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e High stability of enzyme CbFDH immo-
bilized on a nanoporous carbon.
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acid production at high scale.

e Formic acid production rate comparable
to values reported in the literature.
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ABSTRACT

The immobilization of the non-metallic enzyme formate dehydrogenase from Candida boidinii (CbFDH) into a
nanoporous carbon with appropriate pore structure was explored for the bioelectrochemical conversion of CO; to
formic acid (FA). Higher FA production rates were obtained upon immobilization of CbFDH compared to the
performance of the enzyme in solution, despite the lower nominal CbFDH to NADH (B-nicotinamide adenine
dinucleotide reduced) cofactor ratio and the lower amount of enzyme immobilized. The co-immobilization of the
enzyme and a rhodium complex as mediator in the nanoporous carbon allowed the electrochemical regeneration
of the cofactor. Preparative electrosynthesis of FA carried out on biocathodes of relatively large dimensions (ca.
3 cm x 2 cm) confirmed the higher production rate of FA for the immobilized enzyme. Furthermore, the
incorporation of a Nafion binder in the biocathodes did not modify the immobilization extent of the CbFDH in
the carbon support. Coulombic efficiencies close to 46% were obtained for the electrosynthesis carried out at
—0.8 V for the biocathodes prepared using the lowest Nafion binder content and the co-immobilized enzyme and
rhodium redox mediator. Although these values may yet be improved, they confirm the feasibility of these
biocathodes in larger scales (6 cmz) beyond most common electrode dimensions reported in the literature (ca. a
few mmz).
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1. Introduction

CO4, utilization through electrochemical reduction techniques for the
production of chemical feedstocks such as formic acid (FA) (Del Castillo
et al., 2015), formaldehyde (Nakata et al., 2014), methane (Marinoiu
et al., 2017), methanol (Addo et al., 2011), ethanol (Yuan et al., 2018) or
syngas (Herndandez et al.,, 2017) represents an interesting strategy
among currently investigated processes for CO2 conversion. However,
since CO; is a thermodynamically stable molecule, its electrochemical
reduction is strongly limited by the kinetic barriers associated to the
need to lower overpotentials, to activate CO5 species, to increase the
coulombic efficiencies and to enhance the selectivity of the products
(Appel et al., 2013; Finn et al., 2012). In this context, numerous in-
vestigations have explored the use of metallic and non-metallic elec-
trocatalysts and their composites for the conversion of CO; to fuels or
feedstocks (e.g. Sn (Del Castillo et al., 2015), Au (Zhao et al., 2018), Cu
(Li et al., 2016), Bi (Zhang et al., 2016a), graphene oxide, carbon
nanotubes (Zhu et al., 2016), g-C3N4/carbon nanotube (Lu et al., 2016)
to cite a few examples). Such electrocatalytic processes still face prob-
lems related to the long-term stability and low selectivity of the cata-
lysts, and hence the economic viability of the process is strongly
dependent on the electricity cost (Liu et al., 2016).

Alternatively, the use of enzymes as biocatalysts allows a better-
controlled CO, reduction due to their high selectivity, leading to the
formation of a specific fuel while avoiding side reactions. Several en-
zymes and microorganisms have been explored for the CO, reduction:
viz. remodelled nitrogenase for the reduction of CO2 to methane (Yang
et al, 2012); non-metal formate dehydrogenases (FDH) or metal
dependent (tungsten or molybdenum)-containing formate dehydroge-
nase (mFDH) for the reversible conversion of CO5 and formic acid
(Bassegoda et al., 2014); methylobacteries for the production of FA
(Hwang et al., 2015); and dehydrogenases in consecutive electro-
chemical reduction reactions to simultaneously generate formaldehyde
and methanol (Lanjekar and Gharat, 2011). Note in this regard that FA is
an effective energy storage fuel (Rees and Compton, 2011), with a lower
toxicity than methanol (Yu and Pickup, 2008), and that some FDH en-
zymes are able to catalyze the reversible interconversion of CO, to FA
(Alissandratos et al., 2013; Lu et al., 2006; Hartmann and Leimkiihler,
2013; Jollie and Lipscomb, 1991; Schirwitz et al., 2007; Amao, 2018).
However, FDH enzymes generally require the cofactor f-nicotinamide
adenine dinucleotide reduced (NADH) to achieve the reduction of CO5
yielding FA according to reaction (1):

CO, + NADH < “™H"HCco0~ + NAD* (€))

The high price of NAD(H) cofactors prevents their stoichiometric
use, for which their regeneration is needed to boost this reaction in
practical applications. The electrochemical regeneration of NADH is
generally carried out according to the following mechanisms (Ali et al.,
2014):

NAD"™ + e —>NAD* 2)
NAD® + ¢~ + H'—-NADH 3
NAD® + NAD*—NAD, 4)

However, the slow kinetics of reaction (3) competes with the
dimerization of NAD® species in reaction (4), resulting in a loss of ca.
40% of cofactor in each regeneration cycle (Wu et al., 2013; Weckbecker
et al., 2010). Therefore, the electrochemical regeneration has to be
promoted by an indirect or mediated pathway, using redox mediators as
hydride-transfer agents. Various redox mediators have been investigated
for the indirect electrochemical regeneration of NADH, such as meth-
ylviologen (Hwang et al., 2015; Weckbecker et al., 2010; Sakai et al.,
2016a), rhodium and iridium-based metal complexes (Tan et al., 2015;
Sivanesan and Yoon, 2013), osmium polymers (Cui et al., 2007), or 9,
10-phenanthrenequinone (Sakai et al., 2017b). In this context, a
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paradigm for electrochemical regeneration of NADH refers to the use of
(2,2'-bipyridyl)  (PentamethylcyclopentadienyDrhodium  complex,
[Cp*Rh (bpy)ClICL that is able to bring down the potential for NADH
regeneration at —0.8 V (Fig. ESI-1) (Hollmann et al., 2002; Walcarius
et al., 2011; Steckhan et al., 1991).

On the other hand, the use of enzymes in electrochemical applica-
tions still has several challenges to face, mainly related to their cost and
stability under variable reaction conditions -e.g., pH, temperature or
ionic strength-, and to a proper electron transfer (ET) communication
between the redox-active center of the biomolecule and the electrode
surface. Immobilization strategies seem to be quite successful methods
to overcome these challenges (Chapman et al., 2018). In the particular
case of FDH from Candida boidinii (CbFdH), several studies have been
reported on its immobilization/encapsulation on various substrates (e.
g., glutaraldehyde, epoxy, amino-epoxy, glyoxyl or aminated substrates
(Bolivar et al., 2007), modified magnetic nanoparticles (Demir et al.,
2011), alginate-silicate hybrid gel, calcium alginate, polyvinyl alcohol
or montmorillonite K (Lu et al., 2006), porous glass plate (Noji et al.,
2017), metal organic frameworks (Rouf et al., 2021) or mesoporous
carbons (Hernandez-Ibanez et al., 2021) for exploring its biocatalytic
activity.

The bioelectrochemical reduction of CO5 has been reported for FDH
enzymes immobilized in various supports -e.g., carbon felt modified
with alginate-silicate hybrid gel (Schlager et al., 2016), polystyrene
nanofibers (Barin et al., 2019), nanoporous carbon black (Sakai et al.,
2016a, 2016b; Sakai et al., 2017b), gold nanoparticles embedded on
carbon black (Sakai et al., 2017a), pyrolytic graphite (Cordas et al.,
2019), titanium dioxide (Sokol et al., 2018)-. Even though the feasibility
of the bioelectrochemical CO, reduction has been demonstrated either
for FDH in solution or encapsulated/adsorbed on appropriate substrates,
the fabrication and deployment of biocathodes at high scale in bio-
electrochemical reactors is still far for being a competitive technology
compared to metal electrocatalysts-based processes.

In this study, we focus on the performance of the electrochemical
reduction of COy to FA using a biocathode constituted by the co-
confinement of CbFDH and the complex [Cp*Rh (bpy)Cl]C], on a high-
ly nanoporous carbon; the co-immobilization of the rhodium complex
allows the regeneration of the NADH cofactor. A metal independent
CbFDH was selected for this study due to its attractiveness in terms of
low cost, commercial availability, mass produced and robustness. On the
other hand, the use of NADH in solution as cofactor is simple in terms of
mechanism reaction and moderate high yield (Kanth et al., 2013), while
the use of the rhodium complex will regenerate the cofactor at relatively
low overpotentials. The merit of this work points firstly at the fabrica-
tion of biocathodes with relatively large projected area (i.e., 2 cm x 3
cm), higher than those commonly reported in the literature for others
FDH enzymes (i.e., a few mmz). We have used a commercial mesoporous
carbon for the immobilization of the enzyme and rhodium complex
redox mediator, and explored the performance of the biocathode as a
function of adsorbed protein, loading coverage and binder content for
further utilization in a polymer electrolyte membrane electrochemical
reactor (PEMER) (Diaz-Sainz et al., 2020). To evaluate the bio-
electrochemical reduction of CO; to FA, preparative electrolyses were
performed at different electrode potentials in the absence and presence
of NADH cofactor and of redox mediator. Data have confirmed the
beneficial effect of the co-confinement of the redox mediator and the
enzyme CbFDH for the performance of the biocathodes, in terms of FA
production and coulombic efficiencies compared to other bio-
electrochemical systems (BES) based on the immobilization of FDH
enzymes. This work also demonstrates the feasibility of the application
of large dimensions biocathodes based on immobilized FDH enzymes for
the bioelectrochemical reduction of CO5 to FA.
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2. Experimental
2.1. Chemicals and reagents

The non-metal dependent Formate dehydrogenase from Candida
boidinii (lyophilized powder with ca. 5.0-15.0 units/mg protein),
B-Nicotinamide adenine dinucleotide sodium salt (NAD ™ purity >97%),
B-Nicotinamide adenine dinucleotide reduced dipotassium salt (NADH,
purity >97%), Nafion perfluorinated resin (5 wt% isopropyl alcohol/
water solution), pentamethylcyclopentadienylrhodium (III) chloride
dimer (purity 97%) and 2,2’- bipyridyl (purity >99%) were purchased
from Sigma Aldrich. The rest of chemicals were of the highest purity
available. The redox mediator [Cp*Rh (bpy)CIICl (2,2-bipyridyl)
(pentamethylcyclopentadienyl)rhodium) used in the regeneration of
NADH was synthetized by following the procedure as described else-
where (Hollmann et al., 2002; Walcarius et al., 2011). The selected
nanoporous carbon is a commercially available carbon material
commercialized by Ingevity (formerly Westvaco) under the name of
Nuchar® SA-30. It is a biomass-derived carbon obtained upon chemical
activation with phosphoric acid. The carbon was chosen based on its
porosity, chemical composition and availability for large-scale applica-
tions. All solutions were prepared using doubly distilled water with a
resistivity not less than 18.2 MQ cm. Unless otherwise stated, enzyme
solutions were freshly prepared either in 0.010 M or 0.10 M sodium
phosphate buffer solution (NaPB) at pH 7.4 using NaoHPO4, NaH;PO4
salts (from Sigma-Aldrich) and stored at 4 °C.

2.2. Physicochemical and textural characterization

The porosity of the carbon was determined by N» adsorption/
desorption isotherms at —196 °C recorded in a volumetric analyzer
(Quantachrome Instruments). Before the analysis, the sample was
degassed under dynamic vacuum at 250 °C for 8 h. SEM images and
mapping analysis of the electrodes were recorded in a microscope
HITACHI S-3000 N coupled with an energy dispersion X-ray micro-
analysis EDX system Quantax 400 from Bruker. X-ray photoelectronic
spectroscopy (XPS) experiments were collected in a K-Alpha Thermo
Scientific spectrometer using monochromatic AlKa (1486.6 eV) radia-
tion at 3 mA x 12 kV. Spectra of dried samples were recorded using a
400 pm (microns) diameter analysis area. Processing of the XPS spectra
was performed in Avantage software, with energy values referenced to
the C 1s peak of adventitious carbon located at 284.6 eV, and a Shirley-
type background. Thermogravimetric profiles were carried out in a
Setaram Labsys thermobalance using ca. 10 mg of sample, under argon
atmosphere (100 mL/min) and at a heating rate of 10 °C/min from 25 up
to 900 °C. A complete physicochemical characterization of the porous
carbon support in terms of Ny adsorption/desorption isotherm, pore size
distribution determination, particle size and surface chemistry is pro-
vided in the Electronic Supplementary Information Fig. (ESI-2 to ESI-5).

2.3. CbFDH and [Cp*Rh(bpy)CL]Cl immobilization

CbFDH and [Cp*Rh (bpy)Cl]Cl solutions were prepared in 10 mM
NaPB at pH 7.4 (initial concentrations of 0.5 and 1.0 mg mL~! for
CbFDH and [Cp*Rh (bpy)CI]Cl, respectively). An adequate amount of
the nanoporous carbon was added to either the enzymatic or the Rh
complex solutions to reach a dispersion of ca. 1.0 mg mL™}, and then
stirred during 6 d at 4 °C under deaerated conditions. Thereafter, the
carbon dispersions were centrifuged at 1300 rpm for 5 min, and the
supernatant solution was discarded. The weakly adsorbed species were
removed by rinsing the carbon several times with 10 mM NaPB at pH
7.4. The amounts of CbFDH and [Cp*Rh (bpy)Cl]Cl immobilized were
calculated from the mass balance of the species remaining in solution
and detected by UV-Vis spectrophotometry (ca. 280 and 356 nm for
CbFDH and [Cp*Rh (bpy)Cl]Cl, respectively). After the immobilization
and washing, the loaded carbon powders were redispersed in 1.0 mL 0.1
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M NaPB at pH 7.4 and stored at 4 °C until further use. The nomenclature
of the carbon dispersions is as follows: SA for the nanoporous carbon
dispersed in NaPB; CbFDH/SA after the immobilization of CbFDH and
Rh/SA after the immobilization of the Rh complex mediator.

For the preparation of the electrodes, the stored carbon dispersions
-namely SA and Rh/SA-were sonicated for 15 min (Ultrasons P, Selecta);
then an adequate volume of 5 wt% Nafion aqueous solution was added
to the dispersion to reach a final concentration of ca. 20 wt% Nafion vs
the weight of solid residue. The mixture was sonicated for 40 min at a
temperature lower than 30 °C. Then ca. 20 pL of the carbon ink was
drop-casted onto a glassy carbon electrode surface (GCE, 3.0 mm
diameter, Goodfellow) and dried under nitrogen atmosphere. The GCE
was previously polished using alumina powders (ca. 1.0, 0.3 and 0.05
pm) and water as lubricant. The nomenclature of the electrodes was Z/
GCE, where Z stands for the composition of the ink (e.g., SA/GCE, Rh/
SA/GCE).

2.4. CbFDH activity control

The catalytic activity of the enzyme was determined spectrophoto-
metrically recording the absorbance increment of NADH production at
340 nm during the oxidation of formate to CO, as reported elsewhere
(Bolivar et al., 2007). An activity value of 5.8 U per mg of CbFDH was
obtained. After the immobilization on the nanoporous carbon, the ac-
tivity of the enzyme was certified by monitoring the synthesis of FA.
Briefly, 410 pL of 1.0 mM NADH in 0.1 M NaPB at pH 7.4 were added to
1.0 mL of CbFDH in solution (ca. 0.35 mg CbFDH/mL) or to a CbFDH/SA
dispersion (ca. 1.0 mg CbFDH/SA) previously saturated with CO5 by
continuously bubbling with a CO; flow of ca. 100 mL/min. The chemical
reaction was carried out for 5 h at 20 + 2 °C. Then, the CbFDH/SA
suspensions were centrifuged at 13,000 rpm for 5 min, and the super-
natant was removed for quantifying the formation of FA. When the re-
action was carried out using CbFDH in solution, the protein solution was
filtered out using a 10 kDa centrifugal filter. FA concentration was
determined using an ion chromatograph equipped with chemical sup-
pression (Metrohm, 850 ProfIC Acuma MCS).

2.5. Preparation of the biocathodes

Initially, different carbon inks were prepared consisting of an alco-
holic dispersion (isopropanol) of the nanoporous carbon SA (ca. 2 wt%
solids) mixed with various amounts of Nafion (carbon to Nafion weight
percentage ratios of 50/50 and 70/30 wt/wt. %) and sonicated for 45
min. Then, the carbon inks were sprayed onto a 3 cm x 3 cm Toray
carbon paper substrate (TGPH-120) placed on a hot metallic plate kept
at 90 °C to facilitate the evaporation of the solvent. The carbon ink flow
was controlled during the spraying process to get a homogeneous sur-
face by sight. After airbrushing, the film was weighted to determine the
average loading coverage (I') in mg of carbon per cm? of projected area;
values of T of 0.50, 0.78, 0.83 and 0.92 mg cm ™2 were obtained. The
nomenclature of the electrodes was SA(x):N(y)/T, where x and y stand
for the amount of carbon and Nafion, respectively, and T refers to the
Toray carbon paper substrate.

Due to the porous nature of the carbon, electrodes SA(x):N(y)/T were
immersed in 0.1 M NaPB pH 7.4 overnight prior the immobilization of
CbFDH and the mediator, in order to guarantee the wettability of the
inner porosity. CbFDH immobilization was carried out by immersion of
the electrodes SA(x):N(y)/T in a 30 mL saturated argon solution con-
taining 0.125 mg CbFDH mL ™! in 10 mM NaPB at pH 7.4; the mixtures
were stirred for 5 d at 4 °C. For the immobilization of the [Cp*Rh (bpy)
Cl]1Cl mediator, the biocathode loaded with the enzyme (e.g. CbFDH/SA
(x):N(y)/T) was immersed in 30 mL of a 0.2 mg mL! [Cp*Rh (bpy)Cl]Cl
solution in 10 mM NaPB pH 7.4, and stirred for 5 d at 4 °C. The resulting
biocathode was labeled as Rh/CbFDH/SA(x):N(y)/T. The amounts of
both CbFDH and Cp*Rh (bpy)Cl immobilized were calculated again
from the mass balance of the species remaining in solution by UV-Vis
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spectrophotometry (vide supra). All biocathodes were thoroughly rinsed
with 10 mM NaPB pH 7.4 and stored at 4 °C immersed in the same buffer
solution under deaerated conditions.

2.6. Electrochemical measurements

Electrochemical measurements were taken using a potentiostat/
galvanostat system Autolab PGSTAT X (Eco Chemie, the Netherlands)
controlled by Autolab GPES software version 4.9 for Windows XP. For
the electrochemical characterization of the adsorbed mediator on the
nanoporous carbon, experiments were performed in a three-electrode
electrochemical cell using a gold wire as a counter electrode, AgCl/Ag
(1.0 M KCD) as reference electrode, and Rh/SA/GCE as working elec-
trode. Electrochemical measurements were taken at 20 + 2 °C under
deaerated conditions using an argon stream during the electrochemical
experiment.

Preparative electrolyses for FA production were carried out in an H-
shape two compartment electrochemical cell (Fig. ESI-6), using a
cationic ion exchange membrane Nafion 112 (Dupont, France); each
chamber was filled up with 65 mL with 0.1 M NaPB at pH 7.4. Experi-
ments were performed under controlled potential using the Autolab
potentiostat/galvanostat as reported above. The counter electrode was a
boron doped diamond (BDD) sheet placed in the anodic compartment.
Either Rh/CbFDH/SA(x):N(y)/T or CbFDH/SA(x):N(y)/T biocathodes
acted as working electrodes in the cathodic compartment, whereas the
reference electrode was a AgCl/Ag (3 M KCl) through a luggin located at
the cathodic compartment. Unless it is stated, all potentials were
referred to AgCl/Ag. Prior the electrochemical experiments, the bio-
cathodes were conditioned in 0.1 M NaPB pH 7.4; also, the cathodic
compartment was deoxygenated by bubbling an argon stream for 30 min
and then saturated with CO,, maintaining a constant flow rate of 150
mL/min through the solution during the whole electrolysis. About 4.5
mg of NADH were added to the cathodic solution before starting the
electrolysis to reach a final concentration of ca. 0.10 mM. The cathodic
solution was continuously stirred during the electrolysis. FA concen-
tration was determined by ionic chromatography (vide supra), and the
coulombic efficiency for FA production (©ycoon) was calculated as

Je
Npcoon X 5o X F .
follows: @rcoon = %.where npcoon is the amount of FA pro-

duced (mol), ;—; is the number of electrons per mol of FA (2 electrons per

mol of FA), F is the Faraday’s constant (96,485 C mol™ 1) and Q is the
circulated charge (C) during the electrolysis (Sanchez-Sanchez et al.,
2003).

3. Results and discussion
3.1. Preparation and electrochemical characterization of the biocathodes

First of all, we have explored the immobilization feasibility of CbFDH
on the selected nanoporous carbon (Fig. ESI-7A). The amount of enzyme
immobilized in the carbons was ca. 0.375 mg CbFDH/mg carbon under
the experimental conditions used, corresponding to a complete uptake
from solution after 5 d of stirring. The uptake is in agreement with the
textural features of the selected carbon evaluated from gas adsorption
data (Fig. ESI-2, Table ESI-1), revealing the presence of mesopores wide
enough to accommodate the rugby-like shaped CbFDH protein. Indeed,
even though the exact dimensions of the enzyme are uncertain -as they
depend on several factors such as the confinement state, nature of the
surface, or humidity-, the estimated values for CbFDH according to
literature are ca. a:b:c 5.35, 6.85, 10.95 nm per unit cell (Schirwitz et al.,
2007). On the other hand, the selected nanoporous carbon has a rela-
tively high surface area (ca. 1554 m? g~ 1) and an important contribution
of mesopores (ca. 63% of overall porosity) (Fig. ESI-2B). This demon-
strates that the pore size distribution of the carbon is effective for the
immobilization of CbFDH, and contrasts with other studies reporting the
immobilization of the enzyme in porous materials with wider pores of
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ca. 40-50 nm (Sakai et al., 2017b; Noji et al., 2017; Rouf et al., 2021). It
also indicates that the dimensions of the enzyme commensurate the
average mesopore size of the carbon, which is expected to favor the
stability of the immobilized enzyme. Based on the dimensions of CdAFDH
(vide supra) only the fraction of pores above 5 nm would be accessible for
the immobilization of the enzyme (ca. 44% of the overall porosity,
Fig. ESI-2B), with optimal confinement in pores of dimensions between
5 and 15 nm (ca. 51% pore fraction). This is in agreement with our
previous study where it was observed that the immobilization of CbFDH
is controlled by the morphology of the pores, with carbons characterized
by high mesopore volumes showing low CbFDH uptakes due to the poor
accessibility of the enzyme to the body of the pores when these are
connected via narrow necks (Hernandez-Ibanez et al., 2018, 2021).

The successful immobilization of the enzyme in the pores of the
carbon was investigated following the catalytic activity of the confined
enzyme for the reduction of CO3 to FA in 0.1 M NaPB. Table 1 compiles
the results about FA production compared to that obtained using CbFDH
in NaPB solution (CbFDH;,)) with the same nominal amount of NADH as
cofactor. For this, the amount of enzyme immobilized on carbon SA was
ca. 0.32 mg CbFDH/mg carbon; therefore for a proper comparative
study, the same amount of enzyme was used in solution. The concen-
tration of NADH (0.5 mM) was selected at the highest concentration as
possible in order to favor the shifting of the equilibrium to the formation
of formate for the reaction as written in reaction (1). In this regard, it
should be pointed out that concentrations over 0.4 mM NADH have been
reported to be detrimental for the stability of the enzyme (Kim et al.,
2014). Thus despite the neither the reaction in solution nor with the
immobilized enzyme immobilization have been optimized, the nominal
production of FA can be used as a fair comparison since they have been
carried out in similar conditions (even if the reaction itself is sensitive to
various variables such as the concentration of NADH, vide supra).

For the reaction carried out using CbFDHg,), the production rate of
FA was 3.0-107° pmol mg’lFDH-min’1 for a NADH to CbFDH ratio (mol/
mol) of 202. On the contrary, for the immobilized enzyme (CbFDHjy,)
with a similar NADH to CbFDH molar ratio (222), the nominal pro-
duction of FA was two orders of magnitude higher than that of CbFDHgg.
This is most outstanding considering the low CbFDH to NADH ratio
used, and it may be attributed to a: i) more stable conformation and
stability of the enzyme in the nanoconfined state, as demonstrated in our
earlier studies using a series of mesoporous carbons with different pore
size distributions (Hernandez-Ibanez et al., 2021); and/or ii) to the high
affinity of CO5 molecules to be adsorbed on the pores of the carbon
(Kaneko and Rodriguez-Reinoso, 2019), thereby favouring the interac-
tion with the active centres of the enzyme and thus improving the re-
action kinetics of FA with respect to CbFDH in solution. Such difference
in the FA production rate between CbFDH,, and CbFDHjy, could also be
ascribed to the effects of local pH gradients, local higher CO, concen-
tration inside the pores or the effect of vigorous bubbling of CO,, that
could render a quick and partial inactivation of the enzyme in solution
compared to CbFDH;p, (Bolivar et al., 2007). According to data compiled
in Table 1, it is also worth noting that the amount of NADH used for the

Table 1

Comparative results for the biochemical reduction of CO, towards formic acid
(FA) performed with enzyme CbFDH in solution (CbFDH,)) and immobilized on
nanoporous carbon SA (CbFDHjy,) in 0.1 M NaPB pH 7.4 at 20 + 2 °C under
continuous CO, bubbling with a flow rate of 100 mL min; reaction time is 5 h;
reaction volume is 1.41 mL.

CbFDH  NADH,, NADH/ FA production
CbFDH
ratio
mg mg mol/mol pmol pmol
min ! mg’lcbppgmin’l
CbFDH,;  0.35 0.58 202 1.010°°  3.010°°
CbFDH;,,  0.32 0.58 222 43107* 1331073
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formation of FA corresponds to ca. 20% of the starting concentration of
NADH when using CbFDHjy,, which is far from the theoretical value
taking into account the forward reaction as written in reaction (1). Such
a low value can be explained by formate reoxidation (reverse reaction as
written in reaction (1)) which is thermodynamically more favoured,
according to calculations exposed in (Jayathilake et al., 2019) and the
concomitant adsorption of NADH on the nanoporous carbon (vide infra).
The final pH of the buffer solution for experiments carried out with free
and immobilized CbFDH (see Table 1) reached ca. 6.4, discarding
therefore the degradation of NADH at low pH (Wu et al., 1986).
Furthermore, it should be mentioned that neither formate adsorption on
the carbon SA nor formate production were observed in the absence of
the enzyme immobilized on the carbon support.

Lixiviation tests corroborated the long-term stability of the confined
enzyme upon storage in the buffer solution for several months, with no
enzyme leaching to the solution. The use of slight large pores with a
narrowest pore sizes distribution for the immobilization of CbFDH has
been also performed by the authors demonstrating again negligible
leaching of the enzyme for a long period of storage at 4 °C. Hence, a
commensurate confinement of CbFDH faces on unfolding, thereby
increasing the stability and the catalytic activity under extreme and
harsh conditions (Ren et al., 2020).

In the case of [Cp*Rh (bpy)ClICl (Fig. ESI-7B), the amount of Rh
complex retained on the carbon after 5 d was 0.38 mg/mg. The elec-
trochemical behavior of the Rh redox immobilized on the nanoporous
carbon (sample Rh/SA/GCE) in the absence and presence of the NAD™"
cofactor is shown in Fig. 1. On the first negative scan, a cathodic peak
appeared at around —0.65 V corresponding to the electrochemical
reduction of Rh(III) to Rh(I) species. On the reverse scan, an oxidation
shoulder was observed at —0.3 V, with a lower current intensity
compared to the cathodic one. The current of the cathodic peak
increased proportionally with the scan rate (data not shown); this
electrochemical pattern is in agreement with data reported in the liter-
ature about the redox behavior of [Cp*Rh (bpy)Cl]ICl in neutral or
alkaline pH (Steckhan et al., 1991), and is attributed to the protonation
of the Rh(I) complex to form a hydride complex. The electrochemical
response of [Cp*Rh (bpy)CI]Cl in solution using a glassy carbon elec-
trode (Fig. 1, inset) shows a peak at —0.7 V on the first scan, similar to
that recorded when the mediator is confined on the nanoporous carbon.

The performance of the redox mediator for the electrochemical
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Fig. 1. Cyclic voltammetry responses of Rh/SA/GC electrode in the absence
(dashed line) and presence (solid line) of 1.0 mM NAD" in 0.1 M NaPB pH 7.4.
Scan rate: 5 mV s~!. First scan recorded. Inset figure depicts the cyclic vol-
tammetry responses of 1.0 mM [Cp*Rh (bpy)Cl]Cl complex in solution in the
absence (dashed plot) and presence (solid line) of 0.5 mM NAD™ using naked
glassy carbon as working electrode. Scan rate 50 mV s~ . First scan recorded.
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regeneration of NADH was confirmed by the increase in the cathodic
current peak at —0.72 V when the measurements were carried out in the
presence of 1 mM NAD™ (Fig. 1). This confirmed the fast reduction of
NAD' to NADH involving the oxidation of Rh(I) to Rh(III) species, which
are further electrochemically reduced to Rh(I) (Steckhan et al., 1991;
Hernandez-Ibanez et al., 2018) (Fig. ESI-1). Similar behavior was
observed for the immobilized Rh complex and in solution, and these
results are in agreement with those reported by Minteer and coworkers
(2015). The electrooxidation of NADH in the absence of the Rh complex
took place around —1.2 V vs the reference electrode, which is far from
that one occurring for the Rh complex electroreduction. Hence, it is
expected that the preparative synthesis for the bioelectroreduction of
CO5 at —0.8 V would preclude the formation of inactive isomers of
NADH or dimers (Rees and Compton, 2011) (vide infra).

Concerning the biocathodes, various electrodes SA(x):N(y)/T were
prepared using two different carbon to Nafion ratios (50:50 and 70:30)
so as to obtain an optimum mechanical cohesion of the biocathode film
on the Toray carbon substrate. Fig. 2 depicts the SEM images of the SA
(x):N(y)/T electrodes compared to the bare Toray paper used as sub-
strate for various carbon loading coverages. All the samples displayed a
uniform film covering the Toray substrate when a coverage of 0.5 mg
cm~2 was achieved (Fig. 2a and c). Also, the amount of Nafion content
present in the ink did not seem to affect the carbon loading coverage
onto the Toray carbon substrate, nor the adherence or the cohesion of
the films.

We next tackled the immobilization of the enzyme on the different
SA(x):N(y)/T electrodes at various carbon loading coverages. Data in
Fig. 3 reveal that for the same carbon loading (i.e., I' of 0.5), the amount
of immobilized CbFDH is higher when the amount of Nafion is the
lowest, i.e., 30 wt%. It is worth pointing out that this is the minimum
amount of Nafion that guarantees a proper cohesion of the films; in
contrast, for Nafion concentrations higher than 50 wt%, the immobili-
zation of CbFDH was compromised. Moreover, increasing the carbon
loading coverage of the films resulted in higher CbFDH uptakes. For
instance, 0.35 mg CbFDH/mg carbon were immobilized on electrode SA
(70):N (30)/T with a loading coverage I" of 0.92. This amount of enzyme
immobilized per mg of carbon for the electrode built on Toray carbon
paper is almost the same than that obtained upon immobilization on the
nanoporous carbon dispersed in NaPB solution (0.375 mg CbFDH/mg
carbon) as seen in Table 1 (vide supra). This finding confirms that the
accessibility of the enzyme on the pores of the carbon support casted on
the Toray carbon paper support is not hindered by the Nafion binder
present in the carbon ink, thereby the scaling up fabrication of bio-
cathodes of larger dimensions would seem feasible. Finally, the immo-
bilization of the redox mediator was performed on biocathodes CbFDH/
SA (70):N (30)/T and CbFDH/SA (50):N (50)/T, with carbon loading
coverage values of 0.93 and 0.72, respectively. The [Cp*Rh (bpy)Cl]Cl
loading was 0.35 mg/mg carbon film in both cases, which is interest-
ingly in agreement with the value of 0.38 mg/mg obtained for the
immobilization on the carbon dispersed in a NaPB solution. Thus, as in
the case of the enzyme, it can be concluded that the immobilization is
not affected by the carbon to Nafion ratio. Furthermore, the distribution
of [Cp*Rh (bpy)ClICl complex in the biocathodes surface was quite
homogeneous, as seen in Fig. ESI-8; this suggests that the immobilization
of the enzyme does not block the accessibility of the mediator [Cp*Rh
(bpy)ClICl to the porous network of the carbon (e.g., most likely the
microporosity and the narrow mesoporosity).

3.2. Figures of merit for the production of FA in the prepared biocathodes

The bioelectrochemical reduction of CO, (BERCO-,) was carried out
following two different approaches as depicted in Fig. 4. The first
approach faces the reaction in the absence of a redox mediator (bio-
cathode CbFDH/SA(x):N(y)/T), with the electrosynthesis potential set
up at —1.2 V for the direct electrochemical regeneration of NADH (Ali
et al.,, 2014; Azem et al., 2004) according to reactions (2)-(4). The
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Fig. 2. SEM images of (a) Toray carbon paper used as underlying substrate; (b) SA (70):N (30)/T electrode with a coverage (I') of 0.5 mg cm’z; (c) SA (50):N (50)/T
electrode with I" of 0.5 mg cm 2 and (d) SA (70):N (30)/T electrode with T of 0.92 mg cm 2
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Fig. 3. CbFDH immobilization on carbon-based electrodes as a function of
coverage (I') and carbon to Nafion ratios (wt.%). The amount adsorbed is
expressed in terms of mg of CbFDH adsorbed (black bars), or mg CbFDH
adsorbed per mg of carbon (red bars). The immobilization of CbFDH on the
Toray carbon paper substrate was negligible.

second electrochemical approach is based on the use of biocathodes
Rh/CbFDH/SA(X):N(y)/T (i.e., in the presence of a redox mediator
co-immobilized in the porosity of the carbon), with the electrode po-
tential set at —0.8 V, a more advantageous value for the regeneration of
NADH (Sivanesan and Yoon, 2013; Hollmann et al.,, 2002). For
comparative purposes, control electrosynthesis (absence of enzyme)
were carried out on electrode SA (50):N (50)/T (I" of 0.8) at the same
electrode potentials (i.e., —1.2 and —0.8 V) during 5 h, in the absence
and presence of NADH cofactor in solution.

Fig. 5 displays the FA concentration (in mg L™!) and production (in
umol h™! mg~! of CbFDH) along with the current efficiencies of the most
representative bioelectrosynthesis reactions carried out to explore the
feasibility of both approaches considered. First of all, it should be

mentioned that the control experiments for the electrochemical reduc-
tion of CO5 on the carbon electrode (SA (50):N (50)/T) in the absence of
the enzyme confirmed that the nanoporous carbon used as support is not
an electroactive material for the production of FA. This is in agreement
with other studies from the literature reporting negligible electro-
catalytic activities for the reduction of CO5 to CO, CH4 or formate on
metal-free carbons at potentials below —1 V (Li et al., 2016; Song et al.,
2020; Hu et al., 2018; Karaman, 2021). Such negligible electrocatalytic
activity of the studied nanoporous carbon alone is expected given its low
surface functionalization (see Fig. ESI-4 and Fig. ESI-5), also in agree-
ment with other authors (Yuan et al., 2018; Zou et al., 2017), The direct
NADH electrochemical regeneration (i.e., without a redox mediator)
was also explored on biocathode CbFDH/SA (70):N (30)/T (I" of 0.5) at
—1.2 V. Data confirmed a very low FA production rate (ca. 0.05 pmol
h! mgchDH’l) and a low nominal FA concentration (ca. 0.32 mg LH
upon the direct electrochemical regeneration, as shown in Fig. 5; this is
in agreement with the low current efficiencies reported in the literature
for the electrochemical regeneration of NADH cofactor on various car-
bon electrodes (Ali et al., 2014; Moiroux and Elving, 1979).

In contrast, both biocathodes Rh/CbFDH/SA (50):N (50)/T and Rh/
CbFDH/SA (70):N (30)/T at —0.8 V rendered FA concentrations of 2.4
and 13.3 mg L}, respectively. The higher FA concentration obtained for
the latter biocathode can be attributed to the higher amount of protein
immobilized (coverage is also higher). Nonetheless, in terms of FA
production rates normalized per amount of the enzyme, the FA pro-
duction of the biocathode Rh/CbFDH/SA (70):N (30)/T (" of 0.93) is
still ca. twice higher than that of Rh/CbFDH/SA (50):N (50)/T (I of
0.78), also with a higher coulombic efficiency (near ca. 46%), as seen in
Fig. 5.

This performance is in line with those reported in the literature for
the BERCO;, using CbFDH. In this regard, it should be emphasized that,
most works on the electrosynthetic reduction of CO, with NAD-
dependent FDH enzyme have been performed in solution, with scarce
works on the immobilized enzyme and none of them (to the best of our
knowledge) on porous carbons. For instance, Kim et al. (2014) reported
a FA production of 2.1 102 pmol min ! mg ! after 5 h of reaction using
a copper foil cathode and [Cp*Rh (bpy)Cl]Cl as mediator, slightly lower
than herein reported values for biocathode Rh/CbFDH/SA (70)/N
(30)/T (25-10°3 pmol min~! mg’1 CbFDH) (Fig. 5); this corroborates
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Fig. 4. Electrochemical approaches explored for the production of FA using the
CbFDH/SA based electrodes in the absence (approach A) and presence
(approach B) of the nanoconfined [Cp*Rh (bpy)Cl]ICl on the mesoporous car-
bon SA.

the beneficial effect of the nanoconfinement on the performance and
efficiency of the biocathode. Other authors have studied the BERCOy
using metallic-FDH (Hartmann and Leimkiihler, 2013), as well as other
cathodes (e.g., glassy carbon, graphite) (Srikanth et al., 2014, 2017) and
redox mediators (Jayathilake et al., 2019), with still lower performance
(3.1-10°3 pmol min~! U™Y) (Choi et al., 2018) than that herein reported
(33.0-10% pmol min* U™H).

Regarding the coulombic efficiency, herein reported values are in
line with those found in the literature for a similar applied potential of
—0.8 V (e.g., 13% for CbFDH immobilized on graphite using neutral red
as mediator (Choi et al., 2018; Zhang et al., 2016a); 68% for CbFDH
immobilized in a Nafion modified micellic film on a graphitic electrode
(Zhang et al., 2016b)). Nevertheless, these coulombic efficiencies are
still far from those reported for the system CbFDH and carbonic hy-
drogenase (ca. 92%) (Srikanth et al., 2017) or other types of formate
dehydrogenases (Reda et al., 2008; Bassegoda et al., 2014). Neverthe-
less, it should be considered that the coulombic efficiencies depend
intrinsically of the type of the FDH enzyme (Bassegoda et al., 2014).
More recently, Jayathilake et al. (2019) reported an outstanding current
efficiency of over 96% recalculated after subtraction of the parasitic
reactions in a three compartment electrochemical cell using methyl
viologen as cofactor. Despite the high efficiency of their approach, the
instability of the cofactor in the presence of molecular oxygen makes the
process it unfeasible from a scaling point of view. Indeed, despite the
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Fig. 5. FA production per hour and amount of immobilized enzyme (a), con-
centration (b) and current efficiencies (c) for FA production. Reaction time 5 h.
Coverage I" in mg cm 2 of each electrode is indicated between brackets; applied
potential (—0.8 or —1.2V) is also indicated.
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inherent disadvantages of NADH as cofactor for the bioelectroreduction
of CO5 using FDH, Chen et al. (2019) have reported a production rate of
13.2 pmol min~! using NADH, a Rh complex and mesoporous NU-1006
MOF.

NAD-dependent CbFDH is very selective for the CO5/formate couple,
so it is very unlikely that the low coulombic efficiency is due to the
enzyme denaturation or poor accessibility of NADH or CO; species. This
behavior would be most likely attributed to the occurrence of compet-
itive electrochemical processes, such as the electrocatalytic formation of
hydrogen catalyzed by the Rh(I)-H complex (Taheria and Berben, 2016)
or by the carbon support (Paul et al., 2019; Hu and Dai, 2016). Another
aspect that needs to be highlighted is the adsorption of NADH on the
carbon support during the evolution of the reaction (Banks and Comp-
ton, 2005), which can lead not only to a depletion of NADH in the so-
lution but also to an inefficient NADH regeneration by the redox
mediator, thereby yielding low Coulombic efficiency. The most plau-
sible explanation for our results based on NADH dependent systems
could be found on the following mechanism (Steckhan et al., 1991)
occurring in the nanopore carbon:

[Cp * Rh(III)(bpy)CI]" + e~ — [Cp * Rh(II)(bpy)Cl] %)
[Cp * Rh(IT)(bpy)Cl] + €~ — [Cp * Rh(I)(bpy)] + CI~ (6)
[Cp + Rh(I)(bpy)] + H* — [Cp + Rh(IH(bpy)|" ™

Then, the catalytic NADH regeneration would proceed as follows:

[Cp * Rh(I)H(bpy)]" + CI- + NAD* — [Cp * Rh(III)(bpy)CI]*
+ NADH ®

Indeed, it has been demonstrated at the Rh complex [Cp*Rh(III)
(bpy)CI]* can promote the homogeneous catalytic reduction of the
cofactor in the presence of a donor like formate (Ruppert et al., 1988),
following reactions (9) and (10). This could contribute to the partial
depletion of FA, thereby leading to a decrease in the production rate.
The [Cp*Rh(IIDH (bpy)Cl] species (reaction (10)) in the presence of
NAD" would yield NADH and the regenerated form of the redox
mediator.

[Cp * Rh(TIT) (bpy)CI]" + formate — [Cp * Rh(III)(bpy)formate]* + CI~
©)

[Cp * Rh(III) (bpy)formate] " + Cl~ — [Cp * Rh(II)H(bpy)Cl] + CO,
10

Even though reactions (9)-(10) occur in solution, we have to be
critical with the role of the formate oxidation under the above Michaelis-
like type reaction when the complex mediator is immobilized in the
nanoporous carbon. The reverse reaction of formate oxidation may also
occur in the presence of CbFDH enzyme immobilized in the nanoporous
carbon, as the local concentration of FA in the pores (where the
biomolecule is adsorbed) exceeds the solubility of COy; thereby reducing
the activity yield of the enzyme towards FA production. This hypothesis
would be supported by the studies of Barin et al. (2019) reporting a
semi-continuous process for the separation of BERCO, to FA from the
NADH/NAD + system using CbFDH immobilized in polystyrene
nanofibers.

The contribution of the electrochemical reduction of CO5 to FA for-
mation upon the Rh (I) complex immobilized on the porous carbon
support in the absence of the enzyme at our experimental conditions (i.
e., —0.8 Vvs Ag/AgCl) was confidently discarded based on the abundant
studies from the literature reporting a negligible activity at potentials
below -1V vs Ag/AgCl (Caix et al., 1997; Kim et al., 2014; Chen et al.,
2019). As an example, Chen et al. (2019) reported no formate electro-
catalytic production over a mesoporous MOF using NADH cofactor and
the Rh complex (Cp*Rh (2,2'-bipyridyl-5,5'-dicarboxylic acid) at —1.1 V
vs AgCl/Ag; on the other hand, Caix et al. (1997) explored the
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electrochemical reduction of CO; into FA (50%) and CO (<30%) using
the same Rh complex [Cp*Rh (bpy)CI]Cl at electrode potential of —1.64
V vs SCE (i.e., considerably higher than that used in this work).
Accordingly, the only competitive process would be the formation of
hydrogen catalyzed by the Rh(I)-H complex species and/or the carbon
support (vide supra).

In this work, we have used a nanoporous carbon of hydrophobic
nature, which surface composition as measured by XPS is: 90.9 at.% of
C, 9.08 at.% of O and <0.2 at.% of P (Fig. ESI-4) and displaying high
affinity towards the adsorption of CO,. This may lead to an over-
solubility of CO, compared to the bulk, as well as to a lower hydration
or formation of hydrogencarbonate ions under the nanoconfinement (Li
et al., 2020), thereby reducing the reverse reaction (reaction (1)) and
thus enhancing the coulombic efficiency of formate production.

Chronoamperometric experiments recorded at —0.8 V on the bio-
cathodes Rh/CbFDH/SA(x):N(y)/T rendered a constant current density
not higher than 0.08 mA cm ™2 during the electrolysis, regardless the
electrodes carbon loading coverage (the current density decreased with
the increase in the Nafion content). This current density value is lower
than that reported for other mFDH enzymes in solution (ca. 0.55 mA
cm’z) (Choi et al., 2018), which is expected since we are reporting the
electrocatalytic activity in a nanoconfined state. Such behavior could be
attributed to either accessibility restrictions of NAD™ cofactor to reach
the redox mediator, or to diffusional problems of CO; inside the tortuous
pore network of the carbon support. Thus, further studies would be
necessary to clarify the effect of the pore accessibility of CO3 on the
carbon support to prevent gas diffusion issues, compared to the tight
pore confinement of the immobilized enzyme. Future research should
also be conducted with different NADH concentration to showcase the
NADH regeneration with respect to the immobilized [Cp*Rh (bpy)Cl]™
with time-on-stream, to investigate other redox mediators as alterna-
tives to the rhodium complex, and to explore their application in poly-
mer electrolyte membrane electrochemical reactors (based on the
excellent long-term stability of herein prepared biocathodes). Indeed,
the regeneration and the reuse of the cofactor remain as the main
challenges for a durable and robust large scale deployment in the market
for the BERCO».

4. Conclusions

The co-immobilization of formate dehydrogenase from Candida boi-
dinii (CbFDH) and the Rh complex mediator [Cp*Rh (bpy)Cl]ICl on a
nanoporous carbon with a well-developed nanopore architecture has
been investigated for the bioelectrochemical conversion of CO; into
formic acid. The enzyme nanoconfined in the nanoporous carbon
retained its enzymatic activity, and provided a higher FA production
rate in the presence of NADH, compared to results obtained with the
non-immobilized enzyme in solution. Furthermore, the co-
immobilization of a rhodium redox mediator on the nanoporous car-
bon which is used for the regeneration of the cofactor was successfully
performed, without hindering the enzymatic activity of CbFDH. The
incorporation of Nafion as binder in the preparation of the biocathodes
did not modify the immobilization rate or the performance of the
enzyme, allowing the fabrication of relatively large electrodes (i.e., 2
cm x 3 cm). Despite a low amount of enzyme immobilized, the elec-
trocatalytic activity of the biocathode by incorporating different Nafion
to nanoporous carbon ratios was superior in terms of formic acid pro-
duction rates than that of the enzyme in solution. Coulombic efficiencies
ranged between 25 and 46%, with the highest value obtained for the
biocathode prepared with the highest nanoporous carbon to Nafion ratio
and the highest coverage. In addition to this, the biocathodes showed
excellent long-term stability. These results are most promising for the
bioelectrosynthesis of formic acid at large scale (beyond laboratory scale
with small electrodes), and forecast interesting perspectives on the use
of bioelectrochemical systems for the synthesis of chemicals and fuels
centered on the immobilization of FDH on nanoporous carbons with
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adequate pore structure, as well as their application in polymer elec-
trolyte membrane electrochemical reactors.
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