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ABSTRACT (CulnS, nanocrystals are prepared by ion exchange
with template Cu,_,S nanoplatelets and InX; [X = chloride, iodide,
acetate (OAc), or acetylacetonate (acac)]. The morphologies of the

resultant nanocrystals depend on the InX; precursor and the reaction

temperature. Exchange with InCl; at 150 °C produces CulnS,

- DS
In** cu’

nanoplatelets having central holes and thickness variations, whereas the exchange at 200 °C produces intact CulnS, nanoplatelets in which the initial

morphology is preserved. Exchange with Inl; at 150 °C produces CulnS, nanoplatelets in which the central hollowing is more extreme, whereas exchange

with In(0Ac); or In(acac); at 150 °C produces intact CulnS, nanoplatelets. The results establish that the ion exchange occurs through the thin nanoplatelet

edge facets. The hollowing and hole formation are due to a nanoscale Kirkendall Effect operating in the reaction-limited regime for displacement of X~ at

the edges, to allow insertion of In>" into the template nanoplatelets.
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e report herein that the morpholo-

gies of CulnS, nanocrystals pre-

pared by ion exchange with
Cu,_,S nanoplatelets (NPs) depend markedly
on the indium precursor employed and the
reaction temperature. More-ionic InX3 precur-
sors and/or higher exchange temperatures
produce single-crystalline CulnS, NPs with
preservation of the sizes and morphologies
of the starting Cu,_,S NPs. More-covalent InX3
precursors and/or lower exchange tempera-
tures afford hollow-centered, ring-like nano-
crystals as a result of the nanoscale Kirkendall
Effect. The varying morphologies are attribu-
ted to the reaction barriers for In*" insertion at
the thin edges of the Cu,_,S NPs.

We are interested in pseudo-1D and
pseudo-2D nanocrystals, such as nano-
wires,' > nanobelts,*> or nanosheets, for
their potential to transport energy and
charge without the requirement of interfa-
cial hopping between nanocrystals.® Con-
siderable interest has focused on CulnS,
and related [-Ill-VI, nanostructures for
applications in solar-energy conversion,”
which attracted our attention to anisotropic
nanocrystals of CulnS; and CulnSe,.

MU ET AL.

The direct, solution-based syntheses
of ternary and quaternary nanocrystals
are complicated by the typically varying
reactivities of the multiple precursors
required.”>~'® In many cases, binary nano-
crystals are first formed, which convert to
the multinary target nanocrystals upon
subsequent reaction, including by ion
exchange.'® 2! Thus, a logical approach to
the synthesis of anisotropic CulnS, and
related nanocrystals is the initial prepara-
tion of binary nanocrystals to serve as the
anisotropic template, followed by purpose-
ful ion exchange to afford the desired tern-
ary or multinary composition.®

Cu,S and Cu,_,S readily undergo cation-
exchange reactions.?*?* Indeed, Donega
and co-workers recently prepared CulnS,
nanocrystals by partial indium-cation ex-
change into small Cu,_,S dot-like nano-
crystals according to eq 1.2 Lesnyak and
co-workers reported similar observations at
about the same time.?* In these cases, ca-
tion exchange was aided by the small sizes
and therefore short ion-diffusion distances
within the pseudospherical nanocrystals.
Lesnyak and co-workers also reported a
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related partial zinc and tin cation-exchange process
with anisotropic Cu,_,S,Se; _, NPs.*® However, the NP
dimensions in that study were comparatively small
(mean width = 18 nm; mean thickness = 4 nm). We
show here that cation exchange into anisotropic tem-
plate nanocrystals having longer diffusion distances is
more complex. We determine how the eq 1 exchange
process may be conducted using larger Cu,_,S NPs,
with preservation of the initial platelet morphology.

2CuyS + In®* — CuInS, + 3Cu* (1

We now report that the CulnS; nanocrystal morphol-
ogies obtained by cation exchange using Cu,_,S NPs
having a mean width of 46 nm and a mean thickness of
13 nm depend on the In** source and the exchange
temperature. Exchange reactions conducted with InCl;
at 150 °C produce single-crystal hollow-centered
nanoparticles, whereas those conducted with InCl; at
200 °C produce single-crystal NPs having the same
mean dimensions as the initial template nanocrystals.
Exchange reactions conducted with Inl; at 150 °C
produce nanorings with even larger center openings,
whereas those conducted with In(OAc); or In(acac)s at
150 °C produce NPs retaining the initial morphology.
A mechanistic model is proposed to account for these
experimental findings.

RESULTS

Preparation of Cu,_,S Template NPs. The starting Cu,_,S
NPs were prepared by thermolysis of copper(l) dode-
canethiolate (CuSC;;H,s5) according to a procedure
initially reported by Korgel and co-workers,***” and
later adapted by Tao and co-workers,®~3° and Wu and
co-workers.>' We found that the thermolysis process
was conveniently accelerated in the presence of
n-dodecylamine, and so employed n-dodecylamine
as an additive.

TEM images of the Cu, ,S NPs are provided in
Figure 1. The nanocrystals exhibited the pseudohex-
agonal habit observed in the prior studies.?®~3' Statis-
tical analysis of the images gave a mean NP (point-to-
point) width of 46 + 10 nm and a mean thickness of
13 &+ 1 nm (Supporting Information Figure S1). The
clean NP images and the platelet-wide Moiré fringes
observed for some overlapping NPs suggested them to
be single crystalline, as previously reported.?” The
Cu,_,S NPs exhibited the expected, broad localized
surface plasmon resonance, centered near 1970 nm, in
a visible-near-IR extinction spectrum (Supporting In-
formation Figure 52).2°3°

An XRD pattern of the Cu,_,S NPs is given in Figure 2.
The Cu,S-related phases exhibit structural poly-
morphism, with hexagonal high chalcocite (Cu,S),
monoclinic low chalcocite (Cu,S), and monoclinic djur-
leite (Cuy_,S, x &~ 0.03—0.07)*2 being among the most
commonly observed polymorphs.>? The pattern in
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Figure 1. TEMimages at two magnifications of the template
Cu,_,S NPs prepared by adaptation of literature methods.>°
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Figure 2. An XRD pattern of the Cu, ,S NPs (black), com-
pared to the reference patterns of djurleite (Cu,_,S, ICDD-
PDF 00-023-0959, cyan), low chalcocite (Cu,S, ICDD-PDF 00-
033-0490, blue), and high chalcocite (Cu,S, ICDD-PDF 00-
026-1116, red).

Figure 2 corresponds most closely to djurleite, and
clearly indicates a phase of lower symmetry than
hexagonal high chalcocite. There is apparent disagree-
ment in the literature concerning the structures of
Cu,_,S NPs made by variations of the method em-
ployed here.2*~3! However, the structural differences
between the phases are fairly small,*®> and both
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djurleite and low chalcocite transform to high chalco-
cite above about 105 °C.3* As the substitution reactions
described here were conducted at temperatures above
105 °C, the structure of the Cu,_,S NPs under reaction
conditions was presumed to be hexagonal high
chalcocite.

(Cation-Exchange Reactions Affording CulnS, Nanocrystals.
An as-prepared n-dodecylamine dispersion of Cu, ,S
NPs was heated to 150 °C, and a tri-n-octylphosphine
(TOP) solution of InCl3 (in the stoichiometric amount
to prepare CulnS,) was added. TOP was employed as
the reaction solvent, in accord with Alivisatos and co-
workers,? for its soft basicity and ability to complex the
soft acid Cu™. Reaction monitoring by XRD established
that the ion-exchange process affording CulnS, was
complete within 2 min. The XRD pattern of the result-
ing nanocrystals corresponded to CulnS; in the wurt-
zite structure (Figure 3). Thus, the hexagonal-close-
packed anion sublattice of high chalcocite was re-
tained, and the Cu and In ions adopted random posi-
tions within the cation sublattice, as is frequently
observed in CulnS, nanocrystals,' 323243536

TEM images of these nanocrystals revealed that the
NP morphology of the starting Cu, ,S nanocrystals
was largely retained; however, most of them contained
variously shaped holes through the large facets and
near the platelet centers, sometimes with thinning or
additional perforations elsewhere within the interiors
of the nanocrystals (Figure 4). Edge views of the nano-
crystals showed them to have irregularities in the
thickness dimension, consistent with partial erosion
of the initially dense Cu,_,S NPs. Analysis of mean NP
composition by energy-dispersive X-ray spectroscopy
(EDS) in the TEM gave the molar percentages 24.3% Cu,
24.1% In, and 51.6% S, close to the ideal phase com-
position (EDS data for all product specimens are listed
in Supporting Information Table S2).

Figure 5a is a HRTEM image of a CulnS; nanocrystal
in which the center was substantially eroded during
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Figure 3. An XRD pattern of CulnS, nanocrystals resulting
from ion exchange between Cu,_,S NPs and InCl5 (150 °C, 2
min), compared to the reference pattern of CulnS, in the
wurtzite structure (ICDD-PDF 01-077-9459). The crystalline
coherence lengths in the lateral and thickness dimensions
from the Scherrer equation were found to be 28 and 8.2 nm,
respectively, using the 100, 002, and 110 reflections (see
Supporting Information Table S1).
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Figure 4. TEM images of CulnS, nanocrystals resulting from
ion exchange between Cu, ,S NPs and InCl; (150 °C),
revealing central holes and other thickness variations. All
images were collected from the same synthetic sample.

Figure 5. HRTEM images of CulnS, nanocrystals resulting
from ion exchange between Cu, ,S NPs and InCl; (150 °C).
The fast Fourier transforms in (b) and (d) correspond to the
images in (a) and (c) (viewed in the wurtzite (001) zone axis),
respectively. An enlargement of this figure is included as
Supporting Information Figure S3, in which the lattice
images are more clearly presented.

the exchange process, leaving an irregular, ring mor-
phology. The fast Fourier transform (FFT) of this image
(Figure 5b) exhibited nearly clean hexagonal symme-
try, indicating the single-crystal character of the nano-
ring, and consistent with its wurtzite structure in the

VOL.9 = NO.7 = 7419-7428 = 2015 /@NW&@

WWww.acshano.org

7421



[001] orientation. The CulnS, nanocrystal on the right
of Figure 5c is more typical of the results at the 150 °C
reaction temperature. An irregular hole slightly off
center was apparent, and other thickness variations
were evident. Even so, the FFT was consistent with a
single crystal (Figure 5d). The results suggested that
the CulnS; nanoring derived from a precursor single-
crystal Cu,_,S NP, which, in the course of cation
exchange, underwent a process that removed material
from near the center of the NP.

The cation-exchange experiment was repeated with
Cu,_,S NPs and InCl3 as described above, except at a
higher temperature of 180 °C. The product nanocrystals
consisted of a high proportion of intact, fully dense
CulnS, NPs, with the fewer eroded nanocrystals having
comparatively smaller central holes (Supporting Infor-
mation Figure S4). The TEM images in Figure 6 show
the CulnS, nanocrystal morphologies from a cation-
exchange experiment conducted at 200 °C. In this case,
the product consisted almost entirely of intact CulnS,
NPs. These NPs occasionally possessed surface blem-
ishes consistent with erosion, but only rarely contained

complete perforations through the NPs. Thus, the ero-
sion process evident in Figures 4 and 5 was inhibited at
higher cation-exchange temperatures.

To determine the possible role of the In>"-precursor
identity in the cation-exchange and erosion processes,
cation exchange was conducted with Cu,_,S NPs and
Inl3, as previously described and at the lower tempera-
ture of 150 °C. An XRD pattern collected after 2 min of
reaction time established the cation exchange to
CulnS; to be complete (Supporting Information Figure
S5a). Figure 7 shows that the center-erosion process
was enhanced with this precursor, resulting in nano-
rings having larger hollow centers in comparison to the
cation exchange conducted with InCls. Close examina-
tion of several images like Figure 7a indicated that 61%
of the NPs contained holes passing through the entire
NP thickness, whereas 39% were thinned without
complete perforations. The holes were distinguished
by the clear observation of the holey-carbon-film back-
ground within them.

Statistical analysis of TEM images of the starting
Cu;_,S NPs used in this synthesis gave mean widths of

Figure 6. TEM images at two magnifications of CulnS,
nanocrystals resulting from ion exchange between Cu,_,S
NPs and InCl; (200 °C). The NPs are nearly free of central
holes and other thickness variations.
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Figure 7. TEM images at two magnifications of CulnS,
nanocrystals resulting from ion exchange between Cu,_,S
NPs and Inl; (150 °C), revealing large central holes and
related thickness variations.

VOL.9 = NO.7 = 7419-7428 = 2015 W)

WWww.acshano.org

J1D]Le

7422



44 £ 9 nm. Similarly, the mean width of the resulting
CulnS; nanorings and NPs was found to be 45 + 9 nm,
whereas the mean width of the central openings was
12 £ 11 nm. (To construct the mean central-opening
width, those NPs with thinning but incomplete per-
forations were assigned a hole size of zero.) These
results will be analyzed in the Discussion. EDS analysis
established these nanorings and thinned NPs to be
slightly S deficient (28.1% Cu, 29.0% In, and 42.9% S).

For comparison, cation exchange was also con-
ducted with Cu,_,S NPs and In(OAc); (in the stoichio-
metric amount to prepare CulnS,) at 150 °C. XRD
patterns collected after 2 and 4 min revealed mixtures
of djurleite and (wurtzitic) CulnS,, indicating incom-
plete ion exchange at those times. An XRD pattern
collected after 10 min confirmed complete exchange to
CulnS, (Supporting Information Figure S5b). The use of
this In precursor resulted in fully dense, nearly blemish-
free NPs, consistent with the elimination of the erosion
process observed to some degree in most of the
other cation-exchange reactions (Figure 8). Evidently,
some characteristic of In(OAc); allowed erosion-less

exchange at the lowest reaction temperature investi-
gated (150 °C), in contrast with the other precursors.

As stated above, the exchange process employing
In(OAc); at 150 °C gave intact CulnS;, NPs, but required
a longer reaction time to reach completion than the
exchange reactions employing the In-halide precur-
sors (10 min vs 2 min). To assist in elucidating the
mechanism of the cation exchange, a related exchange
reaction was conducted with In(acac)s (in the stoichio-
metric amount to prepare CulnS;) at 150 °C. This
process also afforded nearly fully intact, blemish-free
CulnS, NPs (Figure 9). Reaction monitoring by XRD
(Supporting Information Figure S5c¢) established this
exchange process to be even slower, requiring 30 min
to achieve complete exchange.

The relative slowness of the exchange processes
with the In(OAc)z and In(acac)s precursors allowed NPs to
be analyzed at an intermediate stage in the conversion of
Cu,_,S to CulnS,. Figure 10a,b shows HRTEM images of
the faces and edges of the starting Cu,_,S NPs (an FFT
of the face image is inset in Figure 10a). Figure 10ef
provides corresponding images of the fully exchanged

Figure 8. TEM images at two magnifications of CulnS,
nanocrystals resulting from ion exchange between Cu,_,S
NPs and In(OAc); (150 °C). The NPs are free of central holes
and other thickness variations.

MU ET AL.

Figure 9. TEM images at two magnifications of CulnS,
nanocrystals resulting from ion exchange between Cu,_,S
NPs and In(acac); (150 °C). The NPs are free of central holes
and other thickness variations.
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Figure 10. HRTEM images of NPs at different reaction stages during ion exchange between Cu,_,S NPs and In(OAc); (150 °C).
(a and b) Initial Cu;,_,S NPs. (c and d) Partially exchanged NPs at an intermediate stage (2 min). (e and f) CulnS, NPs after

complete ion exchange.

product CulnS, NPs, including an FFT inset. The images in
Figure 10c,d were obtained after 2 min into the 10 min
exchange process using the precursor In(OAc)s.

Partial cation exchange was clearly evident in
Figure 10c,d. Figure 10c contained a pie-like slice of
CulnS; within a partially converted Cu, ,S NP. FFT
images (inset) confirmed the structural assignments
of these components. Figure 10d established that
substitution process could also propagate in time
throughout the thickness dimension of the NP. Most
of the NPs examined in this specimen were found to be
partially converted (a few were unreacted). Several
additional HRTEM images of partially exchanged NPs
are provided in Supporting Information Figure S6.
These images are closely comparable to those reported
by Manna and co-workers for partially cation-exchanged
Cus_,P NPs*” and consistent with cation exchange
occurring through the NP edges (see below).

DISCUSSION

Nanoscale Kirkendall Effect. The operative process in
forming the holey CulnS, NPs and hollow-centered

MU ET AL.

CulnS;, nanorings is the nanoscale Kirkendall Effect,
first reported by Alivisatos and co-workers.3® The
Kirkendall Effect is a diffusion-related phenomenon
occurring between reactive phases sharing an inter-
face. If a phase A consists of spherical nanoparticles
and a shell of phase B is deposited upon the phase-A
nanoparticles, then the morphology of the resultant AB
product nanoparticles may depend upon the relative
diffusion rates of A and B through the AB product
phase forming at the core—shell interface. In the initial
Alivisatos study, Co nanoparticles were allowed to
react with elemental S. The out-diffusion of Co was
faster than the in-diffusion of S, resulting in hollowed
CosS4 nanoparticles, by the nanoscale Kirkendall Effect.

The nanoscale Kirkendall Effect is a general
phenomenon.3?° This research field has recently been
reviewed.*' Significantly, the Effect has been shown to
operate during ion-exchange processes, which is of
particular relevance to the present study.*?

Several studies have shown that ion-exchange
reactions with NPs are initiated at the thin platelet
edges rather than indiscriminately upon the broad top
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and bottom facets.3”**~*¢ For example, Manna and co-
workers studied the conversion of Cus_,P NPs to InP
NPs by ion exchange with InBr;.3” Their results show
clearly that InP first nucleates at the corners of the
hexagonal Cus_,P NPs, and that growth of the InP
phase then propagates inward toward the centers of
the NPs, until the entire NPs become transformed.

Cheon and co-workers have demonstrated that this
basic mechanism is capable of converting NPs to nano-
toroids or nanorings.**~** As shown in Figure 11, if ion-
exchange occurs exclusively through the thin platelet
edges, and if the out-diffusion of phase A is faster than
the in-diffusion of B, then material is eroded from the
center of the platelet and ultimately deposited near the
edges, resulting in aring or toroidal morphology. These
morphologies form by the operation of the nanoscale
Kirkendall Effect on NPs under the condition of exclu-
sive edge diffusion.

An alternative pathway of indiscriminate ion ex-
change through the broad top and bottom facets, in
which out-diffusion of A is faster than in-diffusion of B,
would likely lead to the complete erosion of the NP,
leaving no intact remnant behind. The top and bottom
facets of NPs tend to be crystallographically flat, and
well protected by self-assembled monolayers of ligand
passivation, inhibiting ion exchange through those
interfaces.?” In contrast, thin NP edges generally tend
to be ragged and defective, and less-well protected by
ligation. Thus, ion exchange through the thin edges
apparently has a lower barrier.

If cation exchange indeed occurs through the
NP edges and with the operation of the nanoscale
Kirkendall Effect, but without Ostwald ripening or
material loss, then the product CulnS; NPs may reason-
ably be expected to have larger mean widths than
the starting Cu,_,S NPs. We used the results of the
Inl3 substitution, which produced the largest central
holes, to assess this expectation. The mean width
of the resulting CulnS; nanorings may be predicted
by adding the mean volume of the central holes
to the perimeter of the initial Cu,_,S NP mean
dimensions.

We calculated the expected final widths by approx-
imating the NPs and resulting nanorings as circular
disks, using the mean NP and hole widths determined
in the Results (see the Supporting Information). The
final mean Culn$S, NP width so approximated was 46 +
12 nm, which is indistinguishable from the final mean
width determined experimentally, 45 + 9 nm. How-
ever, the final mean width determined experimentally
was also indistinguishable from the mean width of the
starting Cu, ,S NPs, 44 £ 9 nm. This analysis is
complicated by the 39% of the product NPs lacking
complete central holes. The expected mean NP width
increase resulting from the operation of the nanoscale
Kirkendall Effect is quite small, and our data are not
able to show it.

MU ET AL.
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Figure 11. Schematic diagram depicting the operation of
the Kirkendall Effect on NPs with out-diffusion of phase A
and in-diffusion of phase B occurring only through the thin
platelet edge.

Reaction Regimes for the Kirkendall Effect. Alivisatos and
co-workers proposed four regimes for the reactions of
phase-A particles with a phase B delivered to the
particle surfaces by solution or gaseous deposition.>
These regimes distinguish which reactions will result in
solid AB particles with no hollowing, and which reac-
tions will afford hollowed AB shells by the nanoscale
Kirkendall Effect. Two of these reaction regimes are
relevant to the results of the present study.

In the self-diffusion-limited regime,*® the product
nanostructure depends on the relative diffusion rates
of A and B through the AB product phase. Hollowed
particles form when the diffusion rate of A exceeds that
of B. This scenario was presented above to introduce
the nanoscale Kirkendall Effect. The high chalcocite
phase of Cu,_,S exhibits high ionic conductivity asso-
ciated with the high mobility of its constituent Cu™
ions.*” Thus, a more-rapid out-diffusion of Cu™ and 5%~
jons from phase A than in-diffusion of In®" ions from
phase B during ion exchange of the Cu, ,S NPs is
readily imagined.

However, Cu™ and 5%~ should retain their diffusion-
rate advantage at all temperatures studied, producing
hollowed nanorings at all temperatures. Furthermore,
the varying results obtained with the InCls, Inls, In(OAC);,
and In(acac)z precursors are not accounted for by the
relative diffusion rates of Cu™, $?~, and In** ions within
the NP crystal lattice, which should be the same,
irrespective of precursor. Consequently, the ion-
exchange processes investigated here do not appear
to be operating within the self-diffusion-limited regime.

Another reaction regime identified by Alivisatos
and co-workers is the collision-limited regime,*® which
we are adapting and renaming as the reaction-limited
regime for the present discussion. The in-diffusion of
In®" into the Cu,_,S NPs is preceded by the adsorption
of the InX3 precursor on the NP edge facet (Figure 12).
The X ligands from the precursor must be displaced to
allow entry of the In*" into the crystal lattice. Figure 12
suggests that such displacement occurs by nucleophi-
lic attack of lattice S*>~ ions on the adsorbed InX;
precursor.

Consequently, a reaction barrier or barriers must be
overcome in this nucleophilic displacement process to
insert In>* ions into the Cu,_,S NPs. We propose the
height of the reaction barrier to be determined by the
leaving-group ability of the X ligands, in the sequence
I~ < CI” < "OAc ~ CH3C(0)CH,C(CH3)O™ (acac™).*®
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Figure 12. Schematic diagram depicting the edge adsorp-
tion of the InX; precursor, the nucleophilic displacement of
X~ by a lattice S*~ ion, the in-diffusion of In**, and the out-
diffusion of Cu™ and $*~.

Thus, the X displacement barriers scale with the ionicity
of the InX3 precursor, with the highest reaction barriers
for Inls, and the lowest for In(OAc); and In(acac)s.

High reaction barriers for In>* entry at the NP edges
decreases the effective rate of In*" incorporation, and
thus limits the availability of In®*" for in-diffusion,
allowing the out-diffusion of Cu,_,S to outcompete
the in-diffusion of In>*. Hollow-centered CulnS, nano-
rings form under these conditions. In contrast, low
reaction barriers for In*" entry at the NP edges provide
a higher rate of lattice In*" incorporation, supporting
balanced stoichiometries of In*" in-diffusion and Cu™
out-diffusion, given that the ion-exchange process is
not diffusion limited (see above).

In the reaction-limited regime with low barriers for
In** incorporation, ion exchange occurs to leave the
fully dense NP morphology intact. The lower reaction
barriers may be obtained either at higher tempera-
ture (as in for InCls), or with a better X~ leaving group
(TOAc or acac™). Thus, the InX5 precursor and reaction
temperature determine the presence or absence of
the nanoscale Kirkendall Effect and, therefore, the
final nanocrystal morphology resulting from the ion
exchange. The Kirkendall Effect operates in the reaction-
limited regime when the barriers for ion incorporation
are high.

We note that the longer reaction times (10 and
30 min, respectively) required for ion exchange using
In(OAc)3 and In(acac)s than for InCls or Inls (<2 min) may
seem in contradiction of the faster lattice incorporation
of In** from In(OAc); and In(acac)s. However, adsorption
of the InX3 precursor onto the NP edge facet must
precede In*" incorporation, and we surmise that the
adsorption pre-equilibrium lies further to the left in

EXPERIMENTAL SECTION

Materials and General Procedures. n-Dodecylamine (98%), tri-n-
octylphosphine (TOP) (97%), In(OAc)s (99.99%, metal basis),
and In(acac)s (99.99%-+) were obtained from Sigma-Aldrich.
InCl3 (anhydrous, 99.999%-In) and Inl5 (99.999%-In) were ob-
tained from Strem Chemicals. All were used as received and
stored under N,. Toluene (CHROMASOLYV for HPLC, 99.9%) from

MU ET AL.

Figure 12 for the sterically encumbered In(OAc); and
In(acac)s precursors relative to the sterically smaller InCls
or Inlz precursors. Because the acac ligand is larger than
OAc, and because In(acac); has a sterically saturated,
6-coordinate, pseudo-octahedral structure,*® its adsorp-
tion pre-equilibrium lies even further leftward than that
of In(OAc);, and consequently, the overall exchange
kinetics are the slowest for In(acac);. We further note
that no driving force exists for the nanoscale Kirkendall
Effect until the InX5 precursor is actually adsorbed onto
the Cu,_,S NP. Thus, we propose that the slower overall
exchange kinetics for In(OAc); and In(acac)s reflect
slower effective adsorption kinetics due to the position
of the adsorption pre-equilibrium.

The tendency of the nanoscale Kirkendall Effect to
accompany ion-exchange processes in nanocrystals
appears to be greater for nanocrystals having larger
size dimensions. Thus, there is no hint of the Effect in
small (2—8 nm), pseudospherical Cu,_,S nanocrystals
undergoing ion exchange with In>*.232% Nor is hollow-
ing or hole formation observed upon ion exchange in
smaller Cu,_,S NPs having widths of 18 nm.%® Interest-
ingly, however, Hillhouse and co-workers published®
strikingly beautiful hexagonal nanorings of CulnSe,
having widths of 30—35 nm (see Figure 3 in ref 50).
We surmise that these nanocrystals resulted from
In* ion exchange into initially formed Cu,_,Se NPs,
under the operation of the nanoscale Kirkendall
Effect. The Kirkendall Effect is exacerbated in nano-
crystals of larger dimension because of the lower
effective rates of ion in-diffusion over the longer diffu-
sion distances.

CONCLUSION

lon exchange provides a means of preparing nano-
crystals of complex ternary or quaternary phases from
binary template nanocrystals. However, the nanoscale
Kirkendall Effect must remain inactive to preserve the
original morphology of the template nanocrystals.
The use of molecular precursors to provide the ex-
change ions may cause the exchange process to occur
in the reaction-limited regime, resulting in low relative
rates of incorporation of the exchange ion, which
triggers the nanoscale Kirkendall Effect and the con-
sequent hollowing of the product nanocrystals. This
effect is deactivated by the use of higher reaction
temperatures, precursors of higher ionicity, or tem-
plate nanocrystals of smaller dimension.

Sigma-Aldrich, methanol (=99.8%) from Sigma-Aldrich, carbon
tetrachloride (CHROMASOLV for HPLC, >99.9%), n-dodeca-
nethiol (98%) from Sigma-Aldrich, Cu(NOs), - 3H,0 (99.5%) from
Strem Chemicals, and ethyl alcohol (100%) from Pharmco-
Aaper were used as received and stored under ambient condi-
tions. Copper(l) dodecanethiolate (CuSC;,H,s) was prepared
following a literature method®® and stored under dry N,.
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Transmission electron microscopy (TEM) sample grids (Ni with
holey carbon film) were obtained from Ted Pella, Inc. X-ray
Diffraction (XRD) sample holders (zero-diffraction silicon plate,
24.6 mm diameter and 1.0 mm thickness, with cavity 10 mm
diameter and 0.2 mm depth) were obtained from the MTI
Corporation.

All synthetic procedures were conducted under dry N,
except for the final purification steps, which were conducted
in the ambient atmosphere.

Characterization Methods. Low-resolution TEM images and EDS
analysis data were collected using a JEOL 2000FX TEM operating
at 200 kV. High-resolution TEM images were collected using a
JEOL JEM-2100F field emission (FE)—scanning transmission
electron microscope. Both low- and high-resolution TEM sam-
ples were prepared by dipping TEM grids into a toluene
dispersion (5—6 mL) of a purified specimen, and immediately
removed to allow evaporation of the solvent. XRD patterns were
collected and processed using a Bruker d8 Advance X-ray
Diffractometer with Cu Ka. radiation (1 = 1.541845 A) and the
Bruker Diffrac.Eva program. The XRD samples were prepared
from toluene dispersions (0.5 mL) of purified specimens. The
concentrated suspension was drop-casted onto a silicon sample
holder, and dried in the fume hood. UV—visible, near-infrared
spectra were collected using a Perkin Lambda 950 UV/vis
spectrometer. Spectral data were obtained from CCl, disper-
sions of purified Cu,_,S nanoplatelets, and toluene dispersions
of as-made CulnS, nanocrystals, in quartz cuvettes.

Synthesis of Copper(l) Sulfide Nanoplatelets (Cu, ,S NPs). Cu, ,S
NPs were synthesized by adapting a literature method.>® In
a typical procedure, CuSC;;H,5 (0.026 g, 0.10 mmol) and
n-dodecylamine (0.370 g, 2.00 mmol) were combined in a
Schlenk tube, and heated in a 200 °C salt bath (NaNO3s/KNOs/
Ca(NOs);, 21%:54%:25% by mol) for 8 h. The CuSC;,H,s dis-
solved in melting n-dodecylamine rapidly upon heating, form-
ing a light yellow solution. The reaction mixture turned brown
within 20 min, and darker with extended reaction time, finally
forming a dark brown-black suspension after 8 h.

The mixture was allowed to cool to room temperature under
N,. The as-made product mixture was used for cation exchange.
For characterization, Cu, ,S NPs were isolated by adding
toluene and methanol (6 mL total, volume ratio 2:1), followed
by centrifuging for 5 min at 1500 rpm and discarding
the supernatant. This purification procedure was repeated
twice, before the Cu,_,S NPs were redispersed in toluene for
TEM and XRD characterization, and in CCl, for visible-near-IR
spectroscopy.

Synthesis of Copper(l) Indium Sulfide Nanoplatelets (CulnS, NPs) by
Cation Exchange. In a typical procedure, InCl; (0.006 g, 0.03 mmol)
was added to TOP (2 g), which dissolved after sonication for
10 min at room temperature. The as-made Cu,_,S NPs product
mixture in a Schlenk tube was heated in salt bath (at 150, 180, or
200 °C) forming a black suspension, and into which the InCl;
solution was swiftly injected via syringe. The Schlenk tube was
held at a constant temperature (150, 180, or 200 °C) for 2 h, and
aliquots were removed for analysis during the reaction.

CulnS, NPs were isolated by adding toluene and methanol
(6 mL total, volume ratio 2:1), followed by centrifuging for 5 min
at 1500 rpm and discarding the supernatant. This purification
procedure was repeated twice, and then the CulnS, NPs were
redispersed in toluene for TEM and XRD characterization. The
as-made CulnS, NPs were dispersed in toluene for UV—visible
spectroscopy.

The same general procedure was employed with Inls, In-
(OAC)3, or In(acac)s as the indium precursor, except for the initial
dissolution step. The precursor Inl; (0.013 g, 0.03 mmol) was
dissolved in TOP after sonication for 5 min at room temperature.
The precursor In(OAc); (0.008 g, 0.03 mmol) was dispersed in
TOP after sonication for 30 min at room temperature; in some
procedures, n-dodecylamine (0.051 g, 0.3 mmol) was added and
the mixture was warmed to 150 °C (10 min) to aid in dissolution.
The precursor In(acac); (0.011 g, 0.03 mmol) was dispersed in
TOP after sonication for 20 min at room temperature, and the
mixture was warmed to 150 °C (10 min) to aid in dissolution.
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