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Abstract:

Electrocatalysis plays a key role in the development of renewable energy technologies. Along with
the design of electrocatalysts, the microenvironment around catalytic sites has received increasing
attention because it affects the distribution and mass transport of reaction species and impacts the
reaction kinetics. In this Concept article, we highlight some mechanistic insights into the effect of
microenvironment on gas-involving electrocatalytic reactions, including CO2 reduction, 2-electron
oxygen reduction, and hydrazine oxidation, demonstrating their sensitivity to the wetting
properties of microenvironment. For reactions with a gaseous reactant, a moderately hydrophobic
microenvironment can greatly enhance the mass transport of gaseous species to accelerate the
reaction kinetics while improving the stability of gas-diffusion electrodes. In contrast, for reactions
with a liquid reactant and gaseous product, a hydrophilic microenvironment improves the exposure
of catalytic sites to the reactant, while a hydrophobic microenvironment benefits the reaction on
the other end by accelerating the diffusion and detachment of generated gas bubbles, which would
otherwise block the catalytic sites from the reactant. These understandings and insights can provide
important guidelines on the control and optimization of microenvironment for the development of

efficient electrolyzers.
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1. Introduction

Electrocatalysis enables a promising route for the sustainable synthesis of chemicals and fuels
using renewable electricity, which can reduce the fossil fuel consumption and carbon emissions to
mitigate the impact of human activities on the Earth’s ecosystem."? For example, electrochemical
COz reduction reaction (CO2RR) can convert CO2 to CO, formate, as well as Cz+ hydrocarbons
and oxygenates.’ > Nitrogen reduction reaction (NRR) can enable the electrosynthesis of ammonia,
a key ingredient in agricultural fertilizers, so it may provide a sustainable alternative to the energy-
and carbon-intensive Haber-Bosch process.® The 2-electron oxygen reduction reaction (ORR)

can enable the electrosynthesis of H20> from O2,°!2

and the hydrogen evolution reaction (HER)
produces hydrogen as a clean carbon-free energy carrier. Among the numerous studies of
electrocatalysis, most efforts have focused on the design of catalytic materials, understanding the
structure-activity relationships, and improving their performance metrics.'>!'* Along with these
studies, the catalyst microenvironment, ranging from a few nanometers to a few micrometers away
from the catalytic sites, has been found to play an important role in determining the electrocatalytic
performance.'’ For example, the local concentration of reaction species and the pH and cations in
the local electrolyte were found to have a strong impact on the activity and selectivity of many

electrocatalytic reactions.!®™"?

Those important electrocatalytic reactions often involve gaseous species, as either reactants
or products, so a balance must be reached between three phases: solid catalyst, liquid electrolyte,
and gaseous reactant or product, as schematically illustrated in Figure 1.2*2! For gas-consuming
reactions, the presence of gas-phase reactant near catalytic sites can accelerate the mass transport
of the reactant.?’ For gas-evolving reactions, it is essential to remove the generated gas bubbles
from the catalyst surface in a timely manner so that the active sites can be exposed to liquid reactant
again.?! Therefore, an important property of the microenvironment is the wetting characteristic, as
a hydrophilic surface (contact angle < 90°) favors liquid while a hydrophobic surface (contact
angle > 90°) favors gas.?? The wetting properties can affect the distribution and diffusion of liquid
and gaseous species around catalytic sites, and thus impact the reaction kinetics.?*2® Accordingly,
many efforts have been made to improve gas-involving electrocatalysis by designing electrodes
with optimized wetting properties. For example, one strategy is to prepare electrodes with
nanostructured morphology such as nanowires or nanotubes with tunable wetting properties.?’ >
However, the most widely used electrocatalyst formulation is dispersion of metal nanoparticles on
carbon black to form a porous electrode, where the wetting characteristic of the carbon support

dominates the catalyst microenvironment, but its significance has been largely overlooked.

In this article, we highlight some mechanistic insights into the effect of microenvironment on

gas-involving electrocatalysis, with a focus on the wetting properties. Particularly, we discuss gas-



consuming reactions such as CO2RR and 2e” ORR, as well as gas-evolving reaction such as N2Ha
electro-oxidation. We first demonstrate the effect of a hydrophobic microenvironment on CO2RR
by adding polytetrafluoroethylene (PTFE) nanoparticles in the catalyst layer to tune the wetting
properties, which can enhance the CO2RR activity and Cz+ selectivity. For the electrosynthesis of
H202 on heteroatom-doped carbon black, the doping creates new active sites but also changes the
wetting properties of the microenvironment, exhibiting an interplay between the active sites and
microenvironment in determining the reaction kinetics. Furthermore, the doped carbon black can
be used as catalyst support with tunable wetting properties for gas-evolving reactions such as N2Hs
electro-oxidation, where the microenvironment governs the exposure of active sites to the reactant
and the removal of generated gas bubbles. Our research provides new understandings on the effect

of microenvironment in gas-involving electrocatalysis for the design of efficient electrolyzers.
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Figure 1. Schematic illustration of the catalyst microenvironment in electrocatalytic reactions with

gaseous reactant or product, with the influence of different factors exhibited on the right side.

2. Effect of a hydrophobic microenvironment on CO; electrolysis

We start with the CO2RR as a representative electrocatalytic reaction with gaseous reactant.
A major challenge in developing efficient CO: electrolyzers lies in the low solubility and slow
diffusion of the reactant in aqueous electrolyte. CO2 has a solubility of ~33 mM in water, which
results in a limiting current density of the order of 10 mA cm ™2 in conventional H-cell, where CO2
dissolves in the electrolyte and then diffuses through a thick layer of electrolyte (>100 um) to reach
the catalyst surface where the reaction occurs.’® To overcome the mass transport limitation, gas-
diffusion electrodes (GDEs) have been developed and utilized, where gas-phase reactant diffuses

through a microporous layer (MPL) to reach the catalyst layer that is in contact with electrolyte,!



as illustrated in Figure 2a. Compared to the slow diffusion through the bulk electrolyte in H-cell,
the GDE configuration greatly reduces the diffusion layer thickness of CO2 and enables current
densities >200 mA cm 2 for COz electrolysis.>! Nevertheless, the pores in the catalyst layer are
typically filled by liquid electrolyte, so that gas reactant needs to diffuse through the catalyst layer
in aqueous phase, which still imposes a limitation on the mass transport of CO2. Moreover, due to
the lack of persistent hydrophobicity,* the pores in the GDE generally becomes flooded by the
electrolyte after operation for some time, which blocks the gas-diffusion channels in the GDE and
suppresses the mass transport of COx.

To overcome this challenge, we created a hydrophobic microenvironment in the GDE for
CO:z electrolysis by uniformly dispersing PTFE nanoparticles in the catalyst layer, as illustrated in
Figure 2a. The hydrophobic PTFE particles can repel liquid electrolyte and trap gaseous species
near the catalyst, thus reducing the COz diffusion layer thickness and improving the mass transport
and reaction kinetics beyond the gas-liquid interface.?® To examine the effect of the hydrophobic
microenvironment, COz electrolysis was evaluated on Cu nanoparticle catalysts with and without
PTFE nanoparticles in the catalyst layer, as compared in Figure 2b. The partial current densities
for CO2RR on the Cu/C/PTFE electrode were generally higher than that on the Cu/C electrode in
the potential range of —0.5 to —1.0 V vs the reversible hydrogen electrode (RHE), suggesting a
significant improvement of the reaction kinetics by the hydrophobic microenvironment created by
PTFE. The hydrophobic pores enabled by the added PTFE particles can trap gas-phase CO: in the
catalyst layer and thus largely reduce the diffusion layer thickness in the catalyst layer to accelerate

the mass transport of CO,.2%%

The microenvironment in the catalyst layer depends on the loading of PTFE nanoparticles:
the higher the loading, the more hydrophobic the microenvironment. To identify the relatively
optimal microenvironment, we investigated the effect of the mass ratio of PTFE in the catalyst
layer on the CO2RR performance. As shown in Figure 2c¢, the partial current densities for CO2RR
exhibited a volcano-shaped relationship with the PTFE mass ratio, indicating that a moderately
hydrophobic microenvironment is most beneficial for the CO2RR. Interestingly, excessive PTFE
loading decreased the CO2RR activity, as a too hydrophobic microenvironment can suppress the
availability of protons and ionic conductivity, as confirmed by the decrease of electrochemically
active surface area (ECSA), that is, the electrode area wetted by the electrolyte.?® The hydrophobic
microenvironment not only increased the CO2RR activity, but also enhanced the selectivity for Ca+
products such as ethylene and ethanol.?’ As shown in Figure 2d, the total Faradaic efficiency for
CO2RR also increased with the PTFE mass ratio, while it did not decrease like the trend of CO2RR
current density at a higher ratio of 70%. Considering the higher CO2 concentration near the catalyst
benefiting from the faster mass transport of CO2 molecules, the coverage of adsorbed *CO:z on the
catalyst surface should therefore increase and thus enhance the CO2RR activity. The hydrophobic



pores around PTFE nanoparticles in the catalyst layer may also trap the produced CO to increase
its local concentration and thus promote the C-C coupling, explaining the higher selectivity of Cz+
products (Figure 2d).* In addition, the hydrophobic microenvironment could mitigate the stability
issue of regular GDEs caused by the flooding of liquid electrolyte, benefiting from the persistent
hydrophobicity of the added PTFE nanoparticles.*

In addition to our work, some other approaches were also applied to tune the hydrophobicity
in the GDE, such as optimizing the PTFE loading in the GDE support,** embedding hydrophobic
particles,*® adding hydrophobic coatings,*®*” and sputtering of Cu catalyst on PTFE membranes,>®
where the increase of GDE hydrophobicity generally improved the activity, Ca+ selectivity, and
stability of COz electrolysis. Furthermore, such a hydrophobic microenvironment may be utilized
to improve the mass transport and reaction kinetics of other gas-consuming reactions, such as NRR,
which also suffers from a low solubility and slow diffusion of the gaseous reactant.*
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Figure 2. Effect of a hydrophobic microenvironment on CO2RR in a GDE flow cell. (a) Schematic
illustrations of a regular GDE (left) and a GDE with PTFE nanoparticles dispersed in the catalyst
layer to create a hydrophobic microenvironment (right). (b) Partial current densities for CO2RR on
the Cu/C and Cu/C/PTFE electrodes in the GDE flow cell at different potentials. (c) Partial current



densities and (d) Faradaic efficiencies for CO2RR at —1.0 V vs RHE on the Cu/C/PTFE electrodes
with different mass ratios of PTFE in the catalyst layer. Adapted with permission from Ref 20.

3. Interplay of active sites and microenvironment in H>O; electrosynthesis

In the above example, a hydrophobic microenvironment was created for CO2RR by adding
PTFE nanoparticles in the catalyst layer, which is “extrinsic” to the Cu electrocatalyst and does
not participate in the reaction. However, an excessive loading of PTFE may limit the availability
of protons and ionic conductivity and block some catalytic sites. To look further into the effect of
microenvironment, we discuss the electrosynthesis of H2O2 via 2e” ORR on carbon electrocatalyst.
Carbon nanomaterials have been reported as a promising catalyst for the 2e” ORR to produce
H202,”1940°4 byt still suffer from low selectivity due to the competitive 4e~ process to form H2O.
Introduction of heteroatom dopants such as N, O, B, S, and F can optimize the binding energy of
reaction intermediate *OOH to promote the production of H202.>!2 However, in parallel with the
creation of new active sites, the doping also “intrinsically” changes the wetting properties of the
microenvironment around the active sites, which will impose an impact on the mass transport and
reaction kinetics.** Thus, the active sites and microenvironment may work together to determine

the catalytic performance of doped-carbon catalyst for H202 electrosynthesis.*’

We adopted the widely used Vulcan XC-72 carbon black and introduced oxygen or fluorine
dopants to create new active sites, which simultaneously changed its wetting properties: O-doping
increased the hydrophilicity while F-doping made it more hydrophobic.”*® Contact angles were
measured on the carbon samples with different O- or F-doping levels to analyze the changes of
their wetting properties, as exhibited in Figure 3a and 3b, respectively. For the O-doped carbon
samples prepared by acidification treatment, the contact angle decreased along with the increase
of the acidification time or O-doping level: it decreased from 150° on the pristine carbon black to
108°, 83°, 71°, and 57° on the C-O-3h, C-O-6h, C-O-9h, and C-O-12h electrodes, respectively,
indicating an increase of the hydrophilicity by the O-doping. Furthermore, the contact angles were
measured on the electrodes after 1-h electrochemical test, as shown in Figure 3a, which all reduced
to a certain degree but maintained the same trend with the O-doping level. Interestingly, compared
to the pristine carbon black, the contact angles of the as-prepared F-doped carbon samples were
just slightly higher, as the carbon black was already very hydrophobic. However, the electrodes
often become less hydrophobic after being tested for electrochemical reactions. Therefore, contact
angles were further measured on the post-reaction F-doped electrodes, as exhibited in Figure 3b,
which dropped to 66°, 82°, 88°, 92°, and 104° for the pristine carbon black, C-F-200, C-F-400, C-
F-600, and C-F-800, respectively. Therefore, only the contact angles measured on the post-reaction
electrodes can reflect their actual hydrophobicity that can be maintained during electrolysis, which



should be used to compare the wetting properties of the microenvironment. As a result, the post-
reaction contact angle increased monotonically with the F-doping level, confirming an increase of

hydrophobicity of the microenvironment around catalytic sites by the F-doping.

Rotating ring-disk electrode (RRDE) measurements were performed to evaluate the intrinsic
activity of the doped-carbon catalysts, where the mass transport is dominated by convection and
can be controlled by the rotation speed (Figure 3c), thus eliminating the influence of reactant mass
transport.*” As shown in Figure 3d and 3e, the partial current densities for H2O2 production at 0.6
V vs RHE increased monotonically with the increase of O- or F-doping level in the RRDE
measurements, confirming an improvement of the intrinsic activity for H2O2 production on both
O-doped and F-doped carbon catalysts. The improvement is attributed to the introduction of new
active sites for the 2e” ORR to H2Oz, likely from the oxygen functional groups such as —COOH
and C—O—C on O-doped carbon.’ For the F-doped carbon, the introduced —CF> functional groups
are considered to promote the formation of H202 due to their moderate binding energy with *OOH,
a key reaction intermediate for selective H2O2 production.*®
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Figure 3. Effect of active sites and microenvironment for H20O: electrosynthesis on doped carbon.
(a—b) Contact angles measured on (a) O-doped and (b) F-doped carbon electrodes before and after
electrochemical tests. (c) Schematic illustration of the RRDE configuration. (d—e) Partial current
densities for H2O2 production measured by RRDE on the (d) O-doped and (e) F-doped carbon
electrodes. (f) Schematic illustration of the GDE configuration. (g—h) Partial current densities for
H202 production measured in the GDE cell on the (g) O-doped and (h) F-doped carbon electrodes.
Adapted with permission from Ref 45. Copyright 2023 American Chemical Society.

In addition to the creation of new active sites, the O/F-doping changed the wetting properties
of the microenvironment around catalytic sites, especially for the electrolysis in GDE flow cell,
where the mass transport plays a critical role in determining the reaction kinetics. To investigate
the impact of the microenvironment, both O- and F-doped carbon catalysts were further tested for
H20: electrosynthesis in the GDE flow cell (Figure 3f). As shown in Figure 3g and 3h, the partial



current density for H202 production at 0.6 V vs RHE exhibited a volcano-shaped relationship with
the O- and F-doping level, respectively. Along with the increase of the O- or F-doping level, the
H20:2 partial current densities both first increased and then declined at higher doping level, which
exhibited a distinct trend from the RRDE-measured activities. This should result from both active
sites and Oz mass transport in the GDE cell that strongly depends on the wetting properties of the
catalyst microenvironment. The activity improvement at low doping level is mainly attributed to
the more active sites introduced by the O/F-doping, while the decreased activities at high doping
level should arise from different factors. The hydrophilic O-doping increased the ECSA with more
electrolyte filled in the catalyst layer, which blocked the pores for gas-phase diffusion, resulting
in a slower mass transport of Oz. The further increased hydrophobicity on the high-level F-doped
electrodes caused insufficient electrolyte in the catalyst layer and thus limited the availability of
protons and ionic conductivity, similar to the case of excessive PTFE loading for CO2RR (Figure
2c¢). Overall, the active sites and microenvironment interplay to determine the H202 production
rate on the doped-carbon catalysts in the GDE cell. Only a moderately hydrophilic or hydrophobic
microenvironment can enable an optimal balance between gaseous reactant and liquid electrolyte

in the catalyst layer for efficient H202 electrosynthesis.*

4. Effect of microenvironment on gas-evolving electrocatalysis

The above discussions focused on electrocatalytic reactions with a gaseous reactant, where a
moderately hydrophobic microenvironment (indicated by post-reaction contact angle) is favorable
because it can facilitate a balance between gaseous reactant and liquid electrolyte in the catalyst
layer and thus enhance the electrocatalytic performance. In gas-evolving reactions, gaseous species
are continuously generated to form gas bubbles, which will coat the catalyst surface and block the
catalytic sites until they are released.**>! It thus remains a challenge to improve gas-evolving
electrocatalysis with an optimized gas bubble release. Not surprisingly, the wetting characteristic
of microenvironment plays a critical role in controlling the gas bubble dynamics and recovery of
catalytic sites. For example, superaerophobic or superhydrophilic electrodes with nanostructured
morphology (such as nanowires or nanotube arrays) were designed to decrease the adhesion force
of gas bubbles and release the generated gas bubbles in a timely manner and at smaller sizes,”
thus to accelerate the recovery of catalytic sites.

In our recent work, we used the electro-oxidation of N2Ha to N2 gas on carbon-supported Pt
nanocatalyst as a model system to investigate the effect of microenvironment on the gas-evolving
reaction.’? In contrast to previous studies,?’ we relied on the widely used electrode formulation
with carbon-supported nanocatalyst, and tuned the microenvironment over a wide range of wetting

conditions by doping of the carbon support (Vulcan XC-72 carbon black). Again, O-doping makes



the carbon support more hydrophilic while F-doping makes it more hydrophobic. By mixing the
Pt/C nanoparticle catalyst and the carbon blacks with different doping levels, we prepared a series
of electrodes with the same Pt nanocatalyst but distinct microenvironments over a wide range of
hydrophilicity and hydrophobicity. The post-reaction contact angles were measured to be 19.7°,
74.0°, and 143.6° for the Pt/C-O-12, Pt/C, and Pt/C-F-800 electrodes,’> which reflect their actual
wetting states during electrochemical tests. The electrocatalytic performance for N2Hs oxidation
reaction was evaluated on these electrodes at 0.5 V vs RHE in H-cell. As shown in Figure 4a, the
current densities for N2H4 oxidation on the electrodes with O- or F-doped carbon were higher than
that on the electrode with pristine carbon black. The current density showed a positive correlation
with the O- or F-doping level, indicating that both doped-carbon supports in the microenvironment
enhanced the electrocatalytic performance of the Pt catalyst for N2H4 oxidation.

As the electrodes all have the same Pt catalyst and similar morphology, the difference of the
catalytic performance should be attributed to the different wetting properties of the doped-carbon
supports. The wetting properties determine how much of the catalyst surface area is wetted by the
electrolyte and thus available for aqueous N2H4 reactant to adsorb and react. The electrodes with
O-doped carbon are more hydrophilic and should have more Pt surface area in contact with the
electrolyte, while the hydrophobic F-doped electrodes favor gas and should be less wetted. Indeed,
this was validated by the ECSA of Pt measured using Cu underpotential deposition (UPD) method.
As shown in Figure 4b, the ECSA of Pt in the Pt/C-O-12 electrode was higher than that in the Pt/C
and Pt/C-F-800 electrodes, confirming the effect of microenvironment on the exposure of Pt
catalytic sites to the electrolyte. Therefore, the enhanced performance on the O-doped electrodes
should be mainly attributed to the more hydrophilic microenvironment that allows more Pt active
sites to contact the electrolyte and catalyze N2H4 oxidation. Nevertheless, the Pt/C-F-800 electrode
showed a lower ECSA than the Pt/C electrode, but still a higher reaction rate for N2H4 oxidation.
This counterintuitive result implies that the catalytic performance should also be affected by other
factors, particularly the bubble dynamics of generated gas.

The N2 gas bubbles are continuously formed on the catalyst surface during the reaction, which
inevitably block some Pt active sites and make them temporarily unavailable to aqueous reactant.
Only when the gas bubbles grow so large that the buoyant force is larger than the adhesion force,
they will detach from the surface and the blocked Pt sites can be recovered. As a result, the gas
bubble formation and detachment process will repeatedly change the contact area of the Pt catalyst
with the electrolyte, leading to periodic fluctuations of the reaction rate.>*** Indeed, we observed
nearly periodic fluctuations of the overpotential in the chronopotentiometric curves measured on
the electrodes, as exhibited in Figure 4c, which should reflect the gas bubble dynamics. According
to the average fluctuation periods (Figure 4d), the Pt/C-F-800 electrode showed the shortest cycle
or lifetime of the gas bubble dynamics, indicating that it took a shorter time for the bubbles to grow
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and reach the critical size due to a higher bubble growth rate. Our optical microscopy observations
revealed that the hydrophobic microenvironment in the Pt/C-F-800 electrode resulted in a faster
diffusion and coalescence of gas bubbles,* and thus accelerated the detachment of the generated
gas bubbles and the recovery of Pt active sites. The faster gas bubble release could compensate the
negative impact of the lower ECSA, so that the Pt/C-F-800 electrode still showed a higher current
density than the Pt/C electrode (Figure 4a). This example further indicates that the mass transport

of both liquid and gaseous species is sensitive to the wetting properties of the microenvironment
in gas-evolving reactions.
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Figure 4. Effect of microenvironment on N2Hs electro-oxidation reaction. (a) Comparison of bulk
electrolysis current densities measured at 0.5 V vs RHE on the electrodes with the same Pt catalyst
but different O- or F-doping levels of carbon support. (b) The ECSA of Pt catalyst in the electrodes
determined using the Cu UPD method. (c) Chronopotentiometric curves recorded on the electrodes
for N2H4 electro-oxidation at a current density of 10 mA cm 2 in a H-cell. (d) Average fluctuation

periods of the overpotential presented in (c). Adapted with permission from Ref 52. Copyright
2023 American Chemical Society.

5. Summary and Outlook
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In the above, we discussed the effect of catalyst microenvironment, particularly the wetting
properties around the catalytic sites, on the mass transport and kinetics of gas-involving reactions.
Different methods were developed to control the microenvironment over a wide range of wetting
characteristics, such as dispersing PTFE nanoparticles and using doped-carbon support, which are
generally applicable to improve other electrocatalytic reactions. The hydrophilic and hydrophobic
microenvironments may dominate different factors in the electrocatalytic process — the exposure
of active sites to the electrolyte and the mass transport of gaseous specious, respectively. Therefore,
both factors should be taken into consideration for the investigation of gas-involving reactions and
the development of efficient electrolyzers. These understandings and insights can be used to guide
arational design and fine tuning of the hydrophilic and hydrophobic microenvironments and utilize
their advantages to improve other strategically important electrochemical systems with gas-phase
reactants or products. For example, we suggest that a hydrophobic microenvironment can be used
to improve the mass transport and kinetics of the NRR with N> gas reactant,* while an optimized
microenvironment can enhance the formate oxidation reaction with CO: gas product. Furthermore,
hydrophilic/hydrophobic cooperative electrode could be developed using interface engineering to
achieve highly efficient HER electrolysis.?’ The combination of both hydrophilic and hydrophobic
properties can be further used to design a bubble-less electrode for efficient membrane-less water
electrolysis.>®

In summary, we highlighted some mechanistic insights into the catalyst microenvironment
for gas-involving electrocatalysis in this Concept article. We discussed the generally applicable
effect of the wetting properties for various reactions, where the mass transport of both gaseous and
liquid species plays a critical role in determining the electrocatalytic performance. A moderately
hydrophobic microenvironment (indicated by post-reaction contact angle) can accelerate the mass
transport of gaseous reactant to the active sites and facilitate the removal of generated gas bubbles
to recover the active sites. However, a too hydrophobic microenvironment decreases the contact
of active sites with liquid electrolyte and limits the availability of protons and ionic conductivity,
negatively impacting the catalytic performance. In contrast, a hydrophilic microenvironment is
favorable for the exposure of active sites to liquid electrolyte and can promote gas-evolving
reactions with liquid reactant. The local gas/liquid balance around catalytic sites can be further
optimized by finely tuning the wetting properties of the microenvironment. These insights provide
inspirations and guidance for the rational design of efficient electrocatalysts and electrolyzers for

renewable energy conversion.
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In gas-involving electrocatalysis, the catalyst microenvironment plays a critical role in determining
the mass transport and reaction kinetics, which however has been largely overlooked. This Concept
sheds insights into the effect and optimization of microenvironment for electrocatalytic reactions,

including COz reduction, 2-electron oxygen reduction, and hydrazine oxidation.
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