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Synergistic Integration of Hydrogen Peroxide Powered
Valveless Micropumps and Membraneless Fuel Cells: A
Comprehensive Review

Jawayria Mujtaba, Aleksei Kuzin, Guoxiang Chen, Fenyang Zhu, Fedor S. Fedorov,
Brij Mohan, Gaoshan Huang,* Valeri Tolstoy, Vadim Kovalyuk, Gregory N. Goltsman,

Dmitry A. Gorin, Albert G. Nasibulin, Shuangliang Zhao, Alexander A. Solovev,*

and Yongfeng Mei

Catalytic valveless micropumps, and membraneless fuel cells are the class of
devices that utilize the decomposition of hydrogen peroxide (H,0,) into water
and oxygen. Nonetheless, a significant obstacle that endures within the
discipline pertains to the pragmatic open circuit potential (OCP) of hydrogen
peroxide FCs (H,0, FCs), which fails to meet the theoretical OCP.
Additionally, bubble formation significantly contributes to this disparity, as it
disrupts the electrolyte’s uniformity and interferes with reaction dynamics. In
addition, issues such as catalyst degradation and poor kinetics can impact the
overall cell efficiency. The development of high-performance H,0,-FCs
necessitates the incorporation of selective electrocatalysts with a high surface
area. However, porous micro-structures of the electrode impedes the
transport of fuel and the removal of reaction byproducts, thereby hindering
the attainment of technologically significant rates. To address these
challenges, including bubble formation, the review highlights the potential of
integrating electrokinetic and bubble-driven micropumps. An alternative
approach involves the spatiotemporal separation of fuel and oxidizer through
the use of laminar flow-based fuel cell (LFFC). The present review addresses
multifaceted challenges of H,0,-powered FCs, and proposes integration of
electrokinetic and bubble-driven micropumps, emphasizing the critical role of
bubble management in improving H202 FC performance.

1. Introduction

The necessity for clean energy sources
has become urgent given by human-
ity’s attempts to decrease the use of
fossil fuels, diminish the world’s car-
bon footprint, address issues of global
warming, energy gap, and dramatic air
pollution. Although hydrogen fuel is
a promising alternative, high operation
pressure, storage difficulty, flammabil-
ity, and absence of gaseous fuel infras-
tructure has prohibited any wide-scale
industrial use. H,0, is a high energy-
density fuel (aqueous 60% H,O,: 3.0
MJ 17! or 2.1 MJ kg!) comparable
to hydrogen (2.8 MJ 17!, 3.5 MJ kg™
at 35 MPa).l'l Recent advancements in
the production of H,0O, via the utiliza-
tion of sunlight, water, and atmospheric
oxygen have led to the recognition of
H,0, as a promising liquid solar fuel.?!

H,0, FCs boast several advantages
over traditional hydrogen-oxygen fuel
cells (H,-O, FCs). First, H,0, possesses
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a higher energy density than liquid hydrogen, enabling H,0,
FCs to deliver more energy per unit volume. Additionally, the
storage and transportation of H,0, are simpler compared
to hydrogen gas, which requires high-pressure or cryogenic
conditions. The emergence of liquid H,0, FCs has brought
focus to the potential of H,0, as a fuel and oxidizer, thereby
facilitating the development of more environmentally friendly
energy conversion technologies. Also, it poses lower explosion
risks and is easier to handle. In FCs, H, 0, functions as both fuel
and oxidizer in membraneless, one compartment, one reactant,
and mixed reactant configurations.3*! H,0, acts simultaneously
as fuel and oxidizer and decomposes into environmentally
friendly products: pure oxygen and water. Membraneless one-
compartment H,0, FCs configuration offers simplicity and a
cost-efficient advantage due to a lack of an electrolytic mem-
brane (e.g., Nafion). While cost considerations vary, H,0, FCs
show promise in becoming cost-competitive with conventional
alternatives, especially when considering factors such as storage,
transportation, and safety. Moreover, the potential for higher pu-
rity in H,O, synthesis ensures consistent fuel cell performance.
Simpler fuel cell designs are achievable with H,O, FCs, as they
eliminate the need for a separate oxygen supply system. Further-
more, efficiency improvements may be realized due to the direct
decomposition of hydrogen peroxide. Benefits of H,O, in terms
of energy density, safety, and stability, with a particular focus on
the development of high-power-density FCs utilizing specific
catalyst complexes are discussed.[>®] Significant development in
the field is the shift toward using liquid fuels, such as H,0, and
sodium borohydride (NaBH,). FCs’ that employ these liquids
have achieved a voltage output that surpasses conventional H, 0,
FCs by over 30 percent.l”]

Today, one major challenge in the field - the practical OCP of
the presented FCs is lower than the theoretical OCP value (1.09
V).[8] The potential solution consists of the discovery of a more se-
lective electrocatalytic anode and cathode toward H, O, electroox-
idation and electroreduction,!®) separation of fuel-oxidant using
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laminar co-flows,1%!] introduction of redox couples!'?!3 and an
application of high-surface area electrodes.['*! Recently, H,0,
FCs with 3D electrodes achieved a maximal areal power density
of up to 300 W m~2.115] The power density of kW m~2 can be
achieved by employing a mixed reactant approach.!'®! The utiliza-
tion of laminar flow-based fuel cells (LFFCs) provides spatiotem-
poral separation of fuel/oxidant by eliminating the necessity of
an electrolytic membrane, such as using co-laminar flows. Nev-
ertheless, the pumping of laminar fuels/oxidants both through
micro-channels and 3D electrodes costs a significant amount of
energy. The advancement of H,0, FCs has encountered a hurdle
in timely delivery of fuel/oxidant, and removal of reaction prod-
ucts that hold technological significance, resulting in a stagnation
of progress.

Approximately two decades ago, independently from the H,0,
FCs research, a new class of peroxide-driven micro-devices
emerged. Bimetallic catalytic nano- micro- motors!'”! and au-
tonomous pumps!#2% powered by decomposition of H,0,
have been demonstrated. Self-powered electrokinetic microp-
umps have been successfully integrated into electrodes of thin
film FCs by depositing catalysts on the opposite sides of a
porous membrane.[?!l However, bubbles nucleation/generation
on the porous electrode limits applications of membraneless FCs
at higher concentrations of H,0,. Using conical catalytic mi-
crotubes, optimal chemical conditions, highly efficient bubble-
driven micropumps operating up to x 1000 lower concentration
of H,0, (10™*% v/v) has been developed.l?”) Subsequently, us-
ing optimal physicochemical properties: reaction-diffusion, sur-
factants, and architecture of individual catalytic micropump, a
highly compact efficient micropump powered by the recoil of
oxygen microbubbles has been demonstrated. Integrating cat-
alytic nanopumps into H,0, FCs could potentially address sev-
eral challenges in various ways. First, autonomous delivery of fu-
els/oxidants: catalytic nanopumps move fluids at the microscale,
enabling them to deliver the H, O, fuel to the electrode surfaces.
The efficiency of the FCs can be enhanced by ensuring a steady
supply of fuel without requiring an external energy source or me-
chanical pump.[?}] Second, the removal of reaction products: cat-
alytic pumps can also help in the timely removal of gaseous reac-
tion products like O,, which can otherwise accumulate and block
the electrodes, hampering the performance of FCs. Third, im-
provement of energy efficiency: by precisely controlling the sup-
ply of fuel and removal of reactions’ products, catalytic pumps
can improve power output characteristics of the FCs. Fourth,
one-compartment structure: catalytic pumps can support the de-
sign of FCs with a one-compartment structure.**] Without the
need for a membrane to separate the anode and cathode compart-
ments, the design and manufacturing process of the FCs can be
simplified, reducing the cost and complexity.l®*! Fifth, longevity
and durability: by managing fuel delivery and reaction product
removal, integrated micropumps can also extend the lifespan
of the fuel cell, reducing wear of the electrodes.[*] Therefore,
the integration of catalytic pumps could provide a promising ap-
proach to solve the current issues facing membraneless H,O,
FCs. Thus, hydrogen peroxide fuel cells possess unique advan-
tages over other fuel cell types, particularly in specific scenarios.
For example, hydrogen peroxide fuel cells can be used in appli-
cations prioritizing safety, space-constrained environments, re-
mote or off-grid power generation, areas with limited access to
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Figure 1. Examples of membraneless and microfluidic H,0,-FCs architectures and different flow configurations. a) Schematic image of one-
compartment H,0, FC consisting of two electrodes immersed in an H,0, solution. b) Schematic image of high surface area porous electrode based on
a silver-wire aerogel. Reproduced with permission.I’>] Copyright 2019, Royal Society of Chemistry. c) Schematic image of catalytic tubular micropumps
with different lengths generating bubbles during decomposition of peroxide. d) The concept of LFFC, where oxidant and fuel are spatio-temporally sep-
arated in the microchannel with depletion and diffusion zones. Adapted with permission.3%] Copyright 2004, Elsevier. ) Membraneless H,O, FC with
self-powered electrokinetic micropump. Adapted with permission.[2'l Copyright 2010, John Wiley and Sons.

traditional fuel sources, varied operating conditions, and situ-
ations requiring reduced infrastructure requirements.!'*?728] [t
can be achieved due to due to their superior safety, higher en-
ergy density, simplified design, renewable feedstock versatility,
operational flexibility, and reduced infrastructure requirements,
making them ideal for applications prioritizing safety, space effi-
ciency, simplicity, sustainability, and operational adaptability.

A major thrust of this review examines state-of-the-art ad-
vancements in H,0, FCs, including discussions about highly
selective electrocatalytic anodes and cathodes specific to H,0,
electrooxidation and electroreduction, utilizing laminar co-flows
to separate fuel-oxidant, incorporating redox couples, deploying
high-surface area electrodes and the exploration of the potential
benefits of integrating autonomous catalytic micropumps into
H,0, FCs. Three principal segments are discussed: a) an intri-
cate discussion on the design methodologies and the implemen-
tation of autonomous catalytic micropumps, b) rigorous scrutiny
of how the chemical characteristics of the fuel/oxidant contribute
to the performance dynamics of H,0, FCs, and c) an exhaus-
tive survey of the most recent advancements in selective elec-
trocatalysts, which are poised to significantly augment the effi-
ciency and longevity of H,0, FCs. The culmination of this re-
view suggests that the persistent efforts in the development and
refinement of high-performance H,O, FCs could potentially in-
stigate a revolutionary shift in the realm of sustainable energy
research, thereby unlocking novel avenues for exploration and
technological advancement. Figure 1 displays a variety of de-
signs and flow configurations for membraneless and microflu-
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idic FCs. Figure la shows a one-compartment H,0, FC with
two electrodes immersed in an H,O, solution. Figure 1b de-
picts a high surface area electrode constructed from a silver-wire
aerogel.[”] Figure 1c illustrates catalytic tubular micropumps of
varying lengths that produce bubbles during peroxide decom-
position. Figure 1d presents the LFFC concept, where oxidant
and fuel are spatially and temporally separated in the microchan-
nel citechoban2004microfluidic. Figure 1e portrays a membrane-
less H,0, FC with a self-powered electrokinetic micropump.[?!!
The research concept of H,0,-FCs can be integrated with the
core technologies of catalytic nano-/micro-motors and pumps,
developed in the past decade.?22%31 Optimizing FCs perfor-
mance necessitates an interdisciplinary approach that integrates
the engineering and synthesis of catalytic electrodes with au-
tonomous micropumps for efficient mass transport, a compre-
hensive physicochemical analysis of the fuel and oxidant to un-
derstand their impact on electrochemical kinetics, and exten-
sive characterization of highly-selective electrocatalysts to eval-
uate their electrocatalytic activity, selectivity, and stability under
operational conditions.

2. Reaction Kinetics of H,0, Decomposition

The decomposition of H,0, serves as a case study in chemi-
cal kinetics. The thermodynamics of this reaction reveal it to
be exothermic. From a kinetic perspective, the rate of this de-
composition can be markedly accelerated in the presence of spe-
cific catalysts. Notably, certain transition metals and enzymatic
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compounds have been empirically demonstrated to enhance the
rate of H,0, decomposition by lowering the activation energy
Dbarrier, thereby providing a mechanistic pathway for accelerated
reaction rates. The rate of H,0, decomposition is influenced by
factors such as pH, temperature, and H,O, concentration. In
acidic conditions, the decomposition is stabilized, while in alka-
line conditions, the rate can increase. The kinetics of this reac-
tion provide insights into the mechanisms and pathways through
which H,0, breaks down, typically yielding water and oxygen.
Understanding these kinetics is crucial for applications where
controlled release of oxygen is desired or where the stability of
H,0, is of concern. Acidic media is preferred for stabilizing
H,0,. Reaction kinetics of H,0, decomposition can be stud-
ied via in situ visualization of oxygen evolution, combined with
bright-field microscopy and high-performance liquid chromatog-
raphy. For example, the rate of H,O, decomposition can be evalu-
ated using measurements of the diameter of O, bubbles in time.
Reaction kinetics of the H,0, decomposition can be studied in
solutions with different pH.3!l Under OCP the net currentis zero
and the overall reaction takes place: H,0, — O, + H,0. Mecha-
nisms of H,0, decomposition in chemical/electrochemical, in
acidic and alkaline solutions are different. It is known that at
lower pH values, the H, O, reacts with H* to form the oxonium
ion: H,0, + H* — H,0; that reduces the initial H,0, decompo-
sition due to high content of H* ions. Simultaneously, the OH*
can be scavenged by excess H*: OH* + H* + e~ — H, 0, imped-
ing the oxidation of H,0,: H,0, + OH* - HOO* + H,0. Sub-
sequently, due to two possible reactions highly acidic conditions
reduce the decomposition of H,0,. At the same time, high pH
values reduce the reaction rate due to the reaction between OH*
and HO;: OH* + HO, — O + H,0 that is unfavourable side
reaction of the equation: H,0, + OH* -HOO* + H,0. OH*
has a higher reaction rate with HO; than with H,0, in acidic so-
lutions, decreasing the decomposition of H,0,. A combination
of above-mentioned effects leads to a maximum reaction rate at
pH = 4. Kinetic models will be developed to identify the reaction
rate constant and activation energy of peroxide decomposition re-
action (depending on H,O, feeding rate, temperature, pH). The
reaction density functional theory (DFT) calculations will be per-
formed and compared to experimental results. In acid media:
H, 0, reduction reaction (HPRR) takes place: H,0, + 2H* + 2e~
— 2H,0 (E® = 1.78 V vs. SHE). Due to a high potential H,O, oxi-
dation reaction can take place (HPOR): H,0, — O, + 2H" + 2e~
(E° =0.69 vs. SHE, where E' is the standard electrode potential of
the HPOR). In addition, since O, is generated, the O, reduction
reaction (ORR) occurs: O, + 4H* + 4e” — 2H,0 (E? = 1.23 vs.
SHE, where E is the standard electrode potential of the ORR.[*!
In alkaline media: H,O, can be in the form of HO; due to reac-
tion: H,0, + OH~ -HO); + H,0. Hydroxyl ions are formed in
the reaction with H,0: HO, + H,0 + 2e~ - 30H™ (E0 =0.87 V
vs. SHE). Likewise, the HPOR can occur in alkaline conditions:
HO, + OH™ - O, + H,0 + 2e™ (E® = 0.15 V vs. SHE). Moreover,
ORR can occur: O, + 2H,0 + 4e~ — 4OH~ (E® = 0.4 V vs. SHE).

3. Application of H,0, as a Fuel and Oxidant, in
Alkaline and Acidic Media

H,0, has emerged as a pivotal compound in advanced electro-
chemical systems due to its dual functionality as both a fuel and
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an oxidant. In acidic media, H,0, undergoes a reduction reac-
tion, leading to the formation of water, while concurrently re-
leasing electrons that can be harnessed for electrical work. Con-
versely, in alkaline environments, H,0, can act as an effective
oxidant, facilitating the electrochemical generation of molecular
oxygen. The redox behavior of H, 0, is profoundly influenced by
the pH of the medium, which dictates its electrochemical path-
ways and thermodynamic potentials. This pH-dependent ver-
satility of H,O, not only broadens its applicability across var-
ious electrochemical devices but also offers opportunities for
optimizing energy conversion efficiencies. The integration of
H,0, in both acidic and alkaline systems underscores its poten-
tial as a sustainable and efficient electrochemical agent in next-
generation energy technologies. Since HPRR can occur both in
acid H,0, + 2H" + 2e™ - 2H,0 (E? = 1.78 V vs. SHE) and alka-
line media (HO, + H,0 + 2e~ — 30H™ (E® = 0.87 V vs. SHE))
H, 0, can be used as a fuel and oxidizer, respectively. H,0, as an
oxidant (in acid media) has a high potential (1.78 V). It is known
that direct acidification of H,0, leads to an enhancement of
H, 0, electroreduction. To achieve high FCs performance H,0,
as an oxidant can be combined with many other fuels (e.g., boro-
hydride, ethanol, hydrazine, formic acid, metals). This type of
FCs typically combines H,O, oxidant with alkali (KOH, NaOH),
borohydrides, ethanol, metals as the fuel.?] H,0, can be used
as a fuel due to its property to donate electrons in the oxidation
reaction. A combination of reaction HO, + OH™ — O, + H,0
+ 2e” (E? = 0.15 V vs. SHE) at the anode and H,0, + 2H* +
2e” — 2H,0 (E? = 1.78 V vs. SHE) at the cathode can be used
to set the thermodynamic potential difference of FC. In detail, it
can be accomplished using alkali added to the anolyte and acid to
the catholyte. In principle, direct peroxide/peroxide FCs’ operate
with acidified H, O, (e.g., adding H,SO,) as an oxidant and alka-
lized H,0, (e.g., adding NaOH) as a fuel. Active electrocatalysts
highly selective toward H,O, electrooxidation in alkaline media
and H,0, electroreduction in acidic media are of high interest
to develop. In H, 0, FCs half-reactions proceed on an anode and
cathode, respectively. Reactions taking place at the cathode: H, O,
+ 2H* + 2e” — 2H,0 (1.78 V vs. NHE = normal hydrogen elec-
trode, at the anode: H,0, — O, + 2H" + 2e™ (0.68 V vs. NHE)
and in total: 2H,0, — 2H,0 + O, (1.09 V). H,0, do not only
accept electrons in the reduction reaction, but it can also donate
electrons in the oxidation reaction.[*] This unique characteristic
drives to use hydrogen peroxide simultaneously as an electron
acceptor (oxidant) and an electron donor (fuel). Since H,O, re-
duction reaction can take place in both acidic and alkaline media,
as such, H,0, is extensively used in acid-type, alkaline-type, and
hybrid-type FCs. However, the H,O, in acid media is preferred
primarily due to enhanced electroreduction and its intrinsically
high potential (1.78 V).

4. Synthesis of Hydrogen Peroxide

H,0, is importance chemical product and that is identified as
a “green” oxidant. Because of the sole produces H,O and O,
when it decomposes, H, O, is widely used in various fields, such
as paper and textile manufacturing and environmental protec-
tion for detoxification and the decolorization of waste dye. So
far, it is known that industrialized H,O, production almost re-
lies on the anthraquinone oxidation (AO) process, which is an
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energy-intensive processes, and that oxidation process is obvi-
ously environmentally hazardous.??! Generally, the H,0, pro-
duction process is as follows.!**3°] First of all, pure H, is indis-
pensable to hydrogenation, which is mainly obtained by steam
reforming. Second, the reactant of quinone needs to execute the
hydrogenation process over the functional Pd-based catalysts.
Third, the hydrogenated quinone should be filtered and then ox-
idized with air to form H,0,. However, a high concentration of
H, 0, produced by the AO process adds additional challenges due
to safety concerns. Hence, it is necessary to develop an energy ef-
ficient and green alternative H,O, production technique.

Over the past few decades, the direct synthesis of hydrogen per-
oxide (DSHP) from molecular hydrogen and oxygen has become
the alternative technique for H,0, production.**-**] Compared
with the complicated AO process, the DSHP progress only re-
quires the reactants of O, and H, on the surface of catalyst, on
which the H, occurs dissociative adsorption and subsequently to
participate in hydrogenation process to form H,0O,. The DSHP
process can be a more suitable solution to small-scale facilities
with low concentration of H,0,, and the only byproduct is water.
It can improve safety by avoiding the transportation of highly con-
centrated H,O, solution. However, the DSHP process remains
challenging where the key problem is stabilizing the resulting
H, 0, so that it does not decompose and form water. And the side
reaction to produce H, is more thermodynamically spontaneous
during the production of H,0,.

Recently, the electrochemical two-electron oxygen reduction
strategy offers an attractive route for on-site production of H,O,,
as it could effectively resolve the issues associated with the AO
process and DSHP process.[**] Indeed, the electrochemical oxy-
gen reduction route through using only O,, H,O and electricity
as inputs with no waste released, which is safer, equally ecological
and proceed under mild conditions such as ambient temperature
and pressure. Moreover, the oxygen reduction reaction process
can be coupled with renewable energy sources and thus can be
used in remote regions.

Generally, the electrochemical reaction reactor for H,O, pro-
duction is mainly conducted by a traditional H-cell or flow cell
types with gas diffusion layers.I*?] It is well-known that limited
mass-transport is a disadvantage of traditional H-cell. To solve
the inherent deficiency, the alternative continuous flow cell has
been introduced, and received more concern for electrochem-
ical H,0, production. Although electrochemical production of
H,0, is a viable alternative to the conventional AO, both the per-
formance of catalysts and reactors should be improved in the
future. Thus, we focus on the recent progress of catalysts and
cells design for electrochemical H,O, production. Recently, den-
sity functional theory (DFT) calculations provide a shortcut for
screening high performance catalysts in various electrochemical
reactions, including of hydrogen evolution reaction (HER), car-
bon dioxide reduction reaction (CO,RR), nitrogen evolution reac-
tion (N,RR), ORR and so on.[***] Thus, in this review, it is worth
first mentioning the current understanding of the two-electron or
four-electron ORR mechanism. In the electrochemical processes,
both the two-electron and four-electron ORR steps are illustrated
as following:(4046]

The two-electron pathway:

0, +2(H* + e”) - H,0,(E° = 0.70V) (1)
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0, +2H*+e7) > "OOH + (H* +¢7) ()
*OOH + (H* +e7) —» H,0, (3)

The four-electron pathway:

O, +4(H" +e7) —» 2H,0(E° = 1.23V) )
0, +4(H* +¢7) - *OOH + 3(H* +¢") ()
*OOH + 3(H* +e7) - *O+2(H" +¢7) + H,0 (6)
*O+2(H" +e7)+H,0 - *OOH + (H* + e7) + H,0 (7)
*O+2H"+e)+H,0>"0O0H+ (H" +e7)+ H,0 8)

It is clear that there are three different reaction intermediates
(ie., *OOH, *O, *OH) for four-electron pathway and the sole
*OOH intermediate for two-electron pathway. Up to now, the
computational hydrogen electrode (CHE) model has been pro-
posed and developed by Norskov and his coworkers, which is the
available method to analyze the ORR activity and selectivity.[*4+7]
In the CHE model, the free energy of a single proton-electron
pair (H* + e7) is defined as -e U relative to H, in the gas phase at
standard conditions, where U s the electrode potential (vs. RHE).
To calculate the adsorption free energies and/or reaction free en-
ergies, the general equation can be defined by

AG = AE + AZPE — TAS — neU 9)

where the AE, AZPE, TAS, and n are for the DFT calculated bind-
ing energy, zero-point energy, entropic corrections, and related
electron number, respectively.

According to the advanced benchmark of CHE model for
two-electron and/or four-electron ORR activity and selectivity,
tremendous theoretical and experimental research progresses
have been achieved to design high-performance catalysts.?**8l
Here, both the noble metal-based catalysts and single-atoms cata-
lysts (SACs) are dominant taken into account. Noble metal-based
catalysts have received much attention, such as Pd, Pt, and Ru,
which is ascribed to the highly activity, selectivity, and stability
(Figure 2a).1*9°% Especially, the two-electron ORR activity and se-
lectivity on these noble metals can be further improved by al-
loying process with other metals, such as Au, Ag, Sn, Hg, and
so on.3*31-33] By means of DFT calculations, Jirkovsky et al. pro-
posed that isolated alloying atoms of Pd, Pt, or Rh placed within
the Au surface should enhance the H,0, production relative to
pure Au.P*] Further, the experimental results exhibited that in-
creasing the Pd concentration to 8% can obtain an ultrahigh
H,0, selectivity of 95%. However, increasing of Pd concentra-
tion (= 50%) in the PdAu alloy leads to an unremarkable H,0,
selectivity of 10% (Figure 2b). Siahrsotami et al. found that the Pt-
Hg/C alloy exhibits an outstanding H, O, selectivity of up to 96%
and mass activity of %26 A g~! of noble metal at 50 mV overpo-
tential (Figure 2c). The DFT calculations revealed that the PtHg,
alloy has a suitable adsorption free energy for the sole interme-
diate of *OOH species (Figure 2d). Obviously, the main purpose
of alloying process is to modify the binding energies of the inter-
mediate species, and the ideal *OOH adsorption free energy is
~4.22 eV for H,0, production. For the two-electron pathway, the
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Figure 2. Theoretical and experimental results of metal-based catalysts for H,0, production. a) 2-D volcano plot showing the scaling relationship
between the adsorption free energies of *OOH and *OH for metal-based catalysts. Adapted with permission.33] Copyright 2018, American Chemical
Society. b) H,0, selectivity as a function of palladium content. Adapted with permission.[>%] Copyright 2011, American Chemical Society. c) the kinetic
current as a function of potential with respect to reversible hydrogen electrode (vs RHE). Adapted with permission.[*¢] Copyright 2013, Nature Publishing
Group. d) limiting potential (UL) as a function of the adsorption free energies of *OH (lower horizontal axis) and *OOH (upper horizontal axis). Adapted

with permission.[>”] Copyright 2020, Royal Society of Chemistry.

catalysts that bind *OOH strongly, *OOH—H, O, is the potential
limiting step, whereas for the weakly binding energy of *OOH,
0,—*0O0H, is a potential limiting step. Developing and design-
ing the catalysts that bind *OOH neither too strong nor too weak
is a correct choice.

5. Single-Atom Catalysis of H,0,

SACs have attracted considerable attention in various electro-
chemical energy conversion processes, such as CO,RR, N,RR,
HER, and ORR.P®#>° The specific reaction sites in the surface of
SACs lead to an ultrahigh product selectivity for target reaction
process. For example, the metal-nitrogen-doped carbons (M-N-
Cs) as a unique class of SACs have explicit active sites (i.e., cen-
tral metals, coordination atoms, surrounding carbon matrix) for
various catalytic reactions (Figure 3a).l>"]

Tang et al. reported that both the first and second coordination
spheres (CSs) and central metals synergistically determines the
electrocatalytic response for H,0, production (Figure 3b). And
the two-electron pathway can be preferred with the first (N or/and
O coordination) and second (C-O-C groups) CSs.[®] Jung et al.
found that the H,O, activity on Co-N, moiety can be tailored by
fine-tuning its surrounding atomic configuration with a specific
epoxy group (Co-N,(O) (Figure 3c).[*?] The experimental results
demonstrated that the Co-N, moiety modified by epoxy group ex-
hibits an outstanding performance for H,O, production, with
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a kinetic current density of 2.8 mA cm™ (at 0.65 V vs RHE)
and a mass activity of 155 A g!. To simultaneously tune the
coordination number of the Co-N-C moiety and the surround-
ing epoxy groups, a one-step microwave thermal shock has been
adopted by Gong et al. In the 0.1M KOH, the synthesized low-
coordinated Co-N, configuration and its surrounding abundant
epoxide groups exhibit a high H, 0, selectivity (91.3%) and mass
activity (44.4 A g~! at 0.65 V vs RHE) (Figure 3d).[!

6. Design of the Electrochemical Reactors for
H,0, Production and Electrode Engineering
Methods for Effective O, Bubble Transport

To date, the electrochemical reactors for H,O, production can
be divided into three types, including of H-cell, flow-cell, and mi-
crofluidic cell.[®? Usually, the rotating ring-disk electrode (RRDE)
has been introduced as an working electrode of the classical H-
cell to analyze the H,O, selectivity and activity (Figure 4a). Typi-
cally, the glassy carbon disk part of working electrode is the prove-
nance of H,0,, and the H, O, oxidation occurs on the Pt ring elec-
trode. And the Pt ring electrode has been held at 1.20 V (vs RHE)
to quantify the H, O, yield on the disk electrode. Additionally, the
ring collection efficiency of RRDE can be determined by using
a typical redox system of potassium ferricyanide solution. Thus,
the H,0, selectivity can be defined from the following formulas

© 2024 Wiley-VCH GmbH
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Figure 3. Single atom catalysts (SACs) for H,O, production. a) Summarized the influence factors for the intrinsic activity and active sites number in
SACs. Reproduced with permission.[>®] Copyright 2019, American Chemical Society. b) Limiting potential volcano plots of ORR via the two-electron and
four-electron pathway for SACs. Reproduced with permission.!??] Copyright 2021, American Chemical Society. c) Theoretical catalytic activity volcanoes
for the H,0, and H,O production. Reproduced with permission.[42] Copyright 2020, Springer Nature. d) Chronoamperometry stability test of Co-N,-
C/HO at 0.09 V in 0.1 M KOH. The inset plots the mass activity for SACs. Reproduced with permission.[®"] Copyright 2022, John Wiley and Sons.
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Figure 4. Electrochemical reactors for H,O, production. a) A RRDE setup in a three-electrode electrochemical cell. Reproduced with permission.[6]
Copyright 2018, American Chemical Society. b) Membrane-based flow reactor consisting of the anode and cathode on either side of a polymer electrolyte
membrane. Reproduced with permission.[®2] Copyright 2020, American Chemical Society. c) Microfluidic reactor consisting of a liquid electrolyte flow
channel between the anode and cathode gas diffusion electrode materials. Reproduced with permission.[52] Copyright 2020, American Chemical Society.
d) Schematic design of microfluidic reactor for H,0, production. Reproduced with permission.[8°] Copyright 2020, Springer Nature.
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based on the collection efficiency of RRDE (N), the ring current
(I,) and disk current (I,):1%

I I
Selectivity(%) = 200 X (N) / (N + 1d> (10)

And the number of electrons transferred:
ax1/(1,+ i 11
n= =
o (L+ 5 1y

According to Koutesky-Levich equation, the kinetic activity and
mass transport of reactants can be analyzed:

-1, 12)
Jn Ik

where the kinetic current density, total current density, and the
diffusion-limited current density are for the j,,, j;, and j,, respec-
tively. The H,O, concentration can be quantified by cerium sul-
fate (Ce(SO,),) titration method:

M(H,0,) = 2 x M(Ce*") (13)

where the M(Ce**) represents the mole of consumed Ce**. To
overcome the mass transport limitation of O, gas in the H-cell,
the gas-diffusion electrodes (GDEs) have been adopted in re-
cently studies (Figure 4b).[°26667] Normally, the GDEs are mainly
composed of a porous material with a hydrophobic component,
which can be regarded as a membrane between O, gas and the
cathode electrolyte. To maintain the stabilized flow or transport
of O, to the catalyst, the target catalyst can be coated onto the gas
diffusion layer at the solid-liquid interface. The traditional slow
diffusion process of O, in the liquid electrolyte can be avoided by
the gas diffusion layer.

Since the advent of LFFCs in 2002, a great deal of research
has focused on the cell designs for electrochemical energy
conversion.[®] Ferrigno et al. first reported a pioneering single
channel of redox fuel cell, the workable plan could be ascribed to
the laminar flow effect (occurs in liquids flowing at low Reynolds
number) that effectively eliminate convective mixing of fuels.
Subsequently, Jayashree et al. proposed an air-breathing LFFC
for oxygen reduction reaction.”] By means of a gas diffusion
electrode as the cathode, the LFFC exhibits a remarkable power
density of 26 mW cm~2. The advanced microfluidic cell also
performed in electrochemical H,0, production(Figure 4c).[5267]
Xia et al. recent research proposed a microfluidic cell for H,O,
production, where H,0, can be generated on both the cath-
ode and anode electrodes (Figure 4d).[®] On the one hand, the
two-electron ORR occurs at the cathode. At the same time, the
two-electron water oxidation process occurs at the anode. The
experimental results demonstrated that this system achieved an
ultrahigh H, O, production rate of ~ 24 umol X min~".

Besides the cell design, electrode engineering methods op-
timized for oxygen bubble transport can play a pivotal role in
improving the efficiency and performance of H,0, FCs. Pre-
vious studies have highlighted the importance of catalyst layer
(CL) design in determining catalyst utilization and, consequently,
the efficiency of proton exchange membrane water electrolyz-
ers (PEMWES). Utilizing a four-phase stochastic reconstruction
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method, researchers have identified optimal values for param-
eters such as porosity, carbon agglomerate dispersion, ionomer
content, and carbon support size within CLs.[”%! Deviations from
these optimal values result in transport issues for electrons,
protons, and mass within CLs, ultimately limiting Pt utiliza-
tion to around 50%. Addressing this challenge, a surfactant-
assisted method has been proposed to manipulate nano/micro-
bubbles generated during water electrolysis, thereby improving
mass transfer rates and overall efficiency. Among the surfactants
studied, potassium perfluorobutyl sulfonate (PPFBS) has shown
significant promise due to its structural similarity to Nafion, re-
sulting in decreased hygrogen evolution reaction overpotential
and increased current density.”!] Furthermore, the development
of 3D stack-printed catalysts, such as woodpile (WP)-structured
Ir, has demonstrated marked improvements in ORR mass ac-
tivity. By systematically controlling the 3D geometry, researchers
have facilitated facile transport of evolved O, gas bubbles, lead-
ing to enhanced electrochemically active surface area (ECSA) and
ECSA-specific activity.l”?) These advancements underscore the
importance of optimizing electrode engineering methods for ef-
ficient oxygen bubble transport in PEMWEs, paving the way for
enhanced performance and scalability in electrolysis technolo-
gies. Thus, presented stochastic reconstruction method, three-
dimensionally stack-printed catalysts and manipulating the gen-
erated nano/microbubbles using surfactants techniques can be
adapted for improving LFFCs perfomance from point of oxygen
bubble transport.

7. Materials Requirements for H,O, FC

Selecting an appropriate electrode material necessitates a rig-
orous evaluation of its intrinsic and extrinsic properties. Fore-
most, its electrochemical activity should facilitate efficient elec-
tron transfer kinetics for the target redox reactions. The material’s
chemical stability under operational conditions is paramount to
prevent deleterious corrosion or degradation phenomena. Elec-
trical conductivity should be optimal, ensuring minimal resis-
tive losses. A structured porosity is desirable, as it augments
the electroactive surface area, thereby enhancing the electrode’s
electrocatalytic efficiency. Economic viability and material abun-
dance are pivotal for scalable applications. In the sophisticated
engineering of H,0, FCs, the judicious selection of materials is
paramount to ensure optimal electrochemical performance and
robustness. The electrodes, pivotal in these cells, should not only
catalyze the redox reactions of H, O, efficiently but also exhibit re-
silience against its potential oxidative effects. H,0, FCs require
a thorough investigation of electrode characteristics, encompass-
ing several essential prerequisites. These include the need for a
large surface area, optimized mixed potential, efficient electrocat-
alytic activity, and precise selectivity. For cathode, the following
materials can be used: PEDOT, Ag/Ag-Pb alloy, Ag nanowires,
FellI(Pc)Cl, Pt/C, PbSO, /C, Au, Au/C, Pt, Pd, Pd/Ir, Pt/C, Prus-
sian blue-Pt, Pd-Ag, Pd-Ir. For anode, the following materials can
be chosen: Ni, Ni/CF, Au, Au/C, AuZn/Z Pt, Pt/C Pd, PdNi/C,
Ni, Zn, carbon nanotube (CNT)-supported Prussian Blue, Pt/Ru
nanoparticles, Pd/Pt, Ni(OH),, Ag,0.I*] The main obstacle that
impedes the practical use of H,0, FCs is the high overvoltage
at the cathode. One of the ways to solve this issue is to apply
specific electrocatalysts to the surface of such electrodes, which
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reduces the overvoltage values.l”?] For instance, a Fe[Co(CN)]
layer can be used as an electrocatalyst on the cathode and Ag-Pb
alloys. Electrocatalysts based on metal oxides, hydroxides and per-
oxides, among them are NiOOH, La NbO,, CeO,, ,, AgMnO,,
Bi, VO,, can be synthesized via the Successive Ionic Layer Depo-
sition (SILD)”* or Gas-Solution Interface Technique (GSIT).U”>!
Requirements for nanomaterials are earth abundant, low cost,
non-toxic, chemically-stable, selective, high surface area, high
porosity, support effective mass transport and desorption of reac-
tants, intermediates and products, high catalytic reactions rates
to enable the efficient generation, transport and utilization of
electrons and protons. Various electrocatalysts can be applied in
H,0, FC, such as at the anode (Au, Pt, Pd, Pt/C, Zn, Ni/Pt-C,
PtCu/C and so on) and at the cathode (Prussian blue, PbSO,/C,
Au, Pt, Ag, Pd-Ag, Pd, Pd-Ir, Pt/C, PbSO, /C). It should be noted
that FCs with enzyme-based catalysts have high selectivity. How-
ever, they do not make it possible to obtain the required power
values due to the slow reaction kinetics.”®) The use of electro-
catalysts based on inorganic compounds is promising in terms
of achieving a relatively high power. Early work showed that Ag
wire could be used for FC with alkaline electrolyte as an electro-
catalyst for HPRR at the cathode, and Au, Ni, Pt, or Pd wire - for
HPOR at the anode.l”! The electrocatalytic properties in HPRR
of electrodes made of other noble metals have been studied in a
number of works!”-8!] In particular, using Pt as an example,%?]
it was shown that the (111) faces of crystals have the highest

activity.

Transition metal oxides have been chosen as HPRR electro-
catalysts in alkaline media in a number of works. Among such
oxides are Co;0,,®3! Co,0,,18" LaNiO,,I®] and La,Cu0, .13 The
possibility to create an electrocatalyst for HPRR based on W-
doped MoS, nanosheets is reported previously.#”] A number
of works have been devoted to the study of the electrocatalytic
properties of nitrogen doped graphene nanoflakes in neutral
solution.[®¥#1] Analysis of the results of studies of the electro-
catalytic properties of metal oxides, MoS, and graphene showed
that Co;0,-based catalysts deposited on the surface of a porous
layer of gold on a foam nickel exhibit the greatest activity.[*! The
current density for HPRR was 286 mA/cm? for a 3 M KOH and
0.4 M H,O, solution at an electrode potential of — 0.4 V versus
Ag/AgCl. However, most oxides cannot be used in this area due
to their high solubility. Therefore, these electrocatalysts primar-
ily include noble metals and a number of complex compounds,
for example, Prussian blue,[®!] nickel ferric ferrocyanide,!?! cop-
per hexacyanoferrate,®*! Co, Cu, and Cu bis-phenanthroline.[*4]
Studies have shown that cathodes with copper hexacyanofer-
rate electrocatalyst have maximum power densities. This value
is equal to 8.3 mW cm~2. High specific surface and the pres-
ence of special morphology are other important characteristics
of electrocatalysts. Moreover, the morphology should ensure the
possibility of H,O, molecules entering the solution-electrode in-
terface and removing the reaction products. It has been shown
that porous films of Ni, Co, and Cu-M alloys (M = Fe, Co, Ni) ob-
tained by electrolytic deposition exhibit high electrocatalytic ac-
tivity in HPRR in an alkaline medium.!®>) Moreover, the Cu-Fe
alloy has the greatest activity. A specific current of more than
8 mA cm~? was obtained. A number of works have been de-
voted to the study of the electrocatalytic properties of porous
Au films. Usually, such films are obtained by electrolytic depo-
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sition of Au with Ag or Sn alloys on the surface of metal elec-
trodes, followed by dissolution of a less noble metal.”® More-
over, the pore sizes significantly affect the electrocatalytic prop-
erties. For example, a porous gold film with an average pore
size of 30 nm has the best properties in HPRR.®®! As noted
above, a 3D aerogel made of silver nanowires with a diame-
ter of 250 nm and a length of up to 40 microns was proposed
to be used as a DHPFC cathode.["] Anode electrocatalysts for
HPOR have better performance and stability compared to cath-
ode ones. Therefore, fewer works are devoted to their study. Met-
als such as Ni or Au are often used as anodes. In particular, Ni
has the lowest decomposition rate of H,O,. However, it has an
appreciable solubility in acidic environments, and this is essen-
tial when creating one-compartment FC. Other electrocatalysts
for HPOR include nickel/nickel oxide embedded N-graphenel®’!
cobalt phthalocyanine,[®®! hollow cobalt nitrogen doped carbon
catalyst,®! and platinum nano islands on Au(111).2%1 It was
shown that vitamin B12 can be used as an electrocatalyst for
HPOR at physiological pH values.[1] For the anode, as well as
for the cathode, it is important to have a special 3D morphology.
For example, it was found that the maximum anode currentin FC
was achieved for electrodes formed by nano-needles of nickel on
the surface of TiC rods.['] In the realm of Direct Borohydride-
H,0, FCs (DBHPFC), research has highlighted the importance
of anode conditions, such as the electrocatalyst and fuel concen-
tration, in influencing the system’s performance.['*! Specifically,
the concentration of NaBH, was found to significantly impact the
mass and decomposition reaction rate, providing insights into
the optimization of conditions for enhanced performance. A no-
table study employed a unique anode composition of M,, (misch
metal) Ni; (Al ,Mn,;Co,, paired with a gold-coated stainless-
steel gauze cathode, achieving a peak power-density of 50 mW
cm~2 at 1V, a significant improvement over the 9 mW cm~2 ob-
served from a methanol-hydrogen peroxide fuel cell.'**] Another
research introduced a calibrated numerical model for a hydrogen-
peroxide direct-borohydride fuel cell (H,0,-DBFC), emphasizing
the balance between thermodynamic efficiency and parasitic re-
action rates, with the choice of Au for the anode and Pd:Ir for the
cathode being pivotal.l'%] Further advancements were seen in a
DBFC using a Ni-Pt/C composite as the anode catalyst, which
achieved a peak power density of 140 mW cm™2 at 55 °C.[1%]
Studies explored diverse approaches, such as the use of carbon-
supported Prussian Blue as a cathode catalyst, which showcased
unique electron-transfer properties,*”’] and a DBFC with a Pd/Ir
catalyzed microfibrous carbon cathode that highlighted the syn-
ergistic effects of alloy catalysts.'%] Another significant advance-
ment was the use of gold nanoparticles on reduced graphene ox-
ide foam as an anode material for the DBHPFC, which show-
cased enhanced electrocatalytic properties due to the synergistic
effects of gold and graphene.l'®! The introduction of a DEFC with
a unique design using PdNi/C as the anode catalyst and Pt/C as
the cathode catalyst highlighted the importance of material se-
lection in optimizing electrochemical reactions.['') Another in-
sightful study on direct borohydride/peroxide FCs brought to the
fore the importance of bipolar plate materials, flow fields, and
manifold design in determining fuel cell efficiency. A notable
finding from this study was that using sintered graphite with ser-
pentine flow fields led to the highest single-cell power density,
reaching 93.3 mW cm—2.111]
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Transitioning to catalyst alternatives, atomically dispersed
transition metal with nitrogen-doped carbon (M-N-C) has
emerged as a promising contender to platinum group metal
(PGM) catalysts.[''2] The identification of Fe-N-C and Co-N-C as
potential hydrogen peroxide reduction reaction (PRR) catalysts
in direct borohydride FCs (DBFCs) suggests a potential shift in
the paradigm of catalyst selection, emphasizing the exploration
of non-traditional materials. Further research on direct borohy-
dride FCs (DBFC) under varying conditions revealed an optimal
peak power density of 130 mW cm~2. The study emphasized
the importance of balancing conditions like membrane thick-
ness, temperature, and reactant concentration for optimal power
density.[''®] The study compared various electrocatalysts in a hy-
drogen peroxide direct borohydride fuel cell (H,0,-DBFC). The
combination of palladium (Pd) and iridium (Ir) catalysts on a car-
bon substrate for the Al/H,0, semi-fuel cell emphasized the im-
portance of bimetallic catalysts in efficient electron transfer.!'”]
The Al-air semi-fuel cell (SFC) system, which co-generates H,0,,
demonstrated superior performance using gas-diffusion elec-
trodes (GDE) Black Pearls 2000(BP 2000) with an anion-exchange
membrane (AEM) and 6M KOH electrolyte, emphasizing the im-
portance of the KOH electrolyte in efficient ion transport.['4]

A significant finding was that a graded catalyst, transition-
ing from Pd/C at the channel inlet to Pt/C at the outlet, deliv-
ered the best performance. This suggests that employing cat-
alyst gradients could pave the way for more efficient FCs, es-
pecially for flow-type reactant systems.[!"®] Further, research on
a formic acid/hydrogen peroxide (HCOOH/H,O,) fuel cell em-
phasized the superior formic acid oxidation reaction of the
20% Pt-10%Sn/C system.[11®] Lastly, a study on an alkaline alu-
minium hydrogen peroxide semi-fuel cell demonstrated its ca-
pability to power the autonomous underwater vehicle for ex-
tended underwater surveys.[''”] Briefly touching upon other no-
table studies, research on Pt-Cu bimetallic nanoparticles show-
cased the Pt50Cu50/C catalyst’s superior catalytic activity in di-
rect borohydride-H,0, FCs (DBHFCs).l'"®! Another study high-
lighted the potential of a Mg-,0, FC using a noble metal-free
carbon-based cathode.!'?”)

The transformation of Pt into hollow nanospheres resulted in
a power output of 54.5 mW cm™2, emphasizing the potential of
morphological alterations in enhancing catalyst performance.[*?"]
The alloying of platinum with tin further augmented its elec-
trocatalytic efficiency, achieving an impressive 91.5 mW cm=2 at
25 °C.121 Gold, another noble metal, when structured into hol-
low nanospheres, yielded a power output of 25.8 mW cm™2, sug-
gesting the versatility of noble metals in fuel cell applications.['??]
The combination of platinum and iron showcased a robust
65 mW cm~2 at 25 °C, highlighting the synergistic effects of
bimetallic combinations."?] Similarly, the Pd-Co alloy, which
capitalized on the combined electrochemical properties of both
metals, reached a commendable 66.84 mW cm™ at the same
temperature.l'?!] The Ptg,Cos,/C variant of carbon-supported Pt-
Co nanoparticles emerged as a frontrunner, achieving a signif-
icant power density of 79.7 mW cm™ at 25 °C.'?] This re-
sult underscores the importance of nanoparticle support and its
influence on electrocatalytic activity. Co;O, nanoparticles, with
their meticulous average diameter of around 17 nm, showcased
a promising electroreduction activity for H,O,, indicating the po-
tential of oxide nanoparticles in fuel cell applications.!®3] A com-
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parative study emphasized platinum’s inherent electrochemical
superiority for peroxide decomposition over other materials.[?6]

The introduction of a FC with a bipolar membrane, combined
with the PtRu/C anode catalyst, achieved a power density of
45.6 mW cm~2, highlighting the role of membrane selection in
fuel cell efficiency.'?’! Nanoporous gold (NPG), known for its
high surface area and conductivity, demonstrated its capability
in the oxygen reduction reaction, emphasizing the importance
of mesoporous metals in electrocatalysis.['®] The exploration of
plasma-treated non-precious catalysts, such as Fe and Co por-
phyrins and phthalocyanines, revealed their potential in rival-
ing the performance of noble metal-based catalysts, achieving 1.4
times their power.['?] One of the most notable findings is the
use of dealloyed nanoporous gold leaves (NPGLs) as electrocat-
alysts in direct hydrazine-H,0, FCs (DHHPFC). These NPGLs
have demonstrated an open circuit voltage (OCV) of 1.2 V at
80 °C and a remarkable maximum power density of 195 mW
cm~2, which is a substantial 22-fold increase compared to tradi-
tional Pt/C electrocatalysts.[13]

Further emphasizing the role of material innovation, a study
on direct peroxide-peroxide FCs showcased the superior catalytic
performance of dendritic Pd electrodeposited on carbon fiber
cloth (CFC) for both H, O, electrooxidation in KOH solution and
electroreduction in H,SO, solution.[®! This electrode’s perfor-
mance surpassed that of conventional Pd/C powder electrodes,
suggesting that electrode morphology and the electrochemical
environment play a crucial role in determining fuel cell efficiency.
Lastly, the integration of reduced graphene oxide (rGO) with
CoNi nanosheets array on Ni foam (CoNi/rGO@Ni foam) has
been shown to offer impressive catalytic performance for urea
electrooxidation.['*!) This synergy between graphene and metal
nanosheets could potentially redefine electrode designs, paving
the way for next-generation FCs.

Recent advancements in FC research have unveiled the poten-
tial of Pt/Ir(111) bimetallic surfaces, which demonstrate a bal-
ance between enhanced hydrogen oxidation reaction (HOR) ac-
tivity and suppressed hydrogen peroxide generation. This study
elucidates the relationship between Pt and Ir surface sites. It
suggests that these bimetallic surfaces could serve as anode cat-
alysts for polymer electrolyte FCs, potentially enhancing their
performance.['*?] Building on this, the introduction of 3D Ni
and Co@TiC nanoarrays as anodes in direct peroxide-peroxide
FCs leads to increased performance. Nanoarrays empirical per-
formance metrics, particularly peak power densities and cell sta-
bility, underscore their potential to redefine FCs’ applications.[1%!

Furthermore, studies on Ni-Pd core-shell nanoparticles and
microfiber cathodes in magnesium-H,0, semi-FCs have pro-
vided insights into their respective applications, with a focus on
their unique fabrication techniques and performance metrics. In
another study, the impact of Ni-Metal core-shell nanoparticles on
multiwalled carbon nanotube (MWCNT) support was explored,
specifically for borohydride oxidation in alkaline solutions.
Among the tested combinations, Ni@Pd/MWCNT emerged as
the most efficient, showcasing the highest borohydride oxidation
current density. This combination surpassed other materials in
terms of energy conversion efficiency and power density in di-
rect borohydride-H, 0, FCs.[133] Strontium doping of lanthanum
manganese oxide (Lal-xSrxMnO, +~6) was investigated as a po-
tential catalyst for hydrogen peroxide reduction reaction (HPRR)
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in alkaline solutions. While the Sr-doped variant outperformed
its undoped counterpart, it still lagged behind platinum-based
catalysts in terms of activity.[!**] A standout research is the de-
velopment of the Ag-W,C/C electrocatalyst, which was prepared
using an intermittent microwave heating method. This catalyst
has demonstrated high selectivity for oxygen reduction, espe-
cially in the presence of alcohol. Such selectivity suggests promis-
ing applications for mixed-reactant anion exchange membrane
FCs. The overarching implication of this study is the potential
enhancement in energy density and cost reductions that can be
achieved by employing highly selective catalysts.'3*] In the pur-
suit of innovative catalyst designs, a study introduced a pineap-
ple root-like palladium-gold catalyst tailored for direct peroxide-
peroxide FCs. This catalyst was synthesized by electro-depositing
palladium and gold onto a titanium carbide nanowire array sub-
strate. The resultant Pd;Au, /TiC electrode showcased remark-
able electrochemical properties and stability. Notably, the fuel cell
equipped with this electrode achieved an open circuit voltage of
0.85 V and a peak power density of 56.5 mW cm™2, figures that
surpass previously reported values.!'3¢] Shifting focus to the per-
formance of H,0, FCs (HPFCs), a study highlighted the poten-
tial of PEDOT as a cathodic catalyst. The research underscored
that PEDOT does not induce peroxide disproportionation and
competes favorably with some of the leading inorganic catalysts.
This suggests avenues for enhancing the performance and stabil-
ity of HPFCs, either by optimizing PEDOT formulations or by ex-
ploring other conducting polymers.[?] The intricate interplay of
catalyst selection, structural design, and operational parameters
is pivotal in determining fuel cell efficiency. The findings from
these studies not only underscore the rapid advancements in the
field but also emphasize the significance of material science, elec-
trochemistry, and engineering design in propelling sustainable
energy solutions.

A notable advancement is the development of a proto-
type H,O,-fuel cell that employs a mesoporous anatase TiO,
nanocrystalline film as the photoanode. Under UV-light irra-
diation, this cell showcased a short-circuit current of 0.24 mA
cm~? and an open-circuit voltage of 0.72 V. Interestingly, a
response to visible light was also observed, attributed to the
charge-transfer complex formation of H,0O, on the TiO, sur-
face. The FC’s estimated maximum power-generating efficiency
reached an impressive 79%.1%1 A study introduced a petal-
shaped Co/Co,0, composite electrocatalyst, synthesized through
hydrothermal methods and in situ chemical reduction. This cat-
alyst displayed superior conductivity and catalytic activity for
H,0, electroreduction compared to singular Co;0,, marking
it as a promising alternative catalyst for H,0, FCs.[13¥! Subse-
quent studies used the potential of various catalysts and materi-
als, such as platinum on hydrogen peroxide-treated carbon black,
nanoporous carbon-supported palladium-zinc nanocomposites,
and a carbon-supported bimetallic Au-Pd catalyst. Subsequent
studies provided insights into the performance, stability, and cat-
alytic activity of these materials in fuel cell applications.[13%140]

Bimetallic nanoparticles, especially when supported on
nitrogen-doped reduced graphene oxide (N-rGO), have emerged
as a promising avenue in electrocatalysis for fuel cell applica-
tions. A notable study showcased the synthesis of Pd-X (where X
= Ni, Co) nanoparticles on N-rGO using a unique combination
of a solid-state thermal technique followed by polyol reduction.
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The results from this research were particularly enlightening.
The Pd-Ni/N-rGO catalyst displayed superior electrochemical
performance in borohydride oxidation in alkaline solutions
when compared to its counterpart, Pd-Co/N-rGO. This superior-
ity manifested in the form of a higher current density, enhanced
stability, and a more negative onset potential. Furthermore, in
the context of a direct sodium borohydride-hydrogen perox-
ide fuel cell, the Pd-Ni/N-rGO catalyst outshone by achieving
a peak power density of 353.84 mW cm™2 at 60 °C, clearly
outperforming the Pd-Co/N-rGO variant.['*!]

The integration of photochemistry in FC technology is evident
in the photo-assisted FC design using dual photoelectrodes un-
der tandem illumination, which ensures enhanced charge sep-
aration and light absorption.'*?) The DPPFC’s novel approach
of using H,0, as both fuel and oxidant simplified the fuel
cell design, emphasizing the cost-effectiveness of H,0, and the
importance of non-precious metals in catalysts.['**] The com-
posite of nickel/nickel oxide on nitrogen-doped graphene high-
lighted the potential of hybrid materials in electrocatalysis.”’!
The self-supported DBHFC system’s peak power output un-
der ambient conditions showcased its potential for specialized
applications.[1*4]

8. Membraneless Laminar Flow-Based
(Microfluidic) Fuel Cell

The utilization of microfluidics is pivotal in advancing H,0, FC
technology, effectively addressing contemporary trends and chal-
lenges within the field. Microfluidic devices enable precise ma-
nipulation and control of fluid flow, ensuring uniform disper-
sion of reactants and products within the fuel cell. This precision
enhances reaction kinetics, optimizing overall performance and
meeting the increasing demand for efficient and sustainable en-
ergy solutions. LFFC approaches, when applied to membrane-
less H,0, FCs, offer distinct advantages beyond the mere ab-
sence of a membrane. The LFFC design capitalizes on the lami-
nar flow regime to segregate reactant streams, thereby minimiz-
ing crossover and enhancing fuel utilization. This controlled flow
within microchannels ensures precise reactant delivery, poten-
tially optimizing reaction kinetics. Furthermore, the microscale
architecture of LFFCs allows for a compact and efficient de-
sign, which can be critical for applications demanding portabil-
ity and rapid response. While H, O, FCs inherently operate with-
out membranes, the incorporation of LEFC principles can further
refine their operational efficiency and adaptability. Microfluidics
plays a pivotal role in the development and optimization of FCs,
especially those utilizing H, O, as both fuel and oxidant. The in-
tegration of microfluidic principles in a membraneless fuel cell
with a Y-shape channel led to a comprehensive model that sim-
ulated fluid flows, mass transport, electrochemical kinetics, and
charge transport. This model, deeply rooted in microfluidic dy-
namics, highlighted the effects of oxygen gas produced on the
anode electrode on cell performance and the mixing zone, offer-
ing a clear understanding of the interplay between microfluidic
behavior and electrochemical processes.['*]

The importance of microfluidics is further emphasized in
the exploration of innovative electrode designs since, mi-
crofluidic platforms facilitate miniaturization and integration
of H,0, FC systems, rendering them suitable for portable
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and decentralized power generation applications. Additionally,
the use of microfluidic-based manufacturing processes of-
fers cost-effective and scalable production methods for H,O,
FC components, addressing challenges related to scalability
and affordability. Moreover, the incorporation of microfluidic
sensors and diagnostics allows for real-time monitoring of
H,0, FC performance, enabling proactive maintenance and
optimization strategies to improve system reliability and
longevity.

In the field of this approach, a fuel cell that employed Prus-
sian blue coating on carbon paper as the cathode and a three-
dimensional flow-through Ni foam as the anode was developed.
The microfluidic design principles were crucial in achieving no-
table power density, although the corrosion of Ni foam in H,O,
remained a concern.['*®! Another design, which integrated nickel
nanoparticles and Prussian blue with multiwalled carbon nan-
otube coated on hydrophilic braided carbon fibers as electrodes,
leveraged microfluidic dynamics to deliver high power density
and superior stability.['*’ Microfluidics also played a central role
in the development of FCs constructed with novel materials.
A laser-micromachined polymeric membraneless fuel cell, con-
structed with three polymethyl methacrylate layers, showcased
stable operation across varying Reynolds numbers, underscor-
ing the significance of microfluidic principles in its design.!18
Paper-based FCs, inherently reliant on microfluidic dynamics,
have been explored extensively. One such design powered by urea
was constructed on filter paper, emphasizing the importance
of microfluidic behavior in paper substrates.['*] Another paper-
based design utilized silver nanowires and carbon nanotube-
supported Prussian Blue as catalysts, with microfluidics playing
a crucial role in its operation.[***] Reviews on membraneless mi-
crofluidic fuel cells (MMFCs) have emphasized the role of mi-
crofluidics in categorizing these cells based on design, compo-
nents, and utility, offering insights into the challenges and future
prospects for MMFC commercialization.[>!]

Microfluidic FCs, particularly those utilizing H, O, as both fuel
and oxidant, have garnered significant attention due to their po-
tential in portable and wearable devices. These FCs offer a unique
combination of compactness, efficiency, and flexibility, making
them ideal for a range of applications. Also for such type FCs, a
study of a 3D, two-phase model for a membraneless fuel cell with
a Y-shaped microchannel was provided. Besides, the simulation
model for the operation of the fuel cell using H,O, dissolved in
diluted NaOH and H, SO, solutions was presented. The model’s
validation with experimental data showed good agreement, and
it was found that the presence of the gas phase (oxygen) acts to
prevent the processes of reactant supply and product removal.
The study also revealed that the current density distribution is
influenced by mass transfer and electrochemical kinetics. The
maximum power density achieved by this fuel cell was 0.22 mW
cm~2 at a current density of 0.18 mA ¢cm~2.1152] Another experi-
mental study reported the performance of a low-cost paper-based
membraneless DHPFC. The optimal conditions for this cell were
found to be 5 mol L~! KOH, 2 mol L~! H,0,, and 40 °C, which
yielded an open circuit voltage of 0.87 V and a peak power den-
sity of 6.79 mW cm~2.[153] Similarly, an analysis of a membrane-
less microfuel cell in a Y-shaped microchannel was presented.
This cell also used nickel foam coated with specific catalysts as
electrodes. Under optimal conditions, the cell achieved an open
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circuit voltage of 0.87 V and a peak power density of 6.79 mW
cm 2[4 A unique paper-based membraneless hydrogen perox-
ide fuel cell was introduced, which was fabricated using photo-
sensitive glass wafers and thermal bonding. This fuel cell main-
tained a stable OCP of 0.61 V and a maximum power density
of 0.81 mW cm™2 at 0.26 V, even after distortion. The fuel cell
demonstrated its capability to power devices like LEDs and LCDs
using H,0, as the sole power source.['] A comprehensive re-
view of paper-based microfluidic FCs (PMFCs) highlighted their
potential as a power source for portable devices. These PMFCs
rely on the capillary-driven co-laminar flow of fuel and oxidant
streams in a porous paper substrate. The review also discussed
the various fuels and oxidants used in PMFCs, their advantages
and disadvantages, and stacking techniques to increase voltage
and power output.['!]

The presence of O, bubbles in H,0, FCs is a critical fac-
tor influencing the laminar flow regime, thereby impacting fuel
cell performance. In laminar flow conditions, O, bubbles dis-
rupt fluid flow patterns, leading to non-uniform reactant distribu-
tion and concentration gradients, which can affect reaction rates
and overall FC performance. Additionally, interactions between
O, bubbles and the liquid electrolyte influence gas-liquid inter-
face dynamics and mass transport processes, further complicat-
ing fuel cell operation. A study estimated the gas production rate
from such cells and found that O, bubbles are likely to be gener-
ated under specific conditions. The bubble growth rate in a given
microfluidic fuel cell was found to be almost constant at differ-
ent regions of that cell at a given volumetric flow rate.[***] A novel
approach introduced a valveless impedance pump for supplying
liquid fuels to a direct sodium borohydride—hydrogen peroxide
fuel cell (DBHPFC). When connected to a DBHPFC, the pump
could deliver fuel at a maximum rate of 30 mlmin’, resulting
in a DBHPFC maximum power of 13.0 W and current of 25.5
A1 Another experimental study of direct hydrogen peroxide
microfluidic FCs investigated the effects of various factors on
performance. The highest cell current density output at 0.1 V
and 0.6 M was 250 mA cm~2.['8] A research paper described a
flexible microfluidic fuel cell using H,O, as the sole reactant.
This cell achieved a power density of 2.22 W m~2 with a current
density of 7.64 Am~2.>%1 Another study focused on the effect of
bubbles in microfluidic FCs, revealing that bubbles could be a
dominant factor in cell performance. The study suggested that fu-
ture research could focus on novel microfluidic fuel cell designs
to reduce bubble formation.'*"! The transition between laminar
and turbulent flow regimes, triggered by bubble formation, intro-
duces additional complexities, including energy losses and pres-
sure drops, which can influence FC efficiency. Moreover, exces-
sive bubble accumulation near the electrode surface can lead to
electrode flooding, hindering mass transport and reducing active
surface area for electrochemical reactions. A single-stream H, 0,
membraneless microfluidic fuel cell that uses cotton threads for
reactant solution transport is shown. This fuel cell produced a
maximum power density of 5.5 mW cm~2 with an open-circuit
potential value of 0.66 V.11l LFFCs, especially those utilizing
H,0,, present a promising avenue for efficient, compact, and
flexible energy solutions. Therefore, mitigation strategies, such
as optimizing flow channel designs and controlling operating
conditions, are essential to address existing challenges and op-
timize H,O, FC performance.
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Another study describes a high-performance hydrogen per-
oxide fuel cell (HPFC) that uses buckypaper and a narrow fuel
pathway. The authors found that the HPFC generated 2.32 kW
m~ in municipal stationary operation with solar-driven H,0,
fuel or cascade reaction-based implantable biodevices. Authors’
work also discusses the effects of cobalt phthalocyanine and poly-
acrylic acid on the reactivity of hydrogen peroxide oxidation re-
action and the performance of hydrogen peroxide fuel cell. Re-
sults demonstrate the potential of HPFCs as a sustainable energy
source. Similar to one-compartment FCs, membraneless LFFCs
operate without the use of a proton-conducting membrane. The
main advantage of LFFCs is the spatiotemporal separation of fuel
and oxidant using laminar co-flows. The ultimate aim is to in-
crease the performance of H,0, LFFCs by enhancement of mass
transport rates using integrated autonomous micropumps. In
portable devices, energy density often takes precedence over ef-
ficiency because of the modest power demands. Under laminar
flow, two fluids mainly interact through diffusion, limiting their
mixing.'*] H,0, stands outin FC applications because it can un-
dergo both oxidation and reduction, each at distinct electrochem-
ical potentials (NHE). This suggests the potential to employ H, O,
as both the fuel and oxidizer in the same FC. The proposition
of the membrane-less FCs and flow-through porous electrodes
architecturel!®?] lead to a number of studies following the trend
of such simple and efficient LFFCs design. Moreover, as pointed
by Zhu et al. such fuels as vanadium redox species used in many
studies may reduce the cell flexibility due to the environmental
concerns.[16%]

The overall performance of the cells depends on many pa-
rameters, such as design and geometry, fuel, electrode type and
materials used as catalysts, etc. There are several reviews and
perspectives devoted to various aspects of a great family of mi-
crofluidic FCs.[151164170] Ag fuel and oxidant, catalyst also play an
important role. FCs electrodes and materials are well-discussed
in review of Rashed et al.'’!l Some attention to the electrode
materials is made by Hanapi et al.l'72] According to Yang et al.
noble-metal catalysts like Pt, Au, and Pd-Ir alloy are always se-
lected to catalyze the H,0, decomposition.[*®] Pt is often used
as a catalyst in air-breathing cathode.['’*! In many cases, Pt is
used for cathode, while Pd can be a anode, see Table 1. Typ-
ically, the fabrication of the anode and cathode involves a car-
bon based materials as substrate due to high electrical conduc-
tivity, chemical stability, and thermal stability.'"’*l Nonetheless,
carbon materials primarily serve as a support for catalysts. Most
popular support is carbon paper, utilized by Wu et al.l'”*! and
Zhou et al.l'’% Besides, many studies employ graphite, carbon
fibers and carbon nanotubes as a catalyst support. Although, car-
bon materials, e.g., carbon nanotubes or other, are very conduc-
tive and usually are characterized by great specific surface, they
are also rather hydrophobic. Appearing gas bubbles might not
detach from their surface easily that leads to blocking the surface
and decrease of fuel cell performance. To address this problem,
such materials are modified by various treatment ways to make
it more hydrophilic, e.g., as in the following papers.!'’>74] R.S.
Jayashree et al.[®] designed air-breathing laminar flow-based mi-
crofluidic fuel cell with Pt electrodes, i.e., Pt nanoparticles on
graphite and carbon paper. Some studies demonstrate that Ni
mesh, Ag nanowires might be applied as anodes without use of
Pd, Pt of Ru materials. Some cathodes might employ Prussian
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blue and multiwalled carbon nanotubes-coated carbon cloth!1®!]
or CN, nanofibers!'”’] that makes them noble metal free. Yet, no-
ble metal free cells are just about to be further designed that re-
quires search for new catalysts and fuel/oxidant systems. Inter-
estingly, pure carbon electrodes are employed in FCs that include
membrane. As discussed by the O. Muneeb et al., alkaline direct
liquid FCs helped to reduce dependence on Pt, while the use of
Pd still remained.'”8] But, the authors, took advantage of mak-
ing an ascorbate fuel cell with carbon black nanoparticles as both
anode and cathode, though, with anion exchange membrane (or
Na* treated cation exchange membrane). Ascorbate and KOH are
used as fuel, cathode oxidant was O, or H,0, to give the maxi-
mum power density 16 mW cm~2 (OCV 0.53 V, 0.39 V). Using
the cation exchange membrane with ascorbate and KOH as an-
ode fuel stream and H,0, and H, SO, as cathode oxidant stream
a power density of 158 mW cm~2 (OCV 1.29-1.31 V) is reached.
A study by Campos-Roldan!*”*! utilized gaseous oxygen and hy-
drogen as oxidant and fuel, respectively, i.e., gaseous fuel in mi-
crofluidic cell. The authors managed use platinum metal free
electrodes and achieved the 15 mW ¢cm™ maximum peak power.
In the cell design, a microchannel with KOH solution was re-
alized, while gases were supplied as flow over “breathing”-like

electrodes.

9. Integration of Valveless Catalytic Micropumps

Integrating valveless catalytic micropumps into membraneless
H,0, FCs offers the distinct advantage of reducing energy con-
sumption. These micropumps eliminate the need for external
pumps, which are typically energy-intensive. By simplifying the
system, not only is energy efficiency enhanced, but the over-
all design becomes more compact and less complex. The valve-
less design of pumps minimizes mechanical complexity, po-
tentially reducing maintenance needs and increasing the dura-
bility and reliability of the FCs. The reduction in energy re-
quirements not only improves the operational efficiency of the
FCs, but also can contribute to their sustainability, making FCs
more suitable for applications where energy availability is a crit-
ical concern. Figure 5a shows main principles of H,O, cat-
alytic micromotor self-propelled by self-electrophoresis in H,O,
solution. Autonomous pump operating in the same chemi-
cal fuel by electrokinetic phenomena is shown in Figure 5b.
Figure 5c depicts a typical H,0, LFFCs with co-laminar flows.>"’
Figure 5d illustrate an electrokinetic pumping mechanism in-
tegrated in thin film H,0, FC’s architecture,[*!] using advan-
tages of fluid/fuel autonomous transport shown for dead-end
pores.[184]

Bubbles in H,0, FCs block active surface area of electrodes,
leading to a lower FCs’ performances. The addition of surfac-
tants to the solution changes the interfacial properties of the
fuel/oxidant, which can enhance the wettability of the elec-
trodes, increase the electrode’s effective surface area, eject mi-
crobubbles and thereby increase the rate of the reactions. To
achieve pumping, a highly efficient O, bubble-driven microp-
ump decomposing H,0, as low as 107#% was developed.[?*! The
micropump has an efficiency of O, microbubbles nucleation
in several orders magnitude higher than planar catalytic sur-
faces and larger catalytic pumps. Bubble-driven micropump
based on rolled-up catalytic microtube is shown in Figure 6a.
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Figure 5. a) Catalytic nanomotor consisted of a bimetallic Au-Pt nanorod. Oxidation-reduction reactions result in the transport of electrons in metals
and protons at the solid—H, O, fuel interface. Simultaneously, in catalytic micropump mobile protons drag water molecules and lead to the self-pumping
principle. Reproduced with permission.['83] Copyright 2020, IntechOpen. b) Schematic image of catalytic micropump operating by the same chemical
priciple as catalytic nanomotors. c) Schematic image of a typical LFFC, where fuel and oxidant are spatiotemporally separated at a low Reynolds number.
Adapted with permission.[39] Copyright 2004, Elsevier. d) A novel appraoch to integrate electrokinetic micropump in thin film porous membrane FC.
Reproduced with permission.[2'l Copyright 2010, John Wiley and Sons.
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Physicochemical properties, including H, O, fuel concentration,
surfactants concentration (surface tension), catalytic microchan-
nel aspect ratio, were optimized and full control over the O,
bubble nucleation/generation was achieved (Figure 6b—d). Sub-
sequently, oxygen nucleation and generation in tubular microp-
umps have been supported by theoretical modeling of reaction-
diffusion processes. It is shown how bubble nucleation point
shifts along the tube’s axis of symmetry depending on tube’s as-
pect ratio, indicated in Figure 6e.[2"]

The developed theoretical model predicts an amount of gener-
ated oxygen gas, bubble recoil at one tubular opening (i.e., “uni-
directional regime”) and two tubular openings (i.e., “overloaded
regime”).l'¥”] A 1D reaction-diffusion equation was formulated to
describe the mass transport in catalytic tubes. A position of the
maximum oxygen concentration can be found by the following
equation:

Ko = %sinh_1 <ﬁ (1 = cosh(pL)) + %) (14)

where = (=—%—)2, k is the reaction constant (k = 6.83 x
Dipyo, R

107ms™"), Dy o, = 1.43x10°m’s™" is the diffusion constant
of hydrogen peroxide, R is the radius of the tube, and L is the
length of the tube. Using tubular length and radius, the concen-
tration of hydrogen peroxide fuel and calculated beta coefficient
theoretical value of the total produced oxygen mass can be cal-
culated with a close consistency with experimental values 10713~
10" kg s7!. In the context of H,0, FCs and LFFCs, the model’s
significance extends especially to the development of thin film
and porous electrode-based cells, where precise mass transport
is crucial. The model’s accuracy in predicting oxygen generation
and bubbles’ behaviors is key parameter for advanced designs,
enhancing FCs’ overall efficiency and effectiveness.

10. Conclusion and Outlook

The successful development of H,0, FCs holds significant
promise in contributing to global carbon emission reduction and
the transition to a carbon-neutral economy. Addressing the chal-
lenges in optimizing electrocatalysts, fuel/oxidant compositions,
and architectures for these FCs is critical. The elimination of a
physical electrolytic membrane opens the pathway for develop-
ing single compartment FCs, which are both economically and
spatially efficient. A primary concern is the tendency of metal-
lic electrodes to catalyze the disproportionation of H,0, into O,
and H,O, impacting the electrochemical efficiency. The devia-
tion of the observed reduction reaction of H,O, from its theo-
retical OCP, due to concurrent oxidation reactions at the cath-
ode, requires further investigation. Elevated concentrations of
hydrogen ions and hydroperoxyl radicals may accelerate H,O,
decomposition, necessitating additional empirical studies to un-
derstand these effects fully. The integration of microfluidic LF-
FCs with H,0, FCs can potentially offer intriguing possibili-
ties. LFFCs, with their inherent laminar flow dynamics, pro-
vide a sophisticated mechanism for enhancing reactant segre-
gation, reducing crossover phenomena and optimizing the elec-
trochemical interface in H,0, FCs. However, challenges such as
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scalability and managing operational pressures in microscale ar-
chitectures must be addressed. Valveless autonomous microp-
umps and self-powered electrokinetic/osmotic pumps present
potential solutions for these challenges. LFFCs, operating at the
microscale, face inherent limitations in larger-scale applications
due to pronounced crossover phenomena. Thin-film FC can
boast several significant advantages, primarily due to their high
surface area-to-volume ratio, which enhances the efficiency of
electrochemical reactions and mass transport. This increased
surface area allows for more effective catalyst utilization, leading
to improved reaction kinetics and higher power densities com-
pared to bulkier counterparts. Exploring redox couples and com-
bining peroxide with other fuels such as ethanol, formic acid, and
metals like magnesium could expand the utility of these FCsina
unified architecture. The integration of H,O,-powered valveless
micropumps and membraneless FCs is increasingly recognized
for its potential to bring about significant economic benefits.
These benefits include reductions in manufacturing costs due to
simpler device architectures, improvements in energy efficiency
achieved through direct fuel utilization, and enhancements in
system performance attributable to the elimination of complex
supporting infrastructure. Additionally, the deployment of H,O,
FCs opens up new market opportunities by catering to niche
applications, where traditional FCs are impractical, such as in
portable medical devices, underwater vehicles, and aerospace ap-
plications, further driving the appeal of this technology. Sustain-
ability benefits are also a key consideration, with H,O, FCs offer-
ing a cleaner alternative to fossil fuel-based energy sources, con-
tributing to reduced greenhouse gas emissions and promoting
environmental stewardship. The path to realizing the full poten-
tial of H,O, FC technology hinges on dedicated, interdisciplinary
research efforts. Advancements in materials science are particu-
larly critical, with research focusing on the development of more
durable, selective electrocatalysts that can withstand the harsh op-
erational conditions of H,0O, decomposition while maintaining
high activity levels. Refining device design to incorporate features
such as integrated bubble management and improved electrode
architectures can further elevate the performance and reliabil-
ity of H,0, FCs. The development of computational models and
simulation tools to predict fuel cell behavior under various opera-
tional conditions can accelerate the design optimization process,
reducing the time and cost associated with experimental testing.
Collectively, these research and development efforts are crucial
for overcoming the existing barriers to H,0, FC adoption, en-
suring that this innovative technology can achieve widespread,
practical utility and establish a competitive position in the global
energy market. As the field continues to evolve, the collabora-
tive endeavors of scientists, engineers, and industry stakehold-
ers will be instrumental in harnessing the unique advantages
of H,0, FCs, driving forward the transition to a more sustain-
able and efficient energy landscape. In conclusion, the ongoing
research and development in H,0, FC technology, particularly
in membraneless designs, is forging a path toward their prac-
tical application as dynamic electrochemical agents. Persistent
and collaborative research efforts, focusing on advancing mate-
rials, improving mass transport, and refining device design, are
crucial for achieving widespread, practical utility of H,0, FC’s

technology.

© 2024 Wiley-VCH GmbH
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