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ABSTRACT: Elucidating synthetic parameters to produce crys-
talline solid-state materials with specific properties remains an
outstanding obstacle. Oxychalcogenide materials present their own
challenges; gaseous reagents are difficult to control and quantify,
and reactions cannot be monitored in situ at elevated temper-
atures. In this paper, we aim to address the lack of fundamental
understanding of oxychalcogenides through the synthesis of
La,0,Te, by two different routes: traditional solid-state and
hydrogen gas-assisted methods. We elucidate the two synthetic
pathways by X-ray diffraction (XRD) and scanning electron
microscopy to demonstrate distinct characteristics between the
crystalline and bulk structures, as well as the growth mechanisms of

SS-LOT

X-ray Diffraction

>

the oxytelluride products. The differences in optical properties at the macroscopic scale correlate with shifts and broadening of the
XRD peaks that distinguish two oxytelluride products. The combination of DFT calculations and photoemission yield spectroscopy
suggests that oxygen vacancies may explain differences in the optical properties. Finally, this work provides critical synthetic
parameters that will enhance the exploratory synthesis of oxychalcogenide materials.

B INTRODUCTION

Solid-state materials with interesting magnetic, electronic, and
optical properties are cornerstones of many advanced
technologies and remain a highly active field of research.
These materials have been synthesized by a wide range of
techniques from the conventional high-temperature solid-state
method to hydrothermal, sol—gel, and vapor transport
methods.' ™ Elucidating reaction mechanisms and predicting
the structure and properties of solid-state materials via these
techniques are necessary to achieve “synthesis by design”*® of
extended inorganic structures. Recent attempts have been
made with the use of artificial intelligence to predict materials
for specific applications, e.g., permanent magnets, superhard
materials, photovoltaics, and thermoelectrics;™® however,
these techniques are not yet mature enough to develop
synthetic strategies. Hence, exploratory synthesis is still being
used to heuristically determine reaction conditions, e.g,
reaction environment, thermodynamic conditions (temper-
ature and pressure), and reactants’ states of matter, to target
solid-state materials with specific physical and chemical
properties.10

Heteroanionic compounds, which consist of multiple
anionic species, possess unique coordination geometries and
crystal structures that can give rise to novel materials for
various applications, e.g., photocatalysis and thermoelec-
trics."''® Historically, there have been two common methods
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employed for the synthesis of oxychalcogenides.'”'® The first
involves a solid—solid route where reactants are heated to
temperatures below their melting points, typically under static
vacuum, and is sometimes referred to as a ceramic or “shake-n-
bake” method. This requires extended dwelling at high
temperatures to accommodate the slow diffusion rates of
solids and yields the final product in days to weeks. The second
method follows a solid—gas route, where a gas (or vapor)
reacts with a metal oxide. This time-saving method exploits the
fast diffusion rates of gases, yielding the final product within
hours, and is most often seen in the hydrogen-assisted
sulfurization of metal oxides using H,S gas.'” The development
of in situ characterization techniques has advanced the
exploration of solid-state reaction pathways, even at high
temperatures and under various environments, and has
provided valuable mechanistic insights into the effects of
synthesis conditions on reaction pathways and material
properties.”” However, there remains little knowledge of
synthesis routes toward oxychalogenides, which boast many
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promising clean energy applications.”””* These materials can
be challenging to synthesize due to differences in reactant
volatility and anion polarizability. Furthermore, phase
segregation of metal oxides and metal chalcogenides frequently
occurs during attempts to prepare oxychalcogenide com-
pounds.”> The number of known oxytelluride compounds is
much smaller than those of oxysulfide and oxyselenide
compounds, possibly because the structural determination of
these materials is often limited due to the fact that samples are
formed as powders.””*> Successful syntheses of heteroanionic
oxychalcogenides, and especially oxytellurides, should then be
investigated for mechanistic insights and to provide property
comparisons, thereby motivating this study.

There have been ongoing efforts to examine oxychalcoge-
nide reaction pathways using in situ diffraction techniques to
guide materials design. This work aims to contribute to the
development of oxychalcogenide materials by comparing two
different synthesis routes toward the oxytelluride La,O,Te and
the resulting effects on their physical properties. Herein, we
monitor our previously established synthetic routes using in
situ X-ray diffraction (XRD) to provide insight into reaction
progression for the solid—solid synthetic route involving La +
TeO, under vacuum and for a solid—gas route involving La,0;
+ Te under hydrogen gas flow. We describe the effects of these
synthetic routes on the crystal structure using ex situ XRD
experiments and demonstrate the dependence of crystallinity
on the synthetic technique. Electron microscopy studies reveal
the differences in oxytelluride products between the two
synthetic pathways and provide critical synthetic conditions
that favor crystal formation. Together with density functional
theory (DFT) calculations, photoemission yield spectroscopy
measurements enable us to understand low energy features
observed in diffuse reflectance spectroscopy.

B EXPERIMENTAL METHODS

Synthesis. Chemicals were used as purchased: La rod (99.9%, Alfa
Aesar), La,0; (99.9%, TCI America), a-TeO, (99.99%, Alfa Aesar),
and elemental Te (99.9999%, Alfa Aesar). Two synthetic methods
were adapted toward the synthesis of oxytelluride La,0,Te according
to procedures described in detail in our previous work.”® These two
methods are herein referred to as SS-LOT for the solid—solid reaction
toward La,O,Te and SG-LOT for the solid—gas reaction toward
La,0,Te, or the hydrogen-assisted route. Four SS-LOT samples and
four SG-LOT samples were prepared, for a total of eight samples.

In Situ Variable-Temperature Powder X-ray Diffraction (VT-
PXRD). A STOE STADI MP high-resolution diffractometer with
Debye—Scherrer geometry and an oven attachment (STOE HT) was
used to collect temperature-dependent data. The diffractometer was
equipped with an asymmetric curved germanium monochromator and
a 1D silicon strip detector. For the solid—solid reaction method:
starting materials La and TeO, were sieved, mixed in a stoichiometric
2:1 ratio, and packed into 0.7 mm diameter carbon-coated quartz
capillaries, which were subsequently flame-sealed under static vacuum.
Diffraction data were collected every 50 °C up to 300 °C and then
every 10 °C up to 600 °C. For the solid—gas reaction method:
starting materials La,O; and elemental Te were sieved and packed
into a 0.7 mm diameter carbon-coated quartz capillary, which
remained open, and the reagents were separated by quartz wool.
Hydrogen gas flowed through the capillary at a rate of 0.5 L/min, and
the incident beam was initially centered on La,O;. Warning! H, gas is
considered extremely flammable; therefore, proper ventilation and a
hydrogen leak detector should be used. Diffraction data were collected
every 50 °C up to 450 °C and then every 10 °C up to 600 °C. For
both methods, data were collected using Ag Kal radiation (0.55941
A) operated at 40 kV and 40 mA. Samples were heated at a rate of 10

°C/min where temperature stability is typically 0.1 °C. Capillaries
containing the samples were spun during data collection.

Ex Situ Powder X-ray Diffraction (PXRD). A PANalytical
Empyrean diffractometer with Bragg—Brentano geometry was used to
collect the room-temperature powder X-ray diffraction data. Data
were collected using Ni-filtered Cu Ka radiation (4 = 1.540598 A)
operating at 45 kV and 40 mA over an angular range 10° < 26 < 90°,
at a scan rate of 0.04°/min and step width 0.008°. Rietveld refinement
of laboratory diffraction data was performed using the X'Pert Plus
software package and a previously established structural model for
La,0,Te. Global profile refinement parameters included a scale factor,
a specimen displacement parameter, and a peak shape function (U, V,
W) using the Caglioti equation. A pseudo-Voigt function was used to
fit the peak shape. Unit cell parameters, site occupancies, and
isotropic displacement parameters were refined. Rietveld refinements
for all eight samples (four samples for each synthetic method) can be
found in Figure S2.

Scanning Electron Microscopy (SEM). The morphology of the
bulk samples was examined using a scanning electron microscope.
Images were collected with a Hitachi S-3000N operated at 25 kV.

UV-Vis Diffuse Reflectance Spectroscopy (DRS). UV—Vis—
NIR spectra in diffuse reflectance mode were acquired under ambient
conditions by using a Cary 5000 UV-vis—NIR double-beam
spectrophotometer equipped with a monochromator. To establish a
baseline, BaSO, powder was employed as a nonabsorbing reference
material. For data collection, a mixture of the sample powder and
BaSO, was employed. The reflectance data were transformed into
absorbance data using the Kubelka—Munk equation, /S = (1-R)*/
2R, wherein a and S are the absorption and scattering coefficients,
respectively, and R denotes reflectance.”” The band gap of each
sample was then determined through extrapolation of the linear
region.

Photoemission Yield Spectroscopy (PYS). PYS measurements
were conducted in air using an AC-2, Riken Keiki instrument to
ascertain the energy level of the valence band maximum relative to a
vacuum. Powdered La,O,Te was exposed to a tunable mono-
chromatic UV light ranging from 4.2 to 6.2 eV in a dry air
environment. The number of photoelectrons generated was quantified
at each excitation energy at an increment of 0.10 eV. Photoelectrons
are exclusively generated when the photon energy surpasses the
semiconductor’s ionization energy. The ionization energy was
established by identifying the linear onset of the PYS spectra.

Computational Methods. Formation energy, electronic struc-
tures, and optical properties of pristine and oxygen vacancies
containing La,0,Te were calculated using projected augmented
wave (PAW) based density functional theory (DFT).”*** All
calculations and data analysis were performed using the Vienna Ab
Initio Simulation Package (VASP) and postprocessing code
VASPKIT.* The exchange—correlation was approximated by the
generalized-gradient approximation (GGA) described by Perdew—
Burke—Ernzerhof (PBE) functionals.”’ Plane-wave cutoff energy of
600 eV was used throughout the calculations, affording well-
converged results. Monkhorst—Pack k-point sampling was used with
9 X 9 X 3 k-point mesh for the pristine La,O,Te unit cell. Oxygen
vacancies were introduced to a 3 X 3 X 2 La,0,Te supercell with a 3
X 3 X 3 k-point sampling. Due to the layered structure of La,0,Te,
geometry-dependent van der Waals correction®*® was applied for
better optimization of crystal structure. The absorption coefficients
a(w) are calculated by the equation below, where c is the speed of
light and &(w) and &,(w) are the real and imaginary parts of the
dielectric constants:>*

(@) = P21 w) + e3w) (o))

B RESULTS AND DISCUSSION

Two synthetic methods were adapted toward the synthesis of
oxytelluride La,0,Te and are herein referred to as SS-LOT for
the solid—solid reaction toward La,O,Te and SG-LOT for the
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Figure 1. (a) Crystal structure of La,0,Te with La (blue), O (red), and Te (yellow). (b) Photos of SS-LOT (top) and SG-LOT (bottom) powder
samples. (c) Ex situ PXRD for SS-LOT and SG-LOT. Green ticks mark peak positions. (d) Zoomed view of the (200) reflection at 20 =~ 44.0° for
four independent SG-LOT and four SS-LOT samples; the dashed vertical line serves as a visual guide.

solid—gas reaction, or hydrogen-assisted route, similar to our
earlier work.”® Figure 1a,b shows the crystal structure and the
powder samples as obtained from the SS-LOT and SG-LOT
syntheses, respectively. The photographs highlight differences
in optical properties, as the samples clearly differ in color,
suggesting structural and physical differences. PXRD patterns
(Figure 1c) of SS-LOT and SG-LOT show that they both
share the anti-ThCr,Si, structure type with I4/mmm space
group, a = b ~ 4.12 A and ¢ ~ 13.1 A, similar to previous
reports.35 A zoomed-in view (Figure 1d) of the (200)
reflection highlights the differences in peak widths between
the two types of samples. The refinement results from multiple
ex situ PXRD data collected from SS-LOT and SG-LOT
syntheses are shown in Figure S2 and Tables SI and S2. A
clear shift in the XRD patterns is consistently observed across
multiple scans (Figure 1), confirming that interlayer spacing in
SG-LOT is smaller than that in SS-LOT. Also, SG-LOT
reflections are consistently broader than the SS-LOT ones,
indicating synthesis effects on crystallinity and lattice strain.
The average crystallite sizes using Scherrer’s equation are 24.47
nm #2.21 and 15.39 nm #2.59 for SS-LOT and SG-LOT,
respectively. Lattice strain calculated using the Williamson—
Hall method is 0.13% for SS-LOT and 0.19% for SG-LOT.***’
Williamson—Hall plots and a summary of crystallite size and
strain calculations are available in Figure S3 and Table S3.

In Situ VT-PXRD for SS-LOT. The VT-PXRD patterns
collected for the SS-LOT formation were collected under a
vacuum (Figure 2a, stacked plots in Figure S4). Between room
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Figure 2. In situ VT-PXRD plots and schematic of experimental setup
for (a) SS-reaction and (b) SG-reaction. Orange arrows indicate the
direction of the incident X-ray beam.

temperature and 375 °C, the XRD patterns reflect the presence
of the starting materials, La metal, and TeO, powder. Above
375 °C, the diffraction patterns are indexed to SS-LOT. No
intermediate phases were observed and the formation
temperature of SS-LOT is notably lower than that previously
reported.’® This is a remarkably low reaction temperature,
especially when considering that reaction temperatures of
metal oxides are typically in the range of 600 to 1200 °C.””

In Situ VT-PXRD for SG-LOT. Figure 2b (and stacked plots
in Figure SS) displays the VI-PXRD patterns collected upon
heating from room temperature to 600 °C. Only La,O; is
observed in the XRD patterns up to 460 °C, at which point,
La,0; begins to react and form SG-LOT. Between 460 and
520 °C, diffraction patterns for both La,O; and SG-LOT are
observed. Intensities of SG-LOT reflections gradually grow as
those for La,O; decrease, with complete phase formation by
520 °C.* At 520 °C, all peaks in the diffraction pattern are
indexed to SG-LOT, indicating that La,O; is completely
consumed. SG-LOT is stable up to 600 °C, the highest
temperature that could be reached in our VT-PXRD
experiments.

Since the synthesis of SG-LOT involves the use of H,, we
further demonstrate that hydrogen has an important role in the
reaction rather than playing the role of a carrier gas as in classic
chemical vapor deposition. Indeed, the same reaction under
vacuum (instead of hydrogen gas) or N, or Ar, does not yield
SG-LOT. Also, single crystals of Te metal were found
randomly throughout the tube, suggesting that solid tellurium
metal simply vaporized upon heating and recrystallized upon
cooling (Figure S1). Consequently, we hypothesize that H,
may contribute to the synthesis of SG-LOT by first reacting
with liquid Te metal (Te melts at 449.5 °C).*" While detecting
the active H—Te species is beyond the scope of this work, this
can be compared to the common practice of flowing H,S gas
over a metal oxide precursor to synthesize metal oxysulfide
compounds, e.g., La,0,S," Ln,Ti,S,05 (Ln = Pr, Nd, Sm, Gd,
Tb, Dy, Ho, and Er).” Finally, additional studies using gas
chromatography coupled with mass spectrometry may help to
confirm the role of hydrogen gas in the synthesis.

Scanning Electron Microscopy. To further investigate
the growth parameters of La,0,Te, SEM studies (Figure 3)
were conducted on SS-LOT samples prepared at different
dwell temperatures and times. Samples were examined as they
were removed from the furnace without any mechanical or
chemical handling. Given the large number of variables in the
SG-LOT method, we focus on the SS-LOT method and
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Figure 3. SEM images of SS-LOT samples synthesized at (a) 550, (b) 750, and (c) 850 °C with 48 h dwell times and (d) 550, (e) 750, and (f) 850

°C with 72 h dwell times.
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Figure 4. (a) SEM image of La,0,Te,_, and Te single crystals produced by solid—solid reaction upon heating to 850 °C with 144 h dwell time.

Zoomed-in view of La,0,_,Te,_,

is shown in the inset. (b) PXRD pattern of the same reaction with peaks belonging to La,0,_,Te 1—y and asterisks

marking peaks for Te. Inset shows a zoomed-in SEM image of Te single crystals.

compare it with the SG-LOT method (Figure S6) as previously
reported. We have previously synthesized SS-LOT at 750
°C;*® hence, we collected SEM images for samples synthesized
below and above this critical temperature, which is just above
the melting point of TeO, (~733 °C).*” The samples
synthesized at 750 °C for 48 h result in particles with overall
sharp edges and smooth surfaces, markers of a crystalline
material, with particle sizes reaching 20 ym as a result of the
dwelling time (inset, Figure 3b). When the samples were
prepared at 850 °C, particles showed signs of coalescence and
fusion of primary particles, resulting in overall larger sizes
(inset Figure 3c). SEM images for 850 °C for 48 h also tend to
indicate a restructuring of the material as evidenced by the loss
of crystals present at 750 °C. Samples synthesized at 550 °C
for 48 h result in bulk structures that are less crystalline and
incompletely formed.

Extending the dwell time from 48 to 72 h at 750 °C
produces crystalline particles of up to 200 um with sharp
edges, smooth surfaces, and visible ridges, suggesting a layered
growth pattern. An increase in the temperature to 850 °C with
a longer dwell time confirms a more pronounced restructuring
previously observed after dwelling for 48 h. Similarly, the

sample heated at 550 °C for 72 h results in the formation of
quasi-layered structures that stem from the 48 h samples.

Given the restructuring of the SS-LOT samples at 850 °C,
we further increased the dwell time to 144 h to confirm our
observations. Figure 4 shows two products: La,0,_,Te,_, and
Te single crystals. Figure 4 indicates that the native hexagonal
needle morphology of Te single crystals is formed using
commonly known starting materials La and TeO,. This result
is new and has not been previously reported in the literature.
XRD collected on the sample confirmed the presence of Te
metal (Figure 4b) along with La,0,_,Te,_,. The stoichiometry
of the latter is the result of Te loss at sufficiently long dwell
times (exceeding 72 h).

Like the PXRD patterns in Figure 1c, the PXRD pattern in
Figure 4b indexes well with the I4/mmm space group, with
lattice parameters a = b = 4.11710(4) A and ¢ = 13.0811(5) A.
However, refinements employing the same structural model
with La, Te, and O fully occupying the same atomic positions
yielded unreasonably large atomic displacement parameters,
B, for the Te and the O atoms. Refining occupancies (while
restraining By, to acceptable values) resulted in a visually
better fit and a lower R, (from 9.5 to 8.8%); the occupancies
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refined to values of 1.00, 0.98, and 0.86 for La, Te, and O,
respectively. These results corroborate the observation of
oxytelluride particles and Te crystals and suggest that extensive
dwell times above 72 h result in La,0,_,Te,_,.

Optical and Electronic Properties. Two electronic
transitions are observed in the Kubelka—Munk plots for the
SS-LOT and SG-LOT samples, as shown in Figure Sa. The
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Figure 5. (a) DRS and (b) PYS for SS-LOT (blue) and SG-LOT
(orange).

lower energy gaps of 0.87 and 0.84 eV are similar in both
samples, while the higher energy gaps of 2.86(5) and 2.73(5)
eV are observed for SS-LOT and SG-LOT samples,
respectively (Table 1). These values are consistently observed
among multiple samples, indicating that the optical properties
of La,0,Te are strongly influenced by the synthetic method.

Table 1. Comparative Summary of Average Experimental
Results between the Two Synthetic Methods

SS-LOT SG-LOT
Reaction onset temperature (°C) 375 460
Strain (%) 0.13(1) 0.19(1)
Crystallite size (nm) 2447 £ 221 15.39 + 2.59
E, (eV) 2.86(5) 2.73(5)
Eypm (eV) 5.43(5) 5.28(5)
Ecpm (eV) 2.57(7) 2.55(7)

From PYS measurements (Figure Sb), the first ionization
energies are determined to be 5.43(5) and 5.28(5) eV for SS-
LOT and SG-LOT, respectively. Subtracting the experimen-
tally determined band gap, E, from the ionization energy,
Eypwy gives the energy level of the conduction band minimum,
Ecgyy which is determined to be 2.57 and 2.55 eV for SS-LOT
and SG-LOT, respectively (Table 1). These results are
summarized in Table S4. The difference in E, values between
the SS-LOT and SG-LOT samples is caused by differences in
the VBM.

Calculated Electronic Structure and Optical Proper-
ties. To better understand the nature of the electronic
transitions observed in DRS measurements, the band structure,
density of states (DOS), and absorption spectra were
calculated. The reliability of our calculations was first
established by comparing the experimental and calculated
lattice parameters. The crystal structure of pristine La,O,Te
was relaxed to minimize the interatomic forces and optimize
the lattice parameters, and a summary of the results in Table
SS shows less than 1% difference between experimental versus

calculated values. Given the propensity of oxygen vacancies in
metal oxides and the presence of lattice strain, band structures,
DOS plots, and absorption plots were also computed for
La,0,Te with vacancies. The negative formation energy of
oxygen vacancies, shown in Table S6, indicates that such
vacancies are thermodynamically favorable when La,O,Te is
synthesized in environments with little oxygen. SS-LOT and
SG-LOT were prepared under a vacuum or in H,, with little to
no oxygen. Therefore, two models—(i) a one-oxygen vacancy
model (La,0,Te:1V,) and (ii) a two-oxygen vacancy model
(La,0,Te:2V,)—were used to compute electronic band
structures, DOS, and absorption plots (Figure 6b,c).
Electronic band structure and a DOS plot for pristine
La,0,Te are shown in Figure 6a. The VBM lies between the N
and I' symmetry points, while the CBM is positioned at the I'
point, resulting in an indirect band gap of 2.06 €V and a direct
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Figure 6. Band structure and density of states plot for (a) pristine
La,0,Te, (b) La,0,Te:1Vy, and (c) La,O,Te:2Vy, and (d)
corresponding calculated optical absorption plots in the z direction
(solid line) and x, y direction (dashed line).
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band gap of 2.11 eV (Figure 6a). Although the calculated band
gap of La,O,Te underestimates our experimental values
reported in Table S4, such underestimation of band gaps is a
well-known limitation of DFT. While the computed absorption
plot for La,0,Te (Figure 6d) agrees with the computed band
gap for a direct transition (2.11 eV), it does not include the
lower energy absorption peak that is observed experimentally
(Figure 5a).

Including V, in electronic structure calculations results in
defect La Sd states close to the CBM (Figure 6b,c). A V,
involves the removal of oxygen as a neutral atom, which leads
to two electrons being accommodated by empty La Sd
orbitals."* The gap between the occupied defect La 5d state
and the CBM is determined to be 0.47 eV. Introducing a
second V), into the calculation narrows the gap between the
defect La Sd state and the CBM (0.33 eV) as well as the gap
between the VBM and La Sd states (1.47 eV). Since these gaps
are also observed in the computed absorption spectra (Figure
6d), we speculate that these features could be related to the
low-energy peaks (below 1.0 eV) in the Kubelka—Munk plots

(Figure Sa).
B CONCLUSIONS

We demonstrate the strong dependency of the structure and
properties of La,O,Te on the synthesis parameters using two
separate routes. While alternative routes to solid-state synthesis
could reduce energy input and time, solid-state synthesis
techniques yield oxytelluride products with enhanced crystal-
linity while hydrogen-assisted synthesis techniques produce
samples with oxygen vacancies, potentially affording oppor-
tunities to tune optical properties.

The SS-LOT route at 750 °C at 48 h yields La,O,Te;
however, our SEM and XRD results confirm that this route is
sensitive to dwell temperatures and times. As a result, SS-LOT
is a method that can be used to produce other oxytelluride
products, including nonstoichiometric La,0,_,Te,_, and Te
single crystals with hexagonal morphology. Our results using
the SG-LOT route are highly sensitive to the atmosphere,
hydrogen being necessary to successfully synthesize La,0,Te.
Given the complexity of experimental parameters in the SG-
LOT route (gas type, flow rate, temperature, etc.), further
studies are needed to elucidate the effects of synthesis
parameters. Peak widths and shifts in PXRD, combined with
DRS and PYSA, reveal that two distinct oxytellurides are
formed from each synthetic route. DFT calculations show the
potential correlation between electronic structure and optical
properties.
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