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A B S T R A C T   

Clean energy vectors are needed towards a fossil fuel-free society, diminishing both greenhouse effect and 
pollution. Electrochemical water splitting is a clean route to obtain green hydrogen, the cleanest fuel; although 
efficient electrocatalysts are required to avoid high overpotentials in this process. The combination of inorganic 
semiconductors with biocatalysts for photoelectrochemical H2 production is an alternative approach to overcome 
this challenge. N-type semiconductors can be coupled to a co-catalyst for H2 production in the presence of a 
sacrificial electron donor in solution, but the replacement of the latter with an electrode is a challenge. In this 
work we attach a NiFeSe-hydrogenase with high activity for H2 production with the n-type semiconductor in
dium sulfide, which upon visible irradiation is able to transfer its excited electrons to the enzyme. In order to 
enhance the transfer of the generated holes towards the electrode for their replenishment, we have explored the 
inclusion of a p-type material, NiO, to induce a p-n junction for H2 production in a photoelectrochemical bio
catalytic system in absence of sacrificial reagents.   

1. Introduction 

In the last decades the greenhouse effect, climate change and global 
warming have risen as top challenges to face and solve for humanity. 
Global environmental policies have been designed and science is 
committed to deliver solutions. The use of fossil fuels has increased at
mospheric carbon dioxide to levels higher than 410 ppm, which doubles 
the pre-industrial levels and threatens the environment. Currently most 
of the energy consumption is still dependent on fossil fuels and renew
able energy sources need more alternatives and support from non- 
polluting energy technologies. A large part of scientists in the field 
have looked to nature for inspiration, developing new ways to accom
plish artificial photosynthesis and bring together sunlight energy har
vesting with electricity production or even chemical synthesis [1 2]. One 
of the top-tier fuels is hydrogen: H2 is the most energetic single bond 
known, protons are the prime matter to produce it, which are very 

abundant and its oxidation yields only water, which has no polluting 
effect at all. Currently, more than 90 % of the H2 available is produced in 
industrial plants from hydrocarbons, meaning that even using fuel cells 
able to work with H2 the carbon footprint is still very high [3]. Sus
tainable synthetic routes that avoid hydrocarbons are needed for a real 
impact of hydrogen economy. 

Besides hydrocarbons, another proton source to produce H2 is water. 
Upon energy application, it is possible to dissociate it into H2 and O2, 
also called water splitting. There are several ways to provide the energy, 
yielding electrolysis or photolysis among other processes. A key aspect is 
that the energy needed in this process should be much higher than the 
1.23 eV required by thermodynamics to overcome both the endothermic 
cooling of the reaction and the overpotentials inherent to energy acti
vation processes. Therefore, catalysts are needed to lower the activation 
energy and speed the reaction. The first inorganic photocatalyst re
ported for simultaneous hydrogen and oxygen production from water 
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splitting was TiO2 [4], which used ultraviolet radiation to accomplish 
the reaction. Since then, many works have blossomed in this field [5] 
studying the different TiO2 crystalline structures, combining the mate
rial with either doping elements [6] or molecular dyes as sensitizers [7] 
to lower the bandgap, or using co-catalysts to improve its activity [8]. 
TiO2 is not the only semiconductor able to split water, a panoply of 
examples has been investigated in the last decades, opening the field for 
many different applications and processes. Besides inorganic catalysts 
for H2 production there are enzymes known as hydrogenases (Hases) 
performing this reaction reversibly in living organisms such as cyano
bacteria or some plants. Hases have been a matter of research for several 
decades and present advantages like working at standard temperature 
and pressure in aqueous solutions [9,10]. The inherent dipolar moment 
on the protein structure surface of some hydrogenase allows their ori
ented immobilization on tailored electrodes to successfully achieve 
direct electron transfer [11]. Hases also perform mediated electro
catalysis with low potential redox polymers like those based on viol
ogens, which were a matter of joint research by Professor Evgeny Katz 
and Professor Victor M. Fernandez in the early 90′s during a secondment 
in Madrid, Spain [12,13]. 

Semiconductors based on sulphides are promising alternatives to 
TiO2 as some of them present visible band-gap, which makes them 
suitable to harvest the most abundant radiation coming from the Sun to 
Earth. Also, quantum dots made of CdS, CdSe have been demonstrated 
as a suitable alternative to host hydrogenases and facilitate its biological 
activity upon irradiation [14]. Other sulphides may be studied, looking 
particularly at their properties. Not only a suitable bandgap able to 
harvest photons in the visible energy range is needed, but also the en
ergy level of the excited electrons is mandatory to be high enough to 
directly produce the proton reduction or transfer electrons to a co- 
catalyst where the reaction occurs. Indium sulphide, In2S3, fulfills 
these requirements and can work together with an enzymatic co-catalyst 
like hydrogenase (Hase) to produce H2 from water upon visible light 
irradiation in solution, using a sacrificial electron donor [15]. However, 
a limitation for In2S3 appears when the sacrificial electron donor is 
replaced with an electrode, aiming to supply electrical power instead of 
chemical power. As In2S3 is an n-type semiconductor it barely transfers 
holes to the electrode, whereas it does transfer excited electrons. This 
implies that under this configuration electrode-assisted oxidative pro
cesses are favored, as it has been shown for oxygen evolution catalyzed 
by laccase on FTO-In2S3 electrodes [16] or FTO-SnS2 electrodes [17]. 

Another approach to use In2S3 for electrochemical H2 production 
from water is to deposit it on an electrode previously modified with a 
suitable p-type semiconductor, building a p-n junction that would favor 

charge separation, pumping holes to the electrode surface. p-n junctions 
have already been reported for other bio-related applications like tumor 
therapy [18], glucose biosensors [19,20] or pollutants detection [21]. 
These previous reports unveil the possibility of producing H2 by feeding 
hydrogenase with high energy electrons originated by a p-n junction 
irradiation, allowing the holes’ replenishment by the cathode at low or 
no overpotential at all. In the present work we explore this photo
bioelectrode concept using FTO as electrochemical supporting material, 
NiO as p-type semiconductor, In2S3 as n-type semiconductor and DvH 
NiFeSe-hydrogenase (Hase) as enzymatic co-catalyst for photoproduc
tion of H2, Scheme 1. 

2. Materials & methods 

2.1. Reagents and materials 

InCl3 99.999 %, thiourea 99 %, 4-morpholineethanesulfonic acid 
(MES hydrate) 99.5 %, fluorine-doped tin oxide (FTO) coated glass 
slides, tris(hydroxymethyl)-aminoethane (TRIS) 99 %, 1-ethyl-3-(3- 
dimethylaminopropyl) carbodiimide (EDC) 99 %, BF4NBu4 99 %, p- 
nitrophenyldiazonium tetrafluoroborate 97 %, nickel (II) nitrate hexa
hydrate 98.5 % were purchased from Sigma-Aldrich. Ethanol absolute 
(EtOH) 99.5 %, acetone 99.5 %, acetonitrile and ethylenediamine 98 % 
were acquired from Scharlau. N-hydrosuccinimide (NHS) 97 % was 
purchased from Fluka. HCl 37 %, disodium hydrogen phosphate 12-hy
drated 99 %, ethylene glycol 98 %, potassium chloride 99 %, sodium 
chloride 98 %, sodium dihydrogen phosphate dihydrate 99 % were 
obtained from Panreac. Acetonitrile 99,99 % was purchased from VWR 
Chemicals. Technical dielectric paste was purchased to SunChemical. All 
water solutions were elaborated with MilliQ deionized water (18.2 
MΩ⋅cm). 

2.2. Purification of Desulfovibrio vulgaris Hildenborough [NiFeSe] 
hydrogenase (Hase) 

The [NiFeSe] hydrogenase used in this work was the recombinant 
soluble form purified from the organism Desulfovibrio vulgaris Hilden
borough, according to a previous report [22]. The molecular weight of 
the Hase is 85 kDa. 

2.3. Synthesis of In2S3 

A hydrothermal procedure was used to synthesize the polycrystalline 
powder of In2S3 [23]. 

Scheme 1. (A) FTO electrode modified layer-by-layer with NiO and In2S3 to produce a p-n junction suitable to pump excited electrons to Hase co-catalyst and holes 
to the FTO electrode. (B) Transport of electrons and holes upon visible irradiation represented on the absolute energy diagram schematics of the semiconductors 
deposited on the FTO electrode. 
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2.4. Preparation of FTO-NiO electrodes 

The coverage of FTO electrodes with NiO was performed adapting a 
known procedure used for indium tin oxide (ITO) electrodes [24]. FTO 
slides were used as substrate to grow a nickel oxide (NiO) layer on top of 
it. To carry out this modification, an ethylene glycol solution containing 
1 M Ni(NO3)2 and 1 M ethylenediamine was prepared. Then, 100 µL of 
this solution was deposited by spin coating onto the electrode while 
spinning at 5,000 rpm, increasing to 6,000 rpm for 45 s later. The 
electrode was then treated thermally as follows: first, the electrode went 
through a 2 ◦C/min ramp up to 100 ◦C, then it was kept at a sustained 
100 ◦C temperature for 40 min, finally the electrode went through a 
second 2 ◦C/min ramp up to 300 ◦C, to which it was kept for 1 h. A total 
of three successive layers were deposited on the electrode. The homo
geneity of the surface was checked by Scanning Electron Microscopy 
(SEM). A metallic wire was attached with adhesive conducting tape to 
one extreme of the FTO-NiO slide and the electrodes were then masked 
with dielectric paste, to let only a window of 0.27 cm2. 

2.5. Preparation of FTO-NiO-In2S3 photoelectrodes 

A 12 mg⋅mL− 1 In2S3 dispersion in CH3CN was prepared by immer
sion in an ultrasonic bath during 15 min. This dispersion was used 
immediately for its deposition on the FTO-NiO electrodes by spin 
coating as follows: 35 µL of the In2S3 suspension in acetonitrile was laid 
on a FTO-NiO slide while it spun at 5,000 rpm. After 30 s, the rotation 
speed was increased to 6,000 rpm during 45 s. The prepared electrodes 
were then subjected to a thermal treatment of 150 ◦C for 10 min to 
evaporate the solvent. The spin coating process was repeated several 
times. The number of final layers corresponded to the optimal photo
electrochemical performance found. Finally, a metallic wire was 
attached to the modified slide and after masked as in the case of FTO- 
NiO electrodes. 

2.6. Modification of FTO-NiO-In2S3 photoelectrodes with adsorbed Hase 

For the immobilization of Hase by adsorption, the enzyme is diluted 
in 10 mM MES buffer at pH 6, to reach a Hase concentration of 8.21 µM. 
18 µL were then deposited onto the electrode and covered for 30 min so 
that the solution did not dry. If required, additional 6 µL of MES pH 6 
buffer were added to avoid complete drought. After 30 min incubation, 
the electrode was set into the electrocatalytic cell. 

2.7. Oriented covalent immobilization of Hase to FTO-NiO-In2S3 
photoelectrodes 

For the oriented covalent immobilization of Hase, the electrode was 
first functionalized with 4-nitrophenyl diazonium (NBD) salt. The FTO- 
NiO-In2S3 electrode was placed in a solution of 2 mM NBD, 0.1 M 
BF4NBu4 in CNCH3, and was subjected to 2 cyclic voltammograms with a 
range from 0.8 V to 0.1 V and a rate of 100 mV⋅s− 1. This first step set a 
layer of nitrobenzyl derivatives on the surface of the electrode [25]. The 
electrode was rinsed with deionized water before the second modifica
tion step, in which another 2 cyclic voltammograms were applied at 100 
mV⋅ s− 1 in the range from 0.2 V to − 1.2 V in a solution of 0.1 M KCl in 
1:9 EtOH/H2O. This step reduces the nitro group of the 4-nitrophenyl to 
an amine group [25]. 18 µL of 8.21 µM Hase in 10 mM MES pH 6 were 
then deposited on the electrode surface and left to incubate for 30 min. 
After that, 18 µL of a solution of 9.45 mM NHS and 7.7 mM EDC was 
deposited on the electrode and left to incubate for 90 min for formation 
of amide bonds between the amino groups of the electrode surface and 
carboxylic groups of the Hase. If required, additional 6 µL of the MES pH 
= 6 buffer were added to keep the electrode moist. After this last incu
bation, the electrode was gently rinsed with buffer solution before being 
put into the electrochemical cell. 

2.8. Preparation of FTO-In2S3 photoelectrodes 

The FTO-In2S3 photoelectrodes were prepared following the same 
spin-coating deposition procedure already described for preparing FTO- 
NiO-In2S3 electrodes but using clean FTO substrate. 

2.9. Preparation of FTO-In2S3-Hase photoelectrodes 

The FTO-In2S3-Hase photoelectrodes were prepared following the 
same absorption modification procedure already described for prepar
ing FTO-NiO-In2S3 electrodes but using FTO-In2S3 as substrate. 

2.10. Electrochemical measurements 

The electrochemical characterization was carried out in a 3-electrode 
cell controlled by a µ-Autolab Type III with Nova 1.0 software. Unless 
otherwise stated, the reference electrode was a BAS Ag/AgCl (3 M NaCl) 
electrode and a platinum wire was used as counter electrode. The 
techniques used were cyclic voltammetry, chronoamperometry and 
electrochemical impedance spectroscopy, connected to a 150 W Xe solar 
simulator (Quantum Lot) tuned to simulate 1 sun irradiation power. 
Measurements were taken under both, dark and light conditions. 

2.11. X-ray photoemission spectroscopy 

In2S3 was characterized by X-ray Photoemission Spectroscopy (XPS) 
in two configurations, first as a pressed pellet and second after its 
deposition on the FTO-NiO-In2S3 electrode. The sample was fitted to a 
stainless steel sample holder with double sided carbon conductive tape. 
The equipment employed was a SPECS GmbH system equipped with a 
hemispherical energy analyzer PHOIBOS 150 9MCD. The X-ray source 
was non-monochromatic Mg (1253.6 eV) of 200 W and voltage of 12 kV. 
Firstly, samples were placed in the pre-treatment chamber at room 
temperature and degassed for several hours before being transferred to 
the analysis chamber. Pass energies were of 50 and 20 eV for acquiring 
respectively both survey and high resolution spectra. 

2.12. X-ray diffraction 

XRD qualitative measurements were carried out in a x’Pert Pro 
PANalytical polycrystal X-ray diffractometer, with a radiation of Cu-Kα 
(λ = 1.5406 Å, 40 mA). The acquisition time was 20 s for all samples, 
except for the completely assembled electrode, whose acquisition time 
was 1000 s for better resolution. 

2.13. Scanning electron microscopy 

The scanning electron microscopy was performed in a TM-1000 
Hitachi Tabletop SEM apparatus. In order to control whether the 
coverage of the surface was homogeneous or not, several SEM pictures of 
different regions of the sample were taken. 

3. Results 

The chalcogenide used in this work was the polycrystalline β-In2S3, 
an orange-red powder material that was synthesized as in a previous 
work and its characterization has been already reported [15]. The In2S3 
presented aggregates of size ranging from 50 nm to over 1 μm visible by 
SEM, a band-gap of 2.1 eV measured by total reflectance UV–vis spec
troscopy, a specific area of 40.6 ± 0.3 m2 per gram and an average pore 
width of 16.5 nm, yielding a total pore volume of 0.168 cm3 per gram 
[15]. 

The In2S3 powder deposition on NiO-modified FTO electrodes was 
carried out using acetonitrile as dispersing solvent and spin coating as 
deposition technique. The resulting modified electrodes were further 
characterized through SEM, XPS and XRD. 
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Image characterization of the electrodes’ coating was performed by 
SEM, Fig. 1. A smooth surface was obtained using spin coating as 
deposition technique, although some scattered aggregates were also 
observed on the surface of the electrodes. EDS X-ray characterization 
was available for the SEM measurements but yielded a mixture of signals 
from all the layers comprised in the electrode building, so we measured 
the surface composition by X-ray photoemission spectroscopy (XPS) 
aiming to find if the electrode surface is completely covered by the In2S3, 
Fig. 2. 

XPS survey spectra were recorded for three different samples aiming 
to ensure the proper deposition of the semiconductors: a FTO-NiO 
modified electrode, a FTO-In2S3 electrode and a FTO-NiO-In2S3 elec
trode. For all of them the core spectra of S2p, In3d, Ni2p and O1s were 
accumulated, Fig. 2. The purpose of this analysis is measuring the sur
face quantitative proportions as well as ensuring the absence of exposed 
traces belonging to the inner layers. For the FTO-In2S3 electrode there 
are no traces of Ni2p signals, whereas the signals of In3d and S2p are 
present, suggesting that the surface is fully covered with In2S3 and there 
is no FTO exposed. In fact, the S2p and In3d signals are significant only in 
the cases of FTO-NiO-In2S3 and FTO-In2S3 electrodes, while they do not 
appear in the FTO-NiO electrode, Fig. 2B and 2C respectively. The core 
spectra in Fig. 2D reveals the presence of Ni2p in the cases of FTO-NiO- 
In2S3 and FTO-NiO electrodes, but the FTO-In2S3 electrode does not 
show peaks attributed to Ni2p. O1s peaks appear in the core spectra of the 
three samples, but FTO-In2S3 only shows a peak at 534 eV while FTO- 
NiO and FTO-NiO-In2S3 show two peaks at 532 and 534 eV, Fig. 2D. 
These divergences are attributed to the lack of NiO in the first case. Due 
to the surface analysis nature of the technique we can assume that either 
the edges of the electrode are included in the analysis spot recorded or 
the In2S3 coverage of the FTO-NiO electrode is incomplete so that the 
inner layers are exposed in some parts. It should be noted that the XPS 
were recorded prior to masking the electrodes with the epoxy dielectric 
paste, after masking the electrodes only the central spot window of 0.27 
cm2 is used. 

The quantification of the XPS core signals for In and S shows that the 
amount of indium exposed on the surface is much higher (91 %) than the 
one expected from its stoichiometry (40 %). This disproportion may be a 
surface effect that is not present in the crystal cores. The same ratio was 
also observed for a FTO-In2S3 electrode, a freshly prepared FTO-NiO- 
In2S3 electrode and a used FTO-NiO-In2S3 electrode, indicating that the 
disproportion is not due to the electrode usage but generated during the 
XPS measurements or just a synthesis effect. A deconvolution of the In3d 

signal for the FTO-NiO-In2S3 electrode was performed to find the con
tributions of In3+ and In0, Fig. 2F. The resulting analysis shows that ~ 8 
% of the surface In is in metallic form and ~ 92 % is In3+, suggesting that 
some In nanoparticles formation or partial coverage occurs during the 
synthesis. In order to discard an incorrect synthesis, we performed also 
X-ray diffraction (XRD) to the modified electrodes. 

The X-ray diffractogram (Fig. 3) shows that the peaks belonging to 
In2S3 polycrystalline powder before its modification correspond to those 
of polycrystalline β-In2S3 (the diffraction database 01–084-1385) and 
are reproduced on the FTO-NiO-In2S3 electrode. Besides, the peaks 
belonging to FTO and NiO at 2Θ = 42, 44, 56, 70◦ were also detected. 
From these XPS and XRD results it can be concluded that In2S3 is 
properly synthesized, although its surface has an excess of indium cat
ions. Additionally, no traces of In0 appear in the XRD, suggesting that 
the presence of In crystals is negligible. Finally, XRD allows calculating 
the crystal average size by using Scherrer’s formula: 

τ =
Kλ

β • cosθ
(1) 

Being τ the mean size of crystalline domains, λ the X-ray wavelength, 
K the shape factor, β the broaden of the highest peak at half of the 
maximum and θ the Bragg angle in radians. The calculation yields a τ 
value of 83.9 nm for both the powder of In2S3 and the In2S3 deposited 
onto the electrode [15]. It should be noted that XRD did not yield any 
diffraction peak belonging to metallic In0. This result is in agreement 
with the hypothesis exposed earlier that the disproportion of In detected 
by XPS in the surface is not present in the bulk of the chalcogenide. 

The electrodes modified with NiO and In2S3 were set into the pho
toelectrochemical cell for characterizing their performance. We ana
lysed the chronoamperometric response at three different potentials: 
− 0.6 V, − 0.4 V and − 0.2 V vs Ag/AgCl at pH 7. These potentials were 
selected to monitor the H2 evolution in order that the current at − 0.6 V 
shows the addition of the pure electrochemical reduction close to the 
onset potential plus the photoelectrochemical reduction of H2, while the 
current at − 0.2 V would show only the photoelectrochemical reduction 
of protons to H2, as it is clearly above the thermodynamic value for 
proton reduction at neutral pH. A redox potential of − 0.4 V was moni
tored as intermediate value between both processes. 

A first characterization of FTO-NiO-In2S3 electrodes lacking Hase on 
its surface was performed, Fig. 4. The resulting currents yielded a sig
nificant difference between them in the time to stabilize the background 
current under dark conditions, which takes around 100 s when applying 
− 0.2 V but it does not reach a plateau for the applied potentials of − 0.4 
V and − 0.6 V. However, the average photocurrents are also much higher 
for the highly negative potentials (i-0.6V = -0.09 µA⋅cm− 2, i-0.4V = -0.09 
µA⋅cm− 2) than for low negative potentials (i-0.2V = -0.04 µA⋅cm− 2). 
These results show the background currents expected for electrodes 
containing immobilized hydrogenase, as well as the success of the p-n 
junction strategy for these materials. 

The incorporation of Hase on the surface of the chalcogenides was 
monitored in two different configurations: either physically adsorbed on 
its surface or covalently immobilized using aryldiazonium grafting 
strategy. One of the advantages of the covalent immobilization is that 
the enzyme gets oriented in an optimal way, with its active center facing 

Fig. 1. Scanning Electron Microscopy images of the In2S3 layer deposited on the top of NiO-modified FTO electrodes using acetonitrile as solvent: (A) x500, 
(B) x4000. 
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the buffer and not the electrode. On the other hand, if the initial depo
sition of NBD is not correct, instead of a monolayer a multilayer can be 
formed, therefore increasing the distance from the electrode to the 
enzyme attached, critically reducing the efficiency of the whole system. 
Therefore, these methods have been compared because the physical 
adsorption yielded better results for In2S3-Hase photochemical H2 pro
duction vs sacrificial electron donor [15], whereas covalent binding of 
laccase on FTO-In2S3 electrodes lead to improved O2 evolution in pho
toelectrobiocatalytic experiments, [16,17]. Fig. 5 shows the different 
performance of Hase measured when physically absorbed or covalently 
linked. 

The photocurrent increase provided by each electrode was measured 
by subtracting the current under dark conditions from that obtained 
upon irradiation. The photocurrent increase for the FTO-NiO-In2S3-Hase 
electrode with adsorbed enzyme was 1.43 µA⋅cm− 2, in contrast with the 

1.20 µA⋅cm− 2 obtained with the FTO-NiO-In2S3 electrode without the 
Hase, Fig. 5A. On the other hand, the FTO-NiO-In2S3-Hase electrode 
with covalently bound enzyme to the electrode yielded up to − 2.38 
µA⋅cm− 2 as opposed to the highest − 1.30 µA⋅cm− 2 measured with that 
FTO-NiO-In2S3 electrode before adding the enzyme, Fig. 5B. While the 
immobilized enzyme boosts the photocurrent effect in all cases, the in
crease is higher for the covalent linked bioelectrode. This result is 
coherent since the covalent immobilization attaches the enzyme in an 
optimal way (orienting the active site towards the buffer bulk) to 
maximize the activity of the enzyme. In addition, this type of union 
improves the connectivity of the enzyme with the electrode and prevents 
further desorption towards the bulk of the buffer. The reproducibility 
study was carried on three different electrodes, which yielded a Δi of 
− 1.7 ± 0.6 µA⋅cm2 for the FTO-NiO-In2S3-Hase electrodes, whereas the 
FTO-NiO-In2S3 electrodes yielded a Δi of − 1.1 ± 0.2 µA⋅cm2. 

Fig. 2. XPS spectra of (a) FTO-NiO, (b) FTO-NiO-In2S3, (c) FTO-In2S3. (A) Survey spectra (B) Core spectra for sulfur, (C) core spectra for indium, (D) core spectra for 
nickel, (E) core spectra for oxygen, (F) Deconvolution of the indium signal for FTO-NiO-In2S3: (α) is the original spectra, (β) its deconvolution part for In3+, (γ) the 
deconvolution for In0. 
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The effect of the p-n junction was analyzed by comparing the chro
noamperometric response provided by an electrode modified with In2S3 
and Hase but lacking the NiO layer with another electrode that contains 
the NiO layer, Fig. 6. Both electrodes were recorded at three different 
redox potentials, − 0.2 V, − 0.4 V and − 0.6 V, while irradiating them 
intermittently during 2-min periods. The electrodes lacking the p-n 
junction gave no negative photocurrent or even a slight positive one, 
which cannot correspond to the reduction of protons to H2 (Fig. 6 lines 
a2, a4, a6). On the other hand, the electrodes modified with the p-n 
junction and the Hase provided reduction photocurrents upon illumi
nation (Fig. 6 lines b2, b4, b6). Even at a mild redox potential of − 0.2 V 
the FTO-NiO-In2S3-Hase electrodes produced a significant negative 
photocurrent (Fig. 6 line b2) that proves the effect of photoactivation. At 
this redox potential a direct connection between the electrode and the 
enzyme would not yield any H2 conversion. 

Other results of hydrogenase-modified semiconductor electrodes 
operating under irradiating conditions have been reported [26–28]. The 
only work of them performed with the NiFeSe Hase we have used is the 
flagship work on photoelectrocatalytic production of H2 achieved on a 
nanostructured inverse-opal TiO2 built on a complex set of layers 
comprised in a full photoelectrochemical cell. The closest data reported 
of their photocurrents is in the order of − 2 mA⋅cm− 2 at a potential of +
0.5 vs RHE [26]; our p-n model shows − 1.7 ± 0.6 µA⋅cm2 at + 0.42 V vs 
RHE, which is − 0.2 vs Ag/AgCl 3 M at pH 7. This work by Reisner and 
coworkers is a mature development containing nanostructured 

Fig. 3. X-ray diffractograms of (a) In2S3 *10, (b) FTO *10, (c) FTO-NiO-In2S3.  

Fig. 4. Chronoamperometries of a FTO-NiO-In2S3 electrode at (a) − 0.2 V, (b) 
− 0.4 V, (c) − 0.6 V vs Ag/AgCl (3 M NaCl). The light background marks the 
irradiation of the electrode with 1 Sun equivalent light power from a Xe 
arc lamp. Fig. 5. Chronoamperometries recorded at − 0.6 V vs Ag/AgCl 3 M of (A) FTO- 

NiO-In2S3 electrode (a) before and (b) after immobilization of Hase through 
absorption. (B) FTO-NiO-In2S3 electrode (a) before and (b) after immobilization 
of Hase through covalent linking. 

Fig. 6. Chronoamperometric response recorded for a FTO-In2S3-Hase electrode 
at (a2) − 0.2 V, (a4) − 0.4 V and (a6)-0.6 V and a FTO-NiO-In2S3-Hase at (b2) 
− 0.2 V, (b4) − 0.4 V and (b6)-0.6 V vs Ag/AgCl (3 M NaCl). The electrode was 
irradiated with a 1 Sun equivalent in the white zones of the graph. 
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electrodes and is out of the range for our proof-of-concept p-n junction 
system, as we only improve it by filtering out the UV radiation. 

From the results obtained, it can be concluded that the inclusion of 
NiO as interstitial suitable p-type semiconductor allows the use of n-type 
semiconductors to produce H2 from protons in absence of a sacrificial 
electron donor, by means of light, electricity and hydrogenase as co- 
catalyst. 

4. Conclusions 

The assistance of light energy is a key strategy to reduce the energy 
gap needed to produce green hydrogen by hydrogenase on an electrode. 
The absence of semiconductors combining all the requirements to favor 
this reaction can be overcome by the combination of several materials, 
particularly a n-type semiconductor with an adequate band gap to 
absorb visible light and band alignment to communicate with the Hase, 
and a p-type semiconductor to facilitate the electron replenishment from 
an electrode. It is shown in this work that the p-n junction boosts the 
performance of a hydrogenase, decreasing 400 mV the potential applied 
to obtain photocurrent for the proton reduction reaction. In contrast to 
other systems, like TiO2, that cannot absorb visible light unless a 
photosensitizer is added, a p-n junction skips the use of such organic 
complexes. Future work will continue testing other semiconductor 
combinations. 
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G. Luna-López et al.                                                                                                                                                                                                                            

https://doi.org/10.1039/C8CS00897C
https://doi.org/10.1039/C8CS00897C
https://doi.org/10.1088/1361-6463/ac6f97
https://doi.org/10.1021/cr0501994
https://doi.org/10.1038/238037a0
https://doi.org/10.1002/adma.201901997
https://doi.org/10.1002/adma.201901997
https://doi.org/10.1016/j.apcatb.2018.11.080
http://refhub.elsevier.com/S1567-5394(22)00312-7/h0035
http://refhub.elsevier.com/S1567-5394(22)00312-7/h0035
https://doi.org/10.1002/adma.201807660
https://doi.org/10.1021/cr4005814
https://doi.org/10.1021/cr0501947
https://doi.org/10.1021/cr0501947
https://doi.org/10.1021/nl070519u
https://doi.org/10.1021/nl070519u
https://doi.org/10.1016/0022-0728(93)80443-L
https://doi.org/10.1016/0022-0728(93)80443-L
https://doi.org/10.1016/0022-0728(93)80442-K
https://doi.org/10.1016/0022-0728(93)80442-K
https://doi.org/10.1021/ja2116348
https://doi.org/10.1021/ja2116348
https://doi.org/10.1021/acscatal.6b01512
https://doi.org/10.1021/acscatal.7b01556
https://doi.org/10.1002/celc.201900360
https://doi.org/10.1016/j.cej.2022.137320
https://doi.org/10.1016/j.cej.2022.137320
https://doi.org/10.1016/j.bios.2020.112855
https://doi.org/10.1016/j.bios.2020.112855
https://doi.org/10.1016/j.aca.2019.10.033
https://doi.org/10.1016/j.apcatb.2019.02.063
https://doi.org/10.1016/j.apcatb.2019.02.063
https://doi.org/10.1038/nchembio.2335
https://doi.org/10.1021/cm801128b
https://doi.org/10.1021/cm801128b
https://doi.org/10.1002/adma.201702176
https://doi.org/10.1002/adma.201702176
https://doi.org/10.1021/ja963354s


Bioelectrochemistry 150 (2023) 108361

8

splitting, ACS Energy Lett. 5 (2020) 232–237, https://doi.org/10.1021/ 
acsenergylett.9b02437. 

[27] Y. Zhao, N.C. Anderson, M.W. Ratzloff, D.W. Mulder, K. Zhu, J.A. Turner, N. 
R. Neale, P.W. King, H.M. Branz, Proton reduction using a hydrogenase-modified 
nanoporous black silicon photoelectrode, ACS Appl. Mater. Interfaces 8 (2016) 
14481–14487, https://doi.org/10.1021/acsami.6b00189. 

[28] L. Tian, B. Németh, G. Berggren, H. Tian, Hydrogen evolution by a 
photoelectrochemical cell based on a Cu2O-ZnO-[FeFe] hydrogenase electrode, 
J. Photochem. Photobiol. A Chem. 366 (2018) 27–33, https://doi.org/10.1016/j. 
jphotochem.2018.01.035. 
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