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ABSTRACT: Cation exchange reactions of colloidal copper sul-
fide nanoparticles are widely used to produce derivative nanoparti-
cles having unique compositions, metastable crystal structures, and
complex heterostructures. The copper sulfide crystal structure
plays a key role in the mechanism by which cation exchange occurs
and the product that forms. Here, we show that digenite copper sul-
fide nanoparticles undergo a spontaneous phase transition to tetrag-
onal chalcocite in situ, prior to the onset of cation exchange. Room-
temperature sonication of digenite (Cu gS) in trioctylphosphine, a
Lewis base that drives cation exchange, extracts sulfur to produce
tetragonal chalcocite (Cu,S). The subtle structural differences be-
tween digenite and tetragonal chalcocite are believed to influence
the accessibility of cation diffusion channels, and concomitantly
the mechanism of cation exchange. Structural relationships in
nanocrystal cation exchange are therefore dynamic, and intermedi-
ates generated in situ must be considered.

Chemical reactions that transform one type of nanoparticle into
another have emerged as powerful tools for generating otherwise
inaccessible products in a rational manner.! Such reactions retain
key property-defining nanoparticle features, ultimately providing
chemical pathways for controllably synthesizing designer nanopar-
ticles for catalysis, photovoltaics, optoelectronics, photon up-con-
version, and ratiometric sensing.2® Colloidal nanoparticle cation
exchange reactions, whereby cations in a template nanoparticle are
replaced by cations from solution, are especially powerful.>!°
Complete cation exchange can produce nanoparticles with other-
wise inaccessible compositions, morphologies, and crystal struc-
tures,!!~!5 while partial cation exchange can produce libraries of so-
phisticated and complex heterostructured nanoparticles.'¢-8

Most nanoparticle cation exchange reactions retain aspects of the
template crystal structure in the product. For example, roxbyite
copper sulfide, Cu;gS, has a distorted hexagonally close packed
(HCP) anion sublattice, and the cation exchange products are typi-
cally HCP-based wurtzite phases.!>'®!? For digenite copper sul-
fide, which has the same nominal composition but a different cubic
close packed (CCP) anion sublattice, cation exchange reactions in-
stead produce CCP-based zincblende phases.!?° Crystal structure
retention is also important in partial cation exchange reactions,
where persistence of the continuous anion sublattice allows epitax-
ial interfaces to form in certain crystallographic directions.!®2!-22

Crystal structure is also important in the two primary mecha-
nisms of nanoparticle cation exchange: (1) guest cation diffusion
through unoccupied interstitial sites followed by host cation re-
lease?® and (2) guest cation exchange at the nanoparticle surface

followed by hopping through vacant cation sites.>* Both mecha-
nisms require cation diffusion that occurs sufficiently rapidly that
the anion sublattice is comparatively rigid. The cation diffusion
pathway through the crystal, and also its diffusion rate, therefore
depends on the crystal structure, which defines the coordination en-
vironments and accessibility of the interstitial and vacant sites.?>%’
The formation of unique nanoparticle products exploits and re-
quires this involvement of the crystal structure in the mechanism.

The proposed mechanisms of nanoparticle cation exchange that
result in retention of crystal structure assume that the structure is
invariant throughout the process. Here, we challenge this key as-
sumption by showing that the crystal structure of the template na-
noparticle can change in situ prior to cation exchange. We show
that digenite copper sulfide (Cu, sS) undergoes a rapid in sifu trans-
formation to tetragonal chalcocite (Cu,S) under common reaction
conditions, prior to initiation of cation exchange. It is therefore the
tetragonal chalcocite intermediate that actually undergoes cation
exchange, rather than digenite. The mechanism by which crystal
structure retention occurs must therefore consider the tetragonal
chalcocite intermediate as the structure-defining species.

4+

Consider the exchange of the Cu” cations in digenite with Zn?
to produce zincblende ZnS, which is known to retain both anion
and cation sublattice structures (Figure 1a).!® Here, cation ex-
change is driven by trioctylphosphine (TOP),’ a soft base that co-
ordinates to the outgoing Cu" cations to help facilitate the incorpo-
ration of cations from solution into the nanoparticle. The well-es-
tablished protocol for such reactions (Figure S1) involves first son-
icating or dispersing the template nanoparticles in TOP at room
temperature under an inert atmosphere.'®2237 TOP is believed to
function as a coordinating ligand and solvent at this stage, before
the entire suspension is introduced to the exchanging cation. How-
ever, X-ray diffraction (XRD) data for aliquots removed during
room-temperature TOP sonication revealed that the digenite nano-
particles began transforming to tetragonal chalcocite within one
minute, and they completely converted within 45 minutes (Figure
1b).

The XRD pattern for the as-synthesized copper sulfide particles
(Figure 1b) matched well with PDF card 00-047-1758,% which cor-
responds to digenite. This reference XRD pattern, labeled in the
PDF database as rhombohedral digenite, can be traced to a low-
temperature digenite phase that can be described by a cubic super-
structure that has the same CCP sulfur sublattice and nominal cat-
ion coordination as cubic digenite but with subtly different cation
ordering,? which results in additional weak XRD reflections (Fig-
ure S2).2%3% Cubic digenite is known to undergo a spontaneous, re-
versible transition to rhombohedral digenite upon cooling below
~70 °C,3" 32 then possibly transition to a low-temperature cubic



structure.?’ Many digenite nanoparticle samples?®*-33 therefore
contain reflections from rhombohedral digenite or the related low-
temperature cubic superstructure, analogous to ours. After soni-
cating this digenite sample for 1 minute in TOP, peaks for tetrago-
nal chalcocite began to appear, and by 45 minutes, the pattern trans-
formed entirely to tetragonal chalcocite. Reflections at 37° and 49°
20, representing an additional unidentified impurity, persisted un-
changed throughout all samples, and therefore are not relevant to
the cation exchange process.
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Figure 1. (a) Transformation of digenite to a tetragonal chalcocite
intermediate prior to forming a zincblende product through cation
exchange. (b) XRD patterns for the digenite precursor and after
sonicating in TOP for various times. PDF 00-047-1748 (digenite)
and a simulated tetragonal chalcocite pattern are shown for com-
parison. The asterisk (*) labels a persistent impurity. (c) TEM im-
ages for digenite and tetragonal chalcocite show retention of size
distribution and morphology.

This in situ conversion of digenite to tetragonal chalcocite is ra-
tionalized by the known ability of TOP to extract sulfur from metal

sulfide particles and transform them to more metal-rich sulfides,
driven by the formation of the TOP=S complex.3¢37 This behavior,
mediated by tributylphosphine rather than TOP, has also been used
to transform roxbyite Cu, sS to the more metal-rich copper sulfides
djurleite (Cuy.94S) and low-chalcocite (CuzS).3” Additionally, TOP
is thought to reduce the cation defect density in Cu,Se at elevated
temperatures, decreasing the rate of cation exchange.? This trans-
formation reaction, however, has not been implicated in the mech-
anism by which cation exchange occurs nor applied to structure re-
tention relationships.
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Figure 2. XRD patterns demonstrating the TOP-induced phase
transition in different samples of digenite: (a) faceted ~ 20-nm par-
ticles and (b) ~10 nm particles. PDF 00-047-1748 (digenite) and a
simulated tetragonal chalcocite pattern are shown for comparison.

For this initial aliquot study, our digenite sample contained a tri-
modal mixture of ~15-; ~30-, and ~60-nm particles (Figures lc,
S3). Large (>20-nm) particles, which were only accessible as part
of a mixed-population sample, helped ensure sufficiently sharp
XRD peaks for reliable phase analysis. However, samples with
multiple crystallite sizes can complicate XRD analysis. Simulated
XRD patterns (Figure S4) help confirm that each subpopulation un-
dergoes the phase transformation. The trimodal sample was bene-
ficial, however, for TEM analysis. TEM images of the particles as-
synthesized and after 45 minutes in TOP revealed that the three
particle sizes remained (Figure 1c), providing confidence that the
conversion of digenite to tetragonal chalcocite was due to a phase
transformation rather than dissolution and reprecipitation.

The trimodal digenite sample contains larger particles than those
most often used for cation exchange reactions. Therefore, we also
synthesized, using different reaction conditions, a sample with par-
ticle sizes less than 20 nm (Figures 2a, S5). A similar in situ TOP-
induced transformation from digenite to tetragonal chalcocite was
also observed for this sample. When these tetragonal chalcocite na-
noparticles react with excess Zn>* at 120 °C for 30 minutes in the
presence of TOP, the cation exchange product is zincblende ZnS
(Figure S6), which is the product expected from cation exchange of
digenite using similar conditions.!® We also synthesized 10-nm di-
genite particles to confirm that size and morphological heterogene-
ity do not influence the in situ phase transformation (Figures 2b,
S5). While the XRD pattern has significant size-dependent peak
broadening, the digenite peaks still change in intensity and shift to
match those expected for tetragonal chalcocite after sonicating for
60 minutes in TOP.

It is important to understand the crystallographic relationships
among digenite, tetragonal chalcocite, and zincblende. Cubic di-
genite, rhombohedral digenite, and the low-temperature cubic



digenite superstructure, as mentioned previously, comprise a ma-
jority of the as-synthesized particles. All of these digenite-related
phases are cation-deficient (Cu, sS) copper sulfides having a CCP
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Figure 3. (a) Crystallographic projections highlighting the digenite-like FCT subunit within tetragonal chalcocite (copper = red, sulfur =
yellow). (b) Crystal structure relationships among digenite, tetragonal chalcocite, and zincblende, showing the intersulfur spacings.

anion sublattice with nearly identical inter-sulfur spacings and
highly mobile Cu* cations.?®3 In cubic digenite, Cu” occupies most
of the tetrahedral holes and can easily move among a variety of
sites,3* while rhombohedral digenite and the low-temperature cubic
superstructure have Cu™ cations that occupy numerous different
holes such that there are ordered cation vacancies.?®3! These
phases differ only subtly based on cation ordering and positioning,
so we consider cubic digenite, the simplest of the structures, for the
comparisons that follow.

In contrast to digenite, tetragonal chalcocite is a stoichiometric
(CuzS) copper sulfide having a body-centered tetragonal (BCT) an-
ion sublattice and trigonally-coordinated Cu™ cations. The structure
of tetragonal chalcocite is substantially different from that of low-
and high-chalcocite, which have similar names but an anion sublat-
tice that is nominally HCP,*® rather than BCT. A face-centered te-
tragonal (FCT) sublattice can be defined within tetragonal chalco-
cite to more easily compare it to digenite (Figure 3a). The FCT sub-
lattice in tetragonal chalcocite has dimensions of 5.651 A, 5.651 A,
and 5.644 A, which are all slightly larger than the 5.564-A lattice
parameter of cubic digenite (Figure 3b). To form tetragonal chal-
cocite from digenite, sulfur is extracted by TOP and then the sulfur
sublattice must expand in all directions while the Cu™ coordination
shifts from tetrahedral to trigonal planar, creating vacant tetrahedral
interstitial sites. This phase transition has been observed previously
when thermally annealing cubic and rhombohedral digenite nano-
particles, indicating that tetragonal chalcocite is more thermody-
namically stable.’® The anion sublattices of both digenite and te-
tragonal chalcocite are similar to the FCC sublattice of zincblende,
where cations occupy half of the tetrahedral sites. Considering the
structural similarities, the formation of a zincblende product upon
Zn*" exchange is expected, as the Zn®* can insert into the vacant
tetrahedral interstitial sites of tetragonal chalcocite.

The structural differences between digenite and tetragonal chalco-
cite may influence the pathway by which zincblende forms. Di-
genite is a cation-deficient phase that, at the temperatures used for
cation exchange, has a high symmetry cubic space group (Fm-3m)
and unoccupied octahedral interstitial sites that could serve as dif-
fusion channels in any of the six <110> directions (Figure 4). Upon
transitioning to lower-symmetry (P432,2) tetragonal chalcocite,
which is stoichiometric, there is no longer a significant concentra-
tion of cation vacancies. Tetragonal chalcocite has unoccupied tet-
rahedral and octahedral interstitial sites, forming large diffusion
channels accessible only in the [100] and [010] directions and in-
accessible in the [114], [11-4], [1-14], and [-114] directions, all six
of which are structurally related to the <110> directions in digenite
(Figure 4). This reduces the number of cation diffusion pathways
from  the six equivalent <110>  directions in
digenite to only two in tetragonal chalcocite. Therefore, the cation
exchange mechanism for tetragonal chalcocite is inherently differ-
ent than for digenite. Cation diffusion into tetragonal chalcocite is
likely to be based entirely on interstitial sites compared to digenite,
which could proceed through both interstitial sites and vacant cat-
ion sites. Additionally, interstitial-based diffusion channels in te-
tragonal chalcocite are only accessible in two crystallographic di-
rections, which would strongly influence the types of heterostruc-
tured nanoparticles that are accessible using partial cation ex-
change.

Transient solid-state intermediates have been shown to affect the
outcomes of some other colloidal nanoparticle reactions. In the
one-pot synthesis of certain metastable ternary metal sulfides,
structurally-related binary phases form in situ as reactive interme-
diates before transforming through cation exchange processes. 4!
Copper sulfide phase transitions have also been observed during
partial cation exchange reactions.? These phase transitions



mitigate interfacial strain, but only after cation exchange has com-
menced, and therefore not in a way that influences the mechanism.
The observation here that the copper sulfide structure changes be-
fore cation exchange commences is distinct from these previous re-
ports and has important implications for understanding structure re-
tention and reaction pathways during such reactions.
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Figure 4. Crystallographic projections, in structurally-similar di-
rections, for digenite and tetragonal chalcocite. In digenite, all
<110> directions are equivalent and octahedral holes are accessible
in all six directions. In tetragonal chalcocite, Cu™ shifts to trigonal
holes, leaving vacant tetrahedral and octahedral holes that are only
accessible in the [100] and [010] directions and are blocked by Cu*
cations in the other four, structurally similar directions. Sulfur =
yellow, copper = red.

The discovery that a prototypical cation exchange process in a
commonly studied system proceeds through a previously unrecog-
nized intermediate with a crystal structure that is distinct from both
the precursor and the product has important implications for pre-
dicting, understanding, modeling, controlling, and applying nano-
particle cation exchange reactions. This is especially significant
given the role of crystal structure in templating metastable phases,
inducing heterostructuring and interface formation, and defining
the cation exchange mechanism.
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