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Electroenzymatic CO, Reduction Using Formate
Dehydrogenase: Direct and Mediated Catalysis

Navendu Paul,* Isabel Moura, Luisa B. Maia, Cristina M. Cordas,* and Jose J. G. Moura*

The electrocatalytic reduction of carbon dioxide (CO,) to formate
by the enzyme formate dehydrogenase (FDH) makes use of the
enzyme’s observed reversibility, offering a promising strategy
for the mitigation of CO, and the production of value-added com-
pounds. To enhance the catalytic potential of Desulfovibrio desul-
furicans FDH (DdFDH), a range of artificial and natural redox
cofactors is investigated using electrochemical methods. These
studies included direct (nonmediated) conditions and mediated
conditions employing viologens (methyl and benzyl viologens),
and small heme proteins (cytochromes). Methyl viologen acts
as an efficient mediator for CO, reduction, achieving a very high

1. Introduction

Atmospheric CO, mitigation has been considered crucial in
addressing climate change issues,”? not only lowering CO, con-
centrations but also enabling the potential use of CO, as an
inexpensive and abundant resource for producing fuels and
valuable chemical feedstocks.®* In this context, electrochemical
CO, reduction powered by a renewable energy source has been
considered a promising approach, especially if achieved at ambi-
ent conditions, facilitating the catalytic reaction to occur.””
Although significant advances have been made in developing
synthetic electrocatalysts for CO, reduction, redox enzymes are
recognized as highly efficient catalysts that can serve as a prom-
ising alternative due to their reversibility, unique product selec-
tivity, low overpotential, mild experimental conditions, and fast
catalytic rates.®""

Metal-dependent formate dehydrogenases (FDHs)!'>"'¥ are
redox enzymes possessing the ability to catalyze the reversible
two-electron conversion between CO, and formate (Equation (1)).
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current density of 216 uA cm~2 The studies of the different small
proteins, namely cytochrome split-soret (cyt SS), cytochrome
¢s (cyt ¢3), and cytochrome css, (Cyt Css,), allow the identification
of the potential natural physiological partners. These isolated
cytochromes, from the same organism, are electrochemically
characterized, from which detailed redox processes are deter-
mined and later used as mediators to explore DdFDH catalytic
activity in both formate oxidation and CO, reduction. Best results
are attained with cytochrome cyt SS and cyt cs, increasing the
electrocatalytic activity for formate oxidation by 7.5 times and
5.8 times, respectively.

HCOO™ = CO, + H" + 2e” M

These enzymes, isolated from prokaryotic organisms, contain
molybdenum (or tungsten) metal ions at the redox-active sites as
well as multiple iron-sulfur [Fe-S] cofactors, which are responsi-
ble for an efficient wiring within the 3D protein subunits trans-
ferring electrons between the active site and the physiological
redox partner.'>'¥ This makes metal-dependent FDHs appropri-
ate to be applied in a bioelectrochemical system (BES) either by
direct electron transfer (DET) or by mediated electron transfer
(MET) catalysis."™ Other members of the formate dehydrogenase
family group do not contain redox cofactors, being dependent
on the NAD'/NADH couple as redox partner."®'® There are
reports with these metal-independent FDHs, some of which
are commercially available, such as Candida boidinii,""® showing
mediated catalysis of CO, into formate. Electrochemical setups
were designed to regenerate the natural cofactor, NADH,
for wild-type®*2* as well as mutant?**' metal-independent
enzymes. However, this process requires an expensive NADH
cofactor and imposition of high overpotentials.*® Other methods
have been developed to replace NADH as a cofactor®” or to pro-
ceed one step further by catalyzing without any cofactor.”® In
contrast, metal-dependent FDHs from various sources can be
directly attached to electrode surfaces (modified or unmodified,
e.g., carbon) or encapsulated within conducting matrices and
transfer electrons directly to the surfaces.?*> It can also be
mediated with small artificial redox cofactors.*®=% With these
metal-dependent FDHs, immobilization in the proper orientation
is essential to minimize the distance between the enzyme’s redox
cofactor(s) (the metal center) and the electron donor or acceptor,
whether through MET via artificial or physiological compounds or
DET to an electrode."”

Molybdenum-containing FDH from Desulfovibrio desulfuricans
(DdFDH) is well-suited for inclusion into BESs, as has been
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reported previously by our group, being one of the most efficient
enzymes to reduce CO, with high substrate affinity and fast cata-
lytic rate.*"*? DdFDH, found in the periplasm fraction, is a heter-
otrimeric complex redox enzyme with multiple cofactors having a
molybdenum active site deeply buried within the protein struc-
ture, where the molybdenum ion is coordinated by four sulfur
atoms from two pyranopterin moieties and in an oxidized state,
it contains a terminal sulfo group along with a selenium atom
from a selenocysteine residue. This enzyme also features two
other types of redox-active centers, comprising four [4Fe-4S]
clusters and four c-type hemes, constituting the electron transfer
pathway.’®4*44 Current reaction mechanism points that in the for-
ward reaction of the catalytic cycle for formate oxidation,
Mo"' (=S) receives two electrons, as a hydride that is transferred
from formate and similarly, in the reverse reaction, Mo"(—S—H)
transfers the hydride ion to reduce CO, to formate and itself
undergoes two-electron oxidation to generate the initial state.*'4*
These two electrons involved in the catalytic cycle are relayed
through the internal cofactors to or from the specific physiolog-
ical partner of DdFDH. Depending upon this electron transfer
reaction and the structure, the enzyme is expected to have
preferential sites for the electronic pathway.*® These sites may
be accessed directly or through an external redox mediator,
corresponding to direct or mediated electrochemical methods,
respectively.*”! Preliminary electrochemical characterization with
DdFDH has also shown promising results. Reversible catalytic
response was observed with direct catalysis of DdFDH on the car-
bon electrode.*? These findings have motivated for more exten-
sive investigation of DdFDH with CO, in direct and mediated type
catalysis. There are still challenges in using enzymes for the process
which should be addressed, mainly retaining their stability and
electroactivity upon immobilization onto electrodes.*® Some of
the limitations can be overcome using a classical approach of
mediated electrochemistry. For this process to be efficient, the cor-
rect match between the enzymes and the redox mediators must
be carefully assessed.

In this study, DdFDH was electrochemically characterized
using a pyrolytic graphite electrode (PGE) to investigate the redox
cofactors and their catalytic behavior toward formate and CO, in
DET regime. In cases where not all DdFDH molecules are properly
oriented with the electrode active site (or toward the pathway for
the catalytic center) and the electron transfer rate is too low, the
scope of electrocatalytic studies was extended in search of a
more suitable mediated redox partner. Artificial and natural redox
mediators were explored to enhance the catalytic potential of
DdFDH. Standard artificial mediators like methyl and benzyl
viologens were employed. Additionally, assays with natural phys-
iological partners were conducted through electrocatalytic stud-
ies of DAFDH mediated by small electron transfer proteins such as
cytochromes. Physiologically, the role of the cytochromes is the
transport of electrons between the enzyme’s cofactor and its
redox partner. In mediated electrocatalysis, this can facilitate
the transfer of electrons between redox enzymes and electrodes,
establishing an efficient connection between the two.”** In this
context, three previously isolated cytochromes from the same
organism namely, di-heme cytochrome split-soret (cyt SS),*"
tetraheme cytochrome ¢; (cyt ¢;),* and monoheme cytochrome
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Css2 (Cyt €s50)™ have been electrochemically characterized and
used as the mediators to explore DdFDH catalytic activity toward
both formate oxidation and CO, reduction.

2. Results and Discussion

The experiments were performed either by DET or MET using
experimental conditions described below. It was used a PGE des-
ignated as DdFDH/PGE and DdFDH/Med/PGE, respectively
(Scheme 1).

2.1. Electrochemical Characterization of DdFDH

Cyclic voltammetry (CV) was performed at different scan rates to
determine the electrochemical behavior of DdFDH on a PGE sur-
face, immobilized with a cellulose membrane (cut-off of 3.5 kDa)
in a mixed buffer (100 mM phosphate/acetate buffers, pH = 7). At
10mVs™', a broad current wave is observed at —195 mV on the
positive direction scan with /o, =26 nA and at —351 mV on the
reverse scan with [,c=—29nA, resulting in a peak separation
(AE,) of 156 mV. The broadness of this peak can be attributed
to contributions from the Mo(V/IV) redox couple and the
[4Fe-4S] clusters, indicating a quasireversible process, consider-
ing at least a two-electron transfer process (calculated number of
electrons transferred, n ~2.6) with a midpoint potential of
—273mV versus NHE (Figure 1a). Additionally, the enzyme
was immobilized on a membrane, forming a thin enzyme layer
on the electrode surface. This approach implies interaction of
the enzyme with the electrode without any specific orientation,
enabling more redox cofactors to transfer electrons to the elec-
trode surface, contributing to the broadening of the signal.
Furthermore, when lower scans were applied, more redox
processes can be discriminated. For instance, at 0.5mVs™'
(Figure 1b), four processes with midpoint potentials —170, —210,
—317, and —376 mV were observed. As the enzyme contains
eight metal cofactors in addition to the Mo-active site, the
observed processes result from the overlapping of redox
processes. Two weak signals were detected with midpoint poten-
tials at —210 and —170 mV (Processes Il and | in Figure 1b,
respectively). Three high-potential hemes and the Mo(VI/V) redox

Direct ; Mediated
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: =
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Scheme 1. lllustration of nonmediated and MET with DdFDH (cyt SS is
used as an example for MET). Surface charge distribution image of
Alphafold2®? predicted structures of DdFDH and cyt SS are shown
(see also Figure S1, Supporting Information).
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Figure 1. Cyclic voltametric response of DdFDH at higher and lower scan
rate in 100 mM mix buffer (acetate/ phosphate) with 100 mM NaCl at

pH = 7; black: original and red: baseline subtracted; a) at 10mVs™' scan
and b) at 0.5 mV s~ with assigned four (I, I, lll, IV) cathodic and anodic
processes with midpoint potentials —170, —210, —317 and —376 mV
respectively. The results indicated that lower scan rates are preferable for
obtaining better-defined redox processes in the voltammogram. DdFDH
amount in each assay = 30 pmol.

couple are expected to appear within this potential range, as pre-
viously described.”® The Mo(V/IV) redox couple and the four
[4Fe-4S] centers, which exhibit closely aligned redox poten-
tials,"*>** give rise to a broad signal with a midpoint potential
of —317 mV (Process lll in Figure 1b), characterized by an anodic
peak current (Ip,) of 3.3 nA and a cathodic peak current (Ip.) of
—4.3 nA. The small signal at —376 mV (Process IV in Figure 1b) is
attributed to a low-potential heme center.*)

2.2. Direct DdFDH Electrocatalytic Activity

In Figure 2, direct electrocatalytic activities of DdFDH immobilized
on pyrolytic graphitic electrode (PGE), termed as DdFDH/PGE,
toward formate oxidation as well as CO, reduction were accom-
plished by CV. Addition of formate resulted in the increase of
the anodic current, consistent with expected enzymatic activity
as formate is being oxidized to CO, and consequently an increased
reduced species in the enzyme center ready to be oxidized
(Figure 2a). This increase in current density follows saturation kinet-
ics with current density 1.68 uA cm ™2 at +140 mV and Michaelis-
Menten constant K, = 28 uM (Figure 2b). Cathodic current for CO,
reduction was also observed when CO, was purged directly into
the electrolyte with a maximum current density of 1.20 A cm 2 at
—460 mV (Figure 2c). The addition of formate into CO,-saturated
electrolyte enabled reversible interconversion of CO, and formate
with a characteristic sigmoidal shape (Figure 2d).

2.3. Mediated DdFDH Electrocatalytic Activity with Artificial
Redox Partners

Mediated catalytic activity was explored with standard artificial
redox mediators, such as viologens, which are a class of organic
molecules containing negative redox potential around the range
—300 to —450 mV. These compounds present well-defined redox
processes, making them suitable as mediators for the study of
redox enzymes. Methyl viologen (MV) and benzyl viologen
(BV) are two such conventional viologens in the lowest and
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Figure 2. Catalytic voltammograms showing DdFDH/PGE activity in

100 mM mix buffer (acetate/ phosphate) with 100 mM NaCl at pH=7

a) toward formate oxidation: electrocatalysis with different formate
concentration (0 to 1T mM) at pH=7 at 10mV s~ scan; dotted line shows
the control electrode without enzyme; b) Michaelis—Menten behavior of
DdFDH for formate oxidation reaction is shown; c) toward CO, reduction:
catalytic cathodic current was observed in CO,-saturated electrolyte
(1atm) at 5mV s~ scan; d) Reversible CO, reduction and formate oxidation
attained together in CO,-saturated (1 atm) electrolyte with 1 mM sodium
formate at 5mV s~ scan. DdFDH amount in each assay = 30 pmol; Current
densities were calculated based on the geometric surface area of the
electrode of 0.1257 cm?,

highest redox potential region, respectively, in the viologen fam-
ily.> CV experiments were performed with the dichloride salts of
0.5mM MV or BV in the electrolyte (100 mM mix buffer with
100 mM NaCl at pH = 7) at 10 mV s~ and the midpoint potentials
were obtained as —455 and —296 mV, respectively (see Figure S2,
Supporting Information). In mediated electrocatalysis, anodic
current densities for formate oxidation reach up to 60 pA cm™2
at —320mV with MV and 58 pAcm™2 at —220mV with BV,
which are comparative (Figure 3a,b). Moreover, MV-mediated
CO, reduction reaction shows high efficiency and the cathodic
current reaches 216 pA cm~2 at —560 mV. Whereas, in compari-
son, BV-mediated CO, reduction presents the maximum current
density of 22 uAcm™2 at —480 mV. Both the viologens showed
mediating ability for formate oxidation. However, only MV has
been shown to be a highly efficient mediator for the CO, reduc-
tion reaction, likely due to its lower formal reduction potential
(—445 mV) with respect to the reported DdFDH potentials.?

2.4. DdFDH Activity Toward Formate Oxidation Detected
Spectrophotometrically: Role of cyt SS as Redox Partner

Catalytic activity of DdFDH was observed spectrophotometrically
by following the reduction of the external electron acceptor, BV,
at 555 nm. An assay of DdFDH, incubated for 30 min with formate
and DTT under argon atmosphere, and the reaction was started
with the addition of 7.5 mM BV, was found to have high efficiency
toward formate oxidation with a specific activity of 243 mU ug™'
(Figure 4a). Small electron transfer protein, such as cytochrome
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Figure 3. Mediated catalytic voltammogram: a—c) DdFDH/MV/PGE activity
with 0.5 mM MV showing, (a) formate oxidation in presence of 0 to 1 mM
formate added to electrolyte (b) CO, reduction in CO,-saturated (1 atm)
electrolyte (c) Reversible CO, reduction and formate oxidation attained
together in CO,-saturated (1 atm) electrolyte with 1 mM sodium formate;
d-f) DAFDH/BV/PGE activity with 0.5 mM BV showing, (d) formate oxidation
in presence of 0 to 1 mM formate added to electrolyte (e) CO, reduction in
CO,-saturated (1 atm) electrolyte (f) Reversible CO, reduction and formate
oxidation attained together in CO,-saturated (1 atm) electrolyte with 1 mM
sodium formate. DAFDH amount in each assay = 30 pmol.
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Figure 4. DdFDH catalyzed formate oxidation activity assays:

a) Representative time courses of 6 nM DdFDH (red) and 6 nM DdFDH with
12 uM ¢yt SS (blue) in 10 mM formate and 0.5 mM DTT were incubated for

30 min under argon bubble. The reaction was started with 7.5 mM benzyl viol-
ogen and followed through reduction of viologen at 555 nm; b) Role of cyt SS
as a redox partner: Time course of 6 nM DdFDH with 10 mM formate and

0.5 mM DTT was incubated for 30 min under an Argon bubble. The reaction
was started with 6 uM cyt SS and reduction of heme was followed at 552 nm.

split-soret (cyt SS), was thought to be a potential candidate for the
physiological partner of DdFDH. In that case, cyt SS would interact
with DdFDH to improve its activity. To test that, at first, cyt SS was
added into the DdFDH activity assay at a lower concentration

ChemeElectroChem 2025, 12, 202500100 (4 of 7)

(6 nM DdFDH: 24 nM cyt SS) with no significant increment in activ-
ity. Addition of cyt SS at an excess concentration (6 nM DdFDH:
12 uM cyt SS) has improved the activity, resulting in around a 1.7
times increase in the specific activity to 413 mU ug ™' (Figure 4a).

The role of cyt SS was also explored as a redox partner of
DdFDH, replacing BV in the presence of formate. The reduction
was followed spectrophotometrically by the appearance of the a-
band of reduced cyt SS at 552 nm. In this condition, similar activity
assays were performed where DdFDH was incubated for 30 min
with formate and DTT under an argon atmosphere, but the reac-
tion was started with the addition of 6 uM of cyt SS instead of BV.
With cyt SS as a partner, DAFDH was observed to have specific
activity of 83 mU pg " (Figure 4b). Corresponding control assays
were performed without DdFDH, and no reduction of cyt SS was
found (see Figure S3, Supporting Information) nor formate oxida-
tion. Thus, a small electron transfer protein like cyt SS can be used
as an efficient mediator for the catalysis with DdFDH.

2.5. Electrochemical Characterization of Small Electron
Carrier Proteins (Cytochromes)

The c-type cytochromes belong to the family of small hemopro-
teins containing single or multiple heme groups, which are cova-
lently bound to the apoprotein through a thioether bond with
cystine residues. Three of such previously isolated c-type cyto-
chromes, di-heme cytochrome split-soret (cyt SS),”'**! tetraheme
cytochrome ¢; (cyt ¢3),%%*® and monoheme cytochrome css,
(cyt cs5,)" from the same microbe were immobilized within a
cellulose membrane on a PGE carbon electrode (thin-layer con-
figuration) and characterized to determine the midpoint poten-
tials at pH = 7. Both cyt SS and cyt ¢; have shown a broad single
couple at 10mVs™' (see Figure S4, Supporting Information).
However, at a very low scan rate (1 mVs™"), different redox cou-
ples were observed and were assigned to the individual hemes.
The cyt SS displays two distinct redox couples at midpoint poten-
tials —164 mV and at —325 mV (Figure 5a), which are in agree-
ment with previously calculated potential values."? Similarly,
in ¢yt cs, three well-defined couples were observed with midpoint
potentials of —130, —227, and —338 mV (Figure 5b).*” The dif-
ference in midpoint potentials of the main process(es) of the
different cytochromes should be highlighted, in particular the
monoheme cyt ¢ss5, exhibiting a midpoint potential of +21 mV
(Figure 5c¢). All of the cytochromes exhibit quasireversible behav-
ior as expected for this type of redox protein.

2.6. Mediated DdFDH Electrocatalytic Activity with Small
Electron Transfer Proteins

Small redox proteins are considered good mediators for sulfate-
reducing organisms, such as DdFDH exchanging electrons with
their physiological partners.®® In search of DdFDH'’s physiological
partner, the interaction of such small electron transfer proteins
with DdFDH was explored. Electrocatalytic activity of DdFDH
co-immobilized with either of three individual cytochromes
(2l of 15uM DdFDH with 6 pl 120 uM cytochrome = [cyt cl/
[DAFDH] = 24 times), termed as DdFDH/cyt ¢/PGE, was studied
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Figure 5. Voltammograms of c-type cytochromes with the respective con-
trol (absence of protein) CV in 100 mM mix buffer (acetate/ phosphate)
with 100 mM NaCl at pH=7; a) cyt SS at 1mVs™', b) cyt ¢ at TmVs™;
) ¢yt Css, at 5mVs™! scan.

and compared. In each of the cases, an increase in anodic current
with formate addition was observed, following the saturation kinet-
ics (Figure 6d), and their maximum current density was compared
with the one attained by direct catalysis (Figure 6e). However, cor-
responding control experiments were performed with all three
individual cytochromes in the same conditions, and no catalytic cur-
rent was observed (see Figure S4, Supporting Information).
Mediated catalysis with cyt SS, in the presence of increasing formate
concentration, has shown a significant increment in anodic current
(Figure 6a). Maximum catalytic current density achieved for formate
oxidation mediated by cyt SS was found to be 12.58 pA cm™2, which
is around 7.5 times higher than direct catalysis. Mediated catalysis
with ¢yt ¢; also shows similar behavior with a current density of
8.76 uAcm2 (Figure 6b). However, the monoheme cyt ¢ss, was
not found to be a good mediator for electrocatalytic reactions of
DdFDH with maximum current density close to the nonmediated
one (Figure 6¢).

Reversibility of cyt SS-mediated catalytic reaction (DdFDH/
cyt SS/PGE) with both CO, and formate into the electrolyte
was also studied, as cyt SS was demonstrated as a better mediator
than the other two. Figure 6f displays an increase in both cathodic
and anodic current in the presence of both substrates, proving
such reversible nature of DdFDH in mediated conditions.
Moreover, the dependence of cyt SS in the mediated electroca-
talysis for DdFDH/cyt SS/PGE was tested. The current was found to
be increasing with cyt SS concentration with respect to DdFDH,
where the [cyt SSI/[DdFDH] concentration ratio was studied up to
40 times (see Figure S5, Supporting Information).
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Figure 6. a—c) Catalytic voltammogram showing the DdFDH/cyt ¢/PGE
activity toward formate oxidation at 10 mV s~ rate in different formate
concentration (0 to 1 mM) in 100 mM mix buffer (acetate/ phosphate) with
100 mM NaCl at pH =17, (a) cyt SS; (b) cyt ¢3; () cyt Css5 d) Michaelis-Menten
behavior of DdFDH with three cytochromes mediated formate oxidation
reaction is shown; e) comparison of maximum catalytic current density

of direct and mediated reactions is compared; f) CV of DdFDH/cyt SS/PGE
activity: reversible CO, reduction and formate oxidation attained together
in CO,-saturated (1 atm) electrolyte with 1 mM sodium formate at

10mV s~ scan. DdFDH amount in each assay =30 pmol; Current

densities were calculated based on the geometric surface area of the
electrode of 0.1257 cm?.

A comparative table (Table S1, Supporting Information) has
been added summarizing some similar CO, reduction results with
metal-dependent and metal-independent FDHs in direct and
mediated catalytic conditions. The overall result achieved in this
work, through MV-mediated catalysis with DdFDH, is among the
highest CO, reduction currents achieved while utilizing the low-
est amount of DdFDH enzyme (30 pmol) among comparable
studies. However, the current observed for direct electrocatalysis
was significantly lower than that for mediated catalysis. This may
be attributed to the limited number of available electroactive
enzyme molecules properly oriented on the electrode surface.
This suggests that there is room for improvement by exploring
alternative electrode materials, such as porous carbons or metal
oxides, and optimizing reaction conditions where DdFDH could
be immobilized efficiently with favorable orientation, facilitating
DET, ensuring its durability and electrocatalytic performance is
maintained. Furthermore, as frequently discussed, a comparison
of the electrochemical behavior of metal-dependent and metal-
independent FDHs reveals slight differences. In this study, such
distinctions can be observed between DdFDH and CbFDH™® as
expected. For instance, regarding the reversibility under nonca-
talytic conditions, DdFDH exhibited a quasireversible process
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with a broader peak separation, which is a typical characteristic
for metalloproteins with multiple redox cofactors. In comparison,
CbFDH showed reversible electrochemical behavior.?® Moreover,
in catalytic conditions, the direct electrocatalysis of DdFDH/PGE
seems apparently to be more irreversible compared to the results
shown by Su et al. using CbFDH.”® In addition to the differences
in experimental conditions and the type of enzymes used, there
are other factors that contribute to the observed behavior varia-
tions. Firstly, it is important to note that even in the referenced
study™®® regarding CbFDH the electrochemical reversibility is not
complete, as evidenced by a more pronounced cathodic process
compared to the anodic one. However, both processes exhibit a
typical mass-controlled (bell) shape, far from the limiting current.
In our study with DdFDH/PGE, under catalytic conditions and at
lower scan rates, the current features deviate from being solely
diffusion-controlled and become increasingly governed by
charge transfer, resulting in a limiting current. Consequently,
the redox potentials of the FDH centers are no longer discernible,
giving the appearance of partial irreversibility. With further
decreases in scan rate, charge-transfer control becomes more
dominant, whereas at higher scan rates, the process reverts to
being primarily diffusion-controlled.

Furthermore, DdFDH has also demonstrated exceptional
robustness as an electrocatalyst operating efficiently in aqueous
medium under very mild, ambient conditions during the experi-
ments in both direct and mediated regimes, while it maintained
most of its activity even after 24 h (data not shown) and in the
presence of oxygen. This highlights DdFDH's potential as a prime
candidate for integration into BES. Building on this observation,
the next step is to incorporate it heterogeneously into a porous
medium.

3. Conclusion

To conclude, DdFDH and three native c-type cytochromes were
electrochemically characterized on a PGE. Cyclic voltammograms
at low scan rates enable us to look into multiple redox processes,
allowing us to determine the redox potentials of individual redox
cofactors present within. Further, direct catalytic activity of DdFDH
was studied to achieve a current density of 1.68 pA cm~2 following
Michaelis—-Menten kinetics with Km = 28 pM for formate oxidation
and a current density of 1.20 pA cm~2 for CO, reduction. DdFDH
also shows reversibility in the presence of both substrates,
enabling the interconversion of formate and CO,. Furthermore,
mediated electrocatalysis using viologens and potential physiolog-
ical redox partners was observed at a faster rate. Both MV and BV
showed mediating activity toward formate oxidation. However,
MV, having a lower redox potential than BV and DdFDH, acts as
an efficient mediator for CO, reduction, achieving a very high
current density of 216 upAcm™2 In search of the physiological
mediator, small electron transfer proteins were electrochemically
characterized at low scan rates, which allowed the study of their
individual hemes. The cytochromes mediated catalysis have shown
an improved catalytic activity following Michaelis—-Menten
behavior. Catalytic activity using cytochrome-mediated reactions
revealed a 7.5 times increase for cyt SS and a 5.8 times increase

ChemeElectroChem 2025, 12, 202500100 (6 of 7)

for cyt ¢s and an insignificant amount of increase for cyt Cssy
which makes cyt SS the most efficient redox mediator among
the cytochromes, in line with the hypothesis of this species being
the natural partner of DdFDH. In this study, our primary focus was
to explore electrocatalytic conditions for DdFDH and to identify a
suitable mediator. However, its scope of applicability on an indus-
trial scale remains in the very early stages. It is still a significant
challenge to ensure the long-term stability of DdFDH on a solid
electrode support while maintaining its activity at elevated tem-
peratures. Further studies on electrocatalytic activity toward CO,
are underway to optimize these experimental conditions.
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