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Abstract

A Cu;0-ZnO-hydrogenase photocathode possessed enzyme/semiconductor junction has been
constructed by immobilizing a biological protein catalyst, hydrogenase-CrHydA1 enzyme on the ZnO
protected Cu,O electrode. With light illumination, a photocurrent of 0.8 mA/cm? at 0.15 V vs. RHE
was obtained and hydrogen was successfully detected from the photocathode in photoelectrochemical
measurements with Faradaic efficiency of ca. 1%. The construction as well as the stability of the
system are also reported. The result shows that this biohybrid photocathode is capable of
photocatalytic proton reduction under mild conditions.

Keywords: Photocathode, Water splitting, Copper (1) oxide, Hydrogenase, Photoelectrochemical cell
1. Introduction

Photoelectrochemical (PEC) Cells [1-3] is a promising technique for storage of solar energy in the
form of high energy chemical bonds, via e.g. CO> reduction into carbonate fuels[4] or water splitting
into Hz and O,[5]. Two main requirements have to be considered to achieve satisfactory performance
in PEC: 1) high-performance photoelectrodes, including photoanodes and photocathodes; 2) effective
catalysts to minimize energy losses during chemical conversion. Molecular PEC devices are normally
constructed by wide band gap semiconductor electrodes, e.g. TiO2[6] and NiOJ[7-8]. Light absorber
dye molecules and molecular catalysts, have attracted intense interest due to the facile modification of
molecules for device optimization. Molecular photoanodes, responsible for the oxidation reaction in
PEC cell, have obtained higher energy conversion efficiency than those reported for molecular
photocathodes so far[9]. Conversely, progress on such photocathodes is limited by a few suitable p-
type semiconductors and efficient catalysts[7, 10-11]. Another strategy is to apply the semiconductors
with narrow band gap (e.g. @ -Fe;03[12] and BiVVO4[13] in the photoanodes; p-Si[9] and InP[14] in the
photocathodes) as the direct visible light absorber instead of dye sensitized large band gap
semiconductor electrodes. Still, the research on the photocathode side is rather limited compared to the
photoanode side because of the complicated preparation process and instability of those p-type
semiconductors commonly utilized[9, 14]. Thus, further development of the photocathode is required
in order to construct an efficient and complete tandem PEC for over-all water splitting.

Cu20 is a rare example of a naturally conductive p-type semiconductor material. It possesses a suitable
band gap (2.1 eV) for absorption of visible light, and its conduction and valance bands are suitable for
proton reduction and water oxidation with driving forces of 0.7 VV and 0.17 V, respectively. Critically,
calculation estimates support the potential of this material as a high-performance photocathode in PEC
cell applications since a theoretical photocurrent of 14.7 mA/cm? and a photon to H. conversion
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efficiency of 18 % can be obtained from Cu,O[2]. The main drawback of Cu,O in the H, evolution
reaction (HER) is its instability, as the application of a bias potential and light causes the reduction of
Cu20 into metallic Cu in the presence of water. However, this stability issue can be addressed by
importing a band gap matched n-type semiconductor on top of Cu,O to construct a heterojunction
structure[15-16]. Therefore, in this work, we chose CuO as p-type light absorbing semiconductor and
used n-type ZnO semiconductor to protect Cu,O layer. Also, as Cu,O and ZnO can form good p-n
junction structure due to well-matched conduction and valence band positions, allowing photo-
generated electrons in Cu,0 can flow to ZnO layer.

Scheme 1. representation of the Cu.0-ZnO-hydrogenase photocathode. The active site of the [FeFe]
hydrogenase shown in inset (structure based on the Cpl hydrogenase, PBD ID number: 3C8Y; color
coding: light blue-nitrogen, dark-blue iron, golden-sulfur, red-oxygen, dark grey-carbon, light gray
ribbon-protein backbone); CB: conduction band; VB: valence band; Es: the Fermi level; all the
potentials are based on Reversible Hydrogen Electrode (RHE).

ZnO is not a proton reduction catalyst; therefore, a real and good catalyst was required for the
electrode to reduce the HER potential barrier, i.e. to shift the onset catalytic potential to more positive
range. Previous studies have successfully employed e.g. Pt [2], RuOx[17] NiMo [18] and CoMo [15],
as proton reduction catalysts. In order to replace catalysts based on noble and/or toxic metals elements,
while retaining satisfactory catalytic performance, we explored the hydrogenase enzyme as the
hydrogen evolution catalyst. These biological systems are the most efficient molecular catalysts for
H*/H; interconversion to date and capable of operating at neutral pH with minimal over-potentials.[19]
Importantly, the possibility to employ such enzymes in other (photo-) electrochemical applications via
surface immobilization have already been verified [9, 20-24]. More specifically, we employed the
[FeFe] hydrogenase from Chlamydomonas reinhardtii (CrHydAl), to construct Cu,O-ZnO-
hydrogenase photocathode shown in Scheme 1. Herein we describe the construction as well as the
stability of the system, and show that this biohybrid photocathode was capable of photocatalytic
proton reduction under mild conditions.

2. Experimental

2.1. General
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All chemicals were purchased from Sigma-Aldrich or VWR and used as received unless otherwise
stated. Protein content was analyzed by 12% SDS-PAGE minigels in a SE250 Mighty Small Il unit
(Hoefer) system. The proteins were stained with Page Blue protein staining solution (Thermo Fisher
Scientific) according to the supplier’s instructions. All anaerobic work was performed in an
MBRAUN glovebox ([O2] < 10 ppm). The expression vectors coding the csdA and hydAl genes were
kindly provided by Prof. Marc Fontecave (College de France, Paris/CEA, Grenoble). The His-tagged
CsdA enzyme was purified following a literature procedure.[25] (EtsN);[Fe2(adt)(CO)4(CN);], adt = -
SCH,NHCH,S") was synthesized in accordance to literature protocols with minor modifications, and
verified by FTIR spectroscopy.[26]

2.2. The hydrogenase sample preparation

The his-tagged CrHydA1 enzyme was heterologous expressed in E.coli BL21(DE3) and reconstituted
in vitro following a literature procedure with minor modifications.[27-29] The quality of the enzyme
preparations were verified by EPR and UV/Vis spectroscopy as well as a chemical enzyme activity
assay. The holo-hydrogenase enzyme preparations were aligouted, flash frozen and kept at -80 °C until
further use. Detailed protocols can be found in Supporting Information (SI).

2.3. Preparation of Cu20 electrode

The Cu,O electrode was prepared by electrodeposition method from an alkaline solution of lactate-
stabilized copper sulphate according to the reported method[30]. Cu.O electrodeposition in this work
was performed directly on the fluorine doped tin oxide (FTO) glass. Briefly, FTO glass was dipped
into 0.2 M CuSO4 and 3 M lactic acid in deionized water solution at pH 12 adjusted by 2 M K;HPO.
buffer. The electrodeposition was under a constant current density of 0.1 mA/cm? for 10600 s,
performed by a two-electrode deposition method. The temperature of electrolyte bath was maintained
at 30 °C.

2.4. Preparation of Cu20-ZnO electrode

100 r L ZnO precursor solution with 0.5 M zinc acetate dehydrate and 0.5 M ethanolamine in 2-
ethoxyethanol solvent was spin-coated on the previously prepared Cu.O electrode (20 mm <10 mm)
with a speed of 2000 rpm for 30 s. The spin-coating process was repeated by three times.
Subsequently, the electrode was annealed at 220 °C under ambient atmosphere for 30 min to form the
Cu20-ZnO0 electrode.

2.5. Preparation of Cu,0-ZnO-hydrogenase photoelectrode

The Cu20-ZnO electrode was covered by insulating black tape with a 0.25 cm? exposed active area. A
70 uM stock solution of hydrogenase in 100 mM phosphate buffer (pH 6.8) was prepared immediately
prior to the electrode preparation. Then, 5 uL of hydrogenase stock solution was drop casted uniformly
onto the active area of the Cu,O-ZnO electrode, and dried for 15 min. The resulting Cu.0-ZnO-
hydrogenase photocathode, Ag/AgCI (in saturated KCI) reference electrode and Pt counter electrode
was assembled into a well-sealed “HT-PEC” holder (Dyenamo AB), and 100 mM phosphate buffer
(pH 6.8) was injected into the holder as electrolyte for subsequent PEC tests. The whole procedure
above was performed under strict anaerobic conditions. The light illuminated from back side of the
photocathode.

2.6. PEC tests
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The PEC response was tested by linear sweep voltammetry (LSV) with the “HT-PEC” setup, utilizing
AUTOLAB potentiostat with three-electrode configuration. A LED PAR38 module (17 W, 5000K,
Zenaro Lighting GmbH, 420-750 nm) was used as the light source during all the PEC tests. The light
intensity of the LED lamp is similar to the light intensity of visible light region in standard 1 Sun. The
active area is determined to 0.25 cm? by a black tape mask mentioned before. All the potentials were
converted into RHE based by the equation: Erxe = Eagiagensqe +0.059pH + Eagiagen[31].

2.7. Hydrogen evolution test

The hydrogen evolution measurement was performed by chronoamperometry method assisted by a 0
V vs. RHE bias potential. The production of hydrogen was detected by a pre-calibrated Unisense
microsensor setup.

2.8. Structural and optical characterization

Cu20 electrode, Cu.0-ZnO electrode before and after hydrogen evolution measurement, and Cu,O-
ZnO-hydrogenase photocathode after the hydrogen evolution test were denominated as Cu,O, Cu,O-
Zn0-b, Cu,0-Zn0-a and Cu,0-Zn0O-hydrogenase-a, respectively. The SEM images were taken by a
Leo 1550 FEG microscope (Zeiss, Oberjochen, Germany), and elements mapping analysis was
measured with an 80 mm? Silicon Drift EDX detector. Small angle-X-ray diffraction patterns were
acquired by Siemens D5000.

2.9. ZnO binding test

The binding of CrHydALl to ZnO was verified by a chemical enzymatic assay, performed in 100 mM
potassium phosphate buffer in 200 ul final volume. A 100 pl stock 70 uM solution of the hydrogenase
enzyme was mixed with 100 pl 60 mg/ml ZnO suspension. The suspension was incubated for 5
minutes at room temperature and then centrifuged for 1 minute at 13.000 rpm; the supernatant was
separated to remove any unbound protein (sample flowthrough (FT)). The remaining pellet was
washed twice by re-suspending it in 200 pl phosphate buffer followed by centrifugation, to remove
any residual weakly bound enzyme from the pellet (the resulting supernatant: washl (W1) and wash2
(W2)). The washing steps were followed by an elution step in which the pellet was re-suspended in
200 pl phosphate buffer with 500 mM imidazole and centrifuged again (the resulting supernatant:
elution (E)). The final pellet was re-suspended in 200 ul phosphate buffer (re-suspended pellet (P)).

To estimate the binding capacity, 20 pl from each fraction was used in a chemical hydrogen evolution
assay performed as described in the SI. 20 ul of the initial hydrogenase stock solution was used for a
positive control and represented 100% of the possible enzymatic activity.

The binding was also verified by SDS-PAGE gels by studying the CrHydA1 band (49 kDa). The ZnO
binding test was repeated, but the different fractions were combined with 4x SDS-PAGE loading
buffer, boiled for 15 minutes at 95 °C until the volume was reduced under 30 pl and the protein
samples were loaded onto 12 % SDS-PAGE gel.

3. Results and discussion
3.1 Preparation, morphology and crystal structure of the Cu,O and Cu,O-ZnO electrodes

Cu20 as a p-type semiconductor has potential for application in HER due to its suitable band gap (2.1
eV) and conduction band position (0.7 V negative to the potential of H*/H,). However, its instability
especially when exposed to H,O and light restricts its application as photocathode in PEC. A common
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strategy for addressing this instability is to deposit a protective semiconductor layer on the surface of
Cuz0. Previously, this layer has been generated by Atomic Layer Deposition (ALD)[2] or thermal
evaporation[15] methods. In this study we prepared the Cu.O electrode by electrodeposition on an
FTO support (denoted Cu20-b). The ZnO protection layer was then deposited by the spin-coating
method (denoted Cu,0-Zn0O-b). In order to gain insight into the morphology of the Cu,O and Cu,O-
Zn0-b electrodes, Scanning Electron Microscopy (SEM) was employed. The corresponding images
are shown in Figure 1a and 1b. A planar film structure with several micrometers of grain size and
zigzag morphology was observed in Cu,O-b electrode. When a ZnO layer was coated onto the Cu,O-b
surface (Figure 1b) to generate Cu,O-ZnO-b, the boundary between the Cu,O grains became obscured,
which is significantly different from the pure Cu,O-b sample (Figure 1a). Also, the color of the Cu,O-
b turned more dark red after the ZnO layer was deposited (inset in Figure la and 1b). The result
suggests that there is uniform coating of the ZnO layer in the Cu,O-ZnO-b electrode.

Figure 1. the SEM morphology and the appearance inserted in upper right corner of the
photoelectrodes. a) Cu20, b) Cu.0-ZnO-b.

Upon small-angle X-ray diffraction (XRD) tests (Figure 2), polycrystalline Cu,O structure was
confirmed along with a main (111) orientation peak. The (111) oriented grains lead to cubic structure
with the exposed {100} faces[30], which is consistent with the result of SEM. No XRD peaks can be
ascribed to the formation of crystallized ZnO, indicating that the ZnO coating layer on CuO surface is
amorphous structure.
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Figure 2. Small-angle X-ray diffraction curves of Cu,O-ZnO (top) and Cu,O (bottom).

3.2 Light response of the photoelectrodes
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According to the previous reports[2, 30], bare Cu;O electrode also has light response in the presence
of water, contributing photocurrent in a PEC device. However, the produced photocurrent is not used
for proton reduction, but for decomposition of Cu,O material into metallic Cu, which is an unwanted
reaction in our system. Therefore, we employed a layer of ZnO on top of Cu,O layer to prevent Cu.O
from interacting with water phase. In principle, we should observe significantly decreased
photocurrent in Cu,O-ZnO-b electrode in comparison to that of bare Cu,O-b electrode. To verify this,
Cu20-b and Cu,0O-ZnO-b electrodes were tested by linear scanning voltammetry (LSV) test with the
chopped light, in which the photocurrent and dark current can be simultaneously monitored (Figure
S1). An obvious light response was observed during the first scan of the LSV test of the Cu,O-b
electrode. Moreover, the electrode lost its original red Cu,O color and turned black due to the
formation of Cu after 1 LSV scanning. However, no H, was detected from PEC test of Cu,O-b
electrode, implying that all photocurrent generated was used for decomposition of Cu,O material or
other side reactions (see Figure S6a) instead of proton reduction. From 2" LSV scanning, the
photocurrent decreased significantly and the dark current was observed probably due to formation of
Cu which could be an efficient catalyst for electrocatalytic proton reduction or side reactions.

Conversely, when a ZnO layer was deposited onto Cu.0O, the resulting Cu,0-ZnO-b system showed
much less photocurrent than that from bare Cu.O-b electrode. Moreover, the photocurrent is relatively
stable for several scans. Although, a photocurrent of 80 pA/cm?at 0.15 V vs. RHE was generated in
Cu20-Zn0-b electrode, there is still no hydrogen detected in this system. We tentatively attribute the
low photocurrent to the reduction of an unknown species in the electrolyte or a slow degradation of the
electrode. In summary, these results suggest that the Cu,O material was well protected by ZnO layer.

3.3 Verification of the Cu,O-ZnO-hydrogenase electrode

The low photocurrents observed for the Cu,O-ZnO electrode combined with its apparent stability
suggest that introduction of a suitable catalyst could improve the performance of this photocathode. To
test this we explored the possibility of functionalizing the surface with the CrHydAl enzyme, because
of its low overpotential and high performance in HER. The capacity of the enzyme to bind with ZnO
particles and the influence of immobilization on its catalytic properties was verified via a binding test
in combination with enzymatic assays and protein visualization by SDS-page gel.

0.9

0.8 A
0.7 A T
0.6 4
0.5 4

0.4 4

Rate
{umol Hy mint)

0.3 A

0.2 4

0.1 4

0 T T =

Load FT w1 w2 E P no

Figure 3. The adsorption of CrHydA1 to ZnO particles in hydrogen evolution capacity of the different
fractions (Standard deviations indicated by vertical lines). Hydrogen evolution determined by a
chemical assay employing reduced methyl viologen as electron donor. Load, starting CrHydA1 protein
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stock solution; FT, flow through; W1, first wash; W2, second wash; E, elution; P, ZnO particle
suspension after elution; Negative control untreated ZnO.

The binding test was performed by mixing a stock solution of the CrHydAl protein with a ZnO
particle suspension under strict anaerobic conditions in order to adsorb the enzyme on the particle
surface. Following the incubation, the fraction of CrHydAl that still remained in solution was
separated by centrifugation (supernatant denoted FT fraction), and the resulting pellet was washed
twice with phosphate buffer to remove any residual unbound or weakly bound CrHydA1 from the
ZnO (supernatant denoted W1 and W2). After this initial binding and wash procedure the hydrogenase
functionalized ZnO particles were treated with an imidazole buffer, resulting in the release of any
CrHydA1 enzymes binding via the his-tag, and the pellet was separated via centrifugation (supernatant
denoted E, final pellet P). The enzyme content in each fraction was determined by studying the
hydrogen evolution capacity of the respective supernatants as well as the final washed pellet in a
chemical assay employing reduced methyl viologen (Figure 3). Additionally, the initial stock solution
was assayed in parallel as well as untreated ZnO particles to provide a positive and negative control
respectively (Figure 3, Load and ZnO). Unsurprisingly, high activity was observed in FT-fraction
indicating incomplete binding of the enzyme to the ZnO particles, but following the second wash step
the activity of the supernatant approached zero. Moreover, there was no significant H, production
capacity observed for the imidazole containing elution fraction. Thus, once bound to the ZnO the
enzyme does not appear to be spontaneously released into solution (Figure 3, FT — W?2). In contrast,
the pellet showed significantly higher hydrogenase activity than the W2 washing fraction (Figure 3, P).
These observations clearly support the notion that CrHydA1 binds strongly to the ZnO, and that the
binding appears to occur via electrostatic interactions rather than the hexa-histidine tag.

MW
E P
(kDA) Load FT w1 w2
250
130
95 =
72
55
CrHydA1
— —
36

Figure 4. The adsorption of CrHydAl to ZnO followed by SDS-PAGE gel. MW-molecular weight
marker (Thermo Scientific PageRuler Plus Prestained Protein Ladder) Load, starting CrHydA1 protein
stock solution; FT, flow through; W1, first wash; W2, second wash; E, elution; P, ZnO particle
suspension after elution. The single 49 kDa protein band corresponds to the pure CrHydAl protein.

The binding and molecular integrity, of the hydrogenase enzyme on ZnO particles was further verified
by SDS-page gel analysis (Figure 4). The SDS-PAGE gels results clearly shows one single band in the
final pellet (P) fraction which size corresponding to the CrHydAl protein size (49 kDa), clearly
showing that the enzyme remains intact upon binding.
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In combination, these results show that CrHydA1 binds strongly to ZnO, without degradation of the
enzyme. Moreover, as the combined activities of the initial flow through (Figure 3, FT) and the final
pellet (Figure 3, P) is very close to the starting enzyme solution (Figure 3, positive control), ZnO
binding does not seem to influence the activity of hydrogenase.

3.4 Performance of the Cu,O-ZnO-hydrogenase electrode

Following the verification that CrHydAl can adsorb onto ZnO in a stable fashion, hydrogenase
functionalized electrodes (Cu.0-ZnO-hydrogenase) were prepared via drop casting and their capacity
for light driven H; production was analyzed. From previous experiment in section 3.2, we obtained a
background photocurrent of 100 pA/cm? at a bias potential of 0.15 V vs. RHE from Cu,0-ZnO-b
electrode in the PEC test. In the presence of hydrogenase, the Cu,O-ZnO-hydrogenase electrode
rendered a tenfold increase in photocurrent, 0.8 mA/cm?, as compared to the reference Cu,0-ZnO-b
electrode. Also, a positively-shifted onset potential (> 0.5 V vs RHE) was observed in Cu,0-ZnO-
hydrogenase electrode, suggesting that the Cu,O-ZnO-hydrogenase system possesses the ability to
perform HER at a lower bias potential (see Figure 5a). In order to verify H, production, an in-situ H»
detection sensor was applied to directly trace the H, evolution signal, shown in Figure 5b. As
described in section 3.2, no H» signal was detected for the reference Cu,0-ZnO-b electrode. Excitingly,
H, production was clearly observed during light irradiation (100 mW/cm?) of the Cu.O-ZnO-
hydrogenase electrode. Eventually, 0.68 nmol of H, was obtained after accumulation for 200 s with
light illumination, while 35.5 mC of charge went through the whole electrical circuit in the
chronoamperometry measurement, rendering a Faradaic efficiency ca. 1 %. Although a low Faradaic
efficiency was obtained probably due to the occurrence of non-productive side-reactions, these results
strongly support the notion that the hydrogenase can be utilized as co-catalyst for H, production in
Cu20-Zn0-hydrogenase electrodes.
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Figure 5. photoelectrochemical J-V test and H; evolution test. Cu,O-ZnO in black line, Cu,0-ZnO-
hydrogenase in red line. a) linear scanning voltammetry (LSV) tests of different photoelectrodes with
chopped light, b) H, production test; the inserted chronoamperometry test during H, evolution under 0
V vs. Reversed Hydrogen Electrode (RHE).

3.5 The formation of nano-sticks

In order to elucidate the side reaction occurring during the H, evolution, the morphology of the Cu,O-
ZnO and Cu,0-ZnO-hydrogenase electrodes after the PEC test were investigated by SEM (Cu.O-
Zn0-a and Cu,0-ZnO-hydrogenase electrodes-a), see Figure S6b and Figure 6, respectively. In the
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absence of the hydrogenase, no significant change was observed between the Cu,O-Zn0O-b and Cu,O-
ZnO-a samples. However, nano-sticks with 0.5 0.1X0.1 pum size were piled-up on the surface of
Cu20-Zn0O-hydrogenase-a electrode. Zn, O, P, Fe and C element signals were further detected from
the nano-sticks with EDX elements mapping analysis, but no Cu element signal was observed in the
nano-sticks. This demonstrates that ZnO (Zn), phosphate buffer (P, no P element comprised inside
hydrogenase) and hydrogenase (Fe, C) were involved in the formation of the nano-sticks. Thus, the
low Faradaic efficiency and the decrease in H, production observed after 150-200 s is attributed to the
loss of the protective ZnO layer due to formation of the observed nano-sticks, followed by fast
degradation of the underlying Cu,O electrode.

Figure 6. The SEM morphology of Cu,O-ZnO-hydrogenase electrode (left) and Electron Disperse
Spectroscopy (EDX) for the significant elements (right) after H, test.

4. Conclusion

In summary, we have shown the possibility of combining a low-cost inorganic p-Cu,O semiconductor
with a biological catalyst with high catalytic performance to fabricate a photocathode for light driven
hydrogen evolution. In order to improve the stability of the bare Cu.0, an easily applicable ZnO layer
was introduced as protective layer by spin-coating method. The Cu.0O-ZnO-hydrogenase electrode was
prepared by the spontaneous binding of the enzyme to the electrode surface via drop casting.
Hydrogen evolution was observed only for the enzyme functionalized electrode. The low Faradaic
efficiency and the formation of nano-sticks during operation indicate that additional work is required
to generate stable systems. However, the mild potential requirement with neutral pH electrolyte for
photo-driven HER showecases that the combination of low cost semiconductors, facile photoelectrode
preparation methods, and noble metal free catalysts is a promising strategy for light driven proton
reduction. In order to further improve the stability and performance of this kind of photocathode, it
will require optimization of interfaces, electrode, material and immobilization of hydrogenase, all of
which is currently explored.
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Appendix A. Supplementary data

The detailed procedures of [FeFe] hydrogenase CrHydAl preparation; Photoelectrochemical tests of
Cu20 and Cu;0-Zn0O; SEM images of Cu,0-a and Cu,O-Zn0O-a.
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Heterologous expression and purification of CrHydANHis

The CrHydA1 gene encoding expression vector was kindly provided by Marc Fontecave. BL21(DE3)
competent cells were transformed with pet DUET-CrHydA1 expression vector and the positive clones
were selected based on ampicillin resistance. Large scale expression was performed in LB medium
complemented with 25 mM potassium phosphate buffer and 5% glucose[1], when the culture reached
OD600 0.4-0.6, the cultures were transferred to 16 °C and the protein expression was induced via 1
mM IPTG. After 12-16 hours the cells were harvested by centrifugation, and the cell paste was
resuspended in 100 mM HEPES pH 7.4, 300 mM NaCl, 10 mM MgCl., 5% glycerol. The suspension
was centrifuged and the cell paste was immediately frozen in liquid nitrogen, and kept at -80 °C until
further usage. The cell paste was thawed and resuspended in a presence of lysozyme, DNAse, and
RNAse in 100 mM HEPES pH 7.4, 300 mM NaCl, 10 mM MgCl,, 5% glycerol, and freezed-thawed at
least 3 times in liquid nitrogen. The semi-lysed cells were broken by discontinous sonication and the
unbroken cells, inclusion bodies and the membrane fraction was separated from the soluble fraction
via ultracentrifugation. The UC supernatant was loaded onto Ni-NTA (HisTrap) which was previously
equilibrated with 100 mM HEPES pH 7.4, 300 mM NacCl, 10 mM MgCl;, 5% glycerol. The column
was extensively washed with equilibration buffer until the UV absorbance reached the baseline. To
eliminate the unspecifically bounded proteins the column was washed with 100 mM HEPES pH 7.4,
300 mM NaCl, 10 mM MgCl,, 5% glycerol and 50 mM imidazole containing buffer for 3-5 CV, and
when the absorbance reached the baseline again, 10 CV 10-100 % linear gradient elution was
performed (elution buffer composition: 200 mM HEPES pH 7.4, 300 mM NacCl, 10 mM MgCl,, 5%
glycerol and 500 mM imidazole). The imidazole was removed and the protein was concentrated via 30

kDa centricon (Merck). The his-tagged CrHydA1 was migrating on the gel as a single band.

Demetallization and size exclusion chromatography
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The oxidized FeS cluster residues were removed via chelation (10 mM EDTA) in a presence of
reducing agent (20 mM Na-dithionite) under strict anaerobic conditions. The protein solution was
incubated for 1-2 hours at 4°C under strict anaerobic conditions. To separate the chelated Fe atoms
from the apo protein, the protein was gel filtrated via Superdex200. The column was equilibrated with
100 mM Tris-HCI pH 8.0, 300 mM NacCl, 10 mM MgCl, and 5% glycerol.

In vitro Reconstitution

The iron-sulfur cluster reconstitution was performed under strict anaerobic conditions in MBRAUN
glovebox. The protein sample was incubated 1-2 hours at 4°C under strict anaerobic conditions, and
then it was incubated with tenfold molar excess of DTT for 10-15 minutes at room temperature. The
DTT incubation was followed by the addition of sixfold molar excess of ferrous ammonium sulfate
and sixfold molar excess of L-cysteine. The reconstitution reaction was initiated by the addition of 1-
2 % molar equivalent of CsdA (Cysteine desulfurilase from E.coli). The reaction was followed by
UV/Visible spectroscopy and when the reaction reached the platue, it was stopped by desalting via
NAP25 columns. The NAP25 elution fractions were collected and concentrated via 30 kDa centricon.
The proteins were aliquoted into PCR tubes and the PCR tubes were transferred into gastight serum
vials, and the serum vials were immediately frozen in liquid nitrogen. The reconstituted proteins were

kept at -80°C until further usage.

EPR sample preparation

The 200 pl 200 uM reconstituted CrHydA was incubated in a presence of 20 equivalent sodium
dithionite until the oxidized iron-sulfur cluster peak disappeared in the UV/Vis spectrum. The fully
reduced protein solution was transferred into an EPR tube and flash frozen immediately outside the

glovebox. The EPR sample was kept on liquid nitrogen until further usage.

In vitro maturation

The reconstituted proteins were incubated with twentyfold molar excess of sodium dithionite and
twelvefold molar excess of adt complex for 90 minutes at room temperature in the darkness under
strict anaerobic conditions in the glovebox. After 90 minutes the maturation reaction was loaded onto
a NAP25 desalting column, and the elution fractions were collected and concentrated via 30 kDa

centricon.
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Hydrogen evolution assays

The hydrogen evolution assay was performed based on reported method[2] in which 10 mM methyl
viologen and 20 mM sodium dithionite as electron donor was used. In our hands, 1g matured
CrHydAl in 1800 pl potassium phosphate buffer, oxidized methyl viologen and 1% Triton X-100 was
transferred into a 8 ml serum vial which was closed inside the glovebox. The reaction mixture was
transferred to 28 °C and let the reaction equilibrated 5-10 minutes. The reaction has been started with
the addition of 200 pl 1 M sodium dithionite solution, and the hydrogen production was measured by

gas-chromatography after 10 minutes.

Photoelectrochemical measurements
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Figure S1. photoelectrochemical J-V tests by the chopped linear scanning voltammetry (LSV) method,
the first scanning Cu,0-1; the second scanning Cu,0O-2.
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Figure S2. photoelectrochemical J-V tests by the chopped linear scanning voltammetry (LSV) method,
the first scanning Cu,0O-Zn0O-1; the second scanning Cu,O-Zn0-2; the third scanning Cu,O-ZnO-3.
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Figure S3. photoelectrochemical J-V tests by the chopped linear scanning voltammetry (LSV) method,
the first scanning Cu,O-ZnO-hydrogenase-1; the second scanning Cu,0-ZnO-hydrogenase-2.

0,4

— after H, evolution test

-1.2F

-0,1 0,0 0,2 0,4 0,6
E(V) vs RHE

Figure S4. photoelectrochemical J-V test by the chopped linear scanning voltammetry (LSV) method,
the Cu.0-ZnO-hydrogenase sample after H, evolution test.
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Figure S5. photoelectrochemical J-V test and H; evolution test. Cu,O-ZnO in black line, Cu,0-ZnO-
hydrogenase in red line and Cu,O-ZnO-linker-Pt in blue line.

The (3-Aminopropyl)trimethoxysilane was chosen as the linker in the experiment and 5 nm Platinum
(Pt) nanoparticles was prepared based on the reference[3]. The linking experiment was performed
based on the reference[4].

SEM morphology

Figure S6. the SEM morphology of the electrodes after H2 test, a) Cu,0O-a; b) Cu,0-ZnO-a.
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Map Data 4 Map Data 4 Map Data 4

Figure S7. The SEM morphology in crossing section of of Cu,O-ZnO-b, and the corresponding EDX
elements mapping analysis.

Map Data 5

Figure S8. The SEM morphology in crossing section of Cu,0-ZnO-b with 2 layer ZnO coating, and
the corresponding EDX elements mapping analysis. 2 layer ZnO coating means the one extra ZnO
layer deposition on the Cu,O-ZnO-b film was deposited by the same procedure.
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2 layerZnO coating

Figure S9. The SEM morphology in crossing section of Cu,O-ZnO-b (with 1 layer ZnO coating), and
Cu20-Zn0-b with 2 layer ZnO coating. The thicker ZnO layer can be observed from 2 layer ZnO
coating sample.

lpm

Figure S10. The EDX element mapping analysis of K on the nano-sticks of Figure 6.
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Figure S11. The SEM morphology of Cu,O-TiO, sample. Atomic layer deposition (ALD) method was
used to deposit TiO2 on the Cu20 surface. The TiO, nanoparticles was found on the Cu,O surface
without conformal coating. It may result from the bad affinity between Cu,0 and TiO-.

Small-angle X-ray diffraction
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Figure S12. Small-angle X-ray diffraction curves of Cu,0-ZnQO/ (2 layer ZnO/ red line), Cu.0-ZnO (1
layer ZnO/blue line) and Cu,0 (black line). No XRD peaks can be ascribed to the formation of
crystallized ZnO even in the Cu,0-Zn0O/2 layer sample with more fraction of ZnO deposited, proving
the amorphous structure of ZnO mentioned in the main text.
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