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From Atomistic Surface Chemistry to Nanocrystals of
Functional Chalcogenides
Volker L. Deringer and Richard Dronskowski*
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S ynthesis and utilization of nanocrystals are highly active fields of
current research, but they require a thorough understanding of the
underlying crystal surfaces. In this Minireview, we span the arc from
surfaces to free nanocrystals, and onward to their chemical synthesis,
using as examples lead selenide (PbSe), tin telluride (SnTe), and their
direct chemical relatives. Besides experimental insights, we highlight
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the increasingly influential role played by quantum-chemical simu-
lations of surfaces and nanocrystals. What can theory do today, or

possibly tomorrow; where are its limits? Answering these questions,
and skillfully linking them to experiments, could open up new atom-
istically (that is, chemically) guided perspectives for nanosynthesis.

1. Introduction

The synthesis of atomically well-defined structures has
always been a central target of chemistry. The ongoing
exploration of the nanoscale has not changed this—on the
contrary, it gives rise to new functionalities, aesthetic geo-
metric structures at times, as well as a healthy dose of
interdisciplinarity.!! Today, rationally planned syntheses af-
ford nanocrystals with precise size and shape control,”! and
beyond these isolated building blocks, researchers aim to
construct so-called “superlattices”:® freshly synthesized
nanocrystals are precisely assembled to form, as “pseudo-
atoms”, well-ordered packing schemes, such as cubic body-
centered or cubic close-packed.[*

Not only in this case does the relationship to traditional
solid-state chemistry become apparent: many ingredients of
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nanochemistry have been listed in
Gmelin’s classical handbook for de-
cades, and this holds in particular for
the chalcogenides of the fourth main
group (“IV-VI semiconductors”).l¥
The lead salts PbS and PbSe today
are found in solar cells®™ or photodetectors,® whereas PbTe is
used in nanostructured thermoelectrics;”! finally, SnTe estab-
lished the materials class of topological crystalline insulators'®
which have fascinating electronic properties: conducting at
the surface, insulating in the bulk. Understandably, these
compounds have evolved into prototypes of nanoscale
materials, in chemistry and beyond.

In addition to creative synthetic and analytic techniques,
the toolkit of nanochemistry is increasingly augmented by
quantum-chemical simulations which are mostly carried out
using density-functional theory (DFT). Today, theory is no
longer restricted to “only” reproducing experimental data,
but can often unfold predictive power of its own: recent
successful examples include tailor-made magnetic interme-
tallics,'!! transparent conducting materials,"? or biocompat-
ible alloys."®! We do believe that realistic simulations and,
ultimately, quantum-chemically supported synthesis planning
could likewise be targets for nanochemistry; long-term
targets, but highly desirable ones.

In this Minireview, we aim to push this quest forward. We
face the task in a “retrosynthetic” way, that is to say: we must
move from superlattices back to single nanocrystals, and
understand shape and properties of the single nanocrystals
based on the individual surfaces involved (Figure 1). Thereby,
we implicitly assume thermodynamic control: the more stable
a particular surface, the more it contributes to the crystal
shape. Hence, kinetic aspects are, for the time being, ignored
in this approximation,' and we will discuss cases where
doing so is justified; nonetheless, we stress that nucleation and
growth of nanocrystals can be simulated nowadays, as well."”!
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Figure 1. Lead selenide (PbSe) in nanocrystalline form and the link to
the underlying crystal facets. a) Well-ordered 2D superstructure, re-
corded using transmission electron microscopy (TEM); the electron-
diffraction pattern (inset) shows the single-crystallinity.** Adapted with
permission from Ref. [3b]. Copyright 2013 American Chemical Society.
b) TEM close-up of a single nanocrystal; the facets involved are
labeled.”! Reprinted with permission from Ref. [9]. Copyright 2010
American Chemical Society. c) Basic crystal morphologies in the rock-
salt type, determined by the ratio of surface energies v,. Visualization
was done using VESTA."

Table 1 provides an overview and thus also an outline for the
following Sections. For reasons of brevity, we focus on the IV—
VI semiconductors. For the backgrounds of the theoretical
methods, we refer the reader to excellent texts on ab initio
surface chemistry® and the modeling of nanoparticles.!”

2. Free Surfaces

Manufacturing isolated, free surfaces is achieved by
epitaxy—traditionally a specialty of semiconductor physics,
but also of electrical engineering—and has a long and proud
history in the field of IV-VI compounds.”””! Besides electrical
measurements, the structures at surfaces have been of prime
interest from the beginning. For example, the ideal rocksalt-
type (111) surfaces are densely covered exclusively by one
atomic species: that is, in lead selenide, completely covered by
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Pb or completely covered by Se—or a reconstruction is
formed (in crystal-chemical language: a 2D superstructure) to
saturate the bonds that had previously been cut apart. To
clarity this structural question, Rutherford backscattering was
applied to PbSe(111) and later to PbTe(111):?! both showed
Pb-terminated reconstructions and thus no dense surfaces.
Likewise, the near-surface bond lengths were explored early
on, for example, by low-energy electron diffraction (LEED)
on PbTe(001).72! We stress that both methods, notwithstand-
ing their clear advantages, do not allow for direct observations
of the surfaces, and thus detective work is often needed to
characterize the atomic structures.

Theory, if carefully used, can be a useful tool to comple-
ment experiment. For surface modeling, DFT with periodic
basis sets has been well established: to do so, a suitably
oriented slab is theoretically cleaved from the -crystal
structure and surrounded with artificial vacuum (Figure 2).
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Figure 2. Schematic drawing of slab models for the most important
crystal surfaces in the rocksalt type, deliberately disregarding recon-
structions for now. Both the slabs and the vacuum regions are
significantly larger in computational practice; in particular, simulations
of (111) reconstructions require laterally expanded supercells. On the
right-hand side, the inversion centers have been marked by asterisks.

This technique was applied to lead chalcogenide (001)
surfaces early on, initially with regard to structural parame-
ters and with the above-mentioned experiments setting the
bar.”®! Besides structures, however, the simulation also yields
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Table 1: Experimental methods for exploring surfaces and nanocrystals, and complementary quantum-chemical approaches (necessarily greatly

simplified).

Object Property Experiment

Theory

Atomic structure and sta-
bility

Isolated surfaces

Surface band structure
copy (ARPES)

Free nanocrystals Morphology
Electronic Spectroscopy
properties

Ligand-nanocrystal in-  Surface species and their ~ Spectroscopy

teractions bonding

Composition and mor-

phology (TEM)

Diffraction and scattering (e.g., LEED)

Angle-resolved photoelectron spectros-

Quantification (AAS, MS), imaging

DFT slab models (Section 2)

DFT and tight-binding band-structure computa-
tions!"®

Transmission electron microscopy (TEM) Wulff construction (Section 3)

DFT energy levels of entire nanocrystals!™

DFT slab models (Section 4)

DFT and multiscale simulations of ligand-cov-
ered particles!'”

total energies (which usually steer the structural optimiza-
tion); this makes the surface energy y immediately accessible,
unlike in experiments. The previously shown (001) and (011)
models contain both atom types in equal amounts; their y are
then obtained by comparing the computed energy of the
supercell (“SC”) to that of the crystalline AB phase [Eq (1)]:

V= % [Esc — Nap % EE&W)] 1)
Thereby, the supercell contains N, formula units and, at both
sides, exposes surfaces of area A. If the surfaces are not
stoichiometric (N, # Ng), an additional term enters the
equation which depends on the chemical potential u;, that is,
on the components’ availability, say, of element A [Eq. (2)]:*!

1 Crysl
Y= A [Esc — Nag X EX? 0~ (Na — NB),MA] (2)

This approach allows access to the dense rocksalt-type
(111) surfaces, as well (Figure 2, right).™ Generally, y is thus
a function of the chemical-potential landscape; its plot for
various competing surfaces is called the “surface phase
diagram”.?¥ In Figure 3a, as an example, we show one for
PbTe:? in harmony with chemical intuition, the charge-
neutral (001) surface is lowest and y, is constant (Np, = Nr.),
whereas the energies of both dense (111) alternatives come
out significantly higher. Among the (111) surfaces, the Te-
terminated one—denoted (111);—is more favorable over
a wide range, because at least formally it corresponds to
a fully filled electron octet; (111)p, on the other hand,
exhibits “dangling bonds” and is less favorable. The avail-
ability of lead, expressed via up,, grows from left to right, and
the energy of the (111)p, surface is lowered concomitantly.
Nonetheless, neither of the two dense, polar surfaces is stable
with regard to reconstructions (Figure 3b), as investigated in
detail in Ref. [26]. Vertical lines demarcate the accessible
range of potentials, which stems from thermodynamic laws
and can be quantified using DFT.*"
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What do such diagrams mean in practice? As Hoffmann
remarked in a highly readable Essay, computations (also for
nanochemical questions) are seldom about pure numbers, at
least primarily, but instead aim to recognize, understand, and
utilize chemical trends.”® An instructive example was con-
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Figure 3. a) Surface phase diagram for selected, dense PbTe surfaces.
Adapted with permission from Ref. [26]. Copyright 2013 American
Chemical Society. b) Simplified scheme for stabilizing dense surfaces:
in vacuum, they either form well-defined reconstructions (in the
example shown, every second surface cation is missing) or exhibit
surface “roughening”.””! In solution, suitable ligands may stabilize the
surfaces (Section 4). c,d) “Nanofaceting” as a special case of surface
roughening at PbSe(111), as observed in TEM images. Reprinted with
permission from Ref. [9]. Copyright 2010 American Chemical Society.
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tributed by Fang et al. who first computed surface energies of
PbSe; as in Figure 3a, the dense (111) surfaces emerged as
being unstable.’! Experiments then showed that {111} facets
of PbSe nanocrystals are indeed unstable after ligand removal
and quickly crumble on the atomic scale (Figure 3¢,d). Such
formation of “rough” surfaces is known, for example, from
metal oxides, where roughening likewise eliminates unstable
surfaces (and gives rise to interesting reactivities),?” in
addition to the above-mentioned precise reconstructions.
That being said, the globally most-stable option for the lead
chalcogenides is given by the charge-neutral (001) surface
(Figure 3a), and in nice agreement with this prediction,
annealing ultimately leads to {001}-dominated PbSe nano-
structures.”’

3. From Crystal Facets to Nanocrystals

Knowing about the isolated surfaces—and having com-
puted their stabilities—entire nanocrystals can now be
studied. A truly classical approach is based on the Gibbs—
Wulff theorem,” according to which a crystal attempts to
minimize the sum of surface energies involved. Once the
surface energies have been computed from first principles,
a polyhedron which predicts the equilibrium morphology of
a particle can be seamlessly constructed. Today, this technique
is widely used in materials chemistry and physics.*"!

We have recently been interested in the nanomorphology
of SnTe.®!! The compound, despite homologous composition,
strongly stands out from the heavier lead salts: while neither
PbSe nor PbTe expose unreconstructed (111) faces,”**! dense
tellurium-covered SnTe(111) surfaces are either stable or they
are not, depending on the chemical environment. Likewise,
the predicted Wulff polyhedron varies from strongly trun-
cated to cuboctahedral to an almost perfect cube (Figure 4a).

The experimental confirmation followed in the same year
and was likewise supported by DFT computations.”? In
particular, Li et al. succeeded in linking a rather abstract
quantity (ug.) to a measurable one, namely, the tellurium
partial pressure, and thus to the real synthetic conditions.”” In
the laboratory, tuning thus becomes available: at low temper-
atures, a vapor-liquid-solid (VLS) route®®! leads to {111}-
dominated nanostructures; at higher temperature, the volatile
tellurium evaporates, which lowers uy. and raises y,;;, and
almost perfectly cubic nanocrystals are formed (Figure 4).
The theoretical prediction is thus smoothly confirmed—
entirely due to the thermodynamic control. Subsequent
syntheses by other groups confirmed these findings,*¥ and
experimental aspects of shape-controlled SnTe nanostruc-
tures have recently been summarized in an interesting
article.”!

Wulff constructions are primarily done in vacuum, but
conceptionally they are by no means restricted to the vacuum.
It is possible to translate interface energies into a Wulff
construction for embedded crystallites, as Leitsmann et al.
have shown for PbTe nanocrystals in a CdTe matrix.** These
computations were validated by high-resolution TEM exper-
iments.”®! Even more complex models have been proposed
which incorporate additional parameters and afforded im-
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Figure 4. a) Wulff polyhedra for SnTe, based on DFT-computed surface
energies.®"! Copyright 2013 Wiley-VCH, Weinheim. b) Experimental
verification at the hand of SnTe crystallites grown at different temper-
atures. Adapted with permission from Ref. [32]. Copyright 2013 Amer-
ican Chemical Society. c) Likewise, from another study. Adapted with
permission from Ref. [34b]. Copyright 2014 American Chemical Soci-
ety.

pressive results, among others, for TiO,*” or CdSP! nano-
crystals. A similar “charting” of nanoscale IV-VI semi-
conductors could now indeed be valuable, and not only for
academic interest.””!

Let us not forget to point out the limits of the theories
described above, and thereby to answer one of the questions
posed in the Abstract. Necessarily founded on thermody-
namics, the present approach cannot capture kinetic barriers,
but these barriers can be game-changing especially when
studying wet-chemical syntheses. DFT models are usually
rather small, owing to the limited computational power, and
simply cannot reflect too complex structures.”” And: there
are cases where atomic structure and nanomorphology do not
“fit” at all,"!! and then the theory presented herein does not
stand any chance.

4. Ligands and Wet-Chemical Synthesis

Whereas the previous Section was concerned with free
nanocrystals grown by vapor-phase deposition, there is
a second pathway: wet-chemical syntheses proceed via
suitable, mainly organic ligands™*’ which can directly influ-
ence reactions and product properties.”**! In this Section, we
highlight atomistic insight into ligand-covered surfaces and
chemically synthesized nanocrystals,*!l again from a combined
perspective of experiment and theory.

As regards theory, Argeri et al.! studied the behavior of
typical ligands on PbSe surfaces: trioctylphosphine oxide
(TOPO), hexylamine, oleic acid, and oleate. “Chopping off”
the hydrocarbon units enabled DFT simulations (Figure 5a):
naturally, propionic acid differs from oleic acid (right-hand
side of Figure 5a) in physical properties, but the chemical
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Figure 5. a) Typical ligands used in the synthesis of PbSe nanocrystals
and the way toward their quantum-chemical modeling.*! Structural
drawings adapted with permission from Ref. [45]. Copyright 2011
American Chemical Society. b) DFT modeling of oleate ligands on the
different crystal surfaces of PbSe. Adapted with permission from

Ref. [46]. Copyright 2012 American Chemical Society.

bonding of the acid group directly at the surface will be
similar, and only this bonding is of interest for the moment. It
is necessary to emphasize the fundamental importance of
careful chemical modeling which is required because of
chronically sparse computing power—a curse or a blessing,
depending on perspective, but in any case an ever-recurring
theme in the interplay of theory and experiment.

Later, Bealing et al.l*! succeeded in simulating entire
ligands (Figure 5b) and, much more importantly, in extending
and generalizing the PbSe Wulff shape (Section3) to
adsorbate-covered surfaces. In this way, new and more
general relationships for nanomorphology can be delineated,
which now additionally becomes dependent on the surface
coverage and is particularly influenced by contrasts in
adsorption behavior. For example, according to Lewis’ acid—
base concept, it seems chemically intuitive that a carboxylate
ligand (RCOQO™) is more attracted by a cation-covered (111)
surface than by its neutral (001) counterpart.>*! These
predictions were verified by directed syntheses at variable
ligand concentrations and using TEM experiments.?!

Experimentalists have additional local probes at their
disposal. In a seminal work, Moreels etal. clarified the
identity of preferred ligands and how they interact with the
nanoscopic substrate.””] For synthesis, lead acetate is initially
treated with oleic acid, whereas elemental selenium is mixed
with TOP; finally, both solutions are combined,***! which
makes two types of ligands principally possible. After
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Figure 6. Experimental and theoretical insight into the surfaces of wet-
chemically synthesized nanocrystals. a) 2D NMR spectra, overlaid for
free oleic acid (blue) and PbSe nanocrystals (red). Adapted with
permission from Ref. [47]. Copyright 2008 American Chemical Society.
b) Experimental Pb:Se ratios for differently sized PbSe particles,
determined in independent studies by mass spectrometry (data from
Ref. [48]; m) and by atomic absorption spectroscopy (data from

Ref. [49]; ®@). ) XPS data for PbS nanocrystals obtained by two
different synthesis routes (left), and atomistic models explaining the
hydroxylation observed (right). From Ref. [50]. Adapted with permis-
sion from AAAS.

isolating the as-synthesized PbSe nanocrystals, however, only
oleic acid shows its “fingerprint” in the two-dimensional
NMR spectrum (Figure 6a).

The composition of nanocrystals can also yield important
insight, indirectly so. The rocksalt-type (001) surfaces are
stoichiometrically precise (Section?2), and so are {001}-
controlled particles, whereas octahedral, {111}-dominated
ones need not be. Experimentally, it was now possible to
measure this very Pb:Se ratio of nanocrystals: by mass
spectrometry,®! and by atomic absorption spectroscopy™’!
(Figure 6b). Apparently, oleate-covered PbSe nanocrystals
prefer octahedral shapes, and thus Pb-terminated (111)
surfaces, as sketched on the right-hand side of Figure 6b;
this Pb excess can also be rationalized at the hand of
theoretical shape factors.™! Upon heating (and “burning
away” the ligands), cubes are obtained instead, because
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among the naked surfaces (001) is more favorable after all
(Section 2).

Recently published work has elucidated the properties of
PbS(111) surfaces as a function of reaction partners.""!
Figure 6¢ shows XPS spectra for two different synthetic
routes, water-free or in aqueous solution. Only in solution is
the presence of hydroxide ions detected. Theoretical model-
ing provides an atomistic picture: OH™ ions squeeze in
between the bulky oleate ligands.

From what has been said so far, the conceptual way finally
leads onward to oxidation processes. Again, we consider
adsorbates on chalcogenide surfaces, but oxidation is usually
an unwanted effect. The microscopic processes have been
studied, for example, on GeTe(111), using experiments
(XPS)P! and DFT slab models.’” Earlier work instructively
showed how near-surface sulfide ions on PbS(001) get
oxidized all the way to sulfate species.” For tin chalcogenide
nanocrystals in particular, '"Sn Maossbauer spectroscopy
turned out to be a useful local probe.”!! Finally, a joint
experimental-theoretical study showed how oxidation pro-
cesses can not only be understood, but ultimately prevented:
PbSe(001) surfaces were covered with halide ions and thus
protected them from decay.”

5. Summary and Outlook

In this Minireview, we have shown a way of going from
isolated surfaces to nanocrystals, using new bridges built
between experiment and theory. Deliberately, we have
focused on lead salts and on SnTe, but we want to give at
least a brief outlook along chemical relationships: to the
aforementioned cadmium chalcogenides,*** but also upward
to metal oxides, whose nanocrystals likewise fascinate by
virtue of new synthetic routes and properties.®®l The rocksalt
type, naturally, is only found in some of these cases, and more
complex structures likewise call for the use of more complex
slab models.

The huge materials class of oxides also serves to illustrate
methodological challenges. At times, transition-metal oxides
create massive problems for DFT computations,”” and even
for PbTe (which is more good-natured in this regard) the
absolute surface energies depend on the choice of DFT
functional.” Fortunately, new developments are in progress,
such as the random phase approximation®™ or multireference
methods for extended systems.”” The routine use of such
highly expensive techniques for surfaces and adsorbates is still
in the future, but should be a worthwhile goal; the skillful
creation of models will be mandatory once more, as it has
been for the first DFT computations (Section 4).

Ultimately, however, better computational methods will
not change the basic concepts: the tools are at hand today, at
least in principle, and in the future, jointly obtained atomistic
understanding must support the planning of new syntheses.
This could concern the choice of materials, but also that of
ligands, maybe even their rational design? Theory and
experimental probes, judiciously used together, could fur-
thermore give valuable guidance for the “bottom-up” assem-
bly of nanocrystal superlattices.
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