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ABSTRACT: Ion exchange, in which an in-diffusing ion replaces a lattice ion,
has been widely exploited as a synthetic tool for semiconductor doping and
solid-to-solid chemical transformations, both in bulk and at the nanoscale.
Here, we present a systematic investigation of cation-exchange reactions that
involve the displacement of Mn2+ from CdSe nanocrystals by Cd2+ or In3+.
For both incoming cations, Mn2+ displacement is spontaneous but thermally
activated, following Arrhenius behavior over a broad experimental temperature
range. At any given temperature, cation exchange by In3+ is approximately
2 orders of magnitude faster than that by Cd2+, illustrating a critical
dependence on the incoming cation. Quantitative analysis of the kinetics data
within a Fick’s-law diffusion model yields diffusion barriers (ED) and limiting diffusivities (D0) for both incoming ions. Despite
their very different kinetics, indistinguishable diffusion barriers of ED ≈ 1.1 eV are found for both reactions (In3+ and Cd2+).
A dramatically enhanced diffusivity is found for Mn2+ cation exchange by In3+. Overall, these findings provide unique experi-
mental insights into cation diffusion within colloidal semiconductor nanocrystals, contributing to our fundamental understanding
of this rich and important area of nanoscience.

■ INTRODUCTION

Ion diffusion in solids is integral to many energy storage and
conversion technologies, impacting, for example, solid-electrolyte
kinetics in batteries and fuel cells and doping profiles in
diffusion-doped semiconductor devices.1,2 Diffusion occurs in
all solids, spanning broad time and length scales, and its
physical underpinnings are very generally relevant across
physics, chemistry, biology, geology, and other disciplines.3

In recent years, directed ion diffusion has become a prominent
tool in the synthetic repertoire of nanoscience, enabling forma-
tion of non-equilibrium semiconductor nanostructures with
exquisite compositional, shape, and size control.4−15 Whereas
broad attention has been dedicated to understanding the motions
of charge carriers into and out of semiconductor nanostructures,
less is known about ion mobilities in such materials. Reduced
dimensionality is frequently credited with accelerating ion dif-
fusion via increased surface-to-volume ratios, reduced transport
lengths, and in some instances, altered diffusion mechanisms.4,16−18

Although large ion mobilities may improve performance in
some device technologies, it may also compromise performance
in others when stable compositions are demanded at high operat-
ing temperatures. A fundamental understanding of ion diffusion
in nanostructured semiconductors will thus be important for
future applications of this important class of materials.
Mechanistic studies of ion diffusion in colloidal semi-

conductor nanocrystals are at an early stage. Experimentally,
a great deal of work has been done on controlling nanocrystal
compositions through cation exchange, which allows access
to compositions, shapes, and heterostructures that cannot be

prepared by other routes.9,10,19,20 Cation exchange frequently
involves rapidly diffusing cations such as Cu+ or Ag+, whose
reactions are often complete within milliseconds at room
temperature,5−8 but it has also been explored with various
slower-diffusing cations.5−7,9,10,12,13 In most cases, cation
diffusion is generally assumed to involve vacancy or interstitial
mechanisms, with smaller ions diffusing interstitially more
easily. Computational work has highlighted the importance of
electrostatics in stabilizing cation vacancies during Ag+ diffusion
into CdSe nanocrystals.21 Also computationally, energy barriers
for interstitial diffusion of Mn2+ have been predicted to be
significantly smaller in nanocrystalline CdSe (d < 2 nm) than in
bulk CdSe, leading to greater Mn2+ hopping frequencies in the
former.16 Acceleration of Mn2+ hopping by new low-energy
nanocrystal lattice vibrations was also proposed.16 Quantitative
experimental investigation of cation diffusion kinetics in semi-
conductor nanostructures are needed to advance the under-
standing, and ultimately the utility, of chemical transformations
that involve ion diffusion through semiconductor nanostructures.
Here, we report a detailed investigation into the cation-

exchange kinetics of a model system of free-standing colloidal
semiconductor nanocrystals. Mn2+ ions embedded within
colloidal Cd1−xMnxSe nanocrystals are expelled from these
crystals by addition of Cd2+ and In3+ cations, both of
which form stronger Mn+−Se2− bonds than Mn2+ (Cd2+−Se2−,
310 kJ/mol; In3+−Se2−, 247 kJ/mol; Mn2+−Se2−, 201 kJ/mol),22
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providing a thermodynamic driving force for cation exchange.
The rates of Mn2+ displacement by these two cations differ
by nearly 2 orders of magnitude under otherwise identical
conditions, with In3+ causing much faster Mn2+ expulsion from
the nanocrystals. Experimental cation-exchange reaction kinetics
have been measured as a function of temperature over broad
temperature ranges. Fick’s-law modeling of these data allows
quantitative assessment of the diffusion constants and barriers
for these cation-exchange reactions. The results of this analysis
reveal indistinguishable diffusion barriers (ED) for the reactions
involving Cd2+ and In3+. The vastly accelerated cation exchange
when using In3+ could be attributed to lower effective cation
activity in solution for In3+ (relative to Cd2+) increasing the
vacancy concentration in nanocrystals, or to electrostatic
stabilization of lattice cation vacancies or interstitials by this
aliovalent cation, emphasizing the critical role such point defects
play in these chemical transformations. These results offer a
unique experimental mechanistic view into cation diffusion
within colloidal semiconductor nanocrystals.

■ EXPERIMENTAL SECTION
Nanocrystal Synthesis and Diffusion Doping. Synthesis of

oleate-capped wurtzite-CdSe nanocrystals was adapted from various
publications.11,23−26 The NCs were washed by repeated suspensions in
toluene and oleic acid (OA) and flocculation with ethanol. Diffusion
doping of CdSe NCs with Mn2+ was carried out according to our
previously reported procedures11,15 for 20 h at 300 °C using 0.1 mmol
(in terms of CdSe units) of CdSe seed NCs, 0.004 g (0.05 mmol) of
Se powder, and 0.025 g (0.1 mmol) of Mn(OAc)2·4H2O. Reactions
were monitored by removing aliquots at various times for spectros-
copic and analytical characterization.
Cation Exchange. Cation exchange was carried out from the

equilibrated diffusion-doped Cd1−xMnxSe NCs between 300 and 125 °C
without further purification of the reaction mixture. Solutions of cadmium

oleate and indium oleate were prepared separately by adding 0.0064 g
(0.05 mmol) of CdO or 0.0146 g (0.05 mmol) of indium(III) acetate,
respectively, to 0.2 g of OA, and 2 g of 1-octadecene (ODE). These
solutions were degassed for one hr at 115 °C to remove acetic acid and
water, followed by heating to 280 °C under nitrogen until the solutions
became transparent and colorless, consistent with the formation of
Cd(oleate)2 and In(oleate)3. The solutions were then cooled to room
temperature under nitrogen and added to the equilibrated diffusion-
doped Cd1−xMnxSe NC solution dropwise over the course of 2 min so
as not to perturb the temperature of the solution. The resulting reaction
mixtures were held between 300 and 125 °C and allowed to re-
equilibrate between a few minutes and several days. All the reactions
were monitored by taking aliquots at various time intervals, followed by
washing as described above.

Physical Characterization. Room-temperature electronic absorp-
tion spectra of all the aliquots suspended in toluene were taken in a
Cary 5000 spectrometer using a 0.1 cm path length cuvette. Room-
temperature magnetic circular dichroism (MCD) spectra of those
aliquots were measured using the same cuvette placed in a 1.5 T
electromagnet oriented in the Faraday configuration. MCD spectra
were collected using an Aviv 40DS spectropolarimeter. The differential
absorption of right and left circularly polarized light in the MCD
experiment is reported as ΔA = AL − AR, where AL and AR refer to
the absorption of left and right circularly polarized photons in the
sign convention of Piepho and Schatz.27 Values of ΔEZeeman, gExc,
and gsp‑d can be calculated from these MCD data.11,15,28−30 Based on
experimental uncertainty, we estimate σ ≤ 5% for all values of gsp‑d
reported here. TEM samples were prepared by immersing Cu
grids (200 mesh, Ted Pella, Inc.) in colloidal suspensions of NCs in
toluene. The grids were allowed to dry in air for a few minutes and
kept inside the desiccator overnight to remove any excess water.
Nanocrystal sizes from TEM and the size distribution histogram
analysis were performed on ≥ 100 individual nanocrystals by using the
ImageJ64 software.

Figure 1. (A) Room-temperature electronic absorption spectra of undoped d = 4.5 ± 0.2 nm CdSe nanocrystals (1, black), the same nanocrystals
equilibrated after 20 h diffusion doping at 300 °C with 0.5:1:1 Se2−:Mn2+:CdSe (2, blue), and purified by 10 h of cation exchange with Cd2+ (3, red,
1:1 added Cd2+:previously added Se2−) at 300 °C. (B) Room-temperature MCD spectra of the same nanocrystals. Inset: Time evolution of |gsp‑d|
during diffusion doping (blue circles) and cation exchange by Cd2+ (red upward triangles) at 300 °C, as determined by room-temperature MCD at
1.5 T. The data are represented as the absolute value of gsp‑d normalized to the equilibrated diffusion-doped Cd1−xMnxSe value. (C) Room-
temperature electronic absorption spectra of undoped d = 4.4 ± 0.2 nm CdSe nanocrystals (1, black), the same nanocrystals equilibrated after 20 h
of Mn2+ diffusion doping at 300 °C (2, blue, 0.5:1:1 Se2−:Mn2+:CdSe), and after 10 min cation exchange with In3+ (3, green, 1:1 In3+:previously
added Se2−) at 300 °C. (D) Room-temperature MCD spectra of the same nanocrystals. Inset: Time evolution of |gsp‑d| during diffusion doping (blue
circles) and cation exchange by In3+ (green downward triangles) at 300 °C, as determined by room-temperature MCD at 1.5 T.
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■ RESULTS AND ANALYSIS

Diffusion-Doping and Cation-Exchange Reactions.
Figure 1 presents electronic absorption and MCD spectra of
colloidal CdSe nanocrystals measured at various stages of
sequential diffusion-doping and cation-exchange reactions.
Panel A shows room-temperature electronic absorption spectra
of seed CdSe nanocrystals, of the same nanocrystals equili-
brated after 20 h of diffusion doping with Mn2+,11,15 and of the
same nanocrystals after subsequent cation exchange with Cd2+.
The diffusion-doping and cation-exchange reactions were per-
formed at 300 °C with the ratio 0.5:1:1 for Se2−:Mn2+:CdSe
(where CdSe here represents lattice Cd2+−Se2− units) during
diffusion doping, and the ratio 1:1 between added Cd2+ and
previously added Se2− during cation exchange. Diffusion doping
shifts the first excitonic absorption maximum to higher energy,
whereas subsequent cation exchange with Cd2+ shifts it to lower
energy again.
Figure 1B shows corresponding room-temperature MCD

spectra of the same seed CdSe nanocrystals, equilibrated
diffusion-doped Cd1−xMnxSe nanocrystals, and the same
nanocrystals after cation exchange with Cd2+. Diffusion doping
causes inversion and enhancement of the first CdSe excitonic
MCD feature, whereas cation exchange inverts this feature
back to a signal consistent with undoped CdSe nanocrystals.
As detailed previously,11,15 these spectroscopic changes are
manifestations of Mn2+ diffusion into the CdSe nanocrystal
lattice. Specifically, the MCD intensity inversion and enhance-
ment seen in Figure 1B reflect the introduction of a new
Mn2+-exciton magnetic-exchange contribution to the excitonic
Zeeman splitting upon Mn2+ incorporation into the CdSe
nanocrystal, parametrized by the spectroscopic splitting term
gsp‑d. Simultaneous analysis of the MCD and absorption spectra
allows quantification of gsp‑d, which is proportional to the
Mn2+-exciton overlap. These spectroscopic data thus provide a
quantitative measure of Mn2+ concentration within the CdSe
nanocrystals, as verified by independent ICP-AES, TEM, and
EPR measurements, allowing us to monitor the evolution of the
Mn2+ population within the CdSe nanocrystals during diffusion
doping and cation exchange.11,15 Under these diffusion-doping
conditions, x reaches ∼0.15 and Mn2+ is distributed uniformly
throughout the nanocrystal volume at equilibrium.15 The inset
of Figure 1B plots the time evolution of |gsp‑d| (norm.) during
diffusion doping and cation exchange. Here, gsp‑d has been
normalized to its maximum value achieved at equilibrium
during the diffusion-doping reaction. In the undoped CdSe
nanocrystals, |gsp‑d| = 0. During diffusion doping, |gsp‑d| increases
with time and eventually plateaus as the reaction approaches
equilibrium. During cation exchange with Cd2+, |gsp‑d| drops and
re-equilibrates at |gsp‑d| = 0 again, indicating complete removal
of Mn2+ from the CdSe nanocrystals.
Figure 1C shows room-temperature electronic absorption

spectra of undoped CdSe nanocrystals, of the same nanocryst-
als after 20 h of diffusion doping with Mn2+ at 300 °C, and of
the same nanocrystals after subsequent cation exchange with
In3+ (1:1 between added In3+ and previously added Se2−).
Diffusion doping causes a shift of the first excitonic absorption
feature to higher energy, whereas cation exchange with In3+

shifts it back to lower energy, like cation exchange with Cd2+.
Figure 1D shows corresponding room-temperature MCD
spectra of the same CdSe nanocrystals before and after diffusion
doping, and after subsequent cation exchange with In3+. MCD
at the CdSe absorption edge inverts and intensifies during

diffusion doping, whereas subsequent cation exchange with In3+

diminishes its intensity and reverts it back to the undoped
CdSe-like signal. The inset of Figure 1D plots the variation
of |gsp‑d| as a function of time during diffusion doping and cation
exchange. |gsp‑d| again increases with diffusion doping time,
eventually approaching a maximum, indicating Mn2+ in-diffusion
and composition equilibration, whereas cation exchange with
In3+ causes a rapid drop of |gsp‑d| to zero, indicating expulsion of
Mn2+ from the nanocrystals by In3+.
Figure 2 presents TEM images and corresponding size-

distribution histograms of the CdSe nanocrystals from Figure 1

during the diffusion-doping and cation-exchange reactions.
Figure 2A shows the undoped CdSe nanocrystals used for the
diffusion-doping and subsequent cation-exchange experiments
with Cd2+. These nanocrystals have an average diameter of
4.5 ± 0.2 nm (σ = 4.4%). Figure 2B shows the same nano-
crystals equilibrated after 20 h of diffusion doping with Mn2+

at 300 °C. During diffusion doping, the average nanocrystal
diameter increases to 5.2 ± 0.4 nm (σ = 7.7%) due to formal
addition of Mn2+−Se2− units to the lattice. Figure 2C shows the
same nanocrystals after subsequent cation exchange with Cd2+

at 300 °C. The average diameter of 5.3 ± 0.3 nm (σ = 5.6%) is
essentially unchanged during cation exchange. Figure 2D illustrates

Figure 2. TEM images and size histograms (≥100 nanocrystals each)
for (A) undoped CdSe nanocrystals (d = 4.5 ± 0.2 nm), (B) diffusion-
doped Cd1−xMnxSe nanocrystals after 20 h diffusion doping at 300 °C
(d = 5.2 ± 0.4 nm), and (C) the same nanocrystals after cation
exchange with Cd2+ at 300 °C (d = 5.3 ± 0.3 nm). (D) Schematic
illustration of CdSe nanocrystal diffusion doping by addition of Mn2+

and Se2− to form Cd1−xMnxSe nanocrystals, followed by cation
exchange with either Cd2+ or In3+ to form CdSe or Cd1−xInySe
nanocrystals, respectively. TEM images and size histograms (≥100
nanocrystals each) for (E) undoped CdSe seed nanocrystals (d = 4.4 ±
0.2 nm), (F) diffusion-doped Cd1−xMnxSe nanocrystals after 20 h
diffusion doping at 300 °C (d = 5.1 ± 0.5 nm), and (G) the same
nanocrystals after cation exchange with In3+ at 300 °C (d = 5.2 ±
0.4 nm). The scale bars represent 10 nm.
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the CdSe nanocrystal diffusion-doping and cation-exchange
reactions schematically. Figure 2E shows the undoped CdSe
nanocrystals used for the diffusion-doping and subsequent
cation-exchange experiments with In3+. These nanocrystals have
an average diameter of 4.4 ± 0.2 nm (σ = 4.5%). Figure 2F
shows the same nanocrystals after 20 h of diffusion doping with
Mn2+ at 300 °C. The average diameter increases to 5.1 ± 0.5 nm
(σ = 9.8%). Figure 2G shows the same nanocrystals after
subsequent cation exchange with In3+ at 300 °C. The average
diameter of 5.2 ± 0.4 nm (σ = 7.7%) remains essentially
unchanged during cation exchange. In3+ is clearly detected in
the EDX spectrum of these nanocrystals measured after cation
exchange with In3+ (see Supporting Information).
Figure 3 shows the variation of |gsp‑d| (normalized to the

equilibrated diffusion-doped Cd1−xMnxSe values) as a function

of time during cation exchange with Cd2+ or In3+. Mn2+

removal from the Cd1−xMnxSe nanocrystal lattice during cation
exchange with In3+ takes place in a few minutes at 300 °C,
whereas it takes about 10 h during cation exchange with Cd2+ at
the same experimental temperature. Therefore, at the same
temperature, cation exchange with In3+ is much faster than with
Cd2+. Control experiments performed with sodium oleate or
with only oleic acid and ODE at the same temperature result
in no meaningful change in |gsp‑d| over several hours, indicat-
ing no loss of Mn2+. These control experiments exclude self-
purification or ligand concentration effects under these
conditions. Mn2+ removal from the Cd1−xMnxSe nanocrystal
lattice takes place only via cation exchange with Cd2+ or In3+.
The dashed curves in Figure 3 show single-exponential fits
of the Cd2+ and In3+ cation-exchange data and are included as
guides to the eye (vide inf ra).
Figure 4 presents data from variable-temperature cation-

exchange measurements for diffusion-doped Cd1−xMnxSe
nanocrystals using Cd2+ or In3+ as the incoming cation, and
plots the evolution of |gsp‑d| as a function of temperature.

The corresponding electronic absorption and MCD spectra
are provided as Supporting Information. For both incoming
cations, |gsp‑d| decreases roughly exponentially with time at
all temperatures, asymptotically approaching zero. Figure 4A
shows that Mn2+ removal from the nanocrystals occurs on a
time scale of several hours after the addition of Cd2+ across
a broad range of temperatures (220−315 °C), and that the
reaction gets much slower at lower temperatures. Even after
one full day of Cd2+ cation exchange at 250 °C, |gsp‑d| has
decreased by only ∼50%. By contrast, cation exchange with In3+
proceeds much faster (Figure 4B). Mn2+ displacement is
complete essentially immediately upon addition of In3+ at
300 °C, and is complete within a few minutes of In3+ addition
at 250 °C. Again, the reaction becomes slower with decreasing
reaction temperature, but at every temperature it is still much
faster than cation exchange with Cd2+ at the same temperature.
Overall, under otherwise identical conditions, cation exchange
from equilibrated Cd1−xMnxSe nanocrystals is approximately
2 orders of magnitude faster with In3+ than with Cd2+. The
dashed curves in Figure 4 show results from modeling, as
described in the following section.

Modeling Mn2+ Diffusion Kinetics. Generally, ion diffusion
through a crystal lattice involves interactions with point defects
such as interstitials or vacancies. For example, in bulk II−VI and
III−V semiconductors, Mn2+ diffusion is believed to primarily
involve substitutional hopping mediated by cation vacancies.31

Whether the out-diffusion of Mn2+ ions from Cd1−xMnxSe

Figure 3. Time evolution of |gsp‑d| during 300 °C cation exchange
starting from equilibrated, diffusion-doped Cd1−xMnxSe nanocrystals
upon addition of In3+ (green downward triangles, 1:1 added In3+ to
previously added Se2− during the diffusion-doping step), Cd2+ (red
upward triangles, 1:1 added Cd2+ to previously added Se2− during the
diffusion-doping step). Data from control experiments using sodium
oleate (blue circles, 1:1 added sodium oleate to previously added Se2−

during the diffusion-doping step) and a mixture of OA and ODE
(black circles) are also included. Both control experiments were
performed with 0.2 g of OA and 2 g of ODE. The dashed curves show
single-exponential fits of the In3+ and Cd2+ data and horizontal lines
for the sodium oleate and OA and ODE data. All experiments shown
here were performed on equilibrated diffusion-doped Cd1−xMnxSe
nanocrystals made by diffusion doping the same or similar undoped
CdSe NCs at 300 °C for 20 h with 0.5:1:1 Se2−:Mn2+:CdSe mole
ratios.

Figure 4. Temperature dependence of the cation-exchange reaction
kinetics for the exchange of Mn2+ in d = 5.2 nm Cd1−xMnxSe
nanocrystals by Cd2+ or In3+ ions. The data plot the change in |gsp‑d| vs
time for parallel reactions run at different temperatures. All
measurements were performed starting with equilibrated, diffusion-
doped Cd1−xMnxSe nanocrystals (20 h diffusion doping at 300 °C with
0.5:1:1 Se2−:Mn2+:CdSe). (A) Cation exchange with Cd2+, where the
ratio of added Cd2+ to Se2− added during diffusion doping is 1:1.
(B) Cation exchange with In3+, where the ratio of added In3+ to Se2−

added during diffusion doping is 1:1. The dashed curves show the
results of data simulation using a Fick’s-law model (see text for
details), from which diffusivities and diffusion barriers are quantified.
Data for longer reaction times are included as Supporting Information.
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nanocrystals is mediated by interstitials or vacancies is a priori
unknown. By simulating the experimental results, we aim to help
identify the dominant mechanism. As will be shown, we find
that mobile complexes mediating Mn2+ out-diffusion possess
a shorter mean-free path than the nanocrystal dimensions. Since
interstitials are likely to have a larger mean-free path than our
very small nanocrystal dimensions, as in other material systems,32

this conclusion suggests that Mn2+ out-diffusion is most
likely mediated by cation vacancies. We thus propose that the
mechanism for Mn2+ out-diffusion in our Cd1−xMnxSe nano-
crystals is analogous to the vacancy-mediated mechanism of
Mn2+ diffusion in related bulk semiconductors.31

In vacancy-mediated diffusion, Mn2+ exchanges with vacancies
at neighboring lattice sites. The diffusion process can be
expressed as

+ ↔ ++ +Mn V V Mn2 2 (1)

The effective diffusivity of Mn2+ mediated by vacancies (D) is

= Γ
+

+D nX a /6V
Mn

Mn /V
22

2 (2)

Here, XV
Mn2+ is the fractional concentration of cation vacancies

adjacent to Mn2+ ions, n is the number of adjacent sites,
ΓMn

2+
/V represents the Mn2+−vacancy exchange rate, and a is the

hopping distance. In principle, D could be a function of time
and position within the nanocrystal, which is difficult to
characterize given the limited experimental data set. Because the
chemical potential does not change much in the solution during
the cation-exchange reactions reported here, we assume that the
concentration of vacancies in these nanocrystals is relatively
constant throughout the experiment. Also, because of the small
dimensions of the nanocrystals, we assume uniform distributions
of vacancies within the nanocrystals. We thus simplify the model
by assuming that a single average D is applicable in any specific
reaction performed under fixed conditions.
To describe the experimental ion-diffusion data quantita-

tively, we solve the Fick’s-law diffusion equation. In a spherical
coordinate system, the diffusion equation has the following
form:

∂
∂

= ∂
∂

∂
∂

< <u
t

D
r r

r
u
r

r R
1

, 02
2

(3)

Here, the distribution function u describes the Mn2+ ion distribu-
tion within the nanocrystal, and D is the diffusion coefficient
(diffusivity). We define the initial condition as

= =u r t U( , 0) 0 (4)

where U0 = 1.
To solve eq 3, two boundary conditions must be defined.

At the geometric origin of the nanocrystal (r = 0), we have

∂
∂

=
=

u
r

0
r 0 (5)

A second boundary condition describing the nanocrystal/
liquid interface (r = R) is also needed. Initial calculations were
performed under the assumption of a fixed boundary condition.
Specifically, we assume that Mn2+ solvation (i.e., displacement
by solvated Cd2+ or In3+) at the nanocrystal/liquid interface
equilibrates rapidly relative to other processes such that u at
R is effectively constant for the duration of the experiment:

=u R t u( , ) R (6)

In our calculations, we set uR = 0, meaning that Mn2+ ions are
rapidly removed from the nanocrystals once they reach this
interface. This condition is consistent with our experimental
observations that MnSe shells cannot be grown on the CdSe
nanocrystals under these conditions, and that MnSe also cannot
be independently nucleated under these conditions.15 Under
these fixed boundary conditions, the analytical solution to eq 3
is then

∑
π

λ
λ π

=
− − ×

+ =λ
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∞ +
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(7)

We note that the MCD spectroscopic approach used to
gather the data in Figure 4 measures an ef fective Mn2+ content
given by the overlap of the dopant profile and the nanocrystal’s
exciton wave function. To relate the calculated diffusion
results to experiment, the exciton wave function amplitude
was modeled using the particle-in-a-spherical-well solution
detailed elsewhere,33 and the values of |gsp‑d| were then related
to the dopant distribution u(r) by projection of u(r) onto this
wave function. The microscopic details of this relationship are
described elsewhere.34

Using this approach, diffusion coefficients governing the
cation-exchange kinetics were evaluated for each experiment by
fitting the experimental data shown in Figure 4. The first 50th
orders of eq 7 were evaluated computationally. The comparison
between simulated and experimental results is included in
Figure 4 for both Cd2+ and In3+ cation exchange. The diffusion
calculations reproduce experiment well at each temperature,
with the goodness of fit worsening only for the lowest tempera-
tures where the data themselves are least complete. These fits
yield the diffusion coefficients summarized in Table 1. Cation
exchange with In3+ at 300 °C proceeded too rapidly to fit.

As expected from visual inspection of the data, the diffusivities
increase with increasing temperature, and are greater for cation
exchange when using In3+ than when Cd2+ is used. Figure 5
plots the logarithm of the fitted diffusivities vs inverse temp-
erature. Within experimental uncertainty, these plots are linear
over the entire temperature range examined here, indicating that
the diffusivities show Arrhenius behavior throughout this tempera-
ture range. The dashed lines in Figure 5 represent fits of the data
to the Arrhenius equation (eq 8) and yield indistinguishable values
of ED = 1.1 eV for both Cd2+ and In3+. As a simple cross-check,
we note that a similar diffusion barrier of ∼1.1 eV is also obtained

Table 1. Diffusion Coefficients Obtained from Fick’s-Law
Analysis of the Data in Figure 4 Using Eq 7, Corresponding
to the Dashed Curves Included in Figure 4

Mn2+ → Cd2+ Mn2+ → In3+

temp (K) diffusivity, D (nm2/s) temp (K) diffusivity, D (nm2/s)

493 1.7 × 10−6 398 5.6 × 10−7

523 4.6 × 10−6 423 6.9 × 10−6

530 9.4 × 10−6 448 3.5 × 10−5

538 2.1 × 10−5 473 1.2 × 10−4

553 2.9 × 10−5 523 1.1 × 10−3

573 4.2 × 10−5

588 9.0 × 10−5

= −D D E kTexp( / )0 D (8)
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when the data in Figure 4 are fit to phenomenological single-
exponential functions and the results analyzed using the Arrhenius
equation (see below and Supporting Information). Despite
their similar diffusion barriers, cation exchange with Cd2+ and
In3+ show very different limiting diffusivities of D0 = 9.8 × 104 and
2.6 × 107 nm2/s for Cd2+ and In3+, respectively. A similar increase
in D0 for Mn2+ diffusion is observed in Cd1−xMnxTe thin films
upon co-doping with In3+.31 Because D0 = ν0a

2 (where ν0 is
the cation-hopping attempt frequency and a is the hopping
distance), the substantial increase in D0 when using In3+ relative
to Cd2+ reflects a significant increase in Mn2+ hopping attempts
in the former case.
For completeness, the possibility that the interface at r = R

cannot equilibrate fast enough to use a constant uR was also
considered. In this case, we explicitly account for the interface
flux using eq 9:

∂
∂

= × −
=

u r t
r

k u R t u R t
( , )

( ( , ) ( , ))
r R

equil
(9)

Here, k represents the surface equilibration rate constant, and
uequil(R,t) describes the (quasi)equilibrium Mn2+ mole fraction
at the nanocrystal surface. The fixed boundary condition
reflects the limit of large k. If k is not sufficiently large, then
surface Mn2+ concentrations will not be equilibrated and the
diffusion profile should differ from the fixed-boundary-
condition analytical solution. To verify that, we have shown
the experimental and simulated curves after accounting for
the interface flux at the lowest temperatures used for the Cd2+

and In3+ reactions (see Supporting Information). Very similar
results are obtained using this more complete model. Although
expected to be temperature dependent, effects of the interface
fluxes are not detectable at lower temperatures, indicating they
do not become rate limiting. This result is consistent with the
finding that the diffusion coefficients extracted from the fixed-
boundary-condition solution follow Arrhenius behavior at all
temperatures. Overall, we conclude that surface equilibration is
comparatively rapid (k is large) at all experimental temperatures
explored here, and hence that the fixed boundary condition is a
reasonable approximation for our present analysis.

Cation exchange via an interstitial mechanism was also con-
sidered. The interstitial process can be described as a “kick-out”
mechanism. In this mechanism, interstitial Cd2+ (Cdi) or In3+

(Ini) replaces the substitutional Mn2+ (Mns) and generates
interstitial Mn2+ (Mni) as follows:

+ ↔ +Cd Mn Cd Mni s s i (10)

+ ↔ +In Mn In Mni s s i (11)

If the mean-free path of interstitials is much smaller than the
nanocrystal dimensions (r = 2.6 nm), then we get an effective
diffusivity that is indistinguishable from that of the vacancy
mechanism. If, however, the mean free path of interstitials is
substantially larger than the nanocrystal dimensions (e.g., the
case of interstitial B in Si, where the mean free path can exceed
10 nm32), then Mn2+ out-diffusion would yield uniformly dis-
tributed Mn2+ throughout the nanocrystal. This uniform Mn2+

distribution would decay in time with a rate determined by the
exchange rates of the above reactions, which can be expressed as

π=R dD C C4Cd/Mn Cd Cd Mni i s (12)

π=R dD C C4In/Mn In In Mni i s (13)

Here, d stands for effective capture distance. Using this model,
we attempted to simulate the experimental data, but the
goodness of fit is significantly worse than that found for the
Fick’s-law model. Figure 6 compares the simulations using
interstitial and Fick’s-law models with the experimental data for
Mn2+ cation exchange by Cd2+ at 265 °C and by In3+ at 175 °C

Figure 5. Arrhenius plot of the temperature dependence of the
diffusion coefficients (D) measured for Mn2+ cation exchange by Cd2+

(red upward triangle) and In3+ (green downward triangle) in d =
5.2 nm Cd1−xMnxSe nanocrystals. The diffusion coefficients are
obtained by simulating the experimental data in Figure 4 using the
Fick’s-law diffusion equation (eq 7) with fixed boundary conditions.
The simulated curves are also depicted in Figure 4. Dashed lines show
fits of the data to the Arrhenius equation (eq 8), which yield ED =
1.1 ± 0.1 eV for both Cd2+ and In3+. From the Arrhenius fits, limiting
diffusivities of D0 = 9.8(±1.8) × 104 and 2.6(±0.3) × 107 nm2/s are
obtained for cation exchange with Cd2+ and In3+, respectively.

Figure 6. Comparison between experimental and simulated cation-
exchange dynamics, plotted as log |gsp‑d| vs time. (A) Mn2+ cation
exchange by Cd2+ at 265 °C (experimental, green squares) and (B)
Mn2+ cation exchange by In3+ at 175 °C (experimental, blue squares).
Simulated curves for vacancy-mediated diffusion (black dashed) and
interstitial diffusion with a large mean free path (red dashed) are
included. The experimental data are from Figure 4.
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(selected because they have similar absolute rates). When
represented on a semi-log plot, the interstitial mechanism with
large mean free path yields a straight line in this plot, whereas
eq 3 yields a curve. Compared to the data, the simulated data
based on interstitial diffusion drop too rapidly at short times and
too slowly toward the end of the reaction. The experimental
data clearly deviate from linearity in a way that is consistent with
Fick’s law. These simulations thus favor vacancy-mediated
diffusion (or an interstitial diffusion process with a short mean
free path).
To highlight the difference between the vacancy-mediated

and interstitial diffusion mechanisms, Figure 7 compares the
evolution of the Mn2+ spatial distribution within a 5.2 nm
CdSe nanocrystal for the two cases described by Figure 6. In
the vacancy-mediated diffusion process, the Mn2+ concentration
rapidly drops to zero at the nanocrystal/liquid interface be-
cause of rapid solvation, creating a Mn2+ concentration gradient
within the nanocrystal. In the interstitial diffusion process, the
distribution of Mn2+ is uniform throughout the nanocrystal and
the Mn2+ concentration at all lattice sites decays exponentially
in time during the cation-exchange reaction. This difference in
Mn2+ spatial distribution causes discernible differences in |gsp‑d|
and gives rise to the different kinetic profiles shown in Figure 6.

■ DISCUSSION
The results and analysis presented here highlight the
importance of the incoming cations on the kinetics of cation-
exchange reactions in nanocrystals. At any given temperature,
the Mn2+ diffusivity is ∼250 times greater when using In3+ as
the displacing cation compared to Cd2+ (Table 1). For both
Cd2+ and In3+, the diffusion of Mn2+ out of our Cd1−xMnxSe
nanocrystals during cation exchange is driven thermodynami-
cally, as summarized by the overall reactions of eqs 14 and 15.

These reactions both have equilibrium constants considerably
greater than unity under our experimental conditions, despite
the large excess of solvated Mn2+ in the reaction vessel, such
that no residual lattice Mn2+ is detectable at equilibrium under
these cation-exchange conditions. If the nanocrystal stoichiometry

is determined solely by charge neutrality, then y = (2/3)x in
eq 15 because of the relative charges on In3+ and Mn2+.
Unfortunately, the final concentrations of In3+ in these nano-
crystals could not be determined analytically by ICP-AES with
sufficient accuracy to draw a firm conclusion about stoichio-
metry from this experiment, and charge compensation by excess
anionic surface ligands cannot be ruled out. Interestingly,
however, we find that only ∼0.7 equiv of In3+ (per lattice Mn2+)
are required to displace all Mn2+ from the Cd1−xMnxSe
nanocrystals (see Supporting Information), which is significantly
less than the ∼1.0 equiv of Cd2+ needed to achieve the same
level of Mn2+ displacement.15 This result is consistent with a
final In3+ stoichiometry of y ≈ (2/3)x.
The spontaneity of these two reactions can be qualitatively

rationalized by comparing the bond strengths of their re-
actants and products. The greater bond enthalpies22 of the
reaction products relative to those of the reactants [Cd2+−Se2−
(∼310 kJ/mol), In3+−Se2− (∼247 kJ/mol), Mn2+−Ooleate
(∼402 kJ/mol) vs Cd2+−Ooleate (∼142 kJ/mol), In3+−Ooleate
(∼360 kJ/mol), Mn2+−Se2− (∼201 kJ/mol), gas phase, 298 K]
favors spontaneous displacement of lattice Mn2+ by both Cd2+

and In3+ under these conditions. Other factors such as ligand
concentration and the solvated ion concentrations are undoubtedly
also important in determining the actual equilibrium constants
of these reactions, but the critical role played by the incoming
cations is confirmed by the control experiments shown in
Figure 3 using sodium oleate or oleic acid in ODE alone,
without addition of In3+ or Cd2+. The lack of any detectable
Mn2+ diffusion in these control experiments demonstrates that
neither Mn(oleate)2 formation nor the excess enthalpy of
mixing (which prompts “self-purification”) is sufficient to drive
Mn2+ from the Cd1−xMnxSe nanocrystals under our reaction
conditions. The formation of new Cd2+−Se2− and In3+−Se2−
bonds is thus essential for spontaneous Mn2+ expulsion from
these nanocrystals. This result illustrates that the incoming and
outgoing cation fluxes are coupled.
The strong temperature dependence of the cation-exchange

kinetics for both In3+ and Cd2+ reactions (Figures 4 and 5)
reveals that the Mn2+ diffusion is thermally activated. Cation
exchange with In3+ is much faster than with Cd2+ at any given
temperature, but the data indicate the same diffusion barrier
(1.1 eV) for both processes. This value of ED is similar to those
observed in analogous diffusion processes in bulk II−VI semi-
conductors (Table 2 and Supporting Information).
In bulk II−VI and III−V semiconductors, Mn2+ diffusion is

believed to primarily involve substitutional hopping mediated
by cation vacancies.31 For example, cation-vacancy-mediated
diffusion of single Mn2+ ions inside bulk wurtzite AlN single

Figure 7. Contours for Mn2+ radial distribution evolution within d = 5.2 nm Cd1−xMnxSe nanocrystals during cation exchange with Cd2+ at 265 °C,
calculated based on (A) vacancy-mediated diffusion with D = 2.1 × 10−5 nm2/s and (B) interstitial diffusion with a mean free path of the interstitials
that is larger than the nanocrystal dimension. The color bar indicates the cation-exchange reaction times of the various contours.
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crystals was recently observed directly using Z-contrast STEM
imaging.35 Similarly, copper vacancies have been found to
accelerate room-temperature cation exchange in Cu2−xSe nano-
crystals.36 The simulations presented above suggest that a
related vacancy-mediated diffusion mechanism is likely also
operative in our Cd1−xMnxSe nanocrystals. This conclusion is
supported by the dramatic increase in D0 for cation exchange
by In3+ relative to Cd2+. When a cation of higher charge is
introduced to replace Mn2+ in these Cd1−xMnxSe nanocrystals,
the requirement for charge neutrality can be satisfied by
formation of additional compensating cation vacancies, i.e., the
chemical potentials of cation vacancies are lowered. From eq 2,

this change in vacancy concentration increases XV
Mn2+, which

increases D. In bulk CdS and CdTe, for example, In3+

incorporates as InCd, with doubly ionized cation vacancies
(VCd″) as the likely charge compensating defects,37−40 and
these vacancies are believed to accelerate In3+ diffusion.41−43

Additionally, in the nanocrystal experiments, the combination
of weaker In3+−Se2− and stronger In3+−Ooleate bonds compared
to Cd2+ should lower the effective cation activity of In3+ in
solution relative to Cd2+ in solution, thereby also contributing
to a larger time-averaged cation vacancy concentration. We
note that the actual time-averaged vacancy concentration is
unknown and may be extremely small (e.g., ≪1/nanocrystal)
for both the Cd2+ and In3+ cation-exchange reaction conditions.
Overall, we thus propose that Mn2+ cation exchange with In3+

in our Cd1−xMnxSe nanocrystals is accelerated relative to the
same reaction performed with Cd2+ because In3+ increases the
time-averaged concentration of cation vacancies. In this scenario,
the experimental diffusion barriers reflect the combined
activation energies of cation vacancy creation and Mn2+ exchange
with vacant sites.

■ CONCLUSION
Mn2+ ions are spontaneously displaced from Cd1−xMnxSe
nanocrystals via cation exchange when the thermodynamically
preferred cations Cd2+ or In3+ are introduced to the nanocrystal
solutions at elevated temperature. Under otherwise identical
conditions, cation exchange is approximately 2 orders of
magnitude faster when using In3+ compared to Cd2+, illustrating
the critical importance of the incoming cations. Kinetics measure-
ments at various temperatures demonstrate that cation exchange
is thermally activated for both Cd2+ and In3+ reactions, adhering
to Arrhenius behavior over broad experimental temperature
ranges. Quantitative analysis within a Fick’s-law diffusion model
yields the diffusion parameters ED and D0. Both cation-exchange
reactions (Cd2+ and In3+) are found to be governed by the
same diffusion barrier, ED = 1.1 eV. The large increase in D0
(∼250 times) when using In3+ is attributed to higher cation

vacancy concentration, due either to lower effective cation
activity in solution or to stabilization of charge-compensating
cation vacancies. The accelerated diffusion observed when using
In3+ to displace Mn2+ thus provides further evidence for cation
vacancies as critical mechanistic features of these nanocrystal
cation-exchange reactions. Overall, these findings provide unique
experimental insights into cation diffusion within colloidal
semiconductor nanocrystals, contributing to our fundamental
understanding of this rich area of nanoscience and improving
our ability to tailor the compositions of nanostructures for
future advanced technological applications.
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