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ABSTRACT

In this work we present the design, assembly and characterization of a tandem photoelectrochemical (PEC) cell based on two different crystallographic phases of sub-
stoichiometric copper telluride nanocrystals (NCs). The first one, a pseudo-cubic phase, pc-Cua.«Te, is characterized by positive photocurrents, while the second one,
a hexagonal phase, h-Cuy.4Te, favors negative ones. Taking advantage of the different optoelectronic properties of the two Cuy.4Te structures, we prepared a PEC cell
composed of a hybrid pc-Cuy.4Te/TiO3 photoanode, with TiO, acting as a light absorber and electron selective layer, and a h-Cug 4Te/Cul photocathode, with Cul
behaving as a photo-absorber and hole selective layer. The tandem PEG cell shows a photocurrent density of ~0.5 mA/cm? when measured in a 2-electrode
configuration without any co-catalyst. Finally, to test the PEC cell performance for the hydrogen evolution reaction (HER), a thin film of Pt was deposited on top
of the photocathode and ~7 pmol of hydrogen were obtained at 0.6 V in a 1-h experiment, reaching a photocurrent of 1 mA/cm? with no losses.

1. Introduction

Looking at the ever-increasing global energy demand and the un-
desirable environmental impact of fossil fuels, solar energy emerges as
an alternative green source because of its abundance and renewable
nature [1,2]. While the conversion of such energy into electricity via
solar cells is a highly studied and efficient process, the storage of the
generated electric energy remains a bottleneck due to the lack of
effective accumulators/batteries. A direct use of the solar energy to
obtain fuels via artificial photosynthesis is a very promising approach
[3]. In this context, photoelectrochemical (PEC) cells are one of the most
attractive technologies, as they have led to some of the highest
solar-to-hydrogen efficiencies achieved to date [4]. In a typical PEC
system, one or both (tandem PEC cell) of the two electrodes are used to
harvest solar radiation, acting as a photoanode where holes are the
minority carriers that carry out the oxidation reaction or as a photo-
cathode where electrodes are the minority carriers that carry out the
reduction reaction.

The principal requirements to choose a material for this application
are the ability to absorb solar energy irradiance and to have a suitable
electronic structure that provides electrons and holes capable of car-
rying out the targeted oxidation and reduction reactions. In the case of
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the water splitting reaction, the position of the conduction band should
be more negative than the H'/H, potential, (0.0 V vs RHE), and the
valence band more positive than the O/H20 potential (1.23 V vs RHE).
In this sense, many different materials have been investigated, with
metal oxides being the most used by far [5-8], followed by metal
chalcogenides [9,10]. Until now, the efficiency of these materials as
photoelectrodes has mainly been hindered by low light absorption
range, high charge recombination, limited chemical stability or a com-
bination of the three [6,11]. Different strategies have been used to
address these inefficiencies, such as doping, nanostructuring and the use
of multinary metal oxides or smaller band gap materials such as some
metal chalcogenides like CuSe, PbSe or HgSe [3,12-15]. However, until
now no single material has been able to overcome all the main chal-
lenges described above [16]. Consequently, the latest approaches use a
combination of materials in order to optimize the performance of each
photoelectrode and maximize the efficiency of the final PEC. Advanced
inorganic colloidal nanocrystal (NC) approaches to produce homoge-
nous inks are some of the most interesting strategies to design efficient
inexpensive photoelectrodes with a large surface area [17,18]. Colloidal
synthesis approaches also allow to obtain a huge number of multifunc-
tional and versatile materials with a high control over the size, size
distribution, shape, composition, and surface termination [19-21].
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These features, in turn, govern their optoelectronic properties and,
consequently, their use as building materials for PEC cells [22-24].
Many colloidal systems have been employed in PEC cells [14,25-27] and
among them, metal chalcogenides exhibit several advantages in com-
parison to metal oxides, such as higher conduction band edge positions,
smaller band gap energy and greater conductivities [21,25,28]. In this
regard, CdS and CdSe are among the most active materials for photo-
catalytic applications [25,28]. However, their low stability towards
corrosion and the toxic and carcinogenic nature of cadmium represent a
considerable hurdle for their widespread application. Consequently,
other non-toxic and more stable metal chalcogenides are currently
investigated as alternatives for the Hydrogen Evolution Reaction (HER)
in PEC systems [29].

Over the past few years, copper chalcogenides, Cuz_«Y (Y = S, Se,
Te), have generated much interest in photovoltaic, photonic and elec-
trocatalytic applications due to their interesting opto-electronic prop-
erties and the high abundance and non-toxicity of copper [21,30,31].
These materials are characterized by the presence of copper vacancies
which act as dopants, leading to the formation of free holes in the top of
the valence band with a charge carrier density up to 102! em™ [30].
Such free carriers also originate a strong localized surface plasmonic
response falling in the near infrared region of the spectrum [30],
increasing the amount of solar energy that can be collected. Among
CuyxY compounds, CupyTe is characterized by the largest carrier
mobility, due to the fact that Te is less electronegative than S and Se,
and, therefore, Cu-Te bonds have the lowest ionic character (more co-
valent) and should, therefore, have a larger carrier mobility [21].
Several authors have shown a relationship between optical and elec-
tronic properties, such as band gap, conductivity, mobility and carrier
concentration, with structural ones [32,33]. In fact, among the possible
crystal phases, hexagonal Cuz.4Te has recently been studied as an elec-
trocatalyst for HER, showing a low overpotential, very low charge
transfer resistance, R, and long-term stability [31]. However, as far as
we know, CuyTe has not been used as a photoelectrode material despite
its potential due to their interesting optoelectronic properties. Motivated
by such potential we decided to exploit the promising features of Cuy.4Te
to build PEC cells. Specifically, we first synthesized colloidal Cus4Te
NCs in hexagonal (h) and pseudo-cubic (pc) crystalline structures and
characterized their optoelectronic and photoelectrochemical properties.
We then employed these two materials to build a tandem PEC cell for
HER in which h-Cuy4Te NCs were used to build the photoanode and
pc-Cus4Te NCs the photocathode. The resulting cell composed of two
hybrid photoelectrodes is capable of generating ~7 pmol of hydrogen
for 1 h under irradiation and the application of 0.6 V.

2. Materials and methods
2.1. Chemicals

Copper(II) acetylacetonate [Cu(acac)s, 97%], trioctylphosphine
oxide (TOPO, 99%), oleylamine (OAm, 70%), ethanol (anhydrous,
>99.8%), chloroform (anhydrous, >99%), lithium bis(trimethylsilyl)
amide (LiN(SiMes)2, 97%), tri-n-octylphosphine (TOP, 97%) and 1-octa-
decene (ODE, 90%) were purchased from Sigma-Aldrich. Tellurium
powder (Te, 99.999%) was purchased from Strem Chemicals. TOP, LiN
(SiMes), and tellurium powder were stored in a N filled glovebox. All
the chemicals were used as received.

2.2. Synthesis of Cuy.xTe NCs

Cup.4Te NCs were synthesized following the procedure reported by
Tu et al. [34] Typically, 0.655 g of Cu(acac); and 3.866 g of TOPO were
mixed with 50 mL of OAm in a 250 mL round bottom flask with elec-
tromagnetic stirring. The mixture was degassed under vacuum at 120 °C
for 1 h to remove moisture and oxygen. Meanwhile, 2.5 mmol of Te
powder were mixed with 1.25 mL of TOP and the resulting mixture was

Solar Energy Materials and Solar Cells 250 (2023) 112050

stirred at 150 °C for 2 h to form Te-TOP stock solution. Another trans-
parent solution of 2.5 mmol of LiN(SiMe3), in 5 mL of ODE was prepared
by sonicating the mixture at room temperature for 20 min. After
degassing, the temperature was raised to 160 °C and 1.5 mL of TOP was
injected firstly under a flow of Ar, then the as-prepared Te-TOP solution
and the LiN(SiMes), solution were injected. The mixture was heated to
220 °C and maintained at that temperature for 30 min under stirring.
The product was cleaned twice by redispersion in chloroform and pre-
cipitation by the addition of ethanol. Eventually, the product was
dispersed in toluene and stored in a N atmosphere for further use.
Nanoparticles are surrounded by trioctylphosphine oxide (TOPO) and
oleylamine, to prevent the aggregation of NCs. These capping surfac-
tants reduce the electrical conductivity and thus hinder the use of
Cuy«Te as photoelectrodes, as measured by electrochemical impedance
spectroscopy (EIS) (Fig. S2 and Table S1). These capping agents were
removed by a ligand exchange method using mercaptopropionic acid
based on the one by Shuzo Tokumitsu [35].

2.3. Photoelectrodes preparation

To prepare the photoelectrodes, two aliquots of 15 pL of a 0.05 L/L
ligand exchange solution (details in S. I) were deposited by drop casting
on Cul or TiO; photoelectrodes or on bare ITO coated glass using a tape
mask of 1 cm?. Then, pc-Cua.<Te photoelectrodes were heated at 150 °C
for 1 h in an inert atmosphere in order to remove mercaptopropionic
acid. To obtain h-Cuy.4Te, pc-Cuy 4Te photoelectrodes were heated in an
Ar atmosphere at 425 °C for 1 h.

The Cul thin film on the photocathodes was deposited by spin
coating on functionalized ITO coated glass. First, 40 pL of triethylamine
were spun at 800 rpm for 1 s and at 1600 rpm for 30 s for the func-
tionalization of the substrate. Then, 80 pL of a Cul suspension 10 g/L in
acetonitrile was spun at 1200 rpm for 3 s and at 2400 rpm for 60 s. The
TiO4 anatase film on the photoanode was prepared by doctor blade using
Dye Sol DSL 18 NR-T TiO; paste, calcined at 500 °C for 1 h. The Pt thin
film for HER quantification was deposited with an Agar manual sputter
coater for 75 s.

2.4. Transmission electron microscopy (TEM)

The colloidal NCs were dispersed in toluene for the sample prepa-
ration. The samples were prepared by dropping diluted solutions of NCs
onto carbon film-coated 200 mesh copper grids for TEM characteriza-
tion. The TEM measurement was carried out on a JEOL JEM-1011
transmission electron microscope operating at an acceleration voltage
of 100 kV.

2.5. Theoretical calculations

Theoretical calculations by periodic density functional theory (DFT)
were carried out using a pseudocubic Cuy.<Te (x = 0.5) structure with
220 atoms. Geometry and electronic structure were performed using the
projected augmented wave method implemented in Viena ab initio
simulation package (VASP) [36,37], using the spin polarized version of
the Perdew—Burke—Ernzerhof (PBE) [38]. The Heyd-Scuseria-Enzerhof
hybrid functional (HSE06) [39], with a mixing parameter of 0.25, was
used to fit a more accurate energy gap. The cut-off for the kinetic energy
of the plane-waves was set to 500 eV to ensure a total energy and force
convergence better than 10~ eV and 0.01 eV/A3 respectively.

2.6. X-ray powder diffraction (XRD)

XRD patterns were acquired with a Bruker D8 Advance A25
diffractometer using Cu radiation from a Siemens type KFL Cu 2 K tube
and operating with a Lynxeye XE detector. Colloidal CuyTe was
deposited on a silicon substrate and allowed to dry before measure-
ments. The XRD chamber was heated in an Ar atmosphere and
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diffractograms were recorded every 25 °C up to 500 °C, with a heating
rate of 5 °C/min and steady temperature during XRD measurements.

2.7. Optical measurements

In order to avoid the interference of ITO in the signals, CuyxTe was
deposited on bare glass substrates. Transmission and reflectance spectra
were acquired with a PerkinElmer Lambda 1050 UV-VIS-NIR Spec-
trometer. Infrared spectra were recorded on a Thermo Scientific Nicolet
6700 FT-IR. A Park XE-100 microscope in non-contact mode was used to
make AFM measurements, with a NSG30 cantilever from NT-MDT.

2.8. X-ray photoelectron spectroscopy (XPS)

XPS spectra were recorded using a SPECS NAP-XPS system incor-
porating the DeviSim NAP reaction cell. The spectrometer is equipped
with an Al Ka monochromated source (hv = 1486.6 eV), composed of a
SPECS XR50 MF x-ray gun and a p-FOCUS 600 monochromator, and
PHOIBOS 150 NAP 1D-DLD analyser. X-ray gun power was set to 25 W
(1.68 mA emission current and 15 kV). With this X-ray settings, the
intensity of the Ag 3d5/2 photoemission peak for an Ag sample, recor-
ded at 10 eV pass energy (PE), was 1 x 104 cps and the full width at half
maximum (FWHM) was 0.60 eV. Binding energy calibration was made
using Au 4f7/2 (84.01 eV), Ag 3d5/2 (368.20 eV) and Cu 2p3/2 (932.55
eV). Each sample was analysed at an electron take-off angle normal to
the surface with respect to the analyser. All high resolution scans pre-
sented in the manuscript and in the SI (Cu 2p, Te 3d and valence band)
were taken using 10 eV pass energy (PE) and an energy step of 0.1 eV.

2.9. Photoelectrochemical (PEC) measurements and H, quantification

Photocurrent measurements of each photoelectrode were recorded
in a three-electrode configuration cell with a quartz window using a Pt
wire as counter electrode and an Ag/AgCl reference electrode in
aqueous NaySO3 0.5 M as the electrolyte solution. The tandem mono-
lithic PEC cell was tested in a two-electrode configuration in aqueous
NaySO3 0.5 M. In both cases, Ar flowed continuously into the cell (10 mL

Density of States

Cu,_ Te
pseudocubic

(IJ 2 4 6
E-E; (eV)
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min~! for general characterization and 50 mL min ' for Hy quantifica-
tion) and the electrolyte was purged before measurements. The light
source was a LOT Quantum Design solar simulator equipped with a 300
W Xe lamp and an AM 1.5 G solar filter.

3- Results and discussion

Colloidal pc-Cuyz_xTe nanocubes (see TEM image in Fig. 1a) where
synthetized using a microemulsion method, based on the use of specific
ligands (Trioctylphosphine oxide and Oleamine) as surfactants [30].
These NCs crystallize in the pseudo-cubic Cuj sTe structure (Fig. 1b)
characterized by the presence of Cu vacancies, as studied by Mugnaioli
et al. (ref 30). Density-functional theory (DFT) calculations (Fig. 1c)
were performed of the pseudo-cubic structure Cuy4Te (x = 0.5) (further
details in the supporting information, SI) to predict the electronic
structure. The electronic density of states (DOS) of the pc-Cuy_xTe phase
shows a valence band maximum (VBM) and a conduction band mini-
mum (CBM) mainly composed of Cu 3d and Te 5d states. The presence of
Cu vacancies leads to the appearance of electronic states above Eg. In
addition, the electronic localization function (ELF) exhibits an increase
in the electron density in the Te atoms next to a Cu vacancy (white
arrow), while in the case of full coordinated Te atoms (red arrow) the
electronic density is more homogeneous (Fig. 1d). This electronic
configuration provides the material with a band gap energy of 1.68 eV,
which is in good agreement with the optical one (see below). This small
band gap will allow the material to absorb a wide range of the solar
spectrum.

Colloidal solutions are ideal to produce homogenous thin films.
However, they require a post-treatment to get rid of the ligand in order
to improve conductivity of the resulting film. The original long-chain
capping agents require a heating treatment well above the decomposi-
tion temperature of the CuTe material. Therefore, we performed a ligand
exchange procedure [35] in order to replace the original long-chain
capping agents with the shorter-chain mercaptopropionic acid. This
ligand has a lower boiling point, below the temperature at which
pc-Cuy<Te NCs are unstable. The removal of the organic capping was
monitored by FTIR (Fig. S1) and the effect of the ligand exchange

b) pc-Cu, (Te (JCPDS 01-089-2127)

Counts / arb. u.

Fig. 1. a) TEM image of pc-Cu,_,Te NCs nanocubes, b) XRD diffractogram c) Projected Cu 3d (orange) and Te 5p (blue) density of states (DOS) with valence band
(VB) magnification (inset) and d) electron localization function (ELF) of Cu,_4Te pseudo-cubic phase. The red color indicates that highest values and blue one the
lowest. Atom color: Cu (gold) and Te (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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procedure was monitored by measuring the conductivity of the NCs film
by Electrochemical Impedance Spectroscopy (EIS) (Fig. S2 and
Table S1).

In order to prepare the photoelectrodes, the freshly produced ligand
exchange colloidal solution (Cus4Te NCs dispersed in hexane) was
deposited onto an Indium Tin Oxide (ITO) coated glass by drop casting
(SI). We also prepared hexagonal (h) Cuz4Te NCs via annealing of pc-
Cuy4Te thin films. The pc—h structure transition was studied by High
Temperature X-Ray Diffraction (HT-XRD), monitoring the XRD patterns
obtained when annealing pc-Cuy xTe NCs from 25 °C to 500 °C under an
argon flow (Fig. S3). At 300 °C we started to observe a mixture of pc and
h phases, while a complete transition to the hexagonal phase occurred
only at 425 °C, which changes slightly after cooling down, obtaining a
weissite hexagonal crystal phase (Fig. S3). Moreover, after all the
chemical and thermal treatments, we performed a XPS analysis of the
films. Cu 2p3/3 and Te 3ds/o XPS spectra in Fig. S4 show that even the
photoelectrodes surface is mainly composed of CuTe in both films with
an amount of oxide peaks being somewhat larger, as expected, for the
case of the sintered sample at a higher temperature, h-Cuy4Te.
Figs. S5-S8 exhibit the FESEM images and the cross section of the thin
film of both crystallographic phase photoelectrodes, revealing a thick-
ness of ~350 nm for pc-Cup4Te and ~100 nm for h-Cuy.4Te.

The optoelectronic properties of both pc-Cuy4Te and h- Cup4Te NC
films were studied via optical, electronic and photoelectrochemical
characterizations. Optical band gap energies were determined by means
of UV-VIS-NIR transmittance and reflectance spectroscopy (Fig. S9). In
this regard, the absorption coefficients were calculated (equation S1)
and the corresponding Tauc plots were built. As can be seen in Fig. 2a
and b, both crystal structures are characterized by a direct band gap of
1.68 eV for h-Cuy4Te and 1.66 eV for pc-CusTe. The band gap of pc-
Cuy.4Te is similar to the value obtained from the DFT studies (1.68 eV,
Fig. 1). The electronic band structure of both Cup4Te phases was
experimentally obtained by the combination of several characterization
techniques. The valence band (VB) energy determined by XPS is 0.11 +
0.02 and 0.33 £ 0.02 eV for the pseudo-cubic and hexagonal phases,
respectively (Fig. 2 ¢ and d). These values, much lower than the band
gap energy, indicate that both Cup4Te structures are p-type semi-
conductors, in agreement with what has been reported in literature [21].
Flat band potentials (Vg,), from which the Fermi level energy can be
directly obtained [40], are —0.18 £ 0.02 and —0.12 + 0.02 Vag/agc at
pH = 9 for pseudo-cubic and hexagonal phases respectively, as
measured by linear sweep voltammetry (LSV) under dark and light
conditions (Fig. S10). These correspond to 0.53 and 0.61 V vs RHE
respectively. Additionally, the chronoamperometries performed under
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chopped illumination at different bias potentials confirm the photo-
current sign change (Fig. S11) and the ability of these materials to be
used as photoelectrodes. The similar band gap and valence band posi-
tions obtained for both samples suggests that the vacancies identified in
the DFT calculations must be also present in the h-Cuy4Te sample. The
small difference in valence band position indicates that the amount of
vacancies must be slightly lower for the hexagonal phase.

Moreover, the conduction bands edges of both materials are more
negative than the redox par responsible of the water reduction (see
Fig. 2e) in the used pH electrolyte (pH = 9). The combination of these
band positions and the optoelectronic properties of both crystal phases
make them suitable to be part of a tandem cell for HER.

Photocurrents of both Cuy xTe NC samples were then more exhaus-
tively investigated at different bias potentials by chronoamperometries
under chopped AM 1.5G illumination in the presence of NaySOs3 as
sacrificial agent (0.5 M; pH = 9). Fig. 3a-b displays the anodic mea-
surements, whereas the cathodic ones are shown in Fig. 3c-d. Fig. 3e
exhibits the photocurrent values obtained at the different applied po-
tentials. Interestingly, these measurements reveal that the pc-Cup4Te
phase offers higher positive photocurrents than the h-Cup4Te phase,
while the h-Cuy4Te phase shows higher negative photocurrents than the
pc-Cus.Te phase.

Besides, in the chronoamperometries of Fig. 3a we can see a current
drop in the photocurrent after illuminating the pc-Cuz4Te photo-
electrode under negative bias that can be attributed to recombination
and was also observed in h-Cug4Te in a smaller proportion. In order to
elucidate this point and to investigate the charge transfer across the Cu,.
xTe/electrolyte interface, we performed EIS experiments (see Nyquist
plot in Fig. 3f). By fitting the Nyquist plot, the equivalent electrical
circuit was obtained. R is the resistance associated with the electronic
transport through the semiconductor-electrolyte interface. Its calculated
values show better conductivity in pc-Cup4Te compared to h-Cuy4Te
(Table S1), which is in agreement with the highest photocurrents of the
first at positive potentials. R; decreases considerably under illumination
conditions, demonstrating the ability of these materials to be used as
photoelectrodes in solar energy conversion.

Taking into account the optoelectronic properties and the photo-
electrochemical response of both materials, we decided to design a
multilayer 2-electrode tandem PEC cell where the photoanode was
comprised of a combination of TiO, anatase and pc-Cuy.xTe NCs and the
photocathode of Cul and h-Cuy.4Te NCs layers (Figs. S12 and S13 exhibit
the electrodes cross section). TiO is a well-known semiconductor used
in photoanodes due to its low cost, very good chemical and optical
stability [41,42]. Having TiO, a wide bandgap (i.e., transparent in the

Energy (eV)
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Fig. 2. a, b) Tauc plots obtained by UV-VIS-NIR Spectroscopy, c-d) XPS valence band spectra (see experimental section for XPS acquisition settings) and e) electronic
band diagram of pc-Cuy.<Te (blue) and h-Cu,,Te (red) at pH = 9. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 3. a-d) Chronoamperometries under chopped AM1.5G illumination at different bias potentials (V vs Ag/AgCl) of pc-Cuy.4Te (blue, a and c¢) and h-Cuy.4Te (red, b
and d) in 0.5 M Na,SO3 and pH 9. e) Extracted photocurrents and f) Nyquist plot obtained under dark and illumination conditions at 0.5 V vs Ag/AgCl of both
photoelectrodes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

visible range), it is often combined with other materials in order to
create anodes absorbing a wide region of the solar spectrum [43,44].
Furthermore, due to the electronic position of its valence and conduc-
tion bands with respect to pc-Cug xTe can behave as an electron selective
layer (ESL) that prevents electronic recombination. On the other hand,
in order to hinder the slight charge recombination exhibited by
h-Cuy.4Te NCs, we decided to combine it with Cul, which is known to be
a good hole selective layer (HSL) but limited light abortion range.!®-2!
This configuration will allow to improve the charge transfer and
therefore the efficiency of the photocathode.

Before building the monolithic tandem PEC cell, each hybrid pho-
toelectrode was characterized separately and compared to their single
components in order to quantify possible and desired synergistic effects.
The results acquired through LSV under chopped illumination (Fig. 4a
and b) show that: i) both the dark and photocurrent of the pc-Cuy.<Te/
TiO4 hybrid photoelectrode is one and two orders of magnitude higher
than those of bare TiO; or pc-Cug 4Te ones, respectively (Fig. 3 a); ii) the
photocurrent of the hybrid h-Cuy4Te/Cul photocathode is three orders
of magnitude higher than those of Cul and h-Cup4Te (Fig. 3b). To
confirm this behavior, we performed chronoamperometries at different
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Fig. 4. LSV under chopped AM1.5G illumination of the hybrid photoanode (a) and photocathode (b) compared to their separated components in a three-electrode
configuration. LSV (c), scheme (d) and accumulated H, evolution at 0.6 V (e) of the monolithic tandem PEC cell in a two-electrode configuration under AM1.5G

illumination in 0.5 M Na,SOj electrolyte.
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bias potentials, demonstrating the improvement in light absorption and
charge transfer in both photoelectrodes (Fig. S10). However, this
improvement cannot be attributed to a reduced recombination in the
case of the h-Cupy4Te/Cul hybrid photocathode, which still shows
recombination at very negative potentials (Fig. 4b and S14).

Encouraged by these results, we built a monolithic tandem PEC cell
(Fig. 4d and S15b) and measured the performance in both three-
(Fig. S16) and two-electrode (Fig. 4c) configurations. In this sense, re-
sults with three electrodes demonstrate that this cell has the potential to
harvest the solar energy and transfer it to the external circuit. The
recorded photocurrents are around 0.2 mA/cm? in a wide range of
potential.

In light of these results, we moved to a two-electrode configuration
to understand the real potential difference between the two photo-
electrodes and afterwards performed HER experiments. In Fig. 4c, the
onset potential appears at —0.1 V, and photocurrents reach values of
around 0.5 mA/cm? at 0.6 V. The HER experiments were preformed
depositing a thin film of Pt (17 nm, see the AFM profile in Fig. S17) over
the h-Cup4Te as co-catalyst. To do this, a flow of argon was passed
through the photoelectrochemical cell and it was connected to a gas
chromatograph that allows on-line measurements. The accumulated Hy
generated after 1 h of AM 1.5G irradiance was 7 pmol at 0.6 V (Fig. 3d)
and the photocurrent reached 1 mA/cm? (Fig. 518). Finally, the Faradaic
efficiency (1) and the applied bias photon-to-current efficiency (ABPE)
taking into account the applied bias, Vp, and the sacrificial agent
oxidation potential [45] were calculated (more details in S.I), revealing
a p maximum of 40% and a ABPE of 0.025% (Fig. S 19).

4- Conclusions

To conclude, in this work we have successfully designed and built a
tandem PEC cell, that covers a wide part of the solar spectrum, by using
two hybrid photoelectrodes based on hexagonal and pseudo-cubic Cus.
xTe crystalline phases, exhibiting different structural and optoelectronic
properties. On one hand, pc-Cuy.<Te was selected to build the photo-
anode, due to its higher positive photocurrents, and combined with TiOy
as a UV light absorber and electron scavenger. This hybrid photoanode
shows synergic increase of one and two orders of magnitude in the
photocurrent compared to the single components. On the other hand, by
h-Cuy4Te was selected for the photocathode and combined with Cul as
light absorber and hole scavenger. This hybrid photocathode shows an
enhancement of the photocurrents of three orders of magnitude with
respect to both single materials. The tandem cell was tested in a 1-h Hy
evolution experiment and produced a total of 7 pmol of Hy with a
photocurrent of 1 mA/cm? and no signs of aging.

Associated content
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FTIR spectra, EIS measurements and data obtained by fitting, HT-
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