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ABSTRACT: Alkali pnictogen dichalcogenides—I-V-VI2 or APnCh2—have been identified as promising semiconducting 
materials for energy conversion devices. However, the controlled nanoscale synthesis and our understanding of the effects 
of cation ordering and stereochemically active lone pairs on the structures of these ternary compounds remain 
underdeveloped. Here, we use solution phase chemistry to synthesize a family of APnCh2 materials, including LiSbSe2, 
NaSbS2, NaSbSe2, NaBiS2, and NaBiSe2. Our approach utilizes alkali metal hydrides (AH) or carboxylates, A(O2CR), PnPh3, 
and elemental chalcogens as synthetic precursors, and oleylamine or 1-octadecene as solvents. Synthetic manipulation via 
fine-tuning of reaction temperature enables control over the degree of ordering caused by the Sb 5s2 lone pair-induced 
distortions in NaSbS2. Pair distribution function (PDF) analysis demonstrates the structure of the Sb-containing phases 
deviates much more from a disordered rock salt structure than that of the Bi-containing phases. This local distortion, 
induced by the Sb lone pair, leads to a previously unreported non-centrosymmetric NaSbS2 crystal structure, which is 
additionally supported by second harmonic generation (SHG). Infrared and multinuclear solid-state NMR spectroscopies 
show that oleylamine or chelating carboxylates and, in some cases, unreacted precursors (LiH and PnPh3) remain bound to 
the nanocrystalline surfaces. A deeper understanding of the local atomic environment, long range ordering, surface 
chemistry, and optoelectronic properties of these materials which may speed up their fundamental study and application.
INTRODUCTION 

Ternary alkali pnictogen dichalcogenides have been 
identified as promising semiconductors for energy 
conversion devices. The parent structure of this family of 
compounds is similar to that of rock salt PbTe, which has 
been at the forefront of thermoelectric applications for 
over a decade.1–4 Replacing Pb2+

 with a combination of Ag+ 
and Sb3+ results in ternary AgSbTe2, which exhibits a 
cation-disordered rock-salt structure (Figure 1a). Both 
AgSbTe2 and AgSbSe2 ternaries are excellent 
thermoelectrics,5–16 and their performance can be further 
improved by nanostructuring and doping.3,4,17,18 A high ZT 
of 2.6 was recently reported for Cd-doped AgSbTe2.19 

Other ternary rock salt I-V-VI2 semiconductors with 
formula APnCh2 (A = Li, Na, K, Rb, Ag; Pn = As, Sb, Bi; Ch 
= S, Se, Te) are thought to also exhibit cation-disordered 
rock-salt structures, with the monovalent cation and 
pnictogen atoms occupying the same Wyckoff 
position.20–24 However, a majority of studies to date have 
focused on ternary rock-salt compounds based on Ag, 
with much fewer reports available for those based on 
alkali metals. This may be due to the unique challenges 
associated with working with these materials—for 
example, the high reactivity of the reduced forms of the 
alkali metals that are often used as precursors during 

higher temperature syntheses, or the high mobility of the 
alkali cations in the final ternary compounds. 

 
Figure 1. (a) Mixed cation rock salt structure of ternary 
APnCh2 semiconductors (A = Li, Na; Pn = Sb, Bi; Ch = S, 
Se), and (b) cation ordered polymorphs of NaSbS2 
(Monoclinic C2/c and C2/m, and triclinic P1� and P1). 



 

Several computational studies have been performed to 
assess the potential utility of NaSbS2 and other APnCh2 
compounds in photovoltaic and thermoelectric 
devices.25–27 According to theory, NaSbS2 may have a large 
absorption coefficient and a band gap that is optimal for 
photovoltaic solar cells.25–31 NaSbS2 has also been 
theorized to have a high dielectric constant, carrier 
effective masses that are favorable for transport, and a 
band gap suitable for thermoelectrics.25,32 Further, NaSbS2 
is made of Earth-abundant and relatively non-toxic, 
biocompatible elements, making it an ideal candidate in 
multiple applications. Nonetheless, a majority of 
literature APnCh2 preparations use spray pyrolysis or 
other high temperature methods, which can result in 
aggregated particles containing, in some cases, unreacted 
precursors.27,33  

Despite multiple studies performed to date, the exact 
crystal structure of NaSbS2 remains unclear. The earliest 
experimental reports suggest that NaSbS2 adopts a 
cation-disordered rock salt (Fm3�m) structure.27–29,34–36 
However, computations show that other, cation-ordered 
monoclinic C2/c, C2/m, and triclinic P1� structures have 
relatively similar energies and are therefore also 
reasonable for this material (Figure 1b). In addition to 
cation-ordering, local distortions caused by the presence 
of stereoactive lone pairs on the pnictogen atom further 
complicate structural characterization. For example, pair 
distribution function analysis of AgBiS2 revealed off-

centering of the Bi atoms, presumably caused by the 6s2 
lone pair.37 In the case of Sb, the more stereochemically 
active 5s2 lone pair should lead to even greater 
distortions. Small substitutions of Sb into AgBiSe2 did not 
result in any significant distortions but more recently, 
AgSbSe2 was reported to have Sb off-centering in the 
⟨100⟩ direction.38,39 The analog arsenic compounds 
LiAsSe2 and NaAsCh2 displayed local geometries that 
strongly deviate from the idealized rock salt structure.40,41  

In this study, we describe a general solution phase 
synthesis of a wide family of alkali metal based APnCh2 
compounds, including LiSbSe2, NaSbS2, NaSbSe2, NaBiS2, 
and NaBiSe2. We resort to pair distribution function 
(PDF) analysis to determine the presence and extent of 
local and long-range order across these family of 
materials. Our studies pinpoint the importance of the 
stereoelectronic Pn lone pair in dictating local and long-
range ordering. In addition, we employ electron 
localization function (ELF) to visualize the lone pair in 
real space. Finally, the surface chemistry of I-V-VI2 
nanocrystals is assessed by a combination of thermal 
analysis, as well as by vibrational and solid-state NMR 
spectroscopies. We hope that these studies will enable 
more predictive syntheses as well as fundamental 
spectroscopic and applied studies of technologically 
relevant ternary I-V-VI2 semiconductors. 

 
 

 

 
RESULTS AND DISCUSSION 

Synthesis and Evolution of Ternary APnCh2 Phases. (A = 
Li, Na; Pn = Sb, Bi; Ch = S, Se) Alkali metal hydrides are 
quickly becoming versatile synthetic precursors for the 
synthesis of multinary semiconductors. Recent examples 
include the high temperature synthesis of bulk 
(polycrystalline) AZnSb (A = Na, K)42–45 and Ba1-

xKxFe2As2,46 as well as the solution phase synthesis of 
nanocrystalline LiZnP,47 LiZnSb,48 NaCd4P3,49 and 
NaBiS2.50 Building on these successes, we find that 
heating a mixture of AH (A = Li, Na), Ph3Pn (Pn = Sb, Bi), 
and Se in 1-octadecene (ODE) and oleylamine (oleylNH2) 
is a convenient method to prepare nanocrystalline 
LiSbSe2, NaSbSe2, and NaBiSe2 (Scheme 1a and Table 1). 

Powder X-ray diffraction (XRD) patterns of these ternary 
diselenides show reflections consistent with a mixed-
cation, rock salt structure (Fm3�m)—see Supporting 
Information (SI). From the corrected widths of the major 
reflections in each case, we calculate average single 
crystalline domains or Scherrer sizes of 220±90 nm for 
LiSbSe2, 145±70 nm for NaSbSe2, and 44±22 nm for 
NaBiSe2. Interestingly, the temperatures required to 
prepare the Sb-based ternaries (290–300 °C) are generally 
higher than those required to prepare Bi-based ternaries 
(180 °C). This implies that the reduction of Ph3Sb into 
intermediate Sb0 seeds, and their subsequent reaction 
with alkali and chalcogen precursors requires more 
energy compared to that of Ph3Bi.48,50 

Table 1. Solution phase synthesis of nanocrystalline APnCh2 (A = Li, Na; Pn = Sb, Bi; E = S, Se).a 

# A + Pn Precursors Ch Precursor Solvent T /°C t /min Product(s) (space group,b %) Size (nm)c 

1 LiH + SbPh3 Se OleylNH2/ODE 290 1 LiSbSe2 (P1, 100) 220±90 
2 Na(oleate) + Sb(OAc)3 S  OleylNH2 150 30 NaSbS2 (Fm3�m, 85), Sb2O3 (15) 38±15 
3 Na(oleate) + Sb(OAc)3 S OleylNH2 200 30 NaSbS2 (Fm3�m, 100) 38±20 
4 Na(oleate) + Sb(OAc)3 S OleylNH2 250 30 NaSbS2 (Fm3�m, 95; P1, 5) 34±12 
5 Na(oleate) + Sb(OAc)3 S OleylNH2 300 30 NaSbS2 (P1, 90) 35±21 
6 Na(oleate) + Sb(NMe2)3 S OleylNH2 200 5 Amorphous - 
7 Na(oleate) + Sb(OAc)3 Se OleylNH2/ODE 170 30 Sb2O3 (100) 45±29 
8 NaH + SbPh3 Se OleylNH2/ODE 300 10 NaSbSe2 (P1, 100) 145±70 
9 Na(oleate) + Bi(neodecanoate)3 S OlelyNH2 180 60 NaBiS2 (Fm3�m, 100)50 10±2 

10 NaH + BiPh3 Se OleylNH2/ODE 180 120 NaBiSe2 (Fm3�m, 100) 44±22 
a[A]o = [Pn]o = [Ch]o/2 = 0.023M (see Methods). bThe presence of quotation marks indicates that the structure (space group) apparent by powder 
XRD data is NOT supported by PDF analysis (see text). cSingle crystalline domain (Scherrer) size of major crystalline phase (nm). 



 

 
Scheme 1. Solution phase synthesis of APnCh2 (I-V-VI2) 
semiconductors (see SI). 

 
 

Using a modified version of this solution phase 
approach—starting from readily available sodium oleate, 
antimony acetate, and sulfur in oleylamine—one can also 
prepare nanocrystalline NaSbS2 (Scheme 1b and Figure 2). 
This reaction is particularly temperature dependent. The 
powder XRD of solids isolated from the reaction at 100 °C 
only shows small 44±23 nm Sb2O3 particles. This is likely 
a result of post-synthetic exposure to air and consequent 
oxidation of the aforementioned Sb seeds. (Note: the 
oleylamine solvent, present in excess relative to all other 
precursors and reactants, acts as a mild reducing 
agent.)51,52 When the reaction is carried out at 150 °C or 
200 °C, powder XRD suggests the formation of NaSbS2 
with a disordered, mixed-cation rock salt structure 
(Fm3�m). Nanocrystals synthesized at 300 °C (35±21 nm) 
have similar Scherrer sizes as those synthesized at 200 °C 
(38±20 nm). However, increasing the temperature to 250 
or 300 °C results in additional peaks at ~15 2θ. These 
peaks are not from admixtures and indicate a deviation 
from the rock-salt structure—see PDF analysis below. 
Conclusive determination of the crystal structure was not 
possible from a simple comparison between the powder 
XRD patterns to those of the theoretical C2/c, C2/m, P1�, 
and P1 structures alone. 
 

 
Figure 2. Powder XRD of solids isolated after 30 min 
reaction between Na(oleate), Sb(OAc)3, and sulfur in 
oleylamine at different temperatures (see Table 1). 
Standard patterns of NaSbS2 (Fm3�m, 60285), NaSbS2 

(C2/c, 43909), NaSbS2 (P1�, 200597), NaSbS2 (P1, from PDF 
refinement below), Sb2O3 (Fd3�m, 9007609), and Sb metal 
(R3�m, 161493) shown for comparison. Reaction at 150 °C 
also formed Sb2O3 (*). 
 

Pair Distribution Function Analysis. In the ideal rock-
salt structure type of I-V-VI2 materials, the alkali metal 
and pnictogen occupy the same crystallographic site. 
This statistical occupancy limits the utility of traditional 
X-ray diffraction data, creating challenges to fully 
understand a material's structure or predict its 
properties. In this case, pair distribution function (PDF) 
analysis, a total scattering technique that utilizes both 
Bragg and diffuse scattering, is an ideal tool for observing 
the local structure of the material.53 Using PDF of X-ray 
total scattering data collected at the 11-ID-B beamline of 
the Advanced Photon Source at Argonne National 
Laboratory, we find that the local structures of certain 
materials within the I-V-VI2 family significantly deviate 
from the idealized rock salt structure. This is particularly 
the case for samples containing Sb.  

In the case of NaSbS2, multiple phases including ideal 
and distorted rock salt structures have been reported. 
Here, we considered the models corresponding to the 
noncentrosymmetric space groups P1 (triclinic), Cc, Cm 
(both monoclinic), and centrosymmetric space groups 
C2/c, C2/m (both monoclinic), and Fm3�m (rock salt) 
(Figure 1). The choice to include noncentrosymmetric 
space groups as possible solutions stems from the 
compositionally relevant materials LiAsSe2

40 and 
NaAsS2

41
  which are reported to be noncentrosymmetric 

and exhibit a phenomenon exclusive to 



 

noncentrosymmetric materials: second harmonic 
generation (SHG). To the best of our knowledge, only 
centrosymmetric crystal structures have been reported 
for NaSbS2. 

To obtain the P1, Cc, and Cm models, we simply 
removed the appropriate symmetry restrictions from the 
centrosymmetric P1�, C2/c, and C2/m, respectively. We 
started our analysis with the nanocrystalline NaSbS2 
synthesized at 300 °C (see Figure 2 and Table 1), by first 
fitting the data from 2.15 Å to 10.0 Å. In this range P1, Cc, 
and C2/c are clearly superior to Cm, C2/m and Fm3�m. 
Because the Fm3�m only gives a fit of Rw > 0.4, we did not 
further attempt to fit cubic supercell structures. The P1, 
Cc, and C2/c models provide remarkably good fits after 
refinement, with Rw = 0.09, 0.14, and 0.14, respectively 
(Figure 3). Furthermore, this analysis is in good 
agreement with P1� and C2/c structures having the lowest 
total energies, as computed from VASP (see SI). Once the 
best fitting was obtained from 2.15 Å to 10.0 Å, the range 
was increased to 20.0 Å. Refinement in this range makes 
it apparent that P1 is a reasonable yet somewhat inexact 
model, with some discrepancies toward 17-19 Å (Figure 3). 

The difference between P1 and C2/c stems from the 
symmetry restrictions placed upon the Sb and Na atoms 
in C2/c. The volumes for the primitive part of the unit cell 
for P1� and C2/c models are similar, but due to its higher 
symmetry, C2/c has less than half of the refinement 
parameters due to the Na and Sb located in special 
positions with fixed x and z coordinates. Moving to Cc 
from C2/c increases the number of parameters refined 
which is expected to help the refinement. However, while 
Sb and Na no longer have fixed x and z coordinates, the 
4 Sb atoms still have restrictions on their positions 
relative to each other making the resulting refinement 
only marginally better.To determine if the 
noncentrosymmetric structures derived from PDF 
refinements were reasonable or just over-
parameterizations of the data, a sample of NaSbS2 was 
tested for SHG activity (SI). Indeed, SHG activity was 
detected, in agreement with the noncentrosymmetric 
nature of the crystal structure. The combination of PDF 
and SHG activity point to P1 as the real symmetry of the 
“high temperature” NaSbS2 phase. 

 
Figure 3. PDF function plots for P1 and C2/c structures of 
high temperature (300 °C) solution grown NaSbS2 
between 2-10 Å (top) and 2-20 Å (below). Experimental 
and P1 (left) or C2/c (right) model data are shown in blue 
and red, respectively. The difference curve of G(r) 
between the model and the experimental data is shown 
at the bottom in green. 
 

In comparison to the high temperature phase, PDF 
analysis of the lower temperature NaSbS2 nanocrystals—
made between 200–250 °C—shows a greatly reduced 
peak at 2.8 Å. While the 2.2 Å to 8 Å region of these data 
sets fit reasonably well with a modified P1 model, the 
remaining 8 Å to 30 Å region was fit with the rock salt 
(Fm3�m) model. A comparison of the NaSbS2 nanocrystals 
synthesized at 200, 250, and 300 °C is shown in the SI. In 
agreement with powder XRD, the fit to the cubic pattern 
gets worse with increasing synthetic temperature. From 
the PDF, it is apparent that distortions occur even at 
lower synthetic temperatures; however, they lack long 
range ordering—past 8 Å—so that the average structure 
remains cubic. In contrast to the multiple structures 
reported and discussed for NaSbS2, the presence of 
distortions in LiSbSe2 and NaSbSe2 remains 
undocumented. To date, these materials have only been 
reported and assumed to adopt ideal, undistorted rock-
salt Fm3�m structures. Nonetheless, PDF analysis shows 
otherwise (Figure 4). In the ideal structure, NaSbSe2 has 
six equivalent Sb-Se bond distances of ~2.98 Å. This is 
inconsistent with other Sb-Se bond distances such as 
those in Sb2Se3, which range from 2.59–2.80 Å.54 In the 
PDF, the first intense peak representing the nearest 
neighbor Sb-Se distance is located at 2.65 Å. 



 

 
Figure 4. PDF function plots of solution grown LiSbSe2 
and NaSbSe2 (left). Experimental and P1 model data are 
shown in blue and red, respectively. The difference curve 
of G(r) between the model and the experimental data is 
shown at the bottom in green. Coordination 
environments of Sb(1) and Sb(2) and (As-Se) interactions 
in each compound (right). 
 

Refinement with a rock-salt structure was 
unsuccessful. Instead, following a similar approach to 
that reported for LiAsSe2,40 a primitive cell of the smallest 
repeating fragment with all symmetry unconstrained was 
used for refinement. (Note: due to Li being a very light 
element with a small scattering factor, Li was fixed in its 
position to avoid any unrealistic bond lengths). Fitted to 
the 2.4 Å to 10 Å region, this resulted in robust Rw values 
of 0.11 and 0.15 for LiSbSe2 and NaSbSe2, respectively 
(Figure 4). Further refinement with these models to 
higher r distances was unsuccessful. The disagreement at 
higher r distances could possibly arise from the inability 
of such a small unit cell to accurately describe long-range 
order. However, attempts to use a supercell with different 
Se coordination were also unsuccessful. Another 
explanation of the inability to fit the > 10 Å region is that 
the local distortions are not correlated and that only the 
average structure is observed in this range. This is 
consistent with the PXRD which shows a diffraction 
pattern than can be indexed as a rock-salt Fm3�m 
structure (see Supporting Information). Regardless, vital 
information about the coordination of the Sb atoms can 
be extracted from the PDF analysis. Most importantly, Sb 
has 3 short distances and 3 long distances (Figure 4). In 
other words, the coordination of Sb is more like that of 
As in LiAsSe2

40
 and vastly different from the coordination 

of Bi in NaBiSe2 (see below). 
PDF analysis of the Bi-containing ternaries shows a 

much simpler picture than that for the Sb-containing 
materials. From 2 Å to 30 Å (Figure 5), both NaBiS2 and 
NaBiSe2 give a good fit to the cubic model (Fm3�m), with 

Rw values of 0.18 and 0.11, respectively. These results show 
that the basic cation disordered, rock salt model with a 
statistical occupation of Na and Bi describes the real 
structure quite well. However, carefully analyzing the 
first peak at ~2.8 Å—corresponding to nearest neighbor 
Bi-Se/S—shows that the fit is imperfect. While the 
calculated pattern provides significant overlap with the 
raw data, the shape of this early peak is asymmetric and 
splits into two, with one peak at lower r value. Attempts 
to refine the Bi positions without symmetry constraints 
failed to give better agreement with the data. At present, 
we hypothesize that this small peak asymmetry could be 
due to a very small degree of lone pair-induced 
distortion, as suggested previously.37 Bi3+ 6s2 lone pair 
have been reported to be stereoactive in Bi2WO6 and 
AgBiCh2 (Ch = S, Se) materials.37,55 Nonetheless, attempts 
to fit our data with lower symmetry unit cells (such as P1) 
failed to describe longer range ordering (>10 Å). 

 
Figure 5. PDF plot of rock salt NaBiS2 and NaBiSe2 
nanocrystals. Experimental and Fm3�m model data are 
shown in blue and red, respectively. The difference curve 
of G(r) between the model and the experimental data is 
shown at the bottom in green. To the right of each plot is 
the low r region highlighting the asymmetry in the first 
peak of the data. 
 

From the PDF analysis, we conclude that the lone pair 
activity of lighter pnictogens has a very large effect on the 
crystal structure of solution grown I-V-VI2 nanocrystals. 
In particular, the presence of the pnictogens with more 
stereoactive lone pairs such as As in LiAsSe2 leads to 
strong deviations from octahedral coordination.40 Sb also 
has strong deviations from octahedral coordination due 
to lone pair distortions, however Bi has smaller 
distortions due to a less active lone pair. Like other binary 
and ternary Bi chalcogenides, suppression of the 



 

stereoactivity of the Bi 6s2 electron lone pair due to 
relativistic effects is observed. Structural analysis thus 
affirms the need for more in-depth studies beyond 
standard powder or single crystal X-ray diffraction for 
these and similar materials. 

Crystal Orbital Hamilton Population and Electron 
Localization Function. Crystal orbital Hamilton 
population (COHP) was calculated for the Sb-S 
interactions in three NaSbS2 polymorphs (P1, C2/c, and a 
supercell of Fm3�m) as well as for the Bi-S interactions in 
NaBiS2 (supercell of Fm3�m). In all cases, the pnictogen-
sulfur interaction is not optimized because it contains 
antibonding contributions below the Fermi level, which 
are destabilizing. Relaxing the crystal structure from 
regular SbS6 octahedra in Fm3�m to strongly distorted 
SbS6 octahedra in C2/c and P1 reduces the antibonding 
Sb-S states (Figure 6 and SI). This supports our PDF 
findings and provides a rational explanation for why the 
structure distorts. One remaining question is whether 
the distortion is caused by optimization of the Sb-S 
bonding due to its nearest neighbors or by the 
stereochemical activity of 5s2 lone-pair. 

 
Figure 6. COHP of two polymorphs of NaSbS2. Cubic 
NaSbS2 (gray) has a higher level of antibonding states 
than the monoclinic polymorph (blue). The monoclinic 
structure has 3 different lengths of Sb-S bonds and the 
respective partial COHP are shown for short Sb-S 
(yellow), medium Sb-S (orange), and long Sb-S (purple) 
interactions. 
 

To better understand this, we performed analysis of the 
chemical bonding in direct space using the electron 
localization function (ELF). The presence of a Sb electron 
lone pair pointing toward three distinct S atoms is clearly 
visible in the C2/c structure of NaSbS2 (Figure 7), while 
such electron-pair is absent in the cubic structures of 
either Sb or Bi analogs. Further, polar covalent bonds are 

present at short Sb-S interatomic distances, while longer 
Sb-S interactions have more ionic character, like the Sb-
S interactions in the cubic polymorph. The presence of 
the stereochemically active Sb 5s2 lone pair distorts the 
octahedron, leading to displacement of the Sb off its 
center, forming short covalent Sb-S bonds. This in turn, 
leads to a reduction of the overall antibonding character 
of the Sb-S interaction. For Bi3+, the stereoactivity of the 
6s2 electron lone pair is suppressed because of the 
relativistic effect and lanthanide contraction, which 
results in more ionic Bi-S interactions inside regular BiS6 
octahedra. Similar trends are seen in the Sn2+ and Pb2+ 
containing tungstates and perovskites.56,57 

 
Figure 7. ELF isosurface for η = 0.7 (top) and 2D slices 
(bottom) of NaBiS2 (Fm3�m) and NaSbS2 (C2/c). ELF 
analysis shows that Sb has a localized lone pair while Bi 
does not. 
 

Additional Bulk and Surface Characterization. 
Transmission electron microscopy (TEM) measurements 
are consistent with the afore-mentioned observations 
(see SI). For example, elemental analysis of slightly 
prolate (oval-like) 33±8 nm NaSbS2 nanocrystals by 
energy dispersive X-ray spectroscopy (EDX) yields a 
slightly metal–rich stoichiometry of Na0.95Sb1.13S2. Similar 
small compositional variations are known to occur due to 
vaporization of light metals under the electron-beam.58 
Alternatively, this slightly-off stoichiometry could be the 
presence of small amounts of Sb-containing ligands, such 
as unreacted SbPh3, which may remain bound to the 
NaBiS2 nanocrystal surface—see solid state NMR 
measurements below.21,50,59 Nanocrystals of NaSbSe2 show 
a cuboidal morphology with a wider diameter 
distribution of 140±120 nm (SI). 

Thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC) provides valuable 
information about the thermal stability of APnCh2 
nanocrystals. ASbSe2 and NaBiCh2 undergo 10–13% mass 
loss between 300–435 °C, which is likely associated with 



 

the loss of surface ligands (SI).60 Interestingly, 78–90 % of 
ASbSe2 ternaries, but only 48–65% of NaBiCh2 ternaries 
remain as the main crystalline phase, indicating that the 
Sb-based materials may be more thermally robust than 
the Bi-based materials; however, this could also be due to 
the larger particle size of the former (Table 1). 
Interestingly, the remainder of the crystalline phases 
after heating is Sb2O3 for ASbSe2, Bi for NaBiS2, and Bi2Se3 
for NaBiSe2 (see SI). 

The IR spectra of all the as made APnCh2 nanocrystals 
show vibrational modes consistent with the presence of 
surface ligands containing hydrocarbon chains, including 
a νs(C-H) stretch at ~2950 cm-1 and δs(CH2) at ~1450 cm-1. 
All spectra also show vibrational modes that are 
characteristic of oleyl amine bound to the nanocrystal 
surface, including a ν(NH2) stretch at ~3300 cm-1, a (N-H) 
bending shoulder at ~1600 cm-1, and a ν(C-N) stretch at 
~1100 cm-1.21 In contrast to free oleyl amine, which 
displays two νs(NH2) and νas(NH2) frequencies by IR, the 
presence of the single stretch indicates the NH2 
headgroup may be hydrogen bonded with nearby 
ligands—such as S2- or COO-—that may also be present 
on the nanocrystal surface.21,61  

In addition to hydrocarbons and amine, the IR spectra 
of the as made NaSbS2, NaBiS2, and NaBiSe2 
nanocrystals—but not LiSbSe2, NaSbSe2, which were 
prepared in the absence of carboxylates—show two 
strong bands in the ~1400–1650 cm-1 range, which are 
characteristic of carboxylate vibrational modes.62 The 
small difference (Δ) between these two asymmetric 
(νasCOO−) and symmetric (νsCOO−) stretching 
frequencies confirms that carboxylates (oleate and/or 
acetate) are bound to the ternary nanocrystal surface in a 
bidentate (η2) or chelating fashion. Interestingly, the Δ 
value for the higher temperature (300 °C), cation ordered 
P1 NaSbS2 phase (104 cm-1) is distinctively larger than that 
for the lower temperature (200 °C), cation disordered 
Fm3�m-like NaSbS2 phase (91 cm-1) (SI). In other words, 
polymorphism and variations in long range ordering in 
different NaSbS2 samples is substantive enough to impact 
the exact mode of ligand binding to the nanocrystal 
surface. In contrast to what is observed for carboxylate 
binding on the ternary nanocrystals, large Δ values of well 
over >200 cm-1 are observed for monodentate (η1) binding 
of carboxylates in precursors such as in oleic acid (254 
cm-1) or Sb(OAc)3 (209 cm-1).62 

We further investigated the surface structures of 
APnCh2 nanocrystals with 1H solid-state NMR 
experiments, which provide the highest sensitivity and 
can differentiate functional groups on the surface ligands 
(Figure 8). The main observable NMR signals cover a 
chemical shift range of ca. 0−2.5 ppm and correspond to 
protons within the long aliphatic alkyl chain of 
oleylamine and, in some cases, oleate too (see above). 
The signal that resonates at ca. 5.3 ppm is attributed to 
the alkenyl protons from oleylamine. Interestingly, the 
broad signal centered at ca. 7.8 ppm is assigned to phenyl 
protons from triphenyl antimony or bismuth (Ph3Sb or 
Ph3Bi). Further, the spectrum of the LiSbSe2 nanocrystals 
shows two additional broad 1H NMR signals at ca. 3.6 and 

below 0 ppm which are assigned to protons that are in 
close proximity to surface Li sites. The exact assignment 
are likely surface absorbed water molecules (3.6 ppm) 
and hydride protons from unreacted LiH (below 0 ppm). 
To selectively probe spatially closed (dipolar coupled) 7Li 
and 1H spin pairs in the LiSbSe2 nanocrystals, we 
performed 7Li spin echo and 1H-detected 7Li → 1H dipolar-
refocused insensitive nuclei enhanced by polarization 
transfer (D-RINEPT) solid-state NMR experiments 
(Figure 9). The 7Li spin echo NMR spectrum shows 
signals from all Li species present in the sample, 
including Li in the bulk of the nanocrystals (the main 
observable NMR signal at ca. -1 ppm) and proximate to 
ligands and residual LiH (broad signal at ca. 2.5 ppm). 
The 2D 7Li → 1H D-RINEPT spectrum shows the 7Li signal 
at ca. 2.5 ppm, confirming these assignments. The 1H 
dimension of the 2D 7Li → 1H D-RINEPT spectrum shows 
signals from the ligands including H2O (δ = 3.6 ppm), CH2 
groups within the long aliphatic alkyl chains of 
oleylamine (δ = 0−2.5 ppm), and LiH (δ < 0 ppm). The 
enhanced relative intensity of LiH 1H NMR signals in the 
projection of the D-RINEPT spectrum as compared to the 
1H spin echo spectrum is expected because the short 
internuclear distances and strong dipolar couplings in 
LiH. 

 
Figure 8. Magic angle spinning (MAS) 1H spin echo solid-
state NMR spectra of select APnCh2 nanocrystals. 



 

 

 
Figure 9. 1H spin echo, 7Li spin echo and surface selective 
1H-detected 2D 7Li → 1H D-RINEPT of LiSbSe2 
nanocrystals. 
 

To probe the composition and structure of the Na sites 
in Na-containing ternary nanocrystals, we performed 
23Na spin echo NMR experiments (SI). The 23Na spin echo 
NMR spectra show signals from all Na species present in 
the sample, including Na in the bulk of the nanocrystals 
and surface Na sites. However, for large nanocrystals with 
diameters > 50 nm, the majority of atoms are located in 
the bulk. Therefore, the intense 23Na NMR signal at ca. 
15.7 ppm is most likely attributed to bulk Na ions. 
Multiple quantum magic angle spinning (MQMAS) 
experiments63,64 were used to resolve overlapping or 
superimposed resonances (Figure 10). In all cases, the 
isotropic dimension of the MQMAS spectrum shows 
broadening, confirming that a distribution of isotropic 
chemical shifts contributes to the broadening of the Na 
NMR spectra, in addition to broadening by the second-
order quadrupolar interaction. The distribution in 
isotropic 23Na chemical shifts is consistent with the 
disorder of the structures evidenced by powder XRD and 
PDF analyses. Interestingly, the higher temperature, P1 
NaSbS2 nanocrystals show significantly narrowed 23Na 
NMR spectra, as compared to the lower synthetic 
temperature. Narrowing of the 23Na NMR spectra would 
be expected as a consequence of additional ordering 
observed in the higher temperature P1 structure, as 
indicated from PDF analysis (see above). 
 

 
Figure 10. 2D contour plot of 23Na MQMAS spectra of 
some NaPnCh2 nanocrystals. 
 
CONCLUSION 

In summary, we have successfully prepared several 
nanocrystalline alkali-based I-V-VI2 semiconductors 
through a versatile and widely applicable solution-phase 
soft-chemistry approach. Through synthetic 
manipulation, we demonstrate control of polymorphism 
in ternary NaSbS2. These results are confirmed by pair 
distribution function (PDF) analyses which, in 
comparison to traditional powder X-ray diffraction, 
provides insight into the local coordination 
environments around the Sb and Bi atoms as well as the 
long-range order. 

We also present some of the first PDF analyses of 
LiSbSe2, NaSbSe2, NaBiS2, and NaBiSe2 materials, which 
strongly indicate that nanocrystalline forms of the Sb-
containing ternaries are significantly distorted due to the 
stereochemical activity of the Sb 5s2 lone pair. Our results 
confirm expected chemical trends with Sb having more 
active lone pairs than Bi, as well as the sulfides exhibiting 
greater distortions than the selenides. Additionally, the 
PDF analyses show better fits for noncentrosymmetric 
structural models. The presence of second harmonic 
oscillator (SHG) activity agrees with the 
noncentrosymmetric structure of NaSbS2, as obtained 
from PDF analysis. Further, electron localization 
function (ELF) analysis enables visualization of the 5s2 
lone pair, while crystal orbital Hamilton population 
(COHP) analysis provides insight into the energetic 
benefits for the adopted, distorted rock salt structure. 
The stereoactivity of the lone pairs also has implications 
on the properties. Such lone pair distortions have been 
shown to reduce thermal conductivity39 and enhance the 
dielectric effect in halide perovskites.65 

Vibrational spectroscopy shows that alkali-based I-V-
VI2 nanocrystals are coated with surface-bound 
oleylamine and, when used, carboxylate ligands. 1H, 7Li, 
and 23Na solid state NMR experiments confirm these 



 

results, additionally revealing the presence of small 
amounts of unreacted LiH (in LiSbSe2) and PnPh3 (in 
APnSe2) precursor impurities bound to the nanocrystal 
surfaces. We hope these findings will help move forward 
further fundamental studies of alkali pnictogen 
dichalcogenide materials, thus advancing their 
applications to energy conversion technologies. 
 
METHODS 

Materials. Oleylamine (oleylNH2, technical grade, 
70%), 1-octadecene (ODE, 90%), sodium hydride (NaH, 
99%), and acetone (≥99.5%) were purchased from Sigma-
Aldrich; sodium oleate (99%), antimony acetate (97%), 
triphenyl antimony (97%), tris(dimethylamino)antimony 
(Sb(NMe2)3, 99.99%) and triphenylbismuth (99%) from 
Strem; sulfur (99.999%) and lithium hydride (LiH, 97%) 
from Alfa Aesar; toluene (99.9%), hexanes (99.9%), and 
methanol (99.9%) from Fisher; silicon powder (Si0, SRM 
640D) from NIST. All chemicals were used as received. 

Synthesis. 0.1 M Antimony(III) acetate stock solution. 
Antimony(III) acetate (328 mg, 1.1 mmol) was added to 
oleylamine (10 mL) in a glove box. The solution was 
stirred and heated to ~100 °C until antimony(III) acetate 
dissolved. The solution was stored in the glovebox for 
further use. 0.1 M Se-ODE stock solution. Se powder (157 
mg, 0.002 mol) was added to 20 mL of ODE and degassed 
at 100°C for 30 min. The mixture was heated to 200°C for 
2 h until homogenous. The solution was cooled and 
stored in a glove box for further use. Synthesis of NaSbS2. 
Sodium oleate (0.11 mmol, 35 mg), S (0.22 mmol, 7.3 mg), 
and oleylamine (4 mL) were stirred and degassed at room 
temperature for 10 min. The flask was refilled with Argon 
(Ar) and antimony acetate stock solution (0.11 mmol Sb, 
1 mL) was injected at room temperature. After further 
degassing at 60 °C for 30 min, the mixture was heated to 
under Ar to 100−300°C for 30 min. Synthesis of APnSe2 (A 
= Li, Na; Pn = Sb, Bi). NaBiSe2 was prepared as described 
recently.50 In a glove box, AH (0.11 mmol), PnPh3 (0.11 
mmol), Se-ODE stock solution (2.3 mL), oleylamine (2.7 
mL), and a stir bar were added to a round bottom flask. 
The mixture was transferred to a Schlenk line and 
degassed at 60 °C for 30 min. The temperature was raised 
to 290 °C (LiSbSe2) and 300 °C (NaBiSe2) for 1–10 min. 
Purification. The crude solution (~1.0 mL) was diluted 
with ethanol (5 mL) and centrifuged at 5000 rpm for 5 
min. The supernatant was discarded, and the precipitate 
was solubilized with hexanes (~0.5–1 mL) and sonicated 
for 1 min. The solids were isolated by diluting with 
ethanol (5mL) and centrifugation at 5000 rpm for 5 min. 

Structural and Compositional Characterization. 
Powder X-ray diffraction patterns were measured using 
Cu Kα radiation on a Rigaku Ultima IV (40 kV, 44 mA) 
diffractometer using a background-less quartz sample 
holder. Scherrer analysis was performed with Match! 
using a κ value of 0.9. Internal standard of Silicon powder 
(Si0, a0=5.43123Å, 640D) was used for line position and 
Scherrer size. Transmission Electron Microscopy imaging 
was performed on a FEI Tecnai G2-F20 scanning 
transmission electron microscope. Pair Distribution 

Function (PDF) Analysis. X-ray total scattering was 
performed at the Advanced Photon Source, Argonne 
National Laboratory beamline 11-ID-B. Around 50 mg of 
sample was loaded into a 0.8 mm diameter Kapton 
capillary. Data was collected over 3000 0.1 s exposures at 
room temperature with a detector distance of 180 mm. 
The X-ray wavelength was 0.2115 Å. To obtain the 
scattering structure factor S(Q), corrections for 
background and container scattering, X-ray 
transmission, and Compton scattering were applied 
using PDFgetX3.66 S(Q) was truncated at a Qmax value 
ranging from 21 to 23 Å-1 and the PDF was calculated. All 
fitting of the PDF data was carried out in PDFgui.67 For 
each refinement, Qdamp and Qbroad were kept constant 
at 0.04 Å-1 and 0.01 Å-1, respectively. Initial refinements 
were carried out with a cutoff of 10 Å. Subsequently, the 
unit cell parameters were refined, followed by the atomic 
positions of Sb/Bi, S/Se, and then Na. The position of Li 
was not able to be refined reliably so its position was kept 
fixed. Each parameter was refined independently to avoid 
correlation between parameters in the initial steps. Once 
the unit cell and atomic positions were refined the 
anisotropic displacement parameters (ADPs) of each 
atom type were refined independently (excluding Li, Na 
where isotropic displacement was used). The last 
parameter to be refined was “delta 1” which is the linear 
atomic correlation factor that arises from correlated 
atomic motion. The refinement of delta 1 improved the fit 
of the nearest neighbor peak significantly as expected. A 
final round of refinement included the gradual 
introduction of more and more parameters until all 
parameters were refined together. The results of the 
refinements are summarized in in the Supporting 
Information (SI) file. 

Spectroscopic Characterization. Diffuse-reflectance 
spectra were measured with a SL1 Tungsten Halogen 
lamp (vis-IR), a SL3 Deuterium lamp (UV), and a BLACK-
Comet C-SR-100 spectrometer. Samples were prepared by 
drop-casting hexane solutions onto glass slides. Band gap 
values were estimated by extrapolating the linear slope of 
Tauc plots by plotting (Ah)1/r vs. h where A = 
absorbance, h = incident photon energy in eV, r = ½ for 
direct and r = 2 for indirect semiconductors. Infrared (IR) 
spectroscopy measurements were performed on a Bruker 
Tensor 37 Fourier transform IR spectrophotometer (64 
scans, transmittance mode, 4 cm-1 resolution). Transient 
absorption experiments were performed using a 
commercial, amplified Ti:sapphire laser operating at 2 
kHz, 800 nm, and 35 fs pulsewidth. A portion of the 
output was time-delayed and focused into either 
sapphire or yttrium aluminum garnet to produce white 
light probe pulses in the visible or near-infrared, 
respectively. The pump pulses were reduced in repetition 
rate to 1 kHz and overlapped with the probe pulse to 
produce transient absorption signals by comparing 
transmitted probe beam with pump on vs pump off. 
Raman spectroscopy analysis was performed on an 
XploRA Plus confocal Raman microscope (HORIBA 
Scientific, Edison, NJ) using a 785-nm excitation laser at 
0.4 mW and a 50× (0.5 NA) long working distance 



 

objective. All measurements were taken with a diffraction 
grating of 600 gr/mm with an acquisition time of 60 s. Six 
locations throughout each sample—2 accumulations 
averaged per location—were collected. 

NMR Spectroscopy Methods. All moderate field [B0 = 
9.4 T,  0(1H) = 400 MHz,  0(7Li) = 155.5 MHz,  0(23Na) = 
105.8 MHz, and n0(77Se) = 76.3 MHz] solid-state NMR 
(SSNMR) experiments were performed on a Bruker 
Avance III HD spectrometer with a wide-bore magnet. A 
Bruker 2.5 mm HXY triple-resonance MAS probe was 
used to perform all MAS experiments at a spinning rate 
( rot) of 25 kHz. 1H NMR shifts were referenced to neat 
tetramethylsilane using adamantane [iso(1H) = 1.82 ppm] 
as a secondary standard. Previously published relative 
NMR frequencies were used to indirectly reference 7Li, 
23Na, and 77Se chemical shifts.68 All experiments were 
performed using optimum recycle delays of 1.3 × T1. All 
the NMR spectra were processed in Topspin 3.6. 1H 
SSNMR. 1H MAS NMR spectra were acquired using a spin 
echo sequence with /2 and  pulses of 2.5 and 5 μs, 
respectively. 1H radiofrequency (RF) fields were 
calibrated directly on each sample. 7Li SSNMR. 7Li MAS 
NMR spectra were acquired using a spin echo sequence 
with central transition (CT) selective π/2 and π pulse 
lengths of 2.5 and 5 μs, respectively. 1H-detected 7Li → 1H 
dipolar refocused insensitive nuclei enhanced by 
polarization transfer (D-RINEPT) spectra were obtained 
with symmetry based recoupling sequence super-cycled 
(S) R42

1 to the 1H nuclei during the INEPT evolution times 
to recouple heteronuclear dipolar couplings.69–71 The rf 
field for SR42

1 recoupling was set to two times the sample 
spinning rate to fulfill the second order rotary resonance 
recoupling (R3) condition.69,72 A relative short recoupling 
time of two rotor cycles (80 μs) per recoupling block was 
applied for near-surface characterization. The total 
recoupling time (4 × 2 × τr) was 0.32 ms. 23Na SSNMR. 23Na 
MAS NMR spectra were acquired using a spin echo 
sequence with central transition (CT) selective π/2 and π 
pulse lengths of 4.7 and 9.4 μs, respectively. The RAPT 
pulses are incorporated into 23Na spin echo and 
population transfer (PT) 23Na{77Se} D-HMQC pulse 
sequence providing further improvements in sensitivity 
by a factor ~ 1.7.73–75 WURST pulses 38.0 µs in duration 
(followed by 2 µs of delay) with an rf field of 100 kHz were 
applied repeatedly in the RAPT blocks used in PT D-
HMQC experiments. The frequency sweep width of the 
RAPT pulses was equal to the MAS frequency in all cases. 
The frequency offset of the WURST pulses was alternated 
between ± 325 kHz. The rotational echo double 
resonance (REDOR) was applied to the 77Se nuclei in 
order to recouple heteronuclear dipolar couplings.76,77 
The number of rotor cycles for each REDOR dipolar 
recoupling block was optimized to 100. The total 
recoupling time (2 × 100 × τr) was 8000 µs. Multiple 
quantum magic angle spinning (MQMAS) NMR spectra 
were obtained with a split-t1, z-filtered pulse 
sequence.63,64 The indirect dimension frequency axis was 
divided by a factor 2.125 to account for the scaled 
evolution of the isotropic chemical shifts.78 The length of 
the 3Q-excitation and the reconversion pulses were 

obtained by optimizing them on each sample directly. 
Typically, high-power 3Q-excitation and reconversion 
pulse widths were ca. 3.6 μs and 1.3 μs, respectively, with 
an 23Na rf field of ca. 115.5 kHz (ca. 231 kHz CT nutation 
frequency). 77Se SSNMR. 77Se MAS NMR spectra were 
acquired using a spin echo sequence with π/2 and π pulse 
lengths of 2.8 and 5.6 μs, respectively. 

Second Harmonic Generation. Based on the Kurtz and 
Perry method, powder SHG response was investigated by 
a Q-switch pulse laser (2.09 μm, 3 Hz, 50 ns) with four 
different particle sizes, presumably of agglomerates of 
nanocrystallites, including 38-55, 55-88, 88-105 and 200-
250 μm. In view of its relatively narrow bandgap, the SHG 
response may be seriously weakened with the direct-
transmittance measurement. Thus, in this work, we 
chose the more efficient measurement by collecting the 
special reflectance SHG intensity signals on the sample 
surface instead of common transmittance signals, and 
this method was confirmed elsewhere.79 

Calculations. Total energy calculations were 
performed using the Vienna Ab-initio Simulation 
Package (VASP).80 The projected augmented-wave 
(PAW) pseudopotentials with the local density 
approximation (LDA) were used with a cutoff energy of 
500 eV and a convergence energy of 1 x 10-4 eV. The 
tetrahedron method and Blöchl corrections were used 
with a dense k-point mesh when calculating total energy. 
The 2x2x2 cubic supercells used a k-point mesh of 
10x10x10. NaSbS2 in P1� symmetry used a 20x20x16 k-point 
mesh. NaSbS2 in C2/c symmetry used a k-point mesh 
14x14x16. NaSbS2 in C2/m symmetry used a k-point mesh 
of 8x20x20 k-point mesh. Unit cell volume, cell shape, 
and atomic positions were relaxed sequentially, then 
simultaneously. COHP81 and ELF82–84 were calculated using 
the linear muffin tin orbital atomic sphere approximation 
(LMTO-ASA) code version 47c.85 Mixing of the Na/Sb sites 
in the Fm3�m structure of NaSbS2 was handled by using a 
supercell referred to as 33mer. The C2/c model used the 
optimized structure from Sun et al.,29 while the P1 model was 
taken from the results of PDF refinement. The COHP and ELF 
of NaBiS2 were calculated using the lowest energy coloring 
structure referred to as 33facL1.50 
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