POLITECNICO DI TORINO
Repository ISTITUZIONALE

A tandem photoelectrochemical cell based on Cu2-xTe nanocrystals for solar energy conversion to
hydrogen

Original

A tandem photoelectrochemical cell based on Cu2-xTe nanocrystals for solar energy conversion to hydrogen / Alfonso-
Gonzélez, Elena; Liras, Marta; Wang, Mengjiao; J. Villar-Garcia, Ignacio; de Trizio, Luca; Barawi, Mariam; de la Pefia
O'Shea, Victor A.. - In: SOLAR ENERGY MATERIALS AND SOLAR CELLS. - ISSN 0927-0248. - 250:(2023).
[10.1016/j.solmat.2022.112050]

Availability:
This version is available at: 11583/2991241 since: 2024-07-28T20:21:44Z

Publisher:
Elsevier

Published
DOI:10.1016/j.solmat.2022.112050

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

15 October 2024



A Tandem Photoelectrochemical Cell Based on
CuzxTe Nanocrystals for Solar Energy

Conversion to Hydrogen

Elena Alfonso-Gonzalez (a), Marta Liras (a), Mengjiao Wang (b), Ignacio J. Villar-
Garcia (a, c), Luca de Trizio (b), Mariam Barawi* (a) and Victor A. de la Pernia

O’Shea* (a)

(a) Photoactivated Processes Unit, IMDEA Energy Institute, Avda. Ramoén de la Sagra,

3. 28935 Mostoles (Madrid) Spain.

(b) Nanochemistry Department, Istituto Italiano di Tecnologia, Via Morego 30, 16163

Genova, Italy.

(c) Present address: ALBA Synchrotron, Carrer de la Llum 2-26, 08290 Cerdanyola del

Valles (Barcelona) Spain.

Corresponding Authors

Mariam Barawi: mariam.barawi@imdea.org

Victor A. de la Pefia O’Shea: victor.delapenva@imdea.org



mailto:mariam.barawi@imdea.org
mailto:victor.delapenya@imdea.org

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, 1s characterized by positive photocurrents, whilst the second one, a hexagonal
phase, h-Cux<Te, favors negative ones. We have taken advantage of these differences in
their optoelectronic properties to prepare a hybrid pc-Cuz-xTe/TiO2 photoanode, with
TiOz acting as light absorber and electron scavenger, and a h-Cuz.xTe/Cul photocathode,
with Cul behaving as photoabsorber and hole scavenger. The tandem PEC 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 perform 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 one-hour experiment, reaching a photocurrent of
1 mA/cm?. The cell exhibits a great photostability showing no loss in photocurrent during

the one-hour reaction.
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Looking into the ever-increasing global energy demands and the undesirable
environmental impacts of fossil fuels, solar energy emerges as an alternative source
because of its abundant and renewable nature. 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 efficient
accumulators/batteries. A direct use of the solar energy to obtain fuels via artificial
photosynthesis (AP) is a very promising approach.! 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.> From the materials point of
view, there are different strategies that have been addressed so far to improve their
efficiency, such as semiconductor doping, nanostructuring and the use of multinary
oxides or smaller band gap materials such as some metal chalcogenides like CuSe, PbSe
or HgSe.!*"> From the fabrication point of view, advanced inorganic colloidal nanocrystal
approaches to produce homogenous inks are some of the most interesting strategies to
design efficient photoelectrodes. These synthetic approaches allow obtaining a huge
number of multifunctional and versatile materials with a high control of the size, shape,
composition, dispersion, and surface termination. All these features govern their
optoelectronic properties and consequently, their use as building-electrode materials for

PEC cells.

Many colloidal systems have been studied to prepare photoelectrodes, with metal oxides
being the most commonly used materials.”® Metal chalcogenides exhibit several
advantages compared to metal oxides. In general, they have higher conduction band edge
positions, smaller band gap energy and greater conductivities.**!° Among them, CdS and
CdSe are some of the most active materials for photocatalytic applications.®’ 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 investigated as alternatives for HER

in PEC systems.!!

Over the past few years, vacancy-doped semiconductors, such as copper chalcogenides,
Cux~Y (Y =S, Se, Te), have generated much interest on photovoltaic, photonic and
electrocatalytic applications due to their interesting opto-electronic properties and the
high abundance of copper.!®!%13 In these materials, copper vacancies lead to an increase

73).12 These sub-stoichiometric systems also

in the charge carrier density (up to 10?! cm
present a strong plasmonic response, which is explained by the existence of a 3D
connected vacancy channel system.!> Moreover, as Te is less electronegative than S and
Se, Cuz-xTe compounds are characterized by the lowest ionic character of the Cu-Y bonds
among the Cux<Y materials, which provides it with a larger carrier mobility.!° However,
as far as we know, pc-Cu2-xTe has not been used despite its potential as photoelectrode
material. Several authors have shown a relationship between optical and electronic
properties, such as band gap, conductivity, mobility and carrier concentration, with
structural ones.!*!> In fact, among the possible crystal phases hexagonal CuzxTe has been
recently studied as an electrocatalyst for HER, showing a low overpotential, very low

charge transfer resistance, Ret, and long-term stability.!? Furthermore, the use of colloidal

synthesis tools lead to novel structures with interesting photo(electro) catalytic properties.

Motivated by these promising features, we explore in this work the possibility of tuning
the structural properties of these two CuxxTe phases in order to change their electronic
band positions and favor either positive or negative photocurrents. In a second step, we
use the optimized Cuz-xTe phases to construct a tandem PEC cell for HER with h-Cux<Te

as the photoanode and pc-Cuz«Te as the photocathode.



Structural and electronic properties.

Colloidal pc-Cuz—~«Te nanocubes (Figure 1a) where synthetized using a microemulsion
method, based on the use of specific ligands as surfactants.!? This phase presents an
unusual pseudo-cubic structure (see Figure 1b) characterized by the presence of Cu
vacancies. DFT calculations (Figure 1¢) were used to predict the electronic structure and
an estimated band gap of 1.68 eV was found. The electronic densities of states (DOS) of
the pc-Cuz—«Te phase shows a valence band minimum (VBM) and a conduction band
maximum (CBM) mainly composed of Cu 3d and Te 5d states. The presence of Cu
vacancies leads to the appearance of electronic states above Er. In addition, the electronic
localization function (ELF) allocates an increase on the electron density in the Te atoms

with lower coordination (Figure 1d).
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Figure 1. a) TEM image of pc-Cur-Te NCs nanocubes, b) XRD diffractograms c)

Projected Cu 3d (orange) and Te 5p (blue) density of states (DOS) and valence band (VB)



magnification (inset) and d) Electronic localization function (ELF) of Cuy-<Te pseudo-

cubic phase pc-Cux—«Te. Atom color: Cu (gold) and Te (blue).

In order to prepare the photoelectrodes, the colloidal solution (Cuz-xTe NCs dispersed
in hexane, details in SI) was deposited on ITO (Indium Tin Oxide) coated glass by drop
casting (see details in SI). Previously, a ligand exchange method with mercaptopropionic
acid was used in order to remove the primitive organic capping present in the as-
synthesized phase and to enhance the conductivity of the NCs thin films. The removal of
the organic capping was monitored by FTIR (figure S1) and the effect over the
conductivity performance with a ligand or other by Electrochemical Impedance
Spectroscopy (EIS) experiments (Figure S2 and table S1)

In addition, we performed a thermal treatment of the pc-Cux.xTe photoelectrodes thin
films in order to prepare the hexagonal crystal phase h-Cuz«Te. To do that, we carried
out a phase change study in which we monitored via High Temperature X-Ray Diffraction
(HT-XRD) the evolution of the crystal structure during an annealing treatment from 25°C
to 500°C under an argon mixture of crystallographic phases started to appear at 300 °C
and a pure hexagonal atmosphere (Figure S3) observing the hexagonal CuxxTe phase
appears at 425 °C. Moreover, after all the chemical and thermal treatments, we performed
a XPS analysis to verify if copper telluride remains not only in the bulk but also on the
photoelectrodes surface. Cu 2p3/2 and Te 3d5/2 XPS spectra in figure S5 exhibit that the
photoelectrodes surface is mainly composed by CuTe compounds in all cases, with an
amount of oxide peaks being somewhat larger, as expected, for the case of the sintered
sample at higher temperature, h-Cuz«Te.

In order to investigate the influence of crystalline-structure changes into the
optoelectronic structure of pc-CuxxTe, we perform an optical, electronic and

photoelectrochemical characterization of both pure crystalline phases.



As expected, modifications in the crystal structure led to changes in the optoelectronic

properties,'+13

which will play an important role in their behavior as photoelectrodes.
Optical band gap energies were determined by means of UV-Vis-NIR transmittance and
reflectance spectroscopy (figure S6). In this sense, the absorption coefficient was
calculated (SI equation 1) and the corresponding Tauc plots build. As can be seen in figure
2a and b, two direct transitions of 1.66 eV for h-Cux«Te and 1.67 eV for pc-Cur«Te were
found, which is in accordance with DFT studies (Figure 1). The electronic band structure
of both CuxxTe phases was experimentally obtained by the combination of several
characterization techniques. 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 (Figure 2 c and
d). These low values in comparison to the band gap energy, are characteristic of p-type
semiconductors, which is expected due to copper vacancies within the lattice.!® Flat band
potentials (Vg), from which the Fermi level energy can be directly obtained,!'® are -
0.18+0.02 and -0.12+0.02 Vagagc1 at pH=9 for pseudo-cubic and hexagonal phases
respectively, as measured by linear sweep voltammetry (LSV) under dark and light
conditions (figure S7). Additionally, chronoamperometries at different bias potential
confirm the photocurrent sign change (figure S8) and the ability of this material to be
used as photoelectrodes. We observe that p-CuzxTe has a more negative Vi, than h-Cua.-
xTe. The electronic structure obtained for both phases (figure 1 d) suggests that both
materials are suitable to be part of a tandem cell for HER as the conduction band energy

edges are more energetic than the redox par responsible of the water reduction (see figure

2e).
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Figure 2. a, b) Tauc plots obtained by UV-Vis Spectroscopy, c-d) XPS valence band

spectra and e) electronic band diagram of pc-Cuz.xTe (blue) and h-CuyxTe (red).

Photocurrents of both phases were then more thoroughly investigated at different bias
potentials by chronoamperometries under chopped AM 1.5G illumination. Figure 3a and
3b display the cathodic measurements, whereas figure 3¢ and d the anodic ones. Part d of
this figure exhibits the acquired photocurrents obtained at the different applied potentials.
Interestingly, these measurements reveal that the h-CuxxTe phase offers higher positive
photocurrents than the pc-CuxxTe phase, while the h-CuxxTe phase shows higher

negative photocurrents than the pc-CuzxTe phase.
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Figure 3. a-d) Chronoamperometries under chopped illumination at different bias
potentials (V vs Ag/AgCl) of pc-CuzxTe (blue, a and c) and h-Cux«Te (red, b and d). )
Extracted photocurrents and f) Nyquist plot under dark and illumination conditions at 0.5

V vs Ag/AgCl of both photoelectrodes.

Besides, in the chronoamperometries of figure 3a we can see a current drop in the
photocurrent after illuminating the h-Cuy.<Te photoelectrode that can be attributed to
recombination and cannot be observed in pc-CuxxTe (just in the first transient at 0.2V).
In this sense, EIS experiments were carried out to deeply investigate the charge transfer
across the CuzxTe/electrolyte interface (see Nyquist plot in figure 2f). 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-Cuz«Te compared to h-CuyxTe (table
S1). This could account for the recombination observed in figure 2 c). Rc decreases
considerably under bias potential and illumination conditions, demonstrating the ability

of these materials to be used as photoelectrodes in solar energy conversion.
Monolithic Tandem PEC Cell Design, Characterization and Hz Quantification

Taking all of these aspects into account, we designed a multilayer tandem PEC cell where
the photoanode was comprised of TiO; anatase with pc-Cuz«Te deposited on top. TiO> is
a well-known semiconductor used in photoanodes due to its low cost, its very good
chemical and optical stability and its potential to absorb a wider part of the solar spectrum
when combined with other materials, as TiO> is unable to absorb the visible light.!”!'¥ On
the other hand, for the h-Cu«Te based photocathode, we proposed the utilization of Cul,

which is known to be a good hole scavenger to hinder the charge recombination exhibited



by h-Cuz«Te.!”?! This configuration will allow to harvest a wide range of the solar

spectrum from the UV to the visible light.

Before building the monolithic tandem PEC cell, each hybrid photoelectrode was
characterized separately and compared to their single components in order to quantify
possible and desired synergistic effects. The results acquired through linear sweep
voltammetry (LSV) under chopped illumination depicted in figure 4a and b demonstrate
that the photocurrents highly increase in the hybrid photoelectrodes when compared to
the bare ones. On the one hand, the observed photocurrents are one and two orders of
magnitude higher for the pc-CuxxTe/TiO2 hybrid photoelectrodes than for the bare TiO:
or pc-CuxxTe ones respectively (figure 3 a) and not only in the photocurrent but also in
the dark current density. On the other hand, we observe an improvement of three orders
of magnitude in the photocurrent of the hybrid Cul/h-Cuz.xTe photocathode compared to
the Cul and h-CuzxTe responses (figure 3b). This synergistic effect can be explained by
the ability of Cul to hinder electron-hole recombination in h-Cuz«Te, even though we can
still see recombination in figure 3b and S9. To confirm this behavior, we performed
chronoamperometries at different bias potentials, demonstrating the improvement in light
absorption and charge transfer in both photoelectrodes at stationary conditions (figure

S11).
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Figure 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 AMI1.5G

illumination.

Encouraged by these results, we built a monolithic tandem PEC cell (Figure 4d and S12)
and measured the performance in both three- (figure S13) and two-electrode (Figure 4c)
configurations. In this sense, results 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 resullts,
we moved to a two-electrode configuration to understand the real potential difference
between the two photoelectrodes and afterwards performed hydrogen evolution
experiments. In figure 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 figure S14) over the h-Cux«Te as co-



catalyst. The accumulated H» generated after one-hour of AM 1.5G irradiance was 7 pmol

at 0.6 V (figure 3d) and the photocurrent reached 1 mA/cm? (figure S15).

To conclude, in this work we have successfully designed and built a tandem PEC cell,
that covers the whole UV-VIS spectra by using two hybrid photoelectrodes based on
vacant-doped copper telluride nanocrystals with different structural and optoelectronic
properties. The photoanode was comprised by pc-Cux«Te, which shows higher positive
photocurrents, combined with TiOz as an electron scavenger. This hybrid photoanode
shows an increase of one and two orders of magnitude in the photocurrent compared with
the bare components. On the other hand, the photocathode is formed by h-CuxxTe
combined with Cul as a hole scavenger, showing an enhancement of the photocurrents of
three orders of magnitude with respect to the bare materials. This tandem cell exhibited a
great photocurrent and stability during a one-hour H» evolution experiment and produced

an amount of 7 pmol of Hz with a photocurrent of 1 mA/cm?.
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