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ABSTRACT

Partial cation exchange reactions can be used to rationally design and synthesize heterostructured
nanoparticles that are useful targets for applications in photocatalysis, nanophotonics,
thermoelectrics, and medicine. Such reactions introduce intraparticle frameworks that define the
spatial arrangements of different materials within a heterostructured nanoparticle, as well as the
orientations and locations of their interfaces. Here, we show that upon heating to temperatures
relevant to their synthesis and applications, the ZnS regions and CuisS/ZnS interfaces of
heterostructured ZnS—Cu;sS nanorods migrate and restructure. We first use partial cation
exchange reactions to synthesize a library of seven distinct samples containing various patches,
bands, and tips of ZnS embedded within Cu; sS nanorods. Upon annealing in solution or in air, ex
situ TEM analysis shows evidence that the ZnS domains migrate in different ways, depending
upon their sizes and locations. Using differential scanning calorimetry, we correlate the threshold
temperature for ZnS migration to the superionic transition temperature of Cu, gS, which facilitates
rapid diffusion throughout the nanorods. We then use in situ thermal TEM to study the evolution
of individual ZnS—Cu,sS nanorods upon heating. We find that ZnS domain migration occurs
through a ripening process that minimizes small patches with higher-energy interfaces in favor of
larger bands and tips having lower-energy interfaces, as well as through restructuring of higher-
energy Cu1sS/ZnS interfaces. Notably, CuisS nanorods containing multiple patches of ZnS
thermally transform into ZnS—Cu;sS heterostructured nanorods having ZnS tips and/or central
bands, which provides mechanistic insights into how these commonly observed products form
during synthesis.



INTRODUCTION

Heterostructured nanoparticles integrate two or more distinct materials, and this integration
combines the properties of each individual component and/or allows new properties to emerge
through synergistic interactions.!? For example, three component, double-heterojunction nanorods
containing CdS, CdSe, and ZnSe have been synthesized to enable both light-detection and
emission for applications in advanced displays.® Dual-plasmonic heterostructures such as
Au@Cuz-xSe with high optical absorption and photothermal conversion are promising for use as
photothermal agents in cancer treatment.* Among the methods available for synthesizing
heterostructured nanoparticles, cation exchange reactions are particularly powerful.'” In these
reactions, one type of cation in a nanoparticle is replaced by another from solution to modify
composition, but morphology and crystal structure are often retained.® Heterostructured
nanoparticles can form when cation exchange is purposely incomplete, resulting in the coexistence
of multiple segregated phases connected through internal interfaces.”® Multiple partial cation
exchange reactions can be applied sequentially to produce scalable libraries and megalibraries of
complex heterostructured nanoparticles containing several distinct materials in precise locations
within the particle.!®!! Such particles include useful targets for optical and biological barcodes, as
well as for photocatalytic, thermoelectric, and optoelectronic applications.®!%!3

Heterostructured nanoparticles are often synthesized at elevated temperatures, ranging from tens
to hundreds of degrees Celsius.!* Annealing heterostructured nanoparticles to higher temperatures
can facilitate diffusion, which can result in changes to the crystal structure, morphology, and
spatial distribution of elements.!>!7 For example, supported core-shell nanoparticles have been
shown to transform into high entropy alloys upon annealing.!®!” Annealing also was used to
determine that surface and interfacial energies played a prominent role in defining the
thermodynamically preferred architectures of polyelemental nanoparticles.'*° In addition to these
synthetic considerations, many of the existing and envisioned applications of heterostructured
nanoparticles either require or generate heat, or they are potentially impacted by external
temperature fluctuations. For example, light absorption by nanostructured photothermal materials
causes a temperature increase that can range from tens to hundreds of degrees.?!2* Likewise,
applying a voltage to nanostructured thermoelectric composites induces a temperature gradient, or
application of a temperature gradient induces a potential difference across the material.>>% For
these reasons, it is important to identify and understand thermally induced changes in
heterostructured nanoparticles at temperatures that are relevant to both synthesis and applications.

Here, we probe the temperature-dependent stability of heterostructured nanorods containing
patches of ZnS embedded in different ways within nanorods of roxbyite copper sulfide, Cu; sS.
The patchy ZnS—Cu; sS nanorods, synthesized by partially exchanging the Cu" cations in roxbyite
with Zn*', represent an ideal model system for interrogating how temperature influences
nanostructural features. Synthetic access to a library of seven distinct ZnS—Cu, sS variants having
different numbers of ZnS domains within Cu; gS nanorods of identical shape and size allows us to
identify and deconvolute the roles of domain location, size, and interface on thermal evolution. By
annealing the heterostructured ZnS—CuisS nanorods in solution, we find evidence of thermally
induced ZnS domain migration that appears to be dependent upon domain size and location. We
then anneal the ZnS—Cu; sS nanorods in air to further interrogate their thermal evolution. We also
use in situ thermal TEM to analyze the temperature dependent ZnS domain migration, at the single



particle level, to precisely correlate the observed thermal evolution with the key characteristics of
the ZnS domains. These studies provide ex situ and in situ glimpses into the ways in which cation
exchanged heterostructured nanoparticles evolve with temperature. Additionally, the results
provide mechanistic insights into the ways in which various types of previously reported
heterostructured nanoparticles may form,'%? as well as design guidelines for synthetically
manipulating them to generate heterostructured nanoparticles that are not readily accessible using
existing knowledge.

RESULTS AND DISCUSSION

Partial exchange of the Cu' cations in roxbyite Cu;sS nanorods with Zn?" in the presence of
trioctylphosphine (TOP) provides access to a library of seven distinct heterostructured ZnS—Cu; 8S
nanorod products by manipulating reaction temperature and reagent concentration. These ZnS—
Cui8S nanorods allow us to interrogate the thermal evolution of multiple distinct types of ZnS
inclusions that span a range of sizes, locations, and interfaces, all of which are anticipated to
influence temperature-dependent behavior.

Formation and Interface Structure of ZnS—Cu;.sS Nanorods

Figure 1 shows HAADF-STEM images for each of the heterostructured ZnS—Cu; §S nanorods that
were synthetically accessible, along with brief summaries of the protocols used to make them.
Stoichiometry-limited partial cation exchange reactions?® using ZnCl> produced single-tip ZnS—
Cui 8S nanorods by heating at 120 °C for 30 minutes, central band Cu;8S—ZnS—Cu;sS nanorods
by ramping from room temperature to 100 °C and heating for 30 minutes, and a mixed population
of single-tip, central band, and double-tip ZnS—Cu sS nanorods by holding the reaction at 50 °C
for 1 hour and then ramping to 160 °C and heating for 30 minutes. The small substoichiometric
amount of Zn?*, combined with the reaction conditions, limit the number of sites at which cation
exchange initiates and propagates.!®** Time-limited partial cation exchange reactions, using a
twofold excess ZnClz at 50 °C and stopping the reaction before completion, provides a higher
concentration of Zn** that allows cation exchange to initiate and propagate simultaneously at
multiple locations of the nanorod.!! Such reactions yield CuisS nanorods with patches of ZnS
throughout, which we refer to collectively as patchy ZnS—Cui sS nanorods. The average sizes of
the ZnS patches could be controlled by altering the reaction time from 45 minutes to 1.5 hours.
Samples containing primarily single-patch and double-patch ZnS—CuisS nanorods were
synthesized using modified heating profiles. The single patch particles were synthesized using a
variant of the procedure used to make the central band nanorods'?; the Cu,sS particles were
injected into the cation exchange solution at room temperature and ramping the temperature to 90
°C before immediately quenching with an ice bath. While the majority product had a central ZnS
patch along the length of the nanorod, some single tipped rods formed as well. Similarly, the
double patch particles were synthesized by injecting the Cu gS particles at 50 °C and ramping the
temperature up to 80 °C to hold for three minutes. The double patch particles can be categorized
as having two central ZnS patches along the length of the rod, a ZnS domain at both tips, or having
one central ZnS patch as well as one ZnS tip.
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Figure 1. Overview, with accompanying HAADF-STEM images, of the pathways used to synthesize the library of
heterostructured ZnS/Cui.sS nanorods from CuisS that are used in this study. In the HAADF-STEM images, darker
contrast regions correspond to ZnS and lighter contrast regions correspond to CuisS. Scale bars for the full images
are 50 nm and for the cropped particles are 10 nm.

The crystal structures of roxbyite Cui.sS and wurtzite ZnS, showing only the anions, are included
in Figure 2a.31*? Roxbyite adopts a distorted hexagonal close packed (hcp) anion structure, while
the anion structure of wurtzite is hcp. Nanorods of roxbyite Cu;gS are known to form single-
domain crystals with the distorted close packed planes stacking along the long-axis direction of
the nanorods.?!* The formation of these particular interfaces during partial cation exchange is
generally understood to arise from a combination of the immiscibility of Cui S and ZnS, which
leads to phase segregation, and the minimization of both the number of interfaces between the
phases and the interfacial energies, which leads to interfacing the crystal planes that have the best
lattice match.343

The most commonly observed interface between Cu, sS and ZnS, which has the best lattice match
and therefore minimizes strain and interfacial energy, is along this direction (Figure 2a) and
corresponds to interfacing of the close packed planes, i.e., CuigS (100) and ZnS (001).1%3¢ The
perpendicular (010) Cu;sS and (100) ZnS planes have a much larger difference in their lattice
spacings and therefore it is very uncommon to see these two families of planes interfaced with
each other.!° The high-resolution TEM (HRTEM) images of the single tipped and double patch
nanorods in Figures 2b and 2¢ provide visualization of the interfaces between the CuisS and ZnS
regions. In the single tipped nanorod, the ZnS domain penetrates the width of the nanorod and the
materials share the favored interface along the close packed planes. The experimentally measured
spacing of the (400) plane of Cu;sS, which corresponds to the close packed planes, was 3.4 A,
which matches well with the value of 3.35 A that is expected based on the crystal structure.?' For
ZnS, the experimentally measured spacing of the (002) close packed plane was 3.2 A, which also
agrees well with the expected value of 3.11 A3
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Figure 2. (a) The crystal structures of roxbyite Cu1.sS and wurtzite ZnS, showing only the sulfur anions (yellow) to
highlight the similarities between their structures. Key crystallographic planes, as well as unit cell dimensions, are
denoted. The HRTEM images of the (b) single tipped and (c) double patched heterostructures are false-colored (red
for CuisS and green for ZnS) to highlight the differences in the Cu1.sS/ZnS interfaces. The white dashed lines show
the crystallographic directions in which the CuisS interfaces with the ZnS regions. Scale bars are 50 nm.

In the double patched nanorods in Figure 2c¢, the spacings of the (002) planes of ZnS and the (400)
planes of Cu; S were measured to be 3.2 A and 3.4 A, respectively. The ZnS domains within these
nanorods are patches that do not fully penetrate through the nanorod like the ZnS domains in the
single tipped nanorods did, and as a result, interfaces other than the preferred
ZnS(001)/Cu1.8S(100) can be seen. Near the edge of the double patched nanorods, the ZnS domains
appear to align with the close packed plane, corresponding to the preferred ZnS(001)/Cu;.8S(100)
interface. However, as the ZnS patches approach the center of the nanorod, they begin to taper to
a rounded point; other less-preferred interfaces that have a larger lattice mismatch must be present
to accommodate this tapering. The angle between the tapered patch edge and the (100) planes of
Cui 8S is measured to be approximately 45°, which matches best with an interface composed of
the (110) planes of CuisS, with an actual angle to the close packed plane of 45°, and the (102)
planes of ZnS, with an actual angle to the close packed plane of 43°. While this interface is not as
favorable as the Cu;8S(100)/ZnS(001) interface shown in the single tipped rod based on lattice
matching and interfacial energy considerations, it has been documented before and is more
favorable than the Cu; $S(010)/ZnS(100) interface.!!



Ex Situ Annealing of ZnS—Cu;.sS Nanorods

We began studying the thermal evolution of heterostructuring in the patchy ZnS—Cu, sS nanorods
by heating them in solution. To do so, we dispersed the large patched ZnS—Cu; sS nanorods in
octadecene and injected them into a mixture of octadecene and oleylamine preheated to 110 °C
and allowed them to anneal for 1 hour. HAADF-STEM images for the particles before and after
annealing are shown in Figure 3a; the darker contrast regions are ZnS while the lighter contrast
regions are Cu, gS. Several nanorods show some residual patches along the body, but the majority
show the ZnS congregated at the tips, making double tipped ZnS—Cu; gS nanorods.
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Figure 3. HAADF-STEM and STEM-EDS images of the (a) large patched ZnS—Cuu.sS nanorods before and after
annealing in solution at 110 °C for 1 hour, (b) small patched ZnS—Cu1.sS nanorods before and after annealing in a
box furnace at 110 °C for 1 hour, and (c) large patched ZnS—Cui.sS nanorods after annealing in a box furnace at 110
°C for | hour. (d) HAADF-STEM images of the patchy ZnS—Cui sS nanorods after annealing in a box furnace at the
temperatures and times indicated. Scale bars are for the cropped nanorods in (a-c) are 10 nm and scale bars for the
full images in (a-d) are 50 nm.

Given the coalescence of ZnS domains that was observed upon solution annealing of the large
patchy particles, we next carried out several ex-situ annealing experiments. Initially, we deposited
two distinct types of patchy ZnS—Cu; sS nanorods onto silicon wafers and annealed them in air in
a box furnace at 110 °C for 1 hour (Figure 3b), which is analogous to that of the solution annealing
experiment. The first type of patchy ZnS—CuisS nanorods contained small domains of ZnS
embedded within the Cu1.sS nanorods, and upon annealing, these domains appeared to exhibit the
same coalescence of ZnS at the tips of the nanorods that was observed during solution annealing.
Before annealing, the patches of ZnS are too small to be visualized by the STEM-EDS element
maps. However, the darker contrast of the ZnS regions, relative to Cu1.sS, can be seen clearly in
HAADF images. After annealing, the larger coalesced domains at the tips are clearly seen in the
HAADF image, as well as by EDS. In contrast, annealed under the same conditions, the second



type of patchy ZnS—CuisS nanorods that contained large domains of ZnS embedded within the
Cui8S nanorods did not show significant coalescence (Figure 3c). Instead, the ZnS domains
remained distributed throughout the body of the nanorod. Full STEM-EDS element maps are
shown in Figure S1. By comparing the results from Figure 3a to 3c, the method by which the
nanorods were heated appears to influence the degree to which the patches coalesce, which is not
unexpected. We suspect that solution-phase annealing in an environment containing surfactants
such as oleylamine, as well as an environment where the particles are dispersed and non-
interacting, helps to accelerate patch migration compared to annealing dried samples in a box
furnace.

Because the ZnS domains in the small-patch ZnS—Cu sS nanorods migrated upon heating at 110
°C for 1 hour but those in the large-patch rods did not, we briefly explored higher-temperature
annealing. We hypothesized that higher temperatures would facilitate migration, such that shorter
times would be required. Rather than map out all possible combinations of temperature and time
at this stage, we selectively chose four sets of conditions to initially explore how the large-patch
ZnS—Cu 8S nanorods evolved upon annealing on Si wafers in air in a box furnace at increasing
temperatures and decreasing times. The HAADF-STEM images in Figure 3d show that higher
temperatures are effective at inducing domain migration, generally concentrating the ZnS at the
tips of the nanorods. When heated at 130 °C for 3 hours, the nanorods have ZnS at the tips and
some also have one or two patches along the body of the nanorod. Similar results are seen for the
nanorods annealed at 160 °C for 30 minutes, in addition to several central bands of ZnS nearly
penetrating the width of the nanorods. Central bands that penetrate the width of the nanorod have
a characteristically consistent contrast through the entire ZnS domain. Bands that appear to have a
gradient from darker to lighter contrast are assumed to be angled and therefore do not penetrate
through the full width of the particle. Annealing at 200 °C for 10 minutes and 250 °C for 3 minutes
resulted in particles with two or three well-defined domains of ZnS at the tips or as a central band.
These ZnS domains exclusively span the width of the nanoparticle and interface with Cu, sS along
the close-packed (100) plane.

The data in Figure 3 point to the conclusion that post-synthetic annealing of the patchy ZnS—Cu; sS
nanorods can induce migration of the ZnS domains, causing them to coalesce and therefore
decrease the number of interfaces between ZnS and Cu; gS. However, the data also indicate that
this behavior is dependent on temperature, time, and the size of the patches, as smaller ZnS patches
migrate at lower temperatures while larger ZnS patches require higher temperatures and/or longer
annealing times to do so. While the experiments in Figure 3 provide insights into thermal behavior
of the ZnS domains in Cui sS, they do not provide direct comparison of the same particles before
and after annealing. To better understand this temperature dependent behavior, we moved to
depositing the patchy ZnS—Cu sS nanorods on TEM finder grids that contain labeled grid squares.
These grids allow us to find and analyze a group of particles by TEM before annealing and then
remove the sample to anneal the particles on the grid in a box furnace. We can then find the exact
same group of particles for further analysis after annealing, and track thermally induced changes
for individual particles.

Figure 4 shows HAADF-STEM images of the same large-patch ZnS—Cu;sS particles as-
synthesized and after annealing at 250 °C for 3 minutes on a TEM finder grid in a box furnace in
air. As discussed before, the patchy ZnS—Cu sS nanorods have multiple ZnS domains throughout



the body and at the tips. After annealing, the ZnS domains at the nanorod tips appear to remain in
place. Additionally, they appear (based on qualitative observations) to grow slightly in size,
become darker in contrast, and/or flatten at the interface to become perpendicular to the nanorod
length; the flattened interface best aligns the close-packed planes of ZnS and Cu, sS, as shown and
discussed in Figure 1. As synthesized, many of the patchy nanorods have ZnS domains that span
half (or less than half) of the width. After annealing, those ZnS domains are no longer present,
likely migrating and contributing to the growth of the ZnS domains at the tips. In several of the
nanorods, central bands appear after annealing. In some of these nanorods exhibiting central bands
after annealing, a domain of ZnS was in that same location before annealing, typically spanning
over half the nanorod width initially. In other central band nanorods after annealing, two smaller
patches of ZnS appear to be positioned close together but originating from opposite sides of the
nanorod; in these cases, the appearance of the central band is likely due to the patches merging
together into a combined central band. Corresponding XRD patterns, shown in Figure 4 for as-
synthesized large-patch ZnS—Cu S particles and after annealing at 250 °C for 3 minutes on a Si
wafer, indicate that the phases that comprise the nanoparticles are conserved through the annealing
process. In the XRD patterns, the most prominent peaks are due to Cui sS peaks, while the small
crystallite sizes of the ZnS domains leads to broad XRD peaks that are observed as shoulders next
to the Cui1sS peaks; the most prominent wurtzite ZnS peaks in the experimental XRD patterns
before and after annealing are at 27 degrees and just above 30 degrees. The composition, based on
EDS analysis, also remains the same after annealing as it was prior to annealing, as shown by the
Cu:Zn ratio plotted in Figure S2.

Role of the Superionic Transition in Cuy.sS

Throughout all of the annealing reactions presented in Figures 3 and 4, the nanorod morphology
does not change, and as shown in Figure S2, the Cu:Zn ratio remains constant. These observations
suggest that the nanorod framework, which is CuisS, remains intact while the Zn?" migrates
through it. To better understand the rationale for this migration behavior, we considered the
vacancy-rich nature of CuisS, which makes it a useful template for cation exchange. Cu;sS is
known to be an ionic conductor where the Cu’ cations can rapidly diffuse through it.>” The
vacancies in copper sulfide materials lend them to experience a superionic transition at a critical
temperature of around 100 °C (Figure 5).37-3® This superionic character gives Cui sS a very high
ion conductance, making it a desirable material for use as a solid electrolyte in batteries.*3** Above
the critical temperature, the copper cations are no longer locked into their crystallographic
positions, but instead are free to move among all possible sites, which allows them to behave as a
cationic liquid while the sulfur substructure remains intact.’”-*340 Figure 5a shows DSC data for
the roxbyite Cu1 .S nanorods; complete data, including an initial scan for conditioning and multiple
additional scans to demonstrate reproducibility, are shown in Figure S3. The superionic transition
of the Cui S nanorods is 98 °C, which is slightly lower than the bulk superionic transition at ca.
103 °C. Many factors that influence the superionic transition temperature may play a role here,
including crystallite size, vacancies, defects, and crystal phase.® Additionally, the onset of the
phase change upon cooling is at a much lower temperature than upon heating; such hysteresis is
common and is often an effect of superheating or subcooling.*®#!~** Analogous DSC data for ZnS
nanorods made by complete cation exchange of CuisS (Figure 5b), and therefore that have the
same morphology and size, do not show evidence of a superionic transition, as expected. However,



the DSC data for the patchy ZnS—Cu, sS nanorods (Figure 5c¢) do show the superionic transition at
98 °C, which is attributed to the Cu1.8S component of the ZnS—Cuy sS.
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Figure 4. HAADF-STEM images and corresponding XRD data for the (left) as-synthesized patchy ZnS—CuisS
nanorods and (right) patchy ZnS—CdS nanorods made through cation exchange. Data are shown for the ZnS—Cui.sS
and ZnS—CdS nanorods both as-synthesized and annealed in a box furnace at 250 °C for 3 minutes using a finder TEM
grid substrate. The XRD patterns show the ZnS—Cui1.sS and ZnS—CdS nanorods as—synthesized (black) and after
annealing (grey), along with reference patterns for roxbyite (red), wurtzite ZnS (green), and wurtzite CdS (blue).3!32
Scale bars for the cropped nanorods are 10 nm and scale bars for full images are 50 nm.

The superionic transition in Cui gS occurred at 98 °C, which is slightly below the temperature of
110 °C where we first observed migration of the ZnS region in Figure 3. These observations and
data therefore suggest that migration of the ZnS patches in ZnS—Cu; sS nanorods may be facilitated
by the superionic transition. Consistent with this hypothesis, we exchanged the Cu” cations in the
patchy ZnS—Cu gS nanorods with Cd** to form ZnS—CdS nanorods, which retain the ZnS patches
but replace CuysS with CdS. CdS does not exhibit a superionic transition, and indeed, annealing
the patchy ZnS—CdS nanorods does not change the distribution of ZnS in CdS (Figure 4).
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Figure 5. DSC data, plotted as heat flow vs temperature, showing the heating (red) and cooling (black) curves for (a)
Cui.8S nanorods (b) patchy ZnS—Cui.sS nanorods, and (¢) ZnS nanorods. The superionic transition for Cui.sS appears
at 98 °C upon heating and is also observed in the patchy ZnS—Cui.sS nanorod sample, which also contains Cui sS, but
not in the ZnS sample.
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In Situ Annealing of ZnS—Cu;.sS Nanorods

All of the data presented so far indicate temperature-dependent migration of ZnS in patchy ZnS—
Cui 8S nanorods with a threshold temperature that correlates with that of the superionic transition
in Cu18S. To further study this process, we turned to in situ thermal-annealing TEM so that we
could directly monitor, at the single particle level, the temperature-dependent evolution of the
patchy ZnS—Cu; S nanoparticles. /n situ thermal TEM is a powerful technique for visualizing and
identifying nanostructural changes during the heating process.**344 [ situ TEM has previously
been used to demonstrate that thermally driven solid state cation exchange of cadmium selenide
to copper sulfide can be achieved and is influenced by the aggregation state of the nanoparticles.**
In another study, high resolution TEM was used to visualize the dynamic structural transformation
of copper sulfide through a phase transition when heated under the electron beam, allowing for the
visualization of phase nucleation and propagation.*¢

Before beginning our in situ thermal TEM study, we verified that the particles were stable during
long exposure times, because extended electron irradiation during in situ TEM analysis is known
to cause sample damage and carbon contamination.*’” We saw no evidence of degradation,
morphology change, or coalescence of particles. Beam showering before analysis was used to
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minimize carbon contamination, although significant carbon deposition still occurred when
exposure times exceeded five minutes. Knowing this, box furnace annealing was used in advance
to identify the optimal temperature at which the ZnS domains of the patchy ZnS—Cu, sS nanorods
migrate in less than five minutes.

We loaded a sample of patchy ZnS—Cui sS nanorods for in situ thermal TEM by drop casting a
dilute solution of the nanorods dispersed in hexanes onto a Protochips Fusion Select heating chip.
We focused on one group of patchy particles and collected a continuous series of HAADF-STEM
images as the temperature was raised stepwise from 25 °C to 50 °C and then in 50 degree
increments to 100 °C, 150 °C, 200 °C, and 250 °C, pausing at each temperature to adjust the
viewing window to account for drift caused by thermal expansion (Supplementary Video 1).
Figure 6a shows still-frame snapshots from the video of the patchy ZnS—Cui sS nanorods heated
to the temperatures indicated.

(8300 MO

Figure 6. (a) HAADF-STEM images, taken from the video shown in Supplementary Video 1 of the Supporting
Information, showing the evolution of the patchy rods heated in situ up to 250 °C. The colored boxes mark the same
nanorods across the image series and cropped and enlarged images of those nanorods are shown in (b). (c) HAADF-
STEM images of other groups of particles taken at room temperature before and after in situ heating. The colored
boxes mark the same cropped nanorods before and after in sifu heating. Scale bars of the full images are 50 nm and
scale bars of cropped nanorods are 10 nm.
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At 25 °C, the patchy particles have a variety of ZnS patch sizes and relative contrasts by TEM,
with the darker contrast patches penetrating farther into the rod than the lighter contrast patches.
Figure 6b shows four cropped nanorods throughout the heating series. The first nanorod (green)
was chosen because it has many different patches with varying levels of contrast. The second
nanorod (yellow) appears to have a thin central band with light contrast. This band is likely to be
a patch in the top-down position that does not fully penetrate the particle, based on its location and
contrast. The third nanorod (blue) has two ZnS patches sitting on either side of the nanorod in
close proximity to each other. The fourth nanorod (pink) has ZnS regions at the tips of the
nanorods; both of these regions are not perfectly perpendicular to the nanorod length, indicating
that the ZnS region does not interface directly with the close packed plane of CuisS, but rather at
various angles.

Increasing the temperature to 75 °C and then to 100 °C causes only minor changes in the contrast
of the ZnS domains, but overall the patchy nanorods remain largely the same as they were at 25
°C. Upon further heating to 125 °C, which goes well beyond the superionic transition temperature,
more noticeable changes occur. The smallest, lighter-contrast ZnS patches that were present in the
original sample visually appear to become even lighter in contrast and begin to match the contrast
of the CuisS region. The boundaries that separate the darker ZnS patches begin to appear more
diffuse and get smaller, eventually disappearing as the temperature reaches 150 °C and beyond.
While most of the patches along the body of the nanorods lighten in contrast and eventually
disappear, some of the ZnS domains, particularly those located at the tips of the nanorods, become
darker in contrast and grow in size.

Some of the as-synthesized patchy particles at 25 °C in Figure 6a appear to have thin central bands.
Closer inspection indicates that these thin central bands are adjacent ZnS patches on opposite sides
of the nanorod, a patch in a top-down orientation, or a lighter contrast band of ZnS that stretches
across the nanorod without fully penetrating it. Upon thermal annealing, these regions expand,
much like the regions at the tips of the nanorods. The data in Figure 6a therefore suggest that the
larger ZnS patches, at either the tips or as bands located centrally in the nanorods, grow larger at
the expense of the smaller ZnS patches, which disappear. This behavior is reminiscent of Ostwald
ripening, which is observed in the growth of nanoparticles.*®* During an Ostwald ripening process
that is thermodynamically favorable, larger particles are more energetically favorable than smaller
ones because they have a lower surface to volume ratio and therefore a lower surface energy.’%>!
As a result, large particles grow at the expense of smaller particles, which dissolve. Here, trends
in interfacial energies likely contribute similarly. The larger ZnS domains at the nanorod tips or as
central bands have a lower interface to volume ratio than the smaller patches. The smaller patches,
which have a higher interface to volume ratio, also have angled interfaces that exhibit poorer lattice
matching than the flat interfaces that are characteristic of the nanorod tips and central bands, as
discussed in Figure 2. As temperature increases, the larger ZnS domains, which have lower
interfacial energies, grow at the expense of the smaller domains, which have higher interfacial
energies and therefore disappear. To achieve such a process, the Zn?" from the smaller ZnS
domains can diffuse rapidly through the Cu, sS, which is in its superionic state at the temperatures
(>100 °C) where such behavior is observed, to access the preferred larger ZnS domains. There is
no chemical pathway for dissolution to occur, and ZnS and Cu sS remain overall immiscible and
phase segregated. As a result, thermally induced material transfer lowers the energy of the system
by restructuring the composition distribution in the heterostructured nanorods.
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In addition to the still-frame images in Figure 6a, which were taken from videos during in situ
heating in the TEM, Figure 6¢ shows HAADF-STEM images of several collections of patchy ZnS—
Cui sS nanorods taken before and after heating to 250 °C in the TEM. Also, in addition to providing
further insights into how the patchy ZnS—Cu,sS nanorods thermally transform, the images in
Figure 6¢ also confirm that the thermally-transformed nanorods are recoverable to room
temperature and therefore stable. In other words, they do not revert back to the as-synthesized
patchy particles upon cooling back to room temperature after heating, but instead retain the
features that emerged upon heating.

To further build on the observations in Figure 6, which identified thermal transformations for a
variety of patchy ZnS—Cu, sS nanorods, we synthesized simplified single-patch and double-patch
nanorods by modifying the heating protocols, as shown in Figure 1. The single-patch particles had,
as the majority product, a central ZnS patch along the length of the nanorod, along with a minor
subpopulation of single tipped rods. The double-patch particles have two central ZnS patches along
the length of the rod, a ZnS domain at both tips, or one central ZnS patch as well as one ZnS tip.
The single- and double-patch samples were combined, and this mixture (as a new set of
experiments, shown in Figure 7) was subjected to the same in situ TEM heating profile as the
patchy ZnS—Cui sS nanorods shown in Figure 6. By comparing the images from before and after
heating to 250 °C (Figure 7), we can analyze the thermal evolution of the ZnS domains more
quantitatively than in Figure 6 because of the simplified system containing only single- and
double-patch (instead of multi-patch) nanorods.

Across ten images, one of which is shown in Figure 7 and all of which are shown in Figure S4,
353 nanorods were analyzed. We categorized the nanorods based on the number and placement of
the ZnS domains. All as-synthesized nanorods could be assigned to five categories and included
21 with a single tip of ZnS, 34 with a central patch of ZnS, 143 with ZnS at both tips, 140 with a
central patch and one tip of ZnS, and 15 with two central patches of ZnS. After annealing up to
250 °C in situ in the TEM, 63% of the nanorods having ZnS at both tips transformed into single-
tip ZnS—Cu 8S nanorods, where the ZnS at the one tip migrated to combine with the other ZnS tip.
In many cases, the smaller ZnS tip migrated to the larger ZnS tip. The remaining double tipped
rods were unchanged, potentially because the ZnS domains already sit at the favored tips of the
nanorod. Of the nanorods containing one central patch and one single tip of ZnS, 79% converged
to one domain of ZnS, with a majority (66%) of the particles experiencing migration, where the
central patch migrated to, and combined with, the single ZnS domain at the tip. This behavior is
likely due to the tip being the preferential location for the ZnS domain. At the tip, there is only one
interface between the ZnS and the Cu, sS, whereas forming a central band or a patch results in at
least two interfaces. For the double-patch nanorods with two central patches, all of them converged
to nanorods having one larger central patch or band, with one ZnS patch remaining in place while
the other migrated and combined with it. The migration of one central domain to another removes
one set of unfavorable interfaces. However, it is interesting that there is no formation of a new
domain at the tip. These nanorods are unique in that there is not an existing domain already at the
tip. Upon migration, we did not observe the disappearance of both ZnS patches to form a patch at
a different location such as the more favorable tip. This observation tells us that a new domain will
not form, and the energy required to nucleate a new domain of ZnS at the tip is too high for this
system.
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Figure 7. HAADF-STEM images of various ZnS—CuisS nanorod heterostructures (a) before and (b) after in situ
heating to 250 °C. Cropped images show examples of particles with ZnS domains in different positions on the rod
(from top to bottom): two central patches, one central patch and one tip, double tips, one central patch, and a single
tip. The colored boxes mark the same nanorods across the image series. Scale bars in full images are 50 nm and scale
bars for cropped nanorods are 10 nm.

The statistics of patch migration across all of the double-patch nanorods trend with the predicted
interfacial energies. From the perspective of interfaces between the ZnS and Cu; gS regions in the
double-patch nanorods, the single-tipped nanorods would be expected to be most stable because
they minimize the number of interfaces and maximize interfaces that have the best lattice
matching. Based on the number of interfaces and lattice matching, the nanorods having one ZnS
tip along with one central ZnS patch would be next in stability, with double-patch nanorods being
the least favorable because of their high interfacial area and components of interfaces that are not
along the most lattice-matched planes. The observation that thermal migration tended toward the
higher-stability configurations reinforces the energetic driving force toward transformation from
a higher-energy as-synthesized form to a lower-energy, more stable form. This analysis further
suggests that the patches may be a kinetically-trapped state that requires heating to transform to
the more commonly observed ZnS—Cu, sS nanorods, which have ZnS domains on one or both tips
or as a flat central band.

We also analyzed the thermal evolution of the nanorods containing a single domain of ZnS. For
these systems, the role of interfaces can be more explicitly elucidated, as there is only one ZnS



domain, and therefore no ability for migration to occur from one ZnS domain to another. Of all
the synthetically-accessible ZnS—Cu, sS nanorods, the most stable is one that contains only a single
domain of ZnS at the tip because it includes a single interface along a low-strain close packed
plane.> The single-patch nanorods are particularly interesting to consider. While there is still only
one ZnS domain, the interfaces and area between the ZnS and Cu;sS domains are different than
those in the central-band, single-tip, and double-tip nanorods. We hypothesized that if these
different interfaces played a large role in ZnS migration in the patchy particles, the central-patch
ZnS domain would prefer to migrate to the tip, forming the most stable type of heterostructured
nanorod. Unexpectedly, we observed that none of the single patch nanorods changed during
annealing and single ZnS patches near the center of a nanorod remained stationary. These results
suggest that Ostwald ripening plays the largest role in driving the movement of the ZnS domains
in the multi-patch particles, and while the type of interfaces between the ZnS and Cu; gS regions
can play a role in determining the likelihood of a patch migrating, it is not the primary driver.

Before heating

(b) i After heating (250 °C)

After heating

AAADAD

Figure 8. (a) HAADF-STEM images, taken from the video shown in Supplementary Video 2 of the Supporting
Information, showing the evolution of the mixed population of double tipped, single tipped, and central band particles
before and after heating in sifu to 250 °C using the same heating profile as was used with the patchy rods. The colored
boxes mark the same cropped nanorods across the image series. The dashed light blue box highlights the change in
the interface before and after heating. (b) A false-colored crystal structure of roxbyite (yellow) and wurtzite ZnS
(green) is overlayed on an enlarged image of the interface highlighted in the dashed light blue box in (a), showing the
subtle change during heating. (¢c) HAADF-STEM images of other groups of nanorods taken at room temperature
before and after in situ heating. Nanorods outlined with a solid box correspond to examples where the smaller domain
in the double tipped nanorods migrates to combine with the larger domain. The nanorods outlined with a dashed box
correspond to examples where the ZnS/Cu. sS interface aligns parallel to the close packed (100) planes after heating.
Scale bars of the full images are 50 nm and scale bars of cropped nanorods are 10 nm.
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Figure 8a shows HAADF-STEM still-frame images from a video (Supplementary Video 2) taken
during in situ heating of a different sample of heterostructured ZnS—Cu; S nanorods that begin
with largely the preferred interfaces having the closest lattice matching, along with no patches.
The mixed-population sample shown in Figure 1, and discussed earlier, contains single—tip ZnS—
CuisS, central band CuisS—ZnS—CuisS, and double—tip ZnS—Cu;sS—ZnS heterostructured
nanorods. This sample was subjected to the same in situ thermal TEM heating profile as the patchy
ZnS—Cuy 8S nanorods. As discussed earlier, the most closely matched lattice spacings of ZnS and
Cui gS are in the stacking direction of the close-packed planes, which include ZnS (001) and Cu1 S
(100), and are perfectly perpendicular to the nanorod length. Unsurprisingly, the interfaces
between ZnS and CuisS in the as-synthesized ZnS—Cu;sS nanorods are rarely perfect. These
interfaces may appear flat (i.e., perpendicular to the length of the nanorod) at low magnification,
but at higher magnification they often adopt various angles due to step edges, stacking faults, and
jagged boundaries. The data in Figure 8a confirm that many of the as-synthesized ZnS—Cu sS
nanorods have angled interfaces; data at all temperatures are shown in Figure S5. Upon heating to
150 °C and then 250 °C, the interfaces between ZnS and Cu; gS that are angled gradually appear
to become flatter so that they are aligned to a greater extent along their ZnS(001)/Cu;sS(100)
interface. This can be seen clearly in the single tip cropped particle. At 25 °C, the ZnS/CuisS
interface slants down from left to right, while after annealing the interface is perpendicular to the
length of the nanorod. Figure 8b shows an enlarged region of the Cu;3S/ZnS interface on the
central band particle (dashed blue box) with a false-colored crystal structure overlayed to illustrate
the subtle change in the interface after heating.

Figure 8c shows HAADF-STEM images of several collections of the mixed-population sample
containing single—tip ZnS—Cuy sS, central band Cu;.8S—ZnS—Cu, S, and double—tip ZnS—Cu; sS—
ZnS heterostructured nanorods taken before and after heating to 250 °C in the TEM. A cropped
particle for each of the three types of nanorods is shown before and after heating. As described
above, the interfaces in the single—tip ZnS—Cu, sS and central band Cu; §S—ZnS—Cu sS nanorods
flatten to align the ZnS(001)/Cu;.8S(100) interface. However, for some of the double tip rods, it is
evident that a smaller ZnS region at the tips of a nanorod can migrate to combine with a ZnS region
at the other tip through a process that requires the Zn?"* ions from the smaller region to diffuse
nearly 50 nm through the rod. This observation lends further support to the idea that Ostwald
ripening is governing the temperature-dependent migration of the ZnS domains in the patchy ZnS—
Cui 8S nanorods and that the temperature being above the superionic transition of Cu; S facilitates
the fast and long-distance diffusion.

CONCLUSIONS

Here, we synthesized a library of different types of patchy ZnS—Cu,sS nanorods through cation
exchange of Zn?* with Cu,sS, as well as simplified single and double patch particles. Upon
annealing in solution, in a furnace, and in situ in a TEM, the ZnS patches migrate via Zn?" diffusion
through the nanorods to form fewer, larger ZnS domains. This temperature-dependent dynamic
behavior is likely enabled by the superionic nature of copper sulfide above ~100 °C. Above this
temperature, the copper sulfide can be thought of as having a highly mobile sea of cations
surrounding a rigid sulfur anion lattice, whereby the Zn** can easily migrate from small ZnS
domains to larger domains through a process that is reminiscent of Ostwald ripening. Statistical
analysis shows that ZnS domain migration favors the tips and complete central bands, which are
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the most common intraparticle frameworks that are observed through direct cation exchange
because the resulting interfaces between ZnS and Cu;sS are those that align the close-packed
planes in a way that minimizes lattice strain. The observed dynamic behavior of the ZnS patches
at high temperatures provides possible insights into how partial cation exchange processes occur
and evolve. The data suggest that at early time points during partial cation exchange, patches of
ZnS in Cuy gS originally form as kinetically trapped domains, and further heating helps revert them
to the commonly observed products, which have full ZnS bands at the tips or in the middle, that
ultimately minimize the energy of the system. These insights provide a glimpse of the potential
temperature-dependent dynamic nature of the domains incorporated within heterostructured
nanoparticles and also provide mechanistic insights for designing and synthesizing energy-
minimized products having targeted architectures and compositional arrangements.

EXPERIMENTAL SECTION

Chemicals

I-dodecanethiol (1-DDT, Sigma Aldrich, >98% ), tert-dodecanethiol (t-DDT, Sigma-Aldrich,
mixture of isomers, >98.5%), isopropyl alcohol (IPA, Millipore), ethanol (Koptec), toluene
(Millipore), hexanes (Millipore), octadecene (ODE, Sigma-Aldrich, 90%), oleylamine (OLAM,
Sigma-Aldrich, 70%), benzyl ether (BE, ThermoScientific, 99%), trioctylphosphine oxide (TOPO,
Sigma-Aldrich, 98%), trioctylphosphine (TOP, Sigma-Aldrich, >99%), copper (II) nitrate
trihydrate (Cu(NO3)2-:3H20, Sigma-Aldrich, >99%), and zinc chloride (ZnCly, anhydrous, Sigma-
Aldrich, 97%). All chemicals were used as received.

Synthesis of roxbyite (Cu;.8S) nanorods

Copper sulfide nanorods were synthesized by adding 843 mg of Cu(NO3)2-3H>0, 8.7 g of TOPO,
45 mL of ODE, and 750 uL of OLAM to a 3-neck round bottom flask. The solution was placed
under vacuum and heated to 80 °C for 30 minutes. The flask was put under a flow of Ar and a 22.5
mL mixture of 10:1 t-DDT:1-DDT was rapidly injected. The temperature was raised to 180 °C
within 5 minutes. The solution stirred for 20 minutes and was removed from heat to be cooled by
a water bath. The nanorods were precipitated by a 1:1 mixture of IPA:acetone and washed by
centrifugation and resuspension in toluene four times.!!

Preparation of cation exchange solutions

Cation exchange solutions of 0.073 mmol/mL Zn** and 0.018 mmol/mL Cd** were prepared by
adding the desired salt (250 mg ZnCl; or 84.1 mg CdCl) to a round bottom flask with 15 mL of
BE, 8 mL of OLAM, and 2 mL of ODE. The solution was placed under vacuum and heated to 100
°C for 1 hour. The flask was placed under a blanket of Ar and heated up to 200 °C for 30 minutes
before cooling to room temperature. The solutions were stored in septum capped vials.!°

Synthesis of patchy ZnS—Cu; gS nanorods

Patchy ZnS—Cu S nanorods were prepared by placing a 50 mL, 3-neck round bottom flask with
1.89 mL Zn?* exchange solution, 15 mL of BE, 4 mL of OLAM, and 2 mL of ODE under vacuum
and heating to 100 °C for 30 minutes. The solution was placed under a blanket of Ar and cooled
to 50 °C. In a septum capped vial, 20 mg of Cu; gS nanorods were dried and flushed with Ar before
3 mL of TOP were added. The vial was sonicated for 45 minutes and the nanorod solution was
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injected into the flask before cycling with Ar three times. The reaction was stirred (45 minutes for
small patches or 1.5 hours for large patches) and removed from heat to cool in an ice bath. The
product was precipitated in a 1:1 mixture of [PA:acetone and washed by centrifugation and
resuspension in toluene 5-7 times. The nanorods were drop cast on TEM grids immediately for
analysis.

Synthesis of patchy ZnS—CdS nanorods

Patchy ZnS—CdS nanorods were prepared by placing a 50 mL, 3-neck round bottom flask with
3.66 mL Cd?* exchange solution, 7.5 mL of BE, 2 mL of OLAM, and 1 mL of ODE under vacuum
and heating to 100 °C for 30 minutes. The solution was placed under a blanket of Ar and cooled
to 70 °C. Separately, 10 mg of patchy ZnS—Cu; S nanorods were dried and flushed with Ar before
1.5 mL of TOP was added and sonicated for 45 minutes. The nanorod solution was injected into
the flask before cycling with Ar three times. The reaction was stirred for 1 hour and removed from
heat to cool in an ice bath. The product was precipitated in a 1:1 mixture of [PA:acetone and
washed by centrifugation and resuspension in toluene four times.

Synthesis of a mixture of single tip, central band, and double tip ZnS/Cu; gS nanorods

A sample consisting of a mixture of the cation exchange products ZnS—Cu; S, Cu1 8S—ZnS—Cu sS,
and ZnS—Cu; sS—ZnS was obtained by adding 0.314 mL Zn?>* exchange solution, 15 mL of BE, 4
mL of OLAM, and 2 mL of ODE to a 50 mL, 3-neck round bottom flask. The flask was placed
under vacuum and heated to 100 °C for 30 minutes. The solution was placed under a blanket of Ar
and cooled to 50 °C. In a septum capped vial, 20 mg of Cu; gS nanorods were dried and flushed
with Ar before 3 mL of TOP were added. The vial was sonicated for 45 minutes and the nanorod
solution was injected into the flask before cycling with Ar three times. The reaction stirred at 50
°C for 1 hour before the temperature was raised to 160 °C and then was stirred for another 30
minutes. The nanorods were precipitated in IPA and washed by centrifugation and resuspension
in toluene four times.

Synthesis of single tip ZnS—Cu, S nanorods

Single tip nanorods were obtained by adding 0.314 mL Zn** exchange solution, 15 mL of BE, 4
mL of OLAM, and 2 mL of ODE to a 50 mL, 3-neck round bottom flask. The flask was placed
under vacuum and heated to 100 °C for 30 minutes. The solution was placed under a blanket of Ar
and heated to 120 °C. In a septum capped vial, 20 mg of Cui 8S nanorods (1 equivalent) were dried
and flushed with Ar before 3 mL of TOP were added. The vial was sonicated for 45 minutes and
the nanorod solution was injected into the flask before cycling with Ar three times. The reaction
stirred for 30 minutes and was removed from heat to cool in an ice bath. The nanorods were
precipitated in IPA and washed by centrifugation and resuspension in toluene four times.!°

Synthesis of central band Cu; sS—7ZnS—Cu; gS nanorods

Central band nanorods were obtained by adding 0.314 mL Zn** exchange solution, 15 mL of BE,
4 mL of OLAM, and 2 mL of ODE to a 50 mL, 3-neck round bottom flask. The flask was placed
under vacuum and heated to 100 °C for 30 minutes. The solution was placed under a blanket of Ar
and cooled to room temperature. In a septum capped vial, 20 mg of Cu; gS nanorods (1 equivalent)
were dried and flushed with Ar before 3 mL of TOP were added. The vial was sonicated for 45
minutes, and the nanorod solution was injected into the flask before cycling with Ar three times.
Right after injection, the temperature ramped up to 100 °C at a rate of 10 °C/min and stirred for
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30 minutes. The flask was removed from heat to cool in an ice bath. The nanorods were
precipitated in IPA and washed by centrifugation and resuspension in toluene four times.'°

Synthesis of single patch ZnS—Cu; gS nanorods

Single patch nanorods were obtained modifying the central band CuisS—ZnS—CuisS nanorod
procedure. A solution of 0.189 mL Zn?* exchange solution, 15 mL of BE, 4 mL of OLAM, and 2
mL of ODE was added to a 50 mL, 3-neck round bottom flask. The flask was placed under vacuum
and heated to 100 °C for 30 minutes. The solution was placed under a blanket of Ar and cooled to
room temperature. In a septum capped vial, 20 mg of Cu,.sS nanorods were dried and flushed with
Ar before 3 mL of TOP were added. The vial was sonicated for 45 minutes and the nanorod
solution was injected into the flask before cycling with Ar three times. Right after injection, the
temperature ramped up to 90 °C at a rate of 10 °C/min and was immediately cooled in an ice bath.
The nanorods were precipitated in [PA and washed by centrifugation and resuspension in toluene
four times.

Synthesis of double patch ZnS—Cu; 3S nanorods

Double patch nanorods were obtained by modifying the patchy ZnS—Cu, sS nanorod procedure. A
solution of 0.189 mL Zn?*" exchange solution, 15 mL of BE, 4 mL of OLAM, and 2 mL of ODE
was added to a 50 mL, 3-neck round bottom flask. The flask was placed under vacuum and heated
to 100 °C for 30 minutes. The solution was placed under a blanket of Ar and cooled to 50 °C. In a
septum capped vial, 20 mg of Cu; sS nanorods were dried and flushed with Ar before 3 mL of TOP
were added. The vial was sonicated for 45 minutes and the nanorod solution was injected into the
flask before cycling with Ar three times. Right after injection, the temperature ramped up to 80 °C
at a rate of 10 °C/min and stirred for 3 minutes. The flask was removed from heat to cool in an ice
bath. The nanorods were precipitated in IPA and washed by centrifugation and resuspension in
toluene four times.

In situ TEM annealing

A micropipette was used to drop cast 8 uL of a dilute suspension of nanoparticles in hexanes on a
carbon coated Fusion Select heating chip. /n sifu experiments were completed using the Protochips
Aduro heating system consisting of a TEM holder, power supply, and control software. Images
were acquired using he Velox software in continuous mode with a dwell time of 1 ps, a frame time
of 1.3 seconds, and a temperature ramp rate of 100 °C/min.

Box furnace annealing

Solid state annealing was done in a box furnace fitted with an external temperature probe using a
Si plate as an annealing substrate. The nanoparticles were concentrated and drop cast in toluene
on a zero background Si plate. After the solvent evaporated, the plate was quickly placed in the
box furnace at the desired temperature for the desired time. The plate was then removed, and the
particles could be directly analyzed by XRD or recovered in a powder by gently scraping them off
the plate. To visualize the exact same particles before and after annealing, carbon coated, 400-
mesh Au London finder grids from Electron Microscopy Sciences were used as an annealing
substrate. A dilute suspension of nanoparticles in hexanes were drop cast on the finder grids and
analyzed by TEM. The finder grid was then placed on top of a Si wafer in the box furnace for
annealing and was re-analyzed by TEM after being removed.
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Solution annealing

A solution of 7.5 mL ODE and 1 mL OLAM were added to a 25 mL, 3-neck round bottom flask.
The flask was placed under vacuum and heated to 100 °C for 30 minutes. The solution was placed
under a blanket of Ar and heated to the desired temperature for annealing (50—160 °C). In a septum
capped vial, 20 mg of Cui §S nanorods were dried and flushed with Ar before 1.5 mL of ODE were
added. The vial was sonicated for 15 minutes before the particle solution was injected into the
flask and cycled with Ar three times. The reaction stirred for the desired amount of time (5 minutes
to 5 hours).

Characterization

Powder X-ray diffraction (XRD) data was collected on an Empyrean diffractometer using Cu Ka.
radiation. Nanoparticle samples were deposited onto a zero background Si sample holder. Crystal
structures were simulated using CrystalMaker and reference patterns were generated using
CrystalDiffract, distributed by CrystalMaker Software Ltd, Oxford, England
(www.crystalmaker.com). High—angle annular dark field (HAADF) and scanning transmission
electron microscopy energy dispersion spectroscopy (STEM—-EDS) images were collected using a
Ceta camera and a SuperX EDS detector using the Bruker Esprit software on a FEI Talos F200X
S/TEM at an accelerating voltage of 200 kV.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) data were collected on a TA Instruments DSC Q2000
V24.11 using a Standard Cell FC under nitrogen atmosphere. For each sample, the heating/cooling
rate was 10 °C/minute from 20 °C to 250 °C and was cycled four times. DSC data was analyzed
using TA Universal Analysis. For analysis by differential scanning calorimetry, the as-synthesized
Cui 8S nanorods were further subjected to cation exchange conditions without the presence of an
exchange cation. To a 50 mL, 3-neck round bottom flask with 15 mL of BE, 4 mL of OLAM, and
2 mL of ODE were placed under vacuum and heated to 100 °C for 30 minutes. The solution was
placed under a blanket of Ar and cooled to 50 °C. In a septum capped vial, 20 mg of CuisS
nanorods were dried and flushed with Ar before 3 mL of TOP were added. The vial was sonicated
for 45 minutes and the nanorod solution was injected into the flask before cycling with Ar three
times. The solution stirred for 30 minutes and removed from heat to cool in an ice bath. The product
was precipitated in a 1:1 mixture of IPA:acetone and washed by centrifugation and resuspension
in toluene four times. ZnS nanorods for DSC analysis were prepared by placing a 50 mL, 3-neck
round bottom flask with 1.89 mL Zn?** exchange solution, 15 mL of BE, 4 mL of OLAM, and 2
mL of ODE under vacuum and heating to 100 °C for 30 minutes. The solution was placed under a
blanket of Ar and heated to 120 °C. In a septum capped vial, 20 mg of Cu sS nanorods were dried
and flushed with Ar before 3 mL of TOP were added. The vial was sonicated for 45 minutes and
the nanorod solution was injected into the flask before cycling with Ar three times. The reaction
was stirred for 30 minutes and removed from heat to cool in an ice bath. The product was
precipitated in a 1:1 mixture of [PA:acetone and washed by centrifugation and resuspension in
toluene four times.!!
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