than dissolved O in the electrolyte [170].
Operation with passive mass transfer based on simple diffusion phe-
nomenon is also preferred. The open-to-air cathode-type does not need
oxygen to be provided through the external utilization of
energy-consuming pumps, but its own architecture is built to provide
passively the reactant. Particularly, air-breathing cathodes are specif-
ically designed in two main layers or zones [147,228]. The first one
facing the electrolyte has mainly hydrophilic or slightly hydrophobic
characteristics. The second one, contiguous to the first one, has mainly
hydrophobic characteristics. The second region/zone usually ends on
the current collector or with the diffusion layer, reasonably closer to the
atmosphere. Each of these two regions has a particular function to

Hydrophobic porosity

___Three phase
boundary at
catalytic sites

Product

Fig. 8. GDE electrode structure encompassing the hydrophobic GDL, active layer and current collector. Reprinted with permission from Horizon SPIRE Project

PERFORM website https://performproject.eu/archivos/2290.
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absolve. The hydrophilic (slightly hydrophobic) zone must be wetted by
the electrolyte to allow the protons within the electrolyte to travel to the
catalytic sites. If the first region/zone were of a super hydrophobic-type,
proton mass transfer resistance would have occurred affecting nega-
tively the cathode performance. On the contrary, the second region/-
zone must be of super hydrophobic type to be electrolyte-free and
guarantee the presence of oxygen from the atmosphere [229]. If the
super hydrophobicity of the second region would have been compro-
mised or was not enough efficient, electrolyte would fill the pores of the
entire electrode not allowing oxygen circulation within the electrode.
This undesired situation is called “cathode flooding” and limits severely
the cathode performance due to the availability of oxygen only as dis-
solved Oy [230]. This cathode architecture creates a hydro-
philic/hydrophobic gradient that enhances natural air circulation
within the structure.

The air-breathing cathode architecture is specifically engineered to
enhance the three-phase interface (TPI) crucial for efficient ORR. This
design optimizes the interaction of the liquid phase (responsible for
proton transport), the gaseous phase (ensuring oxygen availability and
enhancing oxygen transport), and the solid phase (facilitating electron
transport through the cathode support). Typically, these cathodes
feature a pellet-type structure composed of carbonaceous conductive
materials such as teflonized carbon black or activated carbon, layered
over a carbonaceous or metallic porous current collector. This integrated
design aims to maximize performance for both enzymes and inorganic
electrocatalysts by optimizing the operational conditions within the
cathode structure [231].

At the same time, a diffusion layer or multiple layers may be intro-
duced on the air-facing side of the current collector. Examples of
diffusion layers made of PTFE (polytetrafluoroethylene), PDMS (Poly-
dimethylsiloxane), or other polymers are frequently reported. Impor-
tantly, this layer does not allow water/electrolyte permeation through
the cathode structure. In fact, in case of mechanical structure failure, or
the creation of liquid preferential pathways through the pellet-type
cathode, MFC ceases to function due to leakage of the anode electro-
lyte. The addition of diffusion layers is crucial to keep the integrity of the
system that is supposed to work continuously for long-term operations.
Moreover, being permeable to oxygen, this hydrophobic layer might
increase the hydrophobic gradient within the cathode structure and
therefore might be beneficial for the ORR [232].

For a very long time, the research on BESs was restricted to lab-scale
systems with electrode sizes ranging from a few cm? to some hundred
em? [233]. If the objective was developing and screening novel elec-
trocatalysts for ORR, the small-scale systems served well as ideal tools
allowing for rapid testing and saving time and costs. However, as the
efficiencies improved, the need for demonstration at a large scale also
became obvious. One tangible approach of upscaling from the power
production point of view is stacking several small to medium-sized in-
dividual MFCs in series or parallel [234,235]. However, from a com-
bined wastewater treatment perspective, this is not the most practical
approach requiring larger single modules that correspond to larger
electrodes (to serve as anode and cathode) as well as mem-
branes/separators. The conventional cathode designs for MFCs such as
microfiltration or ultrafiltration flat sheet cathodes suffer from limited
cathode packing density. There are two main challenges with the geo-
metric enlargement of GDEs. While on one hand, with increasing di-
mensions, it is difficult to keep the air compartment dry due to the
possibility of the leakage of electrolyte from the gas diffusion layer
(mechanical weakness of the electrode), at the same time, the current
distribution across the whole surface of the electrode may become
skewed and the sections of the electrode in the middle becoming
disadvantaged compared to the edges (ohmic losses during operation)
[236]. To overcome this, recently, large-scale GDEs were developed at
VITO and independently tested in two different laboratories. These
novel multi-panel cathodes contained several smaller cathodes welded
into a single metal sheet, much like windows are made of many panes of
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glass [186]. This was tested in an 85 L reactor and was compared to a
small cell with an 11.3 em? electrode and a medium cell with a 52 cm?
electrode. Afterwards, the biggest ever-investigated scale multi-panel
SS/AC cathodes were tested in a submergible 255 L prototype MFC
module using municipal wastewater [237]. This type of electrodes,
available under the trade names VITO CORE® and VITO CASE®, are
quite flexible and can be shaped as a tubular GDE as well as a single unit
or in use inside an artistic version of a living lamp, named as “Spark of
life” based on the MFC principle [238]. Up to now, to the best of our
knowledge, there is a single company in the world that is commercial-
izing large scale MFCs named AQUACYCL LLD, USA.

7. Conclusions and outlooks

ORR is crucial in electrochemistry, playing a key role in energy
conversion and storage in a variety of (bio)electrochemical reactions.
BESs offer benefits like energy harvesting from waste, wastewater
treatment, low-energy desalination, environmental remediation, and
biosensing [239,240]. Designing ORR electrocatalysts and electrodes for
BESs is as important as the biotic components, deserving special atten-
tion due to its potential as a rate-limiting process [47]. Effective ORR in
neutral media is essential, presenting both challenges and opportunities
at realistic technology scales.

Key issues for large-scale BESs include cost, durability, power den-
sity, biosensing, and organic/pollutants degradation [23,241]. In BESs
and electrochemical energy storage systems, the ORR, in the majority of
cases, limits the output performance. Improving ORR activity and
durability requires balancing these issues. Inorganic, enzymatic, and
microbial electrocatalysts each have their pros and cons. Substantial
progress has been achieved in the field of PGM-free electrocatalysts,
which now show improved activity and stability compared to a decade
ago.

Inorganic electrocatalysts, especially PGM cathodes, are well-
established for acidic and alkaline media but are costly and less dura-
ble in BESs. The development of PGM-free electrocatalysts for FCs has
renewed interest in understanding ET mechanisms, aiming for activity
and durability improvements. Carbonaceous materials, offering a bal-
ance of cost, activity, and durability, are commonly used in BESs.
TM-N-C electrocatalysts, belonging to the family of PGM-free electro-
catalysts, show promise but need further development to enhance their
active sites and accessibility [242].

Enzymatic electrocatalysts, particularly MCOs, have been deeply
studied for their ET mechanisms, leading to a new generation of EFCs
with high selectivity and minimal side reactions. However, they have a
short operational lifetime, necessitating advancements in interfacial ET
and storage stability. Research in this area focuses on bioengineering
electrodes and improving immobilization techniques [243,244].

Electroactive biofilms that catalyze ORR still require the study of
model aerobic bacteria, although they are rare and their electroactivity
is unpredictable. Research into bacterial ET mechanisms, synthetic co-
cultures and reconstructed biofilms can provide insights into their
fundamental mechanisms of action and interactions both cellular and
with electrode surfaces. Innovations are needed to overcome the limi-
tation of low oxygen solubility in water and improve the microbial
density of biofilms on electrodes [172]. Major technological leaps could
be made by directing research efforts towards the use of synthetic dry
microbial biofilms and the direct conversion of atmospheric oxygen.

Cathode architecture is crucial for BES performance, with ORR
electrocatalyst activity not always translating into high performance
once integrated into an electrode. Optimized cathode designs, incorpo-
rating hydrophilic and hydrophobic features, guaranteeing a TPI, are
essential for practical BES applications. Scaling up and manufacturing
air-breathing gas diffusion electrodes require cost-effective techniques,
possibly involving multiple medium-sized cathodes or roll-to-roll
fabrication [245].

Moreover, exploring the effect of a magnetic field on ORR will unveil
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new prospects for developing more efficient electrocatalysts, substan-
tially boosting at least by 50 % the diffusion-limited reaction mainly due
to ions whirling motion under Lorentz forces [246].

As biocathodes evolve and integrate into devices, addressing engi-
neering and design issues will enhance ORR kinetics in neutral media,
contributing to the success of BES technology.
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