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SrTiOs and aluminum-doped SrTiO3z are synthesized by calcination of metal salts dissolved in a deep
eutectic solvent (DES) without any post-synthesis treatment. The DES used is the eutectic mixture of
choline chloride (hydrogen bond acceptor) and malonic acid (hydrogen bond donor). Titanium(v) oxide
bis(2,4-pentanedionate) is utilized as the non-volatile, easy-to-handle, DES-soluble titanium precursor.
The ammonia gas evolved during the calcination process provides a reducing atmosphere, resulting in
the formation of Ti** and oxygen vacancies within the SrTiOz matrix. According to UV-Vis spectroscopy
and X-ray photoelectron spectroscopy, the amount of Ti** species and oxygen vacancies (Vo) in the
synthesized perovskite can be tuned by varying the duration of the calcination process and by adding
ALt dopants. Solid state 2’Al NMR spectroscopy and powder X-ray diffraction confirm the doping of
aluminum into the octahedral site of the perovskite structure. Surface photovoltage spectroscopy
confirms that A3* dopants can eliminate Ti** defects in Al-doped SrTiOs. Ultraviolet illumination
experiments in water and aqueous methanol show that SrTiOz and aluminum-doped SrTiOs, after
modification with Rh,Cr,_,O3 or Pt co-catalysts, evolve small amounts of H, (EQE of 0.0113-0.0173% at
375 nm) with only traces of O, detected. The lack of photocatalytic activity is attributed to rapid
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electron-hole recombination in the oxygen vacancy-rich materials and to the lack of crystal facets that
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Introduction

Deep eutectic solvents (DESs) are analogs of ionic liquids (ILs).'™
Unlike conventional ILs, which are made up of discrete ions, DESs
are made of a hydrogen bond acceptor (usually quaternary ammo-
nium halides) and a hydrogen bond donor, thus DESs possess both
hydrogen bonding and ionic interactions. The majority of DESs
utilize 2-hydroxyethyltrimethylammonium chloride (choline chlor-
ide) as the hydrogen bond acceptor combined with a hydrogen
bond donor such as urea, oxalic acid, citric acid, or acetamide, etc.>*
When these two solids are mixed, they form a low melting eutectic
mixture, that is a liquid at room temperature." DESs are non-toxic
and biodegradable solvents; they have low melting points and are
environmentally friendly.”> Owing to the high solubility of selected

“ Department of Chemistry, Iowa State University, Ames, Iowa 50011, USA.
E-mail: yzaikina@iastate.edu
b Ames Laboratory, US DOE, Iowa State University, Ames, Iowa 50011, USA
¢ Department of Chemistry, University of California at Davis, Davis, California
95616, USA
4 Materials Analysis and Research Laboratory, Iowa State University, Ames,
IA 50011, USA
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2ma00404f

4736 | Mater. Adv., 2022, 3, 4736-4747

binary oxide or metal precursors in DESs,® they are attractive
replacements for corrosive inorganic acids as a reaction medium
in solution synthesis of materials.” Several ternary oxides such as
spinel-type ferrite nanoparticles,® zinc and copper vanadates like
M,V,0; and MV,04 (M = Zn or Cu),”® and barium titanate BaTiO,’
have been previously synthesized using the DES route. Except for
BaTiO;, these ternary oxides were synthesized by dissolving binary
metal oxides in DESs, followed by calcination of the resulting
solution in air at 500 °C or higher temperatures. BaTiO; was
synthesized from barium acetate and titanium isopropoxide,’
because unlike many other binary oxides, TiO, is insoluble in any
of the studied DESs.’

Strontium titanate, SrTiO; is a functional oxide often used as
a dielectric material'®™"? and has been recently investigated for
thermoelectric applications.”>'* It is also a semiconductor with
reported bandgaps in the range of 3.0 eV to 3.88 eV.”>® Due to
the size of the band gap and the position of the valence/
conduction band edge, strontium titanate, is a suitable catalyst
for overall photocatalytic water splitting."**°

SrTiO; exists as an intrinsic non-stoichiometric compound
which contains two types of defects: oxygen vacancies and Ti**
species. When the Ti-O bond breaks, O, gas is released to yield
oxygen vacancies as well as free electrons, which reduce Ti**

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to Ti*". The doping of SrTiO; with aliovalent metal cations,
specifically a lower valence cation in either of the cation sites
(i.e. doping Sr** site with a +1 cation or doping Ti*" site with a
+3 cation) can be used to enhance its photocatalytic activity by
suppressing the formation of Ti**, which acts as an electron-
hole recombination center.”"*> For example, a strong increase
in water splitting activity was observed by doping AI’* into
SITiO; via solid-state synthesis.**™°

SrTiO; has been made via several synthetic routes such
as solid-state,*™° sol-gel,®**>* and hydrothermal synthetic
methods.>*® Like with most functional compounds, proper-
ties of SrTiO; can be tuned via different synthetic routes that
impact the dopant fraction, crystallinity, crystallite size and
morphology. Typically, when reactants are liquids or in
solution, this leads to a faster reaction because of the enhanced
diffusion.

Here we report the synthesis and characterization of SrTiO;
and Al-doped SrTiO; made through the environmentally benign
choline chloride-malonic acid DES route without any post-
synthesis treatment. Unlike previously reported synthesis of
titanates, we utilized titanium(iv) oxide bis(2,4-pentanedionate)
as a convenient and non-volatile Ti-precursor, which is easily
dissolved in the employed DES. Two different heating profiles
were employed to obtain SrTiO; and Al-doped SrTiO; with
different properties. Furthermore, the site to which aluminum
is being doped was investigated using >’Al solid-state nuclear
magnetic resonance (NMR) spectroscopy. Lastly, the ability of
the synthesized materials to function as photocatalysts for the
overall water splitting reaction was studied.

Experimental

Materials and methods

Malonic acid CH,(COOH), (Alfa Aesar, 99%, crystalline), stron-
tium nitrate Sr(NO;), (Alfa Aesar, 99.9%), titanium(w)
oxide bis(2,4-pentanedionate) (CH;COCHCOCH;),TiO (TOPD)
(Alfa Aesar, 99.9%), and aluminum 2,4-pentanedionate
(CH3;COCHCOCHS3;);Al (AIPD) (Alfa Aesar, 99.6% min) were used
as received without any further purification. Choline chloride
(CH3);N(Cl)CH,CH,OH (Sigma-Aldrich, 98%) was dried at 120 °C
for 10 hours under vacuum prior to use. Fluorine-doped tin oxide
(FTO) substrates (MTI corporation) were washed with detergent and
deionized water, followed by 15 minutes of sonication in acetone,
ethanol and ultra-purified water in series and drying in a 70 °C oven
in air overnight.

The deep eutectic solvent (DES) was prepared by mixing
malonic acid and choline chloride (1:1 molar ratio) in a
parafilm-covered glass beaker at 85 °C while stirring, until a
clear viscous liquid DES was obtained.

In a typical synthesis of SrTiOz, 0.47 mmol (0.0995 g) of
Sr(NO;), was dissolved in 35.904 g of DES (density of DES is
1.21 ¢ mL™") to make a 0.16 M solution, while 0.47 mmol
(0.123 g) of TOPD was dissolved in 126.6 g of DES to make
0.0045 M solution. These two solutions were made in separate
beakers until a clear solution was obtained in both cases. The
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resulting solutions were further mixed under vigorous stirring
for 3 to 5 hours in a parafilm-covered beaker. About 7 g of the
resulting solution was transferred to a 50 mL porcelain crucible
and calcined in a Thermolyne Thermofisher muffle furnace.
Two different heating profiles were used for sample syntheses.

Heating profile 1. The solution containing the dissolved
precursor was heated to 230 °C at the rate of 2 °C min~' and
left at this temperature for 6 hours, then heated to 500 °C at the
rate of 2 °C min~" for 6 hours, and finally heated to 950 °C at
the rate of 10 °C min~ ", left at that temperature for 6 hours and
cooled to room temperature by switching off the furnace. The
product yield (based on moles of Sr(NO3),) using this heating
profile is about 77%.

Heating profile 2. The solution containing the dis-
solved precursor was heated to 500 °C at the rate of about
23 °C min~ ' (fastest rate for this type of furnace), dwelled at
500 °C for 6 hours, then heated to 950 °C at the rate of
10 °C min~", left at that temperature for 1 hour and naturally
cooled to room temperature by switching off the furnace. The
product yield (based on moles of Sr(NO3),) using this heating
profile is about 23%.

Al-Doped SrTiO3, e.g. SrTi Al;;_,0s, x = 0, 0.025, 0.05, 0.1,
0.2, was made using heating profile 1 and 2 by similar synthesis
procedures as SrTiO;. In a typical synthesis of SrTij¢Aly 103,
three separate solutions were prepared: (1) 0.47 mmol
(0.0995 g) of Sr(NOs), was dissolved in 35.904 g of DES; (2)
0.423 mmol (0.111 g) of TOPD was dissolved in 113.5 g of DES
to make 0.0045 M solution; (3) 0.047 mmol (0.0152 g) of AIPD
was dissolved in 12.2 g of DES to make 0.0045 M solution of
AIPD in DES. The three solutions were then mixed and calcined
as previously described for SrTiOj;.

Characterization

Powder X-ray diffraction. Samples were characterized by
powder X-ray diffraction (PXRD) using a Rigaku Miniflex 600
diffractometer with Cu Ko X-ray radiation (1 = 1.54051 A). Data
were collected using a zero-background holder at room tem-
perature in air. Phase identification was performed using the
PDF-2 database with PDXL software.’” The determination of
unit cells of doped and undoped samples was done by mixing
the synthesized samples with an internal standard such as LaBs
(Pm3m, a = 4.1566 A). The data was analyzed by the Rietveld
refinement method using Jana2006 software package.*®

Diffuse reflectance UV-Vis spectroscopy. Diffuse reflectance
UV-Vis spectra were collected using a BLACK-Comet C-SR-100
spectrometer with SL1 Tungsten Halogen lamp as source of vis-
IR radiation and SL3 Deuterium Lamp as source of UV radia-
tion. Compacted samples were prepared on glass slides by
flattening the solids with a metal spatula. Direct and indirect
bandgap values for samples were estimated by extrapolating
the linear slope of Tauc plots.

X-Ray photoelectron spectroscopy (XPS). The XPS measure-
ments were performed on a Kratos Amicus/ESCA 3400
instrument. The samples were irradiated with 240 W non-
monochromated Mg Ko X-rays as an irradiation source. Photo-
electrons emitted at 0° from the surface normal with the pass
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energy of 150 eV were energy analysed using a DuPont analyser.
Raw data files were processed using CasaXPS, and a Shirley
baseline was applied to all spectra.

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDXS). The morphology of the synthesized
samples was inspected using SEM utilizing an FEI Quanta 250
field emission scanning electron microscope at 15 kV. EDXS
was performed using Oxfords X-Max 80 detector for elemental
composition analysis. Powdered samples were deposited on a
SEM sample holder using carbon tape. The samples were
coated with 5 nm of iridium metal.

Solid-state NMR spectroscopy. >’Al solid-state NMR was
carried out on all the samples using a Bruker widebore 9.4 T
(400 MHz) NMR spectrometer equipped with an Avance III HD
console. Spectra were acquired using a 2.5 mm triple-resonance
(HXY) MAS probe. The MAS rate was 25 kHz in all cases. A
standard pulse-acquire method with a *’Al pulse duration of
0.3 pus corresponding to an 8° tip angle (ca. 75 kHz rf field) was
used to obtain quantitative >’Al solid-state NMR spectra.®**°
Spectra were processed using the Bruker Topspin package;
deconvolution of the different >’Al signals and fitting to Czjzek
distribution*" was performed using the ssNake program.*>

Surface photovoltage (SPV) spectroscopy. SPV spectroscopy
was performed on particle films on fluorine-doped tin oxide
(FTO) substrates. These films were prepared by drop coating
aqueous SrTiO; and Al-doped SrTiO; suspensions (5 mg mL )
onto the FTO, followed by annealing at 300 °C for 2 h in air. SPV
measurements were done under vacuum (1 x 10~ * mbar) with a
vibrating gold mesh Kelvin probe (Besocke Delta phi). Mono-
chromatic light used as the irradiation source was produced by
a 150 W Xe lamp and an Oriel Cornerstone 130 monochroma-
tor. The light intensity at the sample surface is 1-3 mW cm 2.
Spectra were acquired by stepping the photon energy by
0.0124 eV every 5 s and by measuring the contact potential
difference (CPD) value at each step. All CPD values in Fig. 11 are
reported relative to the CPD value in the dark. Positive values
correspond to electrons moving toward the Kelvin probe and
negative values correspond to electrons moving away from the
Kelvin probe. Additional details can be found elsewhere.*’

Deposition of the cocatalysts. Rh,Cr, ,O; cocatalyst was
loaded onto the surface of SrTiO; or SrTiO;: Al particles with
a weight ratio of Rh: Cr:SrTiO; (or SrTiO;:Al) = 1:1:1000, as
described previously.** Typically, 150 mg SrTiO; or SrTiO;: Al
was mixed with appropriate amount of RhCl; and Cr(NOs);
solutions containing 0.15 mg Rh and 0.15 mg Cr in a vial in a
70 °C water bath, and water was slowly evaporated under
constant stirring. The product was then transferred to a furnace
and heated at 350 °C in air for 1 h to produce Rh,Cr, ,O;
loaded SrTiO; or SrTiO;:Al in 95% yield. Pt-modified SrTiO;
and SrTij oAl ;03 (heating profile 1) were made by photo-
deposition, using 100 mg SrTiO; (SrTiO;:Al) particles, a
H,PtCl, stock solution (2 mg Pt mL ') and 100 mL 20% of
aqueous methanol solution with the weight percentage of Pt to
SrTiO; (or SrTiOj;: Al) being 2%. The mixture was sonicated for
10 min and bubbled with N, for 10 min, then connected to the
online Gas Chromatography system (SRI 8610c) with a 300W Xe
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lamp and magnetic stirring. H, generation was recorded during
photo-deposition to pinpoint the end point of this process. A
typical photo-deposition lasts for 4-5 hours until the H, gen-
eration rate becomes constant. After photo-deposition, the Pt
loaded particles were centrifuged and washed with water for
3 times, re-suspended in 20% volume ratio methanol and made
ready for hydrogen evolution experiment.

Photocatalytic experiments. The water splitting experiments
were conducted in a quartz round bottom flask with a mixture
of 100 mg Rh,Cr,_,05/SrTiO; (or Rh,Cr,_,03/SrTiO3:Al) powder
and 100 mL ultra-purified water using Xe-lamp. The suspension
was sonicated for 10 min and bubbled with N, for 10 min
before irradiation to remove any residual O, dissolved in it.
Then, the flask was connected to the online Gas Chromatogra-
phy system (SRI 8610c) with a 300W Xe lamp and magnetic
stirring. UV intensity was measured to be 100 mW cm ™2 with a
GaN photodetector (SEL 270) connected to an ILT1400 Inter-
national Light photometer. Hydrogen evolution reaction/Exter-
nal quantum efficiency (EQE) measurements were conducted
similarly, using a mixture of 100 mg Pt/SrTiO; or Pt/SrTiO;: Al
in 118 mL of 20% aqueous methanol solution. The quartz flask
was covered with aluminum foil leaving only a 1.531 cm’
window for incident light from the 375 nm LED. The LED light
intensity was measured with a SEL623 Thermopile detector
connected to an ILT1400 International Light photometer.
Details of EQE calculation are given in the Supporting
Information.

Results and discussion

The DES employed in this synthesis was choline chloride-
malonic acid mixed in a 1:1 molar ratio. TiO, is not soluble
in any studied DES, but titanium isopropoxide has previously
been utilized for the synthesis of BaTiO; using a DES.’ How-
ever, both titanium isopropoxide and titanium(v) chloride are
flammable fuming liquids which readily undergoes hydrolysis
upon contact with humid air, making them unpleasant pre-
cursors to work with. Here we utilized titanium(v) oxide bis(2,4-
pentanedionate)(TOPD)** as a DES-soluble precursor. TOPD,
which is the source of titanium in this synthesis dissolves in the
choline chloride-malonic acid DES to give a yellow viscous
solution in a parafilm covered beaker. When a laser beam (from
a laser pointer) is passed through the yellow viscous solution
(Fig. 1(a)), no Tyndall scattering was observed, confirming that
that TOPD indeed formed a true solution in DES, not just a
dispersion of colloidal particles. TOPD is a more convenient
precursor to use since it is a powder (thus easy to weigh) and it
does not produce fumes unlike other typically used Ti
precursors.

The resulting yellow stable viscous solution was transferred
into an open porcelain crucible and calcined in air, removing
the organic solvent. The organic components are combusted
below or at 500 °C. Ammonia, hydrogen chloride, carbon
dioxide and water are evolved as gaseous by-products. Powder
X-ray diffraction (PXRD) patterns were collected ex situ at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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via combustion
at T < 500°C p A 0 A

Calcination
950°C

(a) Synthetic route of strontium titanate SrTiO3. Atom color coding used: Sr (green), Ti (blue), O (red); (b) molecular structure of titanium(iv) oxide

bis(2,4-pentanedionate) (TOPD); (c) molecular structure of aluminum 2,4-pentanedionate.

different calcination temperatures to monitor the progress of
the reaction (Fig. 2). During the calcination of the transparent,
yellow viscous solution, the sample remains amorphous up to
300 °C.

The first set of peaks appearing at 400 °C correspond to two
phases: strontium chloride dihydrate (SrCl,-2H,0) and anatase
TiO,. Peaks of cubic SrTiO; (perovskite structure, Pm3m) begin
to appear at 600 °C with SrCl,-2H,O and anatase TiO, still
present. As the peaks of SrTiO; become more intense, the
intensity of SrCl,-2H,0 peaks decrease. At 950 °C the reaction
is complete, and SrTiO; is the primary product with a minor
impurity of both anatase and rutile TiO, (5 wt%), as determined
by Rietveld refinement of PXRD data. Overall, SrCl,-2H,0 and

_—_J_L_A_A A 950°C
|

2 J‘ L N X 800°C

A O N 700°C

2

[0]

= }\ o 600°C
O N S 500°C
I S 400°C
WPT e A ——. 300°C

20 30 40 50 60 70 80 90
2 theta (degrees)

Fig. 2 Ex situ powder X-ray diffraction patterns of the calcined sample for
the synthesis of SrTiO3 at various temperatures. TiO, impurity peaks are
marked with asterisks (*).

© 2022 The Author(s). Published by the Royal Society of Chemistry

TiO, formed first, and further reaction occurs upon an increase
in temperature to yield SrTiO;. The result of this stepwise
calcination process differs from the previously reported synth-
esis of BaTiO;,” since the Bragg’s peaks corresponding to
SrTiO; appeared as early as 600 °C whereas peaks corres-
ponding to BaTiO; were not observed until 850 °C. Additionally,
the DES-assisted synthesis of BaTiO; proceeds through a BaCl,
intermediate while that of SrTiO; proceeds through a SrCl,-
2H,0 intermediate. We hypothesize that the difference in the
type of the chloride intermediates arises because for BaTiO3
synthesis, precursors were stirred in an open container at 90 °C
until water evaporated. In contrast, our synthesis of SrTiO;
used stirring in a parafilm covered beaker which discourages
evaporation. Since the little amount of water present in the
hygroscopic choline chloride is not allowed to evaporate during
mixing, this water may lead to the formation of a hydrated
chloride intermediate, SrCl,-2H,0.

Due to the small concentration of metal precursors in the DES,
the yellow viscous solution is very dilute. Two heating profiles are
employed for the calcination process: heating profile 1 and heating
profile 2. Heating profile 2 is similar to that used in the synthesis of
BaTiO;,’ it is a rapid calcination and had an overall shorter dwelling
time (see experimental details). It was observed that the primary
yield of SrTiO; made from both heating profiles is ~91%. The
secondary yield, however, is different for samples made via different
heating profiles. The samples made using heating profile 1 have
large clusters, and can be easily transferred from the crucibles,
leading to a higher secondary yield of 77% (occasionally, the yield
can be as high as 88%). However, samples made by heating profile 2
are mostly sintered to the crucibles. Also, the particles are smaller,
unclustered, lightweight, and so are easily lost during the transfer
from the crucibles. This leads to a lower secondary yield when
heating profile 2 is employed (23%).

The weight percent of impurities present in the synthesized
samples was evaluated by Rietveld refinement of PXRD data.

Mater. Adv,, 2022, 3, 4736-4747 | 4739
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Fig. 3 Powder X-ray diffraction patterns of doped and undoped (a) Vo
rich SrTiOs made with heating profile 1 and (b) Vo poor SrTiOz made with
heating profile 2. Peaks that belong to rutile TiO, impurity are marked with
asterisks (*) while peaks belonging to anatase TiO, impurity are marked
with plus sign (+). ICSD 192314 was used for SrTiOs.

Samples made with heating profile 1 contain the cubic SrTiO;
(~95 wt%) as well as both rutile TiO, and anatase TiO,
impurity which accounted for 5 wt% of the sample (Fig. 3).
The impurity peaks of rutile and anatase TiO, were absent in
the PXRD pattern of SrTiO; prepared via heating profile 2. We
observed that the slower and longer heating profile 1 allowed
the formation of TiO, impurities as opposed to the shorter and
faster heating profile 2. As it was further determined by several
characterization methods, the primary difference between
SrTiO; samples produced via two heating profiles is the concen-
tration of O vacancies: heating profile 1 resulted in the SrTiO;
that is rich in O vacancies (Vo rich), while heating profile 2
leads to SrTiO; that is poor in O vacancies (Vo poor). For the
sake of clarity, we refer to the samples prepared via heating
profile 1 as “Vg rich” and via heating profile 2 as “Vo poor”
throughout the text.

4740 | Mater. Adv, 2022, 3, 4736-4747
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Since the doping of SrTiO; with aluminum has been
reported to increase the rate of photocatalytic activity of
SrTi0;,>>** aluminum-doped samples SrTi; ,Al,O; were
synthesized using the same two heating profiles. The maximum
loading fraction of Al used was x = 0.2 because further increase
in Al dopant concentration resulted in a SrAlO, impurity as
evident from PXRD data. The doped samples made with heat-
ing profile 1 also have the anatase and rutile TiO, impurities.
Similar to undoped SrTiOs;, these impurities are absent in the
doped samples made with heating profile 2 because the faster
and shorter heating profile does not favour the formation of
TiO, impurities (Fig. 3). The replacement of Ti** (0.605 A) in
octahedral sites with smaller AI** (0.535 A) is expected to result
in the reduction of the cubic unit cell parameters. Rietveld
refinement using LaBs as an internal standard was carried out
to determine the change in unit cell upon Al doping (Fig. 4).
The unit cell parameter of Vo rich SrTi; ,Al,O; are generally
smaller than that Vo poor SrTi; ,AlLO; as shown in Fig. 4. As
expected, with the increase of Al content, the unit cell para-
meter decreases until x = 0.1, i.e., the unit cell parameter of
SrTig 0Aly 105 is very similar to that of SrTi, gAl, ,03, suggesting
that maximal Al dopant concentration is x < 0.2.

The crystallite size of Vg rich samples calculated from the
Debye Scherrer equation on average decreases with increase in
aluminum doping while the crystallite size of Vo poor samples
remain constant regardless of aluminum doping (Table 1).

3.909

39084 .

3.907 N

3.906 N .-
39054 = -~

3.904 T

3.903 N

Cubic unit cell parameter (&)

3.902 ~

3.901

0.10
Al-doping fraction

T
0.00

Fig. 4 Change in cubic unit cell parameter of the Vg rich SrTi; ,ALOs3
made with heating profile 1 (black) and Vo poor SrTi;_,Al,Os made with
heating profile 2 (red) as a function of Al doping, x.

Table 1 Crystallite sizes of the SrTi;_,AlOs (x = 0 to 0.2)

Crystallite size” (nm)

Samples Heating 1 (Vo rich) Heating 2 (Vo poor)
SITiO; 40 (6) 24(4)
SrTig.975A10.02503 31(5) NA
SrTi0.95A10.050, 27(2) NA

SrTig.0Alg 103 26(4) 23(3)

SrTip gAly 205 21(3) 20(3)

¢ Calculated using Debye Scherrer equation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a) SrTi0; V, rich

Fig. 5 SEM image of (a) Vo rich SrTiOs made with heating profile 1 and
(b) Vo poor SrTiOs made with heating profile 2.

Scanning electron microscopy (SEM) images of the samples
showed the doped and undoped V,, rich SrTiO; have structured
crystallites (in red, Fig. 5(a)), nanoclusters (in yellow, Fig. 5(a)),
and flakes (in blue, Fig. 5(a)). On the contrary, the Vo poor
samples all appeared to be in the form of flakes (or sheets),
regardless of the presence or absence of aluminum (Fig. 5 and
Fig. S1, ESIt). Energy Dispersive X-ray Spectroscopy (EDXS) of
Al-doped sample indicates the homogeneous distribution of Sr,
Ti and Al in the samples.

%7l solid-state NMR spectroscopy

Aluminum is expected to replace titanium in the octahedral site
of the SrTiO; perovskite structure based on the similarity of
ionic radii. >’Al solid-state NMR spectra of the doped samples
were obtained to prove doping of aluminum in a symmetric
octahedral site in the perovskite structure (Fig. 6). >”Al is a spin-
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Fig. 6 27Al solid-state NMR. (a) Comparison of 1D spectra; signal inten-
sities are normalized with respect the sharp signal at ca. 9 ppm. (b) Plot
showing the actual and nominal aluminum doping concentration trend for
Vo rich samples made with heating 1 (black curve) and Vg poor samples
made heating 2 (red curve).
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5/2 quadrupolar nucleus with a natural abundance of 100% and
a high sensitivity to the coordination environment and sym-
metry. We note that solid-state NMR spectroscopy has pre-
viously been used to extensively characterize SrTiO; and
related perovskite materials.’®™*® The NMR spectra were fitted
to three signals: a broad peak with an isotropic shift (d;s,) of ca.
83 ppm corresponding to a tetrahedral site, a broad signal with
diso Of 16 ppm corresponding to an octahedral site, and a
narrow signal with J;5, of 9 ppm that is assigned to the doped
octahedral site of the perovskite structure. The broad tetrahe-
dral and octahedral signals are characteristic of alumina,’® and
were assigned to an amorphous alumina impurity that could
not be detected by PXRD.* The tail of the broad *’Al NMR
signals at lower chemical shifts is indicative of a distribution of
quadrupolar couplings that is intrinsic to amorphous
alumina.®® The sharp signal at 9 ppm represents a *’Al site
with low quadrupolar broadening and must therefore corre-
spond to a site of high spherical symmetry; this observation
confirms the aluminum doping into the titanium octahedral
site in SrTiO;. To ensure quantitative excitation of the various
*’Al signals, a small tip angle pulse was used (see
experimental).>%*°

Fig. 6(a) compares the *’Al solid-state NMR obtained with
different Al doping levels. Note that the intensities are normal-
ized with respect to the sharp *’Al NMR signal at
9 ppm. It is evident that as the Al doping level increases the
concentration of the alumina impurity also increases. Next, the
spectra were deconvoluted and fit using the Czjzek distribution
to model the distribution in quadrupolar couplings of the
alumina impurity (Fig. S2, ESIT). The fraction of the octahedral
doped *’Al sites in perovskite structure (% doping, Table 2)
was then estimated from the absolute integrals of the
deconvoluted peaks.

Notably, the actual fraction of aluminum doped into the
structure (actual x, Table 2) was lower than the nominal
fraction. As the nominal doping fraction increases, so does
the actual doping fraction (Fig. 6(b)). However, the percentage
of aluminum being doped into the structure decreases as the
aluminum doping fraction increases, suggesting that at higher
nominal Al fraction more alumina is forming (Table 2).

Diffuse reflectance and bandgap measurement

The diffuse reflectance was measured for all samples and
expressed as Tauc plots to calculate the direct band gap
(Fig. 7). All the Vo, rich samples showed an approximate direct

Table 2 Percent concentration of nominal aluminum actually doping into
the structure

Heating 1 (Vo rich) Heating 2 (Vo poor)

Nominal x in

SrTi; »AlO; % Doping” Actual x % Doping” Actual x
0.025 26 0.0065 NA NA
0.05 14 0.007 20 0.01
0.1 14 0.014 18 0.018
0.2 10 0.02 12 0.024
“ (Nominal x) x (% doping) = Actual x.
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band gap of 3.0 eV and all Vo poor samples showed an
approximate direct band gap of 3.2 eV as shown in Fig. 7 and
Fig. S3 (ESIt). The doping of the samples with Al does not
significantly affect their bandgaps for either heating profile.
Doped and undoped SrTiO; samples made with heating pro-
files 1 and 2 showed beige colors but with different intensities.
The color of the synthesized samples can be attributed to the
presence of oxygen vacancies and high concentration of Ti**, It
has been previously reported that SrTiO; samples containing a
high amount of Ti** usually possess color,>” in support of our
observation.

Both undoped and doped samples made with heating pro-
file 1 were darker beige in color, as shown in Fig. 7(a). A band
tail (or an additional absorption edge) was also noticed in their
absorption data (Fig. 7(c)). The darker beige color and a band
tail suggest that samples made with heating profile 1 have more
Ti*" species and oxygen vacancies (Vo rich). This is in agree-
ment with previous reports where the concentration of Ti**/
oxygen vacancies in SrTiO; was increased by heating the sample
in a reducing environment.’** Similarly, the decomposition of
the DES provides a reducing atmosphere during the synthesis
which favors the formation of oxygen vacancies as it was
previously shown for zinc and copper vanadates.”®

Samples made with heating profile 2 (Vo poor) showed a
lighter beige color and also a slightly wider bandgap (Fig. 7(b)).
The absence of a pronounced band tail in the absorbance
spectra of samples made with heating profile 2 (Fig. 7(c))
indicates a lower concentration of Ti*" states.> Since the same
color was observed in undoped sample and doped sample, we
presume that the AI** dopant did not significantly suppress Ti**
states.

X-Ray photoelectron spectroscopy

XPS measurements were carried out on the SrTiO; samples to
quantify the amount of reduced Ti species. Fig. 8 shows Ti 2p
core level spectra of SrTiO; made with both heating profiles.
The two titanium peaks shown originate from spin-orbit split-
ting of Ti 2p;, and Ti 2p,,,, each peak is a superposition of
3 components corresponding to Ti*", Ti**, and Ti**. Fig. 8(a)
shows the titanium species in Vg rich SrTiO;. The doublet in
red at 458.7 eV (Ti 2p3/,) and 464.4 eV (Ti 2p4,) are assigned to
Ti*", the doublet in blue at 457.6 eV (Ti 2p;,) and 463.0 eV
(Ti 2py,») are assigned to Ti**, while the doublet in magenta at
455.4 ¢V and 461.4 eV are assigned to Ti*". Based on the relative
Ti 2ps/, peak ratios, the Vg rich sample has 73.5% of titanium
present as Ti*", 19.2% as Ti'*, and 7.3% as Ti*". The large
quantity of Ti*" present in oxygen vacancy rich SrTiO; agrees
with the optical properties as discussed above. Fig. 8(b) shows
the titanium species in the Vo poor SrTiO;. The doublet in red
at 458.5 eV (Ti 2ps/,) and 464.2 eV (Ti 2py,,) are assigned to Ti*",
the doublet in blue at 457.1 eV (Ti 2p3/,) and 462.9 eV (Ti 2p,,)
are assigned to Ti**, while the doublet in magenta at 455.3 eV
and 461.1 eV are assigned to Ti*". In contrast to the Vg rich
sample, the Vo poor SrTiO; sample made with heating profile 2
has 72.5% of titanium present as Ti**, 20.8% as Ti** and 6.7%
as Ti**. The values of the binding energy of the titanium species
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Fig. 7 Tauc plots used to determine direct band gaps of (a) Vo rich SrTiO3
obtained via heating profile 1 and (b) Vo poor SrTiOz obtained via heating
profile 2. Insets show the images of SrTiOz samples obtained via respective
heating profiles. ¢) UV-Vis spectra of Vo rich SrTiOz obtained via heating
profile 1 (black curve) and Vo poor SrTiOs obtained via heating profile 2
(red curve).

observed in this work are similar to those that have previously
been reported.?>** The presence of Ti** and Ti** in the V,, rich

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XPS spectra of the Ti 2p region: (a) Vo rich SrTiOs made with
heating profile 1 and (b) Vo poor SrTiOz made with heating profile 2.

and poor SrTiO; suggests that the malonic acid—choline chlor-
ide DES provides a reducing atmosphere during the calcination
of doped or undoped SrTiO; samples. The prolonged heating of
a sample in this reducing atmosphere leads to the increased
amount of Ti*" in the V¢ rich samples made with heating
profile 1. The XPS spectra in the Sr 3d region are similar for
SrTiO; prepared by both heating methods, suggesting that Sr is
in +2 oxidation state, irrespective of the heating profile used
(Fig. sS4, ESIY).

The O 1s spectra shown in Fig. 9 can also be fitted with 3
peaks. Fig. 9(a) represents the O 1s spectra of Vg rich SrTiO;.
The peak in red at 529.0 eV>*”* corresponds to the lattice
oxygen in the crystal structure of SrTiO;, the blue peak at
531.2 eV°? suggests the oxygen vacancies within the synthesized
sample, and the green peak at 532.5>° likely corresponds to
loosely bound oxygen species at the sample due to atmospheric
moisture. The O 1s spectra of Vg poor SrTiO; shown in Fig. 9(b)
are shifted to higher binding energies by 0.6 eV. The fitted peak
with the red line observed at 529.6 eV is attributed to the lattice
oxygen, the fitted peak with the blue line at 531.8 eV corre-
sponds to the oxygen vacancy and the fitted peak in green at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 XPS data of the oxygen species in (a) Vo rich SrTiOz made with
heating profile 1 and (b) Vo poor SrTiOz made with heating profile 2.

533.1 eV corresponds to the loosely bound oxygen from surface
moisture. The amount of oxygen vacancy in the Vg rich SrTiO;
sample was deduced from the fitted peaks in blue to be 32.4%
while the Vo poor SrTiO; sample had 23.6% oxygen vacancy.
The larger quantity of oxygen vacancies in Vg rich SrTiO; made
with heating profile 1 can also explain its smaller unit cell
parameter (Fig. 4). Vo rich SrTiO; has a unit cell parameter of
3.9050(4) A which is 0.003 A smaller than the unit cell para-
meter of Vo poor SrTiO;. The same trend is seen for Al-doped
SrTiO; prepared via two heating profiles with Vg rich Al-doped
SrTiO; having overall smaller unit cell parameter compared to
Vo poor Al-doped SrTiO; (Fig. 4). It should be noted that an
atomic vacancy cannot be directly measured by the XPS, so the
peaks assigned to the oxygen vacancy actually correspond to
oxygen atoms near the vacant site. The survey spectra (Fig. S5,
ESIT) suggest the absence of any other impurity element except
the expected surface carbon, albeit the detection limit of XPS is
0.1-1 at%. It should also be noted that XPS is a surface
technique and the percent of Ti**/oxygen vacancies is not
representative of the bulk sample.
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Photocatalytic activity

The photocatalytic activity of SrTiO; for overall water splitting
under UV illumination was investigated after loading a
Rh,Cr,_,O; proton reduction cocatalyst (for details see experi-
mental section). As can be seen from Fig. 10 and Fig. S6 (ESIT),
all samples evolve only small amounts of H, and only trace
amounts of O, can be detected, likely from residual dissolved
oxygen in the reaction mixtures. This suggests that H, evolution
is stoichiometric, not catalytic, and the SrTiO; samples them-
selves serve as the electron source for the evolved H,. We find
that Vo poor SrTiO; showed a higher H, evolution rate than that
of the Vi rich SrTiO;. This suggests that photocatalytic H,
evolution activity and Vo/Ti*" are inversely correlated. The H,
amounts also varied with AI** content, although no activity
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Fig. 10 Hydrogen evolution of (a) Vo rich samples made with heating
profile 1 and (b) Vo poor samples made with heating profile 2 from water.
Conditions: 100 mW cm™ UV light from Xe-arc lamp, 100 mg
Rh,Cr,_,O3/SrTiOz (or Rh,Cr,_,Oz/SrTiO3:Al) powder in 100 mL water.
Oxygen was also detected for Vo rich samples made with heating 1 (see
also Fig. S6, ESIt), while no oxygen was detected for Vo poor samples
made with heating 2.
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increase or trend could be seen. These findings are in contrast
with previous observations of strong water splitting activity
with micro- and nanosized Al-doped SrTiO; made by flux or
hydrothermal syntheses.**>>*® Those samples had mostly
cubic morphology and well-defined facets which promoted
carrier separation. The necessity for a well-faceted highly
crystalline photocatalyst was further emphasized in the recent
work by Takata et al.>® It was reported that oxygen evolution
reaction preferably occurred on the (110) facets while hydrogen
evolution reactions occurred on the (100) facets. As previously
reported by Zhao et al.,>* the Ti** sites act as recombination
sites for photogenerated holes and electrons which leads to a
reduction in the photocatalytic activity of SrTiO;. We therefore
hypothesize that the absence of water splitting activity in the
DES-synthesized materials is a result of both the absence of a
faceted morphology, as well as the presence of a substantial
amount of Ti’" recombination sites. This hypothesis is sup-
ported by separate H, evolution experiments on Pt-modified Vo
rich SrTiO; and Al-SrTiO; samples in aqueous methanol
(Fig. S7, ESIt). Again, only low H, amounts are formed with external
quantum efficiencies (EQE) of 0.017% and 0.0121% (both at
375 nm) for Pt/SrTiO; and Pt/SrTipeAly103, respectively. These
reactions use methanol as an easy-to oxidize sacrificial electron
donor and Pt as an efficient proton reduction co-catalyst. The low
EQE values confirm that the low photocatalytic activity is intrinsic to
the DES-synthesized materials.

To study the photochemical charge separation ability of Vo
rich and poor SrTiO; and SrTi, oAl 103, surface photovoltage
(SPV) spectroscopy was conducted on particle films on FTO
(Fig. 11). Here, a vibrating gold probe measures the contact
potential difference (CPD) of the sample. The CPD value in the
dark is given by the Fermi level difference between the gold
probe and the sample, while the change (ACPD) under illumi-
nation equals the surface photovoltage.””*® The SPV spectrum
for Vg, rich AI>*-doped SrTiOj; in Fig. 11(a) shows an SPV onset
at 2.63 eV and a maximum SPV signal at 3.6 eV. From the
tangent of this major signal, the effective band gap of 3.09 eV
can be extracted. This value is in good agreement with the
optical bandgap in Fig. 7. Hence, the major photovoltage signal
is attributed to band gap excitation of AlI**-doped SrTiO; and
charge transfer as shown in Fig. 12. The spectrum for the Vg,
rich AI**-free SrTiO; is also shown in Fig. 11(a). Here, the
photovoltage signal starts at 1.8 eV and the effective bandgap
appears at 2.63 eV. These low energy features are attributed to
excitation of Ti*" mid-gap states as shown in Fig. 12, and hole
trapping in SrTiO; surface states. Based on the SPV spectro-
scopy data, the Ti*" mid-gap state’s concentration in Vg rich
Al**-doped SrTiO; is greatly reduced. This confirms that AI**
doping eliminates Ti*" states for the Vo, rich samples obtained
via heating profile 1.

SPV spectra for the V, poor samples are shown in Fig. 11(b).
Again, the photovoltage maximum is seen at 3.6 eV, but this
time the photovoltage onset and the effective band gaps of both
samples occur much earlier (2.05-2.18 eV). This suggests that
Vo poor undoped and Al-doped SrTiO; have higher mid-
bandgap defect concentrations than Vo rich samples. Also, this

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Surface photovoltage (SPV) spectra of SrTiOs (blue) and

SrTig.0Alp 103 (black) (a) Vo rich made by heating profile 1 and (b) Vo poor
made by heating profile 2, respectively. CPD values under illumination are
reported relative to the dark. The band-like onset was approximated by
linear extrapolation (red dash). The inset pictures show the appearance of
the respective films used for SPV measurement.

time, AI>* doping does not eliminate the sub-bandgap signal,
suggesting that the defects are not from Ti**. This suggests
that Vo poor Al-doped and undoped SrTiO; contain addi-
tional impurities, likely at their surface. As shown in the SEM
images (Fig. 5(a), (b) and Fig. Sla, b, ESIt), fast heating
profile 2 produces V, poor SrTiO; with more irregular parti-
cle morphology, which may be correlated with structural
defects or the unintentional doping of a minute amount of
carbon, nitrogen or chlorine arising from trapping of vola-
tiles or incomplete burn-off of the organic eutectic. It should
be noted that SPV band gaps are often smaller than optical
band gaps because SPV is more sensitive to states in the
forbidden region near the band edges. Additionally, the
sensitivity of SPV measurement to the impurity elements is
higher than that of XPS.*’
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Fig. 12 Charge transfer and energetics during the SPV experiment for Vo
rich SrTiOz and Al-doped SrTiOs (heating 1). In SrTiOz:Al Ti%* trap states
were eliminated by A" doping, leading to a less reducing Fermi level,
fewer trapped electrons, and less band bending. The lower band bending
in SrTiOs:Al is indicated by the lesser surface photovoltage signal. Esyrface
denotes the energy of surface states resulting from dangling bonds,
reduced ions, or surface adsorbates. Ti** and Vo lattice defects (shown
in red) are responsible for the sub-band gap photovoltage signal. Efro is
the Fermi level of the fluorine doped tin oxide substrate.

Conclusions

SrTiO; and Al-doped SrTiO; were synthesized using a deep
eutectic solvent consisting of a choline chloride and malonic
acid mixture; the properties of the synthesized samples were
investigated without any post-synthesis treatment. Titanium(iv)
oxide bis(2,4-pentanedionate) employed in the synthesis as a
titanium precursor is a stable powder which is easy to handle
and dissolve in a choline chloride-malonic acid DES. *’Al solid-
state NMR showed that AI** was indeed doped into the sym-
metric octahedral Ti** site and also revealed the presence of an
amorphous alumina impurity which was not detected by PXRD.
The unit cell size, oxygen deficiency, Al-doping fraction and
bandgap were tuned by variation in heating profile. Samples
made with longer dwelling time and slower ramping (heating
profile 1) had more of TiO, impurity and bigger crystallite sizes.
Perovskite SrTiO; prepared via longer heating exhibits higher
concentration of oxygen vacancies (Vo rich) and Ti** species,
resulting in darker beige color, smaller bandgap and a smaller
unit cell size. Samples made with shorter dwelling times and
faster ramping rate (heating profile 2) are characterized by
higher purity and smaller crystallite sizes. Strontium titanate
prepared via this method has lower concentration of Ti**/oxygen
vacancies (Vo poor), resulting in lighter beige color, wider band-
gap, and larger cubic unit cell volume. Surface photovoltage
spectroscopy confirms that AI** dopants can eliminate Ti** defects
in Al-doped SrTiO; (heating 1), but that AI** doping has no effect
on the defects in SrTiO; (heating 2). The latter defects might be a
result of unintentional doping of trace amount of carbon, nitro-
gen or chlorine from the DES which are below the detection of X-
ray photoelectron spectroscopy. The defects and the lack of clear
facets are reasons for the lack of photocatalytic activity of the
synthesized materials for water splitting or hydrogen evolution
from aqueous methanol.
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