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ABSTRACT

Nanoparticle materials that consist of a solid solution between two end member
compounds often have composition-dependent physical properties. Their synthesis can
be challenging as it requires balancing the competing reactivities of many different
reagents to favor the formation of a single-phase product rather than a phase-segregated
mixture of its end members. Here, we provide chemical insights into the synthesis of
wurtzite CoxZn1xS nanoparticle spheres, rods, and plates for x = 0.25, 0.50, and 0.75,
which represent solid solutions of CoS and ZnS, by simultaneously exchanging the Cu*
cations in roxbyite copper sulfide for Zn?* and Co?*. Density-functional theory calculations
of 401 different prototypical structures and compositions spanning the CoxZn14S solid
solution space confirm that they are metastable with positive mixing enthalpies and
formation energies that are 100-150 meV per formula unit above the convex hull.
Competition experiments reveal preferential exchange of Co?* vs. Zn?* when both are
present in excess. We balance their reactivities by controlling the ratio of total cations to
copper sulfide, thereby avoiding the formation of cobalt sulfide byproducts. UV-visible
absorption spectra reveal a decrease in band gap as x in CoxZn1.xS increases; x = 0.25
and x = 0.50 are semiconducting while x = 0.75 is metallic. The optical properties of the
CoxZn1xS solid solutions differ from CoS-ZnS heterostructures, which have similar
compositions but different mixing behavior. The CoxZn1S solid solution can also be
integrated into heterostructured nanorods to combine their composition-tunable
properties with other materials.



INTRODUCTION

Solid solutions, which homogeneously mix two or more end member compounds in a
single phase, provide a platform for tuning the properties of materials in applications that
include optoelectronics,’ catalysis,? magnetism,® and energy storage.* Nanoparticles of
mixed metal sulfides having the general formula AxB1xS, i.e., solid solutions of AS and
BS, are particularly important. For example, quantum dots of cadmium-zinc
chalcogenides such as Cd1.xZnxS have long been of interest because their bandgaps and
optical properties depend both on their compositions and their sizes.>~” Copper indium
gallium chalcogenides, including CulnkGaixS2, have been investigated as less toxic
alternatives to Cd-, Pb-, and Hg-based quantum dots to achieve tunable optical properties
within a single class of materials.®° The synthesis of such solid solution nanoparticles can
be challenging because of competition between forming the AxB1.xS solid solution versus
forming a mixture of the AS and BS end members. This competition is even more
problematic when the solid solution is metastable and the end members are stable, as
formation of the end members is much more favorable than formation of the solid solution.

Designing syntheses to target the formation of solid solution nanoparticles requires
balancing the reactivities of the reagents so that they all combine as the nanoparticles
are forming rather than first forming the individual end members. This outcome can be
challenging to achieve because it relies on several interconnected reaction parameters
that include the reactivities of the reagents (individually and with each other), temperature,
time, concentration, surfactants, and solvents, as well as their interrelationships.™ When
targeting metal sulfide solid solutions, this synthetic challenge manifests as the need to
balance the reactivities of A and B with a sulfur reagent to form AxB1.xS while avoiding the
formation of AS, BS, and/or mixed metal sulfides with different compositions than those
targeted due to incomplete incorporation of A or B. Relevant considerations include the
identities of the A, B, and sulfur reagents and whether or not their reactivities can be
appropriately controlled within the available parameter space. If successful, these
parameters often must be reoptimized for every composition in the solid solution as x in
AxB1xS is varied with little ability to generalize, ultimately impeding the syntheses of
compositionally tunable materials.

Cation exchange provides a convenient and potentially more generalizable strategy for
synthesizing solid solution metal sulfide nanoparticles.'’'2 Cation exchange reactions
modify the composition of a pre-synthesized nanoparticle without altering its morphology.
This process inherently minimizes the number of independent synthetic parameters so
that only the reactivities of the metal cations, which are intended to mix in the solid
solution, must be considered. In a typical cation exchange reaction, the template
nanoparticle, which for metal sulfides is often a copper compound such as roxbyite
Cu1.8S, will be introduced to a solution containing divalent or trivalent metal cations and a
soft base, such as trioctylphosphine (TOP), that will solvate the softer Cu* cations in
Cu18S so that the harder cations in solution can enter and diffuse through the
nanoparticle.’>'% Preferential hard-hard and soft-soft interactions between the metal
cations, which are Lewis acids, and bases such as TOP in solution provide a chemical
driving force, and the copper-deficient Cu1.¢S with high vacancy concentrations facilitates



rapid cation diffusion.'>?° Because of how they occur, cation exchange reactions
generally retain the anion structure?'??2 and the morphology of the template nanoparticle?3
in the product.

The simplest solid solution metal sulfides have ternary compositions, such as for the
generic AxB1xS compound. Most cation exchange routes to such mixed-metal sulfides
form copper-based compounds derived from copper sulfides, produced by exchanging
some of the Cu* cations with higher-valent cations to form CuMSx (M = In®*, Ga®*, Fe®",
Sn#*).24-30 These syntheses also tend to produce small (< 10 nm) particles that are
nominally spherical.?%?” The formation of non-copper based solid solutions by cation
exchange has been demonstrated for bulk miscible mixed-chalcogen systems that
include CdxZn1.xS/Cd,Zn+.,Se rod/dumbbell particles’ and CdxZni«Se nanoplates.?' In
the former, a thiol surfactant was required to lower the reactivity of the Cd?* reagent
relative to the Zn?* reagent, allowing the two cations to react simultaneously and form a
single solid solution phase.” In the latter, cation exchange is utilized to generate
CdSe@ZnSe core@shell particles, which are then annealed to form a CdxZn1.xSe solid
solution.?

Nanoparticle cation exchange reactions with multiple metal salts are most commonly
performed partially and sequentially, leading to the formation of heterostructured products
that have multiple different metal sulfides interfaced together within the same
particle.'®3233 For example, partial exchange of the Cu* cations in CugS nanorods with
Cd?* and then Zn?* produces CdS-ZnS heterostructured nanorods.'33 Similarly,
sequential partial exchange with Zn?*, Co?*, Ga3®*, and In®* produces ZnS—CoS—-CuGaS,—
CulnS2—Cu1sS heterostructured nanorods.®? In contrast, simultaneous multi-cation
exchange of Cu1.sS nanoparticles with Cd?*/Zn?* and Zn?*/Co?*/Ga3*/In®*" has been shown
to produce CdixZnS and (Zn,Co,Ga,ln,Cu)S solid solution nanoparticles,
respectively’?4. This level of control over cation mixing—heterogeneously to form multi-
component products versus homogeneously to form solid solutions—is powerful for
controlling and tuning composition and is an emerging capability in nanoparticle cation
exchange, but remains underexplored.

In a recent set of combinatorial multi-cation exchange experiments, we observed the
formation of several metal sulfide solid solutions as components of more complex
heterostructured nanorods, including NixCo9xSs, CdxZnixS, CoxZnixS, and
(Cu,In,Ga)S.3* These observations suggest that solid solutions may be more broadly
accessible through cation exchange. However, as that work was largely observational,
we did not investigate the chemistry that led to the formation of solid solution components
via simultaneous multi-cation exchange, nor did we consider composition tunability or the
ability to target metastable solid-solution compositions, which are among the most difficult
to synthesize by traditional routes. In that regard, the zinc cobalt sulfide solid solution,
CoxZn1xS, provides an instructive example. This mixed-metal sulfide has been
synthesized though predominately hydrothermal methods for applications in
electrochemical storage.*353% These CoxZnixS nanoparticles have been made in a
variety of morphologies but only with a composition of Coo.24Zno.76S and with a zincblende
crystal structure, which is the most stable polymorph of the ZnS end member. To our



knowledge, other Co-Zn-S compositions have not been reported. CoxZn1xS materials
with very low amounts of Co?* are also of interest as magnetic semiconductors.3°

Here, we demonstrate the synthesis of composition-tunable CoxZn1.xS solid solution
nanoparticles using simultaneous Zn?*/Co?* cation exchange of roxbyite Cu1sS. The
nominally hexagonal close packed (hcp) anion structure of the roxbyite template is
retained in the CoxZn1.xS solid solution products that adopt the wurtzite crystal structure,
which is metastable for both the ZnS and CoS end members. Calculations using density-
functional theory (DFT) confirm that the CoxZn1xS solid solution is also metastable, and
we find that it is synthetically accessible using multi-cation exchange. The visible
absorption features observed across CoxZn1.xS solid solution members with x = 0.25,
0.50, and 0.75 change with composition, with decreasing bandgaps as the cobalt content
increases, ultimately changing from semiconducting (x = 0.25 and 0.50) to metallic (x =
0.75). Successful synthesis of CoxZn1xS solid solution nanoparticles with tunable
compositions, as well as avoidance of end member formation, is achieved by balancing
the reactivity of the Zn?* and Co?* cations. The CoxZnixS solid solution is then
incorporated as a segment in a heterostructured CoxZn1.xS—Cu18S nanorod,
demonstrating that the balanced reactivities of the metal salt solutions are portable to
partial cation exchange reactions.’32 This result merges two distinct ways of mixing
cations—heterogeneously as a heterostructured nanoparticle and homogeneously as a
solid solution—to expand capabilities in the design and synthesis of compositionally
complex nanoparticles.

EXPERIMENTAL SECTION

Chemicals. Benzyl ether [99%] was purchased from Acros Organics. Octadecene [ODE,
90%, technical grade], technical grade oleylamine [tg-OLAM, 70%], tert-dodecanethiol [t-
DDT, mixture of isomers 98.5%], 1-dodecanethiol [DDT, =98%], di-tert-butyl-disulfide
[97%], copper(ll) nitrate trihydrate [Cu(NO3)2:3H20, puriss. p.a. 99-104%],
trioctylphosphine oxide [TOPO, =290%], copper(ll) chloride [CuClz, 97%)], zinc chloride
[ZnCl2, 2 97% ACS reagent grade, anhydrous], and cobalt(ll) chloride [CoCl2, 97%] were
purchased from Sigma Aldrich. Trioctylphosphine [TOP, >85%)] was purchased from TCI
America. All solvents, including hexanes, toluene, isopropyl alcohol [IPA], and acetone
were of analytical grade. All the above chemicals were used as received without further
purification. Distilled oleylamine (d-OLAM) was prepared from tg-OLAM, using an
established procedure.??

Synthesis of Cu1.sS nanoparticles. Roxbyite Cu1sS spheres'® plates,'”-23 and rods®? were
synthesized following modifications of the cited published procedures. Complete details
are provided in the Supporting Information.

Simultaneous cation exchange to form solid solution nanoparticles. Simultaneous cation
exchange reactions followed a modification of a published procedure.?* In a typical
synthesis of Zno5C00.5S nanoparticles, 0.467mL of 730 mM ZnCl> and 1.100mL of 310
mM CoCly, both in a mixure of benzyl ether, tg-OLAM, and ODE (prepared as described
in the Supporting Information and Table S1), were added to a round bottom flask




equipped with a reflux condenser, gas flow adapter, alcohol thermometer, rubber septum,
and magnetic stir bar. Then, 7.5 mL of benzyl ether, 4 mL of tg-OLAM, and 1 mL of ODE
were added to the flask. While stirring, this mixture was placed under vacuum, heated to
100 °C, and held at this temperature for 30 minutes. Then, the mixture was placed under
a blanket of Argon (Ar) after cycling between vacuum and Ar three times. ZnyCo14S
nanoparticles having other compositions were prepared by adjusting the amounts of the
ZnCl; and CoCl; solutions, as described in the Supporting Information*°. Meanwhile, 3
mL of TOP was transferred (air-free) to a vial containing 18 mg of Cu1.8S nanoparticles
(under Ar). (The morphologies of the Zn,Co1.xS nanoparticles are dependent upon the
morphologies of Cu18S templates, i.e., spheres, plates, or rods.) This suspension was
placed under a blanket of Ar after cycling between vacuum and Ar 2-3 times. The vial
containing the suspension was then sonicated for at least 45 minutes. The Cu1s8S/TOP
suspension was injected rapidly at 100 °C and the reaction was allowed to proceed for
30 minutes before placing the flask in an ice bath. Once the temperature in the flask
reached ~10-20 °C, the resulting product was precipitated by the addition of a 1:1 mixture
of IPA/acetone followed by centrifugation (13,500 rpm for 3 min) and resuspension in
toluene. This centrifugation/resuspension process was completed one more time before
dispersing the particles in toluene. The morphologies of the ZnyCo1.xS nanoparticles
match the morphologies of the Cu1.8S nanoparticle templates.

Sequential cation exchange to form heterostructured nanoparticles. Sequential cation
exchange reactions followed a modification of a published procedure.®? In a typical
synthesis of heterostructured ZnS—CoS nanoparticles containing approx. 50% ZnS and
50% CoS, 0.467mL of 730 mM ZnCl, was added to a round bottom flask equipped with a
reflux condenser, gas flow adapter, alcohol thermometer, rubber septum, and magnetic
stir bar. Then, 7.5 mL of benzyl ether, 4 mL of tg-OLAM, and 1 mL of ODE were added
to the flask. While stirring, this mixture was placed under vacuum, heated to 100 °C, and
held at this temperature for 30 minutes. Then, the mixture was placed under a blanket of
Ar after cycling between vacuum and Ar three times. Different heterostructured
nanoparticles having other compositions were prepared by adjusting the amount of the
ZnCl2 solution added in this step, as described in the Supporting Information. Meanwhile,
3 mL of TOP was transferred (air-free) to a vial containing 18 mg of spherical Cu1.8S
nanoparticles (under Ar). This suspension was placed under a blanket of Ar after cycling
between vacuum and Ar 2-3 times. The vial containing the suspension was then
sonicated for at least 45 minutes. The Cu1.s8S/TOP suspension was injected rapidly at 100
°C and the reaction was allowed to proceed for 30 minutes. Then, 4.00 mL of 310 mM
CoCl. was injected (air-free) into the flask. (Note that the CoCl. solution will turn red after
sitting in air for multiple days; the solution was heated with a heatgun until it turned from
red to blue before injection.) This reaction was allowed to proceed for 30 minutes before
placing the flask in an ice bath. Once the temperature in the flask reached ~10-20 °C, the
resulting product was precipitated by the addition of a 1:1 mixture of IPA/acetone followed
by centrifugation (13,500 rpm for 3 min) and resuspension in toluene. This
centrifugation/resuspension process was completed one more time before dispersing the
particles in toluene.




First-principles calculations. Simulations were performed within the Perdew—Burke—
Ernzerhof (PBE) parameterization*' of the generalized-gradient approximation (GGA),
42-44 implemented in the Quantum-ESPRESSO software.*%48 lonic cores were described
using norm-conserving Vanderbilt pseudopotentials.*’—° The k-point resolution in the first
Brillouin zone was set to 0.05 A~" and the kinetic energy cutoff was set to 80 Ry with a
charge density cutoff of 320 Ry. These cutoffs were chosen so that the total energy and
forces were converged within 1.0 meV and 25 meV/A, respectively. The self-consistent
field threshold was set to 107'° Ry. To predict cation ordering in Zn1.CoxS, a convex hull
was constructed. Here, a total of 401 symmetrically unique wurtzite configurations up to
a size of eight formula units were generated using the structure enumeration module®%:5’
within the Integrated Cluster Expansion Toolkit (ICET) Python package.’? These
structures were then fully relaxed via geometry optimization with energy and force
convergence thresholds of 107° Ry and 10™* Ry/bohr, respectively. The mixing enthalpies
of these structures were calculated as AH = Hizn,co)s — ( 1 — X ) Hzns — X Hcos, Where x is
the Co concentration, Hizn co)s is the energy of a configuration per formula unit, and Hzns
and Hcos are the reference energies of ZnS and CoS, respectively.

Characterization. Transmission electron microscopy (TEM) images were collected on a
FEI Tecnai G20 XTWIN microscope operating at 200kV. High angle annular dark field
scanning TEM (HAADF-STEM) and STEM energy dispersive X-ray spectroscopy (STEM-
EDS) maps were collected on a FEI Talos F2000X S/TEM at an accelerating voltage of
200kV. Bruker ESPRIT 2 software was used to interpret the STEM-EDS element map
data. The EDS lines used were S Ka, Zn Ka, Co Ka, and Cu Ka. All samples that were
analyzed by EDS were cast onto Ni TEM grids. ImagedJ software was used to measure
particle dimensions from the TEM images. Powder X-ray diffraction (XRD) data were
collected on a Malvern PANalytical Empyrean | using Cu Ko radiation. UV-Vis-NIR
absorption data were collected on a Perkin EImer LAMBDA 950 UV-Vis NIR spectrometer
using a standard detector and a quartz spectrophotometer cell from Starna Cells, Inc.
with a data interval of 2 nm. Samples measured from 850-300 nm were prepared in
toluene and sonicated for approximately 5 minutes before data collection. Samples
measured from 300-2000 nm were prepared in tetrachloroethylene and sonicated for
approximately 5 minutes before data collection. All simulated diffraction patterns were
generated using CrystalDiffract and all crystal structures®*-5” shown were generated
using CrystalMaker, distributed by CrystalMaker Software Ltd, Oxford, England
(www.crystalmaker.com).

RESULTS AND DISCUSSION
Synthesis and characterization of spherical CoxZn1xS nanoparticles

It is known that simultaneous cation exchange can lead to solid solution formation and/or
phase segregation and heterostructuring, based on a confluence of the identity of the
incoming cation(s), the reactivity of the incoming cation(s), the composition of the
template particle, and the shape and size of the template particle.®* This presents a
fundamentally interesting scenario where multiple outcomes are possible from a single
simultaneous cation exchange reaction. Simultaneous multi-cation exchange is therefore



important for understanding how to control composition and composition distributions in
complex nanoparticle systems. Accordingly, we began by carrying out simultaneous
complete exchange of the Cu* cations in nominally spherical roxbyite Cu+sS
nanoparticles, having an average diameter of 21 + 1 nm (n = 150) (Figures 1a and S1),
with mixtures of Zn?* and Co?* in different ratios. A suspension of Cu1sS nanoparticles in
TOP were injected into a flask at 100 °C under Ar that contained ZnCl> and CoCl: in ratios
of 3:1, 1:1, and 1:3 dissolved in a mixture of benzyl ether, octadecene, and oleylamine to
span a wide range of potential solid solution compositions (Figure 1b). Figure 1c shows
HAADF-STEM images for the products of each exchange reaction and reveals that the
nominally spherical morphology of the Cu1.sS nanoparticles was retained.
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Figure 1. (a) HAADF-STEM image and STEM-EDS element maps for Cu and S (shown overlaid on the
HAADF-STEM image) of the spherical Cu1.8S nanoparticle templates. (b) Reaction schematic showing the
spherical Cu1.8S nanoparticles undergoing simultaneous Zn?*/Co?* cation exchange with different ratios of
ZnCl2:CoCl:2 to yield compositionally different CoxZn1xS products. (c) HAADF-STEM images and STEM-
EDS element maps for Zn, Co, and S (shown overlaid on the HAADF-STEM images) for all three CoxZn-
xS products: 3:1 Zn:Co (top), 1:1 Zn:Co (middle), and 1:3 Zn:Co (bottom). (d) EDS spectra for all three
compositions (on Ni TEM grids), normalized to sulfur. (e) Plot of cation to sulfur ratios (from the EDS
spectra) for all three Zn:Co compositions. (Zn:S = green diamonds, Co:S = purple spheres, Cu:S = red
triangles.) For the Zn:S and Co:S values, the lines show the expected cation:sulfur ratios based on the
ZnCl2:CoCl2 loadings. For the Cu:S value, the line is fixed at 5%, which is considered to be the approximate
residual amount of copper after exchange. All scale bars are 10 nm.



STEM-EDS imaging also confirms that Co and Zn are uniformly distributed throughout
the fully-exchanged particles. STEM-EDS element maps for samples having 3:1, 1:1, and
1:3 Zn:Co ratios, shown in Figures 1c and Figures S2-4, reveal homogeneous co-
localization of Zn, Co, and S across all particles. Quantification of the corresponding
STEM-EDS spectra (Figure 1d) indicates that the compositions of the nominal 3:1, 1:1,
and 1:3 Zn:Co solid solution samples are Zno.75C00.20S, ZNn0.43C00.50S, and Zno.27C00.72S,
respectively. The composition data, which are plotted in Figure 1e, show how the
cation:sulfur ratio of the product compares to the ratio expected based on the composition
of the exchange solution. The sum of the cations relative to sulfur is nearly 1:1 in all cases,
although as is common during cation exchange, very small amounts of Cu* may remain.'
The actual composition therefore matches well with the expected composition based on
the ZnCl2:CoCl; ratio used during simultaneous cation exchange.
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Figure 2. (a) Powder XRD patterns for the 3:1, 1:1, and 1:3 Zn:Co compositions of the spherical CoxZn1xS

nanoparticles (x = 0.75 is grey, x = 0.5 is brown, and x = 0.25 is yellow). Reference XRD patterns for

wurtzite ZnS°3 (green) and wurtzite CoS®* (purple) are shown for comparison. Enlarged regions of the XRD

patterns in (a) are shown in (b) from 25 — 30°, highlighting the (100) and (002) peaks, and in (c) from 45 —

50°, highlighting the (101) peak.

Figure 2a shows powder XRD patterns for the products isolated from the reactions having
3:1, 1:1, and 1:3 ZnCl2:CoCl; ratios, along with reference patterns for wurtzite ZnS and
wurtzite CoS for comparison. The experimental XRD patterns are consistent with a single
wurtzite phase, but all are shifted relative to the parent structures. An enlarged region
showing the (100) and (002) reflections (Figure 2b) and the (101) reflection (Figure 2c)
demonstrates the progressive shift to the right, and therefore a progressive decrease in
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lattice constant, moving from the 3:1 to 1:1 to 1:3 Zn:Co ratios, as is expected for the
composition variation in CoxZn1S, given the larger ionic radius of Zn?* versus that of
Co?*.%8 For solid solutions, the lattice parameters can often be described as an average
of the lattice parameters of the parent phases weighted by composition, assuming that
the crystal structures are the same. The hexagonal unit cell of wurtzite ZnS (a = 3.82 A,
¢ = 6.26 A)®® has larger lattice parameters than that of wurtzite CoS (a =3.72 A, ¢ =6.16
A).5459 The lattice parameters for the CoxZnS solid solutions follow the expected trend
of decreasing lattice constants with increasing Co?* content: for 3:1 Zn:Co, a = 3.81 A
and ¢ = 6.24 A; for 1:1 Zn:Co, a = 3.80 A and ¢ = 6.22 A; and for 1:3 Zn:Co, a = 3.77 A
and ¢ = 6.17 A. Wurtzite patterns incorporating these experimentally determined lattice
parameters match well to XRD patterns for the three products (Figure S5). The XRD and
STEM-EDS data therefore confirm the formation of single-phase composition-tunable
CoxZn1xS solid solutions, with nanoparticle composition being controlled and tuned
simply by changing the ratio of the metal salts used in the simultaneous cation exchange
reaction.

Stability of the CoxZn1-xS solid solution

Complete exchange of the Cu* cations in roxbyite Cu1sS with Zn?* is known to produce
wurtzite ZnS'32" while Co?* exchange can produce either wurtzite CoS or pentlandite
CosSs, depending on the size of the Cu1.sS template nanoparticles.'®7%* The wurtzite
end members of the CoxZn1-xS solid solution, CoS and ZnS, are therefore accessible by
cation exchange, although both are metastable. The thermodynamically most stable
polymorph of ZnS is zincblende, but the wurtzite phase forms during cation exchange
because the sulfur anions in the template Cu1.sS nanoparticles adopt a slightly distorted
hexagonally close packed (HCP) arrangement, which is retained (undistorted) upon
cation exchange. Wurtzite CoS is similarly metastable and forms through analogous
structure retention during cation exchange.*

DFT calculations were used to study the stability of the CoxZn14S solid solution. A total
of 401 symmetrically unique configurations of up to eight formula units of CoxZn1xS were
generated from derivative structures of a host lattice.5%%' These configurations span
different cell shapes and sizes while imposing the wurtzite structure. Figure 3 shows the
mixing enthalpies (AHmix) of these structures plotted with the first-principles convex hull
of the wurtzite CoxZn1.xS solid solution members with x =0, 0.125, 0.25, 0.375, 0.5, 0.625,
0.75, 0.875, and 1; x = 0 and x = 1 correspond to the wurtzite ZnS and wurtzite CoS end
members, respectively. Crystal structures of the lowest-energy configurations are shown
in Figures 3 and S6. These structures exhibit some Co ordering and distortions due
largely to enhanced Co-Co bonding. Except for one configuration at x = 0.875, all
members of the wurtzite CoxZn+1.xS solid solution have positive mixing enthalpies and
therefore most configurations are metastable at 100-150 meV/f.u. above the convex hull.
These values are positive, indicating that both the CoxZn14S solid solution and the CoS
and ZnS end members are metastable while being synthetically accessible through
simultaneous multi-cation exchange.
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Chemical insights into the reaction

As discussed in the preceding sections, formation of the CoxZn1-xS solid solution was not
an obvious outcome of simultaneous cation exchange, given the competition between
homogeneous solid solutions and phase segregated heterostructures that both have
been observed as products during such reactions,?*3* as well as its metastability. This
suggests that there are likely to be key aspects of the reaction that define the pathways
that lead to formation of phase segregated ZnS—CoS heterostructures versus CoxZn14S
solid solutions. With this in mind, reaction conditions were systematically varied to identify
the key conditions for selectively generating solid solutions and heterostructures. We
began by varying the total amount of ZnCl> and CoCl: in the reaction. Figure 1 showed
the products that formed when using a 1.1:1 molar ratio of total cations to Cu1sS, i.e., a
nearly stoichiometric reaction with a slight excess of cations to ensure complete
exchange. In contrast, Figure 4 shows data for a series of reactions having Zn:Co ratios
of 3:1, 1:1, and 1:3 but with a molar ratio of total incoming cations to copper sulfide of 4.

For the reaction that uses a 3:1 ratio of Zn:Co and a molar ratio of total cations to copper
sulfide of 4, the XRD (Figure S7) and STEM-EDS (Figure 4 and S8ab) data show the
formation of a solid solution having a composition (from EDS analysis) of C0o.44Zno.49S
instead of the expected Coo.25Zno.75S (Figure S9). This result indicates that, under these
conditions of reaction temperature and time, Co?* is more reactive and therefore
outcompetes Zn?* during the exchange, as Co?* is enriched in the product despite the
significant excess of Zn?* available. This observation is further validated by the results of
the 1:1 Zn:Co reaction (still with a 4-fold molar excess of total incoming cations to Cu1.sS),
which generates two products: a wurtzite CoxZn+-xS solid solution and CoeSs (Figure 4).
These two products were identified by XRD, where we find evidence of both CoeSg and

10



the wurtzite solid solution (Figure S7), and in the STEM-EDS element maps, where some
particles have only Co signal while others have colocalized Zn and Co signals (Figures 4
and S8cd). (Note that Co?* exchange on Cu1.8S spheres is known to produce a mixture
of wurtzite CoS and pentlandite CosSs;'®'” we classify the observed cobalt sulfide that
does not contain zinc as CogSs, based on XRD, but note that some CoS could also be
forming.'®) Finally, when a 1:3 Zn:Co ratio is used while the molar ratio of total cations to
Cu1.8S is 4, the product is almost entirely CosSs, with only a minor amount of the wurtzite
CoxZn1xS solid solution, based on analysis of the XRD (Figure S7) and STEM-EDS
(Figures 4 and S8e) data.

a
. x 1.1 cation excess _ .

Tunable Co,Zn,_S

Co,Zn,,S Co,Zn,,S + CogSg CogS;
Figure 4. (a) Reaction diagram depicting the different outcomes that occur based on the ratio of total cations
to copper sulfide. The 1.1:1 excess corresponds to the data in Figure 1. STEM-EDS element maps (green
= Zn, purple = Co) superimposed on HAADF-STEM images for the fourfold total cation excess are shown
in (b) for the 3:1 Zn:Co ratio, in (c) for the 1:1 Zn:Co ratio, and in (d) for the 1:3 Zn:Co ratio. The drawings
at the bottom highlight that at high ratios of total cations to nanoparticles, the formation of cobalt sulfide
nanoparticles becomes more prevalent, indicating Co?* outcompetes Zn?*. All scale bars are 20 nm.

These experiments described in Figure 4 demonstrate that the composition of the solid
solutions formed in the initial experiment (Figure 1) matched the Zn:Co ratio of the
exchange solution because the ratio of total cations to copper sulfide nanoparticles was
close to 1, which served to balance the inherent reactivity mismatch between Zn?* and
Co?" in solution. The difference in reactivity between Co?* and Zn?* with respect to forming
CogSs versus a CoxZn1«S solid solution is small and surprising, as previous reports
describe near identical reactivities based on the threshold temperatures at which they
undergo cation exchange.'®3234 However, at higher concentrations of these cations, i.e.,
when the molar ratio of total cations to Cu1.gS is significantly greater than 1, this small
difference in reactivity is magnified, resulting in competition and ultimately the formation
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of two distinct products: both CosSs and CoxZn1-xS (Figure 4). Cation reactivity has been
invoked to tune between phase segregated and solid solution products.’?* To summarize,
the similar reactivities of Co?* and Zn?* can be exploited to generate solid solutions at low
molar ratios of total cations to copper sulfide, but Co?* is slightly more reactive and using
reaction conditions that magnify this difference in reactivity, the reaction outcome can be
driven away from solid solution formation (Figure 4).

Morphological insights into the reaction

Copper sulfide nanoparticle morphology is also known to play a role in the outcomes of
cation exchange reactions, particularly involving Zn?* and Co?*. Exchanges with Co?*
result in different products, either CooSsg (cubic close packed) or wurtzite CoS (hexagonal
close packed), depending on the morphology of the Cu1sS nanoparticle template.'®2* For
morphologies where the particle dimension is small (<7 nm) in the direction in which the
pseudo-closed packed planes of sulfur anions in Cu4sS stack, wurtzite CoS forms,
whereas when the Cu1sS particle dimension is larger (>13 nm) in this same
crystallographic direction, CogSs forms.?* For exchanges with Zn?*, a related
phenomenon occurs. For morphologies of Cu4sS where the direction in which the
pseudo-closed packed planes of anions stack is large, stacking fault formation is
observed in the wurtzite ZnS product.®® These stacking faults represent lateral shifts in
the closed pack planes of sulfur anions in wurtzite ZnS, effectively disrupting the
hexagonal close packed stacking sequence, ABAB, with regions of cubic close packing,
ABCABC. Because these two cation exchange reactions have different outcomes for
different morphologies, we also studied the effect of morphology on solid solution
formation during simultaneous multi-cation exchange.

Nanoplates of djurleite copper sulfide (7 £ 1 nm x 120 £ 20 nm, n = 150) (Figure S10) and
nanorods of roxbyite copper sulfide (57 £ 5 nm x 21 £ 1 nm, n = 150) (Figure S10) were
synthesized and then used as templates for simultaneous Zn%*/Co?* cation exchanges at
3:1, 1:1, and 1:3 Zn:Co ratios with an overall molar ratio of total cations to copper sulfide
of 1.1, analogous to the experiments using spherical Cu1.s8S nanoparticles, shown in
Figure 1. The crystal structures of roxbyite (Cu1sS) and djurleite (Cu1.04S) are nearly
identical; both contain pseudo-hexagonal closed packed sulfur anions and differ only
subtly in the coordination environments and stoichiometries of the Cu* cations.®'6? Their
core similarities, as related to cation exchange, allow us to consider morphology as the
only consequential variable that differentiates these reactions from one another and from
those carried out on the spherical nanoparticles described earlier.

The data in Figure 5 correspond to wurtzite CoxZnixS nanoplates formed from
simultaneous Zn?*/Co?* cation exchange using Zn:Co ratios of 3:1, 1:1, and 1:3. The XRD
patterns (Figure 5a) indicate that the 3:1 and 1:1 Zn:Co ratio produces a single wurtzite
phase with shifted peaks consistent with the expected changes in composition in the 3:1
and 1:1 Zn:Co ratios. By XRD, the 1:3 Zn:Co product has asymmetry in the (002) peak,
suggesting that there may be a mixture of the 1:3 solid solution and wurtzite CoS. The
STEM-EDS maps confirm the near-absence of Cu and co-localization Zn, Co, and S
signals for the 3:1 and 1:1 samples (Figures 5b and S11a,b). For the sample made using
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a 1:3 Zn:Co ratio, the STEM-EDS maps confirm the presence of both the CoxZn1.xS solid
solution and CoS within particles (Figure 5b), as well as CoS plates with no Zn
incorporation (Figure S11c), as suggested above based on XRD analysis. It is worth
noting that the peak shapes and relative intensities in the XRD patterns in Figure 5a are
consistent with the features expected for nanoplates. The (hk0) peaks, which correspond
to the crystallographic planes that stack laterally across the widths of the nanoplates, are
sharper than the (00/) peaks, which correspond to the planes that stack vertically. The
(00/) peak is broad because the plates are only approx. 7 nm thick. At the same time, the
relative intensities of these broad (00/) peaks are high because of preferred orientation,
as the nanoplates preferentially lie flat on the sample holder (Figure 5c).
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Figure 5. (a) Powder XRD patterns for the 3:1, 1:1, and 1:3 (bottom to top) Zn:Co simultaneous cation
exchange reactions on Cu1.94S plates (x = 0.75 is grey, x = 0.5 is brown, and x = 0.25 is yellow). Reference
XRD patterns for wurtzite ZnS5%® (green) and wurtzite CoS%* (purple) are shown for comparison. (b) HAADF-
STEM images and STEM-EDS element maps for Zn, Co, Cu, and S (shown overlaid on the HAADF-STEM
images) for all three Zn:Co compositions: 3:1 Zn:Co (left), 1:1 Zn:Co (middle), and 1:3 Zn:Co (right). All
scale bars are 10 nm. An enlarged region of the XRD pattern in (a) is shown in (c) from 25 — 30°, highlighting
the (100) and (002) peaks. (d) Plot of cation to sulfur ratios (from the EDS spectra) for all three Zn:Co
compositions. (Zn:S = green diamonds, Co:S = purple spheres, Cu:S = red triangles.) For the Zn:S and
Co:S values, the lines show the expected cation:sulfur ratios based on the ZnCl2:CoCl: loadings. For the
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Cu:S value, the line is fixed at 5%, which is considered to be the approximate residual amount of copper
after exchange. (e) EDS spectra for all three compositions (on Ni TEM grids), normalized to sulfur.

Quantification of the STEM-EDS maps (Figure 5d) and the corresponding spectra (Figure
5e) reveals that they follow a similar trend to the spherical nanoparticle products, with
compositions of Zno.74C00.19S and Zno.52C00.54S for the 3:1 and 1:1 Zn:Co exchanges.
These experimentally determined compositions are close to the compositions expected
based on the ZnCl2:CoCl2 ratio. The formation of a CoxZnixS solid solution during
simultaneous Zn?*/Co?* exchange of the nanoplates, which have a thickness of approx.
7 nm, is consistent with the behavior of the end members, which also form wurtzite ZnS
and CoS upon cation exchange of sub-7 nm Cu+1.8S nanoparticles. Interestingly, formation
of the solid solutions appears to be disfavored for nanoplates in the Co-rich 1:3 Zn:Co
sample. This observation is not surprising given the data in Figure 4, which indicates that
Co?* is more reactive than Zn?* when both are present in excess and can compete for
exchange. This reactivity difference appears to be exacerbated by the anisotropy and/or
larger size of the plates relative to the spheres, which formed CoxZn1.xS solid solutions
across all Zn:Co ratios.

Analogous nanorod systems, spanning all three Zn:Co ratios, are shown in Figure 6. As
for the nanoplates, simultaneous Zn?*/Co?* exchange produced a single wurtzite pattern
for the 3:1 and 1:1 Zn:Co ratios, while a mixture of the solid solution and CogSs is formed
for the 1:3 Zn:Co ratio. The XRD data for the 3:1 and 1:1 Zn:Co products show a single
phase wurtzite pattern with lattice parameters in between those of the two reference
patterns (Figure 6a). The XRD pattern of the 1:3 Zn:Co product consists of CogSg® along
with a minor product of the wurtzite CoxZn14S solid solution. Consistent with the XRD
data, STEM-EDS element maps confirm the removal of Cu and the co-localization of Zn,
Co, and S signals in the 3:1 and 1:1 products (Figures 6b and S12a,b). The STEM-EDS
element maps for the 1:3 Zn:Co nanorod product appear to contain both CogSs and
CoxZn1.xS (Figure 6b and S12c). Analysis of the corresponding XRD patterns (Figure 6¢)
reveals that the (100) and (002) peaks of the 3:1 and 1:1 Zn:Co products follow the
expected shifts, given contraction of the lattice with increasing Co content. The (100) peak
is broad, as expected, since the planes (100) planes correspond to the width of the rods
(21 nm). In contrast, the (002) peak is sharper, since the (002) planes correspond to the
length of the rods (57 nm).

Quantification of the STEM-EDS data (Figure 6d) and the corresponding EDS spectra
(Figure 6e) reveal a trend in composition for the nanorods that is analogous to that of the
plates: the EDS composition is Zno.72C00.19S for the 3:1 product and Zno 54C00.56S for the
1:1 product. The formation of a wurtzite CoxZn14S solid solution was expected for the
nanoplates, as their thinnest dimension is in the range where the hexagonal close packed
anion structure is known to persist during cation exchange with both Zn?* and Co?*.
However, the formation of a wurtzite CoxZn1.xS solid solution was unexpected for the
nanorods, where Co?* exchange has previously been shown to produce CosSs instead of
CoS. The anions in CogSs adopt a ccp lattice and the cobalt exists in both tetrahedrally
and octahedrally coordinated sites with some close Co—Co contacts that lead to metallic
bonding. In contrast, the anions in wurtzite CoS and ZnS are hcp with cations present
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exclusively in tetrahedral sites. In terms of reactivity, the same reactivity observed for the
plates is also observed for the rods, whereby exchanges with high Co?*:Zn?* ratios result
in Co?* outcompeting Zn?* to produce regions of CosSs instead of exclusively the CoxZn:.-
xS solid solution. The larger size and/or the anisotropy of the nanoplates and nanorods,
coupled with the slightly higher reactivity of Co?*, result in the formation of different
products through cation exchange compared to the spherical products for the 1:3 Zn:Co
reaction. This outcome is not unprecedented as identical cation exchange reactions on
different morphologies of template nanoparticles has previously been observed to lead to
different outcomes.3*
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Figure 6. (a) Powder XRD patterns for the 3:1, 1:1, and 1:3 (bottom to top) Zn:Co simultaneous cation
exchange reaction on Cu1.sS rods (x = 0.75 is grey, x = 0.5 is brown, and x = 0.25 is yellow). Reference
XRD patterns for wurtzite ZnS%® (green) and wurtzite CoS®* (purple) are shown for comparison. Asterisks
(*) correspond to reflections due to CosSs.%¢ (b) HAADF-STEM images and STEM-EDS element maps for
Zn, Co, Cu, and S (shown overlaid on the HAADF-STEM images) for all three Zn:Co compositions: 3:1
Zn:Co (left), 1:1 Zn:Co (middle), and 1:3 Zn:Co (right). All scale bars are 20 nm. An enlarged region of the
XRD pattern in (a) is shown in (c) from 25 — 30°, highlighting the (100) and (002) peaks. (d) Plot of cation
to sulfur ratios (from the EDS spectra) for all three Zn:Co compositions. (Zn:S = green diamonds, Co:S =
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purple spheres, Cu:S = red triangles.) For the Zn:S and Co:S values, the lines show the expected
cation:sulfur ratios based on the ZnCl2:CoCl2 loadings. For the Cu:S value, the line is fixed at 5%, which is
considered to be the approximate residual amount of copper after exchange. (e) EDS spectra for all three
compositions (on Ni TEM grids), normalized to sulfur.

Additional analysis of the XRD data across all samples provides deeper insights into the
nature of the solid solution. For the nanorods, the (10/) peaks for all three solid solution
compositions are broad, with increasing broadness as the Co content in the solid solution
increases (Figure 6a). A similar phenomenon exists for the nanosphere products, with the
intensity of the same (10/) peaks decreasing with increasing Co content (Figure 2a).
Wourtzite ZnS nanorods made through cation exchange form a high density of stacking
faults, which interrupt the hcp anion stacking with regions of ccp. Because the Cu1.sS
templates adopt a distorted hcp structure, converting hcp to ccp requires lateral shifting
of the close packed planes. Analogous shifting is required to transform hcp Cu1.8S to ccp
CogSs. Importantly, the presence of these stacking faults leads to a decrease in the
intensity of the (10/) peaks.?° For both nanorods that fully converted to CoxZn1«S solid
solutions stacking faults are observed in the HAADF-STEM (Figure 6b) images. This
observation shows the CoxZni1xS solid solution retains features expected in cation
exchange synthesized ZnS nanorods.®°

Optical Properties of CoxZn1xS vs. ZnS—-CoS

Figure 7a shows a picture of vials containing spherical nanoparticles (suspended in
toluene) of the zinc sulfide and cobalt sulfide end members, as well as the 3:1, 1:1, and
1:3 Zn:Co solid solutions. As expected, all nanoparticle suspensions are optically
transparent, given their size and colloidal dispersibility, and the zinc sulfide sample is
colorless while the cobalt sulfide sample is black. We use CoxS to refer to cobalt sulfide
that is present as a mixture of wurtzite CoS and pentlandite CogSs; this mixture is well
documented in Co?* exchange reactions of copper sulfide nanoparticles.'®'” Both the zinc
sulfide and cobalt sulfide nanospheres were synthesized by cation exchange of the same
copper sulfide template used to make the solid solutions (Figure S13). For the CoxZn1-xS
solid solution nanoparticles, the 3:1 Zn:Co product is yellow, the 1:1 Zn:Co product is
brown, and the 1:3 Zn:Co product is black (Figure 7a). The other morphologies exhibit
similar colors but are more opaque due to the larger particle sizes and their tendency to
aggregate along their long or flat dimensions; we therefore focus on the spherical
nanoparticles. These colored solid solutions are accessible because the exchange of both
cations is occurring simultaneously to generate a solid solution (Figure 7a).

Each of the solid solution samples shown were characterized by UV-Vis-NIR absorption
spectroscopy. Wurtzite ZnS is a well-known semiconductor,®® and the absorption
spectrum for this end member (Figure 7a, green) shows a sharp absorbance near 335
nm corresponding to the excitation of an electron across its band gap, as expected.?364
CogSs is known to be metallic and CoS is likely metallic, and therefore as expected, the
spherical cobalt sulfide end member exhibits relatively constant absorbance in the visible
region (Figure 7a, purple). The 3:1 Zn:Co solid solution, which is yellow in the picture in
Figure 7a, also appears to be semiconducting like ZnS, having a relatively sharp
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absorbance starting around 500 nm. Compared to ZnS, the absorbance feature that
corresponds to the band gap is significantly broadened and shifted to higher wavelengths.
The 1:1 Zn:Co solid solution, which appears brown in the picture in Figure 7a, is also
semiconducting, but with an even broader absorbance feature than the 3:1 Zn:Co solid
solution. The broadening of the band gap has been observed in Co-doped ZnS
nanoparticles, where an increase in the amount of Co?' incorporated into ZnS
nanoparticles resulted in a transition from a direct to an indirect band gap.®* In both
products, there is also an absorbance feature near 730-750 nm, which corresponds to a
transition from the “A; (F) to “T+ (P) bands due to Co?* occupying tetrahedral sites in Co-
doped ZnS.3964-66 Both the 3:1 and 1:1 solid solutions are therefore semiconducting with
band gaps broadened and shifted to lower energies with increasing Co?* content.
However, in the 1:3 Zn:Co solid solution, there is no absorbance feature near 732 nm and
absorbance is nearly flat across the entire visible region, indicating metallic character that
is more analogous to that of the cobalt sulfide end member. This indicates that within the
CoxZn1.xS solid solution, there is a transition from semiconducting to metallic behavior.
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Figure 7. (a) Photographs of vials containing (from left to right) ZnS, Coo.20Zno.7sS, Co00.43ZN0.50S,
Coo.72Zno.27S, and CoxS spherical nanoparticles, made by simultaneous exchange of Zn?* and Co?* cations
as shown by the cartoon, suspended in toluene. The solid solution nanoparticles range from yellow to brown
to black, while the ZnS and CoxS end members are colorless and black, respectively. A STEM-EDS element
map of showing Zn and Co signals overlaid on a HAADF-STEM image for the Coo.43Zno.50S sample is also
shown. (b) Photographs of vials containing ZnS (left), CoxS (right), and CoS-ZnS heterostructures
containing (from left of middle to right of middle) 25% CoS and 75% ZnS, 50% CoS and 50% ZnS, and 75%
CoS and 25% ZnS, suspended in toluene. The heterostructured nanoparticles, which are made by
sequential exchange of Zn?* and Co?* cations as shown by the cartoon, are all black. A STEM-EDS element
map of showing Zn and Co signals overlaid on a HAADF-STEM image for a heterostructured nanoparticle
containing 50% CoS and 50% ZnS is also shown. UV-Visible absorbance spectra are also shown for all
samples in both (a) and (b). All scale bars are 5 nm.
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The emergence of a composition-tunable band gap in all but the most Co-rich CoxZn14S
sample generated through simultaneous cation exchange is in sharp contrast to the
largely additive optical properties that are present in compositionally-analogous CoS-ZnS
heterostructures generated through sequential cation exchange (Figure 7b). For
comparison with the solid solutions, ZnS—CoS heterostructured nanoparticles mirroring
the compositions and morphologies of the CoxZn14S solid solution nanoparticles were
synthesized. Spherical Cu1.8S nanoparticles suspended in TOP were injected into a flask
at 100 °C under Ar with different amounts of ZnClz solutions followed by injection of
excess amounts of CoCl. solutions, ultimately producing spherical heterostructured ZnS—
CoS nanoparticles with average compositions of 75% ZnS with 25% CoS, 50% ZnS with
50% CoS, and 25% ZnS with 75% CoS. STEM-EDS element maps of these
heterostructured nanoparticles show that the Zn and Co signals are segregated on
opposite sides and the relative proportions of each metal sulfide in each type of particle
tracks well with the amount of ZnCl, used during the first exchange step (Figure S14).
XRD data also support the presence of both CoS and ZnS in the heterostructured
particles (Figure S14).

Heterostructured nanoparticles often have properties that represent a sum of the
properties exhibited by the individual materials that comprise them, in addition to any
synergistic interactions across the interface. The pictures of colloidal suspensions of the
ZnS—CoS heterostructured nanoparticles in Figure 7b indeed contrast with those of the
compositionally-analogous CoxZn1xS solid solutions, as all of the heterostructured
nanoparticles appear black since they combine a metallic material (cobalt sulfide) that is
black and a wide band gap semiconductor (zinc sulfide) that is transparent in the visible.
The corresponding UV-Vis spectra are consistent, with the heterostructured nanoparticles
having relatively flat absorbance through the visible region (analogous to cobalt sulfide),
along with an absorption onset near 335 nm corresponding to ZnS (Figure 7b). By
carrying out the cation exchange reaction simultaneously instead of sequentially, the solid
solution CoxZn1.xS is formed instead of a ZnS—CoS heterostructure, and these two
variants have fundamentally different physical properties, as reflected by their different
UV-Vis absorption spectra.

Heterostructured nanoparticles containing CoxZni-xS

We now know that the ratio of total cations to copper sulfide is the critical factor for forming
solid solutions through simultaneous multi-cation exchange. We also now know that
morphology has little impact on the formation of the semiconducting CoxZn14S solid
solution in this system and that different spectral features are observed in compositionally
related solid solutions versus heterostructures. We therefore sought to design,
synthesize, and characterize a series of nanoparticles that progressively evolve from the
template Cu1.8S rods to a heterostructured CoxZn1.xS—Cu1.S rod to a heterostructured
CoxZn1xS—ZnS rod (Figure 8a). CoxZn1xS—Cu18S rods were targeted using partial
simultaneous Zn?*/Co?* exchange, which substoichiometrically limited the total amount of
cations available for exchange. Here, a suspension of Cu18S nanorods (Figure 8b) in
TOP was injected into a flask at 100 °C under Ar containing a solution having a 1:1 ratio
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of ZnCl,:CoCl; but with the molar ratio of total cations (Zn?* and Co?*) to copper sulfide
equaling 0.5, instead of 1.1, which was used previously. STEM-EDS element maps
(Figure 8c and S15a-d) show that the resulting nanorods are composed of both CoxZn:.
xS and Cu1.gS. The regions corresponding to CoxZn1xS have high contrast stacking faults,
as seen in the HAADF images (Figures S15a-d), as expected based on previous
exchanges on the nanorods, as well as literature for the end-member systems®°. The
formation of the CoxZn1xS domain indicates that even with unreacted Cu+sS, the
metastable solid solution forms instead of the end members. The CoxZn1xS—ZnS
heterostructures were made following the same procedure to synthesize CoxZn1.xS—
Cus gS followed by an injection of excess Zn?* solution to exchange the remaining Cu1 S
region with Zn?* to form ZnS (Figure 8d) (Figure S15e-f). It is worth noting that the Co?*
in the CoxZn1xS regions remains in those regions and does not diffuse into the newly
formed ZnS region. This provides additional evidence that formation of the CoxZn+.xS solid
solution requires simultaneous Co?*/Zn?* exchange.

UV-Vis-NIR spectra of the three products (Cu1.8S, C00.5Zn0.5S—Cu1.8S, C00.5ZN0.5S—-ZnS)
are shown Figure 8e. The Cu1.sS nanorods have absorbance features in the range of
1200-1500 nm, due to its plasmon band, as well as starting around 800 nm, due to its
band gap. The heterostructured Coo.5Zno5S—Cu1.8S nanorods combine the features of
Cu1.8S (plasmon band and band gap) with those of the CoxZn1.xS solid solution, which
include absorption features due to tetrahedrally coordinated Co?* around 732 nm and the
band gap that absorbs starting near 650 nm. Transformation into Co0o.5Zn05S—ZnS
eliminates the plasmonic feature but retains the absorbance around 732 nm and the
broad bandgap absorbance while adding the sharp absorption onset near 350 nm for
ZnS. Despite all three of these materials being nominally brown, they have distinct optical
absorption features based on their compositions and composition distributions.
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Figure 8. (a) Photograph of vials containing (left to right) Cu1.sS, Cu18S—Co00.5Zno.5S, and ZnS—Coo0.5Zno.5S
nanorods suspended in toluene. STEM-EDS element maps (Cu = red, Zn = green, Co = purple, overlaid
on HAADF-STEM images) are shown for (b) Cu1.sS nanorods, (c¢) Cu18S—Co005ZnosS heterostructured
nanorods, and (d) ZnS—Coo.5ZnosS heterostructured nanorods. (e) UV-Vis NIR absorbance spectra of
Cu1.8S, Cu1.8S—C00.5Zn0.5S, and ZnS—Coo.5Zno.5S nanorods. All scale bars are 20 nm.

CONCLUSIONS

Nanoparticle spheres, rods, and plates that span the metastable wurtzite CoxZn1S solid
solution, as verified by first-principles predictions of convex hulls for derivative structures,
were synthesized through a simultaneous multi-cation exchange reaction. For the
spherical nanoparticles, the composition could be tuned simply by changing the ratio of
the ZnCl2 and CoClz reagents used for the exchange, as long as the ratio of total incoming
metal cations to copper sulfide remained close to 1:1. When a significant excess was
used, the reactivity of Co?* outcompeted that of Zn?*, leading to cobalt sulfide (i.e., end
member) byproducts The plates and rods behaved similarly to the spheres, although they
did not form solid solutions at higher Co?* concentrations because their anisotropic
morphologies enhanced the difference in reactivity between Co?* and Zn?*, leading to the
formation of cobalt sulfides. Composition-dependent optical properties were observed for
CoxZn1xS, with a color change and transformation from semiconducting (x = 0.25, 0.50)
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to metallic (x = 0.75) behavior. The optical properties of CoxZn1xS were distinct from those
of phase-segregated CoS—ZnS, and this observation led to the design and synthesis of
various heterostructured nanoparticles that combined the CoxZn1xS solid solution with
other materials, including Cu+.8S and ZnS.

The key to balancing reactivity is to carry out the multi-cation exchange reactions using a
low molar ratio of total cations to copper sulfide. Under this condition, the cation
composition of the exchange solution matches that in the exchanged nanoparticles, as
both cations can co-exchange simultaneously. An increase in this ratio, where both
cations are available in significant excess, opens up competition between the two cations,
with one (Co?*) over-exchanging and leading to the formation of end-member byproducts.
On the other hand, choosing ratios of total cations to copper sulfide that are less than
stoichiometric limits the extent of exchange, enabling the formation of CoxZn1.xS—Cu+.8S
heterostructured nanoparticles, which can further be transformed into CoxZn1.xS-ZnS
following a subsequent Zn?* exchange. These observations reveal how both order of
addition (sequential vs. simultaneous) and reactivity influences homogeneous vs
heterogeneous incorporation of multiple metal cations in products after exchange. These
products also demonstrate how the composition and composition distribution influences
the optical properties of the nanoparticle materials.

The formation of solid solutions can be challenging in nanoparticle synthesis, as it
requires balancing the reactivities of multiple cations along with other reagents and
components of reactions, including reducing agents, counterions, surfactants/ligands,
solvents, precursor concentrations, temperatures, reaction times, and, most importantly,
the complex interplay among all of these factors. Cation exchange presents itself as a
simplified platform to design solid solution nanoparticles where the key chemical
challenges are balancing cation reactivity relative to a template material and where
composition can be easily tuned by changing the ratio of cations. This simplification in
experimental design to generate solid solutions expands our ability to target and
synthesize high quality nanoparticles having complex and tunable compositions.
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