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How photocorrosion can trick you: A detailed study on low-
bandgap Li doped CuO photocathodes for solar hydrogen
production

Jonathan Kampmann?, Sophia Betzler®®, Hamidreza Hajiyani¢, Sebastian Haringer?, Michael Beetz?,
Tristan Harzer?, Jirgen KrausY, Bettina V. Lotsch®®, Christina Scheu®, Rossitza Pentcheva®, Dina
Fattakhova-Rohlfing™ and Thomas Bein®*

The efficiency of photoelectrochemical tandem cells is still limited by the availability of stable low band gap electrodes. In
this work, we report a photocathode based on lithium doped copper (Il) oxide, a black p-type semiconductor. Density
functional theory calculations with a Hubbard U term show that low concentrations of Li (Lio.03Cuo.570) lead to an upward
shift of the valence band maximum that crosses the Fermi level and results in a p-type semiconductor. Therefore, Li doping
emerged as a suitable approach to manipulate the electronic structure of copper oxide based photocathodes. As this
material class suffers from instability in water under operating conditions, the recorded photocurrents are repeatedly
misinterpreted as hydrogen evolution evidence. We investigated the photocorrosion behavior of LixCu1.xO cathodes in detail
and give the first mechanistic study of the fundamental physical process. The reduced copper oxide species were localized
by electron energy loss spectroscopy mapping. Cu,O grows as distinct crystallites on the surface of LixCuixO instead of
forming a dense layer. Additionally, there is no obvious Cu,O gradient inside the films, as Cu,O seems to form on all
LixCu1xO nanocrystals exposed to water. The application of a thin TiosNbo2Ox coating by atomic layer deposition and the
deposition of a platinum co-catalyst increased the stability of LixCu1.xO against decomposition. These devices showed a stable

hydrogen evolution for 15 minutes.

Introduction

Events like the Paris agreement in the year 2015 again
demonstrate the desire of our modern society to reduce
emissions caused by fossil fuels. Consequently, the focus on
research for sustainable energy sources has been increasing in
recent years. Compared to wind power, hydroelectric power
and tidal power plants, sunlight is by far the most prominent
energy source we can exploit to meet mankind’s rising
demands.! An additional challenge beside harvesting sunlight
and converting it into electricity is large scale energy storage,
which is essential for the replacement of fossil fuels. One
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approach to address this demanding task is the use of hydrogen
gas for powering both fuel cells and fertilizer production,
envisioning the establishment of a so called ‘hydrogen society’.
Inspired by photosynthesis, photoelectrochemical (PEC) water
splitting is a promising process to generate hydrogen and
oxygen gas.2> While there is lively discussion on the subject,
potential advantages of a photoelectrochemical cell compared
to the combination of an electrolyzer with a conventional solar
cell can be the reduction of overpotentials as well as reduced
fabrication cost and complexity of the final devices.> 6 In
contrast to photocatalysis, oxygen and hydrogen are produced
in spatially separated compartments, hence avoiding
subsequent separation, facilitating their storage and preventing
the accumulation of an explosive gas mixture. Suitable
semiconducting materials for PEC cathodes are based on
silicon®?, metal oxides? > or organic semiconductors.10-12 Many
earth abundant metal oxides are known to exhibit reasonable
stability as well as photoactivity in splitting
applications.’31> This led to the development of synthesis
methods for novel binary6-12 and ternary2® 21 metal oxides as
well as doping of well-known metal oxides.222* Besides the
extensive work on materials with optical bandgaps in the range
of 2.0 — 3.0 eV, 15, 2426 there is also need for low band gap
photoabsorbers in order to build efficient PEC tandem cells.
Such devices consist of an n-type photoanode connected to a
p-type photocathode to harvest a substantial portion of the
solar spectrum, reaching theoretical solar-to-hydrogen
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Fig. 1 a) Rietveld refinement of Li,Cu;.,O with observed data (-) and calculated pattern (red line), blue vertical bars mark the positions of the diffraction lines of CuO (tenorite). b) “Li-
NMR spectra of Li,Cu; 4O showing a multiplet centered at 1.3 ppm. ¢) UV-Vis absorption spectrum of undoped CuO (green), Li,Cuy..O (red) and protected Li,Cu;.,O/NTO/Pt films on
FTO. d) Tauc plot of a Li,Cu;4O film on FTO showing an indirect bandgap of 1.39 eV. e) SEM cross section image of Li,Cu;.,O. f) TEM image of Li,Cu; 4O particles. g, h) High-resolution
TEM image of a highly crystalline Li,Cu; O nanoparticle and its corresponding electron diffraction pattern.

conversion efficiencies up to 21.6%.> 25 27 Copper oxide based
photocathodes have aroused broad interest due to their low
toxicity and the good availability of copper based compounds.2%
28-34 The reported band gaps of 1.35 eV-1.7 eVand 2.0 -2.2 eV
for CuO and Cu,O respectively, allow for significant light
absorption in the visible range and provide enough energy for
photoelectrochemical reactions.3>3® The conduction band
edges of the intrinsic p-type semiconductors CuO and Cu,03% 37
fit both the reduction potentials of water!# 38 and CO,*, which
enables the reduction of these reagents by photo-generated
electrons. The incorporation of Al or Pd into the structure of
cupric oxide was shown to increase both the photocorrosion
stability and the performance of those devices significantly.*1. 42
Besides this, doping CuO with Li has already been proven to be
a suitable way to lower the optical band gap and increase the
electrical conductivity,?% 23. 35, 43 which is key to enhance its
performance for photoelectrochemical water splitting
applications. Therefore, the photoelectrochemical study solely
covers results on Li doped CuO and does not compare it with
undoped CuO. Several groups have reported the discovery of
highly efficient photocathodes based on Cu0.22 33, 4447
However, it has been observed that photocurrents may be
easily misinterpreted as evidence for hydrogen evolution which
should be critically scrutinized.**-4¢ On the other hand, also
justified doubts exist already about the stability of this metal
oxide under reductive potentials.*® 42 High cathodic dark
currents and a significant decay in performance within the first
minutes under operating conditions could point towards
cathodic corrosion of this photoabsorber.3> 30,51 The reduction
potential of CuO in aqueous electrolyte lies above the reduction
potential of water.2° This implies the possibility of a competitive
reduction of water and the photoabsorber itself, leading to the
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formation of reduced copper species such as Cu;0 and metallic
copper under operating conditions, and consequently to a
significant change of the photocathode morphology due to
photocorrosion.#9 5253 Other copper containing photocathode
materials like Cu,0,1% 54 CuFeO0,” and CuBi,041° are also
affected by photocorrosion, which further motivated us to
investigate this phenomenon in detail. Recently, more detailed
corrosion studies on CuO>°> and BiVO4>%>8 concentrated on the
mechanisms behind the loss in activity and addressed this by
the use of protective layers and suitable cocatalysts. Here, we
report on the first extensive photocorrosion study revealing
detailed insights into the transformations taking place in copper
(1) oxide thin film electrodes under operating conditions with
special attention to the role of photo-induced electrons, which
we propose to be applicable to various copper containing
cathode materials used in photoelectrochemical
measurements. We further describe a suitable approach to
increase the stability of this p-type low bandgap semiconductor
against decomposition and to decorate it with a Pt cocatalyst.
With these results, we wish to contribute to the ongoing
discussion about the stability of metal oxide photocathodes and
point to ways the development of stable
photoabsorbers for the generation of environmentally friendly

towards

hydrogen gas. Furthermore, we want to present a convenient
method to manipulate the electronic structure of copper oxide
which can be used to improve CO; reduction efficiencies.

Results and Discussion

LixCu;1<xO photocathode layers were prepared by spin coating an
ethanolic solution of Cu(NO3), ® 3 H,0 and LiNOs onto an FTO
substrate. Calcination of these coatings at 400°C resulted in

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Electronic band structure of lithium doped CuO for two different Li concentrations of (a) Lig25Cug7s0 and (b) Lig03.Cuo.g6s0. The different numbers of bands are related to
different cell sizes. The yellow line marks the Fermi level. In contrast to the insulating behaviour for x;;=25% (note the reduced band gap w.r.t. bulk CuO), the valence bands crossing
the Fermi level for x;=3.2% indicate p-type conductivity. Spin density of lithium doped CuO in two different Li concentrations of (c) Lig25Cug 750 and (d) Lig.032Cuo.9630 (Isosurface of
0.01 e/A3). Majority and minority spin densities are shown by blue and red, respectively. Note the significant contribution of oxygen for the low Li doping concentration of 3.2%.

homogeneous black films with a thickness of about 1 um. The
calcined films obtained from the precursor solution contain
large amounts of non-reacted LiNOs; and Li,COs (ESI Fig. 1)
which can be removed by rinsing with water. X-ray diffraction
(XRD) analysis (Fig. 1a) reveals that the films are structurally
closely related to the CuO tenorite phase (space group: C2/c, a
=4.6803(8) A; b = 3.4176(2) A; c = 5.1278(8) A; B = 99.442 (1)°
(ESI Fig. 2))5°: 60 but exhibit slightly larger unit cell parameters (a
= 4.6975(8) A, b = 3.4346(6)A, ¢ = 5.1400(3)A and B =
99.499(6)°). The small increase of the unit cell volume from
82.02(1) A3 for the pure CuO to 82.93(1) A3 for the CuO
synthesized in the presence of Li indicates the
incorporation of a small amount of Li* ions, with a somewhat
bigger ionic radius of 0.90 A (in CN = 6) compared to the ionic
radius of Cu2*ions of 0.87 A (in CN = 6), into the crystal lattice.23
Inductively coupled plasma atomic absorption spectroscopy
(ICP-AAS) analysis confirms the presence of 4 at% Lithium in the
sample, which is the maximum amount that can be
incorporated in the tenorite crystal structure.5?

Another evidence for the incorporation of Li in the structure is
provided by solid state “Li nuclear magnetic resonance (NMR)
analysis, which shows a multiplet (from spinning sidebands)
centered at 1.3 ppm in the spectrum of a carefully washed
LixCu1xO powder (Fig. 1b). This signal is indicative for a non-
metallic single phase, free of contaminations with diamagnetic
compounds (i.e. Li>O, LiCOs, LiNOs). The electrical conductivity
of Li-doped CuO was determined by Hall measurements (van
der Pauw method) to be 6.0 « 103 S cm™?, which is an increase
by a factor of 2.5 compared to undoped CuO (2.4 » 103S cm™1).
While films of undoped CuO are of dark brown color, films of
LixCuixO are black. We attribute this observation to the
formation of in-gap states, which can be caused by the
introduction of point defects like cation doping or oxygen
vacancies.®? These optical properties were investigated by UV-
Vis spectroscopy. LixCu1xO films demonstrate favorable light
harvesting efficiencies across a broad wavelength range
between 350 - 800 nm, covering part of the near infra-red (IR)
range, which exceeds that of our undoped CuO films (Fig. 1c).
Absorbance data of LixCuixO films were used to calculate an
indirect optical bandgap of 1.39 eV via Tauc plot analysis®3 (Fig.

salts
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1d), which is nearly the theoretical optimum for bottom
materials used for high-efficiency PEC tandem cells.2” The
morphology of our LixCu;<xO films was investigated by scanning
electron microscopy (SEM, Fig. 1e). The films are
nanostructured and composed of interconnected nanoparticles
forming disordered porous layers covering the whole FTO
substrate. Transmission electron microscopy (TEM) images of
LixCu1xO films reveal that they are composed of intergrown
particles with a size of around 150 - 300 nm (Fig. 1f). High-
resolution TEM (HR-TEM) images (Fig. 1h) and electron
diffraction analysis (Fig. 1g) reveal that these particles are single
crystalline. The d(ig-spacing of monoclinic LixCuixO was
determined to be 2.76 A, being in good agreement with the XRD
patterns.

To understand how the introduction of Li
electronic properties of CuO, we have performed density
functional theory (DFT) calculations for Li-containing CuO
including static electronic correlations within the GGA+U
approach where the rotationally invariant formulation of
Dudarev et al.?* was employed (see supporting information for
further details). We have investigated the band gap as a
function of the Hubbard U parameter and find that up to
U =8 eV the indirect band gap of CuO increases monotonically
with the band gap reaching 1.46 eV. Beyond U of 8 eV it changes
to a direct band gap of 2.1 eV (ESI Fig. 3a). The band gap of
1.46 eV obtained for U=8 eV is in good agreement with the
band gap of 1.39 eV determined from the Tauc plot above and
consistent with previous LDA+U studies with a somewhat lower
value of U =6.5 eV by Heinemann et al.3” The variation of lattice
constants as a function of U is presented in ESI Fig. 3b. The DFT
predictions are in overall agreement with experimental lattice
constants. The jump occurring between U =8 eV and U = 8.5 eV
is associated with the above-mentioned transition from indirect
to direct band gap. To determine the preferential position of Li
atoms in the CuO structure we have calculated the solution
energy of Li at different lattice positions. For substitutional
doping of Cu and O sites the calculated values are -4.20 eV and
1.04 eV, respectively, while for the interstitial doping the
solution energy was determined to be-0.025 eV. Therefore, we
can conclude that thermodynamically the preferred

influences the
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Fig. 3. a) Linear sweep voltammogram of a bare Li,Cu;4O film under chopped AM 1.5 illumination, showing no signs of photocorrosion. The assumption of a working photocathode
based on this experiment is very misleading, as the reductive currents originate from both water reduction and photocorrosion. b) Cyclic voltammetry characterization of an
unprotected LixCu;.,O photocathode in 0.1 M Na,SO, at pH 7 in the dark (dashed line) and under AM 1.5 illumination through the substrate (solid line). ¢, d) Cu 2p XPS spectra
measured of bare Li,Cu;4O films held at the respective potentials vs. RHE for 15 minutes each in the dark (c) and under AM1.5G illumination (d) (bars: black: Cu?*, red: Cu® and Cu®*).
At a potential of 0.2 V vs. RHE, Li,Cuy..O is stable in the dark but corrodes to Cu,0 under illumination. e) Cu-L,3 edges of CuO and Cu,0 distinguish between both copper oxidation
states. The photocorrosion could be localized in a TEM cross section image (f, g) with corresponding EELS map (h), showing cubic Cu,O crystals on the Li,Cu;.,O surface. i) Overview
image of one crystal scratched from a Li,Cu;.,O film after an electrochemistry experiment performed for 15 min at 0.2 V under illumination, showing a roundish crystal overgrown
by square crystals. (j) Average Background Subtraction Filtered (ABSF) high resolution TEM image showing one square crystal at the surface of a spherical one. The FFTs of the marked
regions were indexed for Cu,0 (k) and CuO (l), respectively.
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configuration corresponds to the substitutional doping of Cu
sites with Li atoms. Consequently, we postulate the
delocalization of holes throughout the structure and a partial
change of the copper oxidation state from Cu?* to Cu3* to
maintain charge neutrality. The band structure of bulk  LixCu;-
xO was calculated for a high lithium content of x. = 25 at% and
a low content of x;=3.2at%, which is close to the
experimentally determined Li level of ca. 4 at%. The band
structure of LiCui«O (Fig. 2a and b) shows a very strong
dependence of the amount of introduced Li. While for high
concentration the band gap is strongly decreased to 0.64 eV, for
low concentration the main effect is an upward shift of the
valence band maximum that gets closer to the Fermi level and
makes the system a p-type semiconductor. As shown in the spin
density plots in Fig. 2c and d, the underlying mechanisms are
distinct: for x.j = 25 at% substitution of Li* leads to a change in
charge state of one copper to Cul*, while for x;; = 3.2 at% the
holes are delocalized at the oxygen sites leading to a p-type
semiconductor. The solution energies of Lipo32CUp9esO and
Lio.25Cup.750 are -4.2 eV and -3.1 eV respectively, indicating a
reduction with increasing Li concentration due to Li-Li repulsion.
To sum up, Lithium doping causes an increased optical
absorption of CuO in the infrared range and significantly
increases the p-type conductivity, therefore we expect
facilitated charge separation. As our morphology is beneficial
for the strongly surface-depending water splitting reaction®, we
determined the photoelectrochemical performance of LixCu1.xO
photocathodes by linear sweep voltammetry (LSV) in 0.1 M
Na,S0, aqueous solution (pH 7) starting at 0.7 V vs. RHE and
scanning down towards -0.1 V vs. RHE under chopped AM 1.5
illumination. In the present case, the result of this procedure
(Fig. 3a) is very misleading, as the LixCu;xO film shows the
typical behavior of a photocathode with instant photocurrent
response upon illumination. This observation can easily be
misinterpreted as a measure of hydrogen evolution efficiency,
but indeed originates from both the reduction of water and the
reduction of the transition metal oxide itself, which we
elucidate in the present work. In addition, we performed cyclic
voltammetry (CV) measurements in a potential range between
0.0 and 0.9 V vs. RHE (Fig. 3b). The material shows a negligible
dark current, indicating electrochemical stability in the scanned
potential range. Under AM1.5G illumination (100 mW cm™), a
reductive current density can be observed below 0.5 V vs. RHE.
However, significant oxidizing currents appear above 0.4 V vs.
RHE in the back scan. To examine the electrochemical stability
of our LixCu1xO photocathodes, we applied different constant
potentials from 0.0 to 0.6 V vs. RHE for 15 minutes each, in the
(ESI Fig. 7). X-ray
photoelectron spectroscopy (XPS) measurements of these films
after electrochemical reaction were used to get further insights
into the stability of the electrode material. From the binding
energy of the Cu 2ps/-peak (Fig. 3¢, d), the oxidation state of
the copper at the electrode surface could be assigned to Cu(ll)
(933.6 eV) or Cu(l) (932.4 eV).%> As can be seen in Fig. 3c, copper
(I1) oxide remains stable without illumination down to 0.2 V vs.
RHE. Below this potential a shift of the Cu 2p3/,-peak to lower
binding energies is observed, indicative for the reduction of

dark as well as under illumination

This journal is © The Royal Society of Chemistry 20xx

copper (lI) oxide to copper (I) oxide. Under AM1.5G
illumination, we observed copper (1) oxide formation already at
0.2V vs. RHE, indicating photocorrosion by light induced
electrons at this potential. Deconvolution of the Cu 2ps/;-peak
as well as the corresponding Cu L3VV Auger signals support this
conclusion (ESI Fig. 13).

In agreement with the XPS data®> 66 and the Pourbaix diagram
of copper®’, we attribute the reductive currents to a
competitive reduction of both 2 H* to H; and Cu?* to Cul*, while
the oxidizing currents occur from the oxidation of Cul* to Cu?+*.3>
Furthermore, we extended the potential range of several CV
measurements stepwise on a new sample (ESI Fig. 5). With
scanning to lower potentials, more Cu?* is photoreduced to
Cul*, which gets reoxidized to Cu?* at 0.75 V vs. RHE. This
extremely sensitive method indicates a photocorrosion onset at
approximately 0.45 V vs. RHE. Notably, photocorrosion starts
right with the photoelectrochemical measurement (ESI Fig. 19)
and is fully noticeable after 15 min. Impedance plots illustrate
the impairing effect of photocorrosion on the charge transport
properties on the photocathode — electrolyte interface (ESI Fig.
20). With proceeding Cu,0 formation on the surface, we
observed an increase in charge transfer resistance on LixCu;.xO
electrodes.®® We address this phenomenon to the high
conduction band energy level of Cu,0 compared to CuO, which
hinders electron transfer from LixCu1.xO towards the electrolyte.
Electron energy loss spectroscopy (EELS) allows one to directly
monitor the oxidation states of elements on the nanometer
scale using the near edge fine structure. The Cu-L, 3 edges of
CuO and Cu;0 are characterized by a pair of white lines which
result from the excitation of 2ps/, (L3) and 2py/; (L;) electrons to
unoccupied 3d states (Fig. 3e). The white lines of CuO are
shifted to lower energy losses compared to Cu,0.%% 70 Thus, the
energetic position of the two white lines was used in this study
to identify the local distribution of the o xidation states in the
thin films (ESI Fig. 6). EELS requires electron transparent
samples (thickness below 100 nm),”® which in this study was
achieved by preparing thin lamellae with a focused ion beam
microscope. The resulting lamella represents a cross-section
through the thin film (Fig. 3f, g). A platinum protection layer was
used to protect the sample from the gallium ions used for
sample cutting and thinning. Oxidation state maps illustrate the
local distribution of Cu,0 and CuO inside the thin film with the
spatial resolution given by the pixel size of the map, which was
commonly chosen between 2.5 and 5 nm using subpixel
scanning to reduce beam damage. Both oxidation states are
detected in the interfacial regions between the two phases. In
the TEM images two different crystal morphologies are visible,
large round crystals and smaller square crystals. The latter form
preferably at the surface of the large crystals. EELS maps
demonstrate that the two crystal morphologies correspond to
the two oxidation states: the large crystals are pure CuO, while
the smaller ones are Cu,0 (Fig. 3h). This is confirmed by high
resolution TEM imaging of the two crystal morphologies (Fig. 3i,
j) with their corresponding fast Fourier transforms (FFTs)
indexed for CuO and Cu,0 (Fig. 3k, I). Interestingly, Cu,O grows
as distinct crystallites on the surface of CuO instead of forming

J. Name., 2013, 00, 1-3 | 5
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a dense layer on its surface. Additionally, there is no obvious
Cu,0 gradient inside the films, as Cu,0 seems to form on all CuO
nanocrystals exposed to water. We see a similar photocorrosion
behavior on undoped CuO. After a potentiostatic measurement
for 15 minutes at 0.2 V vs. RHE, also the surface of CuO is

6 | J. Name., 2012, 00, 1-3

covered with cubic crystallites. Both the post-
photoelectrochemical XRD pattern of CuO as well as FFTs and
electron diffraction pattern of the regions covered with cubic
crystals indicate the formation of the cuprite phase (Cu,0) (ESI
Fig. 11). Therefore, we expect the same corrosion mechanism

This journal is © The Royal Society of Chemistry 20xx
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measurement (c) as well as the TEM cross section with corresponding EELS map (d) of the film after a 15 minutes’ stability test at 0.1 V vs. RHE show no sign of photocorrosion.

like on LixCu;xO photocathodes. To rule out artefacts
introduced by the FIB sample preparation, FIB lamellae of
reference  samples that had not been used
photoelectrochemical experiments were investigated. The
maps show a thin layer of reduced copper oxide at the surface
of the CuO crystals (see ESI Fig. 8), but no Cu,O crystals. The
reduction of the surface layer of CuO is most likely caused by a
reaction of CuO with the Ga-ions used for the sample
preparation. To stabilize our photoabsorber material, we
coated our LixCu14O films with a protective layer by atomic layer
deposition (ALD), as this is a proven approach to protect copper
oxides against photocorrosion.'* 32 71 Among several tested
coatings like TiOy, Tig.sNbo20x (NTO), SnOy, Al:ZnO and Al,Os3,
NTO exhibited the best results on our LixCu;«O morphology.
After deposition, the applied TipsNbo 20« layers are amorphous
(ESI Fig. 12),72 73 covering the complete surface of the
nanostructured morphology of the LixCu;.xO films without the
formation of pinholes (ESI Fig. 15), which has already been
demonstrated to successfully protect Cu,0.54 CV measurements
of LixCu1xO/NTO films in aqueous 0.1 M Na,SO, are free of
oxidative current signals, indicating that the photoabsorber
remains stable under illumination. In contrast to bare LixCu;4O,
NTO covered films showed no activity in terms of water
reduction (Fig. 4a and b, blue) due to the lack of a suitable
cocatalyst.3 For this electrodeposited Pt

in

reason, we

This journal is © The Royal Society of Chemistry 20xx

nanoparticles on our LixCu;xO/NTO from a 1 mM methanolic
H,PtCls solution (see experimental details for further
information), as this is a proven way to improve HER kinetics on
ALD protected copper oxide based photocathodes.’* 20 nm
sized Pt particles are formed on the surface of the
nanostructured LixCu1xO/NTO films (Fig. 4e). A protection layer
of 2.5 nm NTO showed the highest activity compared slightly
thinner or thicker NTO layers, still allowing sufficient charge
transport to the Pt cocatalyst (ESI Fig. 14). We assume electron
transport by tunneling through the protective layer due to its
extremely small layer thickness. The described protection
strategy causes no significant change in the light absorption
properties of those devices compared to the pristine LixCu1xO
films (Fig. 1c). We see no signs of photocorrosion of LixCuj.-
xO/NTO/Pt devices held for 15 min at 0.2V vs. RHE under
AM1.5G illumination. This is verified by EELS oxidation state
mapping (Fig. 4f, k and ESI Fig. 16). Based on LSV measurements
under chopped illumination, these devices show a distinct
activity towards hydrogen evolution reaching up to 350 pA cm-
2 at 0.0V vs. RHE with a photocurrent onset at around 0.50 V
vs. RHE (Fig. 4c). Furthermore, we quantified the incident-
photon-to-current-efficiency (IPCE) at different potentials from
0.6 to 0.0V vs. RHE (Fig. 4d). The photocathode is active over
the whole visible spectrum, reaching parts of the IR range, with
an IPCE maximum at an excitation wavelength of 380 nm. The

J. Name., 2013, 00, 1-3 | 7



IPCE increases with lower potentials, reaching up to 6.25% at
0.0 V vs. RHE.

In addition, we performed stability tests of bare LixCu;.xO and
LixCu1xO/NTO/Pt films under illumination and quantified the
evolved hydrogen. At a constant potential of 0.3 V vs. RHE, both
photoelectrodes show a current response under illumination
which is directly correlated to hydrogen evolution. The
photocurrent of bare LixCuixO decreases constantly and the
hydrogen evolution stops after around 10 min of illumination
due to photocorrosion of the material (ESI Fig. 18), which results
in a Faradaic efficiency of 61% after 10 minutes (Fig. 5a). In
contrast, the LixCu;«O/NTO/Pt device produces a stable
photocurrent and evolves hydrogen with a Faradaic efficiency
of 96% during the first 15 minutes after illumination (Fig. 5b).
Afterwards, both the hydrogen evolution and the current drop.
We attribute the activity loss to the detachment of the Pt
nanoparticles due to hydrogen bubble formation (see ESI Fig.
17), whereas the decrease of hydrogen concentration can be
attributed to leakage from the photoelectrochemical cuvette-
type cell used for hydrogen evolution experiments. We are
currently working on the optimization of the cocatalyst
deposition to increase both stability and activity of Li doped CuO
photocathodes. Without direct contact to water, bare LixCu1.xO
is stable in a comparable potential range, as shown in a
photoelectrochemical measurement in 1 mM iodide/triioide
(I-/ 13") propylene carbonate electrolyte (Fig. 5¢). No oxidative
currents are detectable, which would indicate a Cul*/ Cu?*
reaction similar to the one shown in Fig. 3b. Moreover, the
LixCu1xO film was held under illumination at 0.1 V vs. RHE for 15
minutes. The corresponding EELS map of this sample shows no
sign of photocorrosion. From this observation, we conclude that
LixCu1.xO could be used as stable photoabsorber as well as
catalyst in a water-free electrolyte.

Conclusions

In this study, we have presented black Li-doped CuO thin films
as cathodic light absorber for photoelectrochemical hydrogen
evolution. The substitution of 4 at-% of Cu?* with Li* ions has a
substantial influence on the optical and electronic properties.
The optical bandgap is reduced while both electrical
conductivity and p-type character increase upon Li doping,
which is beneficial for the application as photocathode material
in a PEC tandem cell. DFT+U calculations confirm that the
system becomes a p-type
concentrations due to the pronounced delocalization of holes.
While LixCu14xO is stable in a non-aqueous electrolyte, it suffers
from photocorrosion in contact with water. For the first time,
the corrosion was studied in detail by cyclic voltammetry, X-ray
photoelectron and electron energy loss spectroscopy.
Therefore, we presented a detailed study on photocorrosion to
provide a profound understanding of the underlying physical
process which will be applicable to any copper based
photocatalyst. Indeed, the performance of other reported
photoelectrode systems should be critically revised.

Under illumination and in direct contact with water, the
reduced Cu,0 forms as distinct cubic crystals on the LiyCu;4O

semiconductor for low Li

8| J. Name., 2012, 00, 1-3

surface. We demonstrate that LixCu;4O films can be stabilized
to some degree against photocorrosion by using approaches
namely the
application of a thin Nb:TiO, protection layer in combination

common in photoelectrochemical research
with a Pt cocatalyst. Still, our described approach cannot solve
the fundamental problem of intrinsic instability of metal oxide-
based photocathodes in aqueous electrolytes. We suggest that
similar fundamental problems of photocorrosion stability will
be witnessed also in other copper containing photoabsorbers,
therefore the photoelectrochemical performance and possible
light-triggered material transformation should be revisited with
special care. We doubt that the intrinsic photocorrosion of
copper oxide based photoelectrodes can be solved in any
feasible way in aqueous electrolytes. However, the in-situ
growth of Cu,0 due to photoreduction could be used for other
types of electrochemical processes. As an example, the use as
specific catalyst for CO; reduction in a water-free, methanolic
electrolyte can be envisioned as both copper oxides were
already described to be very active for this application.”* By
manipulating their electronic structure using various dopants
like Li*, we expect to enhance both the efficiency of copper
oxides and also fine tune the formation efficiencies for
hydrocarbons like methane and ethylene.
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