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ABSTRACT: Lithium chalcogenides have been understudied, owing to the
difficulty in managing the chemical reactivity of lithium. These materials are
of interest as potential ion conductors and thermal neutron detectors. In this
study, we describe three new cubic lithium copper chalcotitanates that
crystallize in the P43m space group. LiCuyTiS, a = 5.5064(6) A, and
LiCu,TiSe,, a = 5.7122(7) A, represent two members of a new stuffed
diamond-type crystal structure, while LiCuyTiTe, a = 5.9830(7) A
crystallized into a similar structure exhibiting lithium and copper mixed
occupancy. These structures can be understood as hybrids of the zinc-blende
and sulvanite structure types. In situ powder X-ray diffraction was utilized to
construct a “panoramic” reaction map for the preparation of LiCu;TiTe,,
facilitating the design of a rational synthesis and uncovering three new
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transient phases. LiCu,TiS, and LiCu,;TiSe, are thermally stable up to 1000 °C under vacuum, while LiCu;TiTe, partially
decomposes when slowly cooled to 400 °C. Density functional theory calculations suggest that these compounds are indirect band
gap semiconductors. The measured work functions are 4.77(5), 4.56(5), and 4.69(5) eV, and the measured band gaps are 2.23(5),

1.86(5), and 1.34(S) eV for the S, Se, and Te analogues, respectively.

B INTRODUCTION

The discovery of new inorganic materials is necessary for
continued scientific and technological advancements. New
lithium-based materials have the potential to bring forth new
candidates with fundamental promise for applications,
including both energy storage' and direct capture neutron
detector” technologies. In the case of batteries, mobile Li
atoms are used to dispense energy on demand for
consumption.” In contrast, the detection of thermal neutrons
relies on the immobility of Li atoms which combine with
incident neutrons during the direct capture detection
process.”" Evidence of this fact can be found in the recent
reports of the novel materials LilnP,Ses and LilnSe, and their
outstanding neutron detecting performance, performance that
was previously unattainable with existing materials.*”
So-called “stuffed” diamond compounds exhibit an identi-
fiable diamond sublattice with at least one additional atom
added to the structure. Stuffed diamond compounds can be
categorized as either cubic if the sublattice has the aristotype
zinc-blende structure or hexagonal if the sublattice has a
wurtzite structure. The half-heusler’ family of compounds
(with general formula XYZ) is perhaps the best studied family
of stuffed diamond compounds, falling into the cubic variety.
Members of this family have been investigated as topological
insulators,””® superconductors,c’)_12 and thermoelectric materi-
als.”>™"> Typical compositions seen in stuffed diamond
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compounds include transition metals (e.g., TiNiSi),' "
lanthanides (e.g., YbSnBi),'”'® and main group”’“L20
elements (e.g, GbNiGa and GbNiln) up to and including
the pnictides (e.g,, CaAgP and CaAgAs).”' However, reports of
stuffed diamond compounds containing lithium atoms are less
common. Examples in the literature, including the intermetallic
phases of Lij;Zn,Sn,,”” Li,ZnGes;,”” Li,AgGe,”’ and
Li, ;AgGe,, ™ can be considered stuffed hexagonal diamond
compounds because their structures exhibit wurtzite sub-
lattices. However, little is known about the properties of
semiconducting lithium-containing stuffed diamond com-
pounds, which serve as motivation for the search for new
stuffed diamond chalcogenides.

A structure closely related to the cubic stuffed diamond
structures is that of sulvanite with the general formula Cu;MQ,
(M =V, Nb, and Ta; Q = S, Se, and Te).”*** This family of
materials has received significant interest for applications in
photocatalytic water splittingzs’26 and thermoelectrics,”” >’
among others. Recently, the thermoelectric properties of the
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compound Cu,TiSe,, a sulvanite and zinc-blende derivative,
were experimentally measured and found to have room-
temperature thermal conductivity of 0.19 W m™ K~1.*° The
origin of the low thermal conductivity in Cu,TiSe, is ascribed,
in part, to loosely bound Cu atoms in the structure that serve
as “intrinsic rattlers.”*’

In this study, we describe the synthesis, crystal structures,
and properties of three stable new cubic lithium copper
chalcotitanates with the general formula LiCu;TiQ, (Q = S,
Se, and Te). Additionally, panoramic synthesis was employed
for the preparation of LiCu;TiTe,. The compounds LiCu;TiS,
and LiCu;TiSe, are isostructural and crystallize in a cubic 3D
stuffed diamond structure that can be considered a
combination of the zinc-blende and sulvanite types, distinct
from the Cu,TiSe, crystal structure. LiCu;TiTe, crystallizes in
a structure related to LiCu;TiS, but closer to the sulvanite
structure type and exhibits mixed occupation between Li and
Cu at two different sites. Density functional theory (DFT)
calculations predict indirect band gaps and hole carriers with
lower effective masses than electrons.

B EXPERIMENTAL SECTION

Reagents and Synthesis. All starting elements except for Cu
were used as obtained: sulfur buttons S (99.99%, SN Plus Inc., Saint-
Laurent, Quebec, Canada), Se (99.99% American Elements), Te
(99.99% American Elements), Ti powder —325 mesh (99.9% Sigma-
Aldrich), Li sticks (99.9% Sigma-Aldrich), and Cu powder —100
mesh (99% Alfa Aesar). Li,Q (Q =S, Se, and Te) was prepared using
condensed ammonia, as reported previously.’’

Activation of the Cu Powder. Cu powder was placed into a fine-
frit funnel and washed with a 10 wt % (3.3 M) aqueous solution of
HCI while being stirred with a plastic spatula, and thereafter vacuum
filtered to remove the solution. This process was repeated until the
color of the Cu powder remained pink/red (approximately three
times in our case). The activated Cu powder was then washed once
with deionized water, filtered, washed once with isopropyl alcohol,
and filtered again. The finished product was then pumped into an N,
glovebox overnight for storage.

Synthesis of LiCusTiS,. The phase pure powder was synthesized
by reacting stoichiometric amounts 2.408 mmol (153.0 mg) activated
Cu powder, 0.802 mmol (38.4 mg) Ti powder, 2.81 mmol (90.1 mg)
ground S, and 0.400 mmol (184 mg) Li,S powder massed in a
nitrogen double glovebox. The S, Ti, and Li,S were ground together
in an agate mortar pestle until a homogeneous mixture was obtained.
Because of the mechanochemical reaction that occurs between sulfur
and copper,®” care must be taken when combining them in a mortar
and pestle; otherwise, the reaction will proceed quickly, resulting in
the vaporization of some sulfur before the reagents can be placed in a
crucible. With this in mind, the Cu powder was then added to the
mortar with the other ground reagents and mixed using a piece of
weighing paper. It was left to sit undisturbed for ~30 min, remixed
with a piece of weighing paper, left to sit undisturbed for an additional
~30 min, and finally ground gently with a pestle. When first
combined, the powder appeared yellow/white in color but as it was
left to sit, the color slowly changed to dark gray as the Cu and S
slowly reacted. The homogenized powder was then loaded into a
stainless-steel die and pressed into a cylindrical pellet with a diameter
of 6 mm using a vise to apply the pressing force. The pressed pellet
was then placed into a glassy carbon crucible, which was then placed
into an 18 mm outer and 16 mm inner diameter fused-silica tube. The
fused-silica tube, containing the pellet and crucible, was then
evacuated to ~4 X 107> mbar and flame sealed so that the final
length of the tube was ~13 cm. The sealed tube was then loaded into
a vertical tube furnace such that the top of the tube was below the
middle of the furnace, and the tip of the thermocouple was at the
same depth as the crucible. The tube was then heated to 600 °C at a
rate of 50 °C/h, soaked at 600 °C for 10 h, and then allowed to cool

to room temperature by turning off the furnace. The sealed tube was
opened in an N, glovebox, and the pellet was hand ground in an agate
mortar and pestle. The reground powder was then pressed into a
pellet with a diameter of 6 mm and placed in the same glassy carbon
crucible. The crucible was then loaded into an 18 mm outer and 16
mm inner diameter fused-silica tube, evacuated to ~4 X 107> mbar,
and flame sealed. The sealed tube was then placed in a vertical tube
furnace, heated to 600 °C at a rate of 50 °C/h, and soaked at 600 °C
for 24 h, after which the furnace was turned off, and the tube was
cooled to room temperature. The sealed tube was then pumped into
an N, glovebox and opened. The samples were stored in an N,
glovebox. The synthesized powders appeared mustard yellow and
were typically phase pure by powder X-ray diffraction (PXRD).

Synthesis of LiCu;TiS, Single Crystals. Stoichiometric amounts
of 1.40 mmol (88.9 mg) of activated Cu powder, 1.40 mmol (66.9
mg) of Ti powder, 3.410 mmol (112.1 mg) of ground S, and 0.699
mmol (32.1 mg) of Li,S powder were massed in an N, glovebox. Ti,
Li,S, and S were then ground together in an agate mortar and pestle.
Cu was then added to this mixture in the manner described above
(see the synthesis of LiCu;TiS, powder). The homogenized powder
was then loaded into a stainless-steel die and pressed into a pellet with
a diameter of 6 mm, using a vise to apply the pressing force. The
pressed pellet was then placed into a glassy carbon crucible, which
were both placed thereafter, into an 18 mm outer and 16 mm inner
diameter fused-silica tube. The fused-silica tube, containing the pellet
and crucible, was then evacuated to ~4 X 107> mbar and flame sealed
so that the final length of the tube was ~13 cm. The sealed tube was
then loaded into a vertical tube furnace such that the top of the tube
was below the middle of the furnace, and the tip of the thermocouple
was at the same depth as the crucible. The tube was then heated to
800 °C at a rate of 50 °C/h, soaked at 800 °C for 10 h, cooled to 550
°C at a rate of 12.5 °C/h, after which the furnace was turned off, and
the tube was cooled to room temperature. The tube was then brought
into an N, double glovebox and opened. From the resulting pellet,
100 mg was removed and combined with 0.7029 mmol (32.3 mg) of
Li,S and 2.112 mmol (67.7 mg) of S in an agate mortar and pestle.
After grinding until a homogeneous mixture was obtained, the powder
was placed into a glassy carbon crucible, which was then placed into
an 18 mm outer and 16 mm inner diameter fused-silica tube. The
fused-silica tube, containing the powder and crucible, was then
evacuated to ~4 X 107> mbar and flame sealed so that the final length
of the tube was ~13 cm. The sealed tube was then loaded into a
vertical tube furnace such that the top of the tube was below the
middle of the furnace, and the tip of the thermocouple was at the
same depth as the crucible. The tube was then heated to 900 °C at a
rate of 50 °C/h, soaked at 900 °C for 24 h, cooled to 450 °C at a rate
of 10 °C/h, after which the furnace was turned off, and the tube was
allowed to cool to room temperature. The tube was then opened in
air, and the product was soaked in ethanol overnight to isolate the
crystals. The crystals appeared black with an octahedral morphology.
The percentage yield of the reaction was ~50%.

Synthesis of LiCu;TiSe,. The powder was synthesized by
reacting stoichiometric amounts 1.603 mmol (101.9 mg) of activated
Cu powder, 0.535 mmol (25.6 mg) of Ti powder, 1.871 mmol (147.7
mg) of ground Se, and 0.267 mmol (24.8 mg) of Li,Se powder
massed in a nitrogen double glovebox and ground together in an agate
mortar and pestle. The homogenized powder was then loaded into a
stainless-steel die and pressed into a pellet with a diameter of 6 mm,
using a vise to apply the pressing force. The pressed pellet was then
placed into a glassy carbon crucible, which were both placed
thereafter, into an 18 mm outer and 16 mm inner diameter fused-
silica tube. The fused-silica tube, containing the pellet and crucible,
was then evacuated to ~4 X 107 mbar and flame sealed so that the
final length of the tube was ~13 cm. The sealed tube was then loaded
into a vertical tube furnace such that the top of the tube was below the
middle of the furnace, and the tip of the thermocouple was at the
same depth as the crucible. The tube was then heated to 600 °C at a
rate of 50 °C/h, soaked at 600 °C for 10 h, and then cooled to room
temperature by turning off the furnace. The sealed tube was then
pumped into an N, glovebox, the tube was opened, and the pellet was
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ground in an agate mortar and pestle. The reground powder was then
pressed into a pellet with a diameter of 6 mm and placed into the
same glassy carbon crucible. The crucible was then loaded into an 18
mm outer and 16 mm inner diameter fused-silica tube, evacuated to
~4 X 107 mbar, and flame sealed. The sealed tube was then placed in
a vertical tube furnace, heated to 600 °C at a rate of 50 °C/h, soaked
at 600 °C for 24 h, after which the furnace was turned off, and the
tube was allowed to cool to room temperature. The sealed tube was
then pumped into an N, glovebox, where it was opened, and the
sample was stored. The synthesized powders appeared gray/black and
typically exhibited a small TiSe, impurity, as determined by PXRD.

Synthesis of LiCu;TiSe, Single Crystals. Stoichiometric
amounts of 0.4375 mmol (27.8 mg) of activated Cu powder,
0.4387 mmol (21.0 mg) of Ti powder, 2.4088 mmol (190.2 mg) of
ground Se, and 0.6570 mmol (61.0 mg) of Li,Se powder were massed
in a nitrogen double glovebox and ground together in an agate mortar
and pestle. The ground powder was placed into a glassy carbon
crucible, which was loaded into an 18 mm outer and 16 mm inner
diameter fused-silica tube. The tube was then removed from the
glovebox, evacuated to ~2 X 107> mbar, and flame sealed. The sealed
tube was then placed into a vertical tube furnace, heated to 900 °C at
a rate of 50 °C/h, soaked at 900 °C for 24 h, cooled to 450 °C at a
rate of 10 °C/h, after which the furnace was turned off, and the tube
was cooled to room temperature. The tube was then opened in air,
and the product in the crucible was soaked in ethanol overnight. The
crystals appeared black with an octahedral morphology. The
percentage yields were typically ~35%.

Synthesis of LiCu;TiTe,. The synthesis of powder was achieved
by reacting stoichiometric amounts 1.19 mmol (75.7 mg) of activated
Cu powder, 0.397 mmol (19.0 mg) of Ti powder, 1.389 mmol (177.3
mg) of ground Te, and 1.20 mmol (28.1 mg) of Li,Te powder massed
in a nitrogen double glovebox and ground together in an agate mortar
and pestle. The homogenized powder was then loaded into a
stainless-steel die and pressed into a pellet with a diameter of 6 mm,
using a vise to apply the pressing force. The pressed pellet was then
placed into a glassy carbon crucible, which were both placed
thereafter, into an 18 mm outer and 16 mm inner diameter fused-
silica tube. The fused-silica tube, containing the pellet and crucible,
was then evacuated to ~4 X 107> mbar and flame sealed so that the
final length of the tube was ~13 cm. The sealed tube was then loaded
into a vertical tube furnace such that the top of the tube was below the
middle of the furnace, and the tip of the thermocouple was at the
same depth as the crucible. The tube was then heated to 450 °C at a
rate of 50 °C/h, soaked at 450 °C for ~4 h, and then water quenched.
Successful synthesis of the compound yielded black powder with a
small CuTe impurity, as determined by PXRD.

Synthesis of LiCu;TiTe, Single Crystals. The amounts of 1.718
mmol (109.2 mg) of activated Cu powder, 0.572 mmol (76.9 mg) of
Ti powder, 2.00S mmol (255.9 mg) of ground Te, 0.286 mmol (40.5
mg) of Li,Te, and 5.730 mmol (766.9 mg) of Lil powder massed in a
nitrogen double glovebox and ground together in an agate mortar and
pestle. The powder was then placed into a glassy carbon crucible,
which was then loaded into an 18 mm outer and 16 mm inner
diameter fused-silica tube. The tube was removed from the glovebox,
evacuated to ~4 X 107> mbar, and then flame sealed so that the final
length of the tube was ~13 cm. The sealed tube was then loaded into
a vertical tube furnace such that the top of the tube was below the
middle of the furnace, and the tip of the thermocouple was at the
same depth as the crucible. The tube was then heated to 1000 °C at a
rate of 50 °C/h, soaked at 1000 °C for 24 h, and slowly cooled to 570
°C at a rate of 10 °C/h, after which the furnace was turned off, and
the tube was allowed to cool to room temperature. The tube was then
opened in an N, glovebox, where the sample was stored. The crystals
were black with an octahedral morphology. The percentage yields
were typically ~35%.

In Situ Powder X-ray Diffraction of LiCu;TiTe,, A STOE
STADI MP high-resolution diffractometer with an oven attachment
(STOE HT) was used to collect temperature-dependent data. The
diffractometer was equipped with an asymmetric curved germanium
monochromator and a one-dimensional silicon strip detector

(MYTHEN2 1K from DECTRIS). The starting materials were
combined, as described in the section “Synthesis of LiCu;TiTe,
powder,” packed into a 0.7 mm diameter fused-quartz capillary
which was then evacuated to ~3 X 10™° mbar, and flame sealed. All
capillaries were carbon coated to prevent glass attacks. Ground fused-
silica powder was added to each capillary to protect the tip of the
capillary, which could not be coated with carbon. Data were collected
using pure-Ag Kal radiation (0.559407 A) operated at 40 kV and 40
mA. Temperature stability is typically 0.1 °C. The samples were spun
during the collection. The heating profile used during collection is
shown in Figure S4.

Density Functional Theory. In this study, all DF
calculations were performed using the Vienna ab initio simulation
package’*® and the projector augmented wave’’ method. The
Perdew—Burke—Ernzerhof‘J 773 generalized gradient approximation
was used as the exchange-correlation functional. A plane wave basis
set with a cutoff energy of 650 eV was adopted, and a I'-centered k-
point grid of 10 X 10 X 10 was used to sample the Brillouin zone for
the primitive cell of LiCu;TiS, and LiCu;TiSe, (nine atoms). The
structures were fully relaxed until the total energy converged to 107°
eV and the force on each atom was less than 0.001 eV/A. Phonon
calculations were performed with a 2 X 2 X 2 supercell using the
Phonopy package.*

Photoemission Yield Spectroscopy in Air. A Riken-Keiki AC-2
instrument was used to perform photoemission yield spectroscopy in
air (PYSA). Photoelectrons were generated by illuminating the sample
with a tunable monochromatic ultraviolet light (UV, 4.2—6.2 eV)
under dry air. At each excitation energy, photoelectrons are generated
only when the photon energy is higher than the work function. For a
semiconductor, this is equal to the valence band maxima (VBM) with
respect to the vacuum energy. Extrapolation of the linear region of the
data gives the onset of the PYSA spectra, which is the work function.

33,34
T

B RESULTS AND DISCUSSION

Synthesis and Stability. LiCu;TiS, and LiCu;TiSe, can
be readily synthesized via a direct combination of the elements
with Li,Q (Q = S and Se) as the Li source. LiCu,TiS, can be
prepared with no observable secondary phases (see Figure 1a),
while LiCu;TiSe, formed with a small amount of TiSe, as a
secondary phase (see Figure 1b). The use of two separate
reaction steps instead of one longer annealing step was used to
prepare the sulfur and selenide analogues to primarily ensure
good mixing of the reagents as the pellet expands considerably
(~4X in height) after the first heating step. Attempts to
synthesize LiCu;TiTe, using the same conditions predom-
inantly yielded the targeted phase with Te and CuTe as
impurities. Scanning electron microscopy (SEM) images and
energy-dispersive X-ray spectroscopy (EDX) spectra confirmed
the presence of all reagents close to their target compositions
(Figures S1 and S2). An investigation of the reaction progress
via in situ panoramic X-ray diffraction study (Figure 2a) was
conducted using the temperature profile depicted in Figure S4
to investigate the time sequence in the formation of these
intermediate impurities."' ~** This profile was selected to
closely mimic the synthetic conditions used in the ex situ
reactions. The results of this experiment are summarized in
Figure 2b, where phase wt fractions were determined via multi-
phase Rietveld refinements in the program GSAS-IL*’ The
intensity of the strongest reflection in each phase was tracked
for the phases that could not be included in the structure
refinements.

From this experiment, we learned the following: between 25
°C and 100 °C, all starting reagents were present and only
thermal expansion was observed. From 125 to 200 °C, Li,Te
reacts with the available Te to form LiTe; completely
consuming all the Li,Te at 200 °C. The intensity of LiTe;
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Figure 1. (a) Comparison of the as-synthesized LiCu,TiS, against the
theoretical pattern, (b) comparison of the as-synthesized LiCu;TiSe,
against the theoretical pattern, with TiSe, secondary phase calculated

pattern, and (c) comparison of the as-synthesized LiCu,;TiTe, against
the theoretical pattern, with CuTe secondary phase calculated pattern.
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Figure 2. (a) In situ PXRD of reaction progress for the synthesis of
LiCu;TiTe, collected using Ag Kal radiation (0.559407 A) and (b)
reaction evolution plot constructed using Rietveld refined wt.
fractions (left axis) and the intensity of the strongest reflection
(right axis) for phases that could not be included in refinements.

appears to peak at 200 °C, beginning to decrease by 225 °C,
until it was no longer visible at 300 °C. At 225 °C, we first
observed the formation of CuTe, which continued to grow in
intensity until it was consumed between 320 and 340 °C. We

also observed the initial formation of the target phase,
LiCu;TiTe,, at 225 °C. Accordingly, the amount of Cu
metal began to decrease, beginning at 225 °C until it was fully
consumed at 320 °C. In addition, at 225 °C, we observed the
formation of an unidentified intermediate phase termed New-
1, which grew until 275 °C, before abruptly disappearing at
300 °C. Between 320 and 340 °C, large changes occurred in
the phase composition of the reaction. Between these two
scans, all CuTe and Te were consumed. Their disappearance
was coupled with the appearance of an intermediate phase,
New-2, which was then slowly consumed between 340 and 400
°C, giving way to yet another intermediate phase, New-3.
Phase New-3 first appeared at 12 min into the 400 °C dwell
and saw a sharp rise in both intensity and crystallinity after 18
min. Phase New-3 was fully converted into LiCu,TiTe, 108
min into the dwell. Throughout the 400 °C dwell, the two
dominant phases were New-3 and LiCu;TiTe,. As New-3 was
consumed, LiCu;TiTe, increased in intensity until it was the
only observable phase after 126 min. As LiCu;TiTe, was
cooled from 400 °C, we observed partial decomposition into
CuTe at 380 °C, followed by precipitation of Te metal
beginning at 320 °C. These three phases are the only ones
observed during the cooling segment, and all persisted at room
temperature. Using the insight gained from the panoramic
experiment, we attempted a more rational synthesis, in which
the sample was quenched above the decomposition temper-
ature and found that we could successfully prepare the material
(see Figure Ic) close to its targeted composition (see Figure
S3).

Differential thermal analysis (DTA) was conducted on all
compounds between 30 and 1000 °C, with two heating and
cooling cycles per sample. For LiCu;TiS,, DTA showed one
small thermal event at ~800 °C, which appeared during both
heating and cooling (see Figure SS). By comparing the pre-and
post-DTA PXRD patterns of the sample (see Figure S6), it was
determined that LiCu;TiS, partially decomposed into CuTi,S,
and another unidentified phase. The DTA of LiCu;TiSe, (see
Figure S7) showed two small thermal events at ~350 and
~800 °C. The PXRD after measurements (see Figure S8)
confirmed the presence of Cugg,Se and TiSe, as secondary
phases with LiCu;TiSe, as the majority phase. For LiCu;TiTe,,
DTA showed two small thermal events at ~330 and ~680 °C,
as shown in Figure S9. The post-DTA powder pattern (see
Figure S10) indicated that LiCu;TiTe, was the major phase
with elemental Te and Cu,gTe, as secondary phases. After
DTA, visual inspection of all samples suggested that none had
melted because the samples had not formed ingots but instead
appeared to be sintered powder.

The stability of the compounds in air and in acid was studied
as lithium chalcogenides generally react readily under these
conditions. We found that all three materials slowly converted
into similarly structured phases over several weeks (see Figures
S11—S13), which is coupled with the appearance of some new
reflections which are yet to be identified. These new phases are
characterized by both a reduction in the intensity of the (100)
reflection and a slight contraction of the unit cell, with the
magnitude of these changes following the trend S > Se > Te.
The stability of the materials was further evaluated by exposing
them to HCI with pH = 3. After a week in solution, the PXRD
patterns for LiCu;TiS, and LiCu;TiSe, appeared nearly
identical to patterns collected on samples that had only been
exposed to ambient air for 3 months, see Figures S14 and S15.
For LiCu;TiTe,, the compound partially decomposed into Te

https://doi.org/10.1021/jacs.2c03501
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Table 1. Crystal Data and Structure Refinement for LiCu;TiQ, (Q = S, Se, and Te)

empirical formula
formula weight
temperature
wavelength
crystal system
space group

unit cell dimensions

volume

VA

density (calculated)
absorption coefficient
F(000)

crystal size

0 range for data collection

index ranges

reflections collected
independent reflections
completeness to & = 25.242°
refinement method
data/restraints/parameters
goodness-of-fit

final R indices [I > 26(I)]
R indices (all data)
extinction coefficient

largest diff. peak and hole

LiCu,TiS,

373.70

293(2) K

0.71073 A

cubic

P43m
a=b=c=255064(6) A

a =f=y= 90°

166.96(5) A

1

3.717 g/em?

11.698 mm™'

176

0.2 X 0.3 X 0.2 mm’®

3.700 to 36.263°
-7<h<7

-9<k<9

-7<1<9

2108

188 [R,, = 0.0166]

100%

full-matrix least-squares on F*
188/0/10

1.338

Ryps = 0.0301, wRy, = 0.0800
Ry = 0.0331, wR; = 0.0828
0.053(12)

1.120 and —1.089 e-A™?

LiCu;TiSe,

559.38

293(2) K

0.71073 A

cubic

P43m
a=b=c=57122(7) A

a =f=y= 90°

186.38(7) A3

1

5.001 g/cm®

28.888 mm™"

248

0.4 X 0.3 X 0.4 mm’®

3.567 to 36.403°
-9<h<7

-9<k<9

-9<1<9

2677

212 [R,, = 0.0296]

100%

full-matrix least-squares on F?
212/0/10

1.321

Rype = 0.0423, wRy, = 0.1086
Ry = 0.0513, wRy, = 0.1379
0.076(13)

1.926 and —1.324 e-A™3

LiCu;TiTe,

755.86

293(2) K

0.71073 A

cubic

P43m
a=b=c=59830(7) A

a =f=y=90°

214.17(8) A3

1

5.860 g/cm®

21.498 mm™"

320

0.14 X 0.12 X 0.08 mm®
3.405 to 76.057°

-16 <h <13
—-15<k<7

-16 <1< 16

6995

919 [Ryy = 0.0239]

100%

full-matrix least-squares on F*
919/2/14

1.162

Ry, = 0.0245, wRyy,, = 0.0702
Ry = 0.0261, wRy; = 0.0711
0.0130(19)

2.970 and —2.433 e-A™3

metal and CuTe, with the major phase showing strong
similarities to material exposed only to air. These results
suggest that each material, after partial conversion, achieves
some stability against further decomposition. SEM and EDS
measurements of each material after exposure to acid showed
their compositions to be relatively close to the compositions of
the title compounds (see Figures S17—S19).

Crystal Structures. The sulfur and selenide compounds
crystallize in a “stuffed” diamond structure in the acentric space
group P43m (see Table 1), using the general formula

Table 2. Selected Bond Lengths for LiCu,TiQ, (Q = S, Se,
and Te)

bond LiCu,TiS,
Li—Q  2.488(2)

Cu—Q  23519(7)
Ti-Q  2281(2)

LiCu;TiSe, bond
2.5414(15)  Lig,e5Cuposs— Q. 2.737(4)

2.4516(6) Cuggreliggs—Q  2.6087(3)
2.4055(15) Ti-Q 2.6432(4)

LiCu;TiTe,

LiCu,;TiQ, (Q = S and Se), which to the best of the authors’
knowledge, has yet to be reported (see Figure 3a). It can be
constructed using the zinc-blende structure as a starting point,
as shown in Figure 3b. The cation sites in the zinc blende are
occupied by lithium, sitting on the corners of the unit cell, and
copper, sitting on its faces, while the anion sites are fully
occupied by the Q ions, where the structure deviates from zinc
blende is the addition, or stuffing, of a cation to the body
center of the unit cell, which is normally void in the zinc-
blende structure. An alternative construction of the structures
reported herein can be made using the sulvanite structure as a
starting point, as shown in Figure 4b. In sulvanite, Cu;MQ, (M
=V, Nb, and Ta; Q = S, Se, and Te), the Cu, M, and Q atoms
occupy the same sites as Cu, Ti, and Q in these structures, with

Figure 3. Crystal structures of (a) LiCu,TiQ, (Q = S and Se) and (b)
zinc blende or sphalerite (ZnS). Local coordination of (c) Q in
LiCu;TiQ, (Q = S and Se).

https://doi.org/10.1021/jacs.2c03501
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Figure 4. Crystal structures of (a) LiCu;TiTe, and (b) sulvanite
(Cu,VS,).

the main difference being that the Li site is empty. When the
sulvanite and zinc-blende structures are combined, we arrive at
the LiCu;TiQ, (Q = S and Se) structure observed here.

In LiCu;TiQ, (Q = S and Se), all the lithium and titanium
atoms exhibit slight site mixing between their tetrahedral sites,
while the Cu and Q sites are fully occupied with no disorder.
The crystal coordinates, occupancies, and thermal parameters
are summarized in Tables 3 and 4. The structures were refined

Table 3. Atomic Coordinates (X10*) and Equivalent
Isotropic Displacement Parameters (A% X 10°) for
LiCu,TiS, at 293(2) K, with Estimated Standard Deviations
in Parentheses

label x y z occupancy Uy
Li(1) 0 0 0 0.96(2) 39(12)
Li(2) 5000 5000 5000 0.04(2) 8(1)
Cu(1) 0 5000 5000 1 20(1)
Ti(1) 5000 5000 5000 0.96(2) 8(1)
Ti(2) 0 0 0 0.04(2) 39(12)
S(1) 7391(2) 7391(2) 7391(2) 1 14(1)

“U,q is defined as one-third of the trace of the orthogonalized Uj;
tensor.

Table 4. Atomic Coordinates (X10*) and Equivalent
Isotropic Displacement Parameters (A*> X 10°) for
LiCu;TiSe, at 293(2) K, with Estimated Standard
Deviations in Parentheses

label x y z occupancy U*
Li(1) 0 0 0 0.90(4)  35(12)
Li(2) 5000 5000 5000 0.10(4) 15(2)
Cu(l) 0 5000 5000 1 24(1)
Ti(1) 5000 5000 5000 0.90(4) 15(2)
Ti(2) 0 0 0 0.10(4) 35(12)

Se(1) 2569(2)  7431(2)  7431(2) 1 20(1)

“U,q is defined as one-third of the trace of the orthogonalized Uj
tensor.

by first allowing the Ti occupancy to freely refine with the
occupancy of all other atoms fixed to 1, which came to a value
less than 1 in both the sulfide and selenide. When Cu and Se
were each allowed to freely refine their occupancies, they each
converged to values within 0.1% of full occupancy and so were
each fixed to a value of 1. The best refinement was then
achieved in each structure by linking the occupancies of Li and
Ti through a free variable across both tetrahedral sites. The
refined formulas for each compound can then be written to
emphasize their site occupancy disorder as (LiggTigos)-
Cus(TiggeLioos)Ss and (LigooTig10)Cuis(TiggoLio10)Ses. The

metal to Q bond distances for both compounds are
summarized in Table 2. The coordination of sulfur and
selenium in both these compounds is unique, as shown in
Figure 3¢, as they bond to three copper atoms and a lithium
atom in a tetrahedral arrangement with Ti capping the face
formed by the copper atoms to arrive at a coordination number
of five. The Li—Q bond distances in the compounds are
2.488(2) A for the sulfide and 2.5414(15) A for the selenide.
These compare well with the reported Li—Q bond distances in
Li,S, " 2.49415(5) A, and Li,Se,"” 2.59868(18) A, where the
slight contraction can be rationalized by the small Ti
occupancy present on each site.

The telluride analogue shares the same stoichiometry as the
sulfide and selenide. It has a similar structure (see Figure 4a),
except that the lithium in the structure occupies a trigonal
pyramidal site with 1/4 total occupancy (see Table S). In

Table 5. Atomic Coordinates (X10*) and Equivalent
Isotropic Displacement Parameters (A% x 10°) for
LiCu;TiTe, at 293(2) K, with Estimated Standard
Deviations in Parentheses

label % y z occupancy Uqy”
Li(1) 7902(8) 7902(8) 7902(8) 0.1946(6) 15(1)
Li(2) 5000 5000 0 0.0739(8) 18(1)
Cu(1) 5000 5000 0 0.9261(8) 18(1)
Cu(2) 7902(8) 7902(8) 7902(8) 0.0554(6) 15(1)
Ti(1) 5000 5000 5000 1 12(1)
Te(1) 7551(1) 7551(1) 2449(1) 1 15(1)

“U,q is defined as one-third of the trace of the orthogonalized Uj
tensor.

addition, the best refinement of the structure indicates mixed
occupancy between copper and lithium on this site and the
tetrahedral copper site. The refined amounts of copper and
lithium were obtained by first allowing for mixed occupancy on
both the copper tetrahedral site and the lithium octahedral site.
These ratios were then freely refined while being linked to each
other to ensure charge neutrality of the compound during
refinement. The converged values for the octahedral site gave
Li an occupancy of ~19.4% and copper occupancy of ~5.6%.
In the case of the copper tetrahedral site, the refined
occupancy of copper was ~92.6% and that of lithium was
~7.4%. The (Li/Cu)—Te bond distance in the compound is
2.737(5) A, which is slightly shorter than the Li—Te bond
distance in Li,Te** 2.82194(5) A but within the range of the
observed Cu—Te distance in Cu, ,oTe.*

Optical and Electronic Properties. The optical proper-
ties were studied using UV—vis diffuse reflectance spectrosco-
py and PYSA to determine the band gap and valence band
energies of the materials, as shown in Figure Sab. The
experimentally determined band gaps were determined
according to the Tauc method®® and are 2.23(5) eV for
LiCu,TiS,, 1.86(5) eV for LiCu,TiSe,, and 1.34(5) eV for
LiCu;TiTe,, as shown in Figure S20. The band gap of
LiCu;TiS, implies that the material should appear yellow in
color; however, crystals of this material appear black until
ground, at which point a yellow powder is reached. This effect
is attributed to both mid-gap states introduced by defects in
the structures and to high attenuation of light by the material
which will yield darker colors the thicker the sample is. The
decrease in the band gap as the chalcogen changes from S to Se
and Te is well reported in the literature®" and can be explained

https://doi.org/10.1021/jacs.2c03501
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Figure 5. UV—vis absorbance spectra [derived via Kubelka—Munk
equation, F(R) = (1 — R)2/2R, from diffuse reflectance measure-
ments] of (a) LiCu,TiS,, LiCu;TiSe,, and LiCu;TiTe,. (b) PYSA of
LiCu,TiS,, LiCusTiSe,, and LiCu,TiTe,.

by the increase in the spatial extension of the filled p orbitals,
as well as the increase in energy as one goes down group 16.
This leads to an increase in the orbital overlap between the
chalcogen and the Cu/Ti in the compound, and a decreasing
difference in electronegativity between the metals and the Q
results in greater bond covalency and larger energy dispersion,
which reduces the size of the band gap. This phenomenon is
discussed in the following section. Of note is the large tail at
the end of the absorption edge of the LiCu;TiSe, diffuse
reflectance spectra, which we ascribe to the presence of cations
and anti-site defect vacancies that produce mid-gap states,
leading to sub band gap absorption.

The work functions, which are also essentially the VBM for
semiconductors, were obtained by fitting the linear region of
the PYSA data®>° to determine the linear onset. The work
functions were measured to be 4.77(S) eV for LiCu,TiS,,
4.56(5) eV for LiCu;TiSe,, and 4.69(S5) eV for LiCuyTiTe,
with respect to vacuum, as shown in Figure Sb. The expected
trend in the work function for isostructural compounds when
the anions are exchanged moving down a group is that the
value decreases because the valence electrons become less
bound. This expectation is only true for isostructural
comparisons, but values can change with the presence of
disorder and anti-site defects such as those mentioned above.
As such, the work function for LiCu;TiTe, can be expected to
deviate slightly from this trend because the structure is distinct,
though highly similar to that of the sulfide and selenide
analogues. Taking the VBM in conjunction with the band gap
yields conduction band minima (CBMs) of 2.54(7) eV for
LiCu,TiS,, 2.70(7) eV for LiCu;TiSe,, and 3.45(7) eV for
LiCu;TiTe, Each sample’s direct current (DC) electrical
resistivity was measured using cold-pressed polycrystalline
pellets. The resistivity of the sulfide was determined to be 5 X
10* Q-cm and 5 X 10* Q-cm for the selenide and 80 Q-cm for
telluride (see Table 6).

Electronic Band Structure Calculations. The calcula-
tions for all compounds were conducted with no site
occupancy disorder in the LiCu,TiQ, (Q = S and Se)
structure type due to the increased computational cost of

Table 6. DC Electrical Resistivities, Work Functions, and
Optical Band Gaps for LiCu;TiQ, (Q = S, Se, and Te)

LiCu;TiS, LiCu;TiSe, LiCu;TiTe,
resistivity (Q-cm) 5% 10° 5 x 10* 80
work function (eV) 4.77(5) 4.56(5) 4.69(5)
bang gap (eV) 2.23(5) 1.86(5) 1.34(5)

handling the disorder in the refined structures. The convex hull
method”® within the Open Quantum Materials Database®”**
was used to evaluate the energetic stability of LiCu;TiS,,
LiCu;TiSe,, and LiCu;TiTe,, which were calculated to be
stable (i.e., on the hull) at T = 0 K. The calculated band
dispersion plots (see Figure 6a—c) for all materials predict that
they have indirect band gaps with their VBM occurring at the
R point and their CBM at the X point. The calculations predict
band gaps of ~1.5 eV for LiCu;TiS,, ~1.25 eV for LiCu;TiSe,,
and ~1 eV for LiCu;TiTe,. The values for sulfide and selenide
were below the experimental values. This result is reasonable
because it is well established that band structures calculated
using DFT typically underestimate the experimental values.>”

The calculated partial density of states (pDOS) for each
material is presented alongside the band structure calculations
in Figure 6. The calculations predict that the valence band
edges in each material mainly comprise Cu 3d orbitals. In
contrast, the conduction band predominantly contains Ti 3d
orbitals. The placement of the Ti 3d orbitals in the conduction
band can be intuited by assigning a 4+ oxidation state to
titanium, which gives it a d° electron configuration.
Analogously, if we assign Cu a 1+ oxidation state, yielding a
d'® electron configuration, we expect these d orbitals to lie
squarely in the valence band, which is in good agreement with
the calculated results. Additionally, because the local
coordination geometry of both Cu and Ti is tetrahedral, we
observe two pronounced peaks in the pDOS for the d orbitals
arising from the tetrahedral crystal field splitting. However, the
effect is more pronounced for Ti than that for Cu. The Cu d
orbitals themselves are dispersed over an energy interval
greater than 2 eV for all compounds because they extend over
the entire calculated energy range for the valence band. While
the Ti d orbitals extend over the entirety of the conduction
band, they are comparatively less dispersed than the Cu d
orbitals because their dispersion is closer to ~1 eV. As the
chalcogen becomes heavier, we expect to see an increase in the
energy dispersion of the Cu and Ti d orbital bands pDOS
across the compounds, which is due to the aforementioned
increased valence orbital extension.

The partial crystal orbital Hamilton population (COHP)
curves for each compound are presented in Figure 6a—c. The
average bonding character of the conduction bands in each
material is antibonding, with the largest contributions coming
from the Cu—Q and Q—Ti combinations. All materials have
slight antibonding character, which transitions to bonding ~1
eV below the valence band edge. The antibonding character of
the valence band often motivates materials to develop cation
vacancies, which serve to effectively hole dope the material as
the removal of electrons from the valence band edge increases
the overall bonding character of the compound. The small
intermixing of Li and Ti in their Wyckoft sites also implies the
formation of anti-site defects, as seen in LilnSe,.> The
formation of these vacancies and anti-site defects lowers the
Fermi level and can produce defect states that fall within the
band gap, leading to sub-band gap absorption of light. The
large tail observed at the edge of the optical absorption spectra
of LiCu;TiSe, may thus be potentially rationalized by this
phenomenon due to the anti-bonding character present near
the valence band top of the compound.

The DFT calculations predict that all compounds have
valence bands with dispersions (the change in energy along a
particular direction) along I' = R being ~0.25 eV near the
maxima. The dispersions near the CBM along the X — M

https://doi.org/10.1021/jacs.2c03501
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Figure 6. Electronic band structures, pDOS, and partial COHP curves of (a) LiCu,TiS,, (b) LiCu;TiSe,, and (c) LiCu;TiTe, in the ideal
LiCu;TiQ, (Q = S and Se) structure. The COHP curves indicate the bonding character of states within a given energy interval. Negative (leftward)
values for these curves correspond to antibonding combinations, while positive (rightward) values indicate bonding character. If the curve lies on
the centerline, the combinations are non-bonding. The amplitude of the curves depends in part on both the number of states in a given energy

interval (i, the pDOS) and the extent of orbital overlap.

direction is ~0.25 eV for the sulfide and ~0.2 eV for the
selenide and telluride. The electron effective masses near the
CBM are 2.737 m, along X — I" and 1.342 m, along X - M
for the sulfide, 2.878 m, along X — I" and 1.189 m, along X —
M for the selenide, and 2.499 m, along X — I" and 1.375 m,
along X — M for the telluride. The hole effective masses near
the VBM were 1.057 m, along R — I" and 1.232 m_ along R =
X for the sulfide, 0.935 m, along R — I" and 1.091 m, along R
— X for the selenide, and 0.737 m, along R = I" and 0.863 m,
along R — X for the telluride. These predicted dispersions and
effective masses suggest that materials should have favorable
semiconducting properties, with holes being more mobile than
electrons.

The nature of the conduction band in these systems is
defined by the empty d orbitals of the titanium atoms. Because
the concentration of titanium atoms in the unit cell is ~10%
(one in nine atoms in the formula), highly dispersed electronic
bands cannot be developed. This gives rise to the relatively
high electron effective masses in the systems. On the other

12796

hand, the nature of the valence bands is defined by the filled d
orbitals of Cu and p orbital states of S atoms, giving rise to
rather broad energy dispersions and consequently lower
affected masses.

The predicted phonon dispersion relations and partial
densities of states for LiCu,TiQ, (Q = S, Se, and Te) are
presented in Figure S2la—c. The phonon dispersion relation
and pDOS for LiCu;TiTe, were calculated using the
compound in the LiCu;TiQ, (Q = S and Se) structure,
owing to the computational cost of modeling the disorder in
the structure solved by single-crystal X-ray diffraction. The
phonon dispersion relations have no imaginary frequencies,
which indicates that all three structures are dynamically stable
atT=0K

B CONCLUSIONS

The three lithium copper chalcotitanates together establish a
new stuffed diamond structure type. The compounds are
semiconductors with band gaps of 2.23(S5), 1.86(5), and

https://doi.org/10.1021/jacs.2c03501
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1.34(5) eV with low hole carrier effective masses, which opens
new opportunities for future investigations of a broad variety of
physical and optoelectronic properties. The formation of
LiCu;TiTe, proceeds through three separate intermediate
phases before forming. The staggered order and appearance of
the intermediate phases in relation to LiCu;TiTe, suggest that
its formation may occur in a stepwise fashion, with one
intermediate phase leading to another. Their structures can be
understood as hybrids between the zinc-blende structure and
the sulvanite structure. We rationalize the formation of the
stuffed diamond-type structure because the charge-balanced
formula requires five cations and only four anions. Given the
strong preferences of Li* and Cu" for tetrahedral coordination,
the diamond-type structure (zinc blende), which requires an
equal number of cations and anions, is strongly favored. The
compounds solve this conundrum by accommodating the extra
tetrahedral cations in the voids available in the diamond
structure. This insight and the examples of other stuffed
aristotype structures mentioned in the introduction for a
variety of chemical classes imply that the stuffing of aristotype
structures using the same principle may be possible if they have
available voids. Therefore, it could be an attractive material
design attribute that could be used for targeted material
discovery.
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