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Environmental Significance

This study investigates CuAlO2 and CuFeO2 thin film photocathodes for photoelectrochemical 

(PEC) water splitting, a sustainable method for converting solar energy into clean fuels. By 

exploring pulsed laser deposition to synthesize the delafossite phase of these materials, 

terminated by active Cu(I) sites, we aim to simplify the catalyst design, eliminating the need for 

complex heterostructures with protective layers and cocatalysts. Our measurements show notable 

PEC activities for both CuAlO2 and CuFeO2. Through combined synthesis, characterization, 

electrochemical measurements, and modeling, this work addresses the need to advance Cu(I) 

electrocatalysts. Our findings advance PEC systems, promoting renewable energy storage and 

reducing carbon emissions.
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Abstract

Development of solar energy converters with earth-abundant and environmentally friendly 

materials is one of the key routes explored towards a sustainable future. In this work, crystalline 

delafossite-phase CuAlO2 and CuFeO2 thin film solar water splitting photocathodes were 

fabricated using pulsed laser deposition. It was found that the desired delafossite phase was formed 

only after high temperature annealing in an oxygen-free atmosphere. The homogeneous delafossite 

bulk structure of the films was determined by correlating simulation results from first-principles 

calculations with synchrotron-based X-ray absorption near edge structure (XANES) spectroscopy. 

Both CuAlO2 and CuFeO2 photocathodes are active for solar water splitting, with the latter more 

efficient due to its narrower band gap and improved light absorption. 
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Introduction

In recent decades, Cu(I)-based delafossite oxide materials have emerged as prominent candidates 

in diverse technological applications, mainly embodying distinct yet related roles: transparent 

conducting oxides1-3 and solar energy converter such as photoelectrodes for solar cell4-6, solar 

hydrogen evolution7-11, and CO2 conversion12, 13. Their unique crystal structures, exceptional 

electronic properties, and promising electrochemical behavior have spurred extensive research 

efforts aimed at harnessing their potential for renewable energy, optoelectronics, and beyond. An 

important family of delafossite-type oxides are formulated as CuMO2 (M = Al, Fe, Cr, Ga, etc) 

compounds, where Cu and M have oxidation states of +1 and +3, respectively.11 Characterized by 

a layered arrangement featuring linearly coordinated Cu+ cations and layers of MO6 octahedra that 

share edges, delafossite oxide typically adopt a rhombohedral 𝑅3𝑚 structure with trigonal 

symmetry (Figure 1a). 

A wide range of deposition techniques have been reported to synthesize CuMO2 films, 

including sol-gel14, 15, hydrothermal16-18, chemical spray pyrolysis19, chemical vapor deposition 

(CVD)20, 21, sputtering22, 23, and pulsed laser deposition (PLD)24-30.  The last one is particularly 

attractive due to its capacity to transfer stoichiometry from target material to thin film. Prior 

research endeavors concerning PLD-grown delafossite materials are summarized in Table 1. In 

order to maintain Cu in its optimally active intermediate oxidation state of +1, the chemical 

potential of oxygen must be carefully controlled during delafossite synthesis and post-growth 

annealing at higher temperature is usually needed. As illustrated by the Ellingham diagram of 

CuAlO2, higher temperature will indeed stabilize the desired delafossite phase in an atmosphere 

of moderate oxygen partial pressure (Figure 1b).
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In addition, most delafossite growth efforts have been concentrated on substrates exhibiting 

trigonal or hexagonal symmetry, such as sapphire.1, 24-33 Nonetheless, the insulating nature of 

sapphire poses challenges for applications necessitating high conductivity, such as photoelectrodes. 

Therefore, investigations in the realm of delafossite-based photovoltaic and photoelectrochemical 

research predominantly rely on fluorine-doped tin oxide (FTO) glass substrates, chosen for their 

transparency to light and efficient charge carrier transport.5, 7, 34-37 There are very few studies on 

other single crystalline substrate, such as yttrium-stabilized zirconia (YSZ), which has the 

advantage of being lattice-matched to indium tin oxide (ITO), a compelling alternative to FTO. 

Previously, we have demonstrated that epitaxial ITO layer can be grown on YSZ (001) for the 

fabrication of bismuth vanadate (BiVO4) photoanodes.38 However, to our knowledge, there is no 

previous studies on delafossite growth on this commonly available substrate.

In this work, we used PLD to fabricate CuAlO2 and CuFeO2 delafossite thin film 

photocathodes on ITO/YSZ (001) substrates and studied their solar water splitting activity in a 

photoelectrochemical cell as an example of their potential as energy converters. The structural 

properties of the deposited films were studied by thin film X-ray diffraction (XRD) and 

synchrotron-based X-ray absorption near edge structure (XANES) spectroscopy, demonstrating 

the growth of c-oriented single-phase delafossite thin films on YSZ (001) substrates. First-

principles calculations of the XANES spectra confirmed that the thin films have atomic motifs 

matching the bulk structure.   

Results and Discussion

Delafossite thin films were prepared by pulsed laser deposition (PLD) on (001)-oriented 

yttrium-stabilized zirconia (YSZ) substrates, which were first coated with a thin layer of indium 

tin oxide (ITO) for electrical conductivity. According to its X-ray diffraction (XRD) pattern, the 
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as-grown Cu-Al oxide thin film did not show any peaks corresponding to the delafossite phase, or 

any phases other than those in the ITO/YSZ substrate (Figure 2a), which suggests that the as-

grown Cu-Al oxide film was amorphous. Similarly, the XRD pattern of as-grown Cu-Fe oxide 

film did not contain any delafossite peaks, but showed the presence of the spinel phase of CuFe2O4 

(Figure 2b). According to the Ellingham diagram of the Cu-Fe-O system (Supporting Information, 

Figure S1), the delafossite CuFeO2 is thermodynamically favored in a region with lower chemical 

potential of oxygen and higher temperature, while CuFe2O4 is stabilized in an oxygen-rich 

environment and at lower temperature.39 The observation suggests that the PLD chamber does not 

have an O2 partial pressure that is low enough to drive the CuFe2O4/CuFeO2 equilibrium in the 

favor of the latter.  

To drive phase equilibrium toward the desired delafossite phase and to promote its 

crystallization, the thin film of Cu-Al and Cu-Fe oxides are processed by post-growth annealing 

at 900 ºC in nitrogen. In the case of Cu-Al oxide, a single peak emerged at 15.78°, attributed to the 

CuAlO2 (003) plane, while the CuAlO2 (006) peak overlapped with the Kβ peak of YSZ (002) 

(Figure 2a). This observation indicates the formation of a c-oriented single-phase CuAlO2 structure. 

In the case of Cu-Fe oxide, we observe the (003), (006), and (009) diffraction peaks of CuFeO2, 

respectively at 15.48°, 31.26°, and 47.68° (Figure 2b).  Because there was no epitaxial relationship 

between delafossite and the ITO/YSZ (001) substrate, the formation of delafossite phase required 

more strict control of conditions. We note that when the substrate is replaced with c-plane sapphire, 

c-axis oriented single-phase CuFeO2 was formed during PLD at the same deposition conditions 

(700C, 2 × 10-2 mbar N2 atmosphere), without the requirement of post-growth annealing 

(Supporting Information, Figure S2a). Interestingly, the delafossite CuFeO2 phase can still form 

on sapphire even after a small amount of oxygen was introduced. As shown in Supporting 
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Information Figure S2b, both delafossite CuFeO2 and spinel CuFe2O4 phases can be identified 

from the XRD pattern of the Cu-Fe oxide film grown in 1 mTorr O2 (1.3 × 10-6 bar). This clearly 

reflects that a metastable thin film phase can be stabilized by reducing its surface energy through 

lattice matching to the substrate.

Although XRD confirmed the formation of delafossite phases of CuAlO2 and CuFeO2, in 

which Cu takes a formal oxidation number of +1, X-ray photoelectron spectroscopy (XPS) found 

that the surface of delafossite film was dominated by Cu +2 species. This was evident by the 

emergence of strong satellite peaks in the Cu 2p XPS spectra (Figures 3a and 3c), which would be 

very weak if Cu had oxidation state of 0 or +1. Since XPS is a surface-sensitive technique, the 

observation suggested that the surface of delafossite films was oxidized upon air exposure. The Al 

2p peak of CuAlO2 was consistent with Al with oxidation state +3 and overlapped with the broader 

Cu 3p3/2 peak (Figure 3b). The Fe 2p region of CuFeO2 must be fitted with two sets of 2p3/2 – 2p1/2 

doublets, in addition to a pair of satellite peaks (Figure 3d). However, this does not indicate the 

presence of Fe +2 species, since the lowest binding energy of Fe 2p3/2 remains at 710 eV, while Fe 

+2 would have Fe 2p3/2 binding energy at 709 eV. This is similar as the case of Fe2O3, which 

requires multiple sets of peaks to properly fit the Fe 2p features.40

Nevertheless, X-ray absorption near edge structures (XANES) spectroscopy, a bulk-sensitive 

technique, confirmed that the bulk of the films remained delafossite despite the surface oxidation. 

A unique feature of delafossite lattice (A+B3+O2, space group R3m) is that the A+ cations are 

linearly coordinated and have a coordination number (C.N.) of 2, while the B3+ cations occupy 

octahedral sites (C.N. = 6). This contrasts with the caswellsilverite lattice of A+B3+O2, which is 

also in the space group R3m, but has A+ and B3+ cations both occupying octahedral sites. The 

linear coordination of Cu+ in our CuAlO2 and CuFeO2 films are confirmed by their XANES spectra 
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at Cu K-edge (Figure 4a). In both cases, the spectrum is characterized by a sharp shoulder feature 

that peaks at 8981 eV. This feature is consistent with the linear coordination of Cu+ cations and is 

similarly observed in Cu2O41, in which each Cu+ ion is linearly coordinated with two O2- ions. 

According to Kau et al, this feature may be identified as the electric dipole-allowed 1s → 4px,y 

transition, which has a lower energy than the 1s → 4pz transition, due to the antibonding formation 

between Cu 4pz and ligands (z is along the O-Cu-O axis).42 In general, the sharp feature at 8981 

eV would disappear, if the Cu+ cation is located at a higher C.N. site, e.g., trigonal or tetrahedral.41

The qualitative analysis of the Cu K-edge XANES is confirmed by first-principles computation. 

The structure of the thin delafossite film was relaxed using the Perdew-Burke-Ernzerhof (PBE)  

functional with a slab atomic model and the XANES were simulated with multiple scattering 

theory using the FDMNES program package.43 The simulated Cu+ K-edge spectra were quite 

similar between CuAlO2 and CuFeO2, with the characteristic pre-edge shoulder feature at 8981 eV 

observed clearly (Figure 4b). Compared with the experimental spectra, the simulated delafossite 

spectra not only preserved the sharp shoulder features at 8991 eV, but also very well reproduced 

the shape of the lower energy (and stronger) white line peak at about 8994 eV. Given that XPS 

found surface Cu atoms were oxidized to an oxidation number of +2, we also simulated the 

XANES spectra of Cu +2 species following the same approach. For these simulations, spinel 

CuAl2O4 and CuFe2O4 were respectively chosen as model compounds for the surface oxidation of 

CuAlO2 and CuFeO2. Their lattice structures were taken from the Materials Project, mp-27719 for 

spinel CuAl2O4 and mp-770107 for CuFe2O4. As shown in Figure 4c, the simulated Cu K-edge 

spectra of CuAl2O4 and CuFe2O4 showed little similarity with the experimental spectra. The pre-

edge shoulder was much weaker than those experimentally observed for delafossite films and was 

moved to higher energy (8982 eV vs 8981 eV). As such, we may conclude that the PLD-grown 
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CuAlO2 and CuFeO2 films were dominated by the delafossite phase, despite the formation of small 

amount of Cu +2 species due to surface oxidation. 

The photoelectrochemical (PEC) water reduction activities of both CuAlO2 and CuFeO2 thin 

films was evaluated using linear sweep voltammetry in a phosphate buffer solution at pH 7. Prior 

to the sweep, the dissolved O2 in the electrolyte solution was purged thoroughly by bubbling argon 

gas. This step is crucial to ensure that photoelectrons participate in water reduction rather than O2 

reduction. In the PEC experiment, the illumination source is a Xenon arc lamp equipped with a 

filter to simulate AM 1.5 G solar radiation. As depicted in Figures 5a and 5b, both CuAlO2 and 

CuFeO2 exhibit notable PEC activities upon illumination. However, CuFeO2 exhibits photocurrent 

density at the potential of hydrogen evolution (0 VRHE) that is one order of magnitude higher than 

that of CuAlO2. This stark difference can be attributed to the significantly narrower optical 

bandgap of CuFeO2 (2.0 eV vs. 3.5eV),1, 44 which results in more efficient absorption of incident 

light and charge carrier generation. Despite the chemical stability of CuFeO2, we note that its 

photocurrent density at 0 VRHE (0.25 mA/cm2) remains much lower than the theoretical limit of a 

semiconductor with 2 eV band gap (about 15 mA/cm2) and the highest photocurrent density 

achieved by Cu2O photocathode (about 10 mA cm−2).45, 46 This suggests a low charge carrier 

separation efficiency that requires further study and optimization.

Mott-Schottky analysis, in which the space charge capacitance (Csc) is correlated with the 

electrode potential (E), was conducted to characterize the doping type and doping level of CuFeO2. 

The 1 𝐶2
sc ―𝐸 plot had a uniform negative slope about -0.03 μF-2 cm4 V-1, which confirms the p-

type doping of CuFeO2 (Figure 5c). According to the Mott-Schottky relation, the slope is equal to 

―2(𝑒𝜖𝜖0𝑁A)―1, where e is the elementary charge, 𝜖 the semiconductor dielectric constant, 𝜖0 the 
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vacuum permittivity, and NA the acceptor density. Given that bulk CuFeO2 is ferroelectric with  𝜖~

104, we estimate that the CuFeO2 had an acceptor density of about 5 × 1017 cm-3.

In summary, we used PLD to fabricate delafossite CuAlO2 and CuFeO2 photocathodes on ITO-

buffered YSZ (001) substrates and compared their solar water splitting activities using 

photoelectrochemistry measurements. Although the delafossite phase can be readily formed on a 

lattice-matching sapphire substrate, the stabilization of delafossite on ITO/YSZ was more 

challenging and achieved only after post-growth high temperature annealing. Cu K-edge XANES 

largely matched the expectation for Cu+ occupying a linearly coordinated center, through a careful 

comparison with first-principles calculation results. To date, all known electrocatalysts for CO2 

reduction directly into high value C2+ products contain copper as the active site.47-50 As a Cu-

containing p-type oxide that has a visible light optical gap, the activity of CuFeO2 as a water 

splitting photocathode opens a door toward its application for the most desirable and challenging 

sustainable photoelectrochemical conversion reactions involving carbon dioxide.

Methods

Thin film synthesis

The ceramic targets for pulsed laser deposition (PLD) of Cu(I)-based delafossite were prepared 

via a solid-state sintering process. The CuO powder (Alfa Aesar) is mixed with the powder of 

trivalent metal oxide, either Al2O3 (Alfa Aesar) or Fe2O3 (Alfa Aesar), in a stoichiometric 1:1 ratio 

of the respective metal elements. The powder mixture was grounded in an agate mortar, pressed 

into pellets using a hydraulic pump at a pressure of 10 Ton, and subsequently sintered in air at 800 

ºC, for 10 hours. During the PLD process, a laser fluence of 1.8 J/cm2 (KrF, 248 nm) and a 

repetition rate of 5 Hz were employed. Initially, a 50-nm thick layer of indium tin oxide (ITO) was 
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deposited onto an yttrium-stabilized zirconia (YSZ) substrate at 600ºC in vacuum (with a base 

pressure of 6 × 10-7 mbar), as a conductive back contact for subsequent photoelectrochemical 

measurements. The deposition of Cu(I) delafossite took place at 700ºC in a nitrogen atmosphere 

with a pressure of 2 × 10-2 mbar. Following the deposition process, the system was gradually 

cooled down to room temperature under the same oxygen pressure, at a rate of 10 ºC per minute. 

The deposited thin films were annealed in nitrogen at 900ºC for 1 h.

Materials Characterization

The crystalline phases of thin film were characterized by X-ray diffraction (XRD, Rigaku 

SmartLab) using Cu Kα radiation (λ = 1.5418 Å). X-ray photoelectron spectroscopy (XPS) 

measurements are performed in a high vacuum (~10-7 Torr) using Al Kα (1486.6 eV) as the 

excitation source. X-ray absorption near edge structure (XANES) spectra at Cu K-edge are 

measured at the ISS beamline (8-ID)51 of NSLS-II, with the sample mounted in a similar fashion 

as for the XRF measurement. A fast scanning, liquid nitrogen cooled double crystal 

monochromator is used for continuous energy scans, with the energy range set to 8950 – 9200 eV. 

The X-ray absorption is determined by calculating the total fluorescence yield 𝜇(𝐸) = 𝐼f 𝐼0, where 

𝐼f is the fluorescence intensity and 𝐼0 the incident intensity. The intensity of the incident beam is 

measured by an ion chamber, and the X-ray fluorescence from the sample is captured by a PIPS 

(Passivated Implanted Planar Silicon) detector. The spectroscopic scans are repeated multiple 

times with the same settings, then binned and averaged to reduce the noise.

Photoelectrochemical (PEC) measurements were carried out using a potentiostat (PAR 

VersaStat) in a three-electrode cell, with BVO thin film serving as the working electrode, Ag/AgCl 

as the reference electrode, and Pt wire as counter electrode. The simulated solar light was provided 

by a 150 W solar simulator equipped with an air mass 1.5 global (AM 1.5 G) filter (Newport) and 
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the light power was calibrated to 1 Sun (100 mW/cm2) using a quartz-windowed Si solar cell 

(Newport). The electrolyte was a pH 7 phosphate buffer solution. Before the voltametric scan, the 

dissolved oxygen in the electrolyte solution was purged thoroughly by argon bubbling. The argon 

gas purging was maintained through the PEC experiment in a flow rate that forms minimal bubble.

First-Principles Calculations

Electronic structure calculations of CuMO2 (M = Al or Fe) were carried out using spin-polarized 

density functional theory as implemented in Quantum ESPRESSO52 using the generalized gradient 

approximation of Perdew, Burke, and Ernzerhof53 and ultrasoft pseudopotentials54. A plane-wave 

cutoff of 50 Ry and a charge density cutoff of 400 Ry were used, and all the atoms were fully 

relaxed during the geometry optimizations. The energy was sampled using k-point grids of 8×8×8. 

The optimized lattice constants a and c were 2.88 (3.07) and 17.13 (17.06) Å for CuAlO2 and 

CuFeO2, respectively.
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13

Figure 1. (a) Crystal structure and unit cell of delafossite CuMO2 (M = Al, Fe, etc). A few atoms 

outside of the unit cell are included for better view of the coordination shell around M atoms. (b) 

Ellingham diagram of the Cu-Al-O system, with the atomic ratio Cu : Al = 1 : 1.
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Table 1. A survey of literatures on PLD-grown delafossite thin film materials. (SA = sapphire; 

AG = amorphous glass; YSZ = yttrium stabilized zirconia).

Delafossite Substrate T (°C)a PO2 
(mTorr)a Annealing Crystal Phase Ref

SA (001) 700 100 - c-axis oriented 
single phase (00l)b

1

SA (001) 100-200 100 1050°C, air, 
1.5 hc

c-axis oriented 
single phase (00l)

24

SA (001) 500 ~20 900°C, N2, 
1 h

c-axis oriented 
single phase (00l)

25

SA (001) 650 10 1100°C, air, 
30 min

c-axis oriented 
single phase (00l)

26

CuAlO2

SA (001) 700 100 1050°C, air, 
10 min

c-axis oriented 
single phase (00l)

27

SA (001) 500 75 500°C, O2, 
10 min

Epitaxial single-
phase (00l)b

28

SA (001) 600 0.1 - c-axis oriented 
single phase (00l)

29

SA (001) 600 0.1 - c-axis oriented 
single phase (00l)

30

AG 750 1 - c-axis oriented 
single phase (00l)

55

SA (001) 550-600 0.1 - Epitaxial single-
phase (00l)

31

CuFeO2

SA (001) 850 0.5 - Epitaxial single-
phase (00l)

32

a. Listed are the temperature and pressure conditions for the optimal outcome.
b. If the in-plane orientation of the thin film is tested to match rhombohedral crystal system, it is listed as 

epitaxial single-phase. If only the out-of-plane orientation is examined, it is listed as c-axis oriented 
single phase, otherwise.

c. Mixed with CuO and Al2O3 powders in closed crucible.
d. Annealing is only for smoothing the surface of thin film.
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Figure 2. XRD patterns of (a) CuAlO2/ITO/YSZ and (b) CuFeO2/ITO/YSZ thin films, as-grown 

by PLD (top) and after annealing in N2 at 900C (bottom).
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Figure 3. XPS spectra of CuAlO2 thin films, in (a) Cu 2p region and (b) Al 2p region, and of 

CuFeO2 thin films, in (c) Cu 2p region and (d) Fe 2p region, with corresponding spectral fitting. 

In each panel, the gray dots are experimental data, the solid black line is the fitted spectrum, and 

the dashed line is the fitted background.
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Figure 4. (a) Experimental Cu K-edge XANES spectra of delafossite CuAlO2 and CuFeO2 thin 

films. (b) Simulated Cu K-edge XANES spectra of delafossite CuAlO2 and CuFeO2, in which Cu 

takes a formal oxidation number of +1. (c) Simulated Cu K-edge XANES spectra of spinel 

CuAl2O4 and CuFe2O4, in which Cu takes a formal oxidation number of +2.

Page 18 of 22Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



18

Figure 5. Photocurrent density (J) - potential (E) characteristics of (a) CuAlO2/ITO/YSZ and (b) 

CuFeO2/ITO/YSZ thin films. (c) Mott-Schottky plot of CuFeO2/ITO/YSZ thin film. The red 

squares are experimental data and the black line is the fitting for the linear range (0.4 – 0.8 VRHE).
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All data supporting the findings of this study are presented in the main article and the ESI.
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