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CONSPECTUS: Chemically induced transformations are postsynthetic Nanocrystal Nanocluster
processing reactions applied to first generation (as-synthesized) a0 nml .
nanomaterials to modify property-defining factors such as atomic ™ Cation Anion Redox Alcohol
structure, chemical composition, surface chemistry, and/or morphol- bl i iy o
ogy. Compared with conditions for direct synthesis of colloidal n‘j:,';fu"if’o

nanocrystals, postsynthetic chemical transformations can be conducted
in relatively mild conditions with a more controllable process, which ”
makes them suitable for the precise manipulation of nanomaterials and

for trapping metastable phases that are typically inaccessible from the % .
conventional synthetic routes. Each of the chemically induced

transformations methods can result in substantial restructuring of the

atomic structure, but their transformation pathways can be very Chemically induced nanoscale transformation
different. And the converse is also true: the atomic structure of the

parent material plays a large role in the pathway toward and the resulting chemically transformed product. Additionally, the
characteristic length of the parent material greatly affects the structure, which affects the outcome of the reaction.

In this Account, we show how the atomic structure and nanoscale size directs the product formation into materials that are
inaccessible from analogous chemically transformations in bulk materials. Through examples from the three chemical transformation
processes (cation/anion exchange, redox reactions, and ligand exchange and ligand etching), the effect of the atomic structure on
chemical transformations is made apparent, and vice versa. For cation exchange, an anisotropic atomic lattice results in a
unidirectional exchange boundary. And because the interface can extend through the full crystal, a substantial strain field can form,
influencing the phase of the material. In the redox reaction that leads to the nanoscale Kirkendall effect, the atomic structure is the
key to inverting the diffusion rates in a diffusion couple to form the hollow cores. And for ligand etching, if one of the materials in a
heterostructure has a defected and\or defect-tolerant atomic structure, it can be preferentially etched and its atomic structure can
undergo phase transformations while the other composition remains intact. For length scales, we show how the chemically induced
transformations greatly differ between bulk, nanocrystal, and nanocluster characteristic sizes. For instance, the structural
transformation on relatively large nanocrystals (2—100 nm) can be a continuous process when the activation volume is smaller than
the nanocrystal, while for smaller nanoclusters (<2 nm) the transformation kinetics could be swift resulting in only discrete
thermodynamic states. Comparing the two nanosystems (nanocrystals to small nanoclusters), we address how their atomic structural
differences can direct the divergent transformation phenomena and the corresponding mechanisms. Understanding the nanoscale
mechanisms of chemically induced transformations and how they differ from bulk processes is key to unlocking new science and for
implementing this processing for functional materials.
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whose atomic phase is manipulated by the opposing forces

from the cation diffusion and the interfacial strain field.
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crystals. Nano Lett. 2014, 14, 12, 7090—7099." This
study reports how cation exchange on an anisotropic atomic
structure results in a dual interface epitaxial heterostructure,

© 2021 American Chemical Society https://dx.doi.org/10.1021/acs.accounts.0c00704

W ACS Publications 509 Acc. Chem. Res. 2021, 54, 509-519


https://pubs.acs.org/page/achre4/transformative-inorganic-nanocrystals
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haixiang+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Yao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+D.+Robinson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.accounts.0c00704&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00704?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00704?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00704?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00704?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/achre4/54/3?ref=pdf
https://pubs.acs.org/toc/achre4/54/3?ref=pdf
https://pubs.acs.org/toc/achre4/54/3?ref=pdf
https://pubs.acs.org/toc/achre4/54/3?ref=pdf
pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.0c00704?ref=pdf
https://pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org/accounts?ref=pdf

Accounts of Chemical Research

pubs.acs.org/accounts

e Ha, D.-H,; Moreau, L. M,; Bealing, C. R; Zhang, H,;
Hennig, R. G.; Robinson, R. D. The Structural Evolution
and Diffusion During the Chemical Transformation
from Cobalt to Cobalt Phosphide Nanoparticles. J.
Mater. Chem. 2011, 21, 31, 11498—11510.> This report
highlights the structure-directed diffusion processes that
occur during the nanoscale Kirkendall effect, with inward
diffusion dominating until the shell material crystallizes
and inverts the rates in the diffusion couple, resulting in a
hollow core.

e Nelson, A.; Ha, D.-H.; Robinson, R. D. Selective Etching
of Copper Sulfide Nanoparticles and Heterostructures
through Sulfur Abstraction: Phase Transformations and
Optical Properties. Chem. Mater. 2016, 28, 23, 8530—
8541.% This study reports on the trialkylphosphine-ligand
induced selective phase transformations and etching of one
component of a heterostructured nanocrystal, governed by
the atomic structures.

e Williamson, C. B.; Nevers, D. R.; Nelson, A.; Hadar, L;
Banin, U.; Hanrath, T.; Robinson, R. D. Chemically
Reversible Isomerization of Inorganic Clusters. Science
2019, 363, 6428, 731—735.* This study reports the first
instance of reversible isomerization in inorganic
materials, where the atomic structures switches dis-
cretely between two stable atomic states via a chemically
induced, diffusionless transformation.

1. INTRODUCTION

Chemical transformation of nanocrystals and nanoclusters
(CTNs) are the reactions that are performed on the first-
generation (as-synthesized) nanocolloids that effectively
modify their atomic structure, chemical composition, particle
size, and morphology.”® The motivations behind CTN
research are to understand how and if the mechanisms for
these reactions differ at the nanoscale compared to bulk, to
expand the scope of existing functional materials,” and to
explore new metastable phases that are inaccessible from a
conventional synthetic approach.® CTNs can produce new
nanomaterial forms with novel grozperties that are useful in
applications, such as catalysis,” > biosensing,'”'* optical
devices,"> solar cells,'® and transistors,'”® significantly
fostering the development of the materials engineering for
device integration.'” These examples clearly show the power of
chemical transformation approach to finely tune the properties
of nanomaterials to make them suitable for specific application.
For example, through a cation exchange process, a mixed
cesium and formamidinium lead triiodide perovskite system
achieves great energy conversion efficiency'® and CulnSe,
colloidal nanocrystals demonstrate good performance as a
field effect transistor.'” CTNs can be realized through several
postsynthetic methods such as redox reactions,”” ion exchange
(cation exchange and anion exchange),””** and ligand
treatment (ligand exchange and ligand etching),n’24 all of
which are typically conducted in relatively mild conditions
(e.g., at room temperature), compared to direct synthesis
techniques like hot injection or the heat-up method. Each
method can induce different compositional/structural trans-
formations through a variety of pathways typical and atypical of
common phase transformations. Likewise, the initial and
transitional atomic structure plays a key role in directing the
transformation product. The interplay between the chemical
transformation and the atomic structure has a complex

510

dependency on a variety of factors including: the size of the
parent nanocrsystals,n’25 the phase for the starting and ending
nanocrystals,”>>” preferential tendencies of cation diffusion
and crystal growth in multicomponent systems,”® lattice
mismatch, cation diffusion, and surface energy,29 crystal
vacancies,”’ volumetric change between the parent and child
unit cell,’’ and extent of the transformation process.”” For
example, the lattice mismatch of CdS and Ag,S can induce the
spontaneous formation of periodic structures in colloidal
nanorods® and cation vacancies in Cu,Se can direct the
formation of a Janus-like heterostructures made of immiscible
Cu,Se and ZnSe domains.”® When several chemical trans-
formation methods are employed simultaneously, the relation
to the initial atomic structure can be more complicated.’
Therefore, understanding the structural mechanisms of the
different postsynthetic reactions are critically important for
elucidating “nanosize” effects and for tailoring nanomaterial
properties.

The ion exchange method is a common route to change the
parent nanomaterial’s chemical composition.”*”> Both the
cation and anion can be exchanged to introduce new elements
through substitution of the original ions, with potentially
beneficial outcomes.” The driving force for cation exchange is
a balance between the solvation energy of the cations and the
binding energy for the lattice,* while the realization of anion
exchange can be explained by the theory of mass action and
reaction thermodynamics, which are associated with the
concentration and activation of the starting reagents,
respectively.’”” Of these two methods, cation exchange is
more widely used in the transformation of nanocrystals
because of its faster kinetics.”® Moreover, the appropriate
kinetics for cation exchange open the possibility to form kinetic
products and to metastable phases.’” Another effective method
for structural transformation is the redox reaction, which is
commonly applied to convert the metallic nanocolloids to
other binarg semiconductors like oxides, sulfides, or
phosphides.”*”** Beyond the apparent compositional trans-
formation, the redox reaction often results in nanomaterials
with a hollow structure due to the nanoscale Kirkendall
effect.”® Surface treatments, such as ligand exchange and ligand
etching, also induce CTNs. The organic ligands are an integral
part of colloidal nanocrystals and nanoclusters, and they can
demonstrate a variety of binding modes to the inorganic
surface.*’ Ligand exchange is a way to engineer the surface
structure of the parent nanocolloid, which can induce
structural changes in the core.*”*’ Additionally, the organic—
inorganic interactions can bring about ligand etching to the
inorganic materials, and this is particularly interesting for
nanocrystals with a heterostructure, where the etching process
can selectively etch a specific compositional domain dependent
on its atomic structure.” Chemical transformation of nano-
colloids can be broadly separated into two distinct size
categories, nanocrystals (above 2 nm) and nanoclusters (below
2 nm).* Transformation reactions can greatly differ for these
two classes of materials, with the reasons behind these
differences still unclear.

In this Account, we will highlight the different routes to
manipulate the structure and chemistry in nanocolloids
through CTNs, and, equally, we will examine how the atomic
structure in the nanocolloids directs the CTN pathways. We
will show how the atomic structural differences in nanocluster
systems compared to nanocrystals can be responsible for the
radically different effects of chemical transformations. While
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Figure 1. Schematic of cation exchange of PbS into CdS and accompanying interdiffusion coefficient data from in situ XRD experiments and
reference values for Cd in CdS and Pb in PbS. Interdiffusion is found to be 10* larger than bulk values.

there is an abundance of impressive, published literature on
CTNs, we will feature the small subset of results from our lab
and focus on the interconnection between chemically induced
CTNs and atomic structure.

2. CHEMICAL TRANSFORMATIONS IN
NANOCRYSTALS: A PLATFORM FOR A
WELL-CONTROLLED STRUCTURE AND
MORPHOLOGY ENGINEERING

2.1. Overview

Nanocrystals, with a size range between 2 and 100 nm,
comprise an ideal platform to postsynthetically manipulate
structure and composition, and to isolate metastable
structures.”> Compared with their bulk analogs, the morphol-
ogy, composition, and atomic structure of nanocrystals can be
facilely engineered through simple chemical inductions. Unlike
the smaller nanoclusters (<2 nm), the products of chemical
transformations on nanocrystals can be stabilized in partially
transformed states.*® This ability for partial transformations
enables structures that are kinetically metastable, and, given the
finite number of atoms and the accelerated speed of the
reactions, it enables atomic organizations that are inaccessible
in larger systems. The postsynthetic methods for the
nanocrystal transformation include ion exchange (cation and
anion exchange),”*>"” redox reaction,”’ and ligand treat-
ment.*® By elaborately tuning these reactions, novel materials
with useful applications can be stabilized.

2.2. Cation Exchange

Among the postsynthetic methods to manipulate parent
nanocrystals, the cation exchange reaction is the most popular
soft chemistry approach.”®*’ Cation exchange is a post-
synthetic reaction in which cations in the host nanocrystal are
substituted (exchanged) by cations in solution. The driving
force behind these exchanges is solvation, meaning that the
parent cation is more soluble in solution than in the solid.*'
Importantly, the anion framework often provides stability that
enables the overall morphology of the nanocrystal to be
maintained through the cation exchange.”® Cation exchange
will often induce a solid—solid phase transformation in the
nanocrystals, which can be tuned to form novel structural/
compositional changes such as the formation of hetero-
structure or core—shell architectures, making cation exchange
an emerging and effective way to accurately tailor function
materials."

Cation exchange initiates through surface chemistry on the
mother nanocrystal, inducin§ the phase transformation at the
interface of the heterolayer.” Although the final product can

be easily characterized, one of the mysteries surrounding the
reaction is the structural and kinetic pathway that occurs
during the transformation. In the original Alivisatos et al. paper
on cation exchange, they noted that the kinetics were faster
than what could be expected from scaling bulk processes.”’ But
monitoring the kinetics in such a dynamic process is
challenging, and characterizing the time scales and diffusion
constants has eluded the community. In our lab, we were
recently able to quantify the kinetics by using in situ X-ray
diffraction (XRD) for the exchange reaction PbS + Cd(oleate),
— PbS@CdAS (core@shell architecture) + Pb(oleate),.”" By
monitoring the phase change in this model system, we found
that the exchange reaction proceeds through three different
stages: (1) formation of metastable CdS rock salt structure, (2)
recrystallization of the CdS rock salt phase into zincblende
structure, and (3) diffusional growth of zincblende CdS.
Among these three stages, the diffusion-controlled growth of
the zinc-blended CdS is the rate-limiting step with an
activation energy of around 160—180 kJ-mol™!, which
substantially exceeds those reported before but is similar to
bulk values. Most surprising are the measured interdiffusion
coefficient which is more than 10 000X larger than the self-
diffusion coefficients of the slowest component (Cd in CdS)
(Figure 1). The findings suggest that the very large chemical
potential gradient accelerates the diffusion rate within the
nanocrystal and there is likely a link to the number of unit cells
comprising the atomic phase, but the exact mechanism is not
yet clear. This work shows that the driving forces in
nanosystems can be substantially different from bulk materials
during cation exchange, and could lead to novel structural
rearrangements.

Cation exchange reactions begin as a single-domain
nucleation event (driven by thermodynamics) on the surface
of a nanocrystal that can then initiate a solid—solid
transformation.” As the phase transformation propagates
through the material, its growth is dependent on the
localization of the surface event, the different coverage of the
surface facets by ligands, and the atomic crystal structure. All of
these parameters can lead to anisotropies resulting in
heterostructure formation through the phase transformation.””
Equally important to the phase is the influence of the diffusing
species and the interfacial topotaxy in the heterostructure. We
used copper sulfide (Cu,_,S, 0 < x < 1) nanocrystals as our
platform to investigate solid—solid transformations and
heterostructures nanocrystals." In this study, Zn®>" was
introduced as the guest ion for cation exchange. Because the
crystal structure is anisotropic along one direction in the parent
phase, the cation exchange with Zn** introduces a dual-
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interface heterostructure in free-standing nanocrystals (Figure
2). Two competing processes control the phase of the copper
sulfide: the exchanged species diffusing out of the ZnS layers,
and the interfacial strain force.

Cu, S ZnS*

JIOSO

9. €2690
el 0
&’1’3? #* %E

Figure 2. Cation exchange transformation of copper sulfide NCs into
dual-interface heterostructured particles with zinc sulfide caps.
Schematic (top) and transmission electron microscopy (TEM)
images (bottom) show the composition change from the initial
copper sulfide particle (a, leftmost) into ZnS* (e, rightmost). The
final product is denoted ZnS* because a thin 2D copper sulfide disk is
present in the TEM images for ~30% of the NCs. The copper sulfide
disk thickness (t) is indicated. (f) STEM-EELS (scanning TEM
coupled with electron energy loss spectroscopy) image showing the
presence of Cu and Zn (left) and S (right) in the heterostructured
particles.

Before cation exchange, the parent Cu, S phase is copper-
deficient, with a Cu,5S roxbyite atomic structure. The
introduction of Zn>* creates a dual-interface ‘nanohamburger’
geometry with the ZnS grains forming at opposite ends of the
spherical nanocrystals (Figure 3). Both X-ray diffraction and

Figure 3. Diffusion pathways of Cu and Zn atoms during the cation
exchange reaction in heterostructured nanocrystals. On the basis of
calculated diffusion activation barriers, during the cation exchange the
Zn diffuses inward from the ZnS regions (green) and the Cu diffuses
in the Cu—S region (orange). The excess Cu in the Cu—S$ region
could be the cause for the solid—solid phase transformation.

electron microscopy analysis indicate that a tertiary Cu—Zn—S§
phase is not present and, instead, an atomically sharp
heterostructure interface is formed. The onset of the cation
exchange process immediately initiates a phase transformation
of the roxbyite-type Cu,q;S to the thermodynamically more
stable djurleite (Cu,,S)/low chalcocite (Cu,S), through the
diffusion of the exiting Cu ions: density functional theory
(DFT) shows that the diffusion pathway for the Cu in the
Cu,_,S phase is greatly favored compared to the ZnS phase
(Figure 2). But as the cation exchange reaction proceeds and
the thickness of the copper sulfide layer reduces, the low-
energy copper sulfide phase transforms back to the initial
roxbyite type structure, which then becomes the dominate
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phase when the copper sulfide disk is ~10 nm or less in
thickness. This phase reversal can be explained by the
increasing strain energy from the interface: continuum
modeling calculations of the strain distributions in the
heterostructured nanocrystals reveal the strain energy density
increases as the copper sulfide layer thickness decreases
(Figure 3) and a maximum (8.5 X 107> J-nm™) is reached
when t = 4.8 nm. The strain is a result of the mismatch of
between the djurleite/low chalcocite phase and the ZnS atomic
structure. When the strain energy reaches to a critical value, it
forces the phase to transform back to the better-matched
roxbyite lattice to minimize the strain energy. This work shows
that the structure can direct the cation exchange reaction to
form anisotropic exchange interfaces and, in turn, the phase
can be directed by the cation exchange through the diffusion of
cations and the extent of the domain size.

2.3. Anion Exchange

The exchange of anions is another important postsynthetic
approach to restructure a parent nanocrystal. Compared with
the cation exchange method, however, the replacement of the
anion is much more difficult due to the lower reaction
efficiency caused by the larger anionic radii, which results in a
low ion diffusion rate.” Also, the high energy barrier for the
rearrangement of the anionic framework (formation of anionic
vacancies and recombination of guest anion with cations) is
another factor that hinders the anion exchange process."’
Despite these challenges, encouraging work has demonstrated
the power of this method for the preparation of novel
nanomaterials. For example, the solution-based anion exchange
reactions have been developed by Schaak and Dawood’” and
Alivisatos et al,”® in which the ZnO nanocrystals can be
effectively converted to ZnS by employing thiourea and
(trimethylsilyl)-sulfide (TMS). These works clearly emphasize
the importance of a highly reactive anion precursor to increase
the reaction efficiency and achieve anion exchange, however
both precursors required relatively high temperature con-
ditions (>150 °C).

Our group has demonstrated that the ammonium sulfide
((NH,),S) is a highly reactive sulfide precursor capable
transforming the anion lattice while malntammg the entire
nanocrystal form at a low temperature (Figure 4).>* In these

%} annealing
5o s

Amorphous Cobalt Sulfide
®Co 0 oS

Crystalline Cobalt Sulfide

Crystalline CoO

Figure 4. Schematic illustration of the chemical transformation from
CoO to cobalt sulfide nanocrystals by anion exchange.

experiments, the initial hollow CoO nanocrystals are readily
converted to Co5S, within 5 min at 70 °C after the addition of
a (NH,),S-oleyamine solution. Because of the slow diffusion of
the anions, the structural backbone of the crystal is disturbed if
the reaction continues toward completion. In the CoO system,
the anion exchange leads to amorphous Co;S, for full exchange
reactions. Another structural effect in this system from anion
exchange is the expansion of the hollow core. While the overall
morphology is maintained, after the reaction with (NH,),S,
the average particle size increases from 14.4 to 16.4 nm and the
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void increases from 6.3 to 11.9 nm. The expansion of the void
can be ascribed to the faster diffusion rates of Co** and O*~
than the incoming S*.

Partial anion exchange can be used to preserve the structural
framework and can capture kinetic products, which can have
advanced properties beyond the parent nanocrystals. For
example, in the CoO — CoS, system, we isolated a series of
partial anion exchange cobalt oxysulfide products and tested
their activity as hydrogen evolution reaction (HER) electro-
catalysts (Figure 5).>> We found that a light sulfur substitution

HER catalysis
H,09 ~y
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Anionic Substituted Nanoparticles
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Figure 5. Schematic of the anionic substitution in CoO, nanoparticles
as a testbed for HER electrocatalysis (a). Results from this work
indicate that the maximum HER activity occurs at low doping levels
(e.g, C00,S,,s), while at higher doping levels activity decreases (b).

yields a metastable, distorted S-substituted CoO phase
(C00,S,,15) that exhibits HER catalytic activity that is 2—3
times more active than that of either end-member of the
substitution series.

2.4. Redox Reaction

A more aggressive route to realize nanocrystal transformation
is redox reaction, in which parent metallic nanocrystals are
transformed into binary compounds like oxides or sulfides,
through a redox reaction.”” During these processes, a diffusion
couple is formed between the guest anions diffusing inward
and the host cations diffusing outward. If the diffusion rates are
asymmetric in the diffusion couple, the structure and
morphology of the nanocrystals is greatly affected. Most
famously, the nanoscale Kirkendall effect is the hollowing of
nanomaterials, which can take place during a redox reaction as
well as during other chemical transformations that involve in/
outward ion diffusion process with different diffusion
rates.>>**°%%7 Therefore, insight into the diffusion mechanism
is a central task to understand the redox addition.

Our lab has investigated the relationship between atomic
structure and the nanoscale Kirkendall effect by examining the
intermediate products in two model systems: the conversion of
£-Co to CoP.? and &-Co to Co0,.”" These reactions involve
the oxidation of the metallic cobalt into either phosphides or
oxides. Researchers had previously believed that the
Kirkendall-hollowing was a straightforward one-step mecha-
nism in nanocrystals, directly related to the bulk Kirkendall
effect.”® From our studies, we found that the nanoscale
Kirkendall effect is a two-step process that is linked to the
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atomic structure: first, a metastable amorphous shell material
forms, the amorphous layer then crystallizes and at that point
the rates in the diffusion couple are inverted, resulting in the
hollowing.

For cobalt oxide system, the initial metallic cobalt nano-
crystals are first oxidized into an amorphous CoO intermediate
phase and then transformed to the final hollow Co;0,
nanocrystals. At different transformation stages, the rates for
the inward (O) and outward (Co) diffusions change. Through
experimental characterization and theoretical calculation, it was
shown that O diffuses faster than Co in the &-Co structure
during the first stage, allowing O to enter the e-Co particle to
produce the amorphous CoO. Once the CoO crystallizes, the
fastest diffusion species switches from O to Co, yielding hollow
Co;0, nanocrystals. This two-step mechanism correlates well
with experimental results showing that the center void only
begins to appear after 5—10 min of the reaction. An identical
process is observed in the phosphidation of cobalt to produce
the hollow CoP nanocrystals. With the tri-n-octylphosphine
(TOP) as the phosphorus source, the P’s inward diffusion
dominates at the beginning and an amorphous Co—P shell is
formed on the surface. After the shell crystallizes into the Co,P
phase, the P anion lattice becomes immobile and the outward
diffusion of Co is faster than the inward diffusion of P. Figure 6

a)

b)

Figure 6. (a) Evolutional schematics of transition from cobalt to
cobalt phosphide nanocrystals. (b). High resolution TEM image of
the intermediate NC between &-Co and Co,P. The core shows € -Co
phase as indicated by the (221) and (310) lattice planes.

shows the first step (metastable shell) as captured with high-
resolution transmission electron microscope images. Both of
these examples demonstrate how the redox and diffusion
processes leading to the nanoscale Kirkendall effect are
critically dependent on atomic structure.

2.5. Ligand Etching

Solid-state transformation of nanocrystals can also be realized
through chemical process at the solid-solution interface,
namely the organic ligand-inorganic surface interaction.”® It
has been well-established that the surfactant ligands are able to
demonstrate a variety of binding modes to the inorganic
surface, depending on the binding group.*' But the binding

https://dx.doi.org/10.1021/acs.accounts.0c00704
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Figure 7. Schematic and TEM images of the etching of Cu,_,S pure nanocrystals (SC-NCs; a—c) and Cu,_,S-ZnS heterostructures (H-NCs; d—i)
by trialkylphosphines. SC-NCs are slowly reduced in diameter, d, from d ~ 22 nm (a) to d ~ 17 nm over 17 h (b) and to d ~ 12 nm over 48 h (c).
For H-NCs, Cu,_,S is removed with nearly perfect selectivity: with an initial Cu,_,S thickness t = 15 nm (d), the heterostructure takes on the
appearance of a thick nanorod with ZnS tips after 1S min (e); eventually, the Cu,_,S layer is reduced to a thin rod (f); a fraction of the particles
have slightly enlarged centers (inset). For an initial f = 4 nm (g), etching of the Cu,_,S layer is apparent after 2 min (h). A fraction of the particles
(circled in yellow) have a c-axis parallel to the electron beam, showing that the etching is radially isotropic (h, inset). After 1 h, Cu,_,S is completely
removed (i), leaving apparently connected Zn$ caps (i, inset); a few pairs of particles (circled) show different levels of contrast, indicating that they
display different angles to the electron beam due to postsynthetic rotation of the initially epitaxial grains.

interactions can also initiate structural transformations and
lead to the dissociation of the inorganic lattice, or ligand
etching. We recently found that the ligand etching process can
have atomic specificity, in which the organic ligand
demonstrates a preference for etching a specific inorganic
species.” In ZnS-Cu,_,S heterostructures, the trialkylphosphine
ligand shows a selective etching of the Cu,_,S component
while the ZnS remains untouched (Figure 7). The etching
patterns can be tuned between isotropic and basal-plane
directed etching by changing the phosphine concentration.
Structurally, the trialkylphosphines destabilize the Cu,g,S
roxbyite lattice: the phosphines induce a phase transformation
by “injecting” Cu atoms into and removing S from the Cu,_,S,
converting it into a copper-rich phase, and this destabilization
is mediated by the amount of strain in the copper sulfide layer.
The preferential compositional etching on Cu,;gS can be
explained by the presence of the S™ in Cu,_S structure, which
is more easily oxidized and removed by phosphine, while the
more ionic ZnS phase only contains S*7. Structurally, the
defect-tolerant Cu,_,S phases are able to stabilize the excess
Cu cations by depleting the vacancy population. The ZnS
structure is much less tolerant of vacancies. Thus, the vacancy-
rich atomic structure of the Cu,_S phases is a key enabler to
the chemical transformation by ligand etching, resulting in a
solid—solid phase transition.

3. CHEMICAL TRANSFORMATION IN
NANOCLUSTERS: MOLECULAR-LIKE BEHAVIOR

3.1. Overview

Compared with the relatively larger nanocrystals, nanoclusters
are smaller (<2 nm) and consist of a limited number of atoms,
and their atomic structure and stoichiometry need not be the
same as those of their bulk analogues.*" Because of the
relatively high fraction of surface atoms, nanoclusters can react
transform very differently than nanocrystals to chemical
treatments. One of the most obvious differences is that the
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nanoclusters can behave like small molecules during chemical
transformations.’”®’ For example, solvent exchange can trigger
an icosahedral-to-cuboctahedral structural transformation for
Au,; nanoclusters’’ and ligand exchange can be used for
reversible structural transformations in Pt)Ag,s nanoclusters.”
Moreover, doping cations can easily reach to the core section
of the nanocluster due to their ultrasmall size.”*> A subfamily of
nanoclusters is magic size clusters (MSCs), called “magic”
because they exhibit intrinsic resistance to crystal growth by
conventional single-atom addition and instead grow in discrete
spurts between stable magic sizes.”* MSCs are atomically
identical in chemical composition and structure. The synthesis
of high purity MSCs, unfortunately, is not trivial work.
Although several different cluster families, such as F309, F311,
F313, F324, F348, F360, and F378 (denoted based on the
position of their distinctive exciton peak), have been reported
so far,"*~7° the mixture of other phases and the coexistence of
large nanocrystals make the rigorous research of MSCs
problematic. In order to address this issue, we developed a
robust solventless synthesis (high-concentration) synthetic
approach that produces high-purity oleic-acid-caped CdS
MSCs in a large yield.”' The key in this method is to run
the reaction in a high concentration condition to facilitate the
formation of an ordered organic—inorganic mesophase in
solution. The mesophase confines the nanocrystal growth and
stabilizes the MSCs, protecting them from further growth
(Figure 8). The CdS MSCs are ~1.5 nm, belonging to the
F324 family with a single, narrow (the full width at half-
maximum ~7.5 nm or 87 meV) absorption peak at 324 nm.
The lack of lower-energy exciton peaks indicates that the
MSCs have purity >99.9%, which translates to a selectivity that
is 2 orders of magnitude more pure than comparative studies.

3.2. Irreversible Transformation through Ligand Exchange

The optoelectronic properties of nanomaterials are inherently
correlated to the complex physiochemical interactions between
the organic ligands and inorganic core.”? Through a ligand
exchange process, colloidal nanomaterials can undergo phase
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Figure 8. (a) Schematic illustration showing the formation of
mesophase assembly prevents MSCs from growing into large NCs.
(b) High resolution STEM of MSCs.

transformation, displaying significant shifts for the character-
istic exciton peak. Compared with the traditional nanocrystals
(NCs), the small MSCs have higher sensitivity in response to
these chemical treatments. We reported that the F324 can be
readily converted to F348 and F360 via ligand exchanges with
1-dodecanethiol and n-butylamine, respectively, characterized
by their respective absorption peaks (Figure 9).** The
chemical treatment of F324 with methanol results in a blue-
shift of the absorption peak to 313 nm, which represents
molecular addition instead of ligand exchange.* Larger CdS
NCs, however, are inert to the same ligand and chemical
treatments, maintaining identical excitonic peak positions after
ligand exchange.

Chemical and structural analyses provide insight into how
differently the MSCs and NCs respond to these surface
treatments. Compositional analysis by inductively coupled
plasma optical emission spectrometry (ICP-OES) and
thermogravimetric analysis (TGA) finds that the initial F324
MSCs are cadmium rich, with a nearly 2:1 ratio of Cd to S.
This departs greatly from typical stoichiometries in NCs and
has implications for the atomic structure and surface sites.
Additionally, the methanol-treated F324 remains composition-
ally identical to the initial F324, while the F360 shows a
decreased Cd:S ratio, indicating a loss of cadmium atoms that
is consistent with L-promoted Z-type ligand displacement. The
compositional analysis of the F348 is complicated by the
presence of sulfur atoms in both inorganic core and organic
ligands, but generally finds that two thiol ligands are added to
the MSC per surface cadmium. XRD indicates that the initial
F324 has a wurtzite type structure whereas the surface-
modified F313, F348, and F360 feature a zinc blended
structure. Based on Fourier transform infrared (FTIR)
spectroscopy, the initial capping ligands of oleic acid are
completely replaced with thiol and amine for both the MSCs
and NCs, while, in the case of methanol, the methanol
molecule is just added onto the surface without peeling off the
original organic ligands.

In summary, the ultrasmall size of the MSCs promotes a
different response to chemical transformations compared to
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Figure 9. (a) Absorption spectra of high-quality MSCs and NCs.
Each family is derived from the 324 nm family (F324 or Initial) by a
chemical treatment. Alcohol, thiol, and amine treatment produce,
respectively, F313, F348, and F360. There is no significant change in
the excitonic position of the NCs for each treatment. (b) Comparison
of the shift of the lowest energy excitonic peak relative to the initial
sample for MSCs and NCs.

the slightly larger nanocrystals. The response can be traced to
differences in atomic structure and composition between the
sizes, and that MSCs have heightened surface-sensitivity due to
their larger fraction of surface atoms. Additionally, this work
shows that whereas NCs most often undergo a continuous
transformation process, certain transformations in MSCs occur
in distinct states. Such well-defined, discrete states are
especially useful for switch applications, such as sensors.

3.3. Reversible Isomeric Transformation through Chemical
Treatment

The purity and structure of our CdS MSCs have illuminated
previously unseen connections between large and small
structural phase transitions.”” For years, scientists have been
trying to discover the size at which solid materials could
change their internal structure in a single, swift step, like
molecules do during isomerization.® Molecular isomerization
and solid—solid transformations conceptually represent struc-
tural transformations at two length scale extremes (small
molecules and extended solids) but arise from the same
principles: preservation of the overall system composition. The
continuous deformation that defines the solid—solid trans-
formation sharply contrasts that of the discrete transition
exhibited by a molecular isomerization, which poses the
question: at what length scale do these transformations
become mechanistically identical? This question was answered
when the first reversible chemically introduced isomerization
was discovered in the aforementioned magic size cluster F324."
With the assistance of the pair distribution function (PDF)
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Figure 10. (A) Absorption spectra of pristine cluster isomers a-Cd;;S,, and f-Cdy,S,,, with excitonic peaks at 324 and 313 nm, respectively. The
two isomers switch reversibly upon alcohol adsorption and desorption (inset schematic and contour plot). (B) PDFs of the a and b isomers. AG(r)
= AG,(r) — Gy(r) is the difference in the PDF between the two isomers and is largest for core-to-surface atom pair distances. Inset are the fitted

structures of the a and f isomers with residuals of ~0.18.

analysis and reverse Monte Carlo algorithms, the atomic
structure of the clusters is found to be Cd;S,, in one of two
distinct atomic configurations (@ or f phase). These two
different atomic structure configurations are switchable upon
absorption/desorption of water or alcohol (hydroxyl groups)
with an activation barrier of ~1 eV in both directions,
displaying sharp and distinct characteristic absorption peaks at
324 nm (a-Cdy,S,,) and 313 nm (#-Cd,;S,,) (Figure 10). The
kinetics demonstrate single-exponential interconversion of
discrete transitions between the two cluster isomers, as in
molecular isomerization. Structure analysis definitively reveals
a displacive rather than reconstructive reconfiguration of the
clusters, characteristic of a diffusionless solid—solid trans-
formation. The isomerization from a- to f-type Cdy,S, is
initiated from the surface structure reconfiguration when the
alcohol molecules are adsorbed, and the reverse process can be
achieved by heating to remove the alcohol. FTIR spectroscopy
indicates that the absorption/desorption of the alcohol
molecules changes the binding patterns for the carboxylic
ligands from mainly bridging to chelating in the a- and p-
MSCs, respectively. Such changes further trigger a reconfigura-
tion of surface Cd and S atoms and thereby propagate
throughout the entire Cd—S lattice of the inorganic cluster.
The mechanism for the transformations can be linked directly
to the atomic structure and its divergence from bulk structure.
While large nanocrystals have bulk-like, extended atomic
structure that is constructed from infinite arrangements of
symmetric tetrahedral subunits, the MSC is composed of a
nonsymmetric packing of distorted tetrahedral units. The
atomic arrangement in these MSCs also explain why
isomerization has not been identified in other CdS clusters
with bulk-like structure.

4. CONCLUSIONS AND OUTLOOK

Nanocrystal and nanocluster chemical transformation repre-
sents an important dynamic process, allowing one to design
new functional materials that cannot be directly prepared
through conventional synthetic methods. The richness of the
transformation patterns gives rise to a great variety of
nanomaterials with different chemical compositions, atomic
structures, and morphologies. Unveiling the secrets that govern
the transformation process is necessary to predict the

transformation’s outcomes and rationally design method-
ologies. In this Account, we have shed light on the
interrelationship between the atomic structure and chemical
transformations and on how atomic structure differences for
different characteristic length scales (small nanoclusters <2 nm
and large nanocrystals 2—100 nm) create different driving
forces for the chemically induced phase transformations. The
larger nanocrystal system has a stable rigid framework that
allows a continuous phase evolution in which many interesting,
metastable intermediate compounds become accessible. Addi-
tionally, the transformation can be confined in a specific
domain of the nanocrystals, such as the cap or surface, which
provides an accurate means to engineer the nanomaterials in
order to achieve the desired properties. On the other hand,
ultrasmall nanoclusters demonstrate a different transformation
pathway upon chemical treatment. Due to the nonstandard
arrangement distorted tetrahedral units, nanoclusters can
behave like molecules with a discrete and, more intriguingly,
reversible transformation.

Although a clear difference of the nanocrystal transformation
can be seen for the large nanocrystals and small nanoclusters,
one outstanding question still remains: what is the critical size
that separates the transformative nanocrystals into these two
different families? It is possible that the critical size may vary
depending on the composition or transformation conditions.
Further, nanoclusters themselves may show size-dependent
transformation patterns. Therefore, answering these questions
will help to gain deeper insights into the mechanism and better
controls in the smart design of new materials for real
applications.
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