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ABSTRACT: Ternary transition metal sulfides with the general formula (AE)MIVS3 (AE = Ca, Sr, Ba; M = Zr, Ti, Hf) have re-
cently drawn increasing attention because of their optical, electronic, and thermal properties, with possible applications 
including photovoltaic absorbers and NIR detectors.  However, synthetic routes to these materials, especially as nano-
materials, remain limited. Here, we report the synthesis of BaTiS3 as colloidal nanomaterials using a solution-based, wet-
chemical approach at temperatures as low as 280 oC through the use of reactive metal amide precursors. We demonstrate 
that nanoparticles or nanorods with typical aspect ratios of approximately 8:1 (50 nm length, 6 nm width) can be prepared, 
with synthetic control over the nanocrystal size and shape afforded through choice of synthetic method (heat-up or hot-
injection) and through modulation of the reaction temperature and concentration. Structural data (powder X-ray diffrac-
tion) shows the hallmarks of a composite crystal correlated with deviations from the ideal stoichiometry. The BaTiS3 nano-
rods show a strong and tunable NIR absorbance (~0. 8 eV) whose energy is correlated to the nanorod structure and stoichi-
ometry.   These results provide proof of principle for the synthesis of nanocrystals of this class of materials using solution 
routes. 

Ternary alkaline earth metal/Group IV d0 metal chalcogenides 
with the general formula (AE)MIVE3 (AE = Ca, Sr, Ba; M = Zr, Ti, 
Hf; E = S, Se) constitute an emerging class of semiconductor 
materials with a range of promising optoelectronic proper-
ties.1-3  While members of this class that adopt a perovskite 
structure (such as BaZrS3) have drawn the most attention as 
potential photovoltaic materials, recent investigations have 
shown that other non-perovskite materials such as barium 
titanium sulfide (BaTiS3) are also characterized by several 
unusual and potentially useful properties that originate from 
their composition and structure.   

 

Figure 1. Two views of the unit cell of hexagonal-phase Ba-
TiS3, looking down along the c-axis (a) and viewed from the 
side, showing the face-sharing chains of TiS6 octahedra (b). 
Yellow = S; gray = Ti; green = Ba. 

BaTiS3 adopts a hexagonal phase (P63mc or P63/mmc) which 
is characterized by chains of face-sharing TiS6 octahedra in-
terspersed with Ba2+ cations (Figure 1).4-6 Due in part to the 
highly anisotropic nature of the structure—containing one-
dimensional chains of TiS6 units—the material exhibits signif-
icant optical anisotropy, including both dichroism and bire-
fringence. Because of the low bandgap of the material (~0.3 
eV), the dichroism extends well into the mid-IR, and the bire-
fringence of the material extends throughout the mid-IR and 

near-IR regions to at least 16 μm, based on the work of Niu et 
al.7 BaTiS3 shows a birefringence of up to 0.76 in the mid-IR, 
measured for light polarized perpendicular or parallel to the 
material's c-axis; this value was unprecedented for any homo-
geneous crystalline solid.7  This record birefringence is be-
lieved to stem in part from the large differences in polarizabil-
ity between the constituent ions, including the "hard" (low 
polarizability) Ti4+ cation, the relatively softer Ba2+ cation, and 
the soft (highly polarizable) sulfide anion.8  The material also 
shows record optical anisotropy (differential absorbance po-
larized perpendicular or parallel to the c-axis) in the visible 
range.9 

Beyond its optical properties, the transport properties of Ba-
TiS3 are also unusual.  Again, due to the quasi-one dimensional 
structure, the materials show highly anisotropic thermal and 
electronic transport properties.10 BaTiS3 has also been shown 
to exhibit extremely low and "glass-like" thermal conductivity, 
which has been attributed to the fact that the Ti4+ cations re-
side in, and can tunnel between, a shallow double potential 
well.  This property is intimately related to the chemistry of 
this material, and in particular the nature of the bonding in-
teractions between Ti4+ and the soft sulfide anions.11    

Studies of BaTiS3 and related materials have thus far used 
bulk materials (single crystals or microcrystalline powders).  
The preparation and study of these materials as colloidal 
nanocrystals could broaden their potential applications, as 
well as giving insight to their physical and chemical properties 
through examination of size- and shape-dependent optical 
properties and studies of their surface properties.   

Chemistry and known synthetic routes.  The MIV-S (MIV = Ti, 
Zr, Hf) bonds in BaTiS3 and other (AE)MIVE3 chalcogenide 
materials exhibit a higher degree of covalency than the analo-
gous M-O bonds, which means many of these chalcogenide 
materials have potential as semiconductors with mid-to-



 

narrow bandgaps and reasonable charge transport properties.  
At the same time, these materials are chemically unusual (rel-
ative to other well-known chalcogenide (E = S, Se) semicon-
ductors such as CdE, PbE, ZnE, CuInE2, etc) in part because of 
the hard-soft Lewis acid-base mismatch between the highly 
oxophilic early transition metals (Ti, Zr, Hf) and the sulfide or 
selenide anion.  Despite the oxophilicity of these metals, ex-
perimental evidence suggests that chalcogenide perovskites 
such as BaZrS3 are highly environmentally stable, including in 
an aqueous environment and up to 550 oC in air,12-14 in 
marked contrast to most halide perovskites.   

Synthetic routes to (AE)MIVE3 materials can largely be divided 
into two classes of approaches, both requiring harsh (high-
temperature) conditions: (1) high-temperature combination 
of binary sulfides and/or elemental precursors (furnace at 
~450-1000 oC; temperatures at the low end of this range were 
achieved through the incorporation of halides such as I2 or 
BaCl2)15  or (2) sulfurization of oxide precursors using CS2 or 
H2S at high temperatures (700-1000 oC).16-18  The latter ap-
proach has been successfully used to prepare thin films of 
BaZrS3 from precursor BaZrO3 films.19 Thin films of BaZrS3 
were also successfully produced by room-temperature sput-
tering, although thermal treatment to at least 650 oC was re-
quired to achieve measurable crystallinity.20  Additionally, it 
has recently been demonstrated that large nanocrystals of 
BaZrS3 produced through solid-phase synthesis could be dis-
persed in solvent and processed into thin-film transistors.21  
BaTiS3 synthesis is less well explored, and preparations of 
BaTiS3 as thin films or nanocrystals have not yet been report-
ed.  

Solution-phase wet-chemistry approaches to the (AE)MIVE3 
materials including BaTiS3 are generally lacking.  This may in 
part be due to the high temperatures apparently necessary to 
access these materials in crystalline form.  However, solution 
synthesis, particularly of colloidal nanocrystals, would open 
the door to the development of colloidal inks and thin film 
precursors.  Size and shape control that may be attainable via 
solution synthesis could lead to greater tunability of the opti-
cal, electronic, and thermal properties of the materials, as well 
as contributing to a greater understanding of structure-
function relationships underlying their properties.  For these 
reasons, we have been interested in pursuing synthetic routes 
to colloidal nanomaterials of BaTiS3 nanomaterials in organic 
surfactant solution.   

Here, we report the preparation of colloidal nanocrystals of 
BaTiS3 using solution chemistry in oleylamine at readily ac-
cessible temperatures.  We demonstrate that the shape and 
size of the nanocrystals can be tuned through variation of the 
synthetic conditions.  A switch in shape between nanorods 
and nanoparticles under different conditions is correlated 
with changes in the structure and stoichiometry of the mate-
rial.  Variable optical properties are reported, including strong 
absorbance in the near-IR. This work brings to light some 
intriguing and tunable properties of BaTiS3 and serves as 
proof-of-principle for the preparation of (AE)MIVE3 through 
wet-chemical routes. 

RESULTS AND DISCUSSION 

Synthetic approach to colloidal BaTiS3 nanomaterials.  
The choice of precursors, solvents, and reaction conditions for 
the successful synthesis of BaTiS3 should fulfill at least two 
main criteria: (1) the chosen precursors must be sufficiently 
reactive to readily convert to the desired material at attaina-
ble temperatures and (2) the precursors and reaction condi-

tions must be kept rigorously free of water, oxygen, and any 
oxygen-containing ligands in order to circumvent the thermo-
dynamically favorable formation of undesired BaTiO3 or TiO2 
phases.  With these requirements in mind, we targeted the 
combination of reactive metal organoamide complexes as 
metal precursors, which are dissolved in oleylamine as a high-
boiling amine surfactant (Figure 2).   

Figure 2. Proposed precursor conversion chemistry involved 
in the formation of BaTiS3 nanorods. 

It is likely that upon dissolution in oleylamine at high temper-
atures, a protolytic exchange takes place and metal oleylamide 
complexes result, although we have not characterized the 
products of this exchange (Figure 2).  Several sulfur precursor 
sources were tested, including elemental sulfur in oleylamine, 
thioacetamide, carbon disulfide, tetramethylthiourea, and 
N,N'-diethylthiourea.  Of these, the thioureas have most readi-
ly produced crystalline, phase-pure BaTiS3 nanocrystals in our 
hands, and N,N'-diethylthiourea was chosen as the sulfur pre-
cursor to be used for further optimization.  The use of substi-
tuted thioureas as tunable and controllable precursors for 
sulfide nanocrystal synthesis has been extensively explored; 
their decomposition in oleylamine solution is hypothesized to 
formally release H2S which, upon reaction with the metal pre-
cursors, is responsible for nanocrystal formation.22-24  

 

Figure 3. Synthetic approaches used in the formation of nano-
rods (hot injection, A) and nanoparticles (heat-up, B) of Ba-
TiS3. 

Two synthetic approaches to initiate the formation of the Ba-
TiS3 nanocrystals were explored—a hot-injection approach 
where a solution of the sulfur precursor was injected into a 
solution of metal precursors that had been heated to 360 oC 
under N2; and a heat-up approach where the precursors were 
combined in oleylamine at room temperature and heated to-
gether to 360 oC (Figure 3).  Detailed procedures are provided 
in the Experimental Methods section.  In both cases, a 1:1:30 
Ba:Ti:S molar ratio of precursors was used as the standard 
conditions, and reaction times from <1 minute to 14 hours 
were tested.  The concentration of the reactants was varied by 
changing the amount of the oleylamine solvent/surfactant 
used, resulting in metal precursor concentrations ranging 
from 0.01 – 0.03 M. We found that a high temperature was 
critical for producing crystalline materials; at temperatures  



 

 

Figure 4. Characterization of a representative BaTiS3 nanorod sample synthesized using a hot-injection approach and standard 
conditions as described in the text.  (A, B) TEM images at different magnification levels; scale bars (white) are 50 nm (A) and 200 
nm (B); additional TEM images are provided in the Supporting Information. Histograms of nanorod width (C) and length (D) were 
tabulated on the basis of measurements of at least 200 individual nanocrystals.  The average width is 5.8 ± 1.1 nm and the average 
length is 47 ± 14 nm.  

below 280 oC, we could not observe evidence for the for-
mation of crystalline BaTiS3 by PXRD.   

Hot-injection synthesis: BaTiS3 nanorods.  The hot-injection 
synthesis produced BaTiS3 nanorods with aspect ratios rang-
ing from approximately (1.4:1) to (10:1) depending on the 
reaction conditions.  In brief, Ba[N(SiMe3)2]2(THF)2 and 
Ti(NMe2)4 are combined in dry oleylamine, heated to 360 oC, 
and then a solution of N,N'-diethylthiourea preheated to 120 
oC in oleylamine is rapidly injected, resulting in an immediate 
color change to a black suspension.  After the desired reaction 
time was reached, the reaction mixture was cooled to room 
temperature and the nanocrystals could be isolated and 
washed with chloroform and ethanol.  We found that the re-
sulting nanorods could be readily suspended in chloroform 
(and other nonpolar solvents such as toluene or tetrachloro-
ethylene) to form well-dispersed colloids, provided sufficient 
oleylamine is present as a ligand; repeated washing tends to 
result in a loss of colloidal stability, presumably due to the 
removal of the relatively weakly bound oleylamine ligands, 
but solubility can be restored through the addition of ~60 μL 
of oleylamine to the nanocrystal suspension.  Representative 
TEM data for a nanorod sample synthesized under standard 
conditions is shown in Figure 4, and a UV-Vis-NIR spectrum of 
the colloidal solution is shown in Figure 5A. 

Powder X-ray diffraction (PXRD) patterns for nanorod sam-
ples present a reasonable qualitative match with the predicted 
PXRD pattern of BaTiS3 in the BaNiO3 structure type 
(P63/mmc, Figure 5B);6, 25 the deviations observed from the 
expected positions for some features will be discussed below.  
Scherrer broadening of the diffraction peaks due to the small 
width of nanorods is apparent, and sizes calculated based on 
this broadening are in good agreement with widths measured 
by TEM.  The relative peak intensities vary from sample to 
sample due to different degrees of preferential alignment of 
the nanorods on the substrate following sample preparation 
by drop-casting (see Supporting Information).  Variations in 
peak widths for different reflections result from the aniso-
tropic shape of the nanoparticles, with a much longer length 
parallel to the crystallographic c-axis; most obviously, this 
results in a much narrower diffraction peak for the (002) 
planes relative to other features (Figure 5C).26 Overall, these 
observations corroborate our characterization of the nano-
rods' composition and structure and verify that the long axis 
of the rods lies along the crystallographic c-axis. 

 

Figure 5. Representative UV-Vis-NIR and powder X-ray dif-
fraction characterization of BaTiS3 nanorods from hot-
injection synthesis under standard conditions. A UV-Vis-NIR 
absorbance spectrum for a nanorod sample, measured in tet-
rachloroethylene solution, is shown in panel A. Panel (B) 
compares the measured PXRD data to the reference lines re-
ported for BaTiS3 in the needle-like hexagonal (P63/mmc) 
phase. Panel (C) shows a magnified view of the 20o – 37o re-
gion of a PXRD measurement of BaTiS3 nanorods, along with 
the corresponding indexing of each major feature.   

Heat-up synthesis: isotropic BaTiS3 nanoparticles.  In contrast 
to the hot-injection synthesis, BaTiS3 nanoparticles synthe-
sized using a heat-up method show little to no shape anisot-
ropy (Figure 6), giving rise to round particles exhibiting uni-
form Scherrer broadening by PXRD.  In this method, in brief, 
N,N'-diethyldithiourea, Ba[N(SiMe3)2]2(THF)2, and Ti(NMe2)4 
are combined in dry oleylamine in a Schlenk pressure tube 
and placed in a pre-heated heating mantle in order to rapidly 
raise the temperature of the reaction solution to 360 oC, re-
sulting in the formation of an inky black solution; after the 



 

desired time, the reaction is cooled and the nanocrystals are 
isolated and washed with chloroform and ethanol using the 
same work-up procedure used for the nanorods synthesized 
by hot-injection. The nanoparticles exhibit similar solubility 
properties to the nanorods, readily forming colloidal solutions 
in solvents such as chloroform, although the addition of small 
quantities of oleylamine after washing is sometimes necessary 
to maintain colloidal stability.  Representative data from a 
heat-up synthesis is shown in Figure 6. 

 

Figure 6. Characterization of a sample of BaTiS3 nanoparticles 
synthesized using a heat-up protocol at 360 oC with a 1:1:15 
Ba:Ti:S ratio and a 2 hour reaction time.  (A) shows a TEM 
image; the scale bar represents 100 nm (Additional TEM im-
ages are provided in the Supporting Information). The size 
distribution of particle diameters is given in panel B; the aver-
age size is 9.2 ± 2.0 nm.  The UV-Vis-NIR absorbance spectrum 
(C) taken in tetrachloroethylene shows similar features to 
those observed for nanorod samples, but in different intensity 
ratios.  Panel D shows the powder XRD diffraction pattern for 
the sample, overlaid with predicted reference pattern of Ba-
TiS3 in P63/mmc.  

Stoichiometry, off-stoichiometry, and structural varia-
tions.  Stoichiometric BaTiS3 possesses the BaNiO3 hexagonal 
structure type, as noted above.  However, it is also known that 
off-stoichiometric compositions (e.g. BaxTiS3, x = 1.00-1.05 
and BaTiSy, y = 2.7-3.0) reveal a composite crystal structure 
characterized by two interpenetrating subcells (one based on 
the Ba lattice and one on the TiS3 lattice) with mutually varia-
ble c-parameters.27-29  The structures of these off-
stoichiometric composite crystals have been described by 
Saeki et al. using a four-dimensional formalism, with cTiS3 re-
flecting the periodicity of the TiS3 subcell and cBa representing 

the periodicity of the Ba chain subcell.28  The net result in the 
powder diffraction pattern is the presence of "extra" peaks 
(not expected for the fully commensurate cTiS3 = cBa structure) 
as well as small shifts in the positions of the main diffraction 
peaks resulting from apparent shifts in the lattice parameters 
(particularly c).  Similar structural analysis also applies to the 
related strontium compounds, e.g. Sr1+xTiS3.30-32 

The deviations we observe in our PXRD data relative to the 
reference data for stoichiometric BaTiS3 (Figure 5) can be 
explained in the context of this off-stoichiometry. Because size 
broadening in our nanocrystal PXRD data precludes the iden-
tification of the less intense peaks indexed by Saeki et al., we 
will refer to the apparent c lattice parameter for our structure, 
which is most obviously correlated with the position of the 
(002) diffraction peak.28 

Notably, for sulfur-deficient stoichiometries BaTiSy, significant 
shifts in the apparent c lattice constant are reported for more 
sulfur-deficient compositions; as y decreases, the apparent 
value of c also decreases linearly.28  For instance, the (002) 
diffraction peak, appearing at approximately 31-32o in our 
data, was reported to shift from approximately 31.0o in Ba-
TiS2.93 to approximately 33.1o in BaTiS2.70.  While shifts in a 
were also reported, this effect is much smaller.   

In the powder X-ray diffraction data of our nanorods and na-
noparticles, we observe significant sample-to-sample varia-
tion in the value of the apparent c lattice parameter when 
compared to the reported structural parameters of BaTiS3. 
This can be observed by comparing the PXRD data shown 
above for nanorods synthesized by hot injection (Fig 5) and 
for nanoparticles synthesized by heat-up (Figure 6E); in gen-
eral, the more isotropic nanoparticles from the heat-up syn-
thesis agree more closely with the reference pattern of the 
reported BaTiS3 structure, although small shifts in some dif-
fraction peaks can be discerned. The deviations of the nano-
rod PXRD data from the expected reference pattern are much 
more significant. Figure 7 overlays the PXRD data from a typi-
cal nanorod sample from a hot-injection synthesis to the simu-
lated XRD pattern of BaTiS3 in the BaNiO3 (P63mmc, a = 6.76 
Å, c = 5.80 Å) structure type;17 also overlaid is a simulated 
pattern for BaTiS3 in the same structure type, but with the c 
axis compressed to 5.66 Å and the a axis slightly expanded to 
6.78 Å.   

 

Figure 7. Variation in the powder XRD pattern and structural 
parameters of BaTiS3 nanorods synthesized by hot injection 
(nanorods).  Nanorod data is shown in blue and compared to 
calculated reference patterns based on the reported structure 
for stoichiometric BaTiS3 (black) and a modified lattice for a 
sulfur-deficient material (red). 

The modified structure matches the nanorod data much more 
closely.  The shift is most readily apparent in the (002) diffrac-
tion peak, but can also readily be observed in the (101) and 
(201) peaks (see Figure 5C for labeled peak indexes).  The 
slightly more prominent shoulder on the high-angle side of 



 

the (201) peak in the nanorod sample could be due to the 
presence of the shifted (102) diffraction peak, but it is not 
well-resolved due to size-broadening.  Generally, little to no 
shift is observed in the (21̅0) peak at 26.4o, suggesting that 
there is at most a small variation in a; when small shifts can be 
discerned, they are generally towards lower angles. This is 
again consistent with the results of Saeki et al. who found that 
a increases slightly with decreasing sulfur content.28 

Although there is some sample-to-sample variation, across a 
large number of samples, we observed a consistent pattern 
that the nanoparticles synthesized by heat-up showed a much 
closer match to the reported BaTiS3 structure (e.g., Figure 6E; 
see SI for additional representative data), while the nanorods 
from the hot-injection synthesis showed a pattern suggestive 
of a significantly shortened apparent c-axis, generally close to 
5.6-5.7 Å as shown here.  Based on prior studies of the struc-
ture of BaTiSy, we attribute this to a more sulfur-deficient 
stoichiometry in the nanorods synthesized by hot-injection.28 
Notably, this sulfur deficiency occurs despite the use of a ten-
fold excess (30 equivalents) of the sulfur source during the 
reaction.  The implications of this for the properties of these 
nanocrystals will be discussed further below. 

Overall, comparison with the data reported previously for 
bulk composite crystals of the formula BaTiSy allows the de-
gree of sulfur deficiency to be estimated based on a linear 
correlation between y and the lattice parameters a and c for 
the barium sublattice;28 for example, for the nanorods whose 
PXRD pattern is shown in Figure 7, y is estimated to be ap-
proximately 2.87. Note that, for simplicity, we refer to the 
nanocrystals synthesized in this paper by their nominal Ba-
TiS3 composition, while recognizing that the true stoichiome-
try may differ. 

The barium and titanium content of the nanocrystal samples 
has been measured by ICP-MS following digestion using aque-
ous HF/HNO3.  The measured stoichiometry is typically titani-
um-rich (e.g., a Ti:Ba ratio ranging from 1.05:1 to 1.4:1; see SI 
for details).  More isotropic nanoparticle samples from the 
heat-up synthesis typically exhibited Ti:Ba ratios closer to 
stoichiometric (e.g., 1.05:1), while nanorod samples from hot 
injection tend to be titanium-rich.  Two possible explanations 
are hypothesized for this deviation from ideal stoichiometry, 
which may operate in concert. First, the barium-deficient stoi-
chiometry is likely to be due at least in part to surface effects; 
it is well known that the overall stoichiometry of small nano-
crystals (with a high surface-to-volume ratio) frequently devi-
ates from the theoretical bulk stoichiometry due to surface 
termination.33-35  Given the weak interaction between barium 
and the TiS3 chains, the nanorod surfaces are likely Ti/S ter-
minated, with Ba2+ cations stripped from the surface during 
growth or washing.  Secondly, it is possible that the sulfur 
deficiency in the nanorod samples (see above) is charge-
compensated by Ba2+ vacancies, contributing to the measured 
barium deficiency. Energy-dispersive X-ray (EDX) measure-
ments of samples imaged by TEM have also been carried out 
and confirm the presence of barium/titanium and sulfur in the 
nanorods and nanoparticles; however, accurate quantification 
using this method is hindered by significant overlap of the 
most prominent Ti and Ba emission lines (Kα and Lα, respec-
tively).   

Synthetic variation and size/shape control.  Various modi-
fications to the synthetic methods have been tested in order to 
delineate our ability to tune the nanocrystal size, shape, and 
aspect ratio; these studies have focused on the hot-injection 
methodology because of the increased control over growth 

conditions afforded by this method.  Studies of syntheses with 
different reaction times suggest that nanorod growth is com-
plete within the first 5 minutes after injection at 360 oC; reac-
tion times between 5 minutes and 30 minutes did not result in 
further growth or any significant changes to shape and aspect 
ratio (vide infra).  Much longer reaction times (e.g. 14 hours) 
gave particles with poorly controlled size/shape distributions, 
possibly due to Ostwald ripening processes.   

Temperatures as low as 280 oC still gave rise to crystalline 
BaTiS3 (hot injection method, two hour reaction time—see 
SI); at 250 oC, the reaction mixture did not undergo the typical 
color change to black upon injection of the sulfur source, and 
no black solid material was isolated upon workup, suggesting 
that no nanocrystal formation occurs at this temperature.   

 

Figure 8. Dependence of nanocrystal length, width, and as-
pect ratio on the precursor concentration in the reaction mix-
ture. (A-D) TEM images (scale bar 100 nm) of nanorods syn-
thesized at different concentrations, as labeled on the images.  
(E) Nanorod length (orange) and width (blue) as a function of 
reaction concentration; on average, length increases and 
width decreases as concentration increases; error bars repre-
sent the standard deviations of the size distributions meas-
ured by TEM.  (F) Nanorod aspect ratio as a function of reac-
tion concentration. 

The nanocrystal width and aspect ratio also showed a distinct 
dependence on reaction concentration; as the total amount of 
oleylamine solvent/surfactant is increased from 3 g (standard 
conditions, 27 mM metal concentrations) to 8 g (dilute condi-
tions, 10 mM metal concentrations), the nanorods increase in 
width and decrease in length, eventually giving rise to nearly 
isotropic particles (approximately 1.4:1 aspect ratio).  Figure 
8 shows TEM images and size/shape data for nanocrystals 
synthesized at different concentrations of metal precursors 
(hot injection, 360 oC, 30 minute reaction time).  

Therefore, control over reaction temperature and concentra-
tion—in addition to the choice of hot injection or heat-up syn-
thesis methods—provide for considerable synthetic control 
over the nanocrystal shape. Additional data for nanocrystals 



 

synthesized under different conditions is provided in the Sup-
porting Information.   

Stability.  It has been argued that (AE)MIVS3 chalcogenide 
perovskites and related materials (such as BaTiS3) would have 
a significant advantage in terms of stability relative to the lead 
halide perovskites, as noted above.  While the stability of 
these bulk materials has been previously tested,13 it is not a 
priori obvious that the high stability of bulk materials would 
translate to nanocrystals, given their high surface area which 
may make them more prone to surface-initiated degradation 
reactions involving atmospheric water or oxygen. In order to 
test the stability of the BaTiS3 nanorods, a sample of material 
exposed to ambient conditions (room temperature, ~40% 
humidity) was monitored by powder XRD over the course of 8 
weeks (Figure 9A). During this time, although dramatic 
changes to the diffraction patterns are not observed, the peak 
width (FWHM) does increase slightly (see Supporting Infor-
mation). This suggests some loss of crystallinity, possibly due 
to surface degradation; we hypothesize that a surface oxide 
layer may form upon exposure to air, as has been previously 
observed for TiS2 nanodiscs.36  However, the nanocrystal 
samples are not stable to direct immersion in water; after 
brief immersion (10 seconds), new peaks corresponding to an 
unidentified decomposition product appear in the PXRD pat-
tern of the sample, and after 20 minutes no diffraction is ob-
served (Figure 9B), suggesting complete destruction of the 
sample crystallinity.  Visually, the originally deep brown-red 
color of the sample is significantly lightened.  These results 
suggest that while these BaTiS3 nanocrystals maintain some 
stability under ambient conditions, they may not be as robust 
overall as bulk materials.    

 

Figure 9. Stability of the BaTiS3 nanoparticles monitored by 
PXRD. (A) PXRD data on nanocrystals exposed to air under 
ambient conditions for up to 8 weeks. (B) PXRD data on nano-
crystals immersed in water for 10 seconds (purple) or 20 
minutes (red). 

Optical characterization and shape-dependence of the 
optical properties.  Samples of the BaTiS3 nanorods typically 
appear red-brown or brown-black in color as solids and give 
rise to orange-brown colloidal solutions. In the UV-Vis-NIR 
spectra, both nanorod and isotropic nanoparticle samples 
show three clearly identifiable absorbance bands (e.g. Figure 
5A, 6D) at approximately 2.6 eV (450 nm), 1.5 eV (830 nm), 
and 0.8 eV (1500 nm).  Although these same basic features are 
discernible in all samples studied, they exhibit sample-
dependent variations in their exact positions, broadening, and 
relative intensities (Figure 10).   

There are readily apparent differences in the relative intensi-
ties of the three absorbance features in different samples, and 
especially upon comparing nanorod samples to isotropic 
(heat-up) samples (Figure 10A).  This difference is observable 
by eye, as heat-up nanoparticle samples typically have a 
brown-black color while nanorod samples typically have a 

distinctly reddish-brown color.  This difference presumably 
originates from the greater relative intensity of the broad 
absorbance feature near 1.5 eV in the isotropic samples (Fig-
ure 10A).  This feature is only faintly discernible in the spectra 
of the nanorods.  Conversely, the relative intensity of the NIR 
peak at 0.8 eV is higher for the nanorod samples than for the 
isotropic nanoparticle samples. 

 

Figure 10. (A) Comparison of the absorbance spectrum of a 
typical nanorod sample synthesized by hot injection (red, 
dashed) with the spectrum of a typical nanoparticle sample 
synthesized by heat-up (blue). (B) Representative nanorod 
spectra showing wide variation in wavelength position of NIR 
absorbance peak, ranging from a λmax of 1370 nm (0.90 eV) to 
1720 nm (0.72 eV). Average nanorod sizes are (length X 
width): a (12 X 7 nm), b (44 X 6 nm), c (62 X 6 nm), and d (50 
X 7 nm), showing no consistent correlation of peak position 
with size or shape. 

Interestingly, significant sample-to-sample variation is ob-
served in the prominent near-IR absorbance peak at approxi-
mately 1500 nm, especially for nanorod samples.  Figure 10B 
shows this peak for four nanorod samples that illustrate the 
wide range of energies observed in different samples.  Analy-
sis of the position of this peak across a range of samples 
shows no consistent correlation with nanorod length, width, 
or aspect ratio; the shift in position does not appear to be re-
lated to a size effect such as quantum confinement. For the 
isotropic particles, the position of this peak varies less widely, 
occurring between about 1520-1570 nm for particles synthe-
sized under the standard heat-up conditions.  The absorbance 
spectrum was also measured in several solvents (chloroform, 
tetrachloroethylene, dichloroethane—see SI) and no change 
in peak position could be measured, although it is possible 
that a shift would be observed in solvents with more widely 
varying dielectric constants.  

Time-dependent structural and spectroscopic properties 
during nanorod growth.  As noted above, during the stand-
ard hot-injection synthesis at 360 oC, the nanorod growth 
appears to be essentially complete within 5 minutes.  To fur-
ther confirm and probe the evolution of the nanorod proper-
ties during the reaction time, we removed aliquots from a 
standard hot-injection reaction solution at 5, 10, 15, and 30 
minutes following injection of the sulfur precursor at 360 oC; 
results from the characterization of these aliquots are shown 
in Figure 11. As expected, there is no significant change in the 
average length and width of the nanocrystals during this time, 
as determined by TEM (Figure 11B).  However, there are sig-
nificant changes in the UV-Vis-NIR absorbance spectra and in 
the powder XRD patterns of the nanorods.  In particular, the 
NIR absorbance peak shifts steadily to higher energy and in-
creases in relative intensity over the course of the reaction 
time (Figure 11C-D).  Simultaneously, shifts in the PXRD pat-
tern consistent with a contraction of the apparent c axis—
attributed to increasing sulfur deficiency in the lattice, see 
discussion above—are observed (Figure 11D).  This data em-



 

phasizes that although both of these characteristics (off-
stoichiometry/structure and NIR absorbance) are correlated, 
they are not (solely) dependent on particle size/shape or on 
reaction stoichiometry, temperature, or concentration. 

 

Figure 11. (A) Representative TEM image of the particles 
used in this time-series experiment, taken after 10 minutes of 
reaction. (B) Nanorod width (red circles, left axis) and length 
(blue squares, right axis) as a function of reaction time follow 
hot injection.  (C) Spectral evolution as a function of reaction 
time (reaction progresses from blue to red, following arrow 
direction); absorbance intensity is arbitrarily scaled.  (D) Scat-
ter plot of the NIR absorbance peak λmax (red) and the appar-
ent c lattice parameter measured by PXRD (blue) as a function 
of reaction time.    

Correlation of spectroscopic properties, structural pa-
rameters, and off-stoichiometry.  While the exact cause of 
the variations in the structural and optical properties of the 
BaTiS3 nanorods and nanoparticles is still under investigation, 
the data presented above suggests that the structural and 
stoichiometric variations (in particular, the sulfur deficiency 
which is reflected in changes to the apparent unit cell parame-
ters) are intimately related to the spectroscopic changes ob-
served—in particular, the variable position of the strong NIR 
absorbance peak in the nanorods.   Figure 12 further illus-
trates this connection by plotting the correlation between the 
apparent crystallographic c axis of the nanorods and the λmax 
of the NIR absorbance peak for a wide range of samples syn-
thesized with varying reaction conditions (time, temperature, 
concentration, stoichiometry).  There is a distinct, albeit noisy, 
correlation. There are likely multiple factors that influence 
both the structure and the absorbance peak position; for in-
stance, the Ba/Ti stoichiometry in the crystal lattice is also 
known to influence c.27 

 

Figure 12. Correlation between the apparent c lattice param-
eter (from PXRD analysis) and the NIR peak absorbance max-
imum in a range of BaTiS3 nanorod samples. Error bars repre-
sent the estimated standard deviations in the lattice parame-
ters determined by Rietveld refinement of the PXRD data.  

These results are reminiscent of the properties of nano-
materials such as copper sulfide, Cu2-xS, and related materials, 
where off-stoichiometric compositions give rise to strong ab-
sorbance peaks in the visible to NIR regions which arise from 
localized surface plasmon resonances (LSPRs) due to the 
presence of free charge carriers (holes, in the case of Cu2-

xS).37-41  It is possible that a similar phenomenon in BaTiSy is 
responsible for our observations, which would make BaTiSy a 
relatively rare example of a non-copper-containing chalco-
genide nanocrystal exhibiting LSPR resonances;42 we do note 
that the observation of an LSPR absorbance in TiS2 
nanosheets has been proposed.43  The fact that the energy of 
the observed NIR absorbance peak increases with increasing 
off-stoichiometry would be consistent with this hypothesis.  
However, further work is needed to establish whether or not 
this optical feature truly arises from free carriers. 

CONCLUSIONS 

In summary, we have demonstrated a wet-chemical method 
for the synthesis of BaTiS3 nanorods and nanoparticles that 
allows for the nanocrystal size and aspect ratio to be con-
trolled through choice of synthesis method and reaction con-
ditions.  Under standard conditions, BaTiS3 nanorods are pro-
duced upon injection of a sulfur source into a precursor solu-
tion of Ba2+ and Ti2+ amides at 360 oC, although we found that 
crystalline nanorods were formed at temperatures as low as 
280 oC.  We found that the structural features of the nanopar-
ticles and nanorods are closely analogous to those found in 
the bulk material, including the presence of a composite crys-
tal structure with incommensurate Ba and TiS3 lattices, with 
the structural parameters tied to the stoichiometry of the ma-
terial. Deviations from the ideal lattice parameters are at-
tributed to sulfur deficiency and are correlated to variations 
in energy of a strong near-IR absorbance peak observed in 
nanorod samples. The nature of this spectroscopic feature is 
still under investigation.  However, we cannot rule out that the 
structural properties of the nanocrystals may deviate in un-
recognized ways from the bulk crystals, and further detailed 
investigation of the structural and surface properties of these 
nanomaterials is warranted.  In particular, the presence of a 
surface oxide layer or the incorporation of small amounts of 
oxygen impurities into the material could have an important 
impact on the optical/electronic properties and potential ap-
plications of these materials.  

This work demonstrates the feasibility of the synthesis of 
(AE)MIVE3 materials in solution at readily accessible tempera-
tures.  It is likely that this methodology can be extended to 



 

other (AE)TiS3 materials such as SrTiS3 and CaTiS3, and it is 
possible that similar routes could be used to access a more 
diverse range of (AE)MIVE3 materials.  Some of these materials 
(including BaZrS3, CaZrS3, SrZrS3, CaZrSe3, BaHfS3, and 
CaHfS3) are known to adopt a distorted perovskite structure 
under at least some conditions, characterized by a three-
dimensional network of corner-sharing MS6 octahedra;44-46 by 
analogy to lead-halide perovskites, these chalcogenide perov-
skites have been proposed as potential photovoltaic absorb-
ers.1-3, 12, 14, 47-49  In some cases, the theoretical maximum effi-
ciency rivals or exceeds that of the lead halide perovskites, 
and they are expected to be more stable, in addition to being 
less toxic and more environmentally friendly.2, 3  However, 
experimental progress in realizing efficient photovoltaic de-
vices using these chalcogenide perovskites has been slow, in 
part due to synthetic challenges; solution routes to colloidal 
nanocrystals, as described here, could present one possible 
approach towards overcoming these challenges. 

EXPERIMENTAL SECTION 

General. All synthetic manipulations were carried out under 
an atmosphere of ultrapure argon or dinitrogen gas in a glove 
box or using a Schlenk line unless otherwise stated.  
Ba[N(SiMe3)2]2(THF)2 was synthesized according to previous 
reports, recrystallized from pentane, and stored in an N2 
glovebox.50 Tetrakis(dimethylamido)titanium was purchased 
from Acros Organics, stored in an N2 glovebox, and used as 
received.  N,N'-Diethylthiourea was purchased from Alfa Ae-
sar and purified by recrystallization from benzene, followed 
by drying at 60 oC in vacuo overnight, prior to use.  Oleylamine 
(70%) was purchased from Sigma-Aldrich and refluxed in 
vacuo at 120 oC over CaH2 for two hours before distilling in 
vacuo, then stored over 4 Å molecular sieves in an N2 glovebox 
prior to use.  All other solvents used for nanocrystal workup 
were standard reagent grades and were used as received.  
Caution!  Benzene is a known carcinogen and should be han-
dled in an efficient fume hood by trained personnel wearing 
appropriate PPE. 

X-ray diffraction. Samples for powder X-ray diffraction were 
dropcast from solution onto pieces of silicon <100> or onto a 
zero-background silicon plate. In some cases, nanocrystal 
samples were washed an additional time by precipitating 
from solution with butanol or ethanol prior to XRD analysis in 
order to remove excess ligands.  PXRD data was collected us-
ing Cu Kα radiation with an AXRD Benchtop diffractometer 
from Proto Manufacturing equipped with a Dectris MYTHEN2 
R 1D hybrid photon-counting detector in Bragg-Brentano ge-
ometry.  The step size was 0.020o and dwell times between 5-
15 seconds were used. Except where stated otherwise, the 
reference pattern for BaTiS3 is taken from ICSD Coll. Code 
#14175.4 Further information about PXRD data analysis is 
provided in the Supporting Information. 

UV-Vis-NIR. Samples for solution absorbance measurements 
were dispersed in an appropriate solvent (chloroform or tet-
rachloroethylene) by sonicating briefly, transferred to a 
quartz cuvette, and then measured using a Perkin Elmer 
Lambda 900 spectrometer. 

Transmission electron microscopy (TEM): Samples for TEM 
were dispersed at low concentration in chloroform by soni-
cating for several minutes, then a drop of the resulting colloi-
dal dispersion was allowed to air-dry on a carbon-coated cop-
per TEM grid. Samples were dried in a vacuum dessicator 
overnight prior to analysis.  Imaging was performed using a 
JEOL 2100 TEM operating at 200 kV, and an Oxford EDS sys-

tem was used for EDS analysis. TEM size distributions (length 
and width) were calculated based on measurements of at least 
100 individual nanoparticles, and error bars on size meas-
urements represent the standard deviations of these distribu-
tions. 

ICP-MS. For ICP-MS analysis, an aliquot of known volume of a 
stock nanocrystal solution was dried under a stream of air to 
remove volatile solvent, and then digested by heating for two 
hours in a 3:1 mixture of ultrapure hydrofluoric acid and ni-
tric acid.  The sample was diluted with ultrapure water, fil-
tered, and then subjected to analysis by ICP-MS using a Perkin 
Elmer ELAN DRC II instrument. The results were compared to 
a calibration curve constructed using Ba and Ti standards 
purchased from Ricca Chemical.   Caution! Hydrofluoric acid is 
extremely toxic and corrosive; it should only be handled by indi-
viduals specifically trained in its use, using appropriate personal 
protective equipment, and in an efficient fume hood. Appropri-
ate first aid should be readily available when HF is in use and if 
any exposure to vapor or liquid occurs, treatment should be 
started immediately.51 

Synthesis of BaTiS3 nanorods by hot injection: In a typical reac-
tion, Ba[N(SiMe3)2]2(THF)2 (60.2 mg, 0.1 mmol) is dissolved in 
dried and degassed oleylamine (2.5 g) in a 25 mL three-
necked round-bottom flask under N2 in a glovebox. To this 
mixture is injected Ti(NMe2)4 (22.4 mg (23.5 μL), 0.1 mmol).  
The flask is equipped with a reflux condenser and sealed prior 
to being brought out of the glovebox and transferred to a 
Schlenk line where it is placed back under N2 or argon. The 
reaction mixture is then heated to 360o C using a tempera-
ture-controlled heating mantle. Separately, a solution of N,N'-
diethylthiourea (0.5 g, 3 mmol) is prepared in dried and de-
gassed oleylamine (0.5 g) and fully dissolved by heating to 80 
oC under nitrogen for 5 minutes with vigorous stirring.  When 
the reaction mixture reaches 360 oC, the diethylthiourea solu-
tion is rapidly injected into the reaction mixture, resulting in 
an immediate color change to black.  The reaction mixture is 
then allowed to stir at this temperature for between 5 minutes 
to 14 hours. Caution! Heating reaction mixtures at high tem-
peratures presents a potential fire risk and should be carried 
out with caution by trained personnel, and appropriate fire 
safety equipment should be readily available. At the end of this 
time, the heating mantle is removed and the reaction mixture 
is allowed to passively cool to room temperature.  The re-
mainder of the workup, purification, and analysis is carried 
out under air without any special precautions. The reaction 
mixture is diluted with chloroform, and then ethanol is added 
to precipitate the nanocrystals.  The nanocrystals are isolated 
by centrifugation at 3500 rpm.  The precipitated nanocrystals 
are washed two additional times with ethanol and then once 
with chloroform; in each case the precipitated nanocrystals 
are isolated by centrifugation at 3500 rpm. The precipitate is 
resuspended in chloroform with sonication and then centri-
fuged at low speed (1000 rpm) for 5 minutes; a small amount 
of precipitated solids are discarded and the majority of the 
nanocrystals remain in the supernatant and are used for fur-
ther analysis.   If needed to improve the colloidal stability of 
the nanomaterials, 60 μL of oleylamine are added to the chlo-
roform solution, followed by brief sonication to produce a 
colloidal suspension of nanocrystals.  

Synthesis of BaTiS3 nanoparticles by heat-up.  In a typical reac-
tion, Ba[N(SiMe3)2]2(THF)2 (60.2 mg, 0.1 mmol), Ti(NMe2)4 ,  
(22.4 mg, 0.1 mmol) and N,N'-diethylthiourea (0.396 g, 3 
mmol) are combined in oleylamine (3 g) in a Schlenk pressure 
tube under N2, and the reaction mixture was heated to 360 oC 
and maintained at this temperature for 2 hours. The flask was 



 

allowed to cool to room temperature and the nanocrystals 
were worked up, purified, and resuspended as described 
above for the hot injection synthesis. Caution! Heating a 
sealed reaction vessel presents a potential explosion risk. Ap-
propriate high-quality, thick-walled glassware should be used 
and the reaction should be carried out behind a safety shield.   
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