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ABSTRACT: While galvanic exchange is commonly applied
to metallic nanoparticles, recently its applicability was
expanded to metal-oxides. Here the galvanic exchange is
studied in metal/metal-oxide core/shell nanocrystals. In
particular Sn/SnO, is treated by Ag’, Pt**, Pt*, and Pd*".
The conversion dynamics is monitored by in situ synchrotron
X-ray diffraction. The Ag* treatment converts the Sn cores to
the intermetallic Ag,Sn (x ~ 4) phase, by changing the core’s
crystal structure. For the analogous treatment by Pt**, Pt*,
and Pd*, such a galvanic exchange is not observed. This
different behavior is caused by the semipermeability of the
naturally formed SnO, shell, which allows diffusion of Ag* but
protects the nanocrystal cores from oxidation by Pt and Pd
ions.

B INTRODUCTION

Galvanic replacement'™'* and cation exchange reactions'
similar to it represent simple and versatile tools to achieve
nanoarchitectures and compositions of colloidal nanocrystals
not readily accomplished by other methods.>**~*" Galvanic
replacement has been applied to metal nanoparticles'™>*>~>
and recently also to metal-oxide nanocrystals.'” The former
attracted a lot of attention due to their high potential for
biomedical* as well as for surface enhanced Raman scattering
applications,” whereas the latter have been demonstrated to
exhibit good performance as anode materials for lithium ion
batteries.'’ Since only certain intermetallic compounds can be
produced by direct synthesis, often exploiting nonequilibrium
processes,”* ' the post growth treatment is an elegant
alternative to produce intermetallic compound nanostructures,
whose morphology can be tuned.”**~*’

Here the galvanic replacement method is expanded to metal/
metal-oxide core/shell nanocrystals. Metal/metal-oxide nano-
crystals based on Sn, Al, Fe, Ni, or Cu and covered by the
corresponding oxide shells are synthesized for various
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applications, including plasmonics, photocatalysis, and electro-
chemical production of hydrogen, as well as magnetic targeting,
magnetic resonance imaging, and near-infrared photothermal
therapy.”” > In this study we focus our interest on Sn-based
nanocrystals and their alloys, which are promising materials in
lithium ion batteries.”” ™ In particular, spherical Sn/SnO,
nanocrystals are exposed either to (i) Ag®, (i) Pt**, (iii) Pt*,
or (iv) Pd*" ions to study the formation of intermetallic alloys,
and the influence of the oxide shell on the galvanic replacement
reaction. Rather surprising results are obtained: For i, only the
core material is heavily affected by the galvanic exchange,
whereas the shell is almost fully retained. In cases ii—iv, no
indications for any galvanic exchange reactions are observed.
Condition i is further a special case because of the following:
(a) The nanocrystal shape is preserved, which is commonly
only the case in cation exchange reactions due to anion
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framework conservation,'” whereas galvanic exchange usually
results in hollow morphologies.”™" (b) The galvanic exchange
is performed in organic solvents, whereas in literature it is done
predominantly in aqueous solutions. (c) The galvanic exchange
results in a change of the core’s crystal structure and forms an
intermetallic Ag,Sn phase with x ~ 4. The latter enables the in
situ monitoring of the exchange reaction by synchrotron X-ray
diffraction (XRD), revealing the exchange dynamics taking
place on the time scale of a couple of minutes. The absence of
galvanic exchange in the cases ii—iv is explained by the key role
of the oxide shell, which we identify to prohibit the Pt and Pd
ions from passing. Qualitatively the same result is obtained
when performing equivalent reactions with Sn shots in water.
The natural oxide formed on the surface of the Sn shots
prevents the exchange reaction in all of these conditions, except
the Ag" case. Removing the oxide shell in an acidic solution,
however, enables the galvanic exchange in all cases.

Sn nanocrystals have been converted to intermetallic M—Sn
nanocrystals before, by solution-based “conversion chemistry”,
due to their relevance as catalysts or their antiferromagnetic
properties.24 In these cases, for instance, Fe, Ni, and Co were
used as M. Galvanic exchange, however, was ruled out to be the
reason for the observed conversion of the Sn to intermetallic
nanocrystals. Instead it was attributed rather to a diffusion-
based process, which was obtained by treating Sn template
nanocrystals with appropriate metal salts under highly reducing
conditions.”* In contrast to this previous conversion chemistry
with Sn nanocrystals, in this work no reducing agents are
added, and much lower reaction temperatures are applied.
Furthermore, instead of transition metals, noble metals are
applied for the conversion, having higher reduction potentials
of the redox couples. This makes galvanic exchange reactions
more favorable, and as a result, the chemical conversion of the
Sn nanocrystals is obtained on time scales which are much
shorter than those applied in the previous conversion processes
obtained by reduction of metal salts and subsequent diffusion.

B EXPERIMENTAL SECTION

Nanocrystal Synthesis. For the synthesis of Sn nanocryst-
als, we have adopted our previous synthesis of highly
monodisperse and size controlled InSn nanocrystals,** simply
by omitting the precursor for In and by optimizing the growth
temperature. In a typical experiment, 20 g of oleylamine was
loaded into a three neck flask and heated under vacuum for
drying and purification (20 min@125 °C). Subsequently, the
reaction flask was vented with argon, and the temperature was
increased to 170 °C. Meanwhile, two solutions were loaded
into syringes inside a glovebox. The first solution contained
anhydrous octadecene (3 mL), 0.1 mL of bis[bis-
(trimethylsilyl)amino Jtin(IT), also called Sn-hexamethyldisila-
zide (Sn-HMDS), and 0434 g of Li-HMDS, whereas the
second solution was a mixture of 0.5 mL of 1.0 M Li[Et;BH] in
tetrahydrofuran together with 0.6 mL of oleylamine. Solution
number 1 was rapidly injected to the hot oleylamine in the
reactor-flask. After the temperature was stabilized at 165 °C,
also the second solution was injected into the reaction mixture.
As is described in ref 40, the important role of the Li-HMDS in
this synthesis is to deprotonate the oleylamine. The resulting
Li-oleylamide can form together with the Sn-HMDS Sn-
oleylamide complexes, or Sn-HMDS can react directly with
oleylamine generating Sn-oleylamide, which is the actual
precursor for the final reduction step. The nucleation and
growth of the Sn nanocrystals is therefore analogous to the

mechanism described in detail in ref 46. The reaction steps are
illustrated in Figure S1 in the Supporting Information. During
the second injection, the color of the solution rapidly changed
from bright yellow-orange to dark-brown, indicating the
formation of tin nanocrystals. After 10 s of reaction at 165
°C, the growth was interrupted by cooling of the flask by a cold
water bath. To the crude solution of nanocrystals, 10 mL of
toluene and 40 mL ethanol were added, and the mixture was
centrifuged at 6000 rpm for 5 min. After the supernatant was
removed, all precipitates were dispersed in 7 mL of toluene and
0.5 mL of oleic acid were added. Adding oleic acid is crucial to
maintain complete coverage by the ligand molecules and
therefore maintain the colloidal stability. A 25 mL portion of
ethanol was added again to the solution, and a further
centrifugation and redispersion in toluene was performed. The
washing cycles were repeated three times. Finally, the
nanocrystals were dispersed in toluene without additional
oleic acid, to obtain a clear, black colloidal solution. During the
washing procedure the nanocrystals are in contact with air, and
a natural oxide is formed resulting in Sn/SnO, core—shell
nanocrystals.*’

Galvanic Exchange. Toward Silver Nanocrystals. A 0.12 g
portion of silver trifluoroacetate (TFA) was added in a three
neck flask to 20 mL of oleylamine. The reaction mixture was
evacuated and under vigorous stirring heated for 20 min to 90
°C. After venting the flask by argon, 20 mg of tin nanocrystals
in 2 mL of chloroform was injected. The solution was kept for
certain treatment times f, (specified in the text and when
referring to specific samples) at the reaction temperature and
afterward cooled with a cold water bath. Immediately after
cooling, the crude solution was diluted 4 times by ethanol and
centrifuged for 5 min at 6000 rpm. To avoid any remaining
precursors, which could influence the elemental analysis, S—7
washing cycles were applied. Figure la sketches the exchange
reaction indicating the exchange of Sn atoms by Ag.

Treatments by Platinum and Palladium. The galvanic
exchange reactions for each type of Pt or Pd salt were
attempted in analogy to that of Ag, by replacing the 0.12 g of
silver trifluoroacetate with 0.132 g of platinum acetylacetonate,
0.12 g of PtCl,, 0.135 g of PtCl,, or 0.072 g of PdCl,.

In Situ Exchange During X-ray Diffraction. For the in situ
experiments the reaction solutions were filled into Kapton
capillaries with 1 mm diameter. First, Sn nanocrystals solved in
hexadecylamine (HDA), kept at a temperature slightly above its
melting point of ~45—50 °C, were introduced into the
capillaries to half-fill them. In a second step, after the Sn
nanocrystal solution was frozen, the capillaries were topped up
by silver trifluoroacetate which was also dissolved in HDA. The
nanocrystal-HDA solution was prepared by adding 1 g of
HDA to a 1.5 mL chloroform solution of tin nanocrystals
(concentration of 30 mg/mL). The chloroform was then
evaporated at 45 °C under vigorous stirring. The silver
precursor mixture was prepared by dissolving 0.5 g of silver
trifluoroacetate in 2 g of HDA at 50 °C.

Galvanic Exchange in Water. Additional galvanic
exchange reactions with bulk Sn shots were attempted in
aqueous environments. We used neutral and acidic water
solutions for the salt types also used during the treatment of the
nanocrystals. For this purpose, neutral water solutions were
prepared by dissolution in 1 mL of deionized water: 0.0532 g
PtCl, and 0.035 g NaCl; or 0.0674 g PtCl, and 0.035 g NaCl;
or 0.0354 g PdCl, and 0.035 g NaCl; or 0.0442 g Ag-TFA. The
acidic solutions were prepared in analogy to the neutral ones by
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Figure 1. (a) Schematic of the galvanic exchange reaction through the
oxide shell of the Sn/SnO, core—shell nanocrystals. (b) Transmission
electron microscopy images of the spherical particles after the
synthesis and after the exchange reaction (15 min at 100 °C). (c)
High angle annular dark field STEM image of the core/shell
nanocrystals. (d) X-ray diffraction patterns from Sn nanocrystals
after synthesis and Ag—Sn nanocrystals after galvanic exchange
reaction with silver for 33 min at 90 °C. Shown are the experimental
data (blue and red line) together with Rietveld refinements (black
line). The patterns show the change of the crystal structure from the -
Sn (I4,/amd(141), a = 5.837 A and ¢ = 3.187 A) to the Ag,Sn (P6,/
mmc(194), a = 2973 A and ¢ = 4.785 A) structure upon the reaction.
Bragg peak positions of the respective structures are shown as vertical
lines.

further adding 0.035 mL of 68% nitric acid, which results in 3%
acid concentration. The millimeter sized pure Sn shots (99.9%)
were loaded into each solution for 5 min in the case of Ag-TFA
and PtCl, solutions, and for 20 min for PtCl, and PdCl,
solutions.

X-ray Diffraction. Synchrotron X-ray powder diffraction
measurements were performed at the powder diffraction
beamline P02.1 at PETRA III/DESY Hamburg with 60 keV
X-ray energy.*® For the in situ experiments, a thermocouple
mounted close to the sample was used to monitor its
temperature while it was heated by a gas stream. Figure S2
shows a photograph of the diffraction setup. Data collection
was done in transmission geometry with a PerkinElmer
XRD1621 (400 X 400 mm?) two-dimensional detector at a
distance of 1000 mm. For the data analysis, 1D diffraction
patterns were obtained from those detector images (see Figure
S3) by angular integration performed by xrayutilities.”” The
obtained intensities are plotted versus the momentum transfer
Q defined as (47/4) sin(26/2) with the angle 26 measured
between the scattered and primary beam. The galvanic
exchange reaction was monitored by continuously taking 2D
powder diffraction patterns, which in 1 s second exposition
allows the collection of all necessary data. Rietveld refinement
of the powder patterns was done with the analysis software
MAUD.*

Energy-Dispersive X-ray Spectroscopy and Trans-
mission Electron Microscopy Investigations. Chemical
analysis and transmission electron microscopy (TEM) images
were performed in a FEI TITAN® 80—300 electron microscope
at 300 kV equipped with a Cg-image-corrector. The energy-
dispersive X-ray spectroscopy (EDXS) line-profiles were
recorded drift corrected in scanning mode (STEM) with the
FEI TIA software using a 30 mm® EDAX detector. The
recorded spectra were noise filtered by principal component
analysis.”">* The profiles were analyzed by the TIA software
using the standardless k-factor method to quantify the O, Ag,
Sn, and also the C content. Background correction was carried
out semimanually, and automatic peak-fitting of the TIA
software was used. The O-profile was adjusted by subtracting
the constant O-content, which was determined from the C/O-
ratio measured in the vicinity of the nanocrystal. Average shell
contributions were subtracted weighted for the inner parts of
the nanocrystal to separate the shell and the core contributions
as described in the Supporting Information. The high
resolution images were recorded Cg-corrected in the TEM
mode.

B RESULTS AND DISCUSSION

The synthesized Sn/SnO, core/shell nanocrystals were
inspected by TEM which provides a mean size of the
spherically shaped nanocrystals of 13 nm, and provide evidence
for their core/shell structure (Figure 1b,c). By synchrotron X-
ray diffraction (XRD), in contrast, only peaks corresponding to
the Sn cores are recorded, while no signals from any oxide
shells are observed (Figure 1d). The XRD pattern corresponds
to that of metallic f-Sn with lattice parameters, in agreement
with the values in bulk.>*** The Rietveld refinements also
provide the average crystallite size of the metallic Sn-core of 12
nm, which is in agreement with the TEM data.

The driving force for a galvanic replacement reaction comes
from the difference in reduction potentials of the two involved
metals.” For the exchange the reducing potential of the metal to
be deposited has to be higher than the one which is corroded.
Therefore, under standard conditions Sn (reduction potential
—0.13 V in respect to a standard hydrogen electrode) should
for example be replaced by Ag (reduction potential 0.8 V) and
even more efficiently by Pt (reduction potential 1.18 V). The
as-synthesized Sn nanocrystals are, however, not soluble in
aqueous solutions due to their hydrophobic ligand shell, so that
the galvanic exchange has to be performed under nonstandard
conditions, for which predictions based on reduction potentials
under standard conditions are not applicable. In our first series
of experiments, the galvanic exchange was performed by
injecting a chloroform solution of Sn nanocrystals into a heated
solution (Ag-TFA) solved in oleylamine. Aliquots were taken
for various treatment times ¢, and the galvanic exchange was
stopped by cooling the solution to room temperature. The
galvanic exchange process hardly changed the size and shape of
the nanocrystals, even for t, > 1 h (Figure 1b), but completely
changed their crystal structure and chemical compositions. The
XRD pattern taken after the treatment (Figure 1d) is obviously
totally different than before the treatment. There are not any
Bragg peaks remaining from the initial Sn diffraction pattern,
and also no peaks indicating the presence of pure Ag are
detected. The diffraction peaks could be indexed by a hexagonal
structure of a silver rich intermetallic AgSn, with lattice
parameters a = 2.973 A, ¢ = 4.785 A. If this new phase is either
the (-phase (Ag,Sn crystal structure with space group P6,/
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mmc(194)°>>°) or the e-phase (AgySn with orthorhombic unit
cell“), which is commonly used as a lead free solder,”” cannot
be exactly determined within the accuracy of the XRD data.
While the e-phase has a distinct composition with Sn content of
24-25 at. %, the (-phase exists within the range of
compositions between 12% and 22%, and both phases coexist
in a certain range of compositions. Due to the similarity of
these two crystal structures and the observed line broadening
resulting from the finite size of the nanocrystals, the
measurements could be equally well-indexed by the hexagonal
{-phase and the orthorhombic unit cell of the e-phase.
However, the Sn to Ag conversion, performed for nanorods
by interdiffusion, evidenced also the appearance of the Ag,Sn/{
phase.”® The galvanic exchange reaction for the full nanocryst-
als can therefore be expressed as Sny, + xyAg" — (Angn)y +
2ySn”*, where y is a variable expressing the total amount of the
Sn atoms in the nanocrystals. Using this equation and the 37%
smaller van der Waals volume of Ag as compared to Sn, one can
estimate the expected size change of the nanocrystals. For x in
the range between 3 and 4 one expects that the nanocrystal size
stays almost unchanged, in agreement with the observations in
Figure 1b and the corresponding size histograms in Figure S4.
The observed intermetallic Ag,Sn phase is stable against
oxidation and does not undergo any changes at longer
treatment times # or at higher temperature (up to 150 °C,
Figure S5). Note that the long time stability of the nanocrystal
solutions is significantly improved after the galvanic exchange
process. While untreated nanocrystal colloidal solutions stored
under ambient conditions changed their color to transparent
white and precipitated after six months, treated nanocrystals
solutions show no degradation under the same storage
conditions.

Recently, it was concluded from in situ monitoring the cation
exchange reaction between CdSe and Cu,Se that the Cd to Cu
exchange process is not diffusion limited, as might be intuitively
expected, but it is rather a co-operative process.sg’éo Any initial
Cu* doping of a CdSe nanocrystal enhances the likelihood for
further Cu* doping. This cooperativity caused the CdSe exciton
luminescence to quench on a 100 ms time range, after a certain
waiting time of several seconds, which was required to initiate
the cation exchange. Since the galvanic exchange in the present
metallic nanocrystals does not affect any easily accessible optical
properties, here in situ synchrotron X-ray diffraction experi-
ments were performed to study the dynamics of the exchange
reaction. For this purpose the galvanic replacement was
performed within small Kapton capillaries by placing the X-
ray beam close to the interface between two interdiffusing
liquids. One contains the nanocrystals, and the other one
contains the Ag-TFA, the starting material for the galvanic
exchange. Hexadecylamine is used as solvent for both, which is
solid at room temperature (melting point 44 °C), so that the
galvanic exchange reaction was started simply by heating,
performed by a nitrogen stream with controlled temperature.
For a sample temperature of 60 °C, the evolution of the
nanocrystal Bragg peaks is shown in Figure 2a. As long as the
nanocrystals and the Ag-TFA are immobilized in the frozen
hexadecylamine, the Bragg peaks correspond to pure $-Sn. As
soon as the two initially separate starting solutions melt and
interdiffuse, the intensity of the peaks corresponding to the Sn
phase decrease, and at the same time the reflections of the Ag—
Sn intermetallic phase arise. Since the area under the Bragg
peaks corresponds to the scattering volume and the peak width
is related to the size of crystalline domains (see also the
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Figure 2. (a) X-ray diffraction patterns of Sn and Ag—Sn nanocrystals
recorded in situ during the galvanic exchange reaction. Shown is a
subset of Bragg peaks, which visualize the transition from the Sn phase
to the Ag—Sn compound phase. (b) Scattering volume and
nanocrystal size of the Sn and Ag—Sn phase during the galvanic
exchange reaction extracted from the X-ray diffraction patterns. The
time evolution of the scattering volume can be fit by exponential
decay, and increase functions are plotted as solid black lines. The time
evolution of the crystallite size of the Ag—Sn phase is described by an
exponential growth together with ripening. These two contributions
are shown as separate green and yellow lines, respectively. The
reaction proceeds in different phases which are illustrated.

discussion in the Supporting Information), from the diffraction
data the growth dynamics of the intermetallic Ag—Sn phase can
be followed (Figure 2b).

In bulk material the transformation of one phase into another
one at constant temperature and as a function of time is
described by the JMAK (Johnson—Mehl—Avrami—Kolmogor-
ov) equation.’’ It proposes an exponential decrease of the
amount V of the initial phase, in our case the Sn, and a
corresponding increase of the new phase by time ¢, following
V(t) = l—exp(—t/7)". Indeed, the time evolution of the
scattering volumes of both the Sn and the AgSn phases
provides consistently the same time constant 7 of ~10 min for a
reaction temperature of 60 °C. An Avrami exponent close to n
= 1 is found to best describe our data, and we therefore fixed
the value during the fitting. While the evolution of the
scattering volume is well-described by this single time constant
over the whole time span of the experiment, the evolution of
particle size is more complex. Only within the first few minutes
does the reaction fit well to the JMAK-type of equation (green
line in Figure 2b), however, with a distinct time constant 7 ~ 3
min representing the nucleation and initial growth of the Ag—
Sn phase. In contrast, at longer treatment times a different
expression provides favorable agreement with the experimental
data, namely, (Kt + S3)'/3, derived within the Lifshitz—
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Slyozov—Wagner theory””™** to describe Ostwald ripening

(yellow line in Figure 2b). More details about the fitting
procedure can be found in the Supporting Information.

Thus, in total, the phase transformation during galvanic
exchange from Sn to Ag,Sn can be roughly divided into three
stages, within which either nucleation, growth, or ripening
(Figure 2b) is the dominant process. The time scale on which
the whole transformation takes place is also important, and is
significantly longer than that observed for the cooperative
cation exchange in Cd-chalcogenide nanocrystals.” A reason
for this might be that in the present case also the diffusion of
precursors within the liquid medium and of the Ag® ions
through the protecting oxide shell of the Sn nanocrystals
significantly contributes to the dynamics of the observed
galvanic exchange process.

Besides the appearance of new crystallographic phases during
cation exchange, it is also important to prove the chemical
composition within the core/shell nanocrystals. For that
purpose, EDXS in a scanning TEM was performed. The
EDXS sum-spectrum shown in Figure 3a was calculated from
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Figure 3. (a) Summed EDXS spectra of a Ag—Sn core/shell
nanocrystal after the exchange reaction. Indicated red, blue, and
green lines are the characteristic X-ray lines of Ag, Sn, and O. (b)
HAADF STEM image of the investigated nanocrystals. A dashed line
shows the position of the taken EDXS line scan. (c) Atomic
concentrations extracted from the EDXS line scan of the nanocrystal
shown in panel b. In the core region (between the dashed lines) the
contribution from the shell was subtracted as described in the text.
Two representative error bars for the Ag and Sn concentrations define
the 20-confidence levels of the analyzed peaks.

the line-profile along the dashed line in Figure 3b. The sum-
spectrum clearly provides evidence of the presence of both Ag
and Sn in the nanocrystal after galvanic exchange, as well as
traces of O, Cu, and Si. The Cu is ascribed to the sample
support whereas the Si is an indication for the presence of
residuals of HMDS. The high angle annular dark-field
(HAADF) STEM image of the investigated nanocrystal (Figure
3b) unambiguously shows the core/shell structure with a core
diameter of 19 nm and a shell thickness of 3 nm. The chemical
composition profile of Figure 3¢ was calculated by using the
Ag-L, Sn-L, and O-K peaks of the EDXS line-profile indicated
in Figure 3b. Within the shell concentration gradients of all
three elements are found. While at the surface the shell is
oxygen rich and free of Ag, the Ag concentration increases to
more than 20% at the core/shell interface. The Sn
concentration increases within the shell from 22%, measured
at the shell surface up to 32% at the interface to the core. To

determine the core’s composition (from —9 to +9 nm,
indicated by dashed lines in Figure 3c), the EDXS line scan
was corrected by subtracting the shell signal proportionately to
the shell/core electron path fraction. As a result the core
composition is found to be homogeneous and to consist of 68%
Ag and 32% Sn, with an estimated uncertainty of 5%. In a
second, somewhat smaller, analyzed nanocrystal from the same
batch, a different core composition of 81% Ag and 19% Sn was
detected (Figure S7). Thus, as from the XRD data, the Ag to Sn
ratio could correspond to either Ag,Sn/{ or Ag;Sn/e
intermetallic phases. The most important insight from this
analysis is, however, that the Ag concentration obviously
increases within the SnO, shell. From the nanocrystal surface
toward the core, the Ag signal rises from 0% to more than 60%,
even though during the galvanic exchange treatment the Ag*
ions have to penetrate through the SnO, shell. This observation
indicates the decisive role of the oxide shell in the galvanic
exchange process.

While the XRD data and the elemental analysis confirm
undoubtedly the galvanic exchange from Sn toward an Ag—Sn
intermetallic phase, this exchange is also in reasonable
agreement with predictions based on Pearson’s hard and soft
acids and bases (HSAB) theory. This theory is frequently
applied to systems for which parameters like chemical activity
or reduction potential are not determined, and it provides
empirical principles® ™" (Figure S8 and Table S1) to propose
basic interactions between solvent and solute or between ions
and ligands. Since Sn>* and the used solvent oleylamine in the
term of HSAB represent a hard acid—base couple, these
compounds tend to bind strongly, and to form ionic complexes,
resulting in good solvation of Sn** by oleylamine. In contrast,
Ag" is a soft acid, which has weak interactions with the hard
base solvent and therefore tends to phase separate, for example
by precipitation on the surface of the nanocrystals.”~®" The
same arguments can be applied to the soft acid Pt** and Pd*,
which according to HSAB argumentation would even more
likely perform the galvanic exchange in oleylamine to Sn
(Figure S8). The galvanic exchange treatment attempted with
Pt-acetylacetonate instead of the Ag precursor, however, did
not result in any change of the nanocrystal composition at all.
This is proven by the EDXS data in Figure S9 taken before and
after the Pt** treatment which are almost identical and do not
show any Pt related signals. Also, making use of more reactive
PtCl,, PtCl,, and PdCl, did not result in any exchange reactions
as seen in Figure S6 where the X-ray diffraction signal after the
treatment still shows a diffraction signal of only B-Sn. This
behavior apparently is due to a different effect not explained by
the HSAB theory, resulting from the nanocrystal’s oxide shell.

It should be noted that oxidation of Sn by Ag® ions, as it
takes place during the galvanic exchange reaction (Sn” + 2Ag*
— Sn** + 2Ag"), will not affect the SnO, shell significantly,
because there the Sn is already in the fully oxidized 4+ state.
Ag" ions only diffuse through the shell toward the metallic Sn
core, where the galvanic exchange will take place. A closer
analysis of the shell structure was performed by high resolution
TEM imaging, by using an aberration-corrected transmission
electron microscope. The images in Figure 4 reveal the
monocrystalline nature of the nanocrystal cores, which are
covered by either an amorphous or a polycrystalline shell. In
both types of shells, the diffusivity is much higher as compared
to that in monocrystalline materials, because it is either
mediated by dangling bonds,”® or facilitated by pipe diffusion.””
The Ag', Pt*, and Pd** ions are too large to allow sufficient
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Figure 4. High resolution transmission electron microscope images of
a Sn/SnO, core/shell nanocrystal with (a) amorphous and (b)
polycrystalline shell. In both cases the core is single crystalline.

diffusion via interstitials, even in the lower density of the
amorphous shell. The most probable material transport through
the shell is therefore given by diffusive jumps occurring via an
exchange of positions with an adjacent vacancy.”” This diffusion
of cationic Frenkel pairs’® can account for both the transport of
Sn** from the nanocrystal core toward its surface as well as for
the diffusion of Ag® from the surface toward the core. In both
cases, the diffusion is also related to the formation and diffusion
of dangling bonds, since the Sn*" cations in the SnO, crystal
structure have higher coordination than Sn** and Ag® in SnO
and Ag,0, respectively. Such a diffusion pathway is at the given
process temperature, however, inhibited for Pt and Pd ions, due
to their inert properties in respect to oxygen binding. Thus, the
amorphous SnO, shell is semipermeable, and protects the
nanocrystal cores from galvanic exchange, depending on the
oxidative properties of the exchanging cations.

To confirm the key role of the oxide shell we have performed
reference experiments with millimeter sized Sn shots in water.
Also on these Sn shots a naturally formed oxide exists, which
according to our arguments above should prevent the galvanic
exchange in the Pt and Pd case. Figure 5 shows the

PtCl, | Ptcl,

PdCl, |Ag-TFA
Neutral v |d

water v gl ‘ g
3% ;
o, | @ (D
Figure 5. Photographs of Sn shots after treatment with PtCl,, PtCl,,

PdCl,, and Ag-TFA salts. The two lines of images show the result of
the treatment in neutral water and in 3% nitric acid, respectively.

corresponding photographs of the Sn shots after the respective
treatment. While the silvery-white color of Sn is preserved after
treatments with PtCl,, PtCl,, and PdCl, in neutral water, the
color is visually changed after treatment with Ag-TFA. The
picture is radically changing when instead of the water 3% nitric
acid is used which removes the oxide shell and treatment with
all used salts results in a strong color change. We chose nitric
acid instead of hydrochloric to avoid formation of hydrogen gas
during the reaction with metallic tin, which otherwise would
reduce noble metal salts to metals. The interpretation based on
the visual appearance is supported by EDXS analysis shown in
Figures S10—12, which for treatment with PtCl,, PtCl,, and
PdCl, a change of the chemical composition is detected only
after treatment in acidic solution. On the other hand the
equivalent EDXS analysis after treatment with Ag-TFA (Figure
S13) detects incorporation of Ag also for the treatment in

neutral water, supporting the interpretation of our nanocrystal
experiments.

The galvanic exchange is driven by differences in reduction
potentials, which depend on the precursors types, their
concentrations, the environment, and chemical activities, and
is empirically described by the HSAB theory. The fact that the
conversion from Sn toward Ag in the nanocrystals stopped as
soon as the intermetallic Ag,Sn phase is reached indicates that
the difference of reduction potential between Sn and Ag is not
beneficial in this configuration. This might be caused by
changes of the Sn and Ag reduction potentials due to their
altered environment within the Ag,Sn phase, where the Sn ions
are highly, 12-times, coordinated (Figure S14). Furthermore, it
is worth considering that galvanic exchange often results in the
formation of hollow structures, since the location of reduction
of the exchanging ions is usually not the same as the location of
the oxidation of the sacrificing ions. The nanocrystals” growth
and dissolution on different locations change their morphol-
ogy.’ In the present case, however, the sites of reduction and
oxidation on the nanocrystal core material are restricted by
cation diffusion channels through the oxide shell. This makes a
one to one replacement of ions at the same site much more
probable, which does then not result in any morphology
transformation.

H CONCLUSION

The galvanic exchange method was applied to metallic
nanocrystals covered by a protective metal-oxide shell, which
affects the exchange in several aspects. In particular, Sn/SnO,
nanocrystals were treated by Ag*, Pt**, Pt*, and Pd*" ions in
organic colloidal solutions, providing completely different
results. In the first case, the core composition is changed
during galvanic exchange from pure Sn toward an intermetallic
Ag—Sn phase, whereas the shell composition is hardly changed.
The galvanic exchange, converting the core composition on
time scales of several minutes, requires vacancy assisted
diffusion of Ag"* through the oxide shell. The latter is apparently
inhibited for Pt and Pd ions, and thus, the core composition
remains unaffected by the treatment. Similar experiments
performed for bulk Sn shots confirm our results on the
nanocrystals and also identify the key role of the oxide shell.
This shows that the semipermeability of the metal-oxide shell in
respect to the diffusion of metals ions has to be taken into
account when galvanic exchange treatments are performed.
This is not only relevant for Sn nanocrystals, but also for a
series of base metals, forming natural oxide shells (such as Al,
Fe, Ni, or Cu) and can open the way to novel alloyed core/shell
combinations fabricated via galvanic exchange, with optimized
properties for a wide range of applications spanning from nano-
optics and magnetics to hydrogen evolution.
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