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Abstract

We investigate the evolution of structures that result when spherical Cd rtaslepaf a
few hundred nanometers in diameter react with dissolved moleaufar species in
solution to form hollow CdS. Over a wide range of temperatures@meentrations, we
find that rapid Cd diffusion through the growing CdS shell localires¢action front at
the outermost CdS/S interface, leading to hollow particles whehealCd is consumed.
When we examine partially reacted particles, we find thaistlsgem differs significantly
from others in which the nanoscale Kirkendall effect has been wseceate hollow
particles. In previously reported systems, partial reactieates a hollow particle with a
spherically symmetric metal core connected to the outer shédillaiments. In contrast,
here we obtain a lower symmetry structure, in which the unickawttal core and the
coalesced vacancies separate into two distinct spherical capsyizmg the metal/void
interface. This pattern of void coalescence is likely to ocousituations where the
metal/vacancy self-diffusivities in the core are greaten tha diffusivity of the cations
through the shell.

Keywords: hollow nanopatrticle, Kirkendall effect, self-diffusion, diffusion meuken,
CdS, sulfidation



Since the first report in 2004the formation of hollow nanoparticles via the
nanoscale Kirkendall effect has been observed in dozens of aftérin the simplest
scenario, an elemental metallic nanocrystal reacts to fowongpound nanoparticle;
hollow, polycrystalline nanoparticles result when the diffusion of t@iic species
outwards is faster than the inward diffusion of the anionic specteae £xamples of
hollow particles formed in this way include oxides, sulfides, séé=niand phosphides of
cobalt, iron, molybdenum, and nickel. Fan, Gésele, and Zacharias hawn \aritecent
review outlining developments in this fifldas well as describing criteria that can be
used to evaluate the possibility that a given system will fornowagparticles by this

mechanism.

In materials with one or more macroscopic dimensions, like nanoatrékns,
the Kirkendall effect leads to the formation of multiple voidshet metal-composite
interface® ’ In nanoparticles, a single void is typically observed in theteceof the
particle when the reaction is complete, and the particles nrasrtaoverall approximate
spherical symmetry through the course of the readtich.In such spherical
nanostructures, the unreacted metal core remains in the centes @mhected to the
hollow shell by thin filaments.® In a very recent report, Nakamura et al. already showed
that the incomplete oxidation of Ni nanoparticles leads to the famatf partially
hollow structures with a single votd.On fully oxidized NiO particles, holes were
located at off-center positions and non-homogeneous shell thicknesse®bht@ined.
Here we explore the sulfidation of spherical cadmium crystals to form holitswia the
nanoscale Kirkendall effect, Figure 1. Cadmium sulfide, having dwéct band gaps in
the optical region and piezoelectric properties, is partiguladited for optical,
optoelectronic, and electromechanical applications. In the cadmiurdasgigih reaction,
the metal self-diffusion time in the core is much lower thars#iediffusion time of the
metal ions through the shell. We show that the structures obtaioed the partial
sulfidation of Cd particles contain a single off-center void regioth a single off-center
region of unreacted Cd, both with a spherical cap geometry. Markedpite of the
asymmetrical metal distribution in this new type of structurepmogeneous growth of
the CdS shell is observed throughout the entire particle as theasah proceeds to

completion. We measured the growth rates of CdS as a function ofedction



temperature and the sulfur concentration, and have estimated the Cd seifitjifiushe
CdS shells. This estimate allows for a self-consistent exjmanaf the mechanism of
formation of the Cd/CdS heterostructures; the calculated diffusidficteet is used to
discriminate between the mechanisms of Cd transport through the CdS shell.

Figure 1. Schematic of the sulfidation process of Cd nanoparticTés. Solid gadmi
particles (left) are exposed to elemental sulfur leading toapg sulfidized structures,
with a Cd core remaining inside a polycrystalline Cd sulfiddl gleenter). Longer
reaction times lead to fully hollow CdS structures (right).

RESULTS AND DISCUSSION

Solid cadmium particles were synthesized by the decompositiometiayicadmium in
trioctylphosphine oxide (TOPO) at 330 °C under air-free conditions. lralhsence of
oxidizing elements, dimethylcadmium decomposes to form colloidaf. Gt
temperatures below the melting point of cadmium, & 321 °C), cadmium particles
appear highly faceted, having hexagonal geometries. Above itsgnphiint, cadmium
forms spherical droplets in the liquid phase, and these soliddysptierical Cd particles
as the temperature is decreased. The size of the cadmiuniepactiia be tuned in the
diameter range between 100 nm andni by the concentration of the injected solution
and the stirring rat&: The resulting Cd nanoparticles are monocrystalline, as deduced
from both electron diffraction and dark field transmission electracrascopy (TEM)
(Supporting Information, Figure 1).

Sulfidation of colloidal Cd crystals was performed by the ingectf elemental
sulfur dissolved in 1,2—dichlorobenzene into a solution of colloidal Cd. Stididevas
carried out in the temperature range of 200-300 °C, and with sulf@dtaiem ratios
([S)/ICd]) in the range of 1-12. The actual concentration of sulfur in solutitinoei



lower than the nominal concentration injected, as a perceptible Eayeenit sulfur may
react with the solvent impurities. Moreover, a slight reduction o$tiffer concentration
with time is to be expected from the combination of the high vapmssure of sulfur at
the reaction temperature (~1 kPa) and the use of continuous floavgoh in the

experimental set-up.

Transmission electron microscopy was used to follow the progressifigation
of the spherical Cd particles, Figure 2. We observe that, upon saotfoduction, a
uniform and polycrystalline CdS shell forms at the outer surface of ther@clgaand as
the sulfidation proceeds, the shell grows outward from the CdS/solutieriace, as
observed from the evolution of the thickness and the outer diametess sidh, Figure
3. This external growth requires the diffusion of Cd through the $b@$ and therefore,
an inward diffusion of the equivalent number of vacancies follove®tmterbalance the
outward diffusion of matter. In the initial stages of Cd sulfidation, vacancaesce into
voids extending all over the Cd/CdS interface, Figure 2B. Howewem slightly
advanced stage of sulfidation, vacancies are found to coalesce simgla void with
spherical cap shape adhering to one side of the interior holtt®vsGell, Figures 2C-E.
In spite of this asymmetric Cd distribution, the spherical CdSI gidl grows
isotropically. Tilting of the sample holder inside the TEM allavgsto confirm that the
Cd in the partially converted particles assembles in a spheap shape, Figure 4. As
the sulfidation proceeds, the Cd core is consumed through its frefagetén a similar
way as the liquid level in a container is reduced while pvesga flat surface. However,
the intuitive image of a molten Cd core inside the shell atahetion temperature, which
then solidifies upon cooling, has been definitively ruled out, using eiftedl scanning
calorimetry (DSC) analysis of the intermediate heterostras. In Figure 5, DSC data
show that the melting temperature of the spherical Cd caps itted€dS shell is
approximately equal to that of bulk Cd (321 °C), well above the sulbfidatimperatures
used (200-300 °C).



Figure 2. TEM micrographs from 6 aliquots at different stages of the §l&fl growth;
from the initial Cd particles (A) to the final CdS hollow pddg (F). The scale bar

corresponds to 500 nm.
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Figure 3. Particle diameter and shell thickness distributions from 6 alicatotsfferent
stages of the CdS shell growth: from the initial Cd pasi¢ttom histograms) to the

final CdS hollow particles (top histograms).
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Figure 4. TEM micrographs at different tilting angles of the same al4ytireacted
Cd/CdS particle.
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Figure 5. Differential scanning calorimetry (DSC) analysis of the miediate Cd/CdS

particles. The endothermic peak at ~ 320°C corresponds to the nuélting Cd cores
inside of the CdS shells. Inset: TEM micrograph of the partinbllow Cd/CdS

nanoparticles analyzed by DSC.



It is interesting to consider the complex balance of thermadinand kinetic
factors at play in the formation of the spherical caps during thilpsulfidation. Three
interface energies play a critical role in this systeonefshell, core/void, and void/shell.
Here, the coalescence of the Cd into a single sphericamiaimizes the interface
between the metal and the surrounding void/medfuRigure 5. This indicates that the
metal/void interface is the highest energy interface in yisées. Both Cd cations and
vacancies must diffuse quickly through the shell to account fdidh@geneous feeding
of the growing CdS shell. The geometry of the metal core inafigrtixidized particles
can be thermodynamically directed only for long enough reaction ,tesesompared to
the diffusion time of the core element. If we consider theti@atime to be limited by
the diffusivity of the metal through the shell, this condition canxpeessed as a ratio of
self-diffusivities. Consider Arrhenius expressions for both seltsiifities, with Dos,
Doc, Ec andEs being the self-diffusivity constants and activation energies aiital or
metal ions through in the core and the shell. The condition fofotingation of metal
spherical caps instead of bridge-supported cores can be expresbedf@kwing rate
between the metal diffusion time in the coig @nd its diffusion time through the shell

(t9) :

o _ A Dos ex;{EC_ESj<1 (1)
tg Do kT
where:
1
A= 2)
(1+0)5 -1

accounts for the different diffusion length of the metal in the @rd the ions in the
shell, & being the molar volume ratio between the initial and final gtracalso known
as the Pilling-Bedworth ratio.

Extrapolation of self-diffusivity values previously reported in titerature
suggests that the sulfidation of cadmium should indeed satisfy thdicoadif equation
(). The Cd self-diffusivity is estimated to be much fastethe core than through the

CdS shell (Table 1). This is consistent with our experimengalltee where the metal



keeps a thermodynamically favorable shape while supporting actie&f and uniform
sulfidation reaction. The same argument applies for the oxidatidn gdarticles, for
example. On the other hand, in the sulfidation and oxidation of Co, ahd mxidation
of Fe, the faster self-diffusion of ions through the shell tmathe core, leads to the
formation of kinetically controlled Co/G8, and Fe/FgDy nanostructures, with spherical

cores supported by bridges, and with very high metal/void interface’ateas.

Table 1. Metal Diffusion Coefficients [D = D, exp(-E/KkT)]."

Element Ty (°C)* Do (cnfs? E (eV) T (°C¥ Dago (NnM?s™)°
In 157 3-4 0.8 39-144  ~1Qr =150 °C)
Sn 232 1-20 1.0-1.1 160-228 410
Cd 321 0.05-0.7 0.8-0.9 77-315 410
Zn 420 0.1-0.6 0.9-1.1 240-418 <100°
Al 660 0.1-2 1.3-1.5 85-643 “1a.0*
Cu 1085 0.1-1 2.0-2.2  301-1082 “9010°
Ni 1455 1-3 2.9-3.1  475-1404 a0’
Co 1495 0.2-2 2.7-3.2  623-1472 “9010"°
Fe 1538 0.2-10 25-3.2  697-1508 ~?1a10"
Ti 1668 10-10° 1.3-1.8  690-1583 ~ fo10*

4 Melting temperature;
® Temperature range of the measurement;
¢ Extrapolation of the diffusion coefficient to 20C.

The self-diffusivity values reported in the literature are snead at temperatures
well above those used here, and using macroscopic crystals. Difassstitongly depend
not only on the temperature but also on the microstructure, compositiopptamdially
also the overall dimension of the sample. Thus, the self-diffusivewvaxtrapolated
from literature values may differ significantly from thasehe polycrystalline shells and
at the temperatures considered here. Furthermore, the ionfaedfwity may not be the

limiting parameter on the growth/reaction rate, but the i@atime may be much larger



due for example to a limited supply of the oxidizing element in isolutHere we show
that a more comprehensive study of the hollow nanoparticle evolutehdén be used

to provide a direct measure of some of the self-diffusivities at work in theviexent.

The present system offers the opportunity to directly measureribgcs of the
sulfidation process at the nanoscale. X-ray diffraction (XRDy used to quantitatively
follow the sulfidation process by removing aliquots at successhestafter the sulfur
injection, Figure 6. The CdS shell growth rate can be calculatethdoytoring the
appearance of CdS as a function of time with a concomitant decnetise Cd. Figure
7A shows the fraction of CdS obtained from the reaction of 350 nm Gidlgsrwith
different nominal sulfur concentrations. It is striking that thectiea rate is strongly
affected by small changes in the amount of added sulfur onlyowat sulfur
concentrations. At the crossover of reaction regimes the sulfuadmiam ratio is
[S])/[Cd] = 6. At lower sulfur concentrations, we believe thdusuleaction probability or
its diffusion to control the reaction rate. In order to discern lEtwthese two
mechanisms, we can obtain the order of magnitude of the sulfiiiviga We consider
the most abundant molecular form of sulfur in solution to p& Fhe approximated
diffusion constant of these molecules, as given by the StokesiBinsiation with a
solvent mobility of 0.1 Pa-s, is on the order of a6fs™. At a sulfur to cadmium ratio of
[S)/[Cd] = 4, the complete sulfidation of 350 nm Cd particles tghase in around 40
min at 240 °C. This sulfur concentration in solutiony] [S0.02 nn¥, translates into a
collision rate of around 6 x ¥m?s*. From the sulfidation time, we deduce that the
flux of Cd through the shell is around 2 atoms?sth Thus the reaction probability of
the § molecules probing the surface of the CdS with the diffusing tGohsais on the
order of 10'. From this estimation of the order of magnitude of the reaction bpititha
we conclude that the concentration of sulfur around the particlesrwgserceptibly
change because of its reaction with the Cd, which rules out téfuSivity as the
limiting rate factor. It is therefore the low reaction prob&pithat controls the rate of

sulfidation of the Cd particles at sulfur concentrations lower than [S]4@&d]
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Figure 6. Evolution of the X-ray diffraction patterns of the hollow CdS parsicfeom

the initial Cd particles (bottom pattern) to the final CdS hollow partictgsgattern).
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Figure 7. Time evolution of the fraction of CdS formed from the reaction of 380 n
cadmium particles. (A)The reaction temperature is set to 240 °C, while the nominal

sulfur concentration is changed as specified in the graph. (B)ndhanal sulfur
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concentration is set to [S]/[Cd] = 8, while the reaction tewipee is changed as
specified in the graph.

At higher sulfur concentrations, the shell growth rate is incépet of the
amount of sulfur in solution. In this reaction regime, the collisi@yudency is large
enough to lead to the prompt reaction of every Cd reaching theositetl surface, even
though the reaction probability is low. This is confirmed by usinlyl T& monitorin situ
the disappearance of the Cd core when heated in high vacuum, FigiE®8tudies
confirm that the Cd core disappears on the same time scéle gotvth of the shell. As
noted above, the Cd self-diffusion inside the void is very fast when cethpath the
shell growth rate (Table 1). Thus, we consider the Cd diffusivityutiin the shell, either

in a neutral or ionized form, as the limiting rate in this reaction regime.

Figure 8. TEM micrographs of different stages of tegporization of the cadmium cores

inside thin CdS shells at 285°C. Scale bar correspondgrto 1

The oxidation kinetics of metal films controlled by the diffusmione of the

reactants usually results in parabolic rates. By consideringithesivity of one of the
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ionized reactants to be driven by local electric fields, Gabaad Mott have estimated

the following parabolic dependence of a metal oxide film growth'rate:

12 = 4D,Q[n(0) - n(l)]t 3
wherel is the thickness of the grown filD; is the diffusion coefficient for metal ionQ,
is the volume of oxide grown per metal ion, am@)-n(l) is the difference in the
concentration of dissolved diffusing ions between the inner and the sauface of the
film. A similar dependence can be derived when considering thesidih of neutral
species as being driven by concentration gradients. From the gendtahpof diffusion
with discontinuous boundaries, solved by Hermans for the specific tdgtsion with

precipitation'® the following dependence is obtained:

|? = 4B*Dt @
whereD is the diffusion coefficient of the diffusing substance in thelioma, andB is
given by:
Be*erf(B) = a2
Jzb (5)

with a being the concentration of diffusing particlexat 0, andb as the concentration

of binding sites.

The time evolution of the Cd to CdS conversion obtained from theorauft350
nm Cd particles with a nominal sulfur concentration [S]/[Cd]is 8hown in Figure 7B.
In Figure 9, the shell thickness is calculated from the measud&df@ction and is
plotted as a function of the square root of the reaction titndiferent reaction
temperatures. At low reaction times a linear dependence, whttdnflaat high CdS:Cd
ratios, is obtained.

12
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Figure 9. Time dependence of the square of the shell thickness for diffexaation

temperatures: 220 °C (black), 240 °C (red), 260 °C (green) and 280 °C {lilee)
nominal concentration of sulfur is set to a ratio [S]/[Cd] = Be Tines correspond to
linear fittings of the data points. The inset shows the Arrheniot gfl the obtained

diffusion coefficients for the two models described in the text.

The linear data regimes in Figure 9 were fitted to exprasgil) and (2). The reasonably
good fit of the data obtained from the growth of spherical shellh@oekpressions
describing growth rates in planar geometry is not surprisingnwdensidering the
moderate increase in the particle diameter with the oxidatioregso&lowever, a better
estimation of the diffusion coefficients by this method should introdoceections for

this spherical geometry.

To determine the diffusion coefficient from these fits, the coimagon of
dissolved cadmium in the inner surface was approximated to thentatiman of Cd in
the CdS lattice. Both Cabrera-Mott and Hermans models, considéngec or neutral
diffusing species respectively, lead to very similar Cd-défiéisivities with identical
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temperature dependences (inset, Figure 9). From the diffusion mrefiobtained for
the different reaction temperatures, the following estimatiohe®irrhenius dependence

of the Cd diffusion coefficient (fs') was obtained:
D = Do exp(E / kT) = 1x10° exp(L.1 eV / kT

The values reported in the literature for the diffusivity df&@d S in CdS crystal lattices
are compared to those obtained in the present work in Table 2. Theppreesial
factor, Do, obtained here is inside the large range of values previously medsura
variety of systems. The activation energy calculated in the present wosk I&lf of that
reported in previous studies. Such low activation energy is consistiéht the
polycrystalline nature of the CdS shells. It is well known thdusidn coefficients in
nanocrystalline materials can be orders of magnitude larger ihatheir bulk
counterparts! Grain boundaries provide easy paths for ion movement, and thus
activation energies for grain boundary diffusion are often much lolaer those for
intrinsic bulk lattice diffusiort® *° Therefore, our studies confirm grain boundary
diffusion of ionized or neutral cadmium as the dominant mechanism thmigcm
transport through the shell. This diffusion mechanism is associaitd a strong
dependence of the growth rate on the shell nanostructure. Furthetiheo@xd diffusivity
through the shell obtained by our estimation is approximately foursoafemagnitude
slower than the cadmium self-diffusivity. We believe this ladijfgerence to be the

reason behind the thermodynamic accommodation of the core inside the shell.

Table 2.Cd and S Self-Diffusion Coefficients in Cd®[= D, expE/KkT)].%

Reference DET;l:rS]Lnn% T (K) Do (M’s?)  E (eV)
Present work cd 493-553 1x 1 1.1
H. H. Woodburg* cd 793-1373 3.4x10 2.0
D. Shaw? cd 773-973 6.7 x 10 2.67
D. Shaw? Cd 973-1123 5.8 x 10 1.85
E. D. Jone$ cd 875-1528 1.2x 10 2.3
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V. Kumar and F. A. Krogéf cd 973-1273 3.3x 10 2.0

E. D. Jones et &F. Cd 1053-1550 4.2 x 1o 1.90
E. D. Jones et &F. cd 870-1053 5.2 3.18
L. A. Sysoev et & cd 1023-1323 2.4
V. Kumar and F. A. Krogéf S 1073-1173 1.6 x 10 2.08
Conclusions

We have investigated the sulfidation reaction of 350 nm Cd pattiCler studies
reveal that Cd diffuses more rapidly than S through the polydigstahells that result
from the reaction of Cd with S. This high Cd diffusivity leadshe accumulation of
vacancies at the metal/sulfide interface, and eventually tdettehesion of the growing
CdS shell. Through control of the reaction time, reaction temperaiodeCd/S ratio, the
particle morphology could be shifted from metal-void-shell stresturontaining the
unreacted metal localized in a single core attached to thesi@diSto completely hollow
CdS structures. In contrast to previously described systems, heaetiadly sulfided Cd
particles, a single Cd core is observed and its interfa¢etiét void is minimized with a
spherical cap geometry. This particular arrangement of thenuetad is explained by the
different time scales of Cd diffusion inside the particle an@sacthe shell. Such a
system offers a unique opportunity to estimate diffusion coefficiahtelatively low
temperatures. At high sulfur concentrations, the growth rate iietirby the Cd diffusion
rate through the shell, which was estimated toDbe 1x10° exp(.1 eV / kJ. The
activation energy obtained from this approach is lower than tleaisuned at higher
temperatures for lattice diffusion. This deviation is consistdtit the polycrystalline
nature of the formed CdS shells. At the same time, the estin@ad self-diffusion in the
CdS shells is much lower than the Cd metal self-diffusion. Theomsistent with the
considered mechanism controlling the unreacted metal geometnharsinultaneous

homogeneous growth of the shell.
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METHODS

Synthesis.  Solid cadmium particles were obtained by decomposition of
dimethylcadmium (97%, Strem) in trioctylphosphine oxide (TOPO, 99¢m&
Aldrich). Dimethylcadmium was distilled prior to use, and stdrelbw its melting point

in an argon-filled glovebox. In a typical synthesis, 8 g of TOP@evirated inside a
three-neck flask to 60°C under vacuum for 30 min. While keeping the solurtider
argon (99.999%), the temperature was raised to 330 °C. A precursor sofulidng of
dimethylcadmium in 1 ml of trioctylphosphine (TOP, 97%, Strem) \waspared
separately under Ar. This mixture was rapidly injected througlemum into the hot
solution with vigorous stirring. The decomposition of the dimethylcadmiis
instantaneous, and leads to the formation of colloidal Cd particlesn Ygheed above
the cadmium melting temperature(¥ 321 °C), these Cd particles have a spherical
symmetry. Following the injection, the temperature dropped to arounéG32énd then
slowly recovered to 330 °C. The solution was kept at a temperatwedne820 °C and
330 °C for around 30s, and was then rapidly decreased to quench the spkeritetry

of the liquid drops.

To sulfidize the colloidal Cd crystals, a 30% sulfur solution wapgreal inside
the glovebox by dissolving 0.4 g of elemental sulfur (99.998%, Aldiici)0 mL of
anhydrous 1 &lichlorobenzene (99%, Aldrich). Dissolution was carried out using a
heated ultrasound sonicator, while keeping the sample closedfiaeatonditions inside
a vial accessible through a septum. The sulfur solution has @udawk color. Between
0.5 mL and 6.7 mL of this solution were injected through a septumhatbdt solution
containing the Cd crystals. The reaction temperature was setdyre200°C and 300°C.
After injection, the temperature drops a certain amount, dependintpeoinjected
volume, but is quickly raised as part of the injected dichlorobenzeramisved by
evaporation. The sulfidation requires anywhere from a few minatheeurs, and can be
gualitatively monitored from the solution’s change in color from grey to orange.
Characterization. The crystal structure of the samples was characterized pswder
X-ray diffraction. XRD analyses were obtained on a Bruker AXS diffraeter using Co

Ka radiation (1.79026 A) and a general area detector. The instrunsahtien was

16



0.05° in B, and the acquisition time for each sample was around 1 hour. XiRplesa
were prepared in air by depositing the precipitated partartea quartz substrate. XRD
was also used to quantitatively follow the sulfidation process. 0.3 liguots were
removed through the septum at successive times after the isygfttron. These aliquots
were immediately dissolved in chloroform at room temperature dedned by
centrifugation to remove excess sulfur in solution. The dried samy#es immediately
characterized by means of XRD and TEM. For the purpose of aitgtigatanalysis of
the cadmium to cadmium sulfide conversion, we integrated the XRiaalibn patterns
obtained from the analysis of the successive aliquots. We comparedea of the CdS
(100), (002) and (101) diffraction peaks with that of the (101) Cd peak. A sampl
containing a 50% of as-synthesized Cd particles and a 50% oftdaltyed CdS hollow
particles was used as a reference to determine the raktie gfray diffraction factors for
the mentioned lattice interspacings of Cd and CdS. This ratio (0.2&5)used to
guantitatively follow the Cd to CdS conversion from the integratedasare
[CAS]/([CA]+[CdS]) = Acad (0.275- AsatAcds)

TEM micrographs were obtained using a TecnaiSS'win electron microscope (200
kV). TEM samples were prepared by placing a drop of the collsmlation containing
the nanoparticles onto a carbon-coated copper grid at room tempeaatu@mbient
atmosphere. Only the grid containing the initial cadmium nanopar{iElgs 1A) was
prepared and mounted in the TEM holder under an argon atmosphere. This sas\pl
quickly transferred into the TEM, reducing its air exposure twradt 20 s. Thén situ
TEM analysis was conducted using a JEOL 3010 equipped with a heatipdesholder.
Samples were deposited on silicon nitride membranes and heatedltrazhigh vacuum
inside the TEM.
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Sulfidation of Cadmium at the Nanoscale
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Solid cadmium particles were synthesized by the decomposition ethdilfbadmium in
trioctylphosphine oxide (TOPO) at 330°C under air-free conditions. Thetings Cd

nanoparticles are monocrystalline, as deduced from the electractiifh and dark field
TEM micrographs shown in Fig. S.1. 1.

Fig. S.I. 1 Bright (A) and dark (B) field TEM micrograph of the precursadmium
particles. The electron diffraction pattern of the group of pastistown on A is shown
as an inset on the bottom-right corner of the micrograph. Thk field TEM
micrographs shown in B is obtained by selecting just one of thadtifin spots on the
electron diffraction pattern.
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Our studies reveal important differences in the morphologies of surface sdpguite

liquid phase metal-void structures and underline the need to consider the effect of the
support in comparisons between colloidal and supported particles. When the Cd particles
are supported on SiN membranes and are submerged into a solution containing sulfur, the
intermediate Cd cores stay close to the middle of the particle, appeathgfaceted

with mostly hexagonal geometries (Fig. S.1. 2). Under these conditions, the abserve
kinetics are very similar to the reaction of free particles in solution. Hoywne

substrate plays an important role in determining the most thermodynanrsicdilg

structure.

m— (00 NM

Fig. S.I. 2 TEM micrographs of partially reacted Cd/CdS particles whilpported on a
silicon nitride grid.
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When reacting Cd particles with trioctylphosphine telluride (T®Rthe resulting CdTe
has a higher porosity than the CdS. At the same time the cgyataldomains partially
arrange in a columnar structure, offering fast paths for iongiifh. In such a shell, the
Cd diffusion is very fast. This high diffusivity, in combination wittethigh Cd-TOPTe
reactivity, results in a very large shell growth rate. Simib the sulfidation of Cd, the
CdTe reaction also involves a net outward flow of material tepth the formation of
core-void-shell structures. However, in contrast to the Cd/Cd8, casne Cd/CdTe
heterostructures contain approximately spherical Cd cores edtstion at high
temperatures (~ 300°C, Fig. S.I. 3). This observation points towasidsilar time scale
for Cd/vacancy self-diffusion inside the particle and across tieGhell. The very fast
growth of the CdTe shell pulls out €dand injects vacancies at a very fast rate, resulting
in a kinetic control of the core shape.

500 nm

Fig. S.I. 3TEM micrographs at different tilting angles of Cd/CdTe heterostructures
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assumes any legal responsibility for the accuracy, compksene usefulness of any
information, apparatus, product, or process disclosed, or represents tis&t would not
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process, or service by its trade name, trademark, manufacturetheswise, does not
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the University of California.

25



	Andreu Cabot,1 Rachel K. Smith,1 Yadong Yin,2 Haimei Zheng,1 Björn M. Reinhard,3 Haitao Liu,4 and A. Paul Alivisatos1,4*
	TM (°C)a
	E (eV)
	T (°C)b
	In


	Diffusing Element

	Present work



