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Enzymatic electrocatalysis holds promise for new biotechnological
approaches to produce chemical commodities such as molecular hydrogen (H,).
However, typical inhibitory limitations include low stability and/or low electrocatalytic
currents (low product yields). Here we report a facile single-step electrode preparation
procedure using indium—tin oxide nanoparticles on carbon electrodes. The subsequent
immobilization of a model [FeFe]-hydrogenase from Clostridium pasteurianum (“Cpl”) on
the functionalized carbon electrode permits comparatively large quantities of H, to be
produced in a stable manner. Specifically, we observe current densities of >8 mA/cm? at
—0.8 V vs the standard hydrogen electrode (SHE) by direct electron transfer (DET) from
cyclic voltammetry, with an onset potential for H, production close to its standard
potential at pH 7 (approximately —0.4 V vs. SHE). Importantly, hydrogenase-modified
electrodes show high stability retaining ~92% of their electrocatalytic current after 120 h
of continuous potentiostatic H, production at —0.6 V vs. SHE; gas chromatography
confirmed ~100% Faradaic efliciency. As the bioelectrode preparation method balances
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simplicity, performance, and stability, it paves the way for DET on other electroenzymatic reactions as well as semiartificial

photosynthesis.
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ydrogen (H,) is an energy carrier that has advantages
such as high energy density and carbon neutrality.
However, present H, production is energy intensive with the
majority of the 90 million tons of H, created in 2020" being
produced from steam reforming natural gas. Alternatively,
electrocatalytic water splitting powered by renewable energy
offers a promising approach for sustainable H, production.
Despite decades of efforts in developing synthetic electro-
catalysts, noble metals are still found to be the most active
electrocatalysts for hydrogen evolution reaction (HER).” In
contrast to synthetic electrocatalysts, however, nature has
evolved hydrogenases to specifically catalyze proton reduction
and H, oxidation. Scientists have thus been developing
semiartificial approaches to produce H, by enzymatic electro-
catalysis (an electrode provides electrons to hydrogenase for
proton reduction) to benefit from the unique enzymatic
properties such as near-zero overpotential under mild
conditions (neutral pH, ambient temperature).>®
Establishing electron transfer between electrodes and
oxidoreductase enzymes for electrocatalytic turnover has
been a major research focus, where two concepts (mediated
electron transfer (MET) and direct electron transfer (DET))
have been developed.””” The use of redox polymers for
hydrogenase immobilization on electrodes is well established
and they hold the benchmark current density for H, oxidation
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(14 mA/cm?),"® while typically operating with low over-
potentials.'" In contrast to MET (requiring a diffusive or
tethered electron mediator), DET provides a simpler solution
to conduct electrons directly between electrodes and
enzymes.'”~'® Wiring oxidoreductase enzymes to electrode
surfaces permits heterogeneous substrate turnover and paves
the way to study thermodynamic and kinetics properties of
enzymes using a variety of electrochemical techniques.'”~"”
Over the past years, numerous efforts have been made to
interface hydrogenases with conventional electrodes such as
glassy carbon electrodes (GCE),” pyrolytic graphite edge
electrodes (PGE),”"** and gold electrodes.”> However, poor
enzyme loading and nonspecific interactions often significantly
limit electrocatalysis, resulting in a current density in the order
of puA/cm?.

Functionalizing conventional electrodes has therefore long
been considered as an effective strategy to improve the
performance and stability of hydrogenase electrochemistry. To
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this end, various methods have employed covalent immobiliza-
tion,>* electrostatic interactions,” and increased surface
roughness electrodes” to increase performances. In contrast
to the large family of commercially available carbon-based
electrodes, metal oxide electrodes have recently emerged as
promising candidates for hydrogenase electrochemistry due to
their ability to adsorb hydrogenase in a stable and electroactive
orientation.”””® Among them, titanium oxide (TiO,) and
indium tin oxide (ITO) are of particular interest as emerging
platforms for enzymatic electrocatalysis, owing to their
numerous advantages such as biocompatibility, transparency,
earth abundance, chemical/electrochemical stability, and
morphological malleability. Compared with TiO,, a wide
band gap semiconductor with excellent optoelectronic proper-
ties, ITO is a type of transparent conducting oxide that has
been extensively used in research and industry. The
conductivity and accessibility make ITO a good choice as an
electrode material.

To the best of our knowledge, there are only S reports on
the coupling of hydrogenase with ITO electrodes for DET;
importantly, the Reisner group has adopted inverse opal ITO
electrodes for [NiFeSe]-hydrogenase in 4 reports, where the
observed current density ranges from 0.5 to 4.7 mA/ cm? at
—0.6 V vs. the standard hydrogen electrode (SHE).>”*
Recently, Fischer and co-workers electrografted planar ITO
electrodes for covalent immobilization of [NiFe]-hydrogenase,
where a maximum current density of 0.02 mA/cm’ has been
reported for H, oxidation at +0.43 V vs. the reversible
hydrogen electrode (RHE).” Despite being promising, the
complexity of fabricating inverse opal electrodes as well as the
low current density on covalently immobilized electrodes still
limits the application of ITO to hydrogenase electrocatalysis.
In this work, we report a simple method to functionalize
conventional carbon electrodes with ITO nanoparticles
(“nanolTO”) for efficient, stable, and selective electro-
enzymatic H, production with [FeFe]-hydrogenase from
Clostridium pasteurianum (“Cpl”). We demonstrate the
applicability of this approach using various electrodes such as
GCE, PGE, and rotating disk electrodes (RDE), which all yield
large and durable current densities. Gas chromatographic
(GC) analysis reveals a near-unity Faradaic efficiency (FE) for
H, evolution.

Motivated by establishing a simple electrode functionaliza-
tion process, we adapted and modified earlier reported
methods.”*** In brief (the detailed experimental procedure
can be found in the Supporting Information), a suspension of
ITO nanoparticles (“nanolTO”) was sonicated and drop cast
onto electrode surfaces, followed by a mild annealing step at 80
°C in air for 20 min, which can easily be performed in
chemistry laboratories. Once cool, 5 uL of hydrogenase (~25
4g/0.4 nmol per 3 mm GCE) was drop cast onto the nanoITO
functionalized electrode and dried at room temperature
(electrode optimization on different drop cast volumes can
be found in Figure S1 and Table S1) before being evaluated for
electrocatalytic H, production (Scheme 1). As shown in Figure
la, the original mirror-like glassy carbon surface was fully
covered by the light green nanoITO film. Morphological
characterization including atomic force microscopy (AFM)
was performed on nanolTO-GCE in Figure 1b and Figures S2
and S3, where the size of nanoparticle agglomerates were
found to be below 50 nm.

We initially utilized cyclic voltammetry (CV) to examine the
ability of hydrogenase to undergo DET and produce H, on
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Scheme 1. Schematic Illustration of Electrode
Functionalization, Hydrogenase Loading, and Electron
Transfer/Catalytic Turnover at NanoITOIHydrogenasel
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Figure 1. (a) Side-by-side photograph of a nanoITO-modified (left)
and unmodified glassy carbon electrodes (scale bar: 10 mm). (b)
Atomic force microscopy images of nanoITO-GCE.

these nanoITO electrodes. Figure 2a displays a representative
CV trace of a nanoITO-hydrogenase GCE in 100 mM MOPS
buffer (adjusted to pH 7). The onset potential (defined here as
the potential beyond which the catalytic current density
exceeds 10 pA/cm?) for H, production was observed to be
close to the biological standard reduction potential of H, (E”
= —0.414 V vs. SHE), with the electrodes therefore exhibiting
near zero overpotential for the hydrogen evolution reaction
(HER). Surprisingly, we observed a large catalytic current
density of 8.7 mA/cm?® at —0.8 V vs SHE by CV (7.8 + 0.7
mA/cm? according to S different electrodes in Figure S4),
representing comparatively efficient electroenzymatic H,
production at this potential (Table S2). The functionalization
process was also extended to PGE to verify the compatibility of
the method on other conventional electrodes. As shown in
Figure 2a, nanolTO-hydrogenase PGEs exhibit current
densities of approximately 8.22 mA/cm? at —0.8 V vs. SHE,
confirming the reproducibility of this method on other
electrodes and the importance of the nanolTO for efficient
electrocatalysis (repeat experiments reported in Figure S4).
Note that the blank scans without hydrogenase show capacitive
behavior with current densities on the order of hundreds of
uA/cm?, with the significant capacitive current being an
indicator of the high surface area of nanoITO modified
electrodes. Using double-layer capacitance, we determined the
surface area enhancement offered by the use of nanoITO to be
19 on glassy carbon electrodes (Figure SS; note that this is an
estimate due to differences in specific capacitances of nanoITO
and the underlying GC electrode); accounting for this
enhancement yields a corrected electrocatalytic current density
that remains >38X the current densities typically obtained on
GC electrodes (>6X those typically obtained on PGEs)
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Figure 2. (a) Cyclic voltammetry (third scan, scan rate: 10 mV/s, S
consecutive scans in Figure S4) of GCE-nanolTO-hydrogenase (red
solid line) and PGE-nanolTO-hydrogenase (blue solid line) with
corresponding hydrogenase-free electrodes (dashed lines). (b)
Amperometric j—t curve of GCE-nanolTO-hydrogenase at —0.6 V
vs SHE over 120 h (S days) of continuous operation. (c) Online gas
chromatography measurement with 1.5 h electrolysis at —0.6 V vs.
SHE for Faradaic efficiency (FE) determination (black spheres).
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Figure 2. continued

Accumulated H, (umol, red circles) and electrons (blue circles) from
online gas chromatography enzymatic electrocatalysis experiments
(mean =+ standard deviation, n = 3). Conditions: Ar-saturated 100
mM MOPS buffer, pH 7, under stirring. (d) Radar plot for
comparison of current density (j), FE, stability, and remaining j
after stability test with hydrogenase DET on representative metal
oxide electrodes (table of comparison in Table S2).

(Figure S6), reflecting the importance of ITO for efficient
[FeFe]-hydrogenase (Cpl) immobilization and orientation
(improved H, production is not only due to increased
electrode surface area). Control experiments on O,-deactivated
hydrogenase from Figure S7 show >80% current loss at —0.8 V
vs. SHE, further confirming that the electrocatalytic current
originates from hydrogenase and not the nanoITO electrode,
consistent with previous O,-deactivation experiments.’® The
bioelectrode performance was also investigated under H, to
understand if nanoITO could influence the reversibility of Cpl.
As described by Fourmond et al.,”” the catalytic reversibility of
CpI on nanoITO electrodes is assessed by the overpotential
requirement (ie., the driving force is necessary to achieve a
significant catalytic turnover in either direction). This can be
realized via CV, where E, is the Nernst equilibrium potential
of the reactant/product couple (here, 2H* and H,, E,= EY =
—0.414 V vs. SHE) and the reversibility of the enzyme is
assessed by the overpotential (IE,, — El) required to achieve a
significant catalytic turnover in either direction (where E
represents the applied potential at the working electrode).
Figure S8 compares the electroenzymatic activity of Cpl/
nanolTO electrodes in pH 7.0 MOPS buffer (100 mM) under
1 atm of Ar or 1 atm of H,. Following the introduction of H,,
an oxidative current is observed. More specifically, no net
current flows through the electrode when E ~ —0.404 V vs.
SHE and an overpotential of 35 mV in either the oxidative or
reductive direction results in electroenzymatic current densities
of —0.40 mA/cm? and +0.34 mA/cm? for H* reduction and H,
oxidation. A deviation of +0.01 V from E” (when j = 0) and
observable bidirectional catalysis with a small overpotential in
either direction is consistent with Cpl acting as a reversible
bidirectional catalyst on nanoITO electrodes.

Subsequently, the stability of electroenzymatic H, produc-
tion on nanolTO-hydrogenase GCE was evaluated by
amperometric j—t transients (Figure 2b). At a mild applied
potential of —0.6 V vs. SHE, the hydrogenase electrode
exhibited a current density of 2.8 mA/cm? After 120 h (5
days) of continuous potentiostatic H, production, 94% of the
initial current remained (2.6 mA/cm®), representing signifi-
cantly improved stability of hydrogenase electrodes (and
electroenzymatic H, production) so far (Figure 2d and Table
S2). The dynamic change in local pH plays a crucial role in the
electrocatalytic reaction (with the potential to impact both the
substrate concentration and the structure/stability of the
enzyme), which can either be resolved by finite element
modeling®™ or be monitored by scanning electrochemical
microscopy.”” However, (i) these experiments were conducted
with rapid stirring, (i) the pH was found only to drift from
7.04 to 7.22 over this 120 h test, and (iii) this decrease in
catalytic current cannot be fully restored in fresh buffer (Figure
$9), indicating that the most plausible cause for the decrease in
current is simply deactivation of the hydrogenase over time.
Additional stability tests for 280 and 1.5 h can be found in
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Figure S9. The gradual decrease of stability could be a result of
fast proton depletion at a high current density. The desorption
of hydrogenase from nanoITO electrodes was studied using
the Bradford protein assay. As shown in Figure S10, less than
10% of the deposited hydrogenase was detected in the
electrolyte after 30 min. This value being larger than the
typical decrease in catalytic current over the same period of
time suggests that this is the desorption of “excess”
hydrogenase that is not undergoing DET. It should be noted
that hydrogenases exhibit high selectivity for HER in vivo, and
(while not particularly expected here) hydrogenase electro-
chemistry can suffer from film loss, denaturation, and
background electrode reactions, which could result in Faradaic
efficiencies (FE) below 100%.””***°~* To verify the FE of
this nanoITO-hydrogenase system, H, production was
monitored by an online closed-loop GC system during 1.5 h
of enzymatic electrocatalysis at —0.6 V vs. SHE (Figure 2b and
c), leading to an average FE of 98.5 + 3.6% (error = standard
deviation, detailed FE calculation provided in the Supporting
Information, GC setup and calibration curve in Figures S11
and 12). The superior performance of this electrode
architecture can be visualized as a radar plot in Figure 2d
(additional references and details can be found in Table S2),
keeping in mind the simplicity of electrode fabrication. The FE
after 5 days of continuous operation was also found to be
~103%, during which time the importance of efficient agitation
of the electrochemical cell for long-term H, production was
identified (Figure S13 and discussion in the Supporting
Information).

With the aim of studying reaction kinetics beyond mass
transport limitations, we determined whether a kinetic isotope
effect (KIE) for electroenzymatic HER was detectable by
introducing deuterium oxide (D,0) to the electrolyte. We first
identified the mass transport region by performing amperom-
etry on RDE-nanolTO-hydrogenase electrodes with various
rotational rates ranging from 200 to 3000 rpm with 200 rpm
intervals (Figure 3b). During the first 100 s under stationary
conditions, local protons are quickly depleted giving rise to a
decay in electrocatalytic current likely due to mass transport

a C o0+
<
€01
HER at H,ase >
L =02+
e
3-03
— 2.5krpm 100%H,0
0.4 — 2.5krpm 50%D,0
T T T T
08 06 04 02 00
Potential (E) / V vs. SHE
00
b < add 50% D,0
-0.10 -0.56 V vs. SHE €
< A o <
£ =
=012+ © e g 0 £01
g -0.14 3
5016 Ml
o &0 350
o 00 1800 2000 2200 2400 2600 2800 3000 -0.56 V vs SHE, 2.5krpm
018 T T 02 T T T T

T T
800 1600 0

Time/s

0 400 1200 100 200 300 400 500

Time/s

Figure 3. (a) Illustration of RDE-nanolTO-hydrogenase under
working conditions. (b) Amperometric i—t experiment of RDE-
nanolTO-hydrogenase with different rotation rate (rpm) at —0.56 V
vs. SHE. (c) Cyclic voltammetry (second scan) of RDE-nanoITO-
hydrogenase at 2500 rpm, before and after adding 50% D,O. (d)
Amperometric i—t at —0.56 V vs. SHE, 2500 rpm, before and after
adding 50% D,O0.
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limitation. The electrocatalytic current magnitude was
observed to increase until 2000 rpm; rotation rates of 2500
rpm were therefore chosen for subsequent analysis. The
apparent limitations to the electroenzymatic H, current are
hypothesized primarily to be due to limited H* transport
within the nanolTO/enzyme film. Importantly, other factors
that could contribute to this include (i) restricted release of H,
from the nanoITO-hydrogenase 3D electrode, or (ii) improved
solvent delivery and wetting within the 3D electrode
architecture. As shown in Figure 3¢, in the nonmass transport
limiting region (2500 rpm), the catalytic current in electrolyte
containing 50% D,0 (H:D = 1:1) is lower than that in 100%
H,O. Likewise, amperometric analysis in Figure 3d clearly
indicates 35% electrocatalytic current loss upon the addition of
D,0 (50% final concentration) at 250 s. The observed KIE is
in line with our previous work,*® and KIE = ino/ip,0 # 1,

indicating that DET to hydrogenase on these nanoITO
electrodes is not rate-limiting for the overall reaction.
Conversely, this may also reflect rate-limiting proton-coupled
electron transfer (PCET) within this hydrogenase.*’ Further,
differences in mass-transport of H/D within the nanoITO
network may also contribute toward this apparent KIE.
Detailed analysis on identifying the rate-determining step
using KIE is out of scope of this work and has been reported
by a series of seminal works elsewhere.**™*” Nevertheless, the
RDE-nanolTO-hydrogenase reported herein now permits the
evaluation of reaction kinetics at a high catalytic turnover rate
(current density).

Finally, the nanoITO-hydrogenase system was evaluated
using a novel inverted RDE setup coupled to online gas
chromatography (iRDE-GC) (Figures S14 and 15) to
simultaneously evaluate the performance, stability, and FE
during galvanostatic H, production®® under well-defined
convective conditions with applied current densities of
—1.53, —=2.55, and —3.56 mA/cm* (iRDE-GC performed at
500 rpm). Video S1 illustrating the setup of this system is
provided as Supporting Information. As shown in Figure 4a,
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Figure 4. (a) Galvanostatic electrolysis of iRDE-GC nanoITO-
hydrogenase system at —1.53, —2.55, and —3.56 mA/cm* with
corresponding FE. (b) Potentiostatic electrolysis of iRDE-GC
nanolTO-hydrogenase at —0.53, —0.59, and —0.64 V vs. SHE with
corresponding FE (experiments performed at 500 rpm).

the nanoITO-hydrogenase iRDE-GC system undergoes stable
galvanostatic electrolysis for 1 h, further confirming the
applicability of the nanoITO functionalization method. Note
that the potential gradually becomes more negative over time
to sustain chronopotentiometry at —3.56 mA/cm? which may
indicate reductive inactivation of [FeFe]—hydrogenases.49
However, we cannot rule-out O,-based deactivation intro-
duced by performing this experiment on the bench with Ar-
purging. Key advantages of the iRDE-GC setup include (i)
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improved mass transfer due to laminar flow of the substrates
across the electrode surface, and (ii) a gastight configuration
where the H, yield can be continuously monitored; the real-
time FE of galvanostatic electrolysis is shown in Figure 4a
(solid spheres). In the first 15 min, the FE gradually increases
toward ca. 100%, clearly indicating dissolution of H, in
electrolyte and the equilibration of H, in the headspace of the
cell. Upon H, saturation, a near-unity FE can be observed from
20 to 60 min. Similarly, potentiostatic electrolysis was
performed in this iRDE-GC system at —0.53, —0.59, and
—0.64 V vs. SHE. As shown in Figure 4b, stable current
densities can be observed for more than 1 h with close to 100%
FE following H, saturation. The application of nanoITO in the
iRDE-GC setup represents a novel platform for enzyme
electrochemistry with high performance, durability, and no side
reactions.

In conclusion, we report a simple one-step method to
functionalize conventional electrodes with nanoITO for
enzymatic electrocatalysis. Taking [FeFe]-hydrogenase as a
model enzyme, CV and amperometric analysis reveal large
electrocatalytic current densities (8.66 mA/ cm? at —0.8 V vs.
SHE) and high stabilities (maintaining 94% of the initial
current after 120 h), and online GC measurements confirm
near-ideal FEs of 98.5 + 3.6% for electroenzymatic H,
production, owing to the high porosity and electroactive
interaction between metal oxide and hydrogenase. In addition,
nanolTO functionalized RDE and iRDE allow the study of
KIE, mass transport, and FE at a high catalytic turnover rate
(in terms of gross electroenzymatic H, produced at an
electrode surface) and a stable condition with no observable
side reactions. While this method establishes a new benchmark
for electroenzymatic H, production, we anticipate that it has
the potential to be applied to other electroenzymatic systems
such as formate dehydrogenase for carbon dioxide reduction
and nitrogenase for ammonia production, enabling large
quantities of enzymes to be immobilized. It could also be
rationally extended to photoelectrodes, with the proper
adjustment of film thickness for transparency, to perform
artificial photosynthesis for solar to chemical conversion.

All raw data are available on the Zenodo repository (10.5281/
zenodo.6641837).
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