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Ternary metal oxides M,V,0; 5 (M = Zn and Cu) were synthesized by dissolving binary metal oxide
precursors in an environmentally benign deep eutectic solvent (DES), which is a eutectic mixture of
a hydrogen bond donor and acceptor, followed by annealing in an open crucible. The unique reaction
environment provided by the evolved ammonia allows for stabilization of oxygen vacancies and
reduced oxidation states of metal ions within an oxide matrix without the need for any post-treatment
with flammable reducing agents. According to comprehensive characterization, including X-ray
photoelectron spectroscopy (XPS), neutron powder diffraction, and UV-vis spectroscopy, oxygen
deficiency is accompanied by reduced oxidation states of metal centers (Cu* or V*), resulting in
oxides with mixed-valence metal oxidation states. The amount of oxygen vacancies can be tuned by
changing the annealing temperature providing control over band gaps of ternary metal oxides and
mid-gap states from reduced metal centers. All synthesized vanadates are n-type semiconductors
based on negative photovoltages obtained from surface photovoltage spectroscopy (SPS). A decay of
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electron/hole recombination at V** and Cu* mid-gap states. This work shows for the first time the
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Introduction

Since the discovery of photoelectrochemical (PEC) water
oxidation with TiO,," research on semiconducting metal oxide
photocatalysts has been growing. Other d° binary metal oxides
containing Zr*", Nb>*, Ta®", and W®" have been studied due to
their photocatalytic properties.>** However, their wide bandg-
aps limit absorption of visible-light, which is a major part of the
solar spectrum at the surface of the earth. Ternary metal oxides
are attractive candidates for solar PEC applications because
their crystal and, consequently, electronic structure can be
modified by introducing an additional metal.” For example,
SnNbO, with a band gap of 2.3 eV exhibits improved photo-
catalytic activity for hydrogen evolution under visible light
irradiation with Pt loading.** Fe,V,0;3; was found to have
a narrow band gap of 1.83 eV and show high efficiency in
photoreduction of CO, to hydrocarbon fuels.*

“Department of Chemistry, Iowa State University, Ames, Iowa 50011, USA. E-mail:
yzaikina@iastate.edu

*Department of Chemistry, University of California at Davis, Davis, California 95616,
USA

T Electronic  supplementary
10.1039/c9ta00957d

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2019

Oxygen vacancies play a central role in optical absorption,
transport properties, and photocatalytic performance of oxide
materials. For example, SrTiO; photoelectrodes must be
annealed in a hydrogen atmosphere at 1050 °C in order to
produce the desired semiconducting behavior for water oxida-
tion.' Similarly, hydrogenated TiO, can be prepared by heat
treatment of white TiO, in 20 bar H, at 200 °C for 5 days."” This
oxygen-defective TiO, ; exhibits improved UV photocatalytic
activity for hydrogen evolution from aqueous solutions of
sacrificial electron donors. Hydrogen-treated WO; and BiVO,
with oxygen vacancies exhibit enhanced catalytic activity for
photoelectrochemical water oxidation.'®**

Recently, copper vanadates were reported to be a potential
photoanode candidate for the visible-light driven water splitting
reaction.?*>* In the electronic structure of B-Cu,V,0O, the
valence band maximum (VBM) and conduction band minimum
(CBM) are dominated by O 2p and Cu 3d orbitals respectively.>
The partially filled d-subshell of copper improves visible light
absorption and photocurrent for the oxygen evolution reac-
tion.?** Interestingly, a-Zn,V,0, and B-Cu,V,0, belong to the
family of M,V,0, (M = Zn and Cu) with similar monoclinic
structures. Both compounds also resemble each other in that
they have O 2p as the main contribution to the valence band
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maximum (VBM).*>** However, the conduction band of o-
Zn,V,0, predominantly consists of V 3d orbitals due to the
completely filled d-subshell of zinc.”® To the best of our
knowledge, a systematic study on M,V,0;, (M = Zn and Cu) has
not been reported.

In this work, «-Zn,V,0,_, and B-Cu,V,0;_,, were prepared
by reaction in a deep eutectic solvent (DES), which is a eutectic
mixture of a hydrogen bond donor (urea) and acceptor (choline
chloride) in a 2 : 1 molar ratio.”**® This synthetic route includes
dissolution of binary oxides in an environmentally friendly and
benign eutectic mixture followed by heat treatment in air. High
solubility of binary metal oxides in the DES and fast mixing of
the metal precursors are attractive features of this synthetic
method, which also provide control over the size and compo-
sition of the products and concentration of oxygen vacancies.
Moreover, this route does not require flammable reducing
agents and/or a complex experimental set-up for post-treat-
ment. Thermal stability and synthesis optimization of a-Zn,-
V,0,_, and pB-Cu,V,0,_, were studied, and band gap
modification by oxygen vacancies was investigated. The impact
of oxygen vacancies on the generation of a surface photovoltage
under visible light is discussed.

Experimental
Materials synthesis

Urea (Alfa, 99%, crystalline), ZnO (Alfa, 99.9%), Cu,O (Alfa,
99.9%), and V,0s (Alfa, 99.6% min) were used as received
without any further purification. Choline chloride (Sigma-
Aldrich, =98%) was dried at 120 °C under vacuum prior to use.
A deep eutectic solvent (DES) was prepared by mixing urea and
choline chloride in a 2:1 molar ratio (54.322 g urea and
63.750 g choline chloride for a-Zn,V,0, and 55.200 g urea and
64.800 g choline chloride for B-Cu,V,0,). The mixture was
heated at 70 °C in a parafilm-covered glass beaker with stirring
until a homogeneous liquid was obtained. Each metal
precursor (0.567 g ZnO and 0.633 g V,0; for a-Zn,V,0, and
0.506 g Cu,0 and 0.644 g V,05 for B-Cu,V,0-) was dissolved in
a separate beaker containing the DES under vigorous stirring
at 70 °C. The concentration of ZnO, Cu,0, and V,05 was
0.06986 M, 0.03493 M, and 0.03493 M, respectively. The
solutions with the dissolved precursors were further mixed
(ZnO and V,05 for @-Zn,V,0, and Cu,O and V,05 for B-
Cu,V,05) and left stirring at 70 °C overnight with a parafilm
cover. Afterwards, the solutions (light green for a-Zn,V,0, and
dark blue for B-Cu,V,0,) were transferred to porcelain cruci-
bles for calcination (7 mL of solution in 30 mL crucibles). A
heat treatment was performed in open crucibles, in air using
a muffle furnace (box-type). A heating rate of 10 °C min " was
employed. For «-Zn,V,0-, the precursor solution was heated
at 230 °C for 2 hours and then calcined at 500 °C, 600 °C, or
700 °C for a span of 10.5 hours (500 °C) or 12 hours (600 °C and
700 °C). For B-Cu,V,0, the precursor solution was heated at
300 °C for 7 hours and then calcination was carried out at 400
°C or 500 °C for 7 hours. About 27 mg of a-Zn,V,0; (76% yield)
and 32 mg of B-Cu,V,0, (72% yield) powdered products were
obtained. Different colors were observed for samples annealed
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at different temperatures: pale yellow (500 °C)/grey (600 °C)/
light pink (700 °C) for a-Zn,V,0; and orange (400 °C)/dark red
(500 °C) for B-Cu,V,0-.

Characterization

Powder X-ray diffraction. Samples were characterized by
powder X-ray diffraction (PXRD) using a Rigaku Miniflex 600
diffractometer with Cu Ko radiation (1 = 1.54051 A). Diffraction
scans were collected from 5 to 90° 260 on a zero-background
plate at room temperature in air. Phase identification was per-
formed with the PDF-2 database using PDXL software.*®

In situ synchrotron powder X-ray diffraction. Variable
temperature synchrotron powder X-ray diffraction data were
collected at the synchrotron beamline 17-BM at the Advanced
Photon Source (APS), Argonne National Laboratory (ANL). Pre-
calcined samples were loaded into silica capillaries (0.5 mm
inner diameter and 0.7 mm outer diameter), which were placed
inside a secondary shield capillary in a flow furnace. A thermo-
couple was set as close as possible to the sealed end of the inner
silica capillary, and 20% oxygen gas in helium gas was flowed
into the open end of the inner silica capillary during the
measurement. The data were collected with A = 0.24128 A in
a temperature range from 23 °C to 800 °C with a heating rate of
20 °C min~". More details regarding the experimental setup can
be found elsewhere.** Temperature calibration was applied by
calibration using the melting points of elemental Sn, Sb, and Ge.

Scanning electron microscopy and energy dispersive spec-
troscopy. Scanning electron microscopy (SEM) was performed
using a FEI Quanta 250 field emission SEM at 15 kV. Energy
dispersive X-ray spectroscopy (EDS) was performed using an
Oxford X-Max 80 detector for elemental composition analysis.
Powdered samples were deposited on a SEM sample holder using
carbon tape, followed by coating with 5 nm of iridium metal.

Diffuse reflectance UV-vis spectroscopy. Diffuse reflectance
UV-vis spectra were collected using a BLACK-Comet C-SR-100
spectrometer equipped with a SL1 tungsten halogen lamp (vis-
IR) and a SL3 deuterium lamp (UV). Compacted samples were
prepared on glass slides by flattening the solids with a metal
spatula. Indirect bandgap values for samples were estimated by
extrapolating the linear slope of Tauc plots by plotting (o x Av)*?
vs. hv, where « is absorption and /v is the excitation energy in eV.

Differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA). DSC/TGA measurements were taken
using a Netzsch STA449 F1 Jupiter coupled with a Netzsch
quadrupole mass spectrometer 403 D Aeolos and a Bruker
Tensor 37 FTIR spectrometer. Zinc vanadate and copper vana-
date samples for DSC/TG were previously calcined at 500 °C and
400 °C, respectively, using the temperature profile described in
the Materials synthesis section. Approximately 5 mg of sample
was loaded into an alumina crucible with an alumina cover. The
sample was heated from 40 °C to 950 °C and cooled from 950 °C
to 310 °C with a ramp/cooling rate of 10 °C min~". The experi-
ments were performed under a constant gas flow of 20% O, and
80% N,.

X-ray photoelectron spectroscopy (XPS). XPS measurements
were performed using a Kratos Amicus/ESCA 3400 instrument.

This journal is © The Royal Society of Chemistry 2019
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The sample was irradiated with 240 W non-monochromated Mg
Ko X-rays, and photoelectrons emitted at 0° from the surface
normal were energy analyzed using a DuPont type analyzer. The
pass energy was set at 150 eV. CasaXPS was used to process raw
data files and either a Shirley or linear baseline was applied to
the spectra. The adventitious C 1s set to a binding energy of
284.8 eV was used for charge correction of XPS spectra. The %
concentration of “oxygen defects”, V** and Cu* was calculated
as the ratio of the peak areas: the peak with the binding energy,
corresponding to the species in question (e.g. O defects, V*', and
Cu") over the sum of the peak areas for “oxygen defects” and
lattice oxygen, or V** and V°*, or Cu®*" and Cu".

High-resolution synchrotron powder X-ray diffraction (HR
SPD). High-resolution synchrotron powder X-ray diffraction
data were collected at 295 K using beamline 11-BM at the
Advanced Photon Source (APS), Argonne National Laboratory
using an average wavelength of 0.412749 A. Discrete detectors
covering an angular range from —6 to 16° 26 are scanned over
a 34° 20 range, with data points collected every 0.001° 26 at
a scan speed of 0.01° s, Rietveld refinement was performed
using GSAS software.*

Neutron powder diffraction (NPD). Time-of-flight NPD was
performed on a POWGEN diffractometer at the Spallation
Neutron Source in Oak Ridge National Laboratory. The
diffraction data were collected at 298 K using neutron beams
with wavelengths of 0.8 A and 2.665 A for d-spacing ranges of
0.40-5.66 A and 1.08-5.57 A, respectively. 495 mg sample was
loaded into a vanadium can (6 mm inner diameter). Rietveld
refinement was performed using GSAS software.**

Surface photovoltage spectroscopy (SPS) measurements. SPS
data were obtained using the vibrating Kelvin probe method.
Here a gold mesh reference probe was mounted approximately
1.0 mm above the sample film and controlled with a Kelvin
control 07 unit (Delta PHI Besocke, Germany). The samples
were illuminated with monochromatic light from a 150 W Xe
lamp filtered through an Oriel Cornerstone 130 mono-
chromator (0.1-0.3 mW em™>). The spectra were corrected for
drift effects by subtracting a dark scan.

Sample preparation for SPS. Fluorine-doped tin oxide-
coated glass (FTO) substrates for surface photovoltage
measurements were sonicated in acetone and water for 3 hours
each to remove any surface impurities. Sample powders were
suspended in H,O at a concentration of 5 mg mL™ ' and
sonicated for 15 minutes. Then 0.1 mL solution of each sample
was deposited dropwise onto a 1 cm” area on a cleaned
substrate and dried uncovered in air. The B-Cu,V,0- films were
annealed at 400 °C for 2 hours in air with a slow ramp of 2 °C
min~'. To remove possible V,05 impurities after annealing,
the films were dipped in 0.1 M NaOH solution at pH = 13 for 30
minutes with careful stirring, rinsed in H,O, and dried in air.
SPS measurements were then performed in air. a-Zn,vV0,0,
films were pre-annealed on a hotplate at 250 °C for 3 minutes
in air and then slowly (2 °C min™") heated up to 500 °C in air
and the temperature was maintained for 2 hours. SPS
measurements of these samples were performed under
vacuum (2.5 x 10~ mbar).

This journal is © The Royal Society of Chemistry 2019
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Results and discussion

The monoclinic structures of M,V,0-, vanadates are similar for
both metals, M = Cu and Zn, and are based on corner-sharing
VO, tetrahedra and MO; units with two distinct coordination
environments for Cu and Zn (Fig. 1a and c¢).*>** Each Zn ion in a-
Zn,V,0; is coordinated with five oxygen atoms to form a ZnOs
distorted trigonal bipyramid, while the coordination environ-
ment of Cu ions in B-Cu,V,0; is a distorted square pyramid.*>*
In turn, in the high temperature polymorphs of M,V,0; (Fig. 1b
and d), Zn and Cu ions have a distorted tetrahedral coordina-
tion environment.***> Monoclinic $-Zn,V,0, has a V ion occu-
pying the distorted VOs trigonal bipyramid, while VO,
tetrahedra are found in orthorhombic a-Cu,V,05.3**

Synthesis

A deep eutectic solvent is a eutectic mixture of a hydrogen-bond
donor and a hydrogen-bond acceptor, typically quaternary
ammonium salt choline chloride CsH,,CINO ((2-hydroxyethyl)
trimethylammonium chloride, melting point of 302 °C).>*>*
Due to hydrogen bonding between choline chloride and the
hydrogen-bond donor, the melting point of the mixture is
lowered as compared to that of its individual components.>*->*
In this work, urea (mp 132-135 °C) was used as the hydrogen-
bond donor, which when combined with choline chloride in
amolar ratio of 2 : 1 forms a eutectic with a melting point of 30
°C, as determined by establishing a solid-liquid binary phase
diagram of choline chloride-urea.*® Binary transition metal
oxides, such as ZnO, Cu,0, and V,0s, exhibit high solubility in
the urea : choline eutectic mixture: 1.31 M for ZnO at 70 °C,
0.189 M for Cu,O at 70 °C, and 0.030 M for V,0;5 at 50 °C.*”
Notably, these solubilities are comparable to that in hydro-
chloric acid,* thus the deep eutectic solvent can be considered
as an environmentally sustainable replacement for corrosive
acids in the synthesis of materials. Cu,O was utilized for the
synthesis of B-Cu,V,0, as opposed to CuO, because the latter
has low solubility (0.00349 M).*” For the synthesis, metal oxide
precursors ZnO, Cu,0O, and V,0s5 were fully dissolved in the
urea : choline chloride mixture at 70 °C. According to Abbott
et al., [ZnClO-urea]” and [VO,Cl,]” species are present in the
eutectic urea : choline chloride mixture upon dissolution of
ZnO and V,0s5 oxides.*” We observed that the resulting solu-
tions have distinct colors, probably due to various oxidation
states of the metal in the metal complex. The [ZnClO-urea]”
complex produces a colorless liquid, while the [VO,Cl,]”
complex is green, suggesting increased d orbital splitting of V°*
causing a blue-shift of the optical absorption. The colors of
CuO and Cu,O dissolved in the urea : choline chloride mixture
are light blue and dark blue, respectively, indicating that the
oxidation state of copper ions might be the same in the
resulting copper oxide solutions. The solutions were then
combined and calcined in open crucibles, allowing for the
removal of the deep eutectic solvent in the form of gaseous
NH;, HCl, and CO, followed by crystallization of ternary oxides.
Samples were first heated at 230 °C for a-Zn,V,0;, and 300 °C
for B-Cu,V,0, to remove NH; (g) and HCI (g) and to avoid
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Fig. 1 Structure of (a) a-Zn,V,05 (ICSD no. 2886), (b) B-Zn,V,07 (ICSD no. 250002), (c) B-Cu,V,07 (ICSD no. 23479) and (d) a-Cu,V,0; (ICSD

no. 40973). Zn: grey, Cu: green, V: red, and O: blue.

extensive foaming. Formation of crystalline NH,CI in the
ventilation system supports the hypothesis. The gas generated
from this first heating step made a pH paper turn dark green
and then the liquid sample became a tar-like product, sug-
gesting that a basic mixture of gaseous NH; and HCI escaped
first and the leftover hydrocarbon was eliminated upon further
heating. a-Zn,V,0, was synthesized at three different calcina-
tion temperatures, 500 °C, 600 °C and 700 °C, while calcination
at 400 °C results in an amorphous product. Powder X-ray
diffraction peaks are indexed in accordance with a-Zn,V,0,
(ICSD no. 2886) with a minor amount of impurity (~2 wt%) of
ZnV,0¢ as shown in Fig. 2a. B-Cu,V,0, was synthesized by
a similar route, but lower calcination temperatures (400 °C and
500 °C) were employed. Powder X-ray diffraction peaks are
indexed to B-Cu,V,05 (ICSD no. 23479) as shown in Fig. 2b. It is
notable that f-Cu,V,0; was obtained even at a low temperature
of 400 °C, at which crystalline a-Zn,V,0; was not observed.
Moreover, the mild synthetic conditions yield a phase-pure
crystalline B-Cu,V,0, unlike a recent report on a solution
combustion synthesis, in which B-Cu,V,0, was synthesized at
500 °C with impurities (3.0% o-Cu,V,0; and 6.5% a-CuV,0g).*®

The recent work by Soldner et al. reports on a DES-assisted
synthesis of spinel-type ferrites MFe,O, (M = Mg, Co and Ni)
from stable binary metal oxide precursors,* which normally
would require a high annealing temperature for the solid-state
reaction to form MFe,0,. Using a choline chloride and maleic
acid mixture as a solvent, ternary ferrites were synthesized at

12306 | J. Mater. Chem. A, 2019, 7, 12303-12316

a lower temperature (500 °C and 600 °C) as compared to the
solid-state reaction.*® Our results demonstrate that the
synthesis route employing the deep eutectic solvent as a reac-
tion medium can be extended to M,V,0; (M = Zn and Cu)
systems.

Further insight into thermal stability and optimized synthesis
conditions of zinc and copper vanadates was obtained from in
situ high-temperature powder X-ray diffraction (HT PXRD) and
DSC/TGA. 1t is crucial to remove the urea : choline mixture before
the thermal stability study, so the transformation of oxides is not
hindered by the thermal decomposition of the deep eutectic
solvent. Thus, the pre-calcined powdered samples were used in
these experiments (calcined at 500 °C for zinc vanadates and 400
°C for copper vanadates). Fig. 3 shows the evolution of powder X-
ray diffraction patterns of «-Zn,V,0, powders upon heating fol-
lowed by cooling (with a minor impurity of ZnV,0¢, ~2 Wt%).
Upon heating to 615 °C, no change in PXRD patterns was
observed except the shift of Bragg peaks because of the thermal
expansion. a-Zn,V,0; transformed into B-Zn,V,0, above 615 °C
and remained the same until 914 °C, above which the crystalline
phase disappeared due to melting. Upon cooling the melt from
955 °C, B-Zn,V,0, appeared as a main phase below 718 °C and
transformed back to a-Zn,V,0 at 590 °C. DSC/TGA (Fig. 4) of the
same sample corroborated these findings but allowed more
accurate determination of the transition temperatures.

Upon heating, the first sharp endothermic peak was observed
at 602 °C, which corresponds to the o — f transformation of

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 PXRD patterns of a-Zn,V,0; synthesized at 500, 600 and 700 °C (a) and B-Cu,V,0; synthesized at 400 and 500 °C (b) together with
calculated patterns using experimentally determined crystal structures.333

Zn,V,0,. The onset temperature of the second endothermic
peak at 850 °C indicates gradual melting of B-Zn,V,0,. Upon
cooling, the first exothermic peak was observed at 795 °C, which
is due to the formation of crystalline B-Zn,V,0, from the melt.
The second exothermic peak at 566 °C is indicative of the B to
o phase transformation of Zn,V,0,. The bump from 309 to 533
°C in the DSC curve is due to the sample deposited at the bottom
of the crucible, which is in contact with a thermocouple. The
deviation of temperatures at which thermal events occurred
during the in situ PXRD and DSC/TGA could be due to different
heating/cooling rates used during the experiment. We believe
that the DSC/TGA curves provide a more accurate temperature of
thermal events due to slower heating and cooling rates as well as
because the bulk effect is being registered as opposing to HT
PXRD results. The phase transformation temperature deter-
mined here is in accordance with the phase diagram established

3 2
a-Zn,V,0, 3 =
3
= 590°C
B-Zn,V,0; 3 71gc
- 914°C
=2
8 B-Zn,V,0, o
2
= 615°C
= R
Q s @
IS A £
: 2
a-Zn,V,0;
T : T T T 25°C
2 4 6 8 10 12
2 theta (degrees)
Fig. 3 In situ high-temperature powder X-ray diffraction (HT PXRD)

patterns of Zn,V,0;.

This journal is © The Royal Society of Chemistry 2019

by Kurzawa et al.: 590 °C for the o. — B transformation and above
855 °C for the melting of B-Zn,V,0,.*° Additionally, there was no
variation in the TG signal upon heating/cooling of the sample,
suggesting that the sample calcined at 500 °C does not contain
any carbon-based impurities from the urea : choline chloride
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Fig.4 DSC/TGA of a-Zn,V,05 (top) and B-Cu,V,0; (bottom) samples
measured up to 900 °C.
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mixture. Samples calcined at a lower temperature (350 °C) have
about 87% mass loss and several exothermic peaks between 400
°C and 700 °C corresponding to the elimination of the carbon-
based solvent by a combustion reaction. Thus, the suggested
reaction process is as follows:

Heating:

500 °C & 600 °C
2700 gissolved) + V2Osdissolved) ——————— a-Zn, V.0, (1)

2'Zno(disso]vcd) + VZOS(dissolvcd) - a-Zn2V207 M B-ZH2V207
(2)
Cooling:
B-Zn,V,0; XS 5-7n,V,0, 3)

Upon heating, the dissolved oxide precursors react to form o-
7Zn,V,0-, which further transforms into p-Zn,V,0-, at ~602 °C.
The B-form is present at a calcination temperature of 700 °C (2).
The B — o transformation upon natural cooling resulted in o-
Zn,V,05 (3). A quenching experiment was performed to stabilize
B-Zn,V,07; however, the phase present in the product was a-
7Zn,V,0;.

Cu,V,0, goes through a more complicated phase trans-
formation and is less thermally stable than ZnV,0,, as deter-
mined by HT PXRD (Fig. S11) and DSC/TGA (Fig. 4). The first
endothermic peak of the DSC data was observed at 600 °C,
which was attributed to the B — a + y transformation together
with partial decomposition of the B-phase into Cu; 5V1,0,9 and
presumably amorphous copper oxide. The weak signal (onset
temperature of 712 °C in the DSC data) is due to melting of the
a-phase, which can be understood by the low enthalpy value
from the small amount of the a-phase.** The third endothermic
peak at 750 °C corresponds to the melting of the y-phase and
Cu, 5V1,0,9, accompanied by 3% mass loss as evident from TGA
data. Since no additional signals were observed in mass spec-
trum/FTIR data in this temperature range, the mass loss was
attributed to oxygen evolution upon melting. Upon cooling, the
first exothermic peak at 735 °C is due to partial crystallization of
v-Cu,V,05,* followed by a weak exothermic peak at 720 °C from
the v — o transformation. Interestingly, the sample mass was
regained during the crystallization process upon cooling, sug-
gesting that oxygen atoms were restored in the crystal structure.
The cooling process is complicated with multiple weak DSC
signals between 400 °C and 600 °C because y-Cu,V,0,; melts
peritectically and low-melting B-Cu,V,0,, CuVO; and other
vanadates containing mono- and divalent copper crystallize.**

Scanning electron microscopy (SEM) was used to charac-
terize the morphology and microstructure of o-Zn,V,0, and B-
Cu,V,0; samples obtained by calcination at various tempera-
tures (Fig. 5). @-Zn,V,0, powders have pebble-shaped
morphologies with sizes in the ranges 1-3 um, 2-20 pm, and 4-
20 um for the samples synthesized at 500 °C, 600 °C, and 700 °C,
respectively. B-Cu,V,0, has a similar particle shape with a size
of 0.1-0.5 pm and 1-7 um for the samples synthesized at 400 °C
and 500 °C, respectively. The average particle sizes were
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Fig.5 SEM images of a-Zn,V,05 calcined at 500 °C, 600 °C, and 700
°C (from left to right) and B-Cu,V,0; calcined at 400 °C and 500 °C
(from left to right).

estimated using the Debye-Scherrer equation, using the full
width at half-maximum (FWHM) values of the three most
intense diffraction peaks (Table S17). Both methods reveal that
the particle size increases as the annealing temperature
increases from 500 °C to 600 °C for «-Zn,V,0; and from 400 °C
to 500 °C for B-Cu,V,0;. Energy dispersive X-ray spectroscopy
(EDS) confirms the absence of metals other than Cu, V, and Zn,
and additionally the Zn/V and Cu/V ratio was determined to
agree with the stoichiometric ratio 2 :2 (Table S1t). Thus,
higher temperature annealing leads to larger particles without
altering the composition.

X-ray photoelectron spectroscopy (XPS) was carried out to
understand the chemical composition and the chemical state of
metals and oxygen on the surface of a-Zn,V,0, and B-Cu,V,0,.
Fig. 6 shows the O 1s and V 2p core level spectra of a-Zn,V,0;.
The O 1s region is composed of two components, with a narrow
peak at 529.7 eV attributed to the lattice oxygen and a broader
peak at 531.5 eV due to oxygen defects.”” Interestingly, the
concentration of oxygen defects gradually increases as the
annealing temperature increases from 500 °C to 700 °C (Table
1), suggesting that high temperature annealing under basic
conditions with evolution of ammonia promotes oxygen
vacancy formation. The two vanadium peaks originate from
spin orbit-splitting of V 2p3/,, and V 2p,,,,** while each peak is
a superposition of two peaks corresponding to V°* and V**. Two
fitted peaks at 517.1 eV (V 2p3/,) and 524.5 eV (V 2py,,)** are from

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 XPS data of the O 1s and V 2p regions of a-Zn,V,0;.

V>*, while peaks located at 515.9 eV (V 2p3,) and 523.6 €V (V 2p;,
»)*® are attributed to V**, which needs to be present to
compensate the charge imbalance from oxygen vacancies.
Unsurprisingly, the concentration of V** was the highest in o-
Zn,V,0; annealed at 700 °C (Table 1). Yan et al. and Li e¢ al. also
prepared a-Zn,V,0; and performed XPS analysis, however, only
V°" was identified.>>** Thus, we believe that a-Zn,V,0; is stable

Table 1 Selected XPS data for MyV,07 (M = Zn and Cu)

View Article Online

Journal of Materials Chemistry A

under ultra-high vacuum conditions, and the partial reduction
of V°* stems from the oxygen vacancy created by the synthesis
method utilized. Peak positions of Zn 2p;, and 2p,/, are in
agreement with those of ZnO (Fig. S21),* indicating that the
divalent oxidation state of zinc remains unchanged due to the
completely filled d-subshell.

XPS spectra (Fig. 7) show the chemical states of B-Cu,V,0-.
The O 1s core level spectra (Fig. 7a) are identified as the
superposition of two peaks located at 529.6 eV and 531.5 eV.
The narrow peak at 529.6 eV is attributed to lattice oxygen, and
the broad peak at 531.5 eV originates from oxygen defects.** It
was noticed that the concentration of oxygen defects in B-
Cu,V,0; shows a similar trend to that in a-Zn,V,0,: a greater
amount of oxygen vacancies was observed in the sample
synthesized at a higher temperature (Table 1). The shake-up
satellite peaks of Cu 2p (939-944 eV and 958-965 eV) (Fig. 7b),
in agreement with the CuO spectrum,” indicate the presence
of Cu®*. Both 2p3, and 2p,, peaks of Cu have a shoulder peak
at a lower binding energy (931.6 eV and 951.3 eV, respectively),
which is due to Cu"* formed to compensate oxygen vacancies.*
The concentration of Cu’ increases from B-Cu,V,0, synthe-
sized at 400 °C to 500 °C due to the greater charge imbalance
created by the oxygen defects. Two peaks located at 516.3 eV
and 523.8 eV are attributed to V 2ps;, and V 2py, of V>,
respectively (Fig. S31).** Peak splitting between V 2p3,, and V
2p1/, is about 7.3 eV, which agrees with the reported value.*
Kim et al. recently prepared B-Cu,V,0, by electrostatic depo-
sition (ESD) and showed the presence of Cu®>* without Cu" in
its XPS spectrum.* In addition, the temperature programmed
desorption of O, from Cu,V,0, performed by Machida et al.
reveals that B-Cu,V,0; does not release oxygen until above 600
°C under ultra-high vacuum.*® Therefore, we believe that the
reduction of Cu®" is a result of oxygen vacancies created by the
basic reaction conditions. Also, due to the fact that the
reduction potential of V** is higher than that of Cu®*, the
charge imbalance was compensated by Cu’, unlike ZnV,0,
(vide supra).

To further confirm the presence of oxygen-deficient sites in
B-Cu,V,0; synthesized at 500 °C, time-of-flight (TOF) neutron
powder diffraction (2 = 0.8 A and 2.665 A) data were collected.

% concentration

M,V,0, Annealing temperature (°C) Oxygen defects” (VP (cu')*

0-Z1n,V,0, 500 18.12 42.44 —
600 23.34 45.77 —
700 25.35 47.09 —

B-Cu,V,0, 400 39.45 — 22.67
500 49.00 — 26.22

. area under the peak with binding energy at 531.5 eV
“ % concentration (O defects) = P 5 & x 100(%).

sum of area under peaks with binding energy at 531.5 and 529.7 eV
area under the peak with binding energy at 515.9 eV

b 9% concentration (V**) =

¢ % concentration (Cu't) =

sum of area under peaks with binding energy at 515.9 and 517.1 eV
area under the peak with binding energy at 931.6 eV

% 100(%).

This journal is © The Royal Society of Chemistry 2019

sum of area under peaks with binding energy at 931.6 and 934.0 eV

% 100(%).
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Fig. 7 XPS data of the Cu 2p region (a) and O 1s region (b) of B-Cu,V,0;.

Because of the negative neutron scattering length of vanadium,
synchrotron X-ray powder diffraction (A = 0.412749 A) data were
also collected and refined jointly with the neutron diffraction
data (Fig. 8). The Rietveld refinement results indicate a phase
pure sample of monoclinic B-Cu,V,0,. The refinement of
atomic displacement parameters (ADPs) for all atoms was
carried out isotropically. In addition, site occupancy factors
(SOFs) and atomic displacement parameters (ADPs) were
refined in separate refinement cycles to prevent correlations for
all atomic sites. The refinement of SOFs for metal sites did not
result in any deviation from unity. The refinement of SOFs for
four crystallographically independent oxygen sites indicates
that they are partially occupied with the O4 sites bearing the
largest amount of vacancies (Table 2). The relatively high ADP
value for the O1 site (Table 2) is not from significant thermal
motion of oxygen but likely from disordered oxygen ion
displacements.*”**® All oxygen positions are corner-shared sites
of either vanadium or copper centered polyhedra, such as two
VO, tetrahedra sharing O1 sites. Both O2 and O3 are shared
between a VO, tetrahedron and a CuOs distorted square
pyramid. One VO, tetrahedron and two CuOs distorted square
pyramids share the O4 site. This O4 site has a higher concen-
tration of oxygen vacancies, in line with its coordination with
two mixed valent Cu centers. Unsurprisingly, the O1 site, which
is coordinated to V metal centers, has a site fraction close to
unity. It should be noted that when the SOF for all O sites is set
to 1, such a refinement resulted in a poorer fit with a high R,,

12310 | J. Mater. Chem. A, 2019, 7, 12303-12316

value, thus further confirming the presence of partially occu-
pied oxygen sites. Similar partial occupancies (~0.95(2)) for all
oxygen sites were obtained, when the ADPs for all four oxygen
sites were constrained to be the same and refined to be
0.0120(2) A2. It is noteworthy that the expanded unit cell volume
and elongated unit cell parameters (a, b, and c) as compared to
the reported value (V = 581.9 A% a = 7.687(5) A, b = 8.007(3) A,
and ¢ = 10.09(2) A from ICSD no. 23479 as compared to unit cell
parameters in Table 2) might also be due to the oxygen defects.
Similar enlargement of the unit cell volume was reported for
vacancy-containing ZnO*>** and indium-tin-oxide (ITO) thin
films.>* Moreover, the absence of cation vacancies as confirmed
by neutron and synchrotron X-ray diffraction data refinement
supports unit cell expansion due to oxygen vacancies.

The composition calculated based on the total oxygen
content obtained from the Rietveld refinement is Cu,V,06 69(2)
(Table 2), which is consistent with Cu,V,0s ,4, calculated using
the Cu” and Cu®* ratios from the XPS result and assuming
charge balance.

To study the effect of oxygen vacancies and mixed oxidation
states of metal centers on the electronic structure, the optical
properties of a-Zn,V,0, and B-Cu,V,0, samples were evaluated
from diffuse reflectance UV-vis absorption spectroscopy (Fig. 9).
A red shift of the main absorption edge in o-Zn,V,0, was
observed as the annealing temperature increases: 443.5 nm for
500 °C, 471.6 nm for 600 °C, and 500.6 nm for 700 °C. To
determine optical indirect band gaps, the data were plotted as

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 TOF neutron powder diffraction (NPD)Qdata using (a) A= 0.8 Aand (b) A = 2.665 A for B-Cu,V,07 synthesized at 500 °C. (c) Synchrotron
powder diffraction (SPD) data (A = 0.412749 A) and (d) crystal structure of B-Cu,V,0;.

(a x hw)"? vs. hv (Tauc plot), where « is absorbance and A is the

excitation energy in eV. The estimated bandgaps are 2.63(3) eV,
2.25(3) eV, and 1.97(3) eV for 500 °C, 600 °C, and 700 °C,
respectively. The bandgap of «-Zn,V,0;, annealed at 500 °C is
close to the reported value (2.75 eV),* but a smaller bandgap

was observed for the samples synthesized at 600 °C and 700 °C.
This is due to oxygen vacancy related disorder being responsible
for band tailing.*® Interestingly, an additional absorption edge
at 682.3 nm for the 600 °C annealed sample and 674.7 nm for
the 700 °C annealed sample is observed, corresponding to mid-

Table 2 Structural results for B-Cu,V,0; from combined Rietveld refinement of neutron powder diffraction and synchrotron powder diffraction

data®
Coordinates
Site occupancy factor

Atom Wyckoff site xla yib zlc (SOF) Ueq., A?
Cu 8f 0.30950(7) 0.92687(6) 0.51372(6) 1 0.0096(1)
\Y 8f 0.2753(1) 0.72239(9) 0.21290(8) 1 0.0047(2)
o1 e 1/2 0.6369(3) 1/4 0.999(4) 0.0254(7)
02 8f 0.2666(2) 0.9027(2) 0.1336(2) 0.951(3) 0.0171(5)
03 8f 0.1221(2) 0.5893(2) 0.1041(2) 0.950(3) 0.0102(4)
04 8f 0.2364(2) 0.7522(2) 0.3708(2) 0.934(3) 0.0067(3)

“ Space group: C2/c, a = 7.7014(1) A, b = 8.03305(4) A, ¢ = 10.1166(2) A, § = 110.2794(3)°, V = 587.079(8) A%, R, = 9.36%, R, = 7.58%, and G.O.F =

3.52.

This journal is © The Royal Society of Chemistry 2019
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Fig.9 UV-vis absorption spectra of a-Zn,V,0; (a) and B-Cu,V,0- (b). The inset shows Tauc plots and their linear fits (dotted lines) to determine
band gaps and mid gaps, corresponding to the additional absorption edge. A schematic of band structures (not to scale) of a-Zn,V,05 (c) and B-
Cu,V,05 (d), showing band gaps and mid-gap states. Optical images of a-Zn,V,0; and B-Cu,V,05 (e).

gap states at 1.55 eV and 1.66 eV, respectively. This additional
absorption in the visible-light range is attributed to the d-states
from the reduced metal centers (V**) generated to compensate
oxygen vacancies. Similar to the band tailing originating from
the oxygen defects,* the mid-gap state position changes with
different reaction conditions. This could be due to different
mid-gap defect densities of the reduced metal centers affecting
the bandwidth of the mid-gap states.

UV-vis diffuse reflectance spectra of B-Cu,V,0, show the
main absorption edge at 615.0 nm and 615.5 nm for the
samples synthesized at 400 °C and 500 °C, respectively (Fig. 9).
The estimated band gaps of 1.90(3) eV (400 °C) and 1.87(3) eV
(500 °C) are smaller than the reported values of 2.20 eV (ref. 52)
and 2.22 eV.*® Similar to «-Zn,V,05, there is an additional
absorption edge at a higher wavelength: 1166.2 nm for the 400
°C sample and 1150.5 nm for the 500 °C sample, corresponding
to mid-gap states at 0.95 eV and 0.98 eV, respectively. The
additional absorption and the distinct color difference between
the 400 °C and 500 °C samples are due to the mid-gap states
located in between the valence band and the conduction band
contributed by d-states from the reduced metal centers (Cu®).
Also, it is observed that the 500 °C sample exhibits higher
absorption in the wavelength range from 700 nm to 1100 nm
compared to the 400 °C sample, suggesting that a greater
amount of oxygen vacancies is present in the 500 °C sample,
thus a greater fraction of Cu’, consistent with XPS results.

12312 | J. Mater. Chem. A, 2019, 7, 12303-12316

Surface photovoltage spectroscopy (SPS) measurements were
conducted to probe the ability of the vanadates to generate and
separate photochemical charge carriers. In SPS, the contact
potential difference (CPD) of a sample film on top of a conduc-
tive substrate is recorded with a contactless Kelvin probe as
a function of the incident photon energy (Fig. 10).** The
change of the CPD under illumination corresponds to a photo-
voltage. The sign, onset, and size of this voltage provide infor-
mation about the majority carrier type, the effective band gap,
defects, and the photochemistry of the sample, as detailed in
previous studies.**** SPS data for the vanadate powders on FTO
substrates are shown in Fig. 10. All samples generate a negative
photovoltage caused by majority charge carrier injection into
the substrate. This confirms that all vanadates are n-type
semiconductors. Using the tangent method, the -effective
bandgaps are estimated from the major photovoltage feature to
be 2.85 eV, 2.81 eV, and 2.95 eV for the «-Zn,V,0, samples
annealed at 500 °C, 600 °C and 700 °C, respectively. These onset
values exceed the optical bandgaps of these samples, especially
at higher annealing temperatures. The 600 °C and 700 °C
annealed samples also produce much smaller photovoltages
than the a-Zn,V,0; film annealed at 500 °C. This suggests that
the photovoltaic properties of a-Zn,V,0, are degraded by the
higher temperature annealing step. Tentatively, we attribute
these observations to electron trapping and/or charge recom-
bination at 1.55 eV and 1.66 eV mid gap states of V** that are
seen in the optical spectra of the 600 °C and 700 °C annealed

This journal is © The Royal Society of Chemistry 2019
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samples. Trap states near the absorber mid gap energy are
known to be particularly effective for recombination because
they are equally accessible to electrons and holes.®>** The SPS
data for copper vanadates on FTO (Fig. 10b) resemble those of
zinc vanadates; however, the effective band gap of 2.12 eV for
both samples agrees relatively well with the optical band gaps.
But again, the photovoltage values achieved with the 400 °C and
500 °C annealed copper vanadates (—0.06 V and —0.12 V at 3.6
eV) are much smaller than that for the 500 °C annealed o-
Zn,V,0,. The photovoltage appears to be limited by electron
trapping and/or recombination at the 0.95 eV Cu' mid gap state.
This behavior is analogous to CuWO,, whose photocatalytic
properties are also diminished by electron trapping at the 1.8 eV
Cu”* mid gap-state.” Cathodic photocorrosion via electron
trapping at copper d states is a general property of copper
containing metal oxides.®%

Conclusion

Ternary metal oxides M,V,0,_; (M = Zn and Cu) were synthe-
sized using a deep eutectic solvent (DES): a urea: choline
chloride mixture. Based on thermal stability of the products,
their syntheses were optimized. We have shown for the first
time the presence of oxygen vacancies and reduced oxidation
states of metal ions in ternary metal oxides synthesized by this
route. The mixed-valence oxidation states of vanadium (V** vs.
V*") in 0-Zn,V,0,_, and copper (Cu’ vs. Cu®") in B-Cu,V,0,_,,
corroborate partial reduction of the metal ions needed for
charge compensation due to the oxygen vacancies. Further
investigation of oxygen deficiencies in p-Cu,V,0;_,, by neutron
powder diffraction reveals that the oxygen site coordinated to
two copper metal centers possesses a significant number of
oxygen vacancies. By simply changing the annealing tempera-
ture of metal precursors in the DES, various concentrations of
oxygen vacancies are achieved, thereby tuning the electronic
structure of metal oxides. A high concentration of oxygen
vacancies in M,V,0,_; (M = Zn and Cu) leads to narrowed band

This journal is © The Royal Society of Chemistry 2019

gaps and it generates mid-gap states of reduced metal centers in
between the valence band and conduction band. Surface pho-
tovoltage spectroscopy shows that the mid-gap states reduce the
photovoltage of the materials, indicating that Cu” and V*" ions
can serve as electron/hole trap and recombination sites. This
limits solar energy conversion applications of the vanadates.
Most importantly, the results demonstrate the potential of deep
eutectic solvents for the synthesis of semiconducting metal
oxides containing oxygen vacancies.
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