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Abstract: High-temperature tolerant enzymes offer multiple advantages over enzymes from mesophilic
organisms for the industrial production of sustainable chemicals due to high specific activities and
stabilities towards fluctuations in pH, heat, and organic solvents. The production of molecular hydrogen
(H2) is of particular interest because of the multiple uses of hydrogen in energy and chemicals
applications, and the ability of hydrogenase enzymes to reduce protons to H2 at a cathode. We
examined the activity of Hydrogen-Dependent CO2 Reductase (HDCR) from the thermophilic
bacterium Thermoanaerobacter kivui when immobilized in a redox polymer, cobaltocene-functionalized
polyallylamine (Cc-PAA), on a cathode for enzyme-mediated H2 formation from electricity. The
presence of Cc-PAA increased reductive current density 340-fold when used on an electrode with
HDCR at 40 ◦C, reaching unprecedented current densities of up to 3 mA·cm−2 with minimal
overpotential and high faradaic efficiency. In contrast to other hydrogenases, T. kivui HDCR showed
substantial reversibility of CO-dependent inactivation, revealing an opportunity for usage in gas
mixtures containing CO, such as syngas. This study highlights the important potential of combining
redox polymers with novel enzymes from thermophiles for enhanced electrosynthesis.

Keywords: hydrogen-dependent CO2 reductase; redox polymer; cobaltocene; enzymatic electrosynthesis;
hydrogen evolution; carbon monoxide

1. Introduction

Rising global temperatures and their resulting environmental effects are leading to
an urgent transition towards renewable energies [1]. Converting sustainably generated
energies to a chemical form is desirable and important for long-term energy storage and
transport [2]. A variety of small, high-energy molecules are promising target products
for this conversion, including hydrogen and formate, because only simple, two-electron
reduction reactions are required for their production and their usability in existing tech-
nologies [3–5]. Hydrogen is particularly interesting due to its high energy content, low
redox potential, and usage in a wide variety of industrial processes [4,6].

Enzymes, such as hydrogenases and formate dehydrogenases, are promising catalysts
for conversion of electrical energy to storable chemical energy, due to their high selectivities
and activities [3,7]. In particular, Hydrogen-Dependent CO2 Reductase (HDCR) is an
enzyme of interest for both enzymatic formate and hydrogen synthesis as a result of its
high turnover rates and selectivity at high temperatures [8–11]. In vivo, HDCR catalyzes
the simultaneous oxidation of H2 to protons and reduction of CO2 to formate in the methyl
branch of the Wood-Ljungdahl pathway of the two acetogenic bacteria Acetobacterium woodii
and Thermoanaerobacter kivui. HDCR-like gene clusters were also found in the genome of
different organisms but biochemical evidence of purified HDCRs was so far only given
for the two mentioned acetogens. HDCR from Thermoanaerobacter kivui is O2-sensitive
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and contains a hydrogenase and a formate dehydrogenase subunit, linked by two 4Fe–4S
cluster-containing electron transfer subunits [10]. This HDCR is a Fe-Fe hydrogenase with
two Fe atoms in its active site, which has the highest measured hydrogen production
activities among hydrogenases. Other Fe-Fe hydrogenases were previously shown to be
irreversibly inactivated by both O2 and carbon monoxide (CO) [12]. Purified HDCR from
thermophilic T. kivui catalyzes hydrogen evolution from formate at a specific activity of
930 µmol hydrogen·min−1·mg−1 at 60 ◦C [10]. This enzyme is stable above 37 ◦C and
has its optimal activity between 60 and 70 ◦C. Interestingly, HDCR from the mesophilic
acetogen Acetobacterium woodii is completely tolerant of CO, regaining full activity after an
initial inhibition [8]. Reversible inactivation after CO addition to this Fe-Fe hydrogenase is
unusual, as Fe-Fe hydrogenases are typically irreversibly inactivated by CO via binding to
the distal Fe [12]. CO-insensitivity in enzymatic catalysts is desirable in many industrial
processes, such as those involving syngas. While the HDCR of A. woodii has displayed
reactivation after exposure to CO, CO sensitivity of the heat stable HDCR of T. kivui, which
has significantly higher turnover rates and also contains an Fe-Fe hydrogenase, has not
been investigated.

Many studies have investigated the ability of oxidoreductase enzymes to produce
chemicals of interest in an electrochemical cell, in a process known as enzymatic elec-
trosynthesis [3,7,13–19]. In such a system, enzymes receive electrons from an electrode
either directly or through a chemical mediator, and then catalyze the reduction of their
specific substrate to the specific product. Redox polymers have been shown to greatly
enhance oxidoreductase activity at the electrode surface through enzyme immobiliza-
tion and mediation of electron flux to the enzyme [3,20]. Recently characterized redox
polymers for enzymatic hydrogen evolution have been either cobaltocene functionalized
poly(allylamine) (Cc-PAA) or viologens, due to their low redox potential [3,18,21,22]. An
advantage of viologens is the ability to choose from a wide variety of viologen deriva-
tives with different redox potentials. However, many such systems require diffusion of
the species for electron transfer to occur, and none have been tested with hydrogenases
above ambient temperature. Cobaltocene-functionalized poly(allylamine) has previously
been shown to effectively mediate electron transfer to both formate dehydrogenases and
hydrogenases for reduction of their respective substrates (Figure 1) [18,23]. The polyal-
lylamine backbone forms a hydrogel when crosslinked with ethylene glycol diglycidyl
ether (EGDGE), allowing for enzyme immobilization. Electron transfer can then occur
via the cobaltocene functional groups throughout the hydrogel. However, there has been
very little research on the ability of redox polymers as mediators for hydrogen evolution
by enzymes at elevated temperatures. Given the high specific activity of thermophilic
enzymes at elevated temperatures, polymers capable of increasing electron flux to the
enzyme at a cathode would further increase activity compared to current electrochemical
enzymatic hydrogen evolution reaction (HER) systems.

Here, we demonstrate the hydrogen evolution activity of T. kivui HDCR via direct
electron transfer when immobilized at an electrode. We further investigated the capacity
of embedding HDCR in a Cc-PAA redox polymer at the cathode and found an enhanced
activity of H2 production by more than 340-fold. Further, Cc-PAA mediated hydrogen
production occurred at 90% faradaic efficiency with minimal current loss. Interestingly,
HDCR demonstrated reversible inactivation by CO when in the redox polymer, with most
activity being regained after CO was removed. Cc-PAA is a promising redox polymer
for enzyme-mediated, enhanced hydrogen production even at elevated temperatures,
making it an auspicious component of new technology for use in chemical storage for
renewable energy.
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gen evolution at the hydrogenase subunit’s active site. (B) An energy diagram shows the regimes of hydrogen oxidation 

and proton reduction in the mediated Cc-PAA/HDCR system. At potentials above the HDCR hydrogenase midpoint po-

tential, direct electron transfer results in a very small oxidative current from hydrogen oxidation at the enzyme. At poten-

tials below the midpoint potential, proton reduction occurs, mediated by Cc-PAA. When the potential is below the mid-

point potential of the Cc-PAA, electron transfer to HDCR occurs at the maximum rate. 
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Figure 1. (A) In the mediated electron transfer system, electrons are passed from the electrode through the Cc-PAA redox
polymer, with self-exchange between cobaltocene functional groups, before entering the HDCR enzyme for use in hydrogen
evolution at the hydrogenase subunit’s active site. (B) An energy diagram shows the regimes of hydrogen oxidation and
proton reduction in the mediated Cc-PAA/HDCR system. At potentials above the HDCR hydrogenase midpoint potential,
direct electron transfer results in a very small oxidative current from hydrogen oxidation at the enzyme. At potentials below
the midpoint potential, proton reduction occurs, mediated by Cc-PAA. When the potential is below the midpoint potential
of the Cc-PAA, electron transfer to HDCR occurs at the maximum rate.

2. Results
2.1. Optimization of Electrochemical Buffer Conditions

Electrochemical activity of HDCR was tested first at a 3-electrode, rotating disk elec-
trode (RDE) system. The magnitude of the steady state reductive wave at low potentials
of cyclic voltammetry was assumed to be analogous to hydrogen evolution activity as
a result of the electrons passing through the electrode for proton reduction. Increasing
the temperature of the electrochemical cell from room temperature to 60 ◦C resulted in
a higher rate of H2 formation but resulted in a higher loss of current density over time
(Figure S1). Therefore, an intermediate temperature of 40 ◦C was selected for further
electrochemical studies, as this temperature displayed similar initial current density as a
sample at 60 ◦C at a slower loss of activity over time. At 40 ◦C, the hydrogenase activity was
190 µmol H2·min−1·[mg protein]−1, and the activity of formate dehydrogenase < 1 µmol
formate·min−1·[mg protein]−1. Thus, only electrochemical hydrogen formation was inves-
tigated further. As shown in Figure S2A, pH optimization was carried out using HDCR
immobilized in Cc-PAA in two different buffers: 1 M sodium citrate with 200 mM potas-
sium chloride for testing a pH range 4.5–6, and 1.6 M potassium phosphate with 320 mM
sodium chloride for a pH range 6–7. The difference in activity observed between both
buffers at pH 6 was approximately 4%. The optimum HDCR activity was at pH 5.0,
allowing for a high concentration of protons in the electrochemical setup. Subsequent
assays were conducted using citrate buffer at pH 5.0, maintaining a 5:1 ratio of sodium
citrate to potassium chloride (Figure S2B). An increase in activity with increasing buffer
concentration was observed up to the solubility limit of the buffer, resulting in a maximum
activity at 2.4 M total solute concentration, with no increase observed in the absence of
HDCR. All subsequent electrochemical tests were carried out in the optimal buffer: 2 M
sodium citrate, 400 mM potassium phosphate, pH 5.0.
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2.2. Hydrogenase Activity Using Methyl Viologen Assays

Hydrogen evolution activity of HDCR in a chemical assay was determined using
methyl viologen as electron mediator. Sodium dithionite showed little reducing activity in
the citrate buffer, with no color change of methyl viologen upon the addition of dithionite.
This is understandable, given the strong dependence of the sodium dithionite redox
potential on temperature, pH, and other environmental factors [24]. Titanium citrate (Ti(III)
citrate) showed the ability to reduce methyl viologen at low concentrations of sodium
citrate in the buffer but not at high sodium citrate concentrations. It, therefore, was used as
the electron donor in a 10× diluted electrochemistry buffer (0.2 M sodium citrate, 40 mM
sodium chloride), maintaining an excess concentration of Ti(III) citrate. Hydrogen was
quantified via GC, and a linear increase in rate was observed (Figure S3). A maximum
specific activity of 190 ± 25 µmol·min−1·[mg protein]−1 was observed, which was roughly
a 4-fold higher specific activity relative to the Fe-Fe hydrogenase CpI from mesophilic
Clostridium pasteurianum (Figure S4) [18]. Methyl viologen activity assays displayed a
similar trend of increasing activity with increasing buffer concentration to that observed in
electrochemical buffer optimizations.

2.3. Cobaltocene-Mediated Hydrogen Evolution in Cyclic Voltammetry Experiments

Cobaltocene-mediated hydrogen evolution activity was examined using cyclic voltam-
metry (CV) (Figure 2). HDCR was immobilized in Cc-PAA, and the reductive current at
low potentials was measured. A maximum current density of 3.0 mA·cm−2 was achieved.
When cobaltocene was absent, a maximum current density of 8.7 µA·cm−2 was observed.
Therefore, the presence of cobaltocene resulted in an activity increase of 340-fold, indicating
significantly enhanced hydrogen evolution activity. This activity was also compared to
inactive, O2-exposed HDCR immobilized in Cc-PAA, and BSA embedded in Cc-PAA as a
negative control, both of which displayed significantly lower activities than active HDCR.
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hydrogel. The curve displayed a relatively constant current density with time, at low potentials, which is indicative of 

mediated enzymatic hydrogen evolution. Inset: Bovine serum albumin (BSA) immobilized in Cc-PAA as a negative activ-

ity control showed the expected reduction and oxidation peaks of Cc-PAA. HDCR in non-functionalized polyallylamine 

Figure 2. Cyclic voltammetry of HDCR on a rotating disc electrode. A greatly enhanced reductive current at low potentials
was observed when cobaltocene-functionalized polyallylamine was present as electron shuttle in the electrode-coating
hydrogel. The curve displayed a relatively constant current density with time, at low potentials, which is indicative of
mediated enzymatic hydrogen evolution. Inset: Bovine serum albumin (BSA) immobilized in Cc-PAA as a negative activity
control showed the expected reduction and oxidation peaks of Cc-PAA. HDCR in non-functionalized polyallylamine and
O2-exposed HDCR in Cc-PAA both displayed minimal activities. Rotation rate: 2.83 µg HDCR, 2000 RPM, scan rate:
10 mV/s. pH 5, 40 ◦C.

2.4. Stability of Cc-PAA at Elevated Temperatures

In both CV and amperometric i-t experiments, reductive current of hydrogen evolution
decreased over time. As the enzyme activity appeared to be stable at those temperatures
based on methyl viologen assays (Figure S3), we hypothesized that the loss of electrochem-
ical activity was due to an instability of the redox polymer at elevated temperatures. We
tested this directly via cyclic voltammetry by monitoring the peak heights of cobaltocene
reduction and oxidation at the electrode surface in the absence of HDCR. As shown in
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Figure S5, Cc-PAA stability varied widely with temperature. After 3 h of continuous cy-
cling, electrodes at 25 ◦C, 40 ◦C and 60 ◦C retained 79%, 32% and 25% activity, respectively.
Qualitative tests showed that increasing the crosslinker ratio during electrode preparation
or increasing the drying time increased stability at high temperatures. However, both
experimental variations also resulted in lower initial activity in the presence of HDCR, as
seen in Figure S6.

2.5. Electrochemical Hydrogen Evolution Rates by HDCR and Faradaic Efficiency

To determine the relationship between observed reductive current and hydrogen
produced, quantitative analysis of faradaic efficiency was conducted in closed-system
electrochemical H-cells. Amperometric i-t was conducted at a potential of −650 mV vs. SHE.
Hydrogen in the headspace was measured via GC using a thermal conductivity detector,
and compared to the theoretical maximum yield, which was calculated from the total
current passed through the electrode. Hydrogen production was also measured for a control
experiment lacking Cc-PAA (Figure 3). Over a 6.5 h testing period, hydrogen production
rate in the cobaltocene-mediated system (6.24 µmol·mg protein−1·min−1) was, on average,
17-fold higher than in the cobaltocene-free control (0.365 µmol·mg protein−1·min−1).
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Figure 3. Quantitative comparison of hydrogen produced with and without the presence of Cc-PAA in a closed electro-

chemical system. Cc-PAA resulted in significantly higher hydrogen production, approaching the maximum theoretical 

Figure 3. Quantitative comparison of hydrogen produced with and without the presence of Cc-PAA in a closed electro-
chemical system. Cc-PAA resulted in significantly higher hydrogen production, approaching the maximum theoretical
yield based on current passed through the working electrode. Error bars indicate one standard deviation, replicates: N = 2.
Potential: −650 mV vs. SHE. pH 5, 40 ◦C.

The faradaic efficiency was calculated from the ratio of the measured and theoretical
hydrogen yields and is shown in Figure S7. Due to the low hydrogen concentrations at
early timepoints, variability in measurements is more visible, resulting in a high apparent
variance in efficiency. However, over the time span of the experiment, faradaic efficiency of
cobaltocene-mediated hydrogen evolution converged at approximately 90%, showing that
reductive waves observed during CV and reductive currents observed in amperometric i-t
are useful indicators of hydrogen production.
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2.6. Reversible HDCR Inactivation by Carbon Monoxide

The effect of carbon monoxide (CO) on H2-evolution activity of T. kivui HDCR in the
Cc-PAA-mediated electrochemical system was tested in an RDE setup using amperometric
i-t. A CO-saturated buffer solution was injected into the system to reach an approximate
concentration of 10 µM CO in the electrochemical cell and hydrogen evolution (Figure
S8) or hydrogen oxidation (Figure 4) was tested. Sodium citrate buffer at pH 5 was used
for hydrogen evolution, and potassium phosphate buffer at pH 8 was used for hydrogen
oxidation, to make oxidation more thermodynamically favorable. Because the RDE system
is intrinsically open to the anoxic atmosphere of the glove box, rotation of the electrode
resulted in loss of CO over time.
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Figure 4. Reversible carbon monoxide inactivation of HDCR H2 oxidation activity during oxidative
amperometric i-t. After initial CO addition, HDCR activity as inferred by current production
decreased rapidly, before regaining ca. 75% of activity over a period of 30 min. Rotation rate:
2000 RPM, potential: −200 mV vs. SHE. Phosphate buffer, pH 8, 40 ◦C.

In both the oxidative and reductive directions, addition of CO resulted in a sharp
reduction of activity after stable current consumption or production. Interestingly, activity
slowly recovered to 70–75% of the original current density, which is indicative of reversible
CO inactivation.

3. Materials and Methods
3.1. Materials and Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Fisher Scien-
tific (Waltham, MA, USA) with the following exceptions: 1-(2,5-dioxopyrrolidinylcarboxy)-
cobaltocenium hexafluorophosphate was purchased from MCAT (Donaueschingen, Ger-
many). Poly(allylamine) (PAA) (MW 15000, 15% aq. soln.) was purchased from Poly-
sciences, Inc (Warrington, PA, USA). Ethylene glycol diglycidyl ether (EGDGE) was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). Glassy carbon working electrodes
(GCE) (3 mm diameter), platinum counter electrodes, saturated calomel reference electrodes
(SCE), and a CHI1230c potentiostat were purchased from CH Instruments, Inc (Austin, TX,
USA). A rotating disk electrode workstation (WaveVortex 10) and glassy carbon rotating
disk electrodes (5 mm diameter) were purchased from Pine Research Instrumentation, Inc
(Durham, NC, USA). Electrode preparation was conducted in an anoxic chamber (COY
Laboratory Products, Inc., Grass Lake, MI, USA) with an N2/H2 headspace.
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3.2. HDCR Expression and Purification

HDCR from T. kivui was produced using the homologous production system as
recently described [25]. Therefore, the production strain was grown at 66 ◦C under anoxic
conditions in complex medium using 1 L flasks (Müller-Krempel, Bülach, Switzerland)
with 500 mL of media with additional 28 mM glucose and 200 µg·mL−1 kanamycin. The
preparation of cell-free extract as well as protein purification via nitrilotriacetic acid (Ni2+-
NTA) resin (Qiagen, Hilden, Germany) were carried out as described before [25]. In
contrast, 25 mM of Tris was used in all buffers and the equilibration and elution buffer
contained 50 mM and 150 mM imidazole, respectively. Buffer exchange of the eluted
and pooled proteins was achieved by ultrafiltration in 100-kDa VIASPIN tubes (Sartorius
Stedim Biotech GmbH, Germany) using a buffer composition of 25 mM K-phosphate,
10 mM MgSO4, 20 mM KCl, 20% [v/v] glycerol, 2 mM DTE, pH 7.0. Aliquots of the
purified HDCR enzyme were frozen in liquid nitrogen and stored at −80 ◦C [10].

3.3. Synthesis of Cobaltocene-Functionalized Poly(allylamine) (Cc-PAA)

Cc-PAA was synthesized as previously described [18].

3.4. Preparation of HDCR-Embedded Electrodes

The HDCR/Cc-PAA enzymatic electrode was prepared via drop casting 11 µL of
a solution containing 7 µL Cc-PAA (5 mg/mL), 2.3 µL EGDGE (10% v/v), and 2.3 µL
of HDCR (1.3 mg/mL) onto a polished glassy carbon electrode (5 mm diameter). The
electrode was then dried for 75 min before testing. The HDCR/PAA enzymatic electrode
used the same mixture, substituting poly(allylamine) (PAA) (5 mg/mL) in place of Cc-PAA.
The BSA/Cc-PAA electrode was prepared by drop casting 11 µL of a solution containing
7 µL Cc-PAA (5 mg/mL), 2.3 µL EGDGE (10% v/v), and 2.3 µL of BSA (2 mg/mL), followed
by 75 min of drying before use. O2-exposed HDCR was prepared by incubating HDCR
in a conical centrifuge tube open to air at room temperature for 30 min. Bulk electrolysis
enzymatic electrodes were prepared by drop casting 5.5 µL of the solution described
above on a polished glassy carbon electrode (3 mm diameter), followed by drying for
75 min. Cobaltocene-free bulk electrolysis controls were prepared using 5.5 µL of a solution
containing 2.3 µL HDCR and 9.3 µL BSA, to aid in protein immobilization and minimize
side reactions occurring on the exposed glassy carbon surface.

3.5. Electrochemical Methods

Rotating disk studies were performed with a WaveVortex® electrode rotator (Pine
Research Instrumentation, Durham, NC, USA). Studies used an SCE reference electrode,
GCE working electrode, and platinum mesh counter electrode in a three-electrode con-
figuration. All potentials are reported relative to the standard hydrogen electrode (SHE)
(E0

SHE = E0
SCE + 0.242 V). Electrode preparation and testing were done in an anoxic glove

bag. Preparation occurred at room temperature and tests were conducted at the tempera-
tures indicated.

Bulk electrolysis experiments were completed using an airtight H-cell (Adams and
Chittenden, Berkeley, CA, USA) with a Nafion® proton exchange membrane. A sil-
ver/silver chloride (Ag/AgCl) reference electrode, glassy carbon disk working electrode,
and graphite rod counter electrode were used. Potentials were reported relative to the
SHE (E0

SHE = E0
Ag/AgCl + 0.197 V). Electrode preparation was done in an anoxic glove bag

at room temperature, and testing was conducted at 40 ◦C, after flushing for 20 min with
100% N2. Tests were completed using a VMP3 potentiostat (Biologic Science Instruments,
Seyssinet-Pariset, France).

3.6. Synthesis of Ti(III) Citrate

Ti(III) citrate was synthesized as previously described [26], with the following modifica-
tion: pH adjustment to pH 7.0 was completed with 1 M NaOH in place of sodium carbonate.
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3.7. Methyl Viologen Assay for Quantification of Chemical Hydrogen Evolution Rates

Chemical hydrogen evolution activity assays were carried out using 5 mL liquid
samples with 5 mL headspace in sealed vials. The indicated buffer solutions were combined
with 2 mM methyl viologen and 10 mM electron donor. For phosphate buffered samples,
sodium dithionite was used as the electron donor. For citrate buffered samples, Ti(III)
citrate was used as the electron donor. Vials were flushed with nitrogen for 10 min, followed
by addition of HDCR, and incubated at 40 ◦C. Hydrogen concentration in the headspace
was measured by gas chromatography (GC).

4. Discussion and Conclusions

Cc-PAA was previously found to enhance hydrogen electrosynthesis by hydrogenases,
with 20- to 40-fold increase in reductive current densities compared to the absence of
the redox polymer [18]. In this work, we showed that Cc-PAA, paired with HDCR of
thermophilic T. kivui, increased current density 340-fold in an RDE system. This resulted in
maximum current densities of approximately 3 mA·cm−2—an unprecedented activity that
is significantly higher than previously reported current densities in mediated enzymatic
electrochemical hydrogen evolution systems, particularly in systems which contain hy-
drogen in the headspace [18,22]. In closed-system electrochemical hydrogen experiments,
Cc-PAA increased hydrogen production by 17-fold. This difference in activity increase
can be attributed to several factors, including primarily mass transfer limitations in the
closed-system H-cells which were mixed using stir bars rather than an RDE, and lower
apparent specific activity due to loss of enzyme activity over the extended course of the
6.5-h test. Despite the heat inactivation of Cc-PAA, approximately 90% faradaic efficiency
was maintained over the 6.5-h testing period. This confirms that at elevated temperatures,
Cc-PAA continues to supply electrons to embedded enzymes with high specificity even
when partially degraded.

CO inactivation of HDCR was largely reversible, with a fast inactivating step followed
by a gradual reactivating step, with 70–75% recovery of activity. This important finding
shows promise for the use of this enzyme in CO-containing systems such as syngas
utilizing processes. Additional optimization of the system may allow for this recovery
to be improved further. While the enzyme preparation used had a bias for hydrogenase
activity, given the previously demonstrated activity of the enzyme to catalyze the reaction
in either direction in nonelectrochemical settings, it is hypothesized that electron mediation
via Cc-PAA to fully active HDCR would also result in CO2 reduction to formate. If this is
the case, it would allow for the production of a highly soluble energy carrier at high rates,
and should be investigated in future work [27]. The presented data show that Cc-PAA
in conjunction with the T. kivui HDCR acts as a highly effective catalyst for hydrogen
production, achieving both high current densities and high specificity. This demonstrates
an important improvement in catalytic current density of a mediated enzymatic hydrogen
evolution system, further optimization of which will allow for industrially relevant rates
and volumes to be achieved, aiding in the search for sustainable hydrogen catalysis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11101197/s1, Figure S1. Activity comparison of HDCR activity in Cc-PAA at different
temperatures. A: 25 ◦C, B: 30 ◦C, C: 40 ◦C, D: 60 ◦C. Tests at 40 ◦C showed high activity, but with
less activity loss over time compared to higher temperatures. Phosphate buffer, pH 6, Figure S2.
pH and buffer concentration optimizations revealed an optimal pH of 5.0 and higher activities at
increasing buffer concentrations. (A) Comparison of the magnitude of the reductive wave for electro-
chemical hydrogen evolution in buffers of different pH. Citrate buffer was used for pH 6 and below,
and phosphate buffer for pH 6 and above, with negligible difference between the buffers at pH 6.
(B) Citrate buffer had a molar ratio of 5:1 sodium citrate:KCl, and this ratio was maintained across all
solute concentrations. Activity increased with increasing solute concentration up to the solubility
limit of the buffer—a similar trend to that observed in previous FeFe hydrogenase, cobaltocene-
mediated systems [1]. Rotation rate: 2000 RPM, scan rate: 10 mV/s. Replicates: N = 3, Figure S3.
Specific hydrogen production by HDCR in 0.2 M sodium citrate and 40 mM KCl, pH 5.0, when

https://www.mdpi.com/article/10.3390/catal11101197/s1
https://www.mdpi.com/article/10.3390/catal11101197/s1
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mediated by methyl viologen with Ti(III) citrate as electron donor. Similar trends at different rates
were observed in phosphate buffer and HEPES buffer, both at pH 6 with dithionite as the electron
donor. Test completed at 40 ◦C. Replicates: N = 3, Figure S4. HDCR displayed high specific activities
for methyl viologen mediated hydrogen evolution, compared to previously reported hydrogenases
in their respective optimal electrochemistry buffers [1]. Replicates: N = 3, Figure S5. Cobaltocene
redox peak magnitude is lost over time at increasing rates with increasing temperature. Of the tested
temperatures, Cc-PAA shows the highest stability at 25 ◦C (A), intermediate stability at 40 ◦C (B),
and lowest stability at 60 ◦C (C). Note the different time scale between panels—12 h for A and B, 4 h
for C. Cycles are normalized for the maximum magnitude achieved at each temperature, respectively.
Rotation rate: 2000 RPM, scan rate: 10 mV/s. pH 5, Figure S6. Increasing crosslinker ratio resulted
in less activity loss over time, but with a lower initial activity. Data shown is the magnitude of the
reductive wave during cyclic voltammetry of HDCR embedded in Cc-PAA with the usual crosslinker
ratio as “low” and a 2× crosslinker concentration as “high”. Timepoint 1: 1 min; timepoint 2: 29 min.
pH 5, Figure S7. Faradaic efficiency of Cc-PAA-mediated HDCR approached 90% over extended
testing periods. Large error bars at early timepoints are due to variation in measurements at very low
hydrogen concentrations. Error bars indicate one standard deviation. Replicates: N = 2. pH 5, 40 ◦C,
Figure S8. Carbon monoxide inactivation during reductive amperometric i-t of Cc-PAAembedded
HDCR displayed an initial strong decrease in activation before regaining activity to a stable value.
Subsequent additional inactivation resulted in another initial loss of activity, followed by ca. 70%
of activity being regained. Rotation rate: 2000 RPM, potential: −650 mV vs. SHE. Citrate buffer,
pH 5, 40 ◦C.
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