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Abstract

Nanoparticles of copper sulfide, including roxbyite CuisS, are important materials for
many applications and they also serve as versatile templates for cation exchange reactions that
transform them into derivative metal sulfide compounds and complex heterostructures. The sizes
and shapes of roxbyite nanoparticles are generally determined during synthesis and their
morphologies are retained during post-synthetic modifications such as cation exchange. Here, we
demonstrate post-synthetic morphological modification of roxbyite nanoparticles by treating them
with 1-dodecanethiol (1-DDT) and tert-dodecanethiol (t-DDT) at temperatures ranging from 90
°C to 160 °C. These thiols, which are typically used as ligands and/or sulfur reagents in
nanoparticle synthesis, induce morphological reshaping while maintaining composition, crystal
structure, and particle volume. For example, 56 x 21 nm roxbyite nanorods transform to 32 nm
spherical particles in the presence of 1-DDT at 130 °C for two or more hours. The nanorods
progressively decrease in length and increase in width, forming a series of ellipsoids having
tunable aspect ratios at intermediate time points. Control experiments point to a single crystal—to—
single crystal pathway that involves material diffusion and migration, which can be accelerated by
increasing the density of cation vacancies in the nanoparticles. Because of this pathway, the thiol-
induced morphology changes are selective to the copper sulfide regions of heterostructured
nanorods containing roxbyite and ZnS, Co9Ss, or CulnS; made using partial cation exchange
reactions, providing access to a library of derivative nanoparticles having otherwise inaccessible
morphologies.



Introduction

Synthetic control of nanoparticle shape and morphology is important for controlling a wide
range of functions, including the optical, photophysical, catalytic, and electronic properties that
are foundational for their applications in areas that include medicine, energy, and the
environment.!”3 Control over morphology in solution-based colloidal synthesis is often achieved
by adding different ligands during synthesis that preferentially interact with different crystal facets
to modulate growth.*® Ligands also stabilize the high-energy surfaces of nanoparticles, preventing
aggregation and enabling dispersibility.” Morphology control can also be achieved by changing
reaction parameters, such as metal reagent, reactant concentration, time, and temperature.®!! Here,
precursor concentration impacts nucleation before particle growth commences, typically at
elevated temperatures. Nanoparticle morphology control can also be achieved post-synthetically
by altering the shape of the particle after it has already been formed.!?'* Methods such as
irradiation, sintering, or etching can be thought of as adding or subtracting atoms from the particles,
forming a shape that would otherwise not be synthesized directly.!+16

Copper sulfide is an important nanoparticle system for achieving morphology control,
including roxbyite Cu, S, which is a well-known plasmonic material.!”-!8 Several different shapes
and sizes of colloidal copper sulfide nanoparticles have been synthesized through variation of
copper precursor reactivity, sulfur source, reaction time, temperature, and capping ligands.!!
Among the most common shapes, copper sulfide spheres up to 20 nm in diameter, rods from 30-
80 nm in length, and plates up to 130 nm in width have been synthesized.!!:!°2! Being a vacancy
rich material, roxbyite copper sulfide nanoparticles, as well as other copper sulfides, have been
important for studying photoactivity, including the dependence of photoactivity on morphology.??
For example, when the absorption of covellite copper sulfide (CuS) spheres, cubes, cuboctahedra,
and truncated octahedra were compared, cubes exhibited the strongest absorbance in the near
infrared region, which translated to having the most potent photothermal and therapeutic
performance.?? In another case, the near-infrared (NIR) absorption of roxbyite nanodisks could be
affected by the size of the particles as well as through plasmonic coupling of the particles in
assembled face-to-face structures, demonstrating potential utility in plasmonic applications like
sensing and catalysis.!”

Nanoparticles of copper sulfide are also well-known templates for post-synthetic
composition modifications, including through cation exchange reactions.?*-* For copper sulfides,
including roxbyite, copper cations in the nanoparticle are replaced with solubilized cations, such
as Zn>" and Co?", while the anion sublattice structure and the nanoparticle morphology are
typically retained.”® Complete cation exchange can be performed to fully replace the copper
cations to yield completely different metal chalcogenide nanoparticles, i.e., ZnS and CoS, with
unique morphologies.?’ Alternatively, partial cation exchange reactions only replace some of the
copper cations in the nanoparticles, producing heterostructured nanoparticles composed of
multiple metal chalcogenide materials and interfaces that have unique properties relevant to
applications in catalysis and photovoltaic technologies.?® Copper sulfide nanoparticles are also
known to undergo post-synthetic morphology transformations, although examples remain
limited.!"?” Reacting heterostructured nanoparticles that contain copper sulfide regions with
trioctylphosphine (TOP) in the presence of oxygen selectively etches the copper sulfide regions,
either sculpting them into narrower shapes through partial removal or completely removing them
to create voids.'*'* The phosphine acts as a reducing agent to remove sulfur from the structure via
binding with TOP, leaving the Cu" susceptible to oxidation and solubilization. In another instance,
the migration of cation exchange induced defects in biconcave Cuz«S plates resulted in a slight



morphology change to thick nanoplates.?®

Ligand exchange, which replaces the ligands on the surfaces of nanoparticles with ligands
in solution, is often used to control the dispersibility and stability of nanoparticles in different
media and is often a necessary step that precedes downstream surface functionalization.?®-3
However, ligand exchange has also been shown to induce morphology changes, including for
copper sulfide nanoparticles. For example, replacing 1-dodecanthiol with 1,2-hexadecanediol on
low chalcocite nanospheres at 220 °C led to oriented attachment of the particles to form rods.!'?
Similarly, one-dimensional (1-D) copper sulfide nanorods were found to form 2-D structures
through etching induced oriented attachment at the rod tips when exposed to an excess amount of
hexylphosphonic acid.?® In a different case, 1-dodecanethiol was used to transform hexagonal
nanoplates of covellite (CuS) into thicker, rounded high chalcocite (Cu2S) nanoplates, which
involved both a composition and a shape change.>* The hexagonal shape and covellite crystal
structure could be restored again using an oleic acid-sulfur complex while maintaining the
thickness.* In this process, 1-dodecanthiol breaks the disulfide bonds of the initial covellite
nanoparticles and removes sulfur, and then the oleic acid-sulfur complex adds sulfur back into the
system to re-form the disulfide bonds to give the stoichiometric covellite copper sulfide phase.
These examples point to the potential utility of post-synthetic ligand exchange for modifying the
shapes and sizes of copper sulfide nanoparticles, which is complementary to direct synthesis
methods. However, existing capabilities have been limited to a small number of systems and
morphologies, and are often accompanied by significant changes in composition. Given the role
of size- and shape-controlled copper sulfide nanoparticles as morphological, compositional, and
structural templates for a wide range of heterostructured nanoparticles, an expanded portfolio of
approaches for achieving post-synthetic morphology changes is desirable.

Here, we show that nanorods of roxbyite copper sulfide, Cu, sS, transform in solution to a
library of eight different shapes — including various types of spheres, ellipsoids, and rods — upon
exposure to two common thiol reagents, 1-dodecanethiol (1-DDT) and tert-dodecanethiol (t-
DDT), at temperatures between 90 °C and 160 °C. The vacancy-rich character of roxbyite copper
sulfide relative to other metal chalcogenide materials makes it an ideal material to facilitate thiol-
driven morphological changes. These morphological changes are classified as single crystal-to—
single crystal transformations because of their crystallographic relationships and they occur with
retention of particle volume. Roxbyite nanorods are routinely synthesized as uniform particles in
high yield, and these characteristics translate to high uniformity and yield of the derivative
nanoparticles, many of which represent sizes and/or shapes that have not been accessible for Cui sS
using direct synthetic methods. When applied to heterostructured nanorods containing roxbyite
and a different metal sulfide phase (CuisS—ZnS, Cu;8S—Co09Ss, Cu;8S—CulnS;), morphological
reshaping is selective to the vacancy-rich copper sulfide regions. These transformations produce
derivative heterostructured nanoparticles with complex morphologies, including compositionally
and morphologically asymmetric heterodimers. The experimental insights into thiol-induced
morphology changes described here can therefore be merged with the extensive library of cation
exchange reactions to access heterostructured nanoparticles with exceptionally complex shapes
and compositions.



Experimental Section

Chemicals

I-dodecanethiol (1-DDT, Sigma Aldrich, >98%), fert-dodecanethiol (t-DDT, Sigma-Aldrich,
mixture of isomers, >98.5%), isopropyl alcohol (IPA, Millipore), ethanol (Koptec), toluene
(Millipore), tetrahydrofuran (THF, anhydrous, Sigma-Aldrich, >99.9%), 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%), tetrachloroethylene (Sigma-Aldrich, >99%) copper (II) nitrate
trihydrate (Cu(NOs3)2-:3H20, Sigma-Aldrich, >99%), iodine (I, Mallinckrodt Chemicals),
octadecanethiol (ODT, Sigma-Aldrich, 98%), decanethiol (DT, Alfa Aesar, 96%), zinc chloride
(ZnCly, anhydrous, Sigma-Aldrich, 97%), indium chloride (InCls, anhydrous, Alfa Aesar, >98%)),
and cobalt(Il) chloride (CoClz, purum p.a., Sigma-Aldrich, 97%). All chemicals were used as
received without further purification.

Synthesis of roxbyite (Cu;.8S) nanorods

In a 250-mL, 3-neck round bottom flask, Cu(NO3)2:3H20 (843 mg), TOPO (8.7 g), ODE (45 mL),
and OLAM (750 pL) were placed under vacuum. While under vacuum, the temperature was raised
to 80 °C and held for 30 minutes. The flask was cycled with a blanket of Ar three times, for
approximately two minutes each. Using a syringe, a 22.5 mL mixture of 10:1 t-DDT:1-DDT was
rapidly injected into the flask. (All injections were performed manually, not with a syringe pump.)
The reaction was placed under Ar flow and the temperature was raised to 180 °C within 5 minutes.
The reaction was held at 180 °C for 15 minutes and then removed from heat and cooled with a
room temperature water bath. The product was precipitated with 1:1 [PA:acetone and washed by
centrifugation and resuspension in toluene three times.?¢

Synthesis of roxbyite (Cu; sS) nanoplates

Cu(acac) (0.3926 g), 1-DDT (5 mL), and OLAM (10 mL) were added to a 50 mL, 3-neck round
bottom flask and placed under vacuum for 1 hour. The flask was then cycled with Ar three times
and slowly heated to 250 °C. The reaction was allowed to stir for 1 hour before precipitating the
particles with IPA and washing by centrifugation and resuspension in toluene three times.*

Preparation of cation exchange solutions

Cation exchange solutions of 0.018 mmol/mL Co?*, 0.073 mmol/mL Zn?**, and 0.012 mmol/mL
In** were made according to the procedure detailed in reference 26.2¢ Briefly, 15 mL of BE, 8 mL
of OLAM, 2 mL of ODE, and the desired metal salt (250 mg ZnCl,, 59.6 mg CoCl,, or 67.6 mg
InCl;) were added to a 50 mL, 3-neck round bottom flask. The flask was placed under vacuum and
heated to 100 °C for 1 hour. The flask was cycled with Ar three times and heated to 200 °C for 30
minutes. The solutions were cooled and stored in septum capped vials.

Synthesis of ZnS nanorods by cation exchange

To obtain ZnS nanorods, cation exchange using a two-fold excess of Zn?* was performed on Cu; sS
nanorods. Briefly, 7.5 mL of BE, 1 mL of ODE, 4 mL of OLAM, and 1.889 mL (excess) Zn**
exchange solution were added to a 50 mL, 3-neck round bottom flask. The flask was heated to 100
°C for 30 minutes. The flask was cycled with Ar three times and heated to 120 °C. In a separate
septum-capped vial, 20 mg of Cu S rods were sonicated in 3 mL of TOP for 45 minutes and then




injected into the hot flask. The reaction was run for 30 minutes before the particles were
precipitated with 1:1 IPA:ethanol and washed by centrifugation and resuspension in toluene three
times.?¢

Preparation of OLAM-S complex

The OLAM-S complex solution was prepared by heating 5 mL of OLAM and 0.5 mmol sulfur
powder to 40 °C for 20 minutes. The resulting orange-colored solution was allowed to cool before
being used directly in the reaction to make covellite plates.>*

Synthesis of 50% exchanged nanorod heterostructures

To obtain 50% exchanged Cui S rods, 7.5 mL of BE, 1 mL of ODE, 4 mL of OLAM, and the
desired cation exchange solution (1.913 mL Co?* solution, 0.472 mL Zn?* solution, or 1.913 mL
In** solution) were added to a 50 mL, 3-neck round bottom flask. The flask was heated to 100 °C
for 30 minutes. The flask was cycled with Ar three times and heated to 120 °C. In a separate
septum-capped vial, 20 mg of Cu S rods were sonicated in 3 mL of TOP for 45 minutes and then
injected into the hot flask. The reaction was run for 30 minutes before the particles were
precipitated with IPA and washed by centrifugation and resuspension in toluene three times.?

Synthesis of single tip ZnS—Cu, sS nanorod heterostructures

Single tip ZnS—Cui S nanorod heterostructures were prepared by heating 7.5 mL of BE, 1 mL of
ODE, 4 mL of OLAM, and 0.236 mL Zn?" exchange solution in a 50 mL, 3-neck round-bottom
flask under vacuum at 100 °C for 30 minutes. The flask was cycled with Ar three times and heated
to 120 °C. In a separate septum-capped vial, 20 mg of Cui S rods were sonicated in 3 mL of TOP
for 45 minutes and then injected into the hot flask. The reaction was run for 30 minutes before the
flask was cooled in a water bath. The particles were precipitated with IPA and washed by
centrifugation and resuspension in toluene three times.?¢

Synthesis of central band Cu;.sS—7ZnS—Cu; S nanorod heterostructures

Central band Cu;8S—ZnS—Cu;sS nanorod heterostructures were prepared by heating 7.5 mL of
BE, 1 mL of ODE, and 4 mL of OLAM in a 50 mL, 3-neck round-bottom flask under vacuum at
100 °C for 30 minutes. The flask was cycled with Ar three times and heated to 120 °C. In a separate
septum-capped vial, 20 mg of CuisS rods cycled with Ar were sonicated in 1.75 mL of TOP for
45 minutes and then injected into the hot flask. The temperature was held at 120 °C for 10 minutes
before the flask was cooled to room temperature. The Zn** exchange solution (0.236 mL) was
quickly injected and the temperature was ramped up to 100 °C at a rate of 10 °C/min. The reaction
was run for 30 minutes before the flask was cooled in a water bath. The particles were precipitated
with IPA and washed by centrifugation and resuspension in toluene three times.?®

Synthesis of double tip ZnS—Cu; 8S—ZnS nanorod heterostructures

Double tip ZnS—Cui 8S—ZnS nanorod heterostructures were prepared by heating 250 mg of ZnClo,
15 mL of BE, 2 mL of ODE, and 8 mL of OLAM in a 50 mL, 3-neck round-bottom flask under
vacuum at 100 °C for 30 minutes. The flask was cycled with Ar three times and heated to 200 °C
where it was held for 30 minutes. The solution was cooled to 50 °C. In a separate septum-capped
vial, 20 mg of Cui 8S rods cycled with Ar were sonicated in 3 mL of TOP for 45 minutes and then
injected into the flask. The reaction ran for 45 minutes before the flask was cooled with a water




bath. The particles were precipitated with 1:1 IPA:ethanol and washed by centrifugation and
resuspension in toluene three times.?°

Additional Zn?" exchange of 1-DDT treated nanorod heterostructures

The following procedure was used for fully exchanging Zn** in the 1-DDT treated double tip,
central band, and single tip nanorod heterostructures. Briefly, 7.5 mL of BE, 1 mL of ODE, 4 mL
of OLAM, and the a twofold excess Zn?>" cation exchange solution (0.944 mL) were added to a 50
mL, 3-neck round bottom flask. The flask was heated to 100 °C for 30 minutes. The flask was
cycled with Ar three times and heated to 120 °C. In a separate septum-capped vial, 10 mg of the
desired rods were sonicated in 3 mL of TOP for 45 minutes and then injected into the hot flask.
The reaction was run for 30 minutes before the particles were precipitated with IPA and washed
by centrifugation and resuspension in toluene three times.

I, treatment of Cu; gS rods

Cui 8S rods (10 mg) were suspended in a vial with 2 mL of THF to make a 5 mg/mL solution. To
treat the particles, 100 pL of 0.02 M L in THF were injected into the vial. The vial was sonicated
for 5 minutes and then stirred for 15 minutes. The particles were washed and centrifuged with IPA
twice followed by ethanol once.®

Thiol treatment reactions

All thiol treatment reactions were run under the same conditions with the appropriate ligand (1-
DDT, t-DDT, OLAM-S), temperature and time. In general, 7.5 mL of ODE and 1 mL OLAM were
added to a 3-neck round bottom flask and placed under vacuum before heating to 100 °C. The
temperature was held for 1 hour. The flask was then cycled with a blanket of Ar three times. The
solution was adjusted to the desired temperature. In a separate septum-capped vial, 7.5 mg of
nanoparticles were dried under vacuum. The desired ligand was then added to the vial and cycled
between vacuum and Ar three times. The vial was briefly sonicated to suspend the nanoparticles
in the ligand solution. When the round-bottom flask reached the desired temperature, the
nanoparticle solution was injected into the flask. The time was immediately started after injection.
Tables S1 and S2 in the Supporting Information show the specific conditions used for each thiol
treatment reaction.

Characterization

An Empyrean diffractometer was used to collect powder X-ray diffraction (XRD) data using Cu
Ka radiation. Samples were prepared by dropcasting on a zero background Si sample holder.
Transmission electron microscopy (TEM) images were obtained using a Veleta camera on a FEI
Tecnai G20 20 XTWIN microscope operating at 200 kV with a typical dose rate of 26.5 e/A%s
and screen current of 0.70 nA. High-resolution transmission electron microscopy (HRTEM),
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 on a FEI Talos F200X S/TEM at an accelerating voltage of 200 kV with a typical
dose rate of 15.9 e/A%s and screen current of 0.81 nA. A dwell time of 1 ps was used in STEM
mode. Ultraviolet-near infrared (UV-NIR) spectra were collected in a quartz cuvette using a
Perkin-Elmer Lambda 950 spectrometer using a standard detector and a wavelength range of 500
to 2000 nm, with a data interval of 2 nm. Samples were prepared in tetrachloroethylene and
sonicated for 5 minutes directly before measurement.




Results and Discussion

Nanorods of roxbyite copper sulfide (CuisS) with dimensions of 56 £3 x 21 £ 1 nm were
synthesized according to a previously reported method where Cu(NO3)2-:3H>0O and a 10:1 mixture
of tert-dodecanethiol:dodecanethiol were reacted at 180 °C for 15 min in octadecene, oleylamine,
and trioctylphosphine oxide.?® Transmission electron microscopy (TEM), high resolution TEM
(HRTEM), and powder X-ray diffraction (XRD) data for the roxbyite nanorods are shown in
Figure 1. The nanorods were then subjected to treatment with the thiol ligands 1-DDT and t-DDT.
Both 1-DDT and t-DDT are common reagents in copper sulfide nanoparticle synthesis, providing
a sulfur source through decomposition at elevated temperatures and also acting as stabilizers.3” Of
the two, t-DDT is considered to be the more reactive thiol, as it decomposes at a lower temperature
than 1-DDT.?”37 This difference in reactivity influences the stabilization and growth of different
facets, thereby impacting the resulting nanoparticle shape.!!*” To investigate the impact of thiol
exposure post-synthetically, as opposed to during nanoparticle synthesis, the roxbyite nanorods
and desired thiol ligand were injected into a heated solution of oleylamine and octadecene, as
described in the Experimental Section and as discussed below.
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Figure 1. (a) TEM images characterizing the morphology transformation of CuisS rods to spheres using 1-DDT after
42 hours at 130 °C. Scale bars are 100 nm. (b) HRTEM images of the rods and spheres. Scale bars in the main panels
are 10 nm and scale bars in the insets are 1 nm. (c) Experimental powder XRD patterns of the rods and spheres, along
with a reference pattern for roxbyite Cui.8S.3® (d) Histogram showing the particle volumes calculated for the nanorod
precursors and nanosphere products.

The roxbyite nanorods were first treated with 1-DDT at 130 °C, conditions comparable to
typical ligand exchange reactions. The TEM image in Figure 1 shows that this treatment with 1-
DDT transformed the nanorods into multi-faceted, nominally spherical nanoparticles over the
course of 42 hours, and the corresponding XRD pattern confirms that the roxbyite crystal phase is
retained after the morphology change. The spherical nanoparticles formed after 42 hours of
treatment with 1-DDT have an average diameter of 32 + 2 nm, which represents a 43% decrease
in length and a 52% increase in width relative to the nanorods from which they were derived. The



ability to access uniform spherical particles with a diameter of 32 nm is significant because this
size range is difficult to target directly and it creates a platform for testing fundamental size-
dependent properties, both for roxbyite and for derivative cation-exchanged products. Typical
colloidal syntheses produce spherical roxbyite copper sulfide nanoparticles having diameters up
to 20 nm.2%%°

Figure 1d also shows a histogram characterizing and comparing the volumes of the roxbyite
nanorods before 1-DDT treatment and the roxbyite nanospheres after 42 hours of 1-DDT treatment
generated from TEM images. We measured the lengths and widths of 150 as-synthesized rods and
150 1-DDT-treated spheres and then calculated the corresponding volume of each particle,
assuming a perfect cylinder for the nanorods and a perfect sphere for the nominally spherical
nanoparticles. While these are idealized geometric estimates that do not take into account faceting,
they are reasonable approximations based on the known morphologies of copper sulfide nanorods
and spherical nanoparticles.!!** Using this process, the average volume and standard deviation of
the initial rods was estimated to be 1.9 x 10* = 0.2 x 10* nm?, while the average volume of the
spherical nanoparticles formed by transforming the nanorods was 1.8 x 10* + 0.2 x 10* nm?. These
volumes are considered to be identical, given the standard deviations and the assumptions made in
the calculations, and therefore are consistent with a transformation process that reshapes the
nanoparticles without involving dissolution and recrystallization, which most likely would not
have conserved particle volume.

HRTEM imaging was used to identify the crystallographic relationships between the
precursor nanorods and the product nanospheres after 42 hours of 1-DDT treatment. The slightly
distorted hexagonally closed packed (200) plane of roxbyite, corresponding to the a-direction of
the monoclinic crystal structure, aligns with the length of the nanorod, as seen in Figure 1b. This
orientation was identified by comparing the measured 6.5 A spacing between the lattice planes in
the roxbyite nanorods with the d-spacing of 6.7 A that was expected based on the roxbyite crystal
structure.®® Similarly, the spacing of the (320) plane was similarly measured as 3.4 A, which
compared favorably with the expected value of 3.7 A. This same (200) plane can also be identified
in the spheres obtained after 42 hours of treatment with 1-DDT. Here the d-spacing of the (200)
planes was measured as 6.7 A and the d-spacing of the (320) planes was measured as 3.3 A.
Interestingly, the facets on the tips and edges of the as-synthesized roxbyite nanorods, and the most
visible facets on the nominally spherical nanoparticle products, are the same, based on the
directions in which the close-packed planes stack. These facets are noted by the white lines in
Figure 1b and identified as the [100] and [010] family of planes, respectively. This observation
indicates a significant crystallographic relationship between the precursor and product and
suggests that the transformation of the nanorods into spheres occurs by decreasing the number of
stacked closed packed planes along the length of the particle while increasing the area of the closed
packed planes, without disrupting the crystal structure or its orientation within the transforming
particle.

To better understand the process by which the morphological reshaping occurred, aliquots
were taken to bridge the time during which the morphology changed from nanorods to
nanospheres. Figure 2 shows TEM images for this series of samples, along with histograms
characterizing the distributions of particle lengths and widths for each sample. The starting
nanorods (0 hour time point) have dimensions of 56 = 3 nm x 21 = 1 nm, but by 15 min, the
nanorods have started to become shorter and wider with dimensions of 52 + 4 nm x 24 + | nm.
The nanorods continue to shorten and widen through the 30 min (44 = 4 nm x 27 = 1 nm) and 1



hour (38 + 3 nm x 30 + 1 nm) time points, ultimately taking on an elliptical shape during this
period. By two hours, the morphology change to nominally spherical particles is complete,
yielding dimensions of 33 £ 1 nm x 33 + 1 nm. Interestingly, with each aliquot (15 min, 30 min,
1 h, 2 h), the width decreases by approximately 3 nm, which represents about 14% of the initial
rod width. Given the spacing of the time points, this indicates that longer time intervals are required
to change the width by the same amount as the treatment with 1-DDT progresses. The length of
the rod similarly experiences a faster change in the early aliquots. By 15 minutes the rod length
decreases by approximately 4 nm, which is about 7% of the initial rod length. In another 15 minutes
(i.e., the 30 minute aliquot), the rod length decreases an additional 8 nm, which is approximately
14% of the initial rod length. Between 30 minutes and 1 hour, the length decreases an additional
11% (6 nm) and then another 9% (~5 nm) by 2 hours, finally converging to the final width of 33
+ 1 nm, which is identical to the length and therefore corresponds to spherical particles.
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Figure 2. (a) TEM images of aliquots showing the morphology transformation of Cui.sS rods to spheres using 1-DDT
at 130 °C. Scale bars are 100 nm. Histograms show the (b) lengths and (c) widths for the particles in each aliquot.

We then carried out the same reaction — treating roxbyite nanorods with 1-DDT — at
different temperatures to gain insights into how rapidly the morphological transformation could
occur and to determine if the morphologies would differ. At 100 °C, a lower temperature than the
130 °C reaction studied initially, spherical nanoparticles could be accessed within 3 h (instead of
2 h at 130 °C), but at 160 °C, a higher temperature, the transformation took place within 5 min
(Figure 3). We then treated the nanorods with other straight chain thiols at 130 °C, including
decanethiol (DT) and octadecanethiol (ODT), and found that spherical nanoparticles formed as
well (Figure 3c and 3d, respectively). Steric hindrance of ligands on copper sulfide nanorods has
been shown previously to impact rod reactivity due to denser surface packing on the sides vs.
tips,*! suggesting that a branched thiol ligand such as t-DDT would behave differently with regards



to particle reshaping than the straight chain thiols. Under the same conditions as for the 1-DDT
reaction, the roxbyite nanorods and t-DDT were injected at 130 °C. The rods became shorter and
wider with prominent surface facets by 36 h, giving them an ovular shape distinct from the spheres
that resulted from 1-DDT treatment (Figure 4b).
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Figure 3. TEM images of the spherical particles that form from CuisS rods treated in (a) 1-dodecanethiol (1-DDT) at
160 °C, (b) 1-DDT at 100 °C (c) 1-decanethiol (DT) at 130 °C, and (d) 1-octadecanethiol (ODT) at 130 °C. Scale bars
are 100 nm. (e) Experimental powder XRD patterns of the treated rods, along with a reference pattern for roxbyite
Cu1sS.3®
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Unlike with 1-DDT, where temperature impacted only the rate at which particle reshaping
occurred without changing the final morphology, the temperature in the t-DDT system did impact
nanoparticle morphology, as shown in Figure 4. At a higher temperature of 160 °C, the
morphology change relative to the starting nanorods is subtle and does not change beyond 24
hours. The nanorods became slightly shorter and wider with dimensions of 51 £ 4 nm x 23 + 1
nm, and a conserved volume of 2.1 x 10* + 0.4 x 10* nm?. At the lower temperatures (110 °C and
90 °C), the nanoparticle morphology appeared to be influenced by etching as evidenced by the
appearance of a yellow copper-thiolate solution over the course of the reaction, coupled with an
eventual disappearance of the particles.*>** The etching behavior of this particular combination of
alkylthiol and temperature was found to be reproducible. Alkylthiols have been known to induce
etching of metal chalcogenide nanoparticles.***6 While it is difficult at this stage to fully
understand the origin of this etching behavior, we speculate that there must be a threshold amount
of time for the t-DDT to be bound to the surface for it to solvate the Cu" cations and allow them
(concomitantly with S?~ anions) to be removed from the nanoparticle. Lower temperatures would
likely facilitate longer residence time for t-DDT to be bound to the surface than higher
temperatures, where there would be a more dynamic ligand exchange environment, thereby
favoring etching at lower rather than higher temperatures. The final morphology after 24 hours of
the nanoparticles reacting with t-DDT at 110 °C were shorter and wider rods with rounded tips.
While 90 °C was a sufficiently low temperature to completely etch the particles by 10 hours,
stopping the reaction at four hours yielded narrow nanorods with sharp tips. For the resulting 160
°C and 130 °C t-DDT induced products, the XRD patterns show retention of the roxbyite crystal
structure, as was seen in the 1-DDT system (Figure S1). The resulting 110 °C and 90 °C t-DDT
induced products, that were also influenced by etching, resemble the djurleite phase of copper
sulfide, which has a crystal structure that is very closely related to roxbyite (Figure S2).3%47

1(b) 130 °C

~

Figure 4. TEM images characterizing the Cui.sS particle morphologies that form upon treating Cui.sS rods in t-DDT
at (a) 160 °C, (b) 130 °C, (c) 110 °C, and (d) 90 °C. Scale bars are 100 nm.
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We speculate that the difference in the temperature dependence of the morphology change
for the 1-DDT vs. t-DDT systems is due to reactivity. Both 1-DDT and t-DDT are common sulfur
reagents in nanoparticle synthesis; however, t-DDT is considered more reactive because of its
lower thermolysis temperature of 160 °C compared to 180 °C for 1-DDT in these conditions.!!-?7-37
As the injection temperature approaches the decomposition temperature of 160 °C, the t-DDT
ligand decomposes, lowering the concentration of t-DDT present in solution. We speculate that
less t-DDT present in solution leads to a less pronounced morphology change relative to the
product formed at 130 °C.

Having observed the influence of reaction time, reaction temperature, and identity of the
thiol ligand on particle reshaping, we also considered the role of nanoparticle morphology.
Roxbyite Cu; sS plates were synthesized (Figure S3a) and subjected to treatment with 1-DDT. The
original plates had a diameter of 43 + 8 nm_and a thickness of 13 + 1 nm with faceted edges. In
contrast to the spheres that resulted from thiol-induced reshaping of the nanorods treated with 1-
DDT, here, for the nanoplates, the resulting particles were disk shaped with rounded edges, which
represents a clear loss of faceting from the starting plates. The particles had a diameter of 45 + 7
nm and a thickness of 14 £+ 1 nm (Figure S3b). These results demonstrate that the morphology after
thiol-induced reshaping is dependent upon the morphology of the initial starting nanoparticles,
which makes sense because of the crystallographic dependence to reshaping that was detailed in
Figure 1. As discussed in Figure 1, the number of closed packed planes decreases as the rod
shortens. However, the area of the closed packed planes increases as the rod widens. In the CuigS
plates, there are already very few closed packed planes of sulfur stacked in the direction
corresponding to the thickness of the plate, while the area of those planes is effectively already
maximized on the face of the plate. This could rationalize why the morphology change in the plates
is relatively small. Similarly to the case of roxbyite nanorods treated with 1-DDT, the crystal
structure was conserved in the final product (Figure S3e).

It is known that treatment with 1-DDT can drive a crystal structure change in covellite
(CuS) to form high chalcocite (Cu2S).** This crystal structure change occurs concomitantly with a
composition change that is triggered by breaking the disulfide bonds that are present in covellite
and then is followed by a small change in morphology from hexagonal plates to thicker, rounded
plates. In contrast, our system maintains the roxbyite crystal structure before and after treatment
with 1-DDT, which indicates that the precursor and product do not differ in crystal structure or
composition. To help validate this key difference between the reactivity of 1-DDT with covellite
vs. roxbyite, we carried out a control experiment by treating covellite CuS plates with 1-DDT
under the same conditions we used for roxbyite CuisS. The covellite plates were synthesized by
treating the Cu; S nanorods with an oleylamine-sulfur complex, which is commonly used in direct
nanoparticle synthesis as a sulfur source (Figure S3¢).>* The covellite plates were then treated in
1-DDT at 130 °C for two hours (Figure S3d), identical to the treatment applied to the roxbyite
plates. Here, for the covellite system, the plate morphology was retained through the thiol
treatment, which contrasts with the conversion to a disk morphology that was observed for the
roxbyite plates. For the covellite plates, there was also a change in crystal structure and
composition from covellite CuS to digenite Cu1sS, along with a copper metal impurity (Figure
S3f). In contrast, the roxbyite plates retained the roxbyite crystal structure and composition
(Cu1.8S) through the transformation to disks. These experiments emphasize that in the presence of
covellite, 1-DDT acts as a reducing agent, breaking the sulfur-sulfur bonds and allowing the crystal
phase to change to digenite, as previously reported (Figure S2).3* Therefore in the covellite system,
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1-DDT is chemically facilitating a change in the crystal structure and composition, which is
coupled to, and likely helps to cause, the morphology change. However, for the roxbyite system
that does not contain disulfide bonds, 1-DDT is not a sufficiently strong reducing agent to change
composition, and the crystal structure is maintained (Figure S2).

All of the particle reshaping studies described above have focused on copper sulfides. We
also treated wurtzite zinc sulfide (ZnS) with 1-DDT and t-DDT. As can be seen in the TEM images
and histograms in Figure 5, treatment with 1-DDT or t-DDT changes neither the size nor the shape
of the ZnS nanoparticles, and the corresponding XRD data confirm that the phases remain
unchanged as well. The length of the ZnS nanoparticles before and after thiol treatment is
consistently 52 + 3 nm while the width is consistently 20 + 1 nm. STEM-EDS images of the ZnS
nanorods before and after treatment are shown in Figure S4. These data therefore suggest that the
particle reshaping may be selective to copper sulfide. To understand the basis for this potential
selectivity, we considered the key aspects of the crystal structure, as well as cation vacancies,
which are known to enhance diffusion and therefore could be implicated in a particle reshaping
pathway that involves material diffusion and migration, as discussed earlier. We first considered
the charges of the cations. Roxbyite contains Cu*, while ZnS contains Zn?*. Divalent cation
mobilities are much lower than those of monovalent cations, which suggests that Cu; sS would be
much more amenable to reshaping through this pathway than ZnS, as observed.*#’ Copper cations
are also prone to changing oxidation states and would be susceptible to doing so in different ligand
environments that have different redox conditions, unlike the Zn?* cation. Lastly, the distorted
anion sublattice of Cui sS is more likely than ZnS to rearrange during cation exchange, as it must
necessarily shift locally to transform to the non-distorted close packed planes in wurtzite.>
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Figure 5. TEM images of (a) ZnS rods obtained through cation exchange of Cui.sS nanorods, (b) ZnS rods treated
with 1-DDT at 130 °C, and (c¢) ZnS rods treated with t-DDT at 130 °C. Scale bars are 100 nm. (d) Experimental powder
XRD patterns of the untreated ZnS rods and the 1-DDT and t-DDT treated ZnS rods, along with a reference pattern
of wurtzite ZnS.%! (¢) Histograms show the lengths and widths of the ZnS particles.

In addition to the charge consideration, roxbyite (along with several other copper sulfides)
contains a high density of cation vacancies in the crystal structure, which imparts high copper
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cation mobilities.>*>> We speculate, based on our hypothesis that the thiol-induced reshaping
pathway involves material diffusion and migration, that these cation vacancies play a key role in
accelerating the morphology change, similarly to how the cation vacancies in roxbyite help Cu*
diffuse through the crystal structure to accelerate cation exchange reactions.?® To test this
hypothesis, we treated the roxbyite nanorods with iodine to increase the density of copper cation
vacancies, as reaction with I» in THF is known to extract Cu*, leaving behind vacancies.*®> This
method of increasing the number of vacancies in roxbyite nanorods has been shown to increase
cation exchange rates.’® Changes in vacancy concentrations can be monitored using UV-vis-NIR
spectroscopy.’®>3 As copper cations are removed from the nanorods, holes are generated in the
valance band, which changes the carrier concentration. This, in turn, increases the localized surface
plasmon resonance frequency, thereby blue-shifting the plasmon band.’*->® Figure 6a, which
shows the plasmon band of the untreated roxbyite rods at 1460 nm and the blue-shifted plasmon
band of the iodine treated roxbyite rods at 1360 nm, is consistent with a higher concentration of
vacancies in the iodine treated rods. Both the untreated and iodine treated nanorods were subjected
to treatment with 1-DDT at 110 °C; the lower temperature of 110 °C (relative to 130 °C that was
used in Figure 1) slowed down the morphology change and allowed us to interrogate its evolution
over a longer period of time. TEM images for the untreated and iodine treated nanorods are shown
in Figures 6b and 6¢c, respectively. (Note that some nanorods are oriented upright in the TEM
images; these are distinct from the nominally spherical particles, which are significantly wider
than the cross section diameters of the vertically-stacked nanorods.) The iodine treated nanorods
began to change morphology within 30 minutes while up to 2 hours was required to see a
morphology change in the untreated nanorods. The increased vacancy concentration therefore
correlated with a faster morphology change, suggesting that the selectivity of the particle reshaping
process for roxbyite copper sulfide is due to cation mobilities that are enhanced by vacancies in
the crystal structure. Sufficient mobility of the Cu* cations appears to be a prerequisite for the
observed morphology change.
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Figure 6. (a) UV-vis-NIR spectrum of Cui.sS nanorods before and after treatment with I.. TEM images of aliquots of
(b) untreated and (c) L» treated Cui S rods in 1-DDT at 110 °C for 3 hours. Scale bars are 100 nm. In the early time
point TEM images, some nanorods are oriented upright; these are distinct from the thiol-treated spherical particles,
which are significantly wider than the cross-section diameters of the vertically-stacked nanorods.
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The observed selectivity for roxbyite copper sulfide suggests that particle reshaping could
be localized to the copper sulfide regions of heterostructured metal sulfide nanorods that contain
both roxbyite and other metal sulfides, synthesized using multiple sequential partial cation
exchange reactions, to create morphologically complex derivatives. Accordingly, half of the Cu*
cations in roxbyite nanorods were exchanged with either Co?*, Zn?**, or In*" to form the Janus
nanorod derivatives Co9Ss—Cui sS, ZnS—Cu; S and CulnS,—Cu; S that retain the morphology of
the roxbyite nanorod precursor.?’ Figure 7 shows TEM images of these nanorods before and after
treatment with 1-DDT and t-DDT at 130 °C for 2 hours. Powder XRD characterization identified
the materials in the heterostructures (Figures S5-S7) Analysis of the TEM images in Figure 7, as
well as the STEM-EDS data (Figure S8-S10), indicates that for all of the reactions, the reshaping
is selective to the Cu;sS regions. Additionally, the morphological modifications to the CuigS
regions of the heterostructured nanorods are similar to those of just Cui ¢S nanorods, as were shown
in Figures 1. The heterostructure nanorods treated with 1-DDT each have a rounded Cu, sS region
that has shortened along the length of the rod and widened across the rod, tapering at the center of
the rod to meet the interface of the other metal sulfide region. The heterostructure nanorods treated
with t-DDT also shortened along the length of the rod and widened across the rod, resulting in an
elliptically shaped region that tapers at the center of the rod to meet the interface of the other metal
sulfide region.

Treated with 1-DDT

As-synthesized Treated with t-DDT

C0983f091_38 ‘

(200) ~ (320)
s .\47\ . 1 y

A A

71$-Cus 58

Cu8S,—Cu, S

Figure 7. TEM images and corresponding STEM-EDS maps of (a-c) the half-exchanged heterostructured nanorods
and after treatment with (d-f) 1-DDT and (g-i) t-DDT at 130 °C for 2 hours. All TEM image scale bars are 100 nm
and all STEM-EDS and cropped TEM image scale bars are 10 nm. Cropped particles have CuisS oriented at the
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bottom (Cu is represented by red, Co is represented by purple, Zn is represented by green, and In is represented by
yellow). HRTEM images of a (j) CuisS rod and (k) CosSs—Cui.sS heterostructured nanorod treated with 1-DDT at
130 °C for 35 hours. The measured spacings of the (200) and (320) planes closely match the expected values of 6.7 A
and 3.7 A, respectively.®® High resolution insets show the Cu sS regions and have scale bars of 1 nm.

The Co9Ss—Cu 8S heterostructured nanorods were additionally treated with t-DDT at 130
°C for 36 hours for comparison with the previously discussed Cui sS rods treated under the same
conditions. XRD verified that the CuisS regions in the Co9Ss—Cui gS heterostructured nanorods
were indeed roxbyite (Figure S11) and HRTEM was used to find the close packed stacking
direction of the Cui sS regions in the CosSs—Cuy.sS heterostructured nanorods treated with t-DDT.
The stacking direction corresponds to the (200) plane of the roxbyite region, and the exposed facets
at the surface are noted as the [100] and [120] family of planes (Figure 7k), and therefore are
crystallographically similar to the non-heterostructured CuisS nanorods in Figure 7j. These
observations suggest that the morphology transformation in the heterostructured nanorods is the
same as in the initial CuisS rods. Application of thiol-induced reshaping of the roxbyite copper
sulfide regions in heterostructured nanorods expands the library of complex nanoparticle
morphologies that can now be easily accessed with compositional variety,!+20-23-26:57

To further expand the applicability of thiol-driven morphology changes for the design of
morphologically and compositionally complex nanoparticles, we applied 1-DDT treatment to
different types of heterostructured nanorods synthesized using multiple sequential partial cation
exchange reactions. In these nanorods, roxbyite copper sulfide is located in a variety of distinct
regions. Figure 8 shows TEM images of three different ZnS/CuisS heterostructured nanorod
isomers—single tip ZnS—Cu sS, central band CuisS—ZnS—CuisS, and double tip ZnS—Cuy sS—
ZnS—treated with 1-DDT for 2 h at 130 °C.2° As expected from the preceding studies that show
reshaping occurs only in the Cuy sS regions, three distinct products form. The single tip ZnS—Cu, sS
nanorods yielded a product with a rounded CuisS region that is similar to the system shown in
Figure 4, with the only difference being the extent of partial cation exchange, and therefore the
relative ratios of ZnS:CuisS in the nanorods. Similarly, for central band CuisS—ZnS—CuisS
nanorods, the two terminal CuisS regions rounded, while the central ZnS region remained
unchanged. The result of this morphological reshaping was the formation of dumbbell shaped
particles. The morphology of the ZnS—Cu;38S—ZnS nanorods changed by widening the central
Cui S region, which tapers down to the interface of the two ZnS regions. The morphology change
of the double tip rods is less pronounced than that of the other ZnS/Cu1sS isomers because the
CuisS region is constrained between the two ZnS regions. The interface appears to “pin” the
morphology, and reshaping occurs only on the outer exposed surfaces.

We then carried out additional Zn?* cation exchange to fully replace all of the remaining
Cui 8S from the ZnS/Cui sS heterostructured nanorods with ZnS. This process produced fully ZnS
nanorods with sculpted morphologies that ultimately retained the overall morphologies of the
partially thiol-reshaped heterostructured nanorods precursors. The fully exchanged ZnS
nanoparticles, shown in Figure 81, derived from the single tip, thiol-reshaped ZnS—Cu; sS nanorods
in Figure 8f are asymmetric with a large, rounded region tapering down to a smaller, rounded
region.?’ Likewise, full Zn?* exchange of the thiol-reshaped CuigS—ZnS—CuigS dumbbell
nanorods in Figure 8h yielded analogously-shaped ZnS dumbbell particles. The ZnS nanoparticles
in Figure 8g resulting from the double tip ZnS—Cu13S—ZnS rods have small, rounded tips that
widen towards the center of the particle. The XRD and STEM-EDS images show the full
conversion of the heterostructures to ZnS (Figures S12-17). Thiol-induced reshaping therefore
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provides a strategy for synthesizing morphologically unique nanoparticles that are inaccessible by
both direct colloidal synthesis and traditional cation exchange reactions.

1-DDT treated
heterostructures
e B : . % i ’.A'

Single tip

1-DDT
130 °C
8¢ %

Central band

ZnS-Cu, gS—7nS Cu445—2nS—Cuy S

Double tip

Figure 8. TEM images and corresponding STEM-EDS maps of (a) ZnS—Cui1.sS—ZnS double-tip, (b) Cu1.sS—ZnS—
Cu1sS central band, and (c) ZnS—Cu.sS single-tip heterostructured nanorods. TEM images of (d-f) the Cui1.sS/ZnS
heterostructured nanorods after treatment with 1-DDT at 130 °C for 2 hours and (g-i) after subsequent cation exchange
reactions with Zn?*. All wide-view TEM images have scale bars of 100 nm. Cropped TEM and STEM-EDS images
have scale bars of 10 nm. STEM-EDS images have Cu represented by red and Zn represented by green.

Conclusions

In summary, we found that treating roxbyite Cui.sS nanoparticles with the common thiol
reagents 1-DDT and t-DDT induces morphology changes that vary depending on time,
temperature, and starting nanoparticle morphology; crystal structure and composition also play a
role, as covellite CuS behaves differently than roxbyite Cu;sS. Because of this thiol-induced
reshaping process, a library of roxbyite copper sulfide nanoparticles with tunable shapes and sizes
can now be accessed, including in size ranges that have not previously been achieved using direct
synthesis. When applied to heterostructured nanorods that contain roxbyite CuisS regions along
with ZnS, Co9Ss, or CulnS;, the thiol-induced morphology change is observed to be selective for
Cui sS due to the higher cation mobilities, which are influenced by the charge of the cations and
the density of cation vacancies in roxbyite. This regioselective thiol-induced reshaping of
heterostructured nanorods produces various distinct types of derivatives having swelled tips and/or
central bands. Subsequent cation exchange to fully replace the remaining Cu® cations,
demonstrated for the transformation of thiol-reshaped ZnS/Cu; sS, produces intricately sculpted
ZnS nanoparticles that are morphologically asymmetric. These examples demonstrate the scope of

18



post-synthetic morphological modifications that are possible, in a controllable and tunable way,
by simply heating nanoparticles of roxbyite CuisS (or nanoparticles that contain roxbyite Cu;gS)
in either 1-DDT or t-DDT for various amounts of time. As such, these reactions add to the growing
toolbox of nanoparticle transformation reactions, leveraging the large number of roxbyite-
containing nanoparticles that are accessible via partial cation exchange reactions. Given the
pathway by which the thiol-reshaping process occurs, it may be possible to apply similar thiol
treatment reactions to other classes of copper chalcogenide nanoparticles that have high cation
vacancy concentrations, potentially accessing many more nanoparticle morphologies of varying
composition.
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