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ABSTRACT

lon exchange reactions of colloidal nanoparticles postsynthetically modify composition
while maintaining morphology and crystal structure and therefore are important for tuning
properties and producing otherwise inaccessible and/or metastable materials. Reactions
involving anion exchange of metal chalcogenides are particularly interesting, as they
involve the replacement of the sublattice that defines the structure while also requiring
high temperatures that can be disruptive. Here, we show that tellurium anion exchange
of weissite Cuz.xSe nanoparticles using a trioctylphosphine-tellurium complex (TOP=Te)
yields weissite Cu2xSe1yTey solid solutions, rather than complete exchange to weissite
Cu2xTe, with compositions that are tunable based on the amount of TOP=Te used. Upon
storage at room temperature in either solvent or in air, tellurium-rich Cu2xSe1yTey solid
solution nanoparticles transform, over the span of several days, to a selenium-rich Cu.-
xSe1.yTey composition. The tellurium that is expelled from the solid solution during this
process migrates to the surface and forms a tellurium oxide shell, which correlates with
the onset of particle agglomeration due to the change in surface chemistry. Collectively,
this study demonstrates tunable composition during tellurium anion exchange of copper
selenide nanoparticles along with unusual post-exchange reactivity that transforms
composition, surface chemistry, and colloidal dispersibility due to the apparent metastable
nature of the solid solution product.



INTRODUCTION

The compositions of many types of inorganic nanoparticles can be modified through
exchange reactions, which replace cations or anions in a nanoparticle with different
cations or anions from solution. This is important, as composition directly impacts
properties, which define applications. Such ion exchange reactions generally retain key
aspects of morphology and crystal structure, providing a powerful post-synthetic strategy
for designing complex nanoparticles with otherwise inaccessible features.’'" Copper
chalcogenide nanoparticles that have high vacancy concentrations, which are well known
plasmonic materials that have different optical properties depending on their
compositions,'? are particularly versatile targets for ion exchange reactions.'® For
example, copper sulfide, copper selenide, and copper telluride nanoparticles can all
undergo cation exchange reactions to form derivative metal chalcogenides.™?0 It is
possible to carry out anion exchange reactions on some of these systems as well, but
metal chalcogenide anion exchange reactions have been studied much less than cation
exchange reactions. The anion sublattice is typically considered to be more rigid than the
cation sublattice and the anions have much slower diffusion rates than the cations. These
factors necessitate higher temperatures for anion exchange to occur relative to cation
exchange.’? The higher temperatures can sometimes be disruptive, interfering with
crystal structure and morphology retention and causing Kirkendall voids in the
nanoparticles due to imbalances in the diffusion rates of the incoming and outgoing
anions during exchange. -2

The most common anion exchange reactions of metal chalcogenide nanoparticles
transform oxides to sulfides or selenides, sulfides or selenides to tellurides, or convert
among semiconductor quantum dot materials, such as cadmium sulfide, cadmium
selenide, and cadmium telluride.?>?° Despite their prevalence in cation exchange, copper
chalcogenide nanoparticle anion exchange reactions remain rare. One notable example
is the transformation of copper sulfide Cu2«S into copper telluride Cu>xTe, via a series of
Cu1xS/CuzxTe intermediates, upon reaction with a complex of trioctylphosphine (TOP)
and tellurium, TOP=Te.?"?® The driving force for this TOP-mediated sulfide-to-telluride
anion exchange is the preferential formation of the stronger P=S bond in TOP=S at the
expense of the weaker P=Te bond in TOP=Te. A similar driving force would be expected
to be applicable to selenide-to-telluride anion exchanges, as the P=Se bond in TOP=Se
is also stronger than the P=Te bond in TOP=Te.2°3°

Here, we describe the tellurium anion exchange of weissite Cu2xSe using TOP=Te.
Rather than forming weissite Cuz.xTe as expected, the selenide-telluride solid solution
CuzxSe1yTey formed instead. This system, which represents a strategic and rare
selenide-to-telluride transformation, provides an instructive example of crystal structure
and morphology retention during anion exchange. It also provides useful insights into
reaction chemistry, composition control, metastability, surface chemistry, and particle
reactivity, which are important characteristics for the applications of colloidal
nanoparticles. It also details time-dependent evolution of composition and surface
chemistry that can occur during and after anion exchange, which is, to our knowledge, a



type of post-synthetic reactivity that has not been observed in ion-exchanged nanoparticle
systems.

EXPERIMENTAL SECTION

Chemicals. Copper (IlI) acetylacetonate (97%), diphenyl diselenide (97%), oleylamine
(70% technical grade), and 1-octadecene (90% technical grade) were purchased from
Sigma-Aldrich. Tellurium powder (99.8%, —200 mesh) was purchased from Acros
Organics. Trioctylphosphine (>85%) was purchased from TCI America. Analytical grade
isopropanol, acetone, hexanes, and ethanol were purchased from VWR. All chemicals
were used as received without further purification.

Synthesis of weissite Cu..xSe. Weissite Cu2xSe nanoparticles were synthesized by a
modified literature procedure.®' Briefly, 130.9 mg Cu(acac)z, 80 mg diphenyl diselenide,
and 20 mL oleylamine were combined in a 50 mL three neck flask. The flask was placed
under vacuum at 70 °C for 30 minutes, and then the temperature was raised to 140 °C for
an additional 30 minutes before being placed under an Ar atmosphere. The flask was
then heated to 220 °C at a rate of approx. 6 °C/min, after which a 3-minute timer was
started as the flask reached 215 °C. After 3 minutes, the flask was rapidly cooled in a
water bath to bring it to room temperature. The particles were washed in a 1:1 mixture of
acetone and IPA two times, collected by centrifugation at 14000 rpm for 3 minutes, and
stored in hexanes for future characterization.

Te anion exchange. Tellurium exchange was carried out using a minor modification of a
literature procedure.?’ Briefly, 5 mL octadecene and Te powder (amounts given below)
were combined in a 25 mL three neck flask and placed under vacuum at 120 °C, for 30
minutes. The amount of Te varied depending on the targeted extent of exchange and was
in the range of 3.1 mg for a ¥4 exchange to 31.0 mg for a 5-times excess exchange. The
flask was then placed under an Ar atmosphere before 2 mL of TOP was injected. The
flask was then heated to 260 °C at a rate of approx. 9 °C/min and held for 30 minutes to
create the yellow TOP=Te complex. While the flask was at 260 °C, 10-20 mg of the
weissite Cuz.xSe nanoparticles were vacuum dried in a 20 mL vial and resuspended in
oleylamine. For lesser extents of anion exchange, 20 mg of Cu>xSe particles were used
such that the mass of Te powder required would be a more reasonable quantity to mass.
The suspended particles were placed under vacuum for 30 minutes before being put
under an Ar atmosphere, and then the suspended particles were sonicated for 10
minutes. Finally, the particles were rapidly injected into the flask at 260 °C and left to react
for 15 minutes. After the reaction, the flask was lifted off the heat to cool to 210 °C before
being quenched in a room temperature water bath. The exchanged particles were then
washed once with ethanol and once with a 4:1 mixture of ethanol and hexanes and
collected by centrifugation at 14000 rpm for 3 minutes. The particles were then
resuspended in hexanes and stored for future characterization. To study thermal stability,
a sample was drop cast on a silicon wafer and sealed in a quartz tube that had been
evacuated to a pressure of 10 torr. The tube was then placed in a Carbolite 1300 box
furnace. The furnace was heated to 400 °C over 30 minutes and held at this temperature
for 1 hour. The furnace was then allowed to cool ambiently to room temperature.



Characterization. All transmission electron microscopy (TEM) images were collected
using an FEI Tecnai G20 20 XTWIN microscope operating at 200 kV. High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) images, and
STEM energy-dispersive X-ray spectroscopy (STEM-EDS) elemental maps were
collected on an FEI Talos F200X S/TEM at an accelerating voltage of 200 kV. TEM
images were analyzed using ImageJ software. Bruker ESPRIT 2 software was used to
analyze and generate STEM-EDS elemental map data, where the Cu Ka, Se Ka, and Te
La EDS lines were mapped. An Empyrean diffractometer using Cu Ka radiation was used
to collect powder X-ray diffraction (XRD) data for all materials. CrystalMaker and
CrystalDiffract from CrystalMaker Software Ltd., Oxford, England, were used to simulate
crystal structure and powder diffraction patterns. The simulated XRD patterns
corresponding to the anion solid solution samples (Table S1) were obtained by modifying
the lattice parameters and site occupancies according to Vegard’s law, as described in
the Supporting Information. Samples for X-ray photoelectron spectroscopy (XPS) were
prepared by allowing the suspended material to dry in a small, plastic tube, so as to avoid
the possible contamination of leaching from a glass container. The base of the tube was
flattened by cutting and then the bottom of the tube containing the sample was removed.
This created a flat plastic dish filled with an even amount of sample. XPS spectra were
collected using a Physical Electronics VersaProbe Il instrument equipped with a
monochromatic Al Ka X-ray source (hv = 1,486.7 eV) and a concentric hemispherical
analyzer. Charge neutralization was performed using both low energy electrons (<5 eV)
and argon ions. The binding energy axis was calibrated using sputter cleaned Cu (Cu
2p3;2 = 932.62 eV, Cu 3p32 = 75.1 eV) and Au (Au 4f72 = 83.96 eV) foils. Peaks were
charge referenced to the CHyx band in the carbon 1s spectra at 285 eV. Measurements
were made at a takeoff angle of 45° with respect to the sample surface plane. This
resulted in a typical sampling depth of 3-6 nm (95% of the signal originated from this depth
or shallower).

RESULTS AND DISCUSSION

Colloidal nanoparticles of weissite CuxxSe were synthesized by heating a mixture of
Cu(acac)z, diphenyl diselenide, and oleylamine at 215 °C for 3 min under an Ar
atmosphere;*° complete details are provided in the Experimental Section. Exchange of
the selenium in the Cu2.xSe nanoparticles with tellurium was attempted by reacting them
with a stoichiometric amount of TOP=Te in oleylamine at 260 °C, which was the
temperature previously found to be optimal for tellurium anion exchange in metal
chalcogenide nanoparticles,?” for 15 minutes. Figure 1a shows a TEM image of the Cus..
xSe nanoparticles, which appear as hexagonal plates. In the TEM image, some of the
CuxxSe plates are oriented parallel to the substrate (i.e., those that appear as larger
hexagons) while the majority (i.e., those that appear as smaller elongated hexagons) are
stacked side-to-side. The Cu2xSe plates oriented side-to-side have an average thickness
of 10 £ 2 nm and an average length of 14 + 2 nm; the length of the side-oriented plates
corresponds to the point-to-point length of the top-down oriented plates. Figure 1b shows
a TEM image of the tellurium-exchanged product, which looks morphologically similar to
the Cu2xSe precursor and has an average thickness and length of 10 + 2 nm and 16 £ 2



nm, respectively. Morphology and size are therefore retained, which is generally
diagnostic of anion exchange reactions. A competing dissolution and reprecipitation
pathway was ruled out, as a copper telluride product did not form under comparable
conditions without Cu2xSe being present. Additionally, dissolution of Cu2xSe required
heating to 300 °C, and precipitation of solid products after dissolution only occurred upon
cooling.

Powder XRD patterns for the Cu>xSe precursor and the product formed after reaction
with TOP=Te are shown in Figure 1c. The XRD pattern for the copper selenide particles
matches well with that of a simulated pattern for weissite Cu>xSe that incorporates small
amounts of preferred orientation, as well as site occupancy optimization, as discussed in
the Supporting Information (Figure S1). The XRD pattern for the tellurium-exchanged
product matches qualitatively with that of weissite Cuz.xTe (Figure S2), but the peaks are
shifted to higher two theta values, which correlates with smaller lattice parameters than
those expected for Cuz.xTe. This observation suggests the possibility that a CuzxSe1yTey
solid solution formed instead of Cuz.xTe upon tellurium exchange of weissite Cuz.xSe.
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Figure 1. TEM and XRD data for Cu2xSe nanoparticles and the product of Te anion
exchange, which is a CuzxSe1.yTey Se/Te solid solution. TEM images of a collection of
(a) Cu2xSe nanoparticles before Te anion exchange and (b) Cu2.xSe1.yTey solid solution



nanoparticles formed after exchange. (c) Experimental XRD patterns for Cu2.xSe and the
Cu2xSe1.yTey solid solution product, along with reference patterns for weissite Cuz«Se,?’!
weissite Cuz-xTe,*? and CuxxSe1.,Tey (as discussed in the text) for comparison. The purple
asterisk (*) corresponds to a Te impurity and the green asterisk (*) corresponds to a TeO-
impurity.

The formation of a solid solution is validated by the HAADF-STEM image and
corresponding STEM-EDS element maps in Figure 2a, which show co-localization of Se
and Te, along with Cu, throughout the particles. The STEM-EDS element maps reveal a
Te-rich surface. This observation suggests that the tellurium anion exchange reaction is
diffusion limited and therefore unable to fully exchange the Se under the reaction
conditions studied. Additionally, this suggests that the selenide-telluride solid solution
nanoparticles may become coated with a thin, amorphous tellurium oxide shell over time.
Analysis of the STEM-EDS maps in Figure 2a reveals an average composition of Cua-
xSeo.38Teos2 for the particles formed upon tellurium exchange of Cu2xSe; an ensemble
EDS spectrum is shown in Figure 2b. Assuming that Vegard’s law is applicable to this
solid-solution system, we estimated the expected lattice parameter values for Cuo.
«SeossTeos2. The lattice parameters for weissite Cuz«Se are a = 8.04 A and ¢ = 6.84 A
while those for weissite CuzxTe are a = 8.37 A and ¢ = 7.16 A.3'32 Using Vegard’s law
(i.e., a weighted average) for the a and c lattice parameters independently, we estimate
that for CuzxSeossTeos2, @ = 8.24 A and ¢ = 7.04 A. These lattice parameters, along with
random mixing of 38% Se and 62% Te on all chalcogen sites and incorporation of a similar
preferred orientation and site occupancy optimization used for Cu2xSe, were used to
generate the reference pattern for the tellurium-exchanged product in Figure 1c. The
experimental and simulated patterns match well. Additionally, the lattice expansion
observed by XRD is qualitatively consistent with the slight expansion in particle length
observed by TEM, noting that expected expansion in particle thickness is within the
standard deviation of the thickness measurements. Attempts to push the tellurium
exchange completely to CuxxTe, with excess TOP=Te, resulted in the concomitant
formation of Te and TeO2, which also begin to show up as minor impurities in the Cua-
xSeo.38Teos2 sample (Figure S3).
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Figure 2. (a) HAADF-STEM image and corresponding STEM-EDS element maps
showing overlays of various combinations of Cu (red), Se (green), and Te (blue) for the
Cu2xSeo.38Teo 62 solid solution nanoparticles. (b) Ensemble EDS spectrum corresponding
to the sample in (a), showing the presence of Cu, Te, and Se. The Au signal comes from
the Au TEM grid.

As mentioned above, attempted stoichiometric tellurium exchange of Cu>xSe led to the
formation of the tellurium-rich Cu2xSeo.3sTeo.62 solid solution and attempts to incorporate
more tellurium using excess TOP=Te resulted in an increase in tellurium-based
impurities, including Te and TeO2. We therefore studied substoichiometric tellurium
exchange reactions on CuzxSe to understand the extent of solid solution tunability that
can be achieved. Figure 3a shows powder XRD data for various substoichiometric
exchange reactions, as well as Cu2xSe and the stoichiometric and excess exchange
products (which both have Te-rich impurities relative to the lesser Te exchanges, as
discussed) for comparison; an enlargement of the peaks between 40 and 50 °26 is
provided in Figure 3b. (All lattice parameters determined using Vegard'’s law for the XRD
patterns in Figure 3 are included in Table S2.)
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Figure 3. XRD patterns for (a) the products of various substoichiometric, stoichiometric,

and excess Te anion exchange reactions applied to Cu2xSe and (b) an enlargement of

the region from 40 to 50 °20, showing that the peaks shift to the left as more Te is

incorporated. The purple asterisk (*) corresponds to a Te impurity and the green asterisk

(*) corresponds to a TeO2 impurity.

A progressive shift of peak positions is observed, suggesting the formation of
composition-tunable solid solutions with increasing lattice constants as the Te content
increases. Interestingly, the weaker reflections that are characteristic of the weissite
phases are mostly suppressed in the intermediate exchanges. This could possibly be due
to the formation of the higher-symmetry wurtzite variant of Cu>xSe, which would be
expected to retain the most-intense peaks but not have the lower-intensity peaks.3334
However, given the observation that the precursor and Te-rich product both adopt the
weissite structure, it is more likely that the intermediate members are weissite as well.
We speculate that these intermediate solid solutions have lower crystallinity, which
structurally would blur the distinction between weissite and wurtzite. This possibility is
consistent with the XRD patterns in Figure 3b, which show non-zero background in the
region where the weissite (320),(222),(003),(331), and (322) reflections would be



expected. This observation suggests that these low-intensity peaks are just broadened to
the point where they are not discernable as distinct peaks but rather contribute to a
broader above-baseline hump in the same region.
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Figure 4. (a) XRD patterns and (b) an enlargement of the region from 40 to 50 °26 for a
sample of Cuz2xSe1.yTey stored in hexanes over the course of 10 days. The green asterisk
(*) corresponds to a TeO: impurity and CuzxSe is shown for comparison. (c) and (d) show
plots of the a and c lattice parameters, respectively, for the Cu.xSe1.yTey sample each
day of storage.

Weissite Cu2xSe nanoparticles have been shown to be metastable, transforming to the
more stable berzelianite phase upon heating,3! while weissite Cu,.<Te is a stable phase.3?
We were therefore interested in probing the stability of the CuxxSe1yTey solid solution.
Nanoparticles of Cu>xSei1.yTey were therefore drop cast onto a silicon wafer, vacuum
sealed in a quartz tube, and heated to 400 °C for 1 hour. Under these conditions, the
particles transformed to a phase matching that of B-Cu.-xSe,3® but with expanded lattice
indicating that indicates the selenide-telluride solid solution remains (Figure S4). This
result is also consistent with CuzxSesyTey being metastable. Interestingly, this result
highlights differences in phase stability and accessibility for selenide versus selenide-
telluride composition. Specifically, it indicates that berzelianite, which is the stable phase
for CuzxSe, is not the phase that CuzxSe1.yTey transforms to upon heating.

In addition to thermal stability, we were interested in probing the stability over time. The
particles are dispersed in hexanes for storage, so we began by extracting aliquots from a
stored stoichiometric exchange sample every day for 10 days and characterizing the
isolated powder product by XRD, shown in Figure 4a; an enlargement of the peaks
between 40 and 50 °26 is provided in Figure 4b. The starting nanoparticles (labeled as
“Day 1”) had an average composition of Cuz2xSeo.29Teo.71, based on Vegard’s law and the
observed lattice parameters of a = 8.274 A and ¢ = 7.067 A. After only one day of storage
in hexanes (labeled as “Day 2”), the XRD pattern for the isolated nanoparticles had shifted
significantly, with the lattice parameters decreasing to a = 8.179 A and ¢ = 6.974 A, which
corresponds (via Vegard’s law) to a Se-rich composition of Cuz.xSeossTeo.s2. On “Day 37,
the lattice parameters further decreased to a = 8.165 A and ¢ = 6.962 A, which



corresponds to a composition of Cu2.xSeo.62Teo.38. No further change in lattice parameters
was observed beyond this point, suggesting equilibration to Cu2.xSeos2Teo.38, which has
an approximate 2:3 ratio of Te:Se. Note that to obtain the data in Figure 4a and 4b, we
studied a Te-rich sample with a small crystalline TeO2 impurity that could serve as an
internal standard, for purposes of both validating the solid solution peak shifts and
confirming that any changes in composition of the solid solution do not impact other
components of the sample, ie., through transferring Te from the solid solution
nanoparticles to the TeO. impurity. Indeed, the TeO. peak positions and relative
intensities do not shift, despite shifts in the solid solution peaks. Figure 4c and 4d compile
the lattice parameter and composition data for all 10 days, showing the rapid change
followed by leveling off. Similar time dependent XRD data were acquired for dried
nanoparticle samples stored as a powder, rather than as a colloidal dispersion in
hexanes, shown in Figure 5a; an enlargement of the peaks between 40 and 50 °20 is
provided in Figure 5b. This dried sample exhibited similar behavior to that of the sample
stored in hexanes, as the greatest shift in lattice parameters was observed between days
1 and 2, with a slight shift between days 2 and 3 and leveling off beyond that.
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Figure 5. (a) XRD patterns and (b) an enlargement of the region from 40 to 50 °26 for a
sample of Cuz.xSe1.yTey stored in air over the course of 10 days. The green asterisk (*)
corresponds to a TeO2 impurity and Cu2xSe is shown for comparison.

The time-dependent XRD data in Figure 4 indicate that the most Te-rich CuzxSe1yTey
solid solution nanoparticles are not stable and decompose to Se-rich CuxxSeos2T€o.38,
which appears to be stable on the timescale interrogated. This observation indicates both
that the Te anion exchange reaction generates a metastable product and that the
metastable product changes composition over time, which is important for understanding
the reactivity, stability, and applicability of colloidal nanoparticles synthesized through
such post-synthetic modification processes. Interestingly, despite the shifts in lattice
parameters that correlate to a change in solid solution composition, EDS quantifications
show nearly identical Se:Te ratios across the entire 10-day window that the particles were
interrogated. To rationalize this behavior, we used XPS to study the tellurium on the
surface, noting that the STEM-EDS data in Figure 2a indicated a Te-rich surface.
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Figure 6. XPS data for Cu2.xSe1.yTey acquired on the same day as anion exchange and
after being stored in hexanes and exposed to air for 9 days, showing the shift in the Te
3ds2 peak from a binding energy consistent with Te?~ (i.e., CuzxSe1-yTey) to one that is
consistent with Te** (i.e., TeO>).

Figure 6 shows high resolution XPS spectra of the Te 3ds2 region for a tellurium-
exchanged sample analyzed the same day of the reaction and a sample that had been
stored in air. For the sample analyzed on the same day it was synthesized, the primary
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Te 3ds2 peak was at 572.2 eV, which is consistent with Te?-, the oxidation state expected
for Cuz«Se1.yTey;3® there was no evidence of oxidized tellurium in this sample. (The
sample in Figure 2a, which showed a Te-rich shell by STEM-EDS, had not been analyzed
as rapidly after synthesis as the sample analyzed by XPS, which showed no Te
enrichment or oxidation.) The peak at 568.6 eV corresponds to the Cu LMM Auger peak.*’
However, for the sample analyzed after storage in air, the primary Te 3ds. peak shifted
to 575.8 eV, which is consistent with that of Te** in TeO; and therefore indicates surface
oxidation.3®

Figure 7. (a) HAADF-STEM image and (b) corresponding STEM-EDS element maps for
Se and Te (overlaid) of agglomerated Cu.xSeiyTey nanoparticles after storage in
hexanes and exposure to air.
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The XPS results therefore support the formation of a TeO2 shell around the tellurium-
exchanged particles over time as the sample is stored. There are two important
consequences of this observation. First, this progressive development of a TeO- surface
helps to rationalize the time-dependent composition change of the crystalline component
of the tellurium-exchanged nanoparticles. XRD showed a shift from a Te-rich to a Se-rich
Cuz2xSe1.yTey solid solution while the overall composition by EDS did not change. This
behavior, coupled with the XPS data, suggests that some of the tellurium is expelled from
the Te-rich solid solution to form Se-rich Cu2xSeos2Teo.3s, and the expelled tellurium
oxidizes and forms a shell around the nanoparticles rather than being dissolved into
solution or forming separate particles. The XRD peaks for the crystalline TeO> impurity
present from the beginning, highlighted in the XRD patterns in Figure 5a, do not change
in position or relative intensity throughout this time-dependent progression, suggesting
that the tellurium oxide shell that develops is amorphous, as it does not increase the
apparent amount of crystalline TeO> observed by XRD. Second, the TEM and HAADF-
STEM images, along with the STEM-EDS element maps, in Figures 1 and 2 show well
dispersed and discreet CuxxSeossTeos2 particles, while those in Figure 7 show
agglomerated particles after storage. The particles that have developed a significant
tellurium oxide shell, i.e., those that were found by XRD to have transformed their
composition to the Se-rich Cuz2xSeos2Teo.3s and by XPS to have a TeO: surface, are
agglomerated and no longer discreet. We surmise that the native ligands that cap the
surface of the CuxxSe1.yTey solid solution nanoparticles do not bind as well to tellurium
oxide, and therefore compromise colloidal dispersibility in favor of agglomeration. This
result, which further characterizes the time-dependent transformations in the Cu>xSe1-
yTley solid solution nanoparticles, indicates that storage (i.e., the amount of time post-
synthesis) impacts composition, reactivity, surface chemistry, and colloidal stability.
Ligand exchange, or multi-ligand surfaces, may be worth exploring in the future to help
mitigate such transformations.

CONCLUSIONS

Here, we demonstrated that tellurium anion exchange of weissite Cu>.xSe nanoparticles
produces CuzxSe1yTey solid solutions with tunable compositions, rather than fully
exchanged CuxxTe. This contrasts prior work with tellurium anion exchange of copper
sulfide, which produced a heterostructured telluride/sulfide product rather than a solid
solution?” and points to different classes of products, i.e., solid solutions vs.
heterostructured, that can be accessible via nanoparticle anion exchange. Most notably,
we discovered unusual reactivity that transforms composition, surface chemistry, and
colloidal dispersibility over time when the tellurium-exchanged nanoparticles are stored
in either solvent or in air, while maintaining morphology and structure. This is useful
knowledge when one considers the applications of nanoparticles, where compositional
and colloidal stability are important. These results showcase how key features of
nanoparticles can evolve and how their evolution can be understood and rationalized.
Overall, this study adds important new knowledge about anion exchange reactions of
metal chalcogenide nanoparticles, which are much less studied than cation exchange
reactions and have been limited to only a few systems.
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ASSOCIATED CONTENT

SUPPORTING INFORMATION

Additional XRD data with detailed descriptions of modified reference patterns and
crystallographic information for the different solid solutions. This material is available free
of charge via the Internet at http://pubs.acs.org.
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Synposis: Tellurium anion exchange of weissite Cu2.xSe nanoparticles with a
trioctylphosphine-tellurium complex produces a morphologically and structurally
conserved CuzxSe1yTey solid solution with tunable composition, rather than fully
exchanged Cuz.xTe. Over time, the solid solution composition transforms from Te-rich to
Se-rich, which is coupled to changes in the surface chemistry and colloidal dispersity.
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