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ABSTRACT: Cation exchange can convert nanocrystals that have
already been achieved with a well-controlled size, size distribution, and
shape to a broad range of compositions. However, cation exchange can
often be accompanied by changes in the nanocrystal morphology/
shape as exemplified by the synthesis of I-III—VI, nanocrystals. We
examine the temperature-dependent kinetics of concurrently occurring
seed epitaxial growth and cation exchange that convert nearly spherical
Cu,_,S seeds into CuGa$S, nanorods with varying lengths and degrees
of tapering. A simple model is developed to quantify and explain
experimentally observed reaction kinetics. Direct epitaxial growth of
Cu,_,S seeds occurs with an activation energy of 96 kJ/mol, while
cation exchange to convert the growing seed to CuGaS, requires
overcoming a 202 kJ/mol energy barrier. Understanding how each
reaction rate evolves over time provides insights into the tapering
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mechanism and a means of predicting when the onset of tapering occurs. The predicted onset is then exploited to synthesize
nanorods with a minimized tapering. Our findings provide the basis for developing precise control over the composition and
morphology of nanocrystals synthesized through a combination of cation exchange and solution epitaxy.

Bl INTRODUCTION

Copper-based I-III—VI, ternary nanocrystals (NCs) and their
derivatives offer si§niﬁcant potential for applications such as
solar cells,' LEDs,” and imaging3 without the environmental
and biological toxicity that are inherent to currently prevalent
Cd- and Pb-based counterparts.””” These ternary NCs exhibit
excellent light absorption coefficients (e.g.,, ~10°—10° cm™" for
CulnS,*” and CuGaS$,”) and tunable band gaps.'’ They can
also accommodate a wide range of cation-to-cation and cation-
to-anion ratios without a drastic change in the crystal structure,
affording an additional ?Parameter through which their
properties can be tuned.'"'* However, the growth mechanisms
of these NCs are often complex and therefore, the synthetic
control over their size and size distribution has been more
difficult to achieve.'”'* This complexity has also led to a
variety of interesting shapes but usually as serendipitous results
rather than the intended outcomes. Compared to the synthesis
of more established II-VI colloidal quantum dots, direct
synthesis of I-III—-VI, NCs requires a careful balance of the
different reactivities of multiple cation and anion precur-
sors,"*"> and their nucleation and growth can often deviate
from the well-known LaMer model.'® Therefore, the size
uniformity and chemical homogeneity of the final products
from direct synthesis are often inferior to those of II-VI
semiconductors. Alternatively, cation exchange offers a
versatile route that can lead to improved size and shape
uniformity, as well as to a variety of morphologies,
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compositions, crystal structures, and complexity (e.g., core/
shell heterostructures,'” alloys,"®'” and Janus particles™).
Cu,_,S (typically x = 0—0.3)*" is commonly employed as
the parent or the intermediate material for cation
exchange.u_25 Among I-III-VI, materials, CulnS, and
CuGaS, have been studied the most with respect to cation
exchange involving Cu,_,S seeds.'”****"** According to the
hard—soft acid—base (HSAB) theory, In** and Ga®" are hard
Lewis acids, whereas Cu” is relatively soft.”? As a result, softer
Lewis bases such as thiols and TOP exhibit a stronger affinity
toward Cu®, facilitating the cation exchange process.
Furthermore, Cu,_,S typically contains a high density of Cu®
vacancies and exhibits high Cu® diffusivity,”**" providing a
favorable condition for the cation exchange. There have been
several studies examining kinetics and mechanisms of cation
exchange using Cu,_,S NCs as templates.'>*****" Thiel et al.
reported a vacancy-assisted mechanism of In*" exchange on
Cu,_,S nanorods with activation energy varying around the
phase transition temperature, below which the exchange is
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limited to the surface.” Le et al. increased the cation exchange
yield by oxidizing Cu,_,S with I,, creating more Cu vacancies
to facilitate the exchange.”’ However, many cation exchange
reactions have also often led to uncontrolled simultaneous
changes in the morphology, which su gests another process to
be concurrently occurring.ls’zo"”z_ * For instance, In**
exchange using InCl; on Cu,_,S nanoplatelets results in
hollow structures.”* Whether introduced as seed particles or
grown in situ, Cu, ,S NCs can evolve into rod-shaped
heterostructures with CulnS,, CuGaS,, ZnS, CoS, or CdS,
which can eventually be converted completely to single-phase
[-III-VI, II-VI, or other sulfide nanorods.’”***’ Many
factors, such as temperature, time, concentration, and
precursor and ligand chemistry, affect growth mechanisms
and kinetics, making them difficult to understand. Therefore,
despite a variety of compositions and morphologies having
been reported, synthetic control over these fundamental
parameters through rational means remains elusive.

Here, we report on the growth mechanism and kinetics of
the evolution of “spherical” Cu, ,S seed NCs to CuGaS,
nanorods with varying lengths of tapering. We investigate the
kinetics in the reaction temperature range of 160 to 240 °C,
considering the Concurrent Seed growth and Cation exchange
(CSC) mechanism.”” In the CSC, epitaxial growth of Cu,_,S
occurs directly at one end of the Cu,_,S seed, while cation
exchange from Cu, .S to CuGaS, occurs at the interface
between the two phases. The latter reaction requires an initial
nucleation of CuGa$S, within the Cu,_,S phase before growth
through continued conversion of Cu,_,S to CuGa$, can occur.
We show that a partial loss of Cu* ions from the seed Cu,_,S
NCs occurs first, leading to Cu” in solution necessary for the
epitaxial growth of Cu,_ .S to initiate as well as Cu-deficient
seed NCs that facilitate cation exchange. The rates of seed
epitaxial growth and cation exchange are dictated by the
different activation energies of each reaction, the difference in
the temperature dependence of their respective rate constants,
and the time-varying solution concentrations of Cu" ions that
are generated through cation exchange and consumed by
epitaxial growth. The varying rates of the two reactions over
the course of growth are manifested in the different final
volumes and the degree of tapering of the resulting CuGaS,
nanorods at different temperatures, indicating that these
features can be controlled simply by the reaction temperature.

B RESULTS AND DISCUSSION

Nanoparticles of CuGaS, have been reported in several
different morphologies,ls’35_37 and many, if not most, involve
cation exchange of Cu,_,S NCs that are often generated in situ.
In the one-pot heat-up synthesis of CuGaS$, nanorods, Cu,_,S
NCs have been shown to appear at the beginning of the
reaction.”” The subsequent elongation into nanorods has been
attributed to solution epitaxial growth of the seed Cu,_,S NCs
while a cation exchange reaction concurrently converts the
growing seeds into tapering CuGaS$, nanorods. Although the
single-pot approach makes synthesis simpler, different reaction
steps that can occur simultaneously makes it difficult to
examine the growth kinetics. In order to separate the seed
epitaxial growth and cation exchange from potential
complications of the initial Cu, ,S nucleation, we first
synthesized Cu, .S NCs separately, purified them, and then
injected them as seeds into the reaction mixture that contained
Ga and § precursors. 1-Dodecanethiol (1-DDT) was used as
the ligand, sulfur source, and solvent. To simplify the kinetics
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of the cation exchange process as much as possible, no
additional solvent or ligands were introduced. Aliquots were
taken throughout the reaction for characterization. The size
distribution of the final CuGa$S, nanorods obtained from the
two-pot method examined here appears to be more uniform,
presumably due to starting with more uniform Cu,_,S seeds.
The analysis of the lattice fringes of the Cu,_,S/CuGaS$, Janus
particle from HRTEM (Figure S1) shows the same
heterointerfaces as the intermediates of the single-pot syn-
thesis. The 138° angle between the Cu,_,S/CuGas$, interface
and (0001) plane closely matches the expected angle between
(1012) and (0001) for wurtzite CuGa$S, and the low-chalcocite
phase of Cu,_,S. The crystallographic indices used here refer
to the hexagonal S sublattice for simplicity. The only significant
difference between the single-pot and two-pot approaches
appears to be the average length of the final CuGa$S, nanorods,
which is shorter for the latter approach and depends on the
reaction temperature.

Initial Cu* Loss from Seed Nanocrystals. Transmission
electron microscopy (TEM) images of the seed Cu,_,S NCs
and aliquots taken at different times after seed injection for the
reaction at 200 °C are shown in Figure la—d. Powder X-ray

Wurtzite CuGasS,)

Low-chalcocite Cu,,S

Ly dlk, .Lu.uh,l . ,u, "

20 25 30 35 40 45 50 55 60
26 (°)

Figure 1. CSC growth at 200 °C. (a—d) TEM images of particles at
different stages: (a) 7 nm Cu,_,S seeds NCs, (b) 0.5 min after seed
injection, showing some contrast difference, (c) 4 min after seed
injection, Cu,_,S/CuGaS, Janus particles, and (d) after 15 min,
CuGa$, nanorods. (e) Powder XRD patterns of Cu,_ ,S seeds
(yellow) and final CuGa$S, nanorods (blue), with the reference
pattern of low-chalcocite Cu,_,S (bottom, ICDD-PDF No. 04-026-
0650) and wurtzite CuGaS, (top, simulated).

diffraction of the starting Cu,_,S seeds and the final CuGaS,
nanorods indicates that the initial low-chalcocite structure
converts to wurtzite CuGa$, (Figure le). There appears to be
a slight decrease in the average particle diameter from initial
Cu,_,S seeds to 30 s after injection, followed by the formation
of Cu,_,S/CuGaS, Janus particles as seen in the 4 min image
and eventual growth and conversion to single-phase CuGaS,
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nanorods. Despite adding purified Cu,_,S NC seeds without
any additional Cu’ reagents, the growth stages are quite similar
to the single-pot synthesis previously reported.*” The volume
of the NCs can expand more than three times the initial
Cu,_,S seeds even without any additional Cu" reagent being
added. This observation begs the following question: where do
the Cu® ions that need to be incorporated into the final
CuGaS$, nanorods come from?

The histograms of diameter measured from TEM images of
the seed Cu,_,S NCs and aliquots collected from 10 to 30 s
show that the size of particles decreases from 7.1 + 0.6 nm
seeds to 6.1 + 0.7 nm at 20 s after injection at 200 °C (Figure
2a). The size begins to increase afterward. Figure 2b shows the
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Figure 2. Initial Cu" loss from seed NCs at 200 °C. (a) Diameter
histograms of particles at indicated reaction times, (b) Cu/S ratio
measured from large-area STEM-EDX elemental analysis, and (c) Vis-
NIR spectra of Cu,_,S seeds (yellow), at early reaction stages
(starting from green to decreasing absorption in the NIR: 10, 20, and
30 s respectively), and final CuGa$S, nanorods (black).

Cu/S ratio measured from large-area EDX scans for the early
stages of the growth. Examples of TEM images, dark-field
STEM images, and corresponding EDX spectra are shown in
Figure S2. During the first ~20 s of the reaction, the Cu/S
ratio decreases from ~1.9 to below 1.7, with Ga detected at
less than 0.5% (Table S1). TEM images, as shown in Figure 1,
indicate that noticeable CuGa$S, domains do not appear until
after ~30 s, and therefore, the EDX results may be interpreted
as Cu,_,S NCs becoming Cu-deficient at early stages of the
reaction. Vis-NIR absorption spectra in Figure 2c further
confirm that the seed NCs first become Cu-deficient at the
beginning of the reaction. Nearly stoichiometric Cu,_,S seeds
exhibit only an absorption shoulder in the visible that tails out
weakly into the NIR. At 10 s after the seed injection, a strong
localized surface plasmon resonance (LSPR) appears in the
NIR, consistent with Cu-deficient Cu,_.S NCs.** The intensity
of the LSPR decreases over time, which is consistent with the
Cu/S ratio measured by EDX in Figure 2b. By 30 s, the
particles start to exhibit some contrast difference, indicating
the initial formation of CuGaS, (Figure 1b). After 15 min, the
LSPR signal is lost and the appearance of an absorption
shoulder at ~45S nm (2.72 eV), which is slightly higher in
energy than the reported band gap of bulk wurtzite structure
CuGa$, (2.53 eV),” indicates full conversion to CuGasS,.
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These results together reveal that there is a loss of Cu” from
the initial seed NCs, which becomes the feedstock for growth
of Cu,_,S via solution epitaxy. This loss also facilitates cation
exchange, which requires the removal of Cu® ions from the
seed NCs. If all Cu* used to form the CuGa$S, nanorods came
only from the Cu, .S seed NCs and considering that the
equivalent anion sublattice unit of CuGaS, should be about
18% smaller in volume than that of Cu,_,S, then a factor of 3.3
increase in volume can be expected. As shown below, the
average volume of the final CuGaS, nanorods grown at the
highest reaction temperature examined here, which leads to the
longest nanorods, is 654 + 119 nm®. Compared to the initial
seed Cu,_,S volume of 186 + 42 nm? this final volume
corresponds to a factor of 3.5 increase, close to the factor of 3.3
in the ideal limit of using Cu®* only from the seed NCs. Then,
we conclude that the Cu” source for the growth of CuGaS,
nanorods is essentially all from the initial Cu,_,S NCs and that
the initial loss of Cu” from the seeds is a necessary first step for
both solution epitaxial growth of the seeds and the concurrent
cation exchange reaction to convert the growing Cu,_,S NCs
into CuGaS,. Note that in the one-pot synthesis’” where
Cu,_,S NCs are generated in situ, there is an excess amount of
Cu® in the reaction mixture and therefore the final CuGaS,
nanorods can be much longer.

Temperature Dependence of CuGaS, Nanorod
Growth. In order to gain insights on the growth kinetics
beyond the initial Cu* loss, we now consider how the evolution
of Cu,_,S seeds to CuGaS, nanorods occurs at different
reaction temperatures (from 160 to 240 °C). The overall
reaction rate varies considerably with temperature, as indicated
by the length of time for the reaction mixture to turn light
yellow. This color change occurs within 150 s when the seed
injection and growth are carried out at 240 °C, while it takes
around 6 h at 160 °C. TEM images of the Cu,_,S seeds and
the final products obtained at different reaction temperatures
are shown in Figure 3a—f. There is a monotonic increase in the
length of the CuGa$, nanorods with increasing temperature
with very little change in the diameter of the “head” region
(Figure 3g). All cases shown here start from the same batch of
Cu,_,S seeds, which exhibit a nearly spherical shape (Figure
3a). Elemental maps of these seed NCs obtained from EDX
show a uniform distribution of Cu and S throughout the NCs
(Figure S3). The product from reaction at 160 °C remains
nearly spherical with slight irregularities in shape, but the
composition has changed to CuGaS$,, as shown by the EDX
elemental maps (Figure S4). The slow conversion of Cu,_,S to
CuGaS, without a significant change in the overall size and
shape indicates that cation exchange is the dominant reaction
at this temperature. The dominance of cation exchange is due
to the temperature at which active S species is generated.
Control experiments where Cu and S precursors are heated up
to 160 or 180 °C at a rate of about 30 °C/min (Figure S5)
show that no Cu,_,S NCs are formed at 160 °C even after
overnight. At 180 °C, the reaction mixture begins to change
color at about 10 s after reaching the reaction temperature and
turns dark brown within 1 min (much faster than the
completion of CSC reaction at 180 °C of ~40 min), indicating
formation of Cu,_,S NCs. These results suggest that there is a
relatively narrow temperature range at which 1-DDT converts
to active S species between 160 and 180 °C.

Assuming the S sublattice to be the anion sublattice
structure of wurtzite crystals for both the seed Cu,_,S and
the final CuGa$,, the equivalent unit cell volumes are 91.6 A3

https://doi.org/10.1021/jacs.4c17582
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Figure 3. Temperature dependence of CuGa$, nanorod growth. (a)
TEM image of Cu,_,S seeds NCs. TEM images of CuGa$S, nanorod
products grown at (b) 160 °C, (c) 180 °C, (d) 200 °C, (e) 220 °C,
and (f) 240 °C. (g) Length (L, filled yellow circles) and diameters of
head (D, filled green squares) of final CuGaS, nanorods grown at the
indicated reaction temperatures. The inset shows a schematic of
CuGaS$, nanorod dimensions.

(two Cu,$ unit equivalent, v.,)*" and 75.0 A® (one CuGa$,
unit equivalent, v,,), respectively. This means that the
complete cation exchange from Cu,_ S to CuGa$S, without

any additional growth should lead to about an 18% decrease in
volume. The fact that the average diameter, and therefore the
average volume, does not change significantly for reaction at
160 °C may mean that there is a small but non-negligible
amount of growth. For a starting Cu,_,S seed volume of 186
nm?®, maintaining this volume while completely converting to
CuGaS, corresponds to about 450 CuGaS, units added or
about 22% increase in the number of S sublattice unit cells per
NC. Then, the relatively small change in the average size can
be attributed to the reaction temperature being near or just
below the thermolysis temperature of 1-DDT, the S source—
i.e., there is only a small amount of reactive S available for the
addition of cations and anions together to the seed NCs. We
note that the product of the 160 °C reaction (Figure 3b)
exhibits many particles that are slightly distorted with a
possible hint of tapering as well as particles that are noticeably
smaller than the starting Cu,_,S seed NCs. Such a distribution
in size/shape is consistent with some particles (larger slightly
distorted particles) undergoing a small degree of growth and
cation exchange via CSC mechanism and another subset of
particles (the smaller particles) undergoing only cation
exchange. We note that the smaller particles may also arise
from a combination of cation exchange and slight etching (e.g.,
surface Cu’ loss may be accompanied by surface S*~ loss),
which we cannot yet verify.

At higher reaction temperatures, the final CuGaS, products
have a rod-like morphology with length and tapering that
depend on the temperature (Figure 3c—f). The average length
increases from 7.5 nm at 180 °C to 19.0 nm at 240 °C (Figure
3g). For this temperature range, the average “head” diameter

(a)

(d) [

Figure 4. EDX elemental maps of (a—c) Janus particles grown for 2 min and (d—f) nanorods grown for 7 min at 220 °C. (a) and (d) are Cu, (b)

and (e) are Cu and Ga composite, and (c) and (f) are S maps.
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decreases to ~5 nm, from the initial Cu,_,S seed diameter of
7.1 nm. In addition, increasing reaction temperature causes
more pronounced tapering—i.e., longer length where tapering
is occurring. As noted earlier, the length increase for the
reaction carried out at 240 °C agrees closely with the expected
volume increase if all Cu" ions exchanged out from the seed
Cu,_,S NCs were reincorporated into the final product as
CuGaS,. For all temperatures, the composition of the final
product is CuGaS, but the average length and, therefore, the
average volume increase with temperature. Then, the smaller
final volume at lower reaction temperatures means that some
of the Cu" ions exchanged out from the seed NCs remain in
the solution. The “head” diameter of the final CuGaS,
nanorods being smaller than the seed Cu, .S NC diameter
may be expected based on a smaller S sublattice unit cell
volume for CuGas$,, but there may also be partial etching of
the Cu,_,S seeds at the beginning of the reaction, as
mentioned earlier.

Figure 4 shows the EDX elemental maps from aliquots taken
at two different time points of the reaction carried out at 220
°C. At 2 min, Cu is present in all parts of each ellipsoidal NC
but is more concentrated in one-half (Figure 4a). Ga is present
only in half of each NC where there is less Cu (Figure 4b),
whereas S is uniformly present (Figure 4c). Continued
reaction leads to the elongation of the CuGaS, segment with
a decreasing size of the Cu,_,S tip. At the end of the reaction
(7 min), all three elements, Cu, Ga, and S, are uniformly
distributed in the tapering nanorods (Figure 4d—f). Cu and Ga
composition ratios obtained from large-area EDX measure-
ments over the course of the reaction for all temperatures
examined here reveal a decreasing Cu/Ga ratio over time,
ending with a value of ~1 expected for CuGa$S, (Figure S6).
These observations are consistent with the CSC growth
mechanism where Cu,_,S/CuGaS, Janus particles form via
cation exchange and the elongation of the nanorods occurs via
epitaxial growth of the Cu,_,S tip, which is converted to
CuGaS, due to continued cation exchange.

Kinetic Model of CSC Growth. The temperature
dependence of length and tapering and the initial Cu® loss
from the seed Cu,_,S NCs described above are all in
qualitative agreement with the CSC growth mechanism. That
is, the competition between solution epitaxial growth of
Cu,_,S and cation exchange that converts Cu,_,S to CuGa$,
can lead to tapering nanorods. We now consider a simple
kinetic model to describe each of these two competing
reactions more quantitatively and compare to experimental
results. Note that solution epitaxial growth does not occur
directly in the CuGaS, phase. Hence, we impose the condition
that CuGaS, can grow only via cation exchange. Then, the seed
growth and cation exchange reactions can be described by the
following chemical equations:

ky
2Cu* + 877 S (Cuy_,S)xc (1)

kz
2(Cu,_ S)nc + Ga** 3 (CuGaS,)yc + 3Cu* )

where k; is the rate constant for the epitaxial growth of Cu,_,S,
and k, is the rate constant for cation exchange of Cu* for Ga*".
According to hard—soft acid—base theory, thiols are relatively
soft Lewis bases (17 ~ 4—6 €V) and Cu" is a relatively soft acid
(7 = 6.28 eV),” but Ga®* is a hard acid (7 ~ 17 eV).*' While
both Cu* and Ga*" can form complexes with 1-DDT, Cu*
should have a much stronger affinity to thiols/thiolates. This
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difference in affinity makes cation exchange thermodynamically
favorable and should drive the Cu* loss from the seed Cu,_,S
NCs. 1-DDT is present in excess as ligand, S source, and
solvent, and therefore, its concentration can be assumed to be
constant throughout the reaction. Reaction 1 is a surface
reaction where Cu" and S*~ ions add to the existing Cu,_,S
NCs and assumed to be first order with respect to [Cu*] in
solution.*” Cation exchange takes place at the heterointerface
between Cu,_,S and CuGaS, phases and is assumed to be first
order with respect to [Ga**] in solution. These considerations
lead to the following rate equations:

dcatl .
—S o = klCu'] - 3k,[Ga™] 6
Gt

i alGa] )

With the initial concentrations [Ga**], and [Cu*], in
solution, the corresponding integrated rate equations are
k[Ga®*]y,

2 0 )e kit +

ky =k,

kz[Ga3+]o —kyt
P —

+ _ o
[Cu™] = ([Cu*]y - 3 —

3
(5)
(6)

Note that [Ga**], is an effective initial concentration since
the amount of Ga®" that can be incorporated into the NC via
cation exchange is limited by the number of cation sites in the
crystal (or the number of Cu* ions that are removed from the
lattice). Especially at low reaction temperatures, this can also
be limited by the amount of reactive S*~ available. The initial
concentration of Cu* in solution, [Cu*],, for reactions 1 and 2
should be determined by the early-stage Cu" loss.

In order to relate the concentrations to experimentally
measured quantities, we consider the average volume of
growing NCs. From the time series of TEM images of aliquots
taken during each reaction, the average volume change of both
the total particle and CuGaS, phase can be estimated. When a
particle’s shape is known, calculating the volume from a 2D
TEM image is straightforward. However, in our case, most
stages of the reaction yield irregular rod-like shapes. Hence, the
vertical rotator principle exploiting the Pappus—Guldinus
theorem has been used here to estimate the volume of each
NC by rotating each planar TEM image about an axis in the
plane.”Figure S7 illustrates how the total volume of an NC is
estimated from a planar image using this principle. The volume
of the CuGas$, portion in each particle can also be estimated in
this manner but is significantly more difficult as each CuGaS,
region needs to be carefully defined. Hence, the ratio of Cu/Ga
measured by large-area STEM-EDX was used to estimate the
CuGaS, volume, assuming stoichiometries of Cu,S and
CuGa$, and v., and vy, values given earlier. Estimated
volumes of multiple particles measured for each reaction
condition are averaged to give V; and V, the average volume of
the CuGaS, phase per NC and the average total particle
volume, respectively. Taking into account that there are 4 Cu*
ions per v, and only one Ga®" per Vg the relations between
the change in the total and CuGa$, volumes per NC and the
number of cations lost from the solution are then given by

[Ga3+] — [Ga3+]0 e—kzt

1/c, 0

dn
4

dv A )
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dVg = —vgodrg (8)
n. and n, are the number of Cu" and Ga®" ions in solution,
respectively, and are normalized with respect to the number of
particles in solution, which is assumed to be constant. The
integrated rate equations can now be written in terms of per
particle volumes, V and V,. However, reaction 2 does not
account for the nucleation step needed for the initial formation
of the CuGaS, phase. The well-established Kolmogorov,
Johnson, Mehl, and Avrami (KJMA) theory can be used to
describe the relationship between nucleation rate, growth rate,
and time through the Avrami exponent.”*** Epitaxial growth of
Cu,_,S in reaction 1 does not require a separate nucleation
step, since it is homoepitaxy. Hence, the exponent n is
introduced only for the cation exchange reaction 2, and the
integrated rate equations can be rewritten as

v k .

V=V, - 0 Co[e_klt — 1l = 3&[["? _ e_klt]
4 (kl - kz)

_ %0 T Yo 1 — ot
2 %
9)
kot
Ve = tgy(1 = ¢ ) (10)

Again, v, and vy, are the volumes of the (Cu,_,S), and
CuGaS, units, respectively. ¢, is the initial number of Cu* ions
in solution, normalized to the number of NCs in solution
(which remains constant), since the volumes are per NC
values. Again, similar to [Ga**],, g is the effective number of
Ga* ions per NCs, which is limited by available cation sites in
the NC or reactive S>~. Therefore, g, is the total number of
Ga* ions that can be incorporated into each nanorod. Note
that at the end of the reaction, the final nanorod volume is
equal to the product of vy, and gy V; is the initial particle
volume (i.e., is the average volume of the Cu,_,S seeds). In the
ideal limit, there should be no Cu" present in the solution at ¢
=0 (ie, ¢o = 0). However, as discussed previously, there is an
initial loss of Cu* from the seed particles and with the reaction
time being significantly longer than this period of initial Cu*
loss, we set ¢y # 0 and use it as a fitting parameter. The last
term in eq 9 accounts for the effect of the difference in the
sublattice volumes of Cu,_,S and CuGaS,. However, this
contribution is negligible compared to the initial decrease in
volume and the uncertainty in measured volume arising from
finite size distribution. Therefore, we do not include this term
in our fitting. Note that removing this term still leads to same
functional form for the time dependence and will lead to the
same fitting values for the rate constants.

Integrated rate eqs 9 and 10 were used for least-squares
fitting of measured volumes, V and Vg with ky, k,, ¢, g and n
as fitting parameters (Figure Sa,b). Note that these results are
plotted to time normalized to completion time (degree of
completion) such that reactions with different temperatures
can be compared (cf. completion times for 240 and 160 °C
reactions are S min and 6 h, respectively). As mentioned
earlier, the average volume does not change significantly from
the initial seed Cu,_,S NCs at 160 °C, indicating that cation
exchange is dominant without much epitaxial growth. Thus,
only the cation exchange results are fitted at this temperature.
The temperature dependence of k; and k, obtained from the
fitting is shown in Figure Sc and Figure 5d. Both rate constants
exhibit Arrhenius behavior with activation energies of Ea; = 96
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Figure S. (a) Evolution of average total volumes of particles over time
at indicated temperatures with kinetic model fits using eq 9 (solid
lines). Degree of completion corresponds to reaction time normalized
to final time to allow comparison across different temperatures. (b)
Same for the CuGaS$, portion of the volume but using eq 10 for
kinetic model fits. (c) Arrhenius plot of epitaxial growth rate constant
k, along with linear fit. (d) Arrhenius plot of cation exchange rate
constant k, along with linear fit.

kJ/mol for solution epitaxy and Ea, = 202 kJ/mol for cation
exchange. This value for Ea, is in the range of ~10* kJ/mol
reported for vacancy-mediated cation exchange.46

These fitting results also provide insights into the temper-
ature dependence of ¢y and g, and the Avrami exponent. Both
¢y and g, exhibit Arrhenius behavior (Figure S8). Thermal
activation behavior of ¢, the initial Cu® concentration, is
consistent with our assumption that Cu" diffusion out of the
seed Cu,_,S particles establishes ¢,. The same type of behavior
for gy can also be expected since it is dependent on the volume
of the final particles, which increases with temperature through
reactions with rate constants that exhibit Arrhenius behavior
(Figure S). The values of n obtained from the curve fitting are
around 3 across all temperatures (Figure S9), indicating that
the cation exchange follows the same mechanism at the range
of temperatures that we explored. Note that a more proper way
to obtain the Avrami constant would be to consider the
fraction of the total volume converted by cation exchange.
However, in our case, the total volume changes with time. In
fact, both Ve and V change with time, as shown in Figure Sa,b.
Including this effect and fitting the experimental values of V,
/Vto1— e ™" lead to Avrami exponent, n*, being close to 2,
which can be interpreted as a nucleation process and diffusion-
controlled, two-dimensional growth (Figure $10).**

Despite the larger activation energy, cation exchange can be
significant or even dominate in the reaction temperature range
explored here. As discussed earlier, at 160 °C or below, very
little to no thermal decomposition of thiols needed to generate
the active S species occurs, and therefore cation exchange
dominates. At higher reaction temperatures, effective cation
concentrations along with the rate constants will determine the
actual reaction rates. Figure 6a,b shows the reaction rates,
plotted as the change in volume over time (dV/dt) from the
fitting results of Figure 6ab, for the homoepitaxial growth
(dashed lines) and cation exchange (solid lines) at different
temperatures. All reaction temperatures studied exhibit a
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Figure 6. (a) Epitaxial rate and cation exchange rate at 240 and 220
°C. The arrow points to the time (#*) at which the epitaxial and
cation exchange rates are equal, shown only for reaction at 240 °C as
an example. (b) Same for reactions at 200 and 180 °C. (c) Plot of
In(#*) versus inverse temperatures along with a linear fit. (d)
Schematics of two growth stages. At stage @, the active diameter at the
interface, d, is equal to the diameter of the head, D. At stage f, d is
smaller than D and continues to decrease, leading to tapering.

similar pattern. In the early stages, epitaxial growth proceeds
efficiently, as it does not require a nucleation process. In
contrast, growth via cation exchange must first undergo a
heterogeneous nucleation process, resulting in a lower initial
reaction rate despite the ample presence of Ga’' in the
solution. As Cu® in the solution is consumed, the rate of
epitaxial growth decreases. Meanwhile, cation exchange
accelerates and exceeds the epitaxial growth. The Cu”*
produced by cation exchange compensates for the consumed
Cu' in the solution, slowing the decrease in the epitaxial
growth rate or even reversing it into acceleration. After this
point, both processes begin to decelerate until the reaction is
completed. In principle, the two processes should cease
simultaneously and the slight nonzero tails of epitaxial rates
are within the error of our fitting.

The point at which the cation exchange rate overtakes the
epitaxial growth rate (t*) is when the rate of volume change of
the Cu,_,S portion goes through zero—i.e., the Cu,_,S tip
starts to decrease in size. This decrease then causes the
subsequent cation exchange to produce progressively smaller
diameter CuGaS,, leading to observed tapering. Similar to the
rate constants, the temperature dependence of t* also follows
the Arrhenius behavior (Figure 6¢). The schematics in Figure
6d depict the two stages before and after this critical time
point. Stage a corresponds to growth without tapering, while
stage [ represents the growth after t*, i.e., tapering growth.

As an example application of this insight into designing NC
morphology, we have carried out a reaction at 220 °C but
quickly quenched the reaction temperature to 160 °C prior to
t*. This temperature quench should minimize epitaxial growth
of Cu,_,S but still allow cation exchange to continue, thereby
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eliminating tapering. Figure 7 compares two cases where the
first reaction was allowed to complete at a fixed temperature of

p
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Figure 7. (a) Temperature profile of two different types of CuGa$S,
nanorod synthesis. Dashed and dotted lines are the input temperature
profiles. Solid lines are the measured temperature profiles for tapering
(gray) and nontapering (black) nanorods. The initial fast decrease
and recovery in temperature at the beginning of the reaction for both
cases correspond to Cu, .S seed injection. Schematics of the
intermediate Janus particle and final CuGaS$, nanorods are shown
in the inset. (b) TEM image of tapering CuGa$, nanorods CuGa$,
obtained from keeping the temperature at 220 °C for the entire
reaction, corresponding to the gray line temperature profile in (a).
HRTEM image of a single tapering nanorod is shown in the inset. (c)
TEM image of CuGa$S, nanorods without tapering obtained from
reaction corresponding to the black line temperature profile in (a).
HRTEM image of a single nontapering nanorod is shown in the inset.

220 °C, but the second reaction included a temperature
quench from 220 to 160 °C prior to reaching t*. Figure 7a
shows the temperature profiles measured during the two
reactions. Figure 7b and Figure 7c show the TEM images of
the final product for the constant temperature and temperature
quench cases, respectively. In the constant temperature case
(Figure 7b), the usual tapering of CuGaS, nanorods is
observed. On the other hand, the tapering is essentially
eliminated for the temperature quench case (Figure 7c). These
results show how two morphologies can be intended and
achieved, demonstrating the importance and usefulness of
quantifying reaction kinetics.

B CONCLUSIONS

We have shown how near-spherical Cu,_,S NCs evolve into
CuGaS, nanorods of different lengths and degree of tapering at
different reaction temperatures. The seed Cu,_,S NCs undergo
an early-stage Cu loss, and the length and the tapering of the
resulting CuGa$S, nanorods are strongly dependent on
temperature. Through a simple kinetic model, we have been
able to quantify the epitaxial growth and cation exchange that
are occurring concurrently. Epitaxial growth of Cu,_,S seeds
has an activation energy of 96 kJ mol™', whereas cation
exchange has a higher activation energy of 202 kJ mol™". The
latter requires a heterogeneous nucleation process before two-
dimensional growth can proceed. At the beginning of the
reaction, epitaxial growth of the seed NCs prevails with a
delayed onset for cation exchange. Cation exchange becomes
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dominant soon after. Tapering then begins when the cation
exchange rate becomes faster than the epitaxy rate, causing the
Cu,_,S phase to decrease in volume. By rapidly cooling to 160
°C before the cation exchange rate overtakes the epitaxial rate,
tapering can be effectively eliminated. These results provide a
path to precise tailoring of morphologies and compositions of
NCs, from Cu,_,S/CuGaS, heterostructured particles with
different Cu and Ga ratios to CuGaS, nanorods of variable
length and degree of tapering, through easily accessible
reaction parameters of temperature and time.

B EXPERIMENTAL SECTION

Materials. Copper(II) sulfate pentahydrate (CuSO,-SH,O,
>98%), gallium(III) acetylacetonate (Ga(acac)s;, 99.99%), oleic acid
(OA, 90% technical grade), 1-DDT (>98%), ethanol, methanol,
toluene, 1-butanol, and chloroform were purchased from Sigma-
Aldrich. All chemicals were used as received.

Synthesis of 7 nm Cu,_,S NCs. Cu,_,S NCs were prepared
according to a method previously reported in the literature®® with
some modifications. 0.624 g of CuSO,-SH,0 (2.5 mmol), 18 mL of
OA, and 24 mL of 1-DDT were placed into a 100 mL three-neck
round-bottomed flask. The solution was degassed under vacuum
while being stirred at room temperature for half an hour. The solution
was then heated to 250 °C at a rate of about 30 °C/min under an
argon atmosphere. The temperature was set to 200 °C after it reached
250 °C, where it was held for 25 min. Once the synthesis was
complete, the mixture was rapidly cooled to 110 °C via an air jet and
then quenched with 1S mL of toluene. Methanol and butanol (around
1:1) were added to the flask, and the product was isolated by
centrifugation at 2500 rpm for 15 min. After decanting the
supernatant, the product remaining in the tube was redispersed in
20 mL of toluene and kept in a glovebox until used for further
reactions.

CuGaS, Nanorod Synthesis. CuGaS$, nanorods were synthesized
first by taking 2 mL of the previously synthesized Cu,_,S NCs in
toluene, cleaning them by adding ethanol and chloroform, and
centrifuging. After repeating three times and decanting the super-
natant, the NCs were redispersed in 1 mL of 1-DDT. In a separate
reaction flask, 0.0918 g (0.25 mmol) of Ga(acac); was combined with
S mL of 1-DDT. The molar ratio of Ga added to Cu used in the initial
Cu,_,S NC synthesis was 1:1. The mixture was degassed while being
stirred for a short period before being heated to the desired reaction
temperature (from 160 to 240 °C). When the solution reached the
desired temperature, the cleaned Cu,_,S seeds were swiftly injected
into the mixture. Aliquots were acquired throughout the reaction.
These aliquots were cleaned by adding toluene and acetone and
centrifuging for three times before further characterization.

Characterization. Vis-NIR absorption measurements were taken
in a 1.7 mL, 0.5 cm-path-length cuvette on a Cary SG UV—vis-NIR
spectrometer, and chloroform was used as solvent. TEM samples were
prepared by drop-casting a dispersion of particles diluted by toluene
on an ultrathin 200 carbon square mesh, gold grid. The grids were
annealed at 80 °C for 24 h and plasma cleaned before being loaded
into the microscope. HRTEM images were taken on a 200 kV JEOL
2100FS Cryo-TEM. STEM-HAADF and EDX were taken on a 200
kV FEI Talos operating at 20 kV energy dispersion using the Cu K-
line, Ga K-line, and S K-line. Samples for X-ray diffraction analysis
were prepared by drop-drying NC solution on a silicon wafer and
annealing at 80 °C for 24 h under the vacuum. XRD measurements
were performed with a Bruker D8 Advance XRD/XRR System. The
volumes of particles were measured by analyzing HRTEM images of
the aliquots acquired during the reaction. A stereological method was
used to estimate the 3D volume of respective species using 2D
images.*> The procedure is described in detail in the Supporting
Information.
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