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ABSTRACT: Soft chemistry methods offer the possibility of synthesizing metastable and kinetic products that are un-
obtainable through thermodynamically-controlled, high-temperature reactions. A recent solution-phase exploration of 
Li-Zn-Sb phase space revealed a previously unknown cubic half-Heusler MgAgAs-type LiZnSb polytype. Interestingly, 
this new cubic phase was calculated to be the most thermodynamically stable, despite prior literature reporting only 
two other ternary phases (the hexagonal half-Heusler LiGaGe-type LiZnSb, and the full-Heusler Li2ZnSb). This surpris-
ing discovery, coupled with the intriguing optoelectronic and transport properties of many antimony containing Zintl 
phases, required a thorough exploration of synthetic parameters. Here, we systematically study the effects that differ-
ent precursor concentrations, injection order, nucleation and growth temperatures, and reaction time have on the solu-
tion-phase synthesis of these materials. By doing so, we identify conditions that selectively yield several unique ternary 
(c-LiZnSb vs. h*-LiZnSb), binary (ZnSb vs. Zn8Sb7), and metallic (Zn, Sb) products. Further, we find one of the ternary 
phases adopts a variant of the previously observed hexagonal LiZnSb structure. Our results demonstrate the utility of 
low temperature solution phase—soft synthesis—methods in accessing and mining a rich phase space. We anticipate 
that this work will motivate further exploration of multinary I-II-V compounds, as well as encourage similarly thor-
ough investigations of related Zintl systems by solution phase methods. 

INTRODUCTION 

Classical Zintl phases are valence-precise compounds 
comprised of electropositive and electronegative ele-
ments, where the former donate their electrons to the 
latter to satisfy the octet rule, forming covalent bonds 
and adopting lone pairs of electrons.1-3 Typical electro-
positive elements are either alkali/alkali earth or rare-
earth metals, while electronegative elements are non-
metals, metalloids, or late transition metals.4 Zintl com-
pounds typically display a covalent anionic sublattice 
that is permeated by electropositive cations, resulting in 
complex crystal structures.5 For instance, in 8 electron I-
II-V half-Heusler phases, the I element donates its va-
lence electron to stabilize a covalent zinc-blende (II-V)- 
network (Figure 1).6,7 As would be expected due to their 
similar 8 electron network, a similar stabilization occurs 
in hexagonal LiGaGe-type structures, where the I+ 
charge balances the wurtzite (II-V)- sublattice.8 

Zintl compounds enable precise tuning of transport 
properties by manipulating stoichiometry.9-11 Their 
strong correlation between structural and electronic 
properties has garnered substantial interest for thermoe-

lectric applications.12-14 Zintl phases containing Sb and 
Zn are of particular interest due to their structural diver-
sity and stoichiometric tolerance. For instance, com-
pounds belonging to the AZn2Sb2 (A = Ca, Sr, Ba, Eu, Yb) 
family are stable to both vacancies and substitutions on 
each crystallographic site.15,16 In addition, these materials 
contain elements that are more biocompatible or more 
readily available than other state-of-the-art materials 
containing heavily regulated (Pb) or less abundant (Te) 
elements.17 However, with many possible compositions 
and structures, it is often challenging to predictably syn-
thesize a target compound in a phase pure manner. 
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Figure 1. Unit cells and Zn polyhedra highlighting the 
tetrahedral coordination environments in cubic 
MgAgAs-type c-LiZnSb (zinc blende, a), hexagonal 
LiGaGe-type h-LiZnSb (wurtzite, b), binary ZnSb (c), 
and CaZn2Sb2-type h*-LiZnSb (extended hexagonal, d). 
Sb is shown in grey, Zn in purple, and Li in red. 

 

A majority of crystalline phases are synthesized under 
thermodynamic control through high-temperature solid-
state reactions. In contrast, a vast phase space of meta-
stable compounds is accessible through soft chemistry 
techniques.18-21 In particular, low-temperature solution-
phase reactions under kinetic control enable the synthe-
sis and isolation of new and metastable phases.22 For 
example, soft synthesis enabled control over zinc-
blende/wurtzite polytypism in binary II-VI and III-V 
semiconductors.23-28 Recently, our group successfully 
expanded this approach to I-II-V ternary semiconduc-
tors, where a previously unknown, cubic half-Heusler 
polytype of LiZnSb was synthesized for the first time.6 
Clearly, the binary and more complex ternary Zintl 
phases formed from Li, Zn, and Sb are a particularly 
interesting family of compounds to explore utilizing 
kinetic control due to the large number of potential crys-
talline products with variable crystal chemistry. 

Apart from their intriguing structural diversity, inter-
est in Zn-Sb phases has resurged since the successful 
synthesis and promising thermoelectric characterization 
of numerous binaries, including Zn4Sb3, ZnSb, and 
Zn8Sb7.29-35 A computationally derived convex hull of 
formation enthalpies for various binary zinc antimoni-
des predicts ZnSb to have the most negative formation 
enthalpy.36 Low-temperature, soft chemistry techniques 
may provide a reproducible means to observe and iso-
late many of these compounds. Computational surveys 
of antimony-based Zintl phases have revealed intriguing 
ternary compositions such as LiZnSb, KAlSb4, and 
KSnSb.37-39 However, very few solution phase syntheses 

have been reported to date for the binary zinc antimoni-
des.40-43 Further, there is only one report of a ternary 
LiZnSb phase prepared from solution.6 As such, the syn-
thesis of kinetically trapped products is an exciting fron-
tier that remains underexplored. Here, we demonstrate 
the exploration of this phase space and recognize critical 
reaction parameters for the control of phase dimension-
ality. In addition to the newly mentioned cubic polytype, 
these efforts allow us to isolate and identify a previously 
unreported variant of hexagonal LiZnSb, as well as at 
least one Zn-Sb binary. 

 

RESULTS AND DISCUSSION 

Recent exploration of the solution phase synthesis of 
Zintl zinc antimonides enabled the surprising discovery 
of cubic LiZnSb. This previously unreported phase is the 
first documented example of polytypism in the family of 
I-II-V half Heusler compounds commonly referred to as 
Nowotny-Juza phases.6 The synthesis utilizes two sub-
sequent hot injections of n-butyllithium and diethylzinc 
into a 1-octadecene solution containing triphenylstibine 
(Scheme 1). Interestingly, despite prior literature reports 
of LiZnSb crystallizing in the hexagonal wurtzite or 
LiGaGe-type structure (h-LiZnSb), LiZnSb prepared in 
this manner adopts a cubic zinc blende or MgAgAs-type 
structure (c-LiZnSb) (Figure 1). Unfortunately, samples 
initially prepared by this general method contained a 
significant amount of antimony by-product.6 To be able 
to isolate and study the new c-LiZnSb, and to facilitate 
its comparison to the better known hexagonal polytype, 
a more thorough study of the Li-Zn-Sb phase space was 
warranted. Critically, the large number of possible syn-
thetic parameters—individual precursor concentrations, 
nucleation (injection) temperature (Tinj), growth tempera-
ture (Tgrow), and reaction time (t)—made a traditional 
‘one-reaction-at-a-time’ approach to conditions optimi-
zation prohibitively time consuming. 

 

Scheme 1. Soft chemistry exploration of Li-Zn-Sb phase 
space (see Experimental). 

 Ph3Sb + Et2Zn 

+  n-BuLi

1) Tinj

2) Tgrow, t

h*-LiZnSb + c-LiZnSb

ZnSb + Zn8Sb7
 

 

Parallel screening: Optimizing multivariate parame-

ter space.  To overcome the task of meticulously explor-
ing a vast number of possible experimental conditions, 
and to expedite the screening of Li-Zn-Sb phase space, 
we leveraged the high throughput facilities available in 
the Molecular Foundry at Lawrence-Berkeley National 
Laboratory.44-46 We specifically used the Workstation for 
Automated Nanomaterials Discovery and Analysis 
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(WANDA), capable of heating 8 reactors from 30 to 325 
°C with consistent magnetic stirring. With two liquid 
handling robotic arms capable of doing injections and 
withdrawing aliquots, WANDA greatly accelerated reac-
tion condition screening with a high level of synthetic 
reproducibility that far exceeded Schlenk techniques. 

Selected screening results are summarized in Table 1 
and Figure 2. The general reaction in Scheme 1 fails to 
generate any solid products when performed at or below 
200 °C. Only amorphous solids are isolated after 4 h at 
200 °C, as evidenced by the lack of reflections by powder 
X-ray diffraction (XRD). At temperatures above 230 °C, 
an extended hexagonal, CaZn2Sb2-type LiZnSb ternary 
(h*-LiZnSb, see below) is observed, which decomposes 
into binary ZnSb after continued heating (> 2 h). Heating 
at or above 300 °C quickly results in the formation of 
metallic (zerovalent) antimony, and continued heating 
fails to produce additional crystalline products. 
 

Table 1. Selected results from parallel synthetic screening.a 

# [Li] 
(mM) 

[Zn] 
(mM) 

[Sb] 
(mM) 

TGrow 

(°C) 
TInj 
(°C) 

t 
(h) 

Product(s)b 

1 40 40 40 260 200 4 h*-LiZnSb 
and Sb 

2 40 80 320 260 150 1 h*-LiZnSb 

3 40 80 320 260 150 2 h*-LiZnSb, 
and ZnSb 

4 40 40 320 260 150 0.5 No rxn. 

5 40 40 320 260 150 1 h*-LiZnSb 

6 40 40 320 260 150 4 h*-LiZnSb, 
c-LiZnSb, 
and ZnSb 

7 40 40 80 240 200 2 h*-LiZnSb 

8 40 40 320 300 200 4 Sb 

9 80 40 320 260 150 1 Sb 

10 40 40 400 300 250 4 c-LiZnSb 
and Sb 

aPerformed in ODE according to Scheme 1 (see Experimental). 
bDetermined by powder XRD. 

 

 
Figure 2. Li-Zn-Sb phase space diagram using optimized 
synthetic conditions (Tinj = 150 °C, [Li] = [Zn] = 40 mM, 
[Sb] = 160 mM, see Experimental). 

 

We next examined the effect that changing the concen-
trations of Li, Zn, and Sb precursors has on the rate and 
final outcome of the reaction. Interestingly, Sb precursor 
concentration is the most important parameter in deter-
mining phase selectivity. At a fixed growth temperature 
of 260 °C, identical precursor concentrations of [Li] = 
[Zn] = [Sb] = 40 mM result in no reaction prior to 2 h, 
when the primary product becomes amorphous antimo-
ny. Continued heating at 260 °C results in a mixture of 
elemental Sb and h*-LiZnSb (Table 1, entry 1). However, 
increasing the Sb concentration to [Sb] = 80 mM while 
keeping other conditions constant results in the for-
mation of h*-LiZnSb after 2 h, followed by its decompo-
sition into ZnSb after 4 h. Further increasing the Sb pre-
cursor concentration to either [Sb] = 160 mM or 320 mM 
causes more rapid formation of h*-LiZnSb, but also fast-
er decomposition into ZnSb binary. Using [Zn] = 80 mM, 
[Sb] = 320 mM, and [Li] = 40 mM at 260 °C results in h*-
LiZnSb formation after 1 h, then a majority ZnSb phase 
after 2 h (Table 1, entries 2–3). Increasing the concentra-
tion of Li to [Li] = 80 mM causes rapid reduction of tri-
phenylstibine and yields exclusively metallic antimony. 

Along with growth temperature, reaction time, and 
precursor concentrations, injection parameters can have 
a profound effect on product formation. We find that the 
order of injection (addition) of precursors does not have 
a noticeable impact on our reaction. Additionally, the 
time delay between the injections of n-butyllithium and 
diethylzinc does not change the identity or relative yield 
of products at a concentration of [Sb] = 80 mM. Howev-
er, at a higher concentration of [Sb] = 320 mM, a longer 
delay causes the formation of Sb metal, which is other-
wise only observed at more elevated growth tempera-
tures or higher concentrations of Li. Interestingly, even 
in this situation, metallic Sb becomes observable after 4 h 
reaction, only. We also studied the effect of injection 
temperature. For both Tinj = 150 °C and 200 °C, the same 
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products and relative compositions are observed. Figure 
2 shows a phase space diagram constructed for [Li] = 
[Zn] = 40 mM, [Sb] = 160 mM, and Tinj = 150 °C. 

Selectivity for cubic- vs. extended hexagonal-

LiZnSb. Using [Li], [Zn], and [Sb] concentrations of 40 
mM, 40 mM, and 80 mM, respectively, and growth tem-
peratures in the 220–310 °C range, we succeeded in se-
lectively synthesizing h*-LiZnSb (see description below). 
At lower growth temperatures, phase pure h*-LiZnSb 
forms very slowly (e.g., requiring over 2 h at 220 °C) 
while, at higher growth temperatures, h*-LiZnSb forms 
very quickly (e.g., < 10 min at 310 °C). 

Increasing the concentration of Sb above 300 mM, we 
also succeeded in selectively synthesizing c-LiZnSb. As 
noted previously, this phase is always found to form in 
the presence of an elemental Sb impurity or “seed”, 
which can arise from partial reduction of the Sb precur-
sor. For example, although c-LiZnSb is not observed 
with an injection temperature of 150 °C, an injection 
temperature of 200 °C caused it to form at longer than 2 
h reaction. In addition, phase evolution studies followed 
by powder XRD show h*-LiZnSb decomposes into c-
LiZnSb (see below). 

 

 
Figure 3. Powder XRD patterns of h*-LiZnSb, c-LiZnSb 
(* = Sb metal impurity), and binary ZnSb. Also shown 
are the calculated (h*-LiZnSb and c-LiZnSb) and report-

ed (h-LiZnSb and ZnSb) standard patterns (ICSD Nos. 
42064 and 43653). 

 

Extended hexagonal LiZnSb. Despite the powder X-
ray diffraction pattern of h*-LiZnSb closely resembling 
the known LiGaGe-type h-LiZnSb, there are some incon-
sistencies that indicate a deviation from this ideal struc-
ture type (Figure 3). Notably, reflections corresponding 
to the 002 and 012 planes are substantially suppressed. 
Additionally, the peak position of the -120 and 013 
planes poorly agree with the standard pattern and are 
shifted in opposite directions (-120 to higher and 013 to 
lower 2θ values). These differences can be accounted for 
by slight changes in lattice parameters; specifically, a 
1.4% suppression in a and b along with a 3.4% expansion 
along c. A literature survey of compounds that possess a 
similar a/c ratio reveals a large class of ternary zinc anti-
monides that crystallize in the CaZn2Sb2-type structure. 

The CaZn2Sb2 structure is a layered variant of the 
LiGaGe structure type where slabs of tetrahedrally coor-
dinated [Zn2Sb2]2- are separated by layers of Ca2+ (Figure 
4). The structure of this Zintl phase has been thoroughly 
investigated as a promising thermoelectric.47,48 There is 
ample precedent for all crystallographic positions hav-
ing substantial mixing and disorder. In the case of a ter-
nary phase forming from Li, Zn, and Sb, a very likely 
site preference would be Li+ replacing Ca2+ to form the 
cationic layer, while Zn and Sb continue to form the tet-
rahedral anionic slab. 

 

 
Figure 4. Unit cell and local environments for (a) h-
LiZnSb and (b) h*-LiZnSb. Extended supercell of the two 
ternary hexagonal structures highlighting the 3D (c) and 
2D (d) nature of the tetrahedral [ZnSb] anionic layer. 
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The CaZn2Sb2-type has three unique crystallographic 
sites, one for each element (Figure 4). To properly charge 
balance, the anionic slab needs to have an overall charge 
of -1 per unit cell, to be compensated by the one Li+ per 
unit cell. This can either be achieved through a slightly 
zinc rich tetrahedral layer of [Zn2.2Sb1.8]-, or through va-
cancies in the Sb position to give a composition of 
[Zn2Sb1.66]-. Additionally, doping Zn2+ into Li+ sites within 
the cationic layer is supported by their nearly identical 
effective ionic radii: 76 pm for Li+ vs. 74 pm for Zn2+,49 as 
in the case of Li2ZnSb.50 It is possible these three options 
could occur together in a relatively disordered structure. 

To probe possible structures, the Vienna Ab Initio 
Simulation Package (VASP) was used.51,52 A conjugated 
algorithm was applied to the structural optimization 
with an 11×11×11 Monkhorst-Pack k-point grid.53 The 
theoretical lattice parameters of LiZn2Sb2, calculated us-
ing the LDA, are a = 4.11 Å and c = 7.20. This is slightly 
smaller (by only 3.0 %) than the experimentally observed 
lattice constants of a = 4.43 Å and c = 7.40 Å, which 
agrees well with the typical level of underestimation 
obtained with LDA for similar systems.54 Aside from 
changes in lattice parameters, no further changes oc-
curred in the local site environments or structure. 

Phase evolution: From Zn unary seeds to LiZnSb 

ternary. To further probe the formation mechanism of a 
ternary phase at the microscopic level, we followed the 
phase evolution of h*-LiZnSb over time. More specifical-
ly, we injected triphenylstibine (80 mM) to a solution of 
40 mM n-butyl lithium and 40 mM diethylzinc in a mix-
ture of 1-octadecene and trioctylphosphine at 240 °C, 
retrieved small aliquots at different times, and isolated 
and analyzed the solids produced by XRD, X-ray photo-
electron spectroscopy (XPS), and transmission electron 
microscopy (TEM) (see Experimental). The injection of 
triphenylstibine into a solution of Li and Zn precursors 
helps in generating the intermediate Zn metal seeds that 
are required for this reaction, and is different from what 
was utilized in our original synthesis of MgAgAs-type c-
LiZnSb. 

Immediately upon injection, the only crystalline phase 
present is Zn metal, formed from the reduction of dieth-
ylzinc by n-butyllithium (Figure 5).55 The amount of Zn 
decreases over the next 15 min, and is no longer observ-
able after 30 min. Also, a large amorphous peak evolves 
in the first 15 min that is absent at longer time steps. This 
peak has a maximum intensity centered around 2θ = 
28.48 degrees, which corresponds to the most intense 
reflection of elemental Sb. XPS of early reaction (12 min) 
samples shows the coexistence of three peaks in the Sb 
3d5/2 and 3d3/2 regions (Figure 6). The most intense peak 
is located at 528.3 eV and 537.8 eV for 3d5/2 and 3d3/2, re-
spectively, in good agreement with zerovalent Sb.56 Ad-

ditional XPS peaks observed at higher binding energies 
are assigned to higher Sb oxidation states of +3 and +5, 
likely corresponding to free (unreacted) and surface-
bound triphenylstibine. 

 

 
Figure 5. Powder XRD of solids isolated during the op-
timized synthesis of h*-LiZnSb (Tinj = 150 °C, Tgrow = 280 
°C, [Li] = [Zn] = 40 mM, [Sb] = 80 mM, see Experimental). 

 

 

 
Figure 6. XPS of solids isolated during the optimized 
synthesis of h*-LiZnSb (Tinj = 150 °C, Tgrow = 280 °C, t = 12 
min, [Li] = [Zn] = 40 mM, [Sb] = 80 mM, see Experi-
mental). Typical peak positions of Sb5+, Sb3+, and Sb0 are 
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given by the dashed blue, green, and red curves, respec-
tively.53  

 

To investigate the spatial relationship between the ini-
tially formed Sb phase and Zn seeds, we used energy-
dispersive X-ray spectroscopy (EDX) (Figure 7). Interest-
ingly, the Zn and Sb are found colocalized across parti-
cles instead of phase segregated. Their average ele-
mental composition is 48.3±0.7% and 51.7±0.7% for Zn 
and Sb, respectively, closely matching the anticipated 
composition of 1:1. Observed lattice fringes correspond 
to the most intense reflection (011) of Zn. Further, select-
ed area electron diffraction (SAED) shows sharp and 
diffuse rings that correspond to Zn and Sb reflections, 
respectively (see SI). 

 

  

Figure 7. Representative EDX elemental mapping of h*-
LiZnSb produced after 12 min at 280 °C (Tinj = 150 °C, 
Tgrow = 280 °C, t = 12 min, [Li] = [Zn] = 40 mM, [Sb] = 80 
mM, see Experimental). 

 

These data support a ternary formation mechanism 
that progresses in three steps (Scheme 2). First, Zn seeds 
are formed by the rapid reduction of diethylzinc from n-
butyllithium. Second, amorphous Sb surrounds the Zn 
seeds and, finally, interfacial solid-state diffusion occurs 
between these two domains, resulting in crystalline h*-
LiZnSb. Unfortunately, due to the atomic number 
threshold of EDX, it is not possible to track the position 
of the light Li throughout the reaction using this tech-
nique. Li is likely either intercalated into the Zn seeds or 
amorphous Sb. Powder XRD data of a ‘0 min’ sample 
(removed and isolated immediately upon injection) does 

not show a change in lattice constant, and the peaks are 
not substantially broadened, which makes the intercala-
tion of Li into the Zn seeds unlikely. This mechanism is 
consistent with what was observed for LiZnP, as well as 
binary phosphides.55,57-63 

 

Scheme 2. Mechanism of formation h*-LiZnSb. 

 
 

Stability of hexagonal- vs. cubic-LiZnSb. Previous 
calculations indicated that c-LiZnSb is more thermody-
namically stable than its better known hexagonal poly-
type.6,8 Given that solution phase synthesis allowed us to 
isolate an extended hexagonal (h*-LiZnSb) version of 
LiZnSb, we sought to determine whether this phase 
could transform into c-LiZnSb through thermal anneal-
ing. 

In situ XRD experiments performed on the 17-BM 
beamline at Argonne National Laboratory's Advanced 
Photon Source (APS) show similar decomposition path-
ways for h*-LiZnSb and c-LiZnSb. As expected from the 
strong 3D covalent (ZnSb)- zinc-blende sublattice, the 
thermal stability of c-LiZnSb is higher than that of the 
pseudo-two-dimensional (2D) layered h*-LiZnSb (Figure 
4). Decomposition temperatures are 360 °C for c-LiZnSb 
vs. 240 °C for h*-LiZnSb. Interestingly, a high thermoe-
lectric figure of merit calculated for c-LiZnSb assumed a 
hot-side temperature in the range of 230–330 °C,6 and 
our results indicate that this phase should be stable in 
this temperature range. Following ternary decomposi-
tion, metallic antimony is observed with a minority 
phase ZnO. Upon reaching 632 °C, Sb melts and ZnO is 
the only crystalline product. Critically, while the major 
decomposition products of h*-LiZnSb were also Sb and 
ZnO, a small peak that corresponds to the most intense 
(111) reflection of c-LiZnSb begins to evolve at 335 °C. 
This peak becomes more intense with further heating to 
632 °C but remains the minority phase with Sb metal 
being the majority. 
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Figure 8. Variable temperature powder XRD data of h*-
LiZnSb collected with a heating rate of 15 °C/min on 
from RT to 717 °C. Only h*-LiZnSb (labeled with *) is 
observed until 145 °C, where Sb begins to crystallize. h*-
LiZnSb has completely decomposed by 240 °C, where Sb 
and ZnO are the primary crystalline components. After 
the melting of Sb at 632 °C, only ZnO is observed. The 
single peak attributed to c-LiZnSb is denoted as ‡. 

In agreement with the beamline study, variable tem-
perature or ‘hot-stage’ XRD and thermogravimet-
ric/differential thermal analysis (TGA/DTA) show that 
heating h*-LiZnSb from room temperature (RT = 21 °C) 
up to 150 °C results in no significant changes. However, 
amorphous Sb begins to crystallize after 200 °C. This 
corresponds to an exothermic transition at 204 °C. Addi-
tionally, h*-LiZnSb decomposes by 250 °C. Further heat-
ing does not evolve more major phases. Elemental anti-
mony is observed until its melting point, which coin-
cides with a large endothermic transition at 633 °C (see 
SI). 

Synthetic control of phase dimensionality: Ternary 

vs. binary (Li)-Zn-Sb. Exploring different reaction times 
and antimony concentrations allowed us to successfully 
synthesize binary ZnSb (Figure 3). ZnSb adopts an or-
thorhombic crystal structure with one unique crystallo-
graphic position for both Zn and Sb (Figure 1). The co-
ordination around Zn is a distorted tetrahedron of Sb, 
whereas the Sb local environment is a square pyramid 
comprised of four Zn and one Sb. These local environ-
ments and composition mimic the 2D tetrahedral layers 
contained within the ternary h*-LiZnSb described above. 

ZnSb evolves after 2 h during the synthesis of h*-
LiZnSb, in agreement with the low thermal stability of 
the latter. When [Sb] > 160 mM initial concentrations are 
used, ZnSb is the majority crystalline phase, becoming 
the only product after 4 h reaction. Therefore, longer 
reaction times lead to leaching of the cationic Li layers. 

This leaching can be inhibited through the use of excess 
lithium, which is consistent with the decomposition 
product at higher Li concentrations being c-LiZnSb. The 
concentrations of Zn and Li precursors also dictate 
whether ZnSb or c-LiZnSb are formed. When [Zn] = [Li] 
= 40 mM, c-LiZnSb is observed after 4 h at 260 °C. When 
for [Zn] = 80 mM and [Li] = 40 mM, no c-LiZnSb is ob-
served and instead the majority phase is ZnSb. 

We also find that β-Zn8Sb7 forms at short reaction 
times and 215 °C.30 This is exciting as all zinc antimonide 
binaries have shown high thermoelectric figures of mer-
it. Studies of ZnSb have been limited by its high thermal 
conductivity.64,65 However, our facile, low-temperature 
solution-phase synthesis could be useful as a means of 
mitigating this problem, as it allows for reduction in 
grain size or nanostructuring.13, 66-69 

Characterization of LiZnSb using solid state NMR. 
Surface passivating ligands are a critical feature of phas-
es prepared by low-temperature solution-phase synthe-
sis. To probe the presence and identity of surface-bound 
ligands, we utilized solid-state (ss) NMR spectroscopy. 
Magic angle spinning (MAS) 1H spin echo ssNMR spec-
tra of h*-LiZnSb and c-LiZnSb show distinct peaks 
which can be assigned to triphenylstibine (Ph3Sb) and 1-
octadecene (ODE) (see SI). This is further confirmed by 
1H-13C cross polarization (CP) spectra, which show the 
same two carbonaceous species. In order to get a better 
understanding of the spatial relationship between Ph3Sb 
and ODE, we acquired 1H double quantum-single quan-
tum (DQ-SQ) 2D spectra (Figure 9 and SI). The presence 
of a peak in the DQ-SQ spectrum indicates that two 1H 
nuclei are near each other. The chemical shift in the indi-
rect DQ dimension (δDQ) is determined by the sum of the 
two SQ chemical shifts (δSQ) that generate the DQ coher-
ence. Therefore, the signals along the diagonal are due to 
aggregation of similar species, while off-diagonal inten-
sities indicate that some Ph3Sb and ODE are close one 
another. For example, the ODE peak at ca. δSQ = 0.9 ppm 
and the Ph3Sb peak at ca. δSQ = 7.3 ppm show a cross-
peak at ca. δDQ = 8.2 ppm (see red line in Figure 9), indi-
cating the close spatial proximity of some of these spe-
cies on the surface. 
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Figure 9. 2D dipolar double quantum–single quantum 
(DQ-SQ) correlation spectrum of h*-LiZnSb obtained 
using BABA dipolar recoupling. 

 

Proton detected dipolar-refocused insensitive nuclei 
enhanced by polarization transfer (D-RINEPT) ssNMR 
experiments are selective for half-integer quadrupolar 
nuclei that are spatially close (dipolar coupled) to pro-
tons. Because protons are unlikely to be located within 
the interior (bulk) of h*-LiZnSb, 2D 7Li→1H D-RINEPT 
spectra are surface-selective, showing 7Li sites that are 
proximal to 1H on both Ph3Sb and ODE (Figure 10). A 
comparison between the positive projections of the 2D 
D-RINEPT HETCOR spectra along the 7Li dimension 
and 7Li spin echo spectra shows relatively similar line 
shapes and linewidths. However, surface 7Li nuclei 
show longer longitudinal relaxation times compared to 
bulk 7Li (Figure 11). This may be attributed to the pres-
ence of a highly passivated surface with perfectly coor-
dinated ligands, while the inside of the particles may 
contain defects, leading to a slightly shorter T1 (see be-
low). 

 

 

Figure 10. Surface-selective 1H detected 2D 7Li→1H D-
RINEPT of h*-LiZnSb. The appearance of through space 
cross-correlation peaks between Li and H indicates the 
surface environment of LiZnSb. 

 

 
Figure 11. Comparison of the 7Li spin echo spectra and 
positive projections of the 7Li dimension from the 2D 
7Li→1H D-RINEPT spectra for cubic MgAgAs-type 
LiZnSb (a, b) and h*-LiZnSb (c, d). 7Li spin echo spectra 
show all Li chemical environments. 7Li-1H D-RINEPT 
involve magnetization transfer between 7Li and 1H, 
which only involves surface lithium sites. 

 

Finally, we sought to use ssNMR to probe the local co-
ordination environment around Sb. Antimony has two 
NMR active isotopes: 121Sb and 123Sb. Based on its higher 
natural abundance (57.2%) and smaller nuclear quadru-
pole moment (-54.3±1.1 fm2), the former is more amena-
ble to ssNMR. For example, the 121Sb ssNMR spectrum of 
KSb(OH)6 at 21.14 T using the WURST-QCPMG and 
quadrupolar echo pulse sequences showed an overall 
central transition linewidth of ca. 450 kHz.2 However, 
even compounds with high, near-tetrahedral or octahe-
dral symmetry can show broad 121Sb ssNMR spectra. In 
fact, electric field gradient (EFG) parameters of various 
antimony-based compounds calculated using CASTEP70 
predict very large 121Sb quadrupole coupling constants 
(CQ). A large CQ results in very broad 121Sb ssNMR spec-
tra, often hampering both acquisition and interpretation. 
The calculated CQ of cubic LiZnSb is zero, as expected 
for a perfect, spherically symmetric charge distribution 
in a cubic space group. However, the static 121Sb ssNMR 
spectrum of cubic LiZnSb at 9.4 T shows a single site 
with an unexpectedly large CQ of 74 MHz. The substan-
tial difference between the calculated and experimental 
CQ values implies that there must be homogenously dis-
tributed impurities or defects, likely arising from multi-
ple coloring patterns or superstructures, that must be 
present and result in a sizable electric field gradient and 
CQ for 121Sb.6,71  
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In summary, we have explored the diverse phase 
space generated from the solution-phase reaction be-
tween triphenylstibine, n-butyllithium, and diethylzinc. 
Depending on reaction time and temperature, we are 
able to selectively synthesize six different crystalline 
phases: Zn, Sb, ZnSb, Zn8Sb7, extended h*-LiZnSb, and c-
LiZnSb. A previously unreported CaZn2Sb2-type ternary, 
extended hexagonal LiZnSb is a layered variant of the 
hexagonal LiGaGe-type LiZnSb seen from high tempera-
ture reactions. Antimony concentration and temperature 
are the main factors affecting the selectivity between 
hexagonal CaZn2Sb2-type and cubic MgAgAs-type 
LiZnSb (the latter is formed at higher Sb concentrations 
and higher growth temperatures). Using a combination 
of powder XRD, XPS, and EDX, we studied the phase 
evolution of CaZn2Sb2-type LiZnSb, and identified a 
mechanism for its formation. Using high temperature 
diffraction experiments, we find that cubic MgAgAs-
type LiZnSb is more thermodynamically stable than 
CaZn2Sb2-type LiZnSb. Further, the latter appears to 
transition to MgAgAs-type c-LiZnSb upon heating. 

A staple of crystalline semiconductors prepared by 
low-temperature solution-phase or soft chemistry meth-
ods is the presence of surface passivating ligands. Using 
solid state (ss) NMR, we have identified the presence of 
ODE and Ph3Sb on the surface of both cubic MgAgAs-
type and CaZn2Sb2-type LiZnSb crystallites. Additional-
ly, ssNMR confirms the presence of Li within these crys-
tals. Finally, ssNMR supports multiple coloring patterns 
or superstructures are present in the cubic MgAgAs-type 
structure. In conclusion, the Li-Zn-Sb phase space ap-
pears to be extremely rich with many promising thermo-
electric materials already revealed. We hope that this 
report will spark additional investigation into the solu-
tion phase synthesis and optimization of binary and ter-
nary zinc antimonides. 

 

EXPERIMENTAL 

Materials. 1-octadecene (ODE, technical grade, 90%), 
diethylzinc (Et2Zn, 56 wt. % Zn), and n-butyllithium (n-
BuLi, 1.6 M in hexane) were purchased from Sigma; tri-
phenylstibine (Ph3Sb, 97%) and tri-n-octylphosphine 
(TOP, 97%) were purchased from Strem. All chemicals 
were used as received. Stock solutions were made with 
ODE as the solvent with concentrations of 0.8 M, 0.4 M, 
and 0.4 M for Ph3Sb, n-BuLi, and Et2Zn, respectively.  

Synthesis. Note: In all cases, ODE and/or TOP were 
degassed under dynamic vacuum prior reaction (0.5–2 h 
at 120 °C). Parallel Screening. 0.4 M Ph3Sb (1–8 mL, 40–320 
mM) in ODE was diluted to a total volume of 8 mL (with 
ODE and/or TOP), and heated to the desired Tinj. 0.4 M 
Et2Zn (1–2 mL, 40–80 mM) in ODE and 0.4 M n-BuLi (1–2 
mL, 40–80 mM) were injected in quick succession. The 

mixture was heated and kept at the desired Tgrow. Opti-

mized Synthesis of h*-LiZnSb ternary. TOP (3 mL) and 
ODE (4 mL) were heated to 120 °C under Ar. A mixture 
of 0.4 M n-BuLi (1 mL, 40 mmol) and 0.4 M Et2Zn (1 mL, 
40 mmol) in ODE was injected. The mixture was heated 
and kept at 240 °C for 15 min. Next, 0.8 M Ph3Sb (1 mL, 
80 mmol) was injected, and the mixture heated and kept 
at 280 °C for 30 min. Optimized Synthesis of c-LiZnSb ter-

nary. A mixture of 0.4 M n-BuLi (1 mL, 40 mmol) and 0.4 
M Et2Zn (1 mL, 40 mmol) in ODE was injected into a 
solution containing TOP (3 mL) and ODE (4 mL) at 120 
°C. The mixture was heated and kept at 240 °C for 15 
min, followed by heating to 310 °C. 0.8 M Ph3Sb (0.5 mL, 
40 mmol) in ODE was injected and the temperature 
maintained at 310 °C for 2 h. Optimized Synthesis of ZnSb 

binary. 0.8 M Ph3Sb solution in ODE (5 mL, 400 mmol) 
and TOP (3 mL) were heated to 185 °C. A mixture of 0.4 
M Et2Zn (1 mL, 40 mmol) and 0.4 M n-BuLi (1 mL, 40 
mmol) in ODE was injected. This mixture was then heat-
ed and kept at 220 °C for 4 h. Isolation. After cooling to 
RT, solids were isolated after twice diluting with toluene 
(3–10 mL), crashing with ethanol (5 mL), and centrifuga-
tion (5000 rpm for 10 min). 

Characterization. Powder X-ray diffraction (PXRD) 
data were measured using Cu Kα radiation on a Rigaku 
Ultima IV diffractometer. Transmission electron micros-
copy (TEM) and energy dispersive X-ray spectroscopy 
(EDX) were conducted on carbon-coated copper grids 
using a FEI Titan Themis Cubed Aberration Corrected 
Scanning Transmission Electron Microscope.  

XPS. X-Ray photoemission spectroscopy (XPS) meas-
urements were performed using a Kratos Amicus/ESCA 
3400 instrument. The sample was irradiated with 240 W 
non-monochromated Mg Kα x-rays, and photoelectrons 
emitted at 0° from the surface normal were energy ana-
lyzed using a DuPont type analyzer. The pass energy 
was set at 75 eV. CasaXPS was used to process raw data 
files.  

Hot-Stage XRD. Variable temperature powder XRD 
was conducted using a Panalytical X'Pert Pro MPD sys-
tem fitted with an Anton Paar HTK1200N furnace and 
an X'Celerator detector. Diffraction measurements with 
Cu-Kα radiation were taken at temperature steps from 
25°C to 550 °C. The sample was heated to the specified 
temperature and held during the measurement under 
flowing helium.  

Variable temperature synchrotron powder XRD data 
were collected at the synchrotron beamline: 17-BM at the 
Advanced Photon Source (APS) at Argonne National 
Lab (ANL). Samples were loaded into silica capillaries 
(0.5 mm ID; 0.7 mm OD) and sealed under vacuum. The 
sealed capillaries were placed inside a secondary shield 
capillary in the flow furnace, with a thermocouple set as 
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close as possible to the end of the inner capillary.72 Data 
were collected with λ = 0.24128 Å on heating from RT to 
~700 °C and on cooling; with the heating rate of 10–15 
°C/min, and 20 °C /min for cooling. Diffraction data 
were acquired continuously with 1 min collection times. 
Temperature calibration was applied by calibration us-
ing the melting points of elemental Sn, Sb, Ge. 

TGA-DTA. Thermal analysis was conducted using a 
TA Instruments SDT 2960 (simultaneous DTA-TGA).  
The apparatus has a micro-balance sensitivity of 0.1 mi-
cro-grams and temperature sensitivity (for DTA) of 0.001 
°C.  The apparatus can be used to study material trans-
formations over a temperature range from ambient to 
1500 °C. Experiments were conducted in an N2 atmos-
phere (dynamic, flow rate = 100 mL/min), from ambient 
to 690 °C at a scanning rate of 5 °C/min.  The experi-
ments were conducted with alumina sample pans (size = 
90 µL). Calcined alumina was used in the reference pan. 
A nominal sample size of 20 mg was used. 

Solid-state NMR. All moderate-field [B0 = 9.4 T, ν0(1H) = 
400.5 MHz, ν0(7Li) = 155.6 MHz, ν0(13C) = 100.7 
MHz, ν0(121Sb) = 95.8 MHz] solid-state (ss) NMR experi-
ments were performed on a Bruker Avance III HD spec-
trometer with a wide-bore magnet. A Bruker 1.3 mm HX 
double resonance MAS probe was used to perform all 
fast-MAS experiments at a spinning rate (νrot) of 45 kHz. 
1H NMR shifts were referenced to neat Tetrame-
thylsilane using adamantane (δiso(1H) = 1.82 ppm) as a 
secondary standard. Previously published relative NMR 
frequencies73 were used to indirectly reference 7Li, 13C 
and 121Sb chemical shifts. All experiments were per-
formed using optimum recycle delays of 1.3 × T1; the 
recycle delays and number of scans of all experiments 
are listed in the SI. All the NMR spectra were processed 
in Topspin 4.0. 

1H ssNMR. 1H MAS NMR spectra were acquired using 
a Hahn echo sequence; all NMR experiments were per-
formed with 2.5 µs and 5 µs π/2 and π pulses respectively 
on the 1H channel. 1H radiofrequency (RF) fields were 
calibrated directly on each sample using a π/2-spin-lock 
pulse sequence to find the 2nd order rotary resonance 
recoupling (R3) conditions (2 × νrot).74  1H DQ-SQ 2D spec-
tra were acquired using the BABA recoupling method 
75with a one rotor cycle duration each for DQ excitation 
and reconversion, and π/2 pulse lengths of 2.5 µs.  

7Li ssNMR. 7Li MAS NMR spectra were acquired using 
a Hahn-echo sequence with central transition (CT) selec-
tive π/2 and π pulses lengths of 1.5 µs and 3 µs respec-
tively. 1H detected 7Li→1H D-RINEPT spectra were ob-
tained with a short recoupling time of 6 rotor cycles per 
recoupling block for near-surface characterization. The 
T1 of the surface 7Li sites were obtained using the 1H de-
tected 7Li→1H D-RINEPT pulse sequence with an addi-

tional saturation recovery block before the D-RINEPT 
transfer block.76 

13C ssNMR. 1H detected 1H{13C} CP-HETCOR and di-
rect detected 1H→13C CP spectra were acquired using 
spin-lock RF fields of ca. 125 kHz and 80 kHz on the 1H 
and 13C channels respectively, and a 13C π/2 pulse length 
of 2.5 µs. The 1H spin-lock RF fields were optimized di-
rectly on the samples with a fixed 13C spin-lock RF field 
to meet the Hartmann-Hahn CP match conditions. 80%-
100% amplitude ramped spin-lock pulses were em-
ployed for the 1H spin-lock during all CP experiments. 
Heteronuclear 1H decoupling was applied at a RF field 
of 22.5 kHz (0.5 × νrot) for the 7Li and 13C experiments. 

121Sb ssNMR. The 121Sb static NMR spectrum was ac-
quired using the QCPMG pulse sequence by the piece-
wise frequency-stepped acquisition technique with a 
step-size of 250 kHz, spanning a total spectral width of 
ca. 14 MHz.77 Each QCPMG spectrum was acquired with 
a spectral window of 2 MHz and an echo train compris-
ing of 20 echoes of 20 s duration each.  The simulated 
121Sb spectrum was generated using QUEST78 with the 
EFG parameters showed in the SI. The CASTEP68 pro-
gram was used to calculate 121Sb electric field gradient 
(EFG) tensor parameters of a list of antimony-based 
compounds according to the previous reported calcula-
tion procedure, using the Materials Studio 2017 R2 envi-
ronment (see SI).79 All calculations used the Perdew-
Burke-Ernzerhof (PBE)80 generalized gradient approxi-
mation functional with the Tkatchenko-Scheffler disper-
sion correction81 and ultra-soft pseudopotentials gener-
ated on-the-fly. All atomic positions were optimized and 
P1 symmetry was imposed on the unit cell prior to per-
forming the NMR calculations. The NMR calculations 
were performed using the GIPAW method implemented 
in CASTEP.82,83 

Calculations. All VASP calculations used projected 
augmented-wave (PAW) pseudopotentials with a cutoff 
energy of 500 eV and a convergence energy of 1x10-6 
eV.84 A conjugated algorithm was applied to the struc-
tural optimization with an 11 × 11 × 11 Monkhorst-pack 
k-points grid.50 During structural optimizations, atomic 
coordinates as well as cell volumes were allowed to re-
lax. Total energies were calculated using the tetrahedron 
method with Blöchl corrections applied.85 VASP calcula-
tions treated exchange and correlation by either the local 
density approximation (LDA) or the Perdew-Burke-
Ernzerhof (PBE) generalized gradient functional in the 
case of total energy calculations. Denser k-meshes were 
used but found to yield similar results. 

ASSOCIATED CONTENT  

Supporting Information. Additional XRD, NMR, TEM, 
EDX, TGA-DTA, and selected optoelectronic and transport 
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data can be found in the Supporting Information. This ma-
terial is available free of charge via the Internet at 
http://pubs.acs.org. 
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