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ABSTRACT: Using enzymes as bioelectrocatalysts is an important step
toward the next level of biotechnology for energy production. In such
biocatalysts, a sacrificial cofactor as an electron and proton source is
needed. This is a great obstacle for upscaling, due to cofactor instability
and product separation issues, which increase the costs. Here, we report a
cofactor-free electroreduction of CO2 to a high energy density chemical
(methanol) catalyzed by enzyme−graphene hybrids. The biocatalyst
consists of dehydrogenases covalently bound on a well-defined carboxyl
graphene derivative, serving the role of a conductive nanoplatform. This
nanobiocatalyst achieves reduction of CO2 to methanol at high current
densities, which remain unchanged for at least 20 h of operation, without
production of other soluble byproducts. It is thus shown that critical
improvements on the stability and rate of methanol production at a high Faradaic efficiency of 12% are possible, due to the
effective electrochemical process from the electrode to the enzymes via the graphene platform.
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1. INTRODUCTION

The development of renewable energies is a key prerequisite
for a sustainable high-technology level civilization. In the big
picture, cleaner and sustainable energy technologies avoiding
accumulation of greenhouse gases in the atmosphere, such as
CO2, is of utmost interest.1−3 Solar and wind energy are
among the most attractive power sources, because they are
practically free, inexhaustible, and widely accessible.4 However,
such renewable energy sources are “supply driven” energy
systems; that is, their potential is currently limited due to lack
of large scale energy storage and energy transport technologies
from the source to the point of end user. To overcome this
challenge, solar energy transformation into chemical energy is a
particularly promising solution, for both storage and trans-
portation of the latter.5−10

This idea is not new. Around 3.4 billion years ago,
photosynthetic bacteria and natural algae utilized solar energy
and later CO2 and H2O to synthesize higher hydrocarbons
through photosynthesis. This very effective energy trans-
formation mechanism has inspired scientists to develop
catalysts for the reduction of CO2 to hydrocarbons.11−14

Such catalysts include materials such as solid metal
surfaces15−17 or molecular systems of synthetic18−21 or
biological origin.22,23 The majority of metal-based catalysts,
such as Cu-based,17,24−26 Ni−Ga,27 and Pd/SnO2,

28 usually
are limited from low product selectivity, incomplete reduction,
or harsh reaction conditions.

Biocatalysts, such as enzymes and microorganisms, are of
special interest because of their large availability from the
biosphere and their remarkable high selectivity and activity
toward the desired product at particularly mild conditions
(ambient pressure, room temperature).11,29,30 Dehydrogenase
enzymes (DH) are used for the reduction of CO2 in the
presence of electron and proton donors,31,32 and are thus
candidates for synthetic fuel. For example, formate dehydro-
genase (FateDH) catalyzes CO2 reduction into formate in the
presence of nicotinamide adenine dinucleotide (NADH) as
electron and proton donor.33,34 In 1999, Obert and Dave first
presented CO2 reduction to methanol using three different
DHs in three consequent reductions, requiring one NADH
molecule in every step.35 This opened the doors for the
biocatalytic production of molecules with high energy content
and very efficient combustion/energy-dissipation mechanism.
Although the NADH cofactor is a very efficient proton and
electron donor for CO2 reduction,

36 it is irreversibly oxidized
to NAD+ (i.e., is sacrificial), which limits its application
potential due to its particularly cost-demanding synthesis,
separation, and regeneration from the reactions.37,38

An alternative and very attractive method for avoiding the
use of NADH is the electrochemical direct electron injection

Received: October 11, 2019
Accepted: December 9, 2019
Published: December 9, 2019

Research Article

www.acsami.orgCite This: ACS Appl. Mater. Interfaces 2020, 12, 250−259

© 2019 American Chemical Society 250 DOI: 10.1021/acsami.9b17777
ACS Appl. Mater. Interfaces 2020, 12, 250−259

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b17777
http://dx.doi.org/10.1021/acsami.9b17777
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


from appropriately designed electrodes onto the enzymes for a
heterogeneous bioelectrocatalysis. This approach not only may
bypass the need for NADH but also can minimize the diffusion
induced overpotentials and also simplify the product
separation at the end.39 The electrochemical addressing of
dehydrogenases has been investigated. Amao and Shuto
demonstrated the electrochemical conversion of CO2 to
formate by using viologen modified FateDH-coated indium
tin oxide electrodes.40 This study showed evidence of electron
transfer from the electrode directly to the active site of
FateDH. Reda et al. reported proposed the electron transfer
mechanism of two electrons directly from the electrode to
formate dehydrogenase’s active site through iron−sulfur
clusters as electron relay units in the electrochemical reduction
of CO2 to formate without the addition of NADH (Figure
S1).41 This direct electron transfer behavior was reported also
in the case of alcohol dehydrogenase (ADH), showing the
potential for electrochemical addressing of dehydrogenases.42

A key technology to achieve this direct electron injection is
the effective functional integration of the enzyme on
electrodes. Biopolymers,43−45 nanowires,46,47 and sol−gel
matrices have been proposed in the literature as supports for
enzyme-immobilization.48−50 We have recently demonstrated
the successful direct electron injection using ADH38 for the
conversion of butyraldehyde to butanol, as well as using three
enzymes for CO2 to methanol reduction, by noncovalently
trapping the enzymes on an alginate-silicate matrix on carbon
felt electrodes.37 Any noncovalent immobilization of the
enzymes51 raises concerns on possible leakage of the expensive
enzymes from the electrodes. Also the use of matrices which
are hindering the diffusion of ions, adducts, and products is a
limiting factor, because electrochemical reactions are slowed
down, current densities are low and higher potentials are
required. Therefore, we are on the search of bioelectrocatalytic
systems which have higher electrical as well as ionic
conductivity.
Recently, graphene, a two-dimensional carbon-based nano-

material, is proposed for an enzyme immobilization platform
due to its large specific surface area, high electronic
conductivity, biocompatibility, and high chemical stability.52,53

It has shown great promise in many bioelectrochemical
applications, especially biosensors54−56 and biofuel cells.57,58

Several immobilization approaches have been developed for
the integration of enzymes on graphene-based electrodes.
Electrostatic immobilization of the enzyme itself on graphene
oxide (GO),52 or chemically cross-linked protein/enzyme
networks on the surface of graphene electrodes have been
reported.58 Such noncovalent associates often suffer from low
long-term stability, due to leakage and disintegration.59

Enhancing the stability of the enzyme/graphene hybrid
electrodes is hence crucial,60 and therefore covalent binding
between the enzyme and the electrode mainly by using
appropriate molecular linkers would provide more stable
materials.61 However, linkers may hinder the effective electron
transfer between the electrode and the distant bioreaction
centers.54 A significant obstacle for achieving this through
conventional graphene chemistry is the dense but uncontrolled
functionalization of GO,62−64 which makes it an insulator and
limits the yield of the coupling reaction and electron injection,
respectively. On the other hand, pristine graphene lacks
functional groups and displays very low reactivity.65,66

In the present work, these challenges were tackled by
exploiting graphene carboxylic acid (G-COOH), a densely

(∼15% degree of functionalization) and selectively function-
alized graphene derivative, which was recently prepared by a
two-step process: transformation of fluorographene (FG) into
cyanographene (G-CN)67 and subsequent hydrolysis into G-
COOH (Scheme 1).67 Significant conductivity67−69 combined

with selective functionalization with carboxyl groups renders
G-COOH an ideal substrate for conjugation reactions, electron
propagation, and injection. To prove our hypothesis, G-
COOH was covalently modified by direct conjugation with the
three dehydrogenases, that is, FateDH, formaldehyde dehydro-
genase (FaldDH), and ADH, yielding three graphene-based
biocatalysts namely G-FateDH, G-FaldDH, and G-ADH,
respectively, which were evaluated for the conversion of CO2
to methanol in two approaches: chemical reduction using
NADH as cofactor (Figure 1a) and the NADH-free cascade
electroreduction (Figure 1b).

2. EXPERIMENTAL SECTION
2.1. Preparation of Enzyme-Modified Graphene. With a

slight modification of the reported procedure,54 a solution of EDC
(7.7 mg, 0.015 M) and G-COOH dispersion (0.2 mL of 10 mg·mL−1

solution) in 0.1 M phosphate buffer solution pH 7.4 (2.3 mL) was
treated with sulfo-NHS (18 mg, 0.03 M) at room temperature for 2 h.

Scheme 1. Schematic Synthesis of G-COOH and
Immobilization of Dehydrogenase (DH) Enzyme onto
Graphene

Figure 1. Schematic depiction of the reduction of CO2 to methanol
catalyzed by FateDH, FaldDH, and ADH (a) using NADH as a
sacrificial cofactor and (b) via a direct electron transfer through a
functionalized graphene support and without any cofactors.
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The modified graphene carboxylic acid was purified by centrifugal
washing with 0.1 M phosphate buffer (PB) pH 7.4 for four times, and
the solid was collected, obtaining carboxylate graphene modified with
sulfo-NHS group (G-NHS). For enzyme immobilization, the resulting
G-NHS (2 mg) was redispersed in 0.1 M phosphate buffer pH 7.4 (1
mL). The amounts of added enzymes were different in each enzyme
due to protein contents. The enzyme solutions were prepared
separately by dissolving 2.5 mg of ADH or 10 mg of FateDH or 2.5 mg
of FaldDH in 0.1 M phosphate buffer pH 7.4 (0.5 mL) and added into
G-NHS suspension. The coupling reaction was performed by
incubation at room temperature for 14 h. The biofunctionalized
graphene was collected by centrifugation, and the product was
purified by centrifugal washing with the phosphate buffer pH 7.4 for
four times, resulting in ∼2 mg of G-ADH, G-FateDH, or G-FaldDH.
2.2. Electrode Preparation. Following the reported procedure,38

the G-ADH was immobilized on a sponge-like carbon felt using
alginate hydrogel matrix. The alginate solution was prepared by
dissolving alginic acid sodium salt (0.05 g) in 1.75 mL of 0.1 M TRIS-
HCl buffer solution (pH 7.4). Subsequently, the prepared G-ADH in
0.1 M TRIS-HCl buffer solution pH 7.4 (∼2 mg·mL−1) was added. A
carbon felt was soaked in the mixture and transferred to 0.2 M CaCl2
solution for 20 min for gelation. The resulting alginate containing G-
ADH covered the carbon felt electrode. In the case of the three-
dehydrogenase system, the electrode was prepared by soaking a
carbon felt in the mixture of alginic acid sodium salt and G-FateDH
(0.5 mL, ∼4 mg·mL−1), G-FaldDH (0.25 mL, ∼4 mg·mL−1), and G-
ADH (0.25 mL, ∼4 mg·mL−1) solutions. Then, the soaked carbon felt
was transferred to 0.2 M CaCl2 solution, and the electrode was left in
the solution for 20 min, yielding the carbon felt modified with G-
DHs-containing alginate. The modified electrodes were kept in TRIS-
HCl buffer solution.
2.3. Electrochemical Studies. All electrochemical experiments

were carried out using an IVIUM CompactStat (The Netherlands)
instrument, and the potential values reported in this work referred to
Ag/AgCl (3 M KCl). The experiments were performed in a two-
compartment electrochemical cell with three-electrode system. Anode
and cathode compartments were separated by a glass frit. The carbon
felt and modified carbon felt (0.8 × 0.5 × 0.2 cm3) connected with a
Pt wire, a Ag/AgCl (3 M KCl) electrode, and a Pt plate (1.4 × 4.1
cm2) were used as a working electrode, a reference electrode, and a
counter electrode, respectively. A 0.1 M TRIS-HCl buffer solution
served as electrolyte solution. Cyclic voltammograms were recorded at
potentials between 0 and −1.20 V with the scan rate of 10 mV·s−1 in
the presence of 1 M acetaldehyde under N2-saturated conditions in
order to study the reduction of acetaldehyde. The results were
recorded under CO2-saturated condition to investigate CO2
conversion. The constant-potential electrolysis was performed at
ambient temperature using the above-mentioned electrochemical
setup at an applied potential of −1.00 V for the reduction of
acetaldehyde and at a potential of −1.20 V for CO2 conversion. After
that, the liquid samples were taken for product analysis using a gas
chromatograph.
The Faradaic efficiency toward reduction can be calculated by

using the following equation:

=
×

×Faradaic efficiency(%)
moles of product(s)

moles of electron
100

n
1

where moles of products are calculated from the amount of ethanol/
methanol/H2 formed during electrolysis, n is the number of electrons
needed for the reduction process (n = 2 for the reduction of
acetaldehyde to ethanol and the formation of H2, and n = 6 for the
conversion of CO2 to methanol) and moles of electrons are calculated
by dividing the number of consumed charges during electrolysis by
the Faradaic constant of 96485.33 C·mol−1.

3. RESULTS AND DISCUSSION
3.1. Characterization of Modified Graphene. The G-

ADH biocatalyst was initially evaluated for the reduction of

acetaldehyde to ethanol using both technologies: with NADH
as a sacrificial cofactor and by electrochemical direct electron
injection exploiting the hybrid nanobiocatalyst itself at the
electrode. Importantly, this reduction of aldehydes with the
ADH metalloenzyme is the final step of alcohol production
from CO2,

35 and therefore it makes a robust benchmark for
preliminary evaluation. It was also recently identified that
acetaldehyde reduction is a crucial intermediate in the
electrochemical reduction of carbon monoxide to ethanol by
oxide-derived copper electrode surfaces.70 Covalent attach-
ment of ADH on G-COOH was achieved by the conjugation
of the primary amine units (−NH2) of ADH and carboxylic
groups of G-COOH through an amide bond. First, the
carboxylic groups of G-COOH were activated through the
coupling reaction in the presence of sulfo-NHS and EDC,
yielding the G-NHS ester which was considerably stable at
physiological conditions. The electrophilic ester groups then
reacted with the −NH2 nucleophilic sites on the enzyme by
incubation of G-NHS and ADH solution at room temperature
overnight, yielding G-ADH, as shown in Scheme 1.
The successful conjugation of the G-COOH with ADH was

verified with IR spectroscopy (Figure 2a,b) The conjugation

reaction was further supported by the dramatic drop in the
intensity of the carboxyl band in the G-ADH hybrid, as
compared with the respective band in the starting G-COOH
(band 1). Although the identification of the amide bond in G-
ADH could be complicated with the peptide/amide bonds of
the pristine enzyme (band 3), Figure 2b shows that the new
amide bonds (band 2) appeared at different frequency.
Although the IR bands of pristine ADH were not visible in
the spectrum of the G-ADH, potentially posing doubts about
the successful immobilization of the enzyme, high resolution
X-ray photoelectron spectroscopy (HR-XPS) analysis, lifted
any ambiguities, showing very clearly the characteristic
fingerprint of pure ADH imprinted on the C 1s XPS envelope
of G-ADH (Figure 2c). IR vibrations in the C-H bond region
in Figure 2a, appearing in the G-ADH spectrum, could possibly
arise from the hydrocarbon chains of the enzyme. Bands 4 and
5 (at 1580 cm−1 and at 1210 cm−1, respectively) originate from
aromatic ring stretchings of the graphene’s backbone.71,72

Furthermore, the thermogravimetric analysis of the G-COOH
before and after immobilization of the enzyme (Figure S3)
showed increased mass loss by 9 wt % due to the
decomposition of the peptide chains, corroborating the
successful conjugation reaction. The morphology of G-
COOH before and after covalent modification was evaluated
using a transmission electron microscope, showing the

Figure 2. FT-IR (a,b) and C 1s HR-XPS (c) spectra of the starting G-
COOH (red solid line), the hybrid after conjugation of G-COOH
with ADH (G-ADH, green solid line), and the pristine enzyme
(ADH, blue solid line).
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preservation of graphene’s morphological features (Figure S4).
The amount of ADH attached on graphene was determined by
a bicinchoninic acid (BCA) assay (see Supporting Informa-
tion). Compared with the known standard protein (bovine
serum albumin, BSA), the amount of ADH bound on graphene
was found to be 0.03 mg·mL−1 in G-ADH solution with the
concentration of ∼1 mg·mL−1. Since ADH was covalently
bound to graphene carboxylic acid, the three-dimensional
structure might differ, and ADH activity would be reduced.
Therefore, the enzyme assay of G-ADH was performed in the
presence of ethanol as a substrate and NAD+ as cofactor.
According to the ADH content and its activity in G-ADH, the
enzymatic activity was found to be 14.6 units per milligram of
protein. Meanwhile, free ADH showed the activity of 76.2
units per milligram of protein reflecting the effects of the
immobilization, possibly due to steric hindrance from the
presence of G-COOH and mass transfer reduction of the
substrate to the active center, or due to a change in enzyme
stereochemistry affecting the binding and/or catalytic
sites.73−75

3.2. Conversion of Acetaldehyde to Ethanol. The
bioactive graphene conjugate was initially applied for
acetaldehyde reduction using NADH as a sacrificial cofactor
as an electron and proton source by simply mixing the
substrate and cofactor, without applying any voltage. The
reaction was initiated by NADH addition (1 × 10−6 mol) and
after 2 h, liquid samples were analyzed for ethanol with gas
chromatography. A 64% conversion efficiency (CE, see
Supporting Information, chemical conversion of acetaldehyde
to ethanol) was achieved for G-ADH (Table 1, entry 1) while

the control samples without added ADH or graphene (Table 1,
entry 2) and of G-COOH alone (Table 1, entry 3) displayed a
CE of 2% and 6%, respectively. To evaluate any possible
catalytic contribution from physically adsorbed ADH units on
G-COOH, another control sample was prepared by mixing G-
COOH with ADH and thoroughly washing this mixture. The
obtained CE of 20% of this control sample (Table 1, entry 4)
further verified that G-ADH activity was indeed the outcome
of the covalent immobilization of the enzyme on G-COOH,
and that physical adsorption interactions are too weak to keep
the enzyme fixed on the graphene surface. G-ADH was further
tested by immobilization in the alginate matrix, aiming to
protect the enzyme from thermal and chemical denaturation/
deactivation, as reported previously.74,76−78 The alginate beads
containing G-ADH showed higher CE (Table 1, entry 6), as
compared to G-ADH in the solution. Although the efficiency
of free G-ADH and G-ADH immobilized in alginate beads was
lower than that of the free ADH (Table 1, entry 5), the

covalent conjugation and hydrogel immobilization offer the
advantages of stability and facile product separation.
The G-ADH biocatalyst in the following was challenged in

the same reaction for the electrochemical direct electron
transfer to the catalytic sites of ADH, in the absence of the
costly NADH. The electrode was prepared by immobilizing G-
ADH in an alginate hydrogel matrix and then deposited on
carbon felt. The catalyst displayed high activity reflected by the
remarkable increase in the reductive current starting at c.a.
−0.80 V, shown in the cyclic voltammogram of Figure 3a (red
circles). The respective curves using bare carbon felt and
alginate matrix-coated carbon felt displayed much lower
currents evidencing that the recorded currents are indeed
ascribed to the presence of G-ADH.
To further substantiate the mechanism of direct electron

injection to the active site of ADH, a constant potential of
−1.00 V was applied continuously for 5 h. Liquid samples
before and immediately after electrolysis were taken for
ethanol quantification using liquid-injection gas chromatog-
raphy. Figure 3b presents the chromatograms of the sample
before and after electrolysis. In the case of the sample collected
after electrolysis, a peak at the retention time of 5.1 min was
detected corresponding to ethanol standard solution peak
(Figure S6) indicating ethanol production. The 5 h chromato-
graphic results presented the formation of 5.5 × 10−6 mol of
ethanol corresponding to a Faradaic efficiency for the
conversion of acetaldehyde to ethanol of 21%. These results
support the direct electron injection mechanism using the
electrochemical approach of ADH and subsequent reduction of
acetaldehyde to ethanol. Control electrolysis experiments of
the bare carbon felt and alginate-coated on carbon felt did not
show formation of ethanol. For the stability test, the reaction
was further performed for an additional 15 h. Ethanol
production was observed with a final amount of 19.9 × 10−6

mol, corresponding to a Faradaic efficiency of 22%, showing
continuous ethanol production at the same rate. While the
reductive current was found to be marginally decreasing slowly
from around −0.24 to −0.20 mA over 15 h (Figure S8). This
observation highlights the stability of the G-ADH biocatalyst
for at least 20 h electrolysis. The further stability investigation
was carried out by applying a constant potential at −1.0 V for
132 h. The reductive current (Figure S9) showed a change at
around 24 h of reaction, and started declining after 50 h. This
observation might be due to the long-term electrochemical
reaction. These results from our experiments (at an applied
constant potential of −0.36 V vs reversible hydrogen electrode
(RHE)) show comparable efficiency to a reported non-
enzymatic system, an oxide-derived copper electrode (Faradaic
efficiency of about 30% at −0.33 V vs RHE).70

3.3. Conversion of CO2 to Methanol. Encouraged by
these results, we expanded the concept on the three-enzyme
cascade reaction for the conversion of CO2 to high energy-
density chemicals in a quest for “artificial photosynthesis”. The
reduction of CO2 to methanol was pursued using the FateDH,
FaldDH, and ADH, as described in Figure 1. The three enzymes
were covalently bound to G-COOH via amide bond as
previously described for ADH. The reactions were performed
separately, yielding G-FateDH, G-FaldDH, and G-ADH.
The protein contents in G-FateDH and G-FaldDH were

determined using the mentioned BCA assay, showing the
amount of FateDH and FaldDH bound on graphene of 0.3 and
0.1 mg·mL−1 of G-FateDH and G-FaldDH solution (with the
concentration of graphene ∼1 mg·mL−1), respectively. While

Table 1. Chemical Conversion Efficiencies toward the
Reduction of Acetaldehyde to Ethanol Using NADH as
Cofactor during 2 h Reaction

entry sample
ethanol/
×10−7 mol

conversion
efficiency (%)

1 G-ADH (homogeneous) 6.4 64
2 blank 0.2 2
3 G-COOH (homogeneous) 0.6 6
4 G-COOH/ADH (homogeneous) 2.0 20
5 free ADH (homogeneous) 9.2 92
6 G-ADH immobilized in alginate

beads (heterogeneous)
7.8 78
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their enzymatic activities were observed as 0.1 and 1.0 enzyme
unit per milligram of proteins, respectively (see details in
Supporting Information).
In these cascade reductions, the conversion of CO2 to

formate occurs slowly. However, the bottleneck is the second
step due to the quick reaction forming hydrated formaldehyde
(methanediol) from formaldehyde.36,79,80 To further perform
the last step, formaldehyde is needed, resulting in a
dehydration rate-limit. To facilitate the cascade reaction
toward methanol formation, coimmobilization was suggested
as the products will be consumed in situ by other enzymes.81

Further, the suspension of each G-DH was coimmobilized in
an alginate matrix. Preliminary testing of an effective function
of the cascade reaction revealed the catalytic activity toward
the conversion of CO2 all the way to methanol in the presence
of NADH (2.26 × 10−6 mol of methanol in 14 h, 50%
conversion efficiency).
To characterize the electrochemical activities of each

modified electrode, cyclic voltammograms were recorded
comparing inert and substrate-containing conditions (Figures
S10−S12). The graphs revealed the enhancement of reductive
currents in the presence of their suitable substrates indicating
their catalytic activities toward the substrate conversion.
Moreover, cyclic voltammograms of G-DHs modified electro-
des were recorded under N2- and CO2-saturated conditions
(Figure S13). A slight increase in reductive current at around
−1.2 V was observed under CO2-saturated conditions, showing
catalytic activities toward CO2 reduction. The direct electron
injection bioelectro-catalysis was then investigated using the

three G-DHs. The cyclic voltammograms in Figure 3c show
high capacitive current and increased reductive current starting
from −1.00 V, indicating the effective direct electron transfer
mechanism. On the contrary, the bare carbon felt and
nonenzymatic alginate matrix presented marginal activity
(Figure 3c). By applying constant potential at −1.20 V, the
transient graph revealed that the reductive current increased
after 5 h up to a stable value at around -0.9 mA (Figure 3d,
inset, and Figure S14), without any signs of dropping, even up
to 20 h of reaction. Liquid samples were taken after 5 and 20 h
of the electrolysis. In Figure 3d, the gas chromatograms
showed 12.4 × 10−6 mol (around 20 ppm) of methanol
production (a methanol standard solution showed a peak at
retention time of around 4.00−4.50 min, Figure S6), which
corresponds to a Faradaic efficiency of 12%. As a control,
electrolysis of the modified electrode was performed under N2-
saturated conditions (Figure S15). This experiment reveals no
methanol formation after 20 h electrolysis (Figure S16)
confirming the conversion of CO2 to methanol. Another
control experiment was performed using unmodified G-
COOH immobilized alginate matrix coated on carbon felt
(Figures S17 and S18). The experiment revealed high
reductive current delivered whereas only a trace of methanol
was formed (Figure S19). The three-step cascade enzymatic
reaction, involves the formation of formate and formaldehyde
as intermediate products. The analysis of formate, form-
aldehyde, or other related gas products (such as CO, CH4)
using ion and high-performance liquid chromatography, and
gas chromatography, respectively, showed a nondetectable

Figure 3. Cyclic voltammograms of a bare carbon felt (black square line), an alginate matrix coated on carbon felt electrode (green triangle line),
and a carbon felt modified with alginate hydrogel (red circle line) containing (a) G-ADH and (c) G-DHs were recorded at the potentials between 0
to −1.20 V vs Ag/AgCl (3 M KCl) with a scan rate of 10 mV·s−1 in 0.1 M TRIS-HCl solution pH 7.4 containing 1 M acetaldehyde under N2-
saturated condition and in 0.1 M TRIS-HCl solution pH 7.0 under CO2-saturated condition, respectively. Gas chromatograms for (b) ethanol and
(d) methanol analysis of samples collected before electrolysis, after 5 h electrolysis, and after 20 h electrolysis. The inset shows a transient curve of
constant-potential electrolysis at −1.20 V vs Ag/AgCl (3 M KCl) from 5 to 20 h of the modified carbon felt electrode containing G-DHs.
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amount. Since the electrolysis was performed in aqueous
solution, H2 is often a side-product.
Headspace analysis revealed H2 formation corresponding to

40%FE which was in the same range as the experiment
performed under N2-saturated conditions (41%FE). Moreover,
scanning electron microscope images of electrodes before and
after 20 h electrolysis were taken (Figure S5). As compared to
the bare carbon felt electrode, alginate films containing G-
DHs-covered carbon felt were preserved, suggesting no loss of
immobilized modified graphene.
The direct electron injection mechanism for CO2 reduction

to methanol without covalent immobilization of the enzymes
was previously studied by Schlager et al.37 Methanol
production was reported with a concentration of 0.1 ppm
(corresponding to around 10% Faradaic efficiency) and the
recorded reductive current was around −0.08 mA, using the
same three dehydrogenases entrapped in the alginate matrix
coated on a carbon felt (2 × 0.6 × 0.6 cm3). In the present
case, the three-dehydrogenases-modified graphenes showed 1
order of magnitude higher absolute currents delivered to the
reaction sites suggesting a far more efficient electron transport
from the electrode to the enzymes’ active sites, via the
conductive graphene support57,88,89 as well as higher
production rate (around 0.6 μmol·h−1). Furthermore, while
the reductive current profile in the presented case of the
covalent immobilization was preserved for at least 20 h (Figure
S14). These observations reflected the advantage of using the
conductive graphene carboxylic acid as a platform for covalent
enzyme immobilization. The novel nanobiohybrid electro-
catalyst has thus been herewith proven to operate even under
the three-enzyme electrocatalytic reaction, outperforming the
previous studies.

4. CONCLUSION

In this work we report the use of a nanobiohybrid catalyst,
consisting of immobilized enzymes on a densely and selectively
functionalized conductive graphene derivative (graphene
carboxylic acid). Using this biofunctionalized graphene
electrocatalyst, we show the electrocatalytic production of
ethanol, fully avoiding the use of sacrificial cofactor (NADH),
owing to the effective electron transfer from the electrode onto
the nanobiohybrid catalyst. This cofactor- and mediator-free
bioelectrocatalytic process simplifies the product separation,
stabilizes the catalytic process, and boosts the current density
(i.e., production rate). Electrochemical Faradaic efficiencies of
around 20% were achieved for aldehyde to ethanol conversion.
The same approach employed the more challenging three-
dehydrogenase enzymatic system for the conversion of CO2 all
the way to methanol, achieving a Faradaic efficiency of 12%.
The catalyst’s selectivity toward high energy content products,
operation under neutral aqueous solution, and low over-
potential of 0.61 V for the six-electron electrochemical
reduction of CO2 to methanol are further important
advantages, as compared to state-of-the-art metal-based
systems, as summarized in Table 2.24,26,82−87 Because of the
bio-origin, the dehydrogenases’ system offers high material
availability over rare metal composite materials. Exploitation of
such enzymatic nanobioelectrocatalysis may be of importance
for many other biotechnological conversions which today
require costly electron donors but may be completely
revolutionized by using this electrochemical method.
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Radek Zborǐl: 0000-0002-3147-2196
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support by the Austrian Climate and Energy Fund
within the MELOS (861392) project is gratefully acknowl-
edged. Further support of the Austrian Science Foundation
(FWF) within the Wittgenstein Prize for Prof. Sariciftci is
gratefully acknowledged (Z222-N19). The authors gratefully
acknowledge support from the Operational Programme
Research, Development and EducationEuropean Regional
Development Fund, Project No. CZ.02.1.01/0.0/0.0/16_019/
0000754 of the Ministry of Education, Youth, and Sports of
the Czech Republic from the Czech Science Foundation
(project GA CR-EXPRO, 19-27454X) and from an ERC
Consolidator Grant (H2020) No. 683024. Dr. Juri Ugolotti
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