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ABSTRACT: Assessing the intrinsic material performance of emerging
copper-based ternary oxide photocathode candidate materials such as
CuBi,O, (CBO) has been challenging due to the formation of phase-
segregated domains in films with stoichiometric nonideality. However, we
find films with CuO phase segregation demonstrate improved photo-
electrochemical (PEC) performance, the origin of which inspired this deeper
investigation. Uniform and compact CBO thin films with Bi:Cu ratios of
2.10, 1.97, 1.78, and 1.38 were grown by spin-coating. Although CuO was
detected by Raman and X-ray diffraction in the 1.38 film only, high
resolution energy-dispersive X-ray spectroscopy mapping revealed the
presence of 10—20 nm CuO particles at the CBO/FTO interface in the
1.38, 1.78, and 1.97 samples. The greater number of CuO particles in the
1.38 sample resulted in a 25% enhancement in incident photon-to-current
efficiency performance but could not be attributed to CuO-related light absorption. X-ray photoelectron spectroscopy
characterization of the type-II band alignment was used to confirm that the particles behave as hole-selective contacts. The
presence of nanoparticulate heterojunctions improves carrier collection of low diffusion length holes, enhancing the
performance of the heterojunction beyond that of a fully planar derivative.
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1. INTRODUCTION

With the limited availability of p-type metal-oxide-based
photocathode materials for applications such as CO,
reduction, significant efforts are dedicated to finding new
materials with improved stability, ideal bandgaps, and band
energetics at the correct chemical potentials for the desired
chemical reactivity. Many such emerging p-type materials are
copper-based bimetallics based on the well-known p-type
semiconductor cuprous oxide (Cu,0).'~ One such example is
CuBi,0, (CBO), which has a suitable band gap for sunlight
harvesting (1.5—1.8 eV) and a relatively positive valence band
potential, making it an attractive candidate for CO,
reduction.'”™" To make meaningful advances toward under-
standing the fundamental material properties and thereby
identify performance-limiting factors, the development of high-

achieve. Indeed, literature reports commonly demonstrate
CBO containing cupric oxide (CuO) phase impurities.”*>*
Significant effort is spent to ensure synthesis methods
produce phase pure materials, often determined by X-ray
diffraction (XRD) and Raman spectroscopy. As a consequence
of these efforts, it is common to test the functional
performance of a variety of compositions, thereby achieving
a feedback loop between synthesis and performance.”® Often,
nonideal stoichiometries demonstrate improved performance
which is attributed to interstitial or substitutional “doping”. In
reality, the composition of many alloys varies from the ideal
stoichiometry by several percent, which can lead to phase
segregation.””~>* However, phase uniformity can be challeng-
ing to detect, particularly with amorphous or nanoscale
impurities. The impact of phase segregated domains can

quality material of known composition and phase is necessary.
Notably with ternary oxides, device properties can vary
significantly depending on the ratio of the component
elements.'~>**° Films are commonly annealed at temperature
>500 °C, which can result in sublimation of select elements,””’
making phase purity and ideal stoichiometry difficult to
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range from deleterious (charge trapping, increasing recombi-
nation, or parasitic light absorption) to beneficial (increased
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light scattering, selective charge transport, or improved
catalytic activity). Therefore, the size and location of the
domains, their impact on light harvesting efficiency, and the
electronic band alignments at the heterojunction must be
known to deconvolve intrinsic material properties from
unintentional cooperative benefits of phase segregation.

In this investigation, we utilized spin coating to achieve
uniform, compact, and controllable growth of CBO with good
precision and reproducibility of the resultant Bi:Cu stoichi-
ometry. When copper concentration was increased and Bi:Cu
ratio decreased from ideality, phase-segregated CuO was
identified by grazing incidence (GI)-XRD and Raman
spectroscopy, and photoelectrochemical (PEC) performance
showed significant improvement. To understand the effects of
this phase segregation, high resolution cross-section energy-
dispersive X-ray spectroscopy (EDX) mapping was applied to
investigate the location, size, and amount of CuO domains.
Interestingly, CuO domains were found in most samples, even
those approaching the conventionally ideal 2:1 Bi:Cu ratio.
Combining structural information with PEC performance and
band alignment analysis, the CuO particles are revealed to be
crucial components of the photocathode heterojunction, acting
as hole selective nanoscale contacts, improving charge
collection efficiency, and thereby enhancing PEC performance.
Such nanoparticle heterojunctions can be applied to other
materials where low mobility carriers limit performance.

2. EXPERMENTAL SECTION

2.1. Preparation of CBO Films. CuBi,O, thin films were
fabricated on fluorine-doped tin oxide (FTO) glass substrates by spin
coating. Bismuth(III) nitrate pentahydrate (Sigma-Aldrich, >98%)
and copper(II) nitrate trihydrate (Sigma-Aldrich, >99%) in various
Bi:Cu mole ratios were dissolved in 2-methoxyethanol (Sigma-
Aldrich, ReagentPlus, >99%) as the precursor. Triethyl orthoformate
(TEOF, Sigma-Aldrich, anhydrous, 98%) was used as a water
scavenger to stabilize the bismuth ions and avoid precipitation
(volume ratio of 2%). The FTO glass substrates (Sigma-Aldrich, 50 X
50 X 2 mm, ~7 ohm/square) were thoroughly washed with detergent,
isopropanol, and deionized water, dried with a nitrogen gun, and
treated for 20 min in a UV-ozone cleaner (Jelight Model 42). The
precursor solution was applied uniformly to the substrate, filtered
through a 0.25 ym PTEE filter (Thermo Scientific), and spun at 1000
rpm for 30 s on a Laurell Technologies spin coater with an
acceleration rate of 150 rpm/s. After spin coating, substrates were
annealed for 20 min at 550 °C in a muffle furnace. This procedure
(i.e. spin coating followed by short annealing) was repeated five times.
After the final spin coating cycle, the substrate was annealed for 2 h at
550 °C to achieve the final CBO samples. For comparison, a CuO
thin film sample was fabricated on FTO glass by the same method but
excluding Bi. CuO/CBO samples were prepared by one cycle of CuO
deposition followed by five cycles of CBO deposition, as previously
described.

2.2. Characterization. The crystalline structure of the samples
was analyzed by GIXRD with a Rigaku Smartlab diffractometer using
Cu Ka radiation. The incident angle was fixed at 0.5° and the
detector angle was scanned between 25° and 75°. The elemental
composition of the films was determined with an inductively coupled
plasma mass spectrometer (7900 ICP-MS, Agilent) and further
confirmed by Rutherford backscattering spectrometry (RBS). For
ICP-MS, the thin films were digested in 1 mL of trace metals grade
concentrated nitric acid (Sigma-Aldrich, 225711) and then diluted to
S mL with ultrapure water. Resultant solutions were further diluted
with 2% HNO; to obtain a sample concentration within the range
covered by the calibration curve (1—1000 ppb). One ppm W and Ge
were used as internal standards. For RBS, He ions were accelerated to
3040 keV on a SSDH pelletron tandem accelerator manufactured by
National Electrostatics Corporation with a sample tilt of 30—60° and

backscattered ions were detected at an angle of 165° using a Si surface
barrier detector. Data fitting was performed with SIMNRA software.
Sample surface morphology was inspected using a scanning electron
microscope (SEM, Quanta FEG 250, FEI). Raman spectra were
recorded using a confocal Raman microscope (LabRam HR, Horiba
Jobin Yvon) with a 532 nm laser source. The transmittance and
reflectance spectra of the samples were recorded at an 8° angle of
incidence using a UV—vis spectrometer equipped with an integrating
sphere (SolidSpec 3700, Shimadzu). The cross-section EDS-mapping
of the samples was inspected by using transmission electron
microscopy (FEI TitanX 60—300 operating at 200 kV) with a large
solid angle EDS detector. Cross-section sample preparation was
performed using a Multiprep tool followed by Ar ion milling to thin
the samples.

Photothermal deflection spectroscopy (PDS) was collected on a
home-built system, in which monochromatic light from a laser
stimulated light source (EQ-77, Enertiq) was modulated with an
optical shutter and used to excite the sample, which was immersed in
perfluorohexane. The grazing probe beam was provided by a
stabilized HeNe laser, and its position was detected with a position
sensitive detector, amplified and filtered with a current preamplifier,
and then recorded with a lock-in amplifier.

Surface photovoltage (SPV) was conducted at room temperature
using a Kelvin probe (Kelvin Probe S, Besocke Delta Phi GmbH) by
measuring the contact potential difference (CPD) with or without
illumination: SPV = ACPD = CPDyg — CPDgyy. A 340 nm LED
(M340L4, ThorLabs) with about 10 mW cm™> power density was
used as the light source. The Kelvin probe measurements were
conducted using a piezoelectrically driven gold grid with a diameter of
3 mm. The CPD is given by: Vcpp = ¢cpo — Prep Where ¢epo and ¢,
are the work function of CBO film and gold reference electrode,
respectively.

X-ray photoelectron spectroscopy (XPS) data were acquired by a
Kratos Axis Ultra spectrometer, using a monochromatic Al Ka source
(hv = 1486.69 eV). The work function was determined from the
secondary electron cutoff by applying a —10 V bias voltage to the
sample. Spectral positions were calibrated using adventitious alkyl
carbon signals by shifting the C 1s peak to 284.8 eV.

2.3. Photoelectrochemical Characterization. PEC measure-
ments were performed with a Biologic SP-300 potentiostat using a
three-electrode configuration with a Pt counter electrode and 3 M
Ag/AgCl reference electrode at a scan rate of 50 mV/s. The CBO
working electrode was prepared by connecting the CBO/FTO sample
to copper wire using silver epoxy and inserting into a glass tube. The
sample edge and connection area were protected by chemically
resistant epoxy. A photograph of the completed working electrode is
provided in Figure S1. Potassium bicarbonate (0.1 M, Sigma-Aldrich,
>99.95%) and sodium persulfate (0.1 M, Sigma-Aldrich, Reagent,
>98%) were used as electrolyte at pH 8.2. Here, sodium persulfate
works as an electron scavenger. Simulated AM 1.5G solar illumination
is provided by a solar simulator (16S-300-002, Solar Light) with a flux
of 100 mW/cm™, as determined by a calibrated Newport Si PV
module. All reported potentials were converted to the reversible
hydrogen electrode (RHE) scale using the following relation (1):

Eryip = Exg/agal + 021V + (0.059 X pH) (1)

Applied bias photocurrent efficiency (ABPE) was calculated and
compared based on the J—V response of the samples using the
following relation (2):

- -2
(ESZOS - Eapplied)(VRHE) X ]Ph (mAcm )

ABPE = —
Ptotal(mw/cm ) (2)

Here, Eg q, is the reduction potential for sodium persulfate, which was

measured in the same three-electrode system by using CBO as the
working electrode in N,-purged potassium bicarbonate (0.1 M) with
or without sodium persulfate (0.1 M). E,pplied is the applied potential,
and jp, is the related photocurrent density. Py, is the incident light
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density, which was set to 100 mW/cm™ as determined by a
calibrated Newport Si PV module.

The incident photon-to-current efficiency (IPCE) was measured in
the same electrolyte as used for PEC testing at 5 nm intervals between
280 and 700 nm. A 150 W Xe lamp (M625S, Newport) combined
with a holographic grating monochromator (CS-130, Oriel Instru-
ments) as well as a broadband continuous light bias supplied by a
high-power light-emitting diode (GCS-6500-15-A0510, Mightex)
were used to illuminate the front-side as well as back side of the
CBO sample in a PEC cell. The differences in photocurrent and dark
current responses at individual wavelengths were acquired by a Gamry
Reference 600 potentiostat. The power of the monochromatic light
was cocollected by recording the photocurrent response from a
calibrated Si photodiode.

APCE was calculated by dividing IPCE by film absorbance, which
was measured with a UV—vis spectrometer using the following
relation:

APCE(A) = IPCE(A)/[1 — T(1) — R(A)] (3)

where T represents transmittance and R represents reflectance.

3. RESULTS AND DISCUSSION

CBO films were prepared by spin coating and annealing
precursor solutions with Bi:Cu mole ratios of 2.4, 2.2, 2.0, and
1.5. ICP-MS of the resultant films revealed final Bi:Cu ratios of
2.10, 1.97, 1.78, and 1.38, respectively. These ratios were
confirmed with RBS measurement, and all values are tabulated
in Table 1. The concentration of Bi in the film was reduced

Table 1. Stoichiometry and Film Thickness for CBO Films
with Various Bi:Cu Ratios

stoichiometry (Bi:Cu)

sample  precursor ~ ICP-MS RBS thickness (nm)“
2.10 2.4 2.10 2.08 + 0.04 152 5
1.97 2.2 1.97 1.93 + 0.03 198 + 5
1.78 2.0 1.78 1.77 £ 0.02 210+ S
1.38 LS 1.38 1.39 + 0.04 195 £5

“Film thickness is calculated from RBS data; film density is 8.5 g/cm®
and assumed to be similar for all samples.

after annealing, which suggested sublimation of Bi during the
annealing process. As a result, our annealing times and
temperature were carefully controlled. Further studies are
warranted to relate annealing time to Bi:Cu and PEC
performance. The ICP-MS ratios are used as sample IDs for
the following analysis and discussions.

SEM images of each sample are shown in Figure la—d,
revealing grain sizes on the order of ~200 nm. Cross-sectional
SEM (Figure S2, 1.97) shows the grains are contiguous and
continuous. Film thickness values are also reported in Table 1.
GI-XRD patterns shown in Figure le reveal all samples are of
Kusachiite phase (JCPDS 42-0334), and the Raman spectra in
Figure 1f demonstrate no secondary phase.””> However,
characteristic CuO peaks appear in the GI-XRD and Raman
spectra for the 1.38 sample, suggesting phase segregation in the
least ideal film.

To characterize the size, extent, and location of the
segregated CuO domains, we employed transmission electron
microscopy (TEM) with high resolution EDX mapping to
probe the cross-section of the 1.38 and 1.97 samples. The 1.97
sample was chosen for comparison, as it is of a similar
thickness to the 1.38 film and closest to the conventionally
ideal 2:1 Bi:Cu ratio. The resultant EDX spectrum (Figure S3)

indicates the elemental purity of both samples. Three different
cross-section regions are shown in Figure 1 (h) for the 1.97
film and (i) for the 1.38 film. As expected from the Raman
data, Cu-rich regions of the 1.38 film are clearly visible and
concentrated at the FTO/CBO interface. Surprisingly, similar
Cu-rich regions are also evident in the 1.97 sample, although to
a lesser extent. For both films, the size of these regions was
measured to be 10—20 nm in diameter. It is likely these regions
arise from CuO deposits, which were plentiful enough in the
1.38 film to be detectable with Raman and XRD but sparse
enough in the 1.97 film to elude such detection. This finding
stresses the importance of high-resolution elemental mapping
in characterizing phase-segregated films. Relying on Raman
and XRD data alone would have resulted in mischaracteriza-
tion of the 1.97 film with regard to the presence of CuO
deposits. It should be noted that Cu-rich regions were not
observed in the EDX mapping of the 2.10 sample (Figure S4),
indicating that a Bi concentration in excess of ideality is
necessary for phase purity in this system.

In assessing the films as PEC photocathode materials, higher
performance was achieved with lower Bi:Cu ratio. The J—V
responses for the 1.97 and 1.38 films are compared in Figure
1g, and the related applied bias photo conversion efficiencies
(ABPE), as measured under AM 1.5G illumination at 100 mW
cm ™2 (0.1 M KHCO,), are displayed Figure SSc. Once again,
the 1.97 and 1.38 samples are chosen for comparison due to
their similar film thicknesses. For these measurements, an
electron scavenger (0.1 M Na,$,04) was added to the
electrolyte to study the intrinsic properties of the materials
without the effect of surface activity.'” Lowering the Bi:Cu
ratio from 1.97 to 1.38 resulted in an increase in the
photocurrent from 0.82 to 1.17 mAcm™ at 0.58 Vgyp, a
positive shift in the onset potential from 1.218 to 1.244 Vyyg
(taken at 1 A cm™ of photocurrent), and an increase in
maximum ABPE from 0.39 to 0.55% under 0.58 Vgyg (Figure
SSc). The ABPE was determined using eq 2 with the reduction
potential for persulfate determined to be 0.12 Vpy (Figure
SSb). To further confirm this result, the 2.10 and 1.78 samples
were also compared. The J—V response (Figure SSa) and
related ABPE (Figure SSc) show similar dependence. There-
fore, the enhancement in PEC performance achieved with a
decrease in Bi:Cu ratio is well correlated to both the
appearance and prevalence of interfacial CuO deposits. To
understand the reason for the correlation, we must identify the
role of this segregated phase.

One possible explanation for the improved PEC perform-
ance could be that additional light harvesting by the CuO
particles and subsequent transport of electrons through the
CBO layer to the semiconductor/electrolyte interface contrib-
utes to increased photocurrent. Indeed, the UV—vis spectra in
Figure 2a show an increase in the absorption throughout the
visible and into the near IR region of the spectrum for the 1.38
film. Because the difference in absorption does not arise from a
difference in CBO thickness, we can attribute the increased
absorption to the presence of the secondary CuO phase. The
transmittance and reflectance spectra shown in Figure S6
confirm that sample thicknesses are nearly identical for these
films (based on the thin film interference). To support this
conclusion, the absorption coefficient for each film was
determined with photothermal deflection spectroscopy
(PDS), which detects the heat dissipated from the sample
through nonradiative recombination. Absorption coeflicients
for a CuO thin film, made by the same spin-coating method
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Figure 1. SEM images of CBO films on FTO glass substrate with Bi:Cu ratio of (a) 1.38, (b) 1.78, (c) 1.97, and (d) 2.10. (e) GI-XRD and (f)
Raman spectra of the CBO films with ratio as indicated. (g) The J—V response of CBO samples under front AM 1.5 illumination at 100 mW cm™>
in 0.1 M KHCOj; with 0.1 M Na,$S,0; (pH 8.2). Cross-section element mapping of CBO samples with Bi:Cu ratio of (h) 1.97 and (i) 1.38. EDX
maps are constructed from the Cu—K edge, Sn-L edge, and Bi-L edge.
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Figure 2. (a) Absorption spectra and (b) PDS absorption coefficient for CBO with Bi:Cu ratio of 1.38 (red) and 1.97 (blue). PDS for CuO
(orange) and FTO glass substrate (light blue) are provided for comparison. (c) Front- and back-side illuminated %IPCE and (d) front-side
illuminated %APCE spectra of CBO deposited on FTO glass with Bi:Cu ratio of 1.38 (red) and 1.97 (blue), collected at 0.58 Vpyg.

with omission of the Bi precursor as well as FTO are provided 0.57 and 0.71 mA cm™ for the 1.98 and 1.38 samples,

for comparison. As shown in Figure 2b, CuO shows a higher respectively, demonstrating an increase of 25% (Figure 2c).
absorption coefficient than CBO, and absorption in the Similar behavior was seen in samples 2.1 and 1.78 (Figure
wavelength range of 600—800 nm is similar to that of the S5d). If this improvement is simply due to enhanced light
1.38 CBO sample, supporting the conclusion that enhanced absorption, then APCE data would show similar efficiency
absorption is afforded by the presence of CuO particles. It between the 1.38 and 1.97 samples.”® However, APCE also
should be noted that the weak absorption in the infrared arises showed improved efficiency from the 1.97 to 1.38 sample, as
from free carrier absorption in the highly doped FTO shown in Figure 2d, suggesting a more complex interrelation-
substrate.”>”’ ship between the CuO particles and CBO. With back side
The light harvesting performance of the films was illumination, the trend is reversed, and the 1.97 sample
investigated by IPCE. With front-side illumination and using demonstrates the improved IPCE. This result suggests that
AMI1.5G 1 sun illumination, the calculated current density was light absorption in the CuO layer is parasitic, and photocarriers
D DOI: 10.1021/acsaem.9b00297
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generated in the particles are not able to contribute
meaningfully to PEC performance. These results taken
together allow us to hypothesize that CuO is acting as a
hole-selective contact, thereby improving charge collection
efficiency.”

To further investigate the effect of CuO on performance, we
fabricated an FTO/CuO/CBO device with a well-defined
planar CuO layer. Both CuO and CBO layers were grown
sequentially by spin-coating. The performance of the CBO/
CuO film was compared to that of a single-layer CBO sample,
which was fabricated at the same time using the same process
conditions and also had a Bi:Cu ratio of 1.97. High resolution
EDX mapping of this device, shown in Figure 3a, indicates a

—@— CBO (1.97)
@ CBO/CuO (Planar)

Front-side

(=3

(=3

Back-side s
b= 1 1 1 1 i

300 350 400 450 500 550 600 650
Wavelength /nm

Figure 3. (a) High resolution EDX map for CBO/CuO/FTO with
planar heterojunction geometry. EDX map is constructed from the
Cu—K edge (green), Sn-L edge (blue), and Bi-L edge (red). (b) IPCE
performance of both-side illuminated CBO (1.97, blue) and CBO/
CuO (Planar, green) films.

uniform CuO layer (35 nm) at the FTO interface with a
uniform compact CBO layer (175 nm) on top of the CuO.
Interestingly, no CuO particles were observed in this CBO
layer, suggesting the FTO interface acts to nucleate the CuO
particles; however, further investigations are necessary to
confirm this hypothesis.

With front-side illumination, an increase in the IPCE was
observed for the device with the CuO layer (Figure 3b),
consistent with our previous results. The increase in IPCE with
the CuO layer at the back contact confirms charge transport of
photogenerated holes is enabled. On the contrary, if the CuO
was unable to transport charge generated in the CBO layer, we
should expect a reduction in IPCE. Therefore, we can conclude
the CuO acts as a hole transport layer for photogenerated
charge from the CBO. With back-side illumination, we again
see a suppression of ICPE due to parasitic light absorption in
the CuO layer. Considering the planar heterojunction
performed less favorably than the heterojunction with a high
concentration of interspersed nanoparticles (sample 1.38,
Figure 2c), we suggest that holes may be collected more
readily in the case of interspersed nanoparticle contact due to
the limited hole diffusion length (~10—S0 nm, as
reported).””** This has also been demonstrated by Kayes et
al. for solar cells made from materials with diffusion lengths
lower than their optical thickness; the radial p—n junction
nanorod geometry was shown to produce significant improve-
ments in efficiencies as compared to that of a planar p—n
junction geometry.3l’32

To confirm that hole transport in the CuO layer is
contributing to improved carrier separation efficiency, we
measured the surface photovoltage (SPV) by Kelvin probe.*
The samples were dark-soaked for 24 h to ensure full relaxation

of charge prior to measurement. Under front-side illumination,
the contact potential difference (CPD) increased by 0.243 and
0.278 V for the 1.97 and 1.38 samples, respectively (Figure
S7), which is close to the reported value of 0.21 V."” The
improvement of 35 meV is consistent with the 26 meV shift in
onset potential measured by PEC. The increase in surface
photovoltage can be attributed to reduced recombination
through spatial separation of injected holes into the CuO
particles.

To further support our proposed model, we characterized
the band alignments of the materials by XPS using
monochromatic Al Ka emission according to previously
established methods.”**> The work function of the freshly
annealed 1.97 sample and CuO films was 4.70 and 5.13 eV,
respectively, as determined by secondary electron cutoff in
Figure S8. The Fermi level was determined to be 0.89 and 0.26
eV above the valence band, respectively. From analysis of UV—
vis spectra, the indirect bandgaps were determined to be 1.63
and 1.5 eV (Figure S9), respectively. From this information, we
construct the band energy diagram shown in Scheme 1 before

Scheme 1. Band Energy Diagram Relative to Vacuum for
CBO and CuO Determined through a Combination of XPS
and UV—Vis (a) before and (b) after Formation of the
Heterojunction
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and after the formation of the heterojunction. We confirm the
proposed type-II band alignment and conclude that it is
energetically favorable for photogenerated holes to be injected
from CBO into the valence band of CuO, whereas the
conduction band of CuO is inaccessible to CBO photo-
electrons.

4. CONCLUSION

In summary, a spin-coating method was developed for the
growth of high-quality CBO thin films with compact
morphology and good precision and reproducibility over the
resultant Bi:Cu stoichiometry. The degree of phase purity was
found to be sensitive to the Bi:Cu ratio with increase in Cu
concentration and resultant decrease in Bi:Cu ratio resulting in
an increase in CuO nanoparticle deposits concentrated at the
CBO/FTO interface. The CuO particles were on the order of
10—20 nm and were identified in even the most conventionally
ideal sample (Bi:Cu = 1.97). We demonstrated that the CuO
particles act as hole-selective contacts, improving charge
collection efficiency due to the type-II band alignment with
CBO. The nanoparticle contact proved to be more advanta-
geous than a planar one due to improved collection efficiency
of low mobility holes. The resultant heterojunctions increase
the photovoltage by about 35 mV as well as photocurrent by
25% as measured by SPV and PEC. More broadly, this work
provides a necessary framework to investigate the effects of
stoichiometric nonidealities and related phase segregation in
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emerging photoelectrochemical and photovoltaic materials,
particularly concerning copper-based ternary oxide semi-
conductors.
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