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ABSTRACT: The synthesis and characterization of Sn
nanoparticles in organic solvents using sixth-generation
dendrimers modified on their periphery with hydrophobic
groups as stabilizers are reported. Sn2+:dendrimer ratios of 147
and 225 were employed for the synthesis, corresponding to
formation of Sn147 and Sn225 dendrimer-stabilized nano-
particles (DSNs). Transmission electron microscopy analysis
indicated the presence of ultrasmall Sn nanoparticles having an
average size of 3.0−5.0 nm. X-ray absorption spectroscopy
suggested the presence of Sn nanoparticles with only partially oxidized surfaces. Cyclic voltammetry studies of the Sn DSNs for
Li alloying/dealloying reactions demonstrated good reversibility. Control experiments carried out in the absence of DSNs clearly
indicated that these ultrasmall Sn DSNs react directly with Li to form SnLi alloys.

■ INTRODUCTION
Here, we report on a new method for synthesizing stable,
ultrasmall (3−5 nm) Sn nanoparticles using poly(amidoamine)
dendrimers modified on their periphery with hydrophobic
groups. The resulting Sn nanoparticles were examined for their
ability to undergo reversible electrochemical Li alloying and
dealloying processes. There are a number of good reasons for
examining the size dependence of lithium alloying and
dealloying reactions for energy storage. For example, smaller
particles exhibit less volume expansion during Li alloying
reactions,1 more facile Li+ transport,2,3 and diminished stress−
strain relaxation properties.1,4 In addition, ultrasmall, well-
defined nanomaterials can serve as models for direct
comparison with first-principles theory. Accordingly, we used
a well-established dendrimer-based synthesis method to
prepare Sn nanoparticles and then evaluated their properties
using electrochemical methods, electron microscopy, X-ray
photoelectron spectroscopy (XPS), and X-ray absorption
spectroscopy (XAS).
Over the past few years, significant research interest has been

directed toward finding a replacement for the graphite anodes
commonly used in Li batteries.5,6 Desirable characteristics of
these replacement materials would include better stability,
higher capacity, and faster charge/discharge cycling. Some of
the most promising candidates are Sn,7−9 SnOx,

10,11 Si,12,13

Ge,14−16 and TiO2.
17−19 Of these, Si and Sn are particularly

promising because of their high theoretical capacity (4200 and
993 mAhg−1, respectively)2,6,20 and high degree of Li
intercalation (LixSn, where 0 < x < 4.4).1,21 However, these
benefits are offset by the very large volume expansion that these
materials undergo during Li alloying and dealloying steps

(>360% for Si and >200% for Sn), which in turn leads to
mechanical deactivation processes (e.g., cracking and pulveriza-
tion) and ultimately poor rechargeability of secondary
batteries.20,22 Additionally, the competing irreversible formation
of a solid electrolyte interphase (SEI) during the alloying of Sn
with Li at reducing potentials leads to irreversible consumption
(trapping of Li) and therefore limited cycle life.11,23

One way to overcome the problem of volume expansion is to
increase the surface-to-volume ratio of anode materials such as
Si and Sn, while facilitating facile electron and ion trans-
port.24−27 Accordingly, Xu et al. used a high-temperature
aerosol spray pyrolysis method to prepare composites
consisting of carbon spheres decorated with ∼10 nm Sn
particles.6 These materials exhibited good reversible capacity
for Li alloying and dealloying without significant capacity loss
over a period of 50 cycles.6 In another study, Cabana and co-
workers reported the synthesis of 10.0 ± 0.2 nm Sn
nanocrystals using oleylamine as both the solvent and capping
agent.25 The electrochemical properties of these materials were
also investigated and found to exhibit better cyclability
compared to commercially available Sn nanoparticles (25−
150 nm).25 A number of related reports,4,8,25 all illustrating the
advantages of ultrasmall nanoparticles of Sn (5−20 nm) (and in
some cases SnOx resulting from environmental surface
oxidation),2,28 have also been reported. However, to our
knowledge there have been only a few examples of the study of
ultrasmall, unsupported Sn nanoparticles in the size range
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below 5.0 nm. In one such study, Deivaraj and co-workers
prepared 3.5 and 10 nm Sn nanoparticles using 1,10-
phenanthroline as a chelating agent. They found that the
smaller sized Sn nanoparticles demonstrated a significant
improvement in cyclability during electrochemical alloying/
dealloying.29

We and others have previously used a dendrimer-templating
method to synthesize well-defined metal, metal oxide, and
semiconductor nanoparticles. Collectively, these materials are
known as dendrimer-encapsulated nanoparticles (DENs).30−32

Since it was first introduced by our group in 1998,33 the
technique of dendrimer templating has proven to be a versatile
means for synthesizing nanoparticles having well-defined sizes,
compositions, and structures. The basic approach for synthesiz-
ing DENs is composed of two steps. First, appropriate metal
ions are mixed with a dendrimer solution. This results in
encapsulation of the metal ions within the dendrimer. Second, a
chemical reducing agent is added to this solution, resulting in
the formation of DENs. The synthesis is usually carried out in
water, but we have also shown that DENs can be synthesized in
nonaqueous solvents if the surface of the dendrimer is modified
with hydrophobic functional groups.34,35 Here, we used this
latter approach for the synthesis of Sn nanoparticles to
minimize oxidation of their surfaces. As we will discuss later,
however, chemical interactions between the Sn2+ precursor ions
and interior functional groups of the dendrimer are weak.
Therefore, the materials described here are better described,
and referred to hereafter, as dendrimer-stabilized nanoparticles
(DSNs). Previously, we have defined DSNs as nanoparticles in
the 2−5 nm size range surrounded by multiple dendrimers and
having narrow size distributions.36

In this article we report the synthesis of ultrasmall Sn DSNs,
their physical and chemical characteristics, and their electro-
chemical properties toward Li alloying and dealloying.
Specifically, 3.0−5.0 nm Sn nanoparticles were synthesized
using dodecyl-functionalized hydrophobic dendrimers (G6-
C12) under an inert atmosphere in an organic solvent. The Sn
nanoparticles were then characterized using UV−vis spectros-
copy, transmission electron microscopy (TEM), and X-ray
absorption spectroscopy (XAS). The XAS results suggest the
formation of partially oxidized Sn nanoparticles. The Sn DSNs
were then employed as active anode/electrode materials for
studying lithium alloying/dealloying reactions.

■ EXPERIMENTAL SECTION
Chemicals. Sixth-generation amine-terminated poly(amidoamine)

(PAMAM) dendrimers, modified on their periphery with dodecyl
functional groups (G6-C12), were purchased from Dendritech, Inc.
(Midland, MI), as a 6.22 wt % solution in methanol/toluene. In these
materials, 50% of the peripheral hydrogen atoms are substituted with
the dodecyl functionality. Tin(II) trifluoromethanesulfonate (97.0%)
and NaBH4 were purchased from Sigma-Aldrich. Anhydrous solvents,
including toluene, tetrahydrofuran (THF), and methanol, were also
purchased from Sigma-Aldrich. All air-sensitive reagents, solvents, and
stock solutions were kept inside a N2-purged M-Braun Labmaster 100
glovebox to minimize exposure to O2 and H2O.
Synthesis of Sn DSNs. The commercial G6-C12 dendrimer

solution was vacuum-dried to remove the solvent, and then the
dendrimers were taken up in toluene to yield a 200 μM stock solution.
The Sn147 DSNs were prepared by mixing 300.0 μL of this stock
solution with 882.0 μL of a 0.01 M Sn(II) trifluoromethanesulfonate
solution (in THF). This solution was allowed to stir for 60 min, and
then a 5-fold excess of 1.0 M NaBH4 (dissolved in anhydrous
methanol) was added to obtain zerovalent Sn DSNs: G6-C12(Sn147). A
similar procedure was used for the synthesis of G6-C12(Sn225) DSNs,

where 1.35 mL of Sn(II) trifluoromethanesulfonate was used to
achieve the appropriate Sn2+:G6-C12 ratio.

UV-vis and TEM Characterization. UV−vis absorption spectra
were collected using a Hewlett-Packard HP 8453 spectrometer and
cuvettes having a path length 5.00 mm. A 200 μM G6-C12 dendrimer
solution in toluene was used for background subtraction. The samples
were prepared under a N2 atmosphere inside the glovebox and sealed
tightly before spectral analysis. TEM analyses were conducted using a
JEOL 2010F TEM operating at 200 keV. The TEM samples were
prepared inside the N2 glovebox by placing a 5.00 μL aliquot of the Sn
DSNs solution on a carbon-coated copper grid, followed by overnight
drying. The samples were sealed inside a TEM grid box and were
exposed to air for <2 min during transfer to the TEM.

X-ray Absorption Spectroscopy (XAS). XAS data were collected
at beamline X18B at the National Synchrotron Light Source at
Brookhaven National Laboratory. Sn147 and Sn225 DSNs were prepared
at a concentration of 20.0 μM inside the N2 glovebox and sealed with
Kapton film in a Teflon cell before removal from the glovebox. The Sn
K edge was analyzed, and the data were collected in fluorescence mode
using a passivated implanted planar silicon (PIPS) detector. Reference
samples were collected in transmission mode.

Electrochemical Analysis. All electrochemical experiments were
performed using a Li half-cell apparatus in a three-electrode
configuration with Li foil as both the counter and reference electrodes.
Composite materials, consisting of Sn DSNs, Vulcan carbon (VC), and
poly(vinylidine fluoride) (PVDF), as well as unadulterated Sn DSNs,
were used as the active materials for the working electrode. A 1:1
ethylene carbonate (EC):diethylene carbonate (DEC) solution
containing 1.0 M LiPF6 was used as the electrolyte. A CHI
potentiostat and an autolab potentiostat/galvanostat were used for
conducting the cyclic voltammetry (CV) experiments. The Sn DSN-
containing composite electrodes were prepared by mixing either Sn147
or Sn225 DSNs with Vulcan carbon and PVDF in the ratio of 44:28:28,
respectively. The resulting slurry was drop-cast onto a clean Cu foil
and allowed to dry for 24 h. The unadulterated Sn DSNs were drop-
cast directly onto the Cu foil and dried for 24 h before electrochemical
analysis. For electrochemical characterization, CVs were recorded in
1.0 M LiPF6/EC-DEC (1:1) between 1.80 and 0.05 V (vs Li) at scan
rates ranging from 0.50 to 10.0 mV/s.

■ RESULTS AND DISCUSSION
Preparation of Sn DSNs. As discussed in detail in the

Experimental Section, Sn DSNs were prepared by mixing
together solutions of a Sn(II) salt (in THF) and G6-C12
dendrimer (in toluene) in ratios of either 147:1 or 225:1.
These solutions were stirred for 60 min and then reduced with
1.0 M NaBH4 (in anhydrous methanol) with stirring for 24 h.
The resulting solution was dark brown. These reactions were
conducted inside a N2-purged inert atmosphere box to limit
oxidation of the Sn DSN product. Although the resulting
materials are DSNs rather than DENs, we retain the
nomenclature used for DENs: G6-C12(Snx) where the value
of x (x = 147 or 225) simply represents the Sn2+:G6-C12 ratio
used to prepare the materials.
Figure 1a shows a featureless UV−vis absorption spectra for

solutions containing Sn2+ and the G6-C12 dendrimer prior to
reduction. The absence of spectral features is likely an
indication that Sn2+ is only weakly concentrated within the
dendrimers, probably due to its higher solubility in the
dendrimer interior. A similar effect has been observed
previously for Au DENs prepared using organic solvents.34 In
contrast to the behavior observed here, specific interactions
between metal ions, such as Cu2+, Pd2+, and Pt2+, and particular
functional groups within the dendrimer, lead to characteristic
charge transfer bands between 200 and 400 nm.30,37

After BH4
− reduction (Figure 1b), the UV−vis spectra

exhibit an increase in absorbance toward lower wavelengths.

Langmuir Article

DOI: 10.1021/acs.langmuir.5b01383
Langmuir 2015, 31, 6570−6576

6571

http://dx.doi.org/10.1021/acs.langmuir.5b01383


This is consistent with the presence of zerovalent metal
nanoparticles.35,38 Note that the data shown in Figure 1 are also
fully consistent with our previous report of bimetallic NiSn
DENs synthesized using G6-C12 dendrimers in organic
solvents.35 Importantly, control experiments conducted in the
absence of the dendrimer resulted in immediate precipitation of
a white solid, presumably bulk Sn, upon addition of BH4

−. This
clearly implicates the dendrimer as a stabilizing agent, though
the UV−vis data do not provide direct evidence for actual
encapsulation of Sn nanoparticles.
TEM Analysis. Following reduction of the G6-C12(Sn

2+)x
complex with NaBH4, TEM samples were prepared inside an
inert atmosphere box, dried overnight, and then transferred
from the inert atmosphere box to the microscope with minimal
air exposure (<2 min). Figure 2 presents the TEM images and
particle size distributions for G6-C12(Sn147) and G6-C12(Sn225)
DSNs. Because of the low atomic number of Sn and the small
size of the particles, the quality of the micrographs is not
optimal. Nevertheless, they can be analyzed, and a survey of
100 randomly selected particles yields average sizes of 3.5 ± 0.5
and 4.7 ± 0.6 nm for the Sn147 and Sn225 DSNs, respectively.
These sizes are significantly larger than would be anticipated
based on the nominal number and size of Sn atoms present in
the nanoparticles. Specifically, the calculated sizes of spherical
Sn nanoparticles containing 147 and 225 atoms are 2.1 and 2.5
nm. As mentioned in the Introduction, it is therefore likely that
these materials are more accurately described as DSNs rather
than DENs. DSNs form when interactions between the
percursor ions (Sn2+ in this case) and the interior groups of
the dendrimer are weak (as suggested by the absence of a
charge-transfer band in the UV−vis spectra).
To better define the chemical composition of the Sn DSNs,

we carried out an energy dispersive X-ray (EDX) analysis.
Figure S1 in the Supporting Information shows a typical EDX

spectrum for the Sn225 DSNs in a selected area. It reveals
multiple peaks corresponding to Sn (3.0−4.5 keV) as well as
peaks arising from oxygen and Cu. The oxygen signature
probably arises from partial oxidation of the Sn nanoparticles
during transfer into the TEM while Cu originates from the
sample grid.

XANES and EXAFS Analysis. Figure 3 shows XANES
spectra for the K edge of Sn147 and Sn225 DSNs as well as

reference spectra for bulk Sn foil and bulk SnO2. Both DSN
samples lack the high white line intensity present in the bulk
SnO2 reference and in fact much more closely resemble the
zerovalent Sn foil standard. This suggests that the Sn DSNs are
only slightly oxidized. Moreover, analysis of individual XANES
spectra indicates that partial Sn oxidation is at least partly due
to slow air permeation into the XANES/EXAFS cell as a
function of time. This can be seen in Figure S2, which shows a
time-dependent increase in the white line intensity between the
first and sixth scan for the Sn147 DSNs (∼2.0 h). In other
words, at least some oxidation is not intrinsic to the materials,
but rather an artifact of the XANES measurement. Linear
combination analysis was performed on the XANES spectra
shown in Figure 3 using the SnO2 and zerovalent Sn foil as
standards. The percentages of zerovalent Sn were determined
to be 89% for Sn147 and 77% for Sn225. The fits and further

Figure 1. UV−vis absorption spectra of 2.00 μM toluene solutions of
(a) the Sn DSN precursors prior to reduction and (b) the Sn DSNs
prepared by chemical reduction of the precursors. The solutions were
sealed in a 5.0 mm quartz cuvette inside the drybox prior to analysis.
The spectra were blanked against a 2.00 μM G6-C12 solution in
toluene. Note that the subscripts (147 and 225) reflect the
Sn2+:dendrimer ratio used for the synthesis and do not imply a
particular number of Sn atoms per individual DSNs.

Figure 2. TEM micrographs of (a) Sn147 and (b) Sn225 DSNs. Size
distribution histograms for (c) Sn147 and (d) Sn225 DSNs.

Figure 3. XANES spectra for bulk Sn foil and SnO2 reference materials
and Sn147 and Sn225 DSNs. Comparison of the spectra reveals that the
Sn DSNs most closely resemble the zerovalent Sn foil reference.
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details regarding the analysis are presented as Supporting
Information in Figure S3.
R-space plots of the EXAFS data and corresponding fits are

shown in Figure S4, and details concerning the fits can also be
found in the Supporting Information. Contributions from both
Sn−Sn and Sn−O paths are observed in the EXAFS fits. For
Sn225, the CN of the Sn−Sn path (CNSn−Sn) and the Sn−O
path (CNSn−O) are 2.7 ± 1.0 and 1.4 ± 0.5, respectively. For
Sn147 these values are CNSn−Sn = 3.8 ± 0.5 and CNSn−O = 0.6 ±
0.3. To determine the extent of oxidation during character-
ization, a numerical model was fit to the CNs determined
experimentally by EXAFS. The details of this analysis are
provided in the Supporting Information. We speculate that
there is only partial oxidation in both systems due to the large
contribution of first-shell Sn−Sn interactions as compared to
the Sn−O interactions.
One final point: air was not rigorously excluded during the X-

ray analysis (the cell is somewhat air-permeable and the
duration of the X-ray analysis is on the order of hours), and
therefore it is certainly possible that the small amount of SnO2
observed in the X-ray analysis arises from slow air oxidation.
Note that air was rigorously excluded during synthesis and
during the electrochemical studies described next, so it is likely
that the degree of oxidation of the Sn DSNs used for Li
intercalation experiments was even lower than that determined
by XANES.
Sn DSNs for the Li Alloying/Dealloying Reaction.

Following characterization, the Sn147 and Sn225 DSNs were
employed as active anode materials for Li half-cell reactions.
The working electrode was prepared by drop-casting either Sn
DSNs only or a composite of Sn DSNs consisting of a slurry
mixture of Sn DSNs, Vulcan carbon (VC), and the PVDF
binder on a Cu foil. The electrodes were placed in a Teflon cell
inside an Ar-purged glovebox. Cyclic voltammetry (CV)
experiments were then conducted at potentials between 1.8
and 0.05 V at scan rates ranging from 10.0 to 0.5 mV/s (Figure
4). Prior studies have shown that the alloying peaks for Li with
Sn generally occur at potentials <0.8 V and that multiple Li−Sn
phases are observed corresponding to different stoichiometries
(LixSn, where 0.0 ≤ x ≤ 4.4).4,25

The black CV shown in Figure 4a was obtained for a control
experiment wherein the electrode was prepared with only a
mixture of VC and PVDF (no Sn DSNs). The other black CVs
presented in Figure 4 were obtained similarly, though the scan
rates (indicated in the legends) varied. The Sn147 composite
electrodes (red CVs in Figure 4a) reveal a featureless increase
in current during the first two scans toward lower potentials
(from 1.8 to 0.05 V). We associate the fraction of this current
above background (i.e., the black CV) with Li alloying into the
Sn DSNs. The reverse scans (from 0.05 to 1.8 V), however,
reveal a very small dealloying peak at ∼0.5 V, suggesting a
somewhat defined Li-dealloying step.4 A broad peak at ∼1.4 V
is also observed during the reverse scan that could be assigned
to either formation of the solid electrolyte interphase (SEI) or
electrolyte decomposition catalyzed by the zerovalent Sn
nanoparticles.39−41

The red CVs in Figure 4b were obtained after those in Figure
4a and using the same electrode; the only difference is that the
scan rate was slowed from 10.0 to 0.50 mV/s. The first scan
toward lower potentials in Figure 4b reveals significant cathodic
current between 1.1 and 0.3 V, but the current during the
second scan in this potential range is much lower. During the

reverse scan, a very small peak is present at ∼1.0 V, suggesting
lithium dealloying.
The red CV in Figure 4c is equivalent to the corresponding

red CV in Figure 4a, except here the DSNs are the larger Sn225
materials. The main features of this CV are similar to those in
Figure 4a. For example, the forward scan is featureless, but
because the Sn particles are a little bigger, the small peaks noted
for the Sn147 DENs at ∼0.5 and 1.4 V on the reverse scan are
more pronounced. When the scan rate is reduced to 0.50 mV/s
(Figure 4d), a broad alloying peak is observed between 0.9 and
0.3 V, and a broad dealloying peak is centered at ∼1.0 V.
Taken together, we can draw the following conclusions from

the data in Figure 4. First, the CVs obtained with the Sn DSNs
present (red CVs) clearly exhibit larger currents than those
obtained in their absence (black CVs). This indicates that Li is
alloying and dealloying with the DSNs. Second, the forward
scans are nearly featureless, suggesting the presence of multiple
Li−Sn phases.8,42 It has also been reported that electrodes
modified with nanoparticles tend to yield a broader electro-
chemical response due to their high surface area.25 Higher
surface areas are also associated with more extensive electrolyte
decomposition, especially at lower reducing potentials, which
also tends to broaden the electrochemical response.25 Third,
the poorly defined onset potential, starting near 1.2 V, likely
indicates SEI formation reactions with underlying Sn alloying
reactions occurring at lower potentials. These results are
consistent with previous reports of pure Sn anodes.43,44 Fourth,
there is a significant decay in the alloying currents with repeated
scanning, particularly at the slower scan rate. This could arise
from several sources. The formation of a solid electrolyte
interphase (SEI) that passivates the electrode surface could
inhibit Li alloying and dealloying processes upon cycling. It is
also possible that there is a loss of active electrode material
during slow (0.5 mV/s) cycling due to electrical disconnection
as particles become dislodged from their conductive carbon
network via well-known volume expansion2 (or from carbon/

Figure 4. CVs obtained for Cu foil electrodes coated with (black
traces) Vulcan carbon (VC) and PVDF only and (red traces) Vulcan
carbon, PVDF, and Sn DSNs. (a, b) G6-C12(Sn147) DSNs and (c, d)
G6-C12(Sn225) DSNs. The scan range was from 1.8 to 0.05 V. For
electrodes modified with Sn DSNs, two complete scans are shown.
The scan rates are indicated in the legends. The electrolyte solution
contained 1.0 M LiPF6 and 1:1 EC:DEC. The reference electrode was
a Li wire. The initial potential is indicated by s, and the numbers 1 and
2 indicate the first and second scans, respectively.
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SEI degradation processes) of Sn upon Li alloying.45−47 Fifth,
the percentage decrease between the first and second scans in
Figures 4b and 4d is smaller for the larger particles, suggesting
enhanced stability for the Sn225 DSNs.
To better understand the Li alloying reaction with Sn DSNs,

we simplified the system by eliminating both VC and PCDF.
For these experiments, represented by the CVs in Figure 5, the

working electrode was prepared using only Sn DSNs.
Specifically, either Sn147 or Sn225 DSNs were drop-cast onto
Cu electrodes and dried for 24 h inside the glovebox prior to
the CV studies. The black traces presented in Figure 5 are
background CVs obtained using a naked copper electrode. For
example, in Figure 5a, the small peak in the black CV at ∼0.3 V
may correspond to Li adsorption and SEI formation at the bare
copper electrode.48

The red CVs in Figure 5a were obtained using Sn147 DSNs
and a scan rate of 10.0 mV/s. The small, broad peak in the
forward scan direction at ∼1.2 V can be assigned to SEI
formation and the much larger peak at ∼0.45 V to Li alloying
with the Sn147 DSNs. It has been reported that electrodeposited
Sn on a nanostructured Cu current collector can form an alloy
(Cu6Sn5) at ∼0.4 V, which can enhance Li alloying/dealloying
with the Sn overlayer.45,50 In our study, however, we simply
drop-cast the Sn DSNs onto the copper foil, and the presence
of the dendrimer on the surface of Sn nanoparticles would
likely prevent alloy formation. Hence, the peak at ∼0.45 V can
be assigned to lithium alloying with Sn DSNs.
Note that the current in the second forward scan is lower

than for the first, but the shape of the CV is about the same. We
think this simply reflects the desorption of loosely physisorbed
Sn DSNs from the copper electrode and/or subtle changes in
the electroactive surface area due to volume expansion. The Li
alloying peak at ∼0.45 V is much more distinct for electrodes

modified with only Sn DSNs compared to those incorporating
VC and PVDF (Figure 4a). Clearly, the presence of VC and
PVDF affect the voltammetry, but whether this is due to
specific chemical reactions or something more basic such as
electrical resistance is not clear. What is clear is that direct
support (adsorption) of Sn DSNs, without VC or PVDF on the
Cu electrode, provides better electrochemical definition of Li
alloying and dealloying processes.
For the reverse scan at 10.0 mV/s (Figures 5a), two distinct

Li dealloying peaks at ∼0.8 and ∼1.0 V are observed, indicating
stepwise dealloying processes from multiple LixSn phases.
Upon changing the scan rate to 0.50 mV/s (Figure 5b), the
reduction peak in the forward scan broadens and shifts slightly
to a higher potential (∼0.6 V). This scan rate dependence
suggests that the kinetics for Li alloying with Sn are slow, as has
been observed previously for Li alloying with Si.50 The
dealloying peaks on the reverse scan are also more distinct
than at the higher scan rate, consistent with kinetically slow
limitations for Li dealloying.
The CV analysis of the larger Sn225 DSNs is shown in Figure

5c,d. The results here are very similar to those obtained using
the smaller DSNs with the exception of the current response
being higher (consistent with the larger size of these DSNs).
One significant difference is the location of the dealloying peak
on the reverse scan at 0.70 V (Figure 5d) in comparison to 0.75
V (Figure 5b). The broadening and slight shift to lower
potential suggest a difference in the dealloying process for
different sized Sn DSNs. However, significant peak broadening
during the lithium alloying/dealloying reaction is observed for
both Sn147 and Sn225 DSNs as it is in other nanoscale particle
electrodes.25 Hence, this idea is consistent with that observed
for other shape- and size-dependent Li alloying/dealloying and
Li conversion reactions. One final point is that only the first CV
scan is presented in Figure 5b,d because, as alluded to earlier,
the reversibility toward alloying and dealloying of the Sn DSNs
(in the absence VC and PVDF) on the electrode is not
sufficient to endure longer cycling periods at such slow scan
rates (0.5 mV/s). Presumably, this result is a consequence of
the weak interactions between the Sn DSNs and the Cu
electrode surface.
Taken together, the detailed CV studies provided here

suggest that the Li alloying/dealloying of ultrasmall Sn DSNs is
achievable. Unfortunately, the paucity of analytical tools
available for studying Sn nanoparticles having sizes <5 nm,
coupled with the inherent instability of Sn nanoparticles in this
size range, limits the level of mechanistic detail that we can
provide at this time. Still, given the small number of
publications focusing on nanoparticles in this size regime, the
results provided here are a step forward toward understanding
lithium alloying and dealloying reactions.

■ SUMMARY AND CONCLUSIONS
We successfully demonstrated the synthesis of ultrasmall Sn
DSNs using hydrophobic G6-C12 dendrimer in toluene and
THF under inert conditions. The Sn materials were
characterized using TEM, UV−vis, and XAS spectroscopy,
and the results revealed the presence of Sn nanoparticles having
partially oxidized surfaces. The Sn DSNs were employed as
active anode materials for studying the Li half-cell reaction
under Ar atmosphere. These CV results indicated size-
dependent Li alloying and dealloying reactions.
Our unique methodology to synthesize these ultrasmall Sn

DSNs using hydrophobic dendrimers, and their electrochemical

Figure 5. CVs obtained for electrodes composed of (black traces) bare
Cu foil and (red traces) Sn DSNs physically adsorbed to the Cu foil
(no VC or PVDF). (a, b) G6-C12(Sn147) DSNs and (c, d) G6-
C12(Sn225) DSNs. The scans started at 1.8 V and ended at 0.05 V. Two
complete CVs are shown for the Sn DSN-coated electrodes at the
faster scan rate. The scan rates are indicated in the legends. The
electrolyte solution contained 1.0 M LiPF6 and 1:1 EC:DEC. The
reference electrode was a Li wire. The initial potential is indicated by s,
and the numbers 1 and 2 indicate the first and second scans,
respectively.
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characterization using Li half-cell reaction, could be further
extended to understand size- and morphology-dependent Li
alloying and conversion reactions for Li-ion rechargeable
batteries. Future studies will include galvanostatic experiments
to determine the specific capacity of these Sn DSNs as active
electrode materials, and such studies are ongoing in our
laboratory.
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