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ABSTRACT: The delafossite structured CuScO, is a p-type, wide band gap
oxide that has been shown to support significant oxygen intercalation,
leading to darkened color and increased conductivity. Control of this
oxidation proves difficult by the conventional high-temperature solid-state
syntheses. In addition, a pure hexagonal (2H) or rhombohedral (3R)
polytype of CuScO, requires careful control of synthetic parameters or
intentional doping. Lower-temperature hydrothermal syntheses have thus
far led to only a mixed 2H/3R product. Herein, control of hydrothermal
conditions with the consideration of copper and scandium hydrolysis led to
the synthesis of light beige, hierarchically structured particles of 2H-CuScO,.

Absorption of the particles in the visible range was found to increase upon

annealing of the sample in air, most likely due to the Cu" formation from oxygen interstitials. X-ray photoelectron spectroscopy
confirmed purely Cu' in the as-synthesized 2H-CuScO, and increased Cu' amounts upon annealing. Oxidation of the samples
also led to shifts of the Fermi level toward the valence band as observed by increases in the measured flat band potentials versus
normal hydrogen electrode, confirming increased hole carrier densities.

B INTRODUCTION

Cuprous delafossite oxides have gained significant attention
since the first demonstration of CuAlO, as a potential p-type
transparent conducting oxide." While the conductivities and
mobilities can actually be quite limited,” the potential
applications range from use as thermoelectric materials,®
electro/photocatalysts,*™® transparent p—n junctions,'®™"
and photovoltaic cathodes.">™>* Their properties stem from a
unique structure with alternating layers of linearly coordinated
0O—Cu'-0 and M"™Oy edge-shared octahedra. The layers can
adopt ABCABC or ABABAB stacking, to give the compounds
either a rhombohedra (3R) or hexagonal (2H) symmetry.”
Concerning the optical properties, Cu' has a closed-shell d"
configuration, and contrary to Cu,O, the two-dimensional Cu—
Cu plane weakens or eliminates orbital interactions.** Hence,
the factors that may reduce the band gap are minimized. When
this is combined with an M™ species that has a d° or d'* valence
electron configuration (Al, Ga, In, Sc, Y, La), the resulting
compound can be transparent in the visible range, with a large
optical band gap (>3.2 V).

CuScO, has a valence band consisting of mostly Cu' d'°
orbitals and a conduction band of Sc™ d° and O p orbitals. The
direct-allowed band gap has been determined to be between
3.3—3.7 eV based on calculation and experimental data.>>~>*
Like other cuprous delafossite oxides, it exhibits p-type
conductivity through a small polaron hopping mechanism
localized at the copper site.””*° A hole mobility of 2.0 X 107!
cm® V7! 57! and conductivities reaching 30 S cm™ have been
reported.”**>” Relatively high conductivities are able to be
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achieved through the susceptibility of CuScO, to both extrinsic
acceptor doping and oxygen interstitials.>’ Delafossite oxides
with Sc™ or B-sites of larger ionic radii are able to support
significant oxygen intercalation within the plane of Cu
atoms.”***7** For CuScO,, oxygen intercalation has been
found to occur more slowly in the 2H polytype, with oxygen
being held tighter in the 3R form.”>> Thermogravimetric analysis
showed significant mass increases above ~300 °C, with
decomposition to Cu,O, CuO, and Sc,0; at 600 °C. Rietveld
refinement of neutron diffraction data revealed O*~ to be in the
plane of Cu'. Doping by either an extrinsic acceptor or
oxidation darkened CuScO, samples, with reported colors
ranging from white (synthesized in vacuum-sealed tube) to
dark blue—gray.26

Cuprous delafossites present several synthetic challenges, the
most obvious being control of copper’s oxidation state. Cu' is
unstable at high temperatures until above ~900 °C, so
temperatures greater than ~900 °C and specific control of
heating/cooling rates can be critical in conventional solid-state
methods.***” Typical syntheses for CuScO, include solid-state
reaction of the binary components®®***® and metathesis
reactions,”*>*" with thin films often prepared by various
deposition techniques.”>***"** In each of these methods, high
temperatures, controlled atmospheres, and/or vacuum are
required to produce light colored, pure 3R or 2H CuScO,
with minimal oxidation. More recent synthetic studies of
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CuScO, performed by the Poeppelmeier group improved upon
earlier hydrothermal syntheses of several delafossites by using a
hydrothermal Teflon-pouch method.**~* This method allowed
for low temperatures (<210 °C), control over hydrolysis of the
reactants, and could be applied to many delafossite compounds.
The following reaction was attempted at 210 °C for 60 h with
2.5 M NaOH:

Cu,O(s) + 2Sc(OH),(s)
— 2CuScO,(2H, 3R) + 3H,0(1)

However, consistent with previous solid-state syntheses, pure
2H or 3R phase was difficult to achieve, and only a mixed 2H,
3R sample was obtained. Sample washing with dilute acid was
also necessary to remove ScCOOH impurities.*~*

In this work the hydrothermal synthesis of CuScO, is
revisited using a modified ethylene glycol-assisted hydrothermal
synthesis. Through consideration and careful control of the
hydrolysis of Cu' and Sc™ species, a pure, single hexagonal
polytype CuScO, was obtained. Large surface area, hierarchical
structures were formed, and the as-synthesized beige powder
had minimal oxidation of the Cu'. The optical and photo-
electrochemical properties of the pure and oxidized product
were investigated.

B EXPERIMENTAL METHODS

Materials. Copper(II) nitrate (hemi)pentahydrate (98.0%, Sigma-
Aldrich), scandium(III) nitrate hydrate (99.9%, Sigma-Aldrich),
potassium hydroxide (90%, Sigma-Aldrich), ethylene glycol (99.0%,
Sigma-Aldrich), deionized water (p = 18 MQ-cm, Barnstead E-Pure),
aqueous ammonia solution (29.0%, Fisher Scientific), argon (99.998%,
Praxair, Inc.), sodium sulfate (99.3%, Fisher Scientific), and sodium
hydroxide (98.8%, Fisher Scientific) were used without further
purification.

Hydrothermal Synthesis. A modified hydrothermal synthesis was
used for CuScO, based on previous literature.*® Equimolar amounts of
copper and scandium nitrates (S mmol) were dissolved in deionized
water and 3 mL of ethylene glycol. The pH of the solution was
adjusted to 3.2 using KOH. The final solution, with a volume of 13.8
mL, was placed in a 23 mL Teflon-lined stainless steel autoclave (Parr
Instrument Company). The sealed autoclaves were heated at 210 °C
for 60 h. After reaction, the precipitates were collected by
centrifugation and washed several times with water. If necessary,
dilute ammonium hydroxide was used to remove any copper
impurities. The powders were dried overnight at 60 °C in a vacuum
oven before characterization.

Film Preparation. Polycrystalline films of CuScO, were prepared
on fluorine-doped tin oxide (FTO) coated glass slides (TEC 7,
Hartford Glass Co., Inc.). The slides were first cleaned by sonication in
detergent solution (Decon Contrex AP), water, ethanol, and acetone.
A final 20 min treatment in an ultraviolet ozone cleaner (Novoscan
Technologies, Inc.) was performed. The powders were dispersed in a
1:1 ethanol/water mixture to make a paste, which could then be
doctor-bladed on Scotch tape masked FTO slides. After drying at 100
°C, the films were annealed at 500 °C under argon, followed by a final
annealing at various temperatures in air to control oxidation of the
CuScO,.

Characterization Methods. Products were characterized by
powder X-ray diffraction (PXRD) with a Rigaku Corp. Geigerflex
using Cu Ka; radiation. Lattice parameters were refined using the
CELREF software.*’ Scanning electron microscopy (SEM) images
were obtained with an FEI/Philips Sirion Field Emission SEM.
Transmission electron microscopy (TEM) images and selected-area
diffraction patterns were obtained with an FEI/Philips CM-200, while
high-resolution TEM (HRTEM) images were obtained with an FEI
Titan3. For TEM, the sample powder was dispersed in isopropanol
and dropped on a Au grid; small plate fragments from the sample were
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imaged. Ultraviolet—visible (UV—vis) diffuse reflectance spectra were
collected on a PerkinElmer Lambda 950 spectrophotometer with a 60
mm integrating sphere and a Spectralon reflectance standard. X-ray
photoelectron spectroscopy (XPS) characterization was performed
with a Kratos Axis Ultra XPS spectrometer using monochromatic Al
Ko radiation at an operating voltage of 12 kV and a current of 10 mA.
The sample powder was pressed onto carbon tape on the sample
holder, and an electron flood gun was used to avoid surface-charging
problems. Spectra fitting was performed with the CasaXPS software
according to previously reported parameters, using combined
Gaussian—Lorentzian profiles with a Shirley-type background.*®
Photoelectrochemical measurements were performed on a Gamry
Instruments Reference 600 potentiostat. A 435 W Xe lamp with a
water IR-filter (Oriel) was used to illuminate the samples with a
chopping frequency of 0.05 Hz and a scan rate of v = 1 mV/s. An
aqueous 0.5 M Na,SO, electrolyte solution was adjusted to the desired
pH with NaOH. The reference electrode was a Ag/AgCl (saturated
KCl) electrode, and platinum mesh was used as the counter electrode.
The working electrode was a CuScO, film on FTO-coated glass. All
solutions were purged with argon for at least 30 min before the
experiments. Samples were illuminated from the back side.

B RESULTS AND DISCUSSION

Hydrothermal Chemistry and Phase Formation of 2H-
CuScO,. Hydrothermal synthesis of complex oxides presents a
challenge, in that the hydrolysis and oxidation state of two or
more metal species must be controlled. Thus, it is difficult to
find a universal set of synthetic conditions that can be applied
to oxides even of the same family.***> The Poeppelmeier
group’s “Teflon pouch method” was successfully applied to
many delafossite oxides, but CuScO, yielded mixed 2H, 3R
polytypes.***> A high base concentration was necessary to
dissolve any appreciable amount of the Sc(OH); reactant, and
solubility of Cu' species suffers under these alkaline conditions.
Because of this, the products still contained unreacted SCOOH
in addition to the mixed polytype CuScO,. In an effort to
produce phase pure CuScO,, ethylene glycol-assisted** hydro-
thermal reactions were modified, considering the hydrolysis of
both copper and scandium.

Consideration of Cu' hydrolysis. The Pourbaix diagram for
copper was referenced to approximate stable hydrothermal
conditions for Cu' species.49 At room temperature, Cu' is not
stable at any pH in aqueous solution, easily disproportionating
into Cu’ and Cu'. Increasing temperature expands a wider
stable pH region for Cu', and at 200 °C, the dominant species
will be Cu' (aq) when the pH < ~6.8. Above this pH, the stable
Cu(OH) (aq) has low solubility (~1 X 107 to 1 X 10™* mM)
and easily precipitated as Cu,O. The presence of soluble
alcohols (ethylene glycol, ethanol, isopropanol, etc.), which are
capable of acting as reducing agents, also further stabilizes Cul

Consideration of Sc" Hydrolysis. Studies on the aqueous
geochemistry of metal species are also valuable resources for
approximating their behavior under laboratory hydrothermal
reaction conditions.”® At saturated water vapor pressure and
typical hydrothermal reaction temperatures of 200—300 °C,
Sc(OH)," (aq) is the dominant species in a very narrow range
from pH ~ 3-3.5, then Sc(OH),’ (aq) within the broader
range of pH ~ 3.5—7. Considering stability of Cu', a pH range
of 3—6 should be appropriate for formation of CuScO,.
However, under weak acidic conditions, Sc(OH),’ can
precipitate as the stable SCOOH: Sc(OH),’ (aq) — ScOOH
(s) + H,O (I). Because of the broad solubility minimum of
ScOOH, moderate acidic conditions should be suitable for the
transport of Sc species and reduce unreacted hydroxide
impurities.
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Hydrothermal Synthetic Conditions. With a better under-
standing of the hydrothermal chemistry of copper and
scandium, synthetic conditions could be established for
CuScO,. Numerous reactions were attempted with pH adjusted
from 2 to 11. Indeed, it was found that only in a narrow range
around pH = 3.2 significant formation of CuScO, occurred.
Above this pH, SCOOH would dominate, and attempts at
dissolving the impurity with dilute acid also led to dissolution of
the CuScO,. Below this pH, various broad diffraction peaks
appeared that could not be matched to any particular copper or
scandium compounds but were likely amorphous hydroxides
(See Figure S1 in the Supporting Information). Therefore, at
pH = 32, Cu! is stable, there is suitable transport of St
species, and product dissolution is avoided. The addition of
ethylene glycol has also been shown to promote cuprous
delafossite phase formation, most likely by acting as a reducin%
agent and lowering the dielectric constant of the solution.”
Ethylene glycol (3 mL, 22% v/v) was found to best minimize
the amount of unreacted SCOOH. Similar to the Teflon pouch
method, a temperature of 210 °C was used to lower dielectric
constant of water, and a reaction time of 60 h ensured full
reaction of Cu' with any poorly soluble SCOOH. The proposed
reactions are therefore

Cu*(aq) + Sc(OH),*(aq) — CuScO,(s) + 2H"(aq)

Cu*(aq) + Sc(OH),’(aq)
— CuScO,(s) + H,0(1) + H"(aq)

CuScO, Phase Characterization. To confirm the phase
purity of samples, PXRD was performed. Figure 1 shows the
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Figure 1. Indexed PXRD pattern of 2H-CuScO, with calculated P6;/
mmc reference pattern.

diffraction pattern of the CuScO, obtained from the optimized
hydrothermal synthetic conditions. Interestingly, the peaks
match well with only with hexagonal P6;/mmc polytype, with
no evidence of the peak broadening that can occur from
stacking faults in mixed rhombohedral (3R) and hexagonal
(2H) samples.® The refined lattice parameters a = 3.218(6) A
and ¢ = 11.384(1) A also match those previously regorted for
hexagonal sample prepared by solid-state methods.***>** The
formation of a pure 2H product is significant considering the
great difficulty faced in other synthetic methods. Solid-state
syntheses have required controlled atmospheres, quenching of
the reactions from high temperatures, and/or extrinsic doping
to stabilize the 2H polytype; exchange reactions between
LiScO, and CuCl have yielded pure 3R-CuScO, but require
careful handling of CuCl and sealing of evacuated quartz
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tubes.”**%3%* Aside from controlling the polytype formation,

obtaining any delafossite phase by the solid-state methods can
prove challenging due to the relative instability of Cu,O and
M",0; at lower temperatures, as detailed in a recent study.”’
While careful tuning of pH is required, the reported
hydrothermal method can repeatedly produce pure 2H-
CuScO,.

XPS was performed on the as-synthesized CuScO, to verify
the chemical states of copper and scandium. Figure 2 provides
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Figure 2. XPS of as-synthesized 2H-CuScO,. (a) Cu 2p. (b) Sc 2p.

the spectra at binding energies corresponding to Cu 2p and Sc
2p. The Cu 2p spectrum indicates a Cu 2p;, peak at 932.7 eV
and a Cu 2p, /, peak at 952.5 eV. The peak regions were fit well
by one component, and the binding energies are consistent
with those for Cu' oxides.*®! The Sc 2p spectrum indicates a
Sc 2p;), peak at 401.5 eV and a Sc 2p,,, peak at 406.0 eV,
matching with those previously reported for Sc,03.***" While
the peaks could not be fit clearly by single components,
attempts to fit with more components did not provide any
improvement. Possible explanations for this include a small
amount of surface charging or the presence of surface
hydroxide groups. Despite this, the Sc 2p spectra were
consistent across several samples.

The product morphology was characterized by SEM, as
shown in Figure 3. Large hierarchical clusters of plates with
diameters from S to 10 pm were formed. Similar large clusters,
designated as “gypsum flower,” were also observed at low pH
conditions in the ethylene glycol-assisted synthesis of CuGaO,,
but the exact reason for their formation is not well
understood.*® This structure can also explain the slight
broadening of X-ray diffraction peaks containing a c-axis
component (i.e, (00]) and (hOl)), which is likely due to
stacking faults at the intersections of these large plates. Closer
inspection of the edges of the plates comprising the large
clusters shows the attachment of much smaller plates,
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Figure 3. (3, b) SEM images of CuScO, hierarchical clusters. (c, d)
Magnified SEM image of cluster edges, highlighting the attachment of
smaller plates.

indicating that the clusters likely grow by the oriented
attachment mechanism of the initially formed small plates.
This is promising for future attempts as smaller particle
synthesis through the control and inhibition of the orientated
attachment proces.s.52

The smaller plate fragments from the edge of the clusters
were isolated for TEM imaging and electron diffraction. Figure
4ab shows the edge of a clearly hexagonal plate and the
indexed selected-area electron diffraction pattern shows the
particle’s single crystallinity. The HRTEM image of a plate edge

Figure 4. (a) TEM image of CuScO, plate. (b) Corresponding
indexed electron diffraction pattern. (c) HRTEM image of CuScO,
plate edge indicating 120° angle and 2.8 A lattice spacing viewed along
the (001) direction.

shows clear lattice planes with a spacing of ~2.8 A, closely
matching the d-spacing between {100} lattice planes. Plates
with {001} planes exposed on the top/bottom are consistent
with previously reported hydrothermally synthesized 3R-
CuGaO, and CuCrO, particles.ls’17

Optical Properties of 2H-CuScO, Powders. One of the
unique properties of CuScO, is that it is the first in a series of
cuprous delafossite oxides susceptible to significant oxygen
intercalation without decomposition.”*****33 The formula of
this oxidized compound is typically written as CuScO,,,, with x
reaching values up to 0.5.%° Since this oxidation can occur in air
at temperatures as low as 250 °C, controlling oxidation during
solid-state syntheses has been difficult. Often, a light gray color
is obtained, and only in evacuated sealed tubes can nearly
colorless samples be obtained.”®** The 2H-CuScO, prepared in
this work was a light beige color, and XPS indicated initial low
levels of oxidation. If desired, the oxidation can now be
controlled through postannealing methods.

UV-—vis diffuse reflectance spectroscopy was performed to
investigate the optical properties of the freshly prepared
CuScO,, as well as postannealed samples. Reflectance data
were plotted according to the Kubelka—Munk theory:**

F(R.) = (1 —R.)*/2R,,

where R, is the calibrated sample reflectance. The optical band
gaps could further be calculated by considering the energy
dependence of the absorption coefficient @ near the band gap
absorption edge:

ahv = (hv — Eg)2

for a direct-allowed transition, where a = F(R,,) assuming the
sample scattering coefficient remains constant within the
narrow energy range of the absorption.>> Figure 5 shows the
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Figure S. Kubelka—Munk UV-—vis diffuse reflectance spectra of as-
synthesized 2H-CuScO,. (inset) Absorption edge indicating direct
optical band gap of 3.52 eV.

diffuse reflectance Kubelka—Munk absorption and the
absorption edge of the as-synthesized CuScO,. The light
beige powder had little absorption in the visible range and was
calculated to have a direct-allowed band gap of 3.52 eV. While
optical properties of bulk powder CuScO, samples have not
been studied, the determined band gap is consistent with
previous calculations and experimental data from thin
films.>>~2® While there is a clear absorption onset, explanations
for the increased absorption around 375—500 nm include the
possibility for a broad distribution of surface state energy levels
and more simply, the possible reflection of light within the
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hierarchical clusters resulting in a longer optical path length and
greater absorption.

As a wide band gap p-type semiconductor, CuScO, could
have several potential applications in catalysis or photovoltaics.
It is likely that in either of these applications an annealing step
will be required. For this reason, the influence of annealing
under several different conditions on the synthesized CuScO,
absorption and direct band gap was studied. In anticipation of
future electrochemical measurements, where good electrical
contact between particles is necessary, all samples were
annealed at 500 °C under argon atmosphere prior to annealing
in air. Figure 6a shows the diffuse reflectance Kubelka—Munk

3, (b)
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Figure 6. (a) Kubelka—Munk UV—vis diffuse reflectance spectra of
annealed 2H-CuScO, samples. (inset) Corresponding absorption
edges. (b) 2H-CuScO, lattice indicating positions of intercalated
oxygen. (c) Digital photographs of annealed samples.

absorption of the as-synthesized CuScO, and samples annealed
at various temperatures. After annealing under argon, the
powder turned light gray. Further annealing at 250 °C in air
caused a barely detectable change in color. At 350 and 450 °C
in air the powders turned dark gray-violet, with a significant
increase in absorption around 500 nm. Considering the
reported positions of intercalated oxygen into the plane of
Cu' in 2H-CuScO, (Figure 6b), Cu' sites are likely oxidized and
acquire a nearly square-planar geometry. Recently, calculation
of oxygen interstitial formation enthalpies has shown four-
coordinate copper sites are stable in the bulk.*® Thus, this
increased absorption can likely be attributed to d—d transitions
of Cu". UV—vis spectroscopy of square-planar Cu'' complexes
also attribute transitions around 500—550 nm to d-—d
transitions.”” The broad increased absorption, particularly
extending past 550 nm, could possibly be due to intraband
transitions resulting from various oxidized copper or oxygen
interstitial states, and again, the reflection of trapped light
within the sample resulting in greater absorption. The
absorption edges for the direct optical band gaps of the
annealed samples are shown in the inset of Figure 6a. At low
doping levels (below degeneracy), the optical band gap is
expected to remain the same. While the accuracy of fitting the
absorption edge can decrease as absorption at energies lower
than the band transition increases, the approximated gaps of the
annealed samples remain within 0.06 eV of the as-synthesized
sample. XRD patterns of the annealed samples indicated no
clear changes in peak position or shape (Figure S2 of the
Supporting Information). The relative thinness of the plates
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that formed the hierarchical clusters may help to reduce any
strain within the lattice due to intercalated oxygen.

X-ray Photoelectron Spectroscopy of Oxidized 2H-
CuScO,. To explicitly show the increased oxidation of Cu' to
Cu" upon annealing, XPS was performed on the various
annealed CuScO, samples. The Cu 2p spectra are shown in
Figure 7. With increased annealing temperature, the Cu 2p;,

2p3),
cu'

500 °C Ar
450 °C Air

500 °C Ar
350 °C Air

500 °C Ar
250 °C Air

955 950 945 940 935
Binding Energy (eV)

930

960 925

Figure 7. Cu 2p X-ray photoelectron spectra of annealed 2H-CuScO,.

and Cu 2p,;, peaks broaden. Two distinct new components
were fitted at 933.8 and 953.6 eV for Cu" 2p;,, and Cu" 2p, )y,
respectively. In addition, the characteristic Cu" 2ps, satellite
peaks from 940—945 eV appeared and increased in
intensity.***" Satellite peaks occur when an outgoing core
electron excites a valence electron to a higher energy level,
reducing the kinetic energy of the core electron. Since these
electrons are part of the total Cu 2p emission, the Cu 2p;/,
peak and corresponding satellite peak areas could be used to
estimate the ratio of Cu!/Cu'’.** Only the 500 °C Ar, 450 °C
annealed CuScO, had sufficient Cu" satellite peak intensity to
allow for appropriate fitting of each component. The fitted Cu
2ps), spectra is shown in Figure S3 of the Supporting
Information. Using the combined peak areas, it was estimated
that 42.4% of the Cu' was oxidized to Cu", corresponding to
the formula CuScO,,,. This estimation assumes every oxygen
interstitial is paired around a copper site, leading to a formal
oxidation state of 2+. A distribution of oxidation states is likely,
considering the possibility of isolated oxygen interstitials, so the
assignment of purely Cu' and Cu" may lead to an under-
estimation in the oxygen content. For all samples in this work,
the Sc 2p, O 1s, and C 1s spectra remained similar.

Eq, Measurements of Oxidized 2H-CuScO, Films. The
increased intercalated oxygen content in CuScO, by thermal
oxidation has been shown to increase conductivity due to
increased hole charge carrier density (p):*****’

0.50,(g) © O, + 2he
p= 2[01//]

Increases in hole charge carrier density result in lowering of the
Fermi level toward the valence band maximum in a
semiconductor. Experimentally, the Fermi level can be
estimated by determination of the flat-band potential (Eg,) at
a semiconductor-electrolyte interface. If a potential bias is
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Figure 8. Chopped-light linear sweep voltammograms (left-side axes) and photocurrent onset potentials (right-side axes) of annealed CuScO, films
in aqueous 0.5 M Na,SO, solution (pH = 12.1). 500 °C Ar, 250 °C Air; Eg, = 0.721 V (a). 500 °C Ar, 350 °C Air; Eg, = 0.845 V (b). 500 °C Ar, 450

°C Air; Eg, = 0938 V (¢).

applied to a p-type semiconductor in contact with an electrolyte
such that no space charge layer exists in the semiconductor, the
conduction and valence bands are flat at the semiconductor-
electrolyte interface, and the applied potential is equal to Eg,. As
more negative bias is applied to the semiconductor electrode,
its Fermi level moves toward less negative values of energy (in
solid-state vacuum scale), and the bands bend downward. In
the dark, this establishes a barrier to charge transfer, and no
current flows. Upon illumination with radiation at higher
energy than the band gap of the semiconductor, electron—hole
pairs are generated, and the electrons in the conduction band
travel through the interface toward the electrolyte, generating a
cathodic photocurrent. Thus, the onset of photocurrent
corresponds to the flat-band potential value.

Figure 8 shows the measurement of Eg, in a 0.5 M Na,SO,
aqueous solution (pH adjusted to 12.1). The light source was a
435 W Xe lamp, and its output was chopped with a mechanical
chopper with a frequency of 50 mHz. As the potential bias to
the semiconductor was increased toward more negative values,
the current under illumination became more negative (ie.,
cathodic). This confirmed CuScO, to be a p-type semi-
conductor. The photocurrent onset value was obtained by using
the Butler method to calculate Eg, according to the following
equation:58

iphz X (E - Efb)

where iy, is the photocurrent and E is the applied potential bias.
According to this equation, the intercept of the linear region of
iPh2 versus E plot with the x-axis will be Eg, as shown in Figure
7 (iph2 plotted on the right-side axes). Indeed, photocurrent
increased, and the Eg was shifted to more positive potentials
versus normal hydrogen electrode: 0.721, 0.845, and 0.938 V
for the 250, 350, and 450 °C films, respectively. The PEC
behavior and photocurrent response of the film without an air
annealing was negligible, likely due to the CuScO, being too
insulating (i.e., low charge carrier density due to limited oxygen
interstitials). A pH of 12.1 was chosen for the aqueous
electrolyte to avoid dissolution of the CuScO, and for the lack
of clear oxidative and reductive peaks in cyclic voltammograms
(see Figures S4 and SS in the Supporting Information).

With the large solubility of oxygen interstitials in CuScO,,
increases in carrier density resulting in Fermi level shifts are not
surprising. Using the Cu'' amount determined from XPS, the
hole carrier density was estimated to be ~4.13 X 10*' cm™.
Comparing this density to a reported undoped CuScO, carrier
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density (~5 X 10" cm™) gave an Ep shift of 172 mV.*
Considering the limitations in both the XPS determination of
the Cu" amount and the photocurrent onset method for flat
band determination, a difference between the estimated and
measured shifts can be expected. Regardless, the shifts are of
the same magnitude.

Unfortunately, the increases in flat-band potential for the
CuScO, films investigated in this work came at the cost of
transparency in the visible range, one of the most attractive
properties of the delafossite oxides. For transparent conducting
oxide applications, future work on controlling particle size and
film preparation, as well as a detailed investigation of oxygen
intercalation and the nature of defect states in the hydro-
thermally prepared delafossite particles, will be necessary.

H CONCLUSION

CuScO, was synthesized by low-temperature ethylene glycol-
assisted hydrothermal techniques. PXRD and electron
diffraction confirmed that the CuScO, was pure hexagonal
P6;/mmc. Reported solid-state techniques required precise
control of stoichiometry and temperature to obtain pure
rhombohedral or hexagonal polytypes, while previous hydro-
thermal techniques have led to mixtures of the hexagonal and
rhombohedral polytypes. The as-synthesized hierarchical
clusters were light beige in color with minimal absorption in
the visible range, and XPS indicated no oxidation of the copper
sites. Oxidation of the 2H-CuScO, in air at temperatures up to
450 °C gave darkened powders with absorption in the visible
range likely due to the increased Cu" content from intercalated
oxygen, as shown by XPS. Increasing interstitial oxygen also
supported the positive shift seen in the flat band potential as
determined by the photocurrent onset of the various oxidized
CuScO, films. The reported hydrothermal synthesis provides
future opportunities for extrinsic acceptor doping to increase
conductivity and the potential for morphology control.
Investigation of these modified syntheses and a more detailed
study of the photocathodic stability of the CuScO, are currently
underway.
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