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Multimetallic post-synthetic
modifications of copper selenide
nanoparticles

Riti Sen?, Tyler Masato Gordon?, Shelby Liz Millheim?, Jacob
Harrison Smith?, Xing Yee Gan®, Jill Erin Millstone*2™*

In this report, we investigate the addition of two metal cations,
simultaneously and sequentially to Cux,Se nanoparticles. The metal
combinations (Ag-Au, Ag-Pt, Hg-Au and Hg-Pt) are chosen such that one metal
adds to the structure via cation exchange and the other adds to the structure
via metal deposition when added individually to Cu2xSe nanoparticles.
Surprisingly, we find that for each metal combination, across all three
synthesis routes, cation exchange and metal deposition products are
obtained without deviation from the outcomes seen in the binary metal
systems. However, within those outcomes the data show several types of
heterogeneities in the morphologies formed including extent and
composition of cation exchange products as well as the extent and
composition of the metal deposited products. Taken together, these results
suggest a hierarchical control for nanoheterostructure morphologies where
the pathways of cation exchange or metal deposition in post-synthetic
modification of CuzxSe exhibit relatively general outcomes as a function of
metal, regardless of synthetic approach or metal combination. However, the
detailed composition and interface populations of the resulting materials are
more sensitive to both metal identities and synthetic procedure (e.g. order of
reagent addition), suggesting that certain principles of metal chalcogenide
post-synthetic modification are excitingly robust, while also revealing new
avenues for both mechanistic discovery and structural control.

Introduction

Post-synthetic modification!8 strategies are powerful and well-
investigated methods for transforming nanoparticles (NPs) into
complex, multi-component nanostructures that may not be
accessible through direct synthetic pathways. In addition, NPs
that consist of multiple phases within a single structure often
exhibit dual or synergistic physical and chemical properties and
are of growing interest for a wide range of applications including
heterogeneous  catalysis,®12 photovoltaic  devices,!3-16
displays,17-20 biological imaging, and therapeutics.21-23 In these
multicomponent NPs, both the identities of the components
and their arrangement within the NP architecture impact the
properties of the resulting material.2% 25

These structure-property relationships have motivated
numerous studies and introduced a wide range of
nanoheterostructures (NHSs), ranging  from binary

architectures with two distinct crystalline phases to complex
architectures with as many as 5 distinct crystallographic
phases.* 24 2630 From these studies, common growth modes
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Scheme 1. Schematic representation of the three synthetic approaches of
metal cation addition to Cu,,Se NPs studied here.

and driving forces have emerged. Common modes of post-
synthetic nanoparticle growth include cation exchange (CE)31-33
and metal deposition (MD).6 7. 29, 34,35 The driving forces that
dictate the incorporation mode, and the extent of that
incorporation, are known to depend on factors such as the
reduction potentials of the metal ions, lattice formation
energies, lattice volume and symmetry changes?, metal ion
radii,3® metal ion coordination number37 and lattice mismatch
between the incoming metal and the host particle.3842 With
these various factors governing the formation of NHSs, it is
interesting to study the interactions between these parameters
and the influence of those interactions on nanoparticle
outcomes, with the goal of identifying progressively more
comprehensive synthetic insights, and ultimately achieving
systematic design and synthesis of targeted, complex NHSs.
One way to interrogate the relative influence of a given
synthetic parameter is to use established binary relationships,
and challenge them with a third synthetic component. For
example, it is well known that PbZ*, Ag*, Cu*, Cu?*, and Hg%*
undergo cation exchange spontaneously with CdS and CdSe in
polar solvents, likely because the solubility product (Ksp) of the
cadmium chalcogenides are higher than the resulting metal
chalcogenides.*3 4 However, in non-polar media, solubility
factors can be circumvented in the presence of phosphine
facilitators, such as tri-octyl phosphine, where Ag,S can be
converted to CdS, understood via a hard-soft acid base
mechanism preferentially coordinating silver cations.*?2 These
examples highlight the difficulty in identifying general strategies
for understanding, and ultimately predicting, NHS outcomes.
However, in revealing these discrepancies, there is also an
opportunity to refine our conclusions about the conditions
under which various synthetic tools may be used for predictive
synthesis.

In this report, we investigate the addition of pairs of metal
cations, simultaneously and sequentially, to Cu,.Se NPs
(Scheme 1). The metal pairs (Ag-Au, Ag-Pt, Hg-Au and Hg-Pt) are
chosen such that one metal incorporates via CE and the other
via MD when added individually to the Cu,.Se NPs.?
Surprisingly, we find that each metal combination, across all
three synthetic routes, yield metal-semiconductor hybrids that
incorporate metals via both CE and MD without deviation from
the outcomes observed for the binary systems.

Results

2 | Nanoscale, 2023, 00, 1-3

In a typical experiment, we first synthesized water-dispersible
CuzSe NPs with an average diameter of 52 £ 5 nm using a seed-
mediated approach.*® We use Cu,,Se NPs because they are
readily synthesized via an aqueous, benchtop synthesis, their
plasmonic properties make them ideal candidates for
downstream applications, and they exhibit an isotropic crystal
structure, limiting complications arising from different facets
that makes studying post-synthetic modification outcomes
more straightforward. Having selected an appropriate starting
material, we then post synthetically introduced four
combinations of two metal salt solutions to the system (HAuCl,
and AgNO3, HAUC|4 and Hg(N03)2, KthC|4 and AgNO3, KthC|4
and Hg(NOs);) and evaluated changes in CuxSe NP composition
and morphology.

We considered several variables when selecting the secondary
metals to be used in these experiments, as well as in selecting
the metal combinations. The individual metals were chosen
because their mode of post-synthetic incorporation into Cu,.4Se
NPs (and analogous metal chalcogenides) has been relatively
well described.? 4649 Metal combinations were chosen such that
each pair is comprised of a metal that shows incorporation via
metal deposition (MD) (Au and Pt) and cation exchange (CE) (Ag
and Hg). The motivation for this combination approach was
two-fold: 1) to test the interaction of the metal cations with one
another and reveal competitive parameters that may change
the outcome of combination from their individual additions

Unperturbed Cu,_,Se | Metal Deposition Only

Cation Exchange Only| Both Metals Incorporated

Full CE

Partial CE Full CE Partial CE

Chart 1. Schematic representation of the products observed for multi-metal
addition to Cu,.,Se NPs.

and, 2) to generate heterostructures with both multi-metal
chalcogenide phases and metal-semiconductor interfaces.

With these strategically chosen metal cation pairs in hand, we
post-synthetically added ascorbic acid to the synthesized and
purified Cu,4Se NPs followed by addition of each of the four
metal cation pairs, either simultaneously or sequentially under
ambient conditions (see Experimental Section in Supporting
Information). We then used a variety of techniques to
characterize the resulting NHSs, including scanning
transmission electron microscopy-energy dispersive X-ray
spectroscopy (STEM-EDS) to evaluate the spatial distributions of
Cu, Se, and secondary metals, powder X-ray diffraction (PXRD)
to probe bulk crystallographic features, and UV-vis-NIR

This journal is © The Royal Society of Chemistry 2023
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extinction spectroscopy to monitor resulting optoelectronic
properties. Here, we outline the results of these studies,
including a statistical analysis of particle products (Chart 1).
Overall, we observed a remarkable fidelity with bimetallic post-
synthetic modification (i.,e. whether metals
incorporate via MD or CE). However, we also observe metal
combination specific morphology outcomes that
considerable tunability in both the form and extent of either MD
or CE in the ternary systems. Below, we describe our findings
for each metal combination individually, and then summarize
the unifying and distinguishing aspects of the syntheses in
aggregate.

outcomes

reveal

Silver and Gold Addition. The post-synthetic addition of Au and
Ag cations to Cuz4Se NPs resulted in the incorporation of Ag by
CE and Au by MD (as pendant metal islands, Figure 1 A-C). For
all three synthetic approaches (i.e. simultaneous addition of Ag
and Au cations, sequential addition of Ag and Au cations: both
Ag first and Au first), Ag was incorporated exclusively through
CE and Au exclusively via MD. The PXRD patterns (Figure 1D)
support the formation of AgSe and CuAgSe phases as well as a
metallic Au phase. We do not observe metallic Ag either by XRD
or by STEM-EDS. The average diameter of the Cu,.,Se after all
three synthesis routes is similar to the original Cu,xSe NPs (42+7
nm vs. 5245 nm) (Figure $S13 and Table S1). The Au domain size
in all three synthetic routes were also similar (1745 nm
averaged across all three syntheses). Extinction spectroscopy
analysis (Figure S17A), shows an expected dampening of the
Cus.Se localized surface plasmon resonance (LSPR) as reported
previously upon cation exchange. 5 In addition, there is no
observable LSPR peak that might be associated with either
deposited Ag islands or homogeneously nucleated Ag NPs. We
do observe a LSPR peak from the Au domain at ~ 620 nm. For
the Ag-Au combination, Ag cation exchanges and Au deposits as
an island on the top of the Cu,.,Se NP, as expected from the
individual addition of the metal cations to Cu,.Se NPs, with no
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alloying of the Au deposit. These results suggest that for this
particular combination of metals the reaction-insensitive
parameter of lattice symmetry distortion> remains the
dominant driving force that predicts the NHS architecture in this
ternary system.

To better understand the synthetic outcomes, we analyzed the
distribution of resulting NPs morphologies for all three synthetic
approaches (Figure 2). In all approaches, over 75% of particles
undergo post-synthetic modification: either CE, MD, or both
(Figure 2A). Across all routes, the percentage of particles that
undergo CE only, MD only, and both processes are also similar
(approximately a third of the modified population is CE only, MD
only, or both) (Figure 2B). However, the distribution of CE
products (i.e. full vs. partial CE) varies with the synthetic route
(Figure 2C). After simultaneous addition of Au and Ag cations,
for the NPs that incorporate a metal via CE and incorporate both
metals via MD and CE, the percentage of partially cation
exchanged NPs is significantly larger than that of fully CE NPs
(30% vs 1%). On the other hand, when cations were added
sequentially, the order of addition impacted the relative
populations of full and partial CE outcomes for NPs that
underwent both CE and MD (Ag—>Au: 1%/30%;
Au—>Ag:14%/18%). NPs that underwent CE only during
sequential addition exhibited a full/partial CE distribution
similar to the simultaneous addition case (Ag—>Au: 16%/23%;
Au->Ag:17%/19%).

Silver and Platinum Addition. Addition of Ag and Pt salt
solutions, sequentially and simultaneously, to the Cu,.Se
solution resulted in Ag incorporation via CE and Pt via MD, as
dendrites (Figure 3). As suggested by STEM-EDS maps and
supported by PXRD patterns (Figure 3D), each synthesis yields
particles with Cu,.4Se, AgSe and CuAgSe phases. Interestingly,
STEM-EDS maps and corresponding linescans suggest that the
pendant islands that form on top of the Cu,.Se in each of the
three methods, has a ternary metallic composition of Pt, Cu and
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Figure 1. (A-C) Representative STEM-EDS maps and generated linescans of (A) Simultaneous Ag-Au, (B) Sequential Ag - Au (C) Sequential Au - Ag

containing composite NPs. Cu Ka, Se LB, A
location used to extract line scan data, wit

La and Au La signals are represented in red, blue, green, an
the arrowhead indicating the direction. Dotted iray lines in linescan plots represent Eu signal, which is used
as background signal comparison. HAADF and individual elemental maps can be found in t

yellow, respectively. White boxes indicate the

e Supporting Information. N. B. Any difference in contrast

between maps should not be taken as quantitative. (D) PXRD patterns of NPs resulting from simultaneous Ag-Au, sequential Ag - Au and sequential Au
-> Ag additions. Included PXRD references are Cu,,Se (PDF # 00-006-0680, green), Ag,Se (PDF #00-024-1041, pink), CuAgSe (PDF #00-025-1180, purple)

and Au (PDF # 00-004 —-0784, light gray) and are represented in vertical lines.

This journal is © The Royal Society of Chemistry 2023
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Figure 2: (A) Percentage of NPs either modified (“perturbed,” dark purple) or unmodified (“unperturbed,” light purple) during the 3 syntheses. (B) Of the

modified particle population (dark purple), theJ)
CE and MD, greer(?; K:) of the particles that underwent CE, t
(green), measured across at least 150 particles and 3 experimental replicates.

Ag, indicating additional redox processes between the Cu,,Se
and incoming metal cations (Figure 3 A-C and vide infra,
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Figure 3. (A-C) Representative STEM-EDS maps and generated linescans of (A) Simultaneous Ag-Pt, (B) Sequential Ag - Pt (C) Sequential Pt > Ag
containing composite NPs. Cu Ka, Se LB, Ag La and Pt La signals are represented in red, blue, green, and yellow, respectively. White boxes indicate the

location used to extract line scan data, with the arrowhead indicating the direction. Dotted
as background signal comparison. HAADF and individual elemental maps can be found in

iray lines in line scan plots represent Eu signal, which is used
the Supporting Information. N. B. Any difference in contrast

between maps should not be interpreted as quantitative. (D) PXRD patterns of simultaneous Ag-Pt, sequential Ag - Pt and sequential Pt -> Ag. Included
PXRD references are Cu,.,Se (PDF # 00-006-0680, green), Ag,Se (PDF #00-024-1041, pink), CuAgSe (PDF #00-025-1180, purple), Pt (PDF #00-004-0802,
dark brown), and Cu (PDF # 01-070-3038, red) and Ag (PDF # 00-004 -0783, light gray) are represented in vertical lines.

Discussion). The Cu,«Se core size remained unchanged after
secondary metal incorporation, and the Pt domain size is
consistent across all three synthetic routes (18+5 nm) (Figure
S14 and Table S2).

and Pt in the material (Figure S17B). In the case of Ag-Pt
addition we still see the Ag incorporation via CE and Pt via MD
is observed, consistent with what is observed in the case of their
individual addition. However, in the case of the multimetallic
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Figure 4. (A) Percentage of NPs either modified (“perturbed,” dark purple) or unmodified (“unperturbed,” light purple) during the 3 syntheses. (B) Of the

modified particle population (dark purple), the percenta§1
and MD, green); (C) Of the particles that underwent CE, t
measured across at least 150 particles and 3 experimental replicates.
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Figure 5. (A-C) Representative STEM-EDS maps and generated linescans of (A) Simultaneous Hg-Pt, (B) Sequential Hg - Pt fC) Sequential Pt - Hg
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which is used as background signal comparison. N. B. Any difference in contrast between maps should not be taken as quantitative. Also, although
Hg appears to have a higher concentration in this representative image, we have analyzed other particles and the line scans indicate significant

variability in stoichiometry and chemical ordering. (Figure S21). (D) PXRD patterns of simultaneous
> Hg. Included PXRD references are Cu,.Se (PDF # 00-006-0680, green), HgSe (PDF #00-008-0469,

H%—Pt, sequential Hg - Pt and sequential Pt
blue), Hg (PDF # 00-009-0253, light gray), Pt

(PDF #00-004-0802, dark brown), and Cu (PDF # 01-070-3038, red) resented in vertical lines.

addition, regardless of the sequence of addition, the
composition of the island becomes complex, consisting of Pt, Cu
and Ag. Similar results of PtCu mixing have been observed in
previous studies® 49, In this case, the metal chalcogenide host

has Cu,,Se, as well as AgSe and CuAgSe phases. Therefore, the

Mercury and Platinum Addition. Like the combinations of Ag-
Au and Ag-Pt, the addition of Hg and Pt salts to the pre-
synthesized Cu,,Se NPs, yields products where Hg cation
exchanges with Cu, and Pt adds to the structure via MD.
However, unlike the Ag-Au and Ag-Pt, in the case of Hg-Pt the
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Figure 6. (A) Percentage of NPs either modified (“perturbed,” dark purple) or unmodified (“unperturbed,” light purple) during the 3 syntheses. (B) Of
the modified particle population (dark purple), the percentage of NPs containing only Pt (MD only, blue), only Hg (CE only, yellow) and both Pt and Hg
(both CE and MD, green); (C) of the particles that underwent CE, the percentage of NPs containing only the Hg with partial (yellow) and both Hg and
Pt metals (green), measured across at least 150 particles and 3 experimental replicates.

formation of a ternary PtCuAg phase on the pendant island is
likely because now both Ag and Cu are available for
incorporation into the metallic island from the chalcogenide
host (vide infra).

All three synthetic approaches show more than 80% conversion
of Cu,.Se NPs to incorporate one or both metals either via CE,
MD or both (Figure 4A). Also, across all three synthetic routes,
the percentage of particles that incorporated both metals (i.e.
underwent both CE and MD) were more than those that
incorporated one metal by either CE or MD only (Both: 60% vs.
CE only or MD only: <30%) (Figure 4B). For all three approaches,
particles that underwent CE (including particles that showed CE
only and particles that showed both CE and MD), showed more
partially cation exchanged particles than fully cation exchanged
particles (Figure 4C).

This journal is © The Royal Society of Chemistry 2023

sequence of metal addition influences the specific compositions
and morphologies of the MD and CE products. Specifically, in
both simultaneous metal ion addition as well as each
permutation of sequential addition, we observe incorporation
of Hg into the lattice via CE, and the deposition of dendritic Pt
islands on the Cu,Se (Figure 5), however the composition of
the resulting metal islands varies. In the sequential addition of
Hg then Pt, the metal island formed on the Cu,..Se NP contains
only Pt and Cu (Figure 5B). However, upon the simultaneous
addition and the sequential permutation of Pt first, the island
has a ternary metal composition of Cu, Pt and Hg (Figure 5 A, C).
The extinction spectra of NPs resulting from each synthetic
route show similar trends with a dampened and red-shifted Cus.
xSe plasmon as a result of Hg and Pt incorporation (Figure S17C).
The Cu,.Se core size remains unchanged after secondary metal
incorporation, and the Pt domain size is consistent across all
three synthetic routes (17+5 nm) (Figure S15 and Table S3).

Nanoscale, 2023, 00, 1-3 | 5
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Overall, statistical analysis of STEM-EDS results indicates that
more than 80% of particles undergo post-synthetic modification
(either CE, MD or both) (Figure 6A). Of these particles, the
majority incorporate both metals across all three synthetic
approaches (Both: >41% vs. CE or MD only: <18%) (Figure 6B).

Page 6 of 9

Hg-Pt, the metal islands in the Hg-Au case are alloys for all three
synthesis routes (Figures 7). However, unlike the cases of Ag-Pt
and Hg-Pt, no Cu is present in the alloy deposit. The extinction
spectra (Figure S17D) show a dampening of the Cu,.4Se plasmon
which is consistent with Hg CE, and a Au peak at ~¥620 nm due
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Figure 7. (A) Percentage of NPs either modified (“perturbed,” dark purple) or unmodified (“unperturbed,” li
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ht purple) during the 3 syntheses. (B) Of the
CE only, yellow) and both Hg and Au (both CE

i

and MD, green); (C) of the particles that underwent CE, the percentage of NPs containing only the Hg with partial (yellow) and both Hg and Au metals (green),

measured across at least 150 particles and 3 experimental replicates.

Of those particles that show CE only, for simultaneous and
sequential Hg->Pt addition, the percentage of particles that
show a partial CE morphology is higher than those that show full
CE (12% vs. 2%). Whereas for sequential Hg->Pt addition,
particles that show CE only, show equal amounts of partial and
full CE (~6%) (Figure 6C). However, for particles that incorporate
both metals, for all three synthetic approaches, the majority of
the population exhibits partial CE over full CE (>40% vs. <25%).

Mercury and Gold Addition. Hg and Au addition show
incorporation of Hg into the Cu,.4Se lattice by CE and deposition
of Au island on top of the NPs, for all three synthetic routes by
PXRD and STEM-EDS. However, as with the cases of Ag-Pt and

6 | Nanoscale, 2023, 00, 1-3

to the Au domain deposition. The size of Cu,4Se core is also
preserved after secondary metal incorporation, with relatively
monodisperse metal deposition domains (206 nm, Figure S16
and Table S4).

Similar to the three other metal combinations previously
discussed, the mode of Hg and Au incorporation does not
change in these synthetic approaches, showing no deviation
from the binary system. But for this metal combination, similar
to the Ag-Pt and Hg-Pt additions (vide supra), the composition
and stoichiometry of the resulting metal islands are complex.
Similar to the other three metal combinations, all three
synthetic approaches show more than 80% of the Cu,.Se NPs
undergo post-synthetic modification (Figure 8A). Across all

This journal is © The Royal Society of Chemistry 2023
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three synthetic routes, the majority of these particles
incorporate both metals showing CE and MD both (Both: >70%,
vs. CE or MD only: <21%) (Figure 8B). The CE morphology
distribution is also consistent across all cases, with more partial
CE vs. full CE for both particles that show CE only and those
which incorporate both (Both: >60%/<10%; CE only: >13%/<3%)
(Figure 8C).

Discussion

Taken together, for all four metal combinations investigated,
the mode of individual metal incorporation does not deviate
from the mode observed during individual metal cation addition
(i.e. if the metal undergoes CE in the binary system, we
observed that it also underwent CE in the ternary systems we
tested, and this similarity with binary synthesis outcomes was
also true for metals that favour MD). While these overarching
outcomes are encouraging for the generality of post-synthetic
modification strategies for the Cu,.Se NP class, detailed
analysis of the morphological outcomes reveal important points
of heterogeneity for further study including 1) varying
population of particles that undergo CE/MD only vs. those that
undergo both, 2) extent of CE (full CE vs. partial CE), 3)
composition of CE domains, and 4) composition of metal
deposited domains.

First, examining NP populations that incorporate at least one
secondary metal (Figure S19), these may be particles that have
undergone either MD or CE only, or particles that have
undergone both. Here, each synthesis route vyields
approximately the same percentage of morphologies for the
same metal combination. However, heterogeneity arises when
comparing results between the metal combinations. For the Au-
Ag combination, the percentage of NPs that incorporate both
metals (~27-35%) is significantly lower than what is observed for
the other metal combinations (>65%). The lower ternary
content of the Au-Ag combination indicates that in the case of
Au-Ag addition, Ag CE and Au deposition may interfere with one
another. One explanation for this outcome may be the higher
lattice mismatch between Au and Ag,Se and CuAgSe (~35-47%)
than between Au and Cu,.Se (28%). Another explanation could
be, that the deposition of Au pendant island on the Cuj,Se
surface leads to a less accessible surface for the Ag ions to
diffuse into the lattice, but given the partial coverage of the Au
deposits, this explanation seems less likely (Tables S5 and S6).
Next, we consider the variation in the extent of CE (e.g. partial
vs. full CE) observed for each metal combination. With the
exception of sequential Au—>Ag addition, across all metal
combinations and across each synthetic route within a specific
combination (i.e. for both NPs that show CE only and those that
show both CE and MD), the percentage of NHSs exhibiting
partial cation exchange is more than those undergoing full
cation exchange (<30% of the particles across all particle
outcomes exhibit full CE, Figure $20). This distribution is an
indication that CE under these circumstances does not follow a
co-operative mechanism.%% 51 If 3 cooperative mechanism was
followed, one would expect to observe a higher population of
fully cation exchanged NPs, as the incorporation of the incoming
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metal ions into a NP would cause more of the secondary metal
to infiltrate that same particle until either there is no more
secondary metal left to incorporate or the particle is completely
transformed. There is one exception in our metal combinations:
the case of sequential Au->Ag addition. Here, the extent of CE
in terms of relative populations of fully vs. partially cation
exchanged particles is more even, showing slightly higher full CE
(5445% vs. 4618% respectively). This result is consistent with a
previous study of silver CE, where silver CE follows a
cooperative mechanism.?

Similar to our results regarding the relative populations of fully
vs. partially cation exchanged NPs, heterogeneity in the
composition of the CE domains agrees well with previous
studies of binary systems. For example, for Ag-Au and Ag-Pt
combinations, we observe the formation of both Ag,Se and
CuAgSe phases. Whereas, with Hg-Au and Hg-Pt, only HgSe
phase is formed. These results agree with what has been
observed for individual additions of Hg and Ag ions to Cu,.Se
under similar conditions: Ag,Se, CuAgSe, and HgSe form readily
while CuHgSe is not observed likely due to its monoclinic crystal
structure which represents a large symmetry deviation from the
cubic CuzSe and thus likely an unfavourable transformation.>
Finally, we consider the heterogeneity in composition of the
deposited metal islands. By analysing the varying alloy
compositions, we can suggest a series of hypotheses concerning
the chemical driving forces leading to the multimetallic islands.
In the case of multimetallic islands containing Pt, the Pt
dendrites that deposit on the Cu,4Se NP have an increased
surface area compared to a non-dendritic Pt-island of similar
volume.52 33 One explanation for island alloying is that
unpassivated sites on the Pt dendrite surfaces could serve as
preferential reduction sites for solubilized Cu, Hg, and Ag (from
the chalcogenide host) in combination with ascorbic acid which
is also in solution and can act as a reducing agent.

However, this explanation is not sufficient for at least one of the
cases studied here. In the case of Hg—>Pt, HgSe is formed and
then Pt ions are added to yield metal island deposits containing
only Pt and Cu. Hg is not present in the islands in this case. For
this metal combination and synthesis route, we examine
parameters that could influence the composition of the metal
islands, including lattice symmetry, bond dissociation enthalpy
(BDE) and solubility product of the possible metal selenides
(Table S7). The Ksp of HgSe is much lower than Cu,Se, which
means that once HgSe forms, dissolution into Hg* ions are more
unfavourable than the formation of Cu*/2* from Cu,,Se. Given
this difference in solubility, it is less likely that there are either
remaining or leached Hg* ions in solution when Pt deposits. In
contrast to the case of simultaneous Pt-Hg and sequential Pt -
Hg addition, where there are Hg cations in solution that can be
incorporated into the island to form the PtCuHg ternary metal
composite islands observed here.

Conclusions

We have reported a small library of ternary metal-
semiconductor hybrid heterostructures using aqueous, air-

stable Cu,.Se NPs as the starting material. These structures are
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studied and obtained using both the simultaneous and
sequential addition of four metal combinations. Taken
together, the results suggest that pathways of CE or MD in post-
synthetic modification of Cu,.Se are preserved when
challenged with the addition of a second metal or with varying
synthetic procedures. However, several axes of heterogeneity
are present within those broader CE or MD outcomes, yet are
still relatively well explained by known mechanistic parameters.
Overall, we view the results of this synthetic study and the
resulting new structures as encouraging support for the broader
applicability of synthetic insights gained here and elsewhere in
the synthesis of metal-metal chalcogenide
nanoheterostructures.
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