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ABSTRACT: Dendrimer-encapsulated nanoparticles (DENs) containing averages of S5, 147,

Pt,,s@Cu

and 225 Pt atoms immobilized on glassy carbon electrodes served as the electroactive surface for

the underpotential deposition (UPD) of a Cu monolayer. This results in formation of core@shell
(Pt@Cu) DENs. Evidence for this conclusion comes from cyclic voltammetry, which shows that
the Pt core DENs catalyze the hydrogen evolution reaction before Cu UPD, but that after Cu
UPD this reaction is inhibited. Results obtained by in situ electrochemical X-ray absorption

spectroscopy (XAS) confirm this finding.
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B INTRODUCTION

Here we report the electrochemical synthesis of Pt core/Cu
shell (Pt,@Cu, n = ~55, 147, and 225 Pt atoms) dendrimer-
encapsulated nanoparticles (DENs)." These materials are pre-
pared as shown in Scheme 1. First, Pt DENs are synthesized by
encapsulating Pt>" within sixth-generation, hydroxyl-termi-
nated poly(amidoamine) (PAMAM) dendrimers (G6-OH)
to yield a metal/dendrimer complex (G6-OH(Pt*"),). Sec-
ond, the complexes are reduced with BH, . Third, the result-
ing Pt DENs (G6-OH(Pt,)) are purified and immobilized on a
glassy carbon (GC) or carbon paper electrode. Finally, a
monolayer of Cu is electrodeposited onto the Pt DENs by
underpotential deposition (UPD) to yield G6-OH(Pt,@Cu)
DENSs. Results obtained from voltammetry and in situ X-ray
absorption spectroscopy (XAS) confirm the core@shell struc-
tural configuration. The findings reported here are significant
for four reasons. First, this method for synthesizing bimetallic
DENSs greatly expands the variety of shell metals that can be
incorporated into core@shell DENs. Second, we demonstrate
that this method is applicable to nanoparticles having cores
containing as few as ~S55 atoms. Third, UPD is a monolayer-
specific and potential-dependent process, and therefore, the
resulting DENs have well-defined structures. Fourth, the UPD
process can be used to selectively decorate particular crystal-
lographic faces,”” * and therefore, there is an opportunity in the
future to study the catalytic properties of bimetallic DENs
having just partial shell coverage.

Near-surface alloys (NSAs), which are two-dimensional ana-
logues of core@shell nanoparticles, have interesting and often
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unanticipated catalytic properties.”” ® Accordingly, we have been
interested in developing methods for synthesizing catalytically
active core@shell DENs containing just a few hundred atoms.
Like NSAs, DENs in the 1—2 nm size range are compatible with
first-principles calculations,” and thus, they provide a means for
direct comparison of experimental and theoretical studies of the
effect of catalyst structure on reaction rates and selectivity.

We have previously shown that core@shell DENs can be
synthesized by the sequential reduction of the component
metals.'”'" However, there are some limitations to this
method. First, the size monodispersity of DENs synthesized by
sequential reduction is generally not as good as that of the
monometallic cores.'”"" Second, because the reducing power of
chemical reductants is quantized, it is difficult or impossible to
strictly control the number of shell atoms deposited on the core.
Third, it is impossible to selectively control deposition of the
shell metal on particular crystallographic locations of the core. In
contrast, electrochemical methods provide fine energy resolution
and thus a much higher level of control over the shell
structure.'*>! For example, Adzic and co-workers synthesized
Pt-shell nanoparticles by UPD of Cu onto Pd nanoparticles,
followed by galvanic exchange of Cu for Pt.*' The average dia-
meter of the resulting PA@Pt nanoparticles was 4.2 nm. XAS
confirmed the core@shell structure and the presence of a
single monolayer of Pt. A similar approach was used to synthesize
Pt monolayer shells on nanoparticle cores of Au>'* and Ru.’
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More recently, this method has been applied to the formation of
Pt—M mixed monolayers on Pd cores, where M = Ay, Pd, Rh, Ir,
Os, or Re.*! UPD, which allows for the controlled, surface-
selective deposition of a metal monolayer, is an essential step in
the synthesis of these well-defined nanostructures.

We recently presented preliminary results for the synthesis
of core@shell Au@Pt DENSs synthesized via Cu UPD onto Au
DENS, followed by galvanic exchange of the Cu shell for
Pt.>* Preliminary measurements of the electrocatalytic activity of
these materlals for the oxygen reduction reaction were also
described.”” In this more comprehensive study, three sizes of
Pt DENs were prepared and used as substrates for Cu UPD. The
results indicate that a single atomic monolayer of Cu is deposited
onto Pt DEN cores containing averages of 147 and 225 atoms,
while more than one monolayer deposits onto Pt DEN cores
containing an average of 55 atoms. Structural analysis of G6-
OH(Pt,,5@Cu) DENS by in situ XAS reveals a Pt-rich core and
Pt—Cu and Cu—Cu bonding that is consistent with the pro-
posed core@shell structure.

B EXPERIMENTAL SECTION

Chemicals. G6-OH dendrimers were purchased from Dendritech,
Inc. (Midland, MI) as 10.0 wt % solutions in methanol. Prior to use,
the methanol was removed under vacuum and the dendrimers were
redissolved in sufficient water to yield a 0.10 mM solution. Unless
otherwise noted, HPLC-grade water (Fisher Scientific) was used to
prepare all aqueous solutions. K,PtCl,, CuSO,, LiClO,, NaBH,, and
Ultrex ultrapure H,SO, (18.76 M) were purchased from Sigma-Aldrich
(Milwaukee, WI). These reagents were used as received without further
purification.

Synthesis of Pt DEN Cores. Pt DENs were prepared according to
our previously published procedure.”® Briefly, a 0.10 mM aqueous
solution of G6-OH was mixed with sufficient aqueous 0.10 M K,PtCl,
such that the final P*"-to-dendrimer ratios were 55:1, 147:1, or 225:1.
The solutions were stirred for 3 days to ensure complete complexation
of Pt*" with the interior tertiary amines of the dendrimers.** The
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Pt**/G6-OH complexes resulting from this first synthetic step are
denoted as G6-OH(Pt* "), (n = 55, 147, and 225). The second step of
the synthesis involves reduction of G6-OH(Pt*"),, with a 10-fold molar
excess of 1.0 M NaBH,. Immediately following addition of NaBH,, the
reaction vessel was tightly sealed so that H, gas, generated by the
reaction between BH,
stirred for 24.0 h to ensure complete reduction of Pt*".** Following the
reduction step, but before use in electrochemical experiments, the DENs
were dialyzed for 24.0 h in 4.0 L of Millipore water (Milli-Q Gradient
PF-06073) to remove salts and other impurities. The water was ex-
changed midway through the dialysis. After dialysis, but prior to
immobilization onto GC electrodes, the DEN solution was mixed with
an appropriate volume of aqueous 1.0 M LiClO, to yield solutions
having final LiClO, concentrations of 0.10 M.

Electrochemistry. Both the Au-wire counter electrode and the
fritted Hg/Hg,SO, reference electrode were purchased from CH
Instruments (Austin, TX) and used for all electrochemical experiments
unless otherwise specified. All potentials are reported vs NHE. Several
different types of working electrodes were used in this study, including
(1) a3 mm diameter, GC disk electrode (CH Instruments, Austin, TX);
(2) AvCarb p7S carbon fiber paper (Ballard Materials Products); and
(3) a2 mm diameter polycrystalline Pt disk electrode (CH Instruments,
Austin, TX).

The GC disk electrode was prepared by successive mechanical polishing
with 1.0, 0.3, and 0.05 um alumina, ultrasonicating in a 50:50 water—
ethanol mixture for 1 min, and finally electrochemical anodizing in 0.10 M
NaOH.> The latter process was carried out by stepping the electrode
potential from its open circuit value to 1.20 V (vs NHE) and then holding
it at this potential for 30 s. The polishing procedure for the Pt disk electrode
was the same as for the GC electrodes. The AvCarb paper electrodes were
rendered hydrophilic by cycling their potentials eight times between 1.64
and —0.37 V in 0.50 M H,S0,.%°

Pt DENs were immobilized on GC working electrodes by cycling the
potential three times between 0.24 and 1.24 V in a solution containing
the DENs and 0.10 M LiClO,.>* After Pt DEN immobilization, but
before UPD, the DENs were electrochemically cleaned by cycling them
10 times between —0.03 and 1.34 V in a deoxygenated, aqueous 0.10 M

and water, was retained. This solution was
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H,S0, solution.”” Deoxygenation was accomplished by purging the
solution with Ar for 10 min prior to potential cycling. During these scans,
waves corresponding to the adsorption and desorption of hydrogen
became increasingly more prominent and eventually attained a steady-
state shape and magnitude, signaling a clean Pt surface (Supporting
Information, Figure S1).”” Immediately after this cleaning procedure, a
background cyclic voltammogram (CV) of the Pt DENs was obtained in
Cu-free electrolyte solution.

Cu UPD onto the Pt DENs was carried out using the following
procedure. First, the electrode potential was stepped from the open-
circuit potential (OCP) to 0.64 V for 150 s as a pretreatment. Similar
methods have been used to obtain maximum Cu monolayer coverage on
Pt electrodes.”®*” Second, the potential was swept from 0.64 to 0.84 V,
negative to 0.28 V, and then back to 0.84 V. Finally, the DEN-modified
electrode was transferred back to the Cu-free solution and a final CV was
collected for comparison to the one obtained before exposure to Cu.

Electrodes for XAS analysis were prepared by soaking the electro-
chemically oxidized carbon paper in a solution of dialyzed 10.0 uM G6-
OH(Pt,,s) for 24.0 h and then rinsing with water. The immobilized Pt
DENSs were electrochemically cleaned in 0.10 M H,SO, prior to XAS
experiments using the same procedure described for the DEN-modified
GC electrodes. Next, a potential step from the OCP to —0.10 V was
applied for 15 min to ensure complete reduction of the DENSs prior to
XAS analysis.”® The cell was then filled with a solution containing 0.10 M
H,SO, and 0.010 M CuSOy, and preliminary XAS scans of bare G6-
OH(Pt,,5) were collected at OCP prior to depositing Cu. The solutions
were not deoxygenated due to constraints imposed by the design of the
in situ cell. Care was taken while filling the cell so that it did not contain
any air pockets, and the cell remained sealed during the experiments.

Before collecting in situ XAS spectra, a CV was obtained to determine
the potential at which one monolayer of Cu is deposited by UPD (Eypp)
(Supporting Information, Figure S2). Eypp was found to be 0.26 V vs
NHE in the in situ XAS cell. In situ XAS data were obtained at two
potentials: Eypp and Ey,,.e, where Ey,. = 0.84 V, a potential where no Cu
is deposited. The working electrode potential was stepped from the
OCP to Eyp,. and held there while XAS data were acquired. Without
returning to OCP, the potential was stepped from E,,. to Eypp to
deposit one monolayer of Cu. After the current due to Cu UPD
decreased to a steady-state value close to 0, indicating the completion
of the UPD process, the cell was turned off while the Cu®*-containing
solution was removed and the cell refilled with Cu*"-free 0.10 M H,SO,.
The solution exchange process took less than 90 s, after which the cell
was reconnected at Eypp. It was prudent to exchange the Ccu*t-
containing solution for Cu*"-free 0.10 M H,SO, prior to collecting
XAS spectra of the Cu-edge, because the X-ray absorbance due to the
free Cu®" in solution would mask the absorbance due to Cu atoms on
the surface of the DENs. Experiments carried out after the solution
exchange confirmed that the full Cu monolayer was retained and the
absence of free Cu”* in the solution (Supporting Information, Figures
S3 and S4). XAS spectra of G6-OH(Pt,,s@Cu) were collected once the
current at Eypp attained a steady-state value close to 0. The cell potential
was held at Eypp during XAS data acquisition. Finally, the Cu shell was
stripped by sweeping the potential from Eypp to Ep. (Supporting
Information, Figure S3) and additional XAS spectra were collected.

Electrochemical measurements obtained using the GC electrode were
made in glass scintillation vials that were triply rinsed with Millipore water
prior to use. The experiments using carbon paper electrodes were perfor-
med in a Teflon cell that was specifically designed for in situ XAS
experiments (Supporting Information, Figure S5). CVs using GC elect-
rodes were obtained using a CHI 760B potentiostat (CH Instruments).
The in situ XAS experiments were carried out using a WaveNow hand-
held potentiostat (Pine Instruments, Grove City, PA).

Characterization. UV—vis absorption spectra were collected using
a Hewlett-Packard HP8453 UV—vis spectrometer and a quartz cuvette

having an optical path length of 0.100 cm (Starna Cells, Inc., Atascadero,
CA). The DENSs spectra were referenced to a solution containing an
appropriate concentration of metal-free G6-OH. TEM images were
obtained at 200 keV and a magnification of 250 000 in bright-field mode
using a JEOL 2010F transmission electron microscope (TEM).

XAS experiments were performed at beamline X18B of the National
Synchrotron Light Source at Brookhaven National Laboratory. In situ
data were obtained under potential control using the previously
described spectroelectrochemical cell. The XAS spectra were collected
in fluorescence mode using an Ar-filled, five-grid Lytle detector, whereas
reference spectra were obtained using Pt and Cu foils and collected in
transmission mode. Prior to being fit, the X-ray absorbance edges for the
in situ XAS data were aligned in energy with those for the reference foil
spectra. XAS data were analyzed using the IFEFFIT6 sixPACK,
ATOMS, and Horae software packages.** > This software is available
at no charge through the Consortium for Advanced Radiation Sources
and is accessible online at http://cars9.uchicago.edu/ifeflit/Downloads.

B RESULTS AND DISCUSSION

Basic Characterization of Pt DENs. The preparation and
characterization of Pt DENs containing averages of 55, 147, and
225 atoms encapsulated within G6-OH PAMAM dendrimers
followed procedures established in previous reports and briefly
described in the Experimental Section.”*** Nanoparticles com-
posed of an average of 55 and 147 atoms can form closed-shell
cuboctahedra, and for convenience we assume that DENs are
close approximations of this ideal structure.** The outermost
shell of G6-OH(Ptss) contains 42 Pt atoms, and the outermost
shell of G6-OH(Pt,4,) contains 92 Pt atoms. The next largest
closed-shell cuboctahedron contains a total of 309 atoms; how-
ever, this is larger than the maximum number of Pt*" ions that
can coordinate within a single G6-OH dendrimer. This is
because G6-OH dendrimers have, on average, 254 internal
tertiary amines, and each tertiary amine can coordinate just
one Pt*" ion** Note that 225 is a magic number for a
truncated-octahedron, which has some structural characteristics
in common to the cuboctahedron. Specifically, it has a face-
centered cubic (fcc) crystal structure, presents (111) and (100)
surface facets, and has 140 atoms located within its outermost
shell (compared to 162 for a 309-atom cuboctahedron).*®

UV—vis spectra of the G6-OH(Pt*"), complexes were ob-
tained before and after reduction with NaBH,, (Supporting Infor-
mation, Figure S6) and found to be in accord with previous
reports.”>>> TEM measurements and size-distribution histograms
(Supporting Information, Figure S7) were also consistent with
previous reports.”>*> Specifically, the G6-OH(Pt,) DENs, n =
55,147, and 225, were found to have sizes of 1.5 0.2, 1.9 0.3,
and 2.0 & 0.3 nm, respectively.

Measurement of the Pt DEN Surface Area. Figure 1a shows
CVs of a G6-OH(Ptss)-modified electrode before (black) UPD
of a Cu monolayer, and then after UPD and stripping of Cu
(red). Typical features associated with Pt electrochemistry are
observed in both scans: Pt oxidation positive of 0.7 V, reduction
of the oxide between 0.7 and 0.4 V, and hydrogen adsorption and
desorption between 0.2 and 0 V. The near-superposition of the
2 CVs indicates that the Cu UPD process does not significantly
affect the electrochemical surface area of the Pt DENSs. Figure 1b
and ¢ show analogous CVs for GC electrodes modified with
G6-OH(Pty4;) and G6-OH(Pt,,5) DENS, respectively. As the
size of the particles increases, the charge associated with Pt
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Figure 1. Cyclic voltammograms obtained using GC electrodes mod-
ified with the indicated G6-OH(Pt,) DENs before (black) and after
(red) Cu deposition and stripping. The aqueous 0.10 M H,SO, electro-
lyte solution was deoxygenated with Ar. The scans started and ended
at —0.03 V and were initially swept in the positive direction at a rate of
100 mV/s.

oxidation and reduction, as well as that for hydrogen adsorption
and desorption, increases.

The total surface area of the three sizes of Pt DENs was
determined by measuring the average charge, Qyy, due to hydro-
gen atom desorption before and after Cu UPD and stripp-
ing (between —0.03 and 0.32 V), and subtracting the capacitive
charge (estimated using the current at 0.32 V). The value of
Qu was then converted to surface area using the widely accepted
conversion factor of 210 uC/ cm>3® Note, however, that
this latter value is only proven to be appropriate for bulk,
polycrystalline Pt, and therefore the surface areas estimated for
DENs must be considered with this caveat in mind.*” The
Pt surface areas determined before and after Cu UPD and
stripping for a particular electrode are comparable (Table 1).
These quantitative results are in accord with the voltammetry
shown in Figure 1 and clearly demonstrate that Cu UPD and
stripping do not affect the total Pt surface area. The results of a
replicate study are presented separately (Supporting Informa-
tion, Table S1). Although there are some differences in the
measured surface areas, due to different numbers of immobilized
DENeS, the results from the replicate study are consistent with the
data in Table 1.

The experimentally determined surface areas can be compared
to a calculated estimate by making several assumptions:> (1)
there is one nanoparticle per dendrimer; (2) the nanoparticles

are roughly spherical; (3) the grojected area of the dendrimer on
the electrode surface is 35 nm*; (4) the dendrimers form a nearly
close-packed monolayer on the GC electrode; and (S) the
roughness factor of the GC electrode is 2.4.>> The Pt surface
areas calculated using these assumptions are 0.023, 0.043, and
0.065 cm® for immobilized G6-OH(Ptss), G6-OH(Pt,4), and
G6-OH(Pt,,s), respectively. These values can be compared to
the experimentally measured surface areas, determined from Qg
(Table 1) of 0.042, 0.081, and 0.10 cm”, respectively. Given the
approximations implicit to both the measured and calculated
estimates, these values are in reasonable agreement.

Qualitative Analysis of the Voltammetry of Cu UPD on Pt
DENSs. Figure 2 displays the results of voltammetry obtained
using the same Pt DEN-modified electrodes discussed in the
previous section, but in Cu”"-free and Cu”"-containing 0.10 M
H,SO, solutions. These scans began at 0.64 V, proceeded
positive to 0.84 V, reversed to 0.27 V, and then returned to
0.84 V. Others have used similar potential scan programs for Cu
UPD onto bulk Pt.***

The black line in Figure 2a is a CV obtained using a G6-
OH(Ptss)-modified electrode in a Cu®"-free, 0.10 M H,SO,
electrolyte solution. This CV was recorded immediately after the
CV shown in black in Figure 1a, and it represents the background
for the UPD experiment. This CV is featureless and displays only
capacitive current. The CV corresponding to the red line in
Figure 2a was obtained immediately following the background
scan using the same electrode, but in the presence of 0.010 M
Cu”". The Cu UPD current on G6-OH(Ptss) manifests as a
broad reduction wave having a peak potential of 0.40 V. Upon
scan reversal, Cu is stripped from the Pt DENs: the first Cu
oxidation wave has a peak potential of 0.38 V, and the second is at
0.52 V. The voltammetric profile for Cu UPD on G6-OH(Pt,4;)
(red trace, Figure 2b) is comparable to the results for Gé6-
OH(Ptss). However, the results for Cu UPD onto G6-OH-
(Pty,s) are somewhat different. In this case, two distinct reduc-
tion waves and two oxidation waves are observed. A bulk, poly-
crystalline Pt electrode exhibits voltammetry very similar to G6-
OH(Pt,,s) (Supporting Information, Figure S8), and as discussed
next the presence of two peaks may signal the evolution of faceting
on the largest DEN.

Abruna and co-workers have observed surface-dependent
voltammetric signatures for Cu UPD onto a Pt electrode having
(111) and (100) facets in 0.10 M H,SO, solution. They found
two reduction waves and two oxidation waves, representing Cu
UPD onto the two different Pt crystal facets.* The Cu UPD and
stripping peaks on G6-OH(Pt,,5) DENS also suggest a two-step
deposition that we believe may correspond to Cu UPD on diffe-
rent surface features of the DENs. Presumably, these features are
not well-enough developed on the smaller particles to exhibit
this behavior.

The electrochemical properties of G6-OH (Pt,,5) DENs with
and without a Cu UPD shell were examined by voltammetry in
0.10 M H,SO, (Figure 3). The experiment was carried out as
follows. First, a G6-OH(Pt,,5)-modified GC electrode was
immersed in 0.10 M H,SO, electrolyte solution and the potential
was stepped from the OCP to 0.31 V and held there for 10 min
before being swept from 0.31 Vto —0.01 V and back to 0.31 V at
arate of 10 mV/s. The resulting CV, indicated by the red line in
Figure 3, is dominated by the onset of the hydrogen-evolution
reaction (HER) on the surface of G6-OH(Pt,,5) DENs. Im-
mediately after recording the CV shown in red, the electrode was
moved to a solution containing 0.10 M H,SO, + 0.010 M
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Table 1. Variables Extracted from the Voltammetric Results Shown in Figures I and 2 for G6-OH(Pt,,) DENs and a Polycrystalline

Pt Disk Electrode”
electrode charge from H-des (ﬂC)b Pt SA (cm?)*

G6-OH(Ptss) pre’ 0.042
post 0.042
Qf 0.042

G6-OH(Pt,47) pre 16 0.076
post 17 0.081
Qu 17 0.081

G6-OH(Pt,,s) pre 22 0.10
post 22 0.10
Qu 22 0.10

polycrystalline Pt disk ~ pre 25 0.12
post 25 0.12
Qu 25 0.12

charge from Cu UPD (uC)  6c,

expected Oc, for complete shell

dep® 20
strip® 24
Qe 22 12 22
dep 33
strip 33
Qcu 33 1.0 1.8
dep 44
strip 44
Qcu 44 1.0 17
dep S1
strip S1
Qcu 51 1.0 1.0

“The charge from H-des was measured in a Ar-purged 0.10 M HZSO4 electrolyte solution. The charge arising from Cu-UPD was measured in a Ar-
purged 0.10 M H,SO, + 0.010 M CuSO, electrolyte solution. * H-des is hydrogen desorption. “ SA is surface area. 4 Expected 6, calculated from the
number of surface atoms in outer shells of model clusters.  Pre is the charge due to H-des measured before Cu UPD; post is the charge due to H-des
measured after Cu UPD.” Qy is the average of the pre and post H-des measurements. ¢ Dep is the charge due to Cu deposition; strip is the charge due to

Cu stripping, " Qc, is the average Cu UPD charge of the dep and strip measurements.
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A
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66 OH(Pt )

G6- OH(Pt )

1 47"
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G6-OH(Pt,,)
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09 08 07 06 05 04 03 02
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Figure 2. Cyclic voltammograms obtained using GC electrodes mod-
ified with the indicated G6-OH(Pt,) DENs in aqueous electrolyte
solutions containing 0.10 M H,SO, only (black) and 0.10 M H,SO,
+ 0.010 M CuSOy, (red). The Cu UPD potential region is shown. The
solutions were deoxygenated with Ar. The scans started at 0.64 V and
were initially swept in the positive direction at a rate of 10 mV/s.

4231

a0 . . —
g 20f ;
£
o 00} ]
5
(&)

2.0F

—— GB6-OH(Pt,,.)
0l ‘—GG-OH(Ptm@Cu)

0.3 0.2 0.1 0.0
Potential (V vs NHE)

Figure 3. Cyclic voltammograms of G6-OH(Pt,,5) DENS (red) and G6-
OH(Pt,,s@Cu) DENSs (black) obtained in aqueous, Ar-purged 0.10 M
H,SO, electrolyte solutions. The scans began at 0.31 V and were initially
swept in the negative direction at a rate of 10 mV/s.

CuS0,, and a Cu shell was deposited onto G6-OH(Pt,,5) DENs
by stepping the electrode potential from 0.64 to 0.31 V and
holding it there for 3 min. The electrode was then emersed from
solution and immersed in a solution containing only 0.10 M
H,SO, under potential control (0.31 V), and then another CV
was recorded. This latter CV, shown by the black line in Figure 3,
reveals a featureless capacitance in the H adsorption/desorp-
tion region, indicating that the Cu shell blocks the HER. As an
additional control measure, we also demonstrate that Cu UPD
does not occur on GC electrodes modified only with empty
(metal-free) G6-OH dendrimers (Supporting Information,
Figure S9).

Quantitative Analysis of Cu UPD Coverage on Pt DENSs.
Because the electrodes used for Cu UPD measurements were
the same as those used to measure the charge resulting from
hydrogen desorption (Figure 1 and Table 1), the results of
these two experiments can be directly compared. The charge
resulting from Cu UPD and stripping (dep and strip,
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respectively, in Table 1) was estimated from the voltammetric
data in Figure 2 after subtracting the charge due to the
background capacitance. The average charge resulting from
Cu UPD and stripping, Qc,, is also listed in Table 1. The
coverage of the Cu shell can be expressed as O, in eq 1.

Ncy Qcu nen
Oc. = = =€ 7 (1)
NPt-surf QH necy

Here, 6, is the ratio of Cu atoms in the shell (N¢,) to the
number of Pt atoms on the surface of the core (Np_qurf); Qcu is
the average charge for Cu UPD and stripping (Table 1); Qy is
the average charge due to desorption of hydrogen atoms from
the Pt surface before and after Cu UPD (Table 1); ney = 1 is
the number of electrons required for oxidation of one adsorbed
hydrogen atom, and nec, = 2 is the number of electrons
required for oxidation of one Cu atom.

To ensure that we are able to accurately measure 0c, on Pt
DENS, it was also determined for a bulk, polycrystalline Pt
electrode (Supporting Information, Figure S8). The result of
this experiment is provided in Table 1, and it indicates O, = 1.0
which is the expected result for Cu UPD onto bulk, polycrystal-
line Pt in H,S0,.>®

The values of Qc, and Qg for G6-OH(Ptss) are 22 and 9 uC,
respectively, yielding 6, = 1.2 (Table 1). The corresponding
value of O¢, for both G6-OH(Pt4;)- and G6-OH(Pt,,s)-
modified electrodes is 1.0. (Table 1). This ratio is consistent
with our results for Cu UPD on bulk, polycrystalline Pt (Sup-
porting Information, Figure S8), greviously reported measure-
ments of Cu UPD onto Au DENSs,** and literature reports of Cu
UPD onto the low-index planes of Pt single crystals and poly-
crystalline Pt.***%°

The measured values of 0, for Pt DENs merit some com-
ment, because one might envision that O, could be larger. This
is because outer shells of nanoparticles in the size range discussed
in this project normally contain more atoms than inner shells. For
example, a 55-atom cuboctahedral nanoparticle contains 42 atoms
in the outermost shell, and the next full shell would contain 92
atoms. Therefore, G6-OH(Ptss) could have a value of O, = 92/
42 =2.2. The corresponding values of 6, for G6-OH(Pt,,) and
G6-OH(Pt,,s) are calculated as 162/92 = 1.8 and 234/140 = 1.7,
respectively.**** We measure corresponding 6, values of just
1.2, 1.0, and 1.0, suggesting that Cu UPD does not result in a fully
closed outer shell covering the Pt DEN core. This could indicate
that shell metals preferentially deposit onto the facets of DENs in
a manner that is more characteristic of UPD on bulk single and
polycrystalline Pt, perhaps leaving exposed some high-energy
sites such as the edges and vertices of the nanoparticles. It is not
clear why coverage on G6-OH(Ptss) is higher than that for the
other DENS, but more detailed structural studies are underway to
address this issue. Finally, we carried out a second set of experi-
ments intended to confirm those provided in Table 1. The detailed
results are provided separately (Supporting Information, Table S1),
but briefly the values of O, for G6-OH(Pt,,), n =SS, 147, and 225,
were found to be 1.6, 1.1, and 1.0, respectively, in good agreement
with those discussed here and presented in Table 1.

In Situ XAS Analysis of Cu UPD onto Pt DENs. We turned to
in situ electrochemical XAS to confirm some of the preliminary
structural conclusions derived from the previously discussed
voltammetry experiments.'>*"** The experimental methodol-
ogy for the XAS experiments was discussed earlier, but briefly,
dialyzed G6-OH(Pt,,5) DENs were immobilized on carbon

Scheme 2

Pt,,s@Cu

140 Pt surface atoms
150 Cu shell atoms . Pt

B, = 1.1 @ cu

Table 2. Variables Extracted from in Situ XAS Spectra for G6-
OH(Pt,s@Cu)”

extracted calculated bond distance  Debye—Waller
CN* cN? CN° (A) factor (A%)
npp 9.7+ 14 9.5 2.75 0.006 + 0.0006
npc 1.3+03 2.0 2.57 0.010 =£ 0.003
ncc 35+ 16 4.2 2.62 0.014 £ 0.006
ncp 34£02 32 2.57 0.010 =+ 0.003
neg” 10+ 04  not calculated 1.99 0.006 + 0.005
Mpw 110 L5 N/AS N/A
Hem 69 74 N/A N/A

¢ All data were collected with the electrode poised at Eypp in a 0.10 M
H,SO, solution. ¥ CN is coordination number. © ncg represents Cu with
a low-Z nearest-neighbor. 9 Extracted CN is extracted from the fit to
the data. © Calculated CN is estimated from the model Pt,,s@Cu structure
with O, =1.1.7 ncg; was not calculated because the concentration of low-Z
nearest-neighbors (E) adsorbed to Cu has not been measured on Pt,,s@
Cu structures. ¢ Not applicable (N/A) to fip,, and n1¢y, because these CNs
are sums of other CNs and are not variables included in the fit.

paper and the potential of this electrode was controlled during
acquisition of XAS data. Because G6-OH(Pt,,5) DENs are magic
number clusters, the coordination numbers (CNs) obtained
from the fits to the XAS data can be compared to those calculated
for a model structure. The model is based on the quantitative
electrochemical results discussed in the previous section. As shown
in Scheme 2, it consists of a core containing 225 Pt atoms
configured in a truncated-octahedron geometry. This structure
has 140 Pt surface atoms distributed between eight (111) facets
and six (100) facets. The Cu shell atoms are located exclusively
on the facets, leaving the edges and vertices naked. Each Pt(111)
facet accommodates 18 Cu atoms situated in 3-fold hollow sites,
and each Pt(100) facet holds 1 Cu atom in a 4-fold hollow site.
The value of O, for this model structure is 150/140 = 1.1, which
is close to O, measured from voltammetric data for G6-OH-
(Pty,5) (Table 1). CNs can also be calculated for the model
shown in Scheme 2, and these values are presented alongside the
CNis extracted from the fits to the data (calculated and extracted,
respectively, in Table 2).

The R-space distribution plots for G6-OH(Pt,,s@Cu) DENs,
as well as the computed fits, are shown in Figure 4a and b for the
Pt L3 and Cu K absorbance edges, respectively. These in situ
XAS results were obtained with the DEN-modified electrode
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Figure 4. Radial distribution (R-space) spectra of the in situ XAS data
for G6-OH(Pt,,5@Cu) obtained under potential control in 0.10 M
H,S0O, at Eypp. The Pt data were fit using a k-space range of 3—15.5 and
an R-window of 1.7—3.2. The Cu data were fit using a k-space range of
2—11 and an R-window of 1.2—3.224. Variables, such as the CN, bond
distance, and Debye—Waller factors, were extracted from the fits to the
data and are presented in Table 2.

held at Eypp (0.26 V), which is the potential of maximum Cu
UPD coverage. The corresponding k-space data are provided
separately (Supporting Information, Figure S10).

The structure of the G6-OH(Pt,,s@Cu) DENSs is determined
by fitting the XAS data, as described in the Experimental Section,
and then comparing the extracted CNs to the values calculated
for one or more models. The following CNs were extracted from
the in situ spectra: Pt—Pt (npp), Pt—Cu (npc), Cu—Pt (ncp),
Cu—Cu (n¢c), Cu-E (ncg), Pt-m (npy, ), and Cu-m (n¢,y, ). Here,
m is all metal (Pt plus Cu) and E is a low-Z nearest neighbor,
most likely H,O, HSO, , or SO,* on the Cu shell.*® It was
necessary to include the Cu-E scattering path to accurately fit the
experimental results, but we did not calculate a CN correspond-
ing to ncp. One final point: the modeling approach assumes
fipen = Npp + fipe and feg = nee + nep. O

Table 2 provides the extracted and calculated (for the model
shown in Scheme 2) CNs, bond distances, and Debye—Waller
factors for G6-OH(Pt,,s@Cu). It is interesting to compare npp
for G6-OH(Pt,,5) at OCP and E, .., before and after Cu UPD
(Supporting Information, Figure S11), with npp for G6-OH-
(Ptyos@Cu) at Eypp. The experimental values for npp at OCP
(CN = 7.0) and Ep,,. (CN = 6.9) underestimate the calculated
CN for a 225-atom cluster (CN = 9.5),* but they are close to npp
reported previously (CN = 6.3) for Pt DENS of similar size and
under comparable conditions.***®

At Eypp, the calculated and extracted values of npp for G6-OH
(Ptyas) are 9.5 and 9.7, respectively. The extracted CNs for ncc and
ncp are also very close to the calculated values (Table 2). The
extracted npc is lower than the calculated estimate by 0.7. The
magnitude of the discrepancy between the calculated and extracted
CNss is small and within the uncertainty of the fit. Such discrepancies
are not unusual and may be due to disorder.” The value of np,,, (11.0)
is estimated as the sum of npp and npc. Likewise, ¢y, is 6.9. Both
fpm and nc,y, are in good agreement with the corresponding CNs

that were calculated from the model: 11.5 and 7.4, respectively
(Table 2).

From a modeling perspective, there are a few clear trends that
distinguish core@shell nanoparticles from random arrange-
ments such as alloys. For example, npp for G6-OH(Pt,@Cu)
and G6-OH(Pt,,) will be the same if the assumed structure of the
former is core@shell. However, if the shell metal partitions into
the core phase, npp will decrease.'® Experimentally, we find that
npp has the value calculated for a 225-atom truncated octahedron
after addition of the Cu shell (Table 2), which is fully consistent
with the proposed core@shell structure. We also know that the
value of nc,, will be less than np,, for a core@shell particle,
because if Cu atoms are confined to the surface of the nano-
particle they will have fewer nearest neighbors than if they are
randomly distributed throughout the particle.'® Indeed, consis-
tent with the core@shell structure, we find experimentally that
Npy, is quite significantly larger than nc,, (Table 2).

The Debye—Waller factors given in Table 2 indicate 2-fold
greater disorder in the Cu—Cu bonding than for Pt—Pt bonds.
However, the Pt—Pt bond disorder for the core@shell DENs
(Table 2) is similar to that observed for the monometallic
Pt DENs at OCP (Supporting Information, Figure S11a). This
is yet another indication that the core and shell phases of G6-
OH(Pt,,5@Cu) DENS are well-segregated. The coordinatively
unsaturated atoms of the outer shells of nanoparticles occupy
positions of higher energy and tend to exhibit greater disorder
than the interior atoms of the nanoparticle, which have
full coordination shells.*”

The heterometallic (Pt—Cu) bond distance was determined
to be 2.57 A. We expect the Pt—Cu bond distance to lie between
the Pt—Pt bond distance (2.77 A) and Cu—Cu bond distance
(2.55 A).*"* Previous in situ XAS studies of Cu UPD on bulk
Pt(111) reported a Pt—Cu bond distance of 2.64 A.* The
difference between the Pt—Cu bond distance reported here and
the previously measured Pt—Cu bond distance (on a bulk Pt
electrode) could be related to the strain-inducing effects of
nanoparticle surface tension.***” The Pt—Pt bond distance for
G6-OH(Pty,s@Cu) extracted from the fit is 2.75 A, which is
close to that of Pt atoms in fcc Pt (2.77 A). The Pt—Pt bond
distance for bare G6-OH(Pt,,5) at OCP and E,,. is also mea-
sured as 2.75 A. This suggests a slight compression of the core Pt
lattice. In contrast, the Cu—Cu bond distance is 2.62 A, which is
considerably larger than that expected for fcc Cu (2.55 A). The
lattice constant for fcc Pt is greater than that of Cu, and thus, it is
likely that the Cu shell experiences some strain due to lattice
mismatch with the underlying lattice of the Pt core.** Indeed,
such strain has been observed in Cu overlayers in previous
XAS studies of Cu UPD on bulk Pt(111).** Additionally,
the compressive strain of the Pt lattice may be attributed to
surface tension.*” Nanoparticles exhibit surface tension resulting in
lattice compression near the core, and calculations from theory
predict a compression of the bond distance of about 1% for Pt
nanoparticles having diameters around 2 nm.*’ The experimentally
observed lattice compression for both G6-OH(Ptys@Cu)
(Table 2) and bare G6-OH(Pty,s) (Supporting Information
Figure S11) amounts to 0.8%, which is consistent with these
calculations.

The results of an independent replicate in situ XAS experi-
ment returned CNs, bond distances, and Debye—Waller
factors that are consistent with the results shown in Table 2.
These results are provided in the Supporting Information,
Table S2.
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B SUMMARY AND CONCLUSIONS

This study was motivated by recent findings that highly
structured core@shell nanoparticles can be prepared using
electrochemical methods.>'>'*'%'%192! We wanted to know if
this same general approach could be applied to DENs, which are
significantly smaller than previously reported materials. The suc-
cessful outcome of these experiments provides a general method
for synthesizing core@shell model nanoparticles that are suffi-
ciently small and well-defined that their catalytic properties can
be compared to first-principles calculations.”

We are now turning our attention to the aforementioned
catalysis studies. In addition, experiments are underway to deter-
mine if this same UPD approach can be used to prepare core@-
shell DENs having different compositions. Finally, we are
particularly excited by the prospect of using electrosynthesis to
selectively activate or poison particular facets of DENs contain-
ing as few as 55 atoms. Findings from these continuing experi-
ments will be reported in due course.
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B NOTE ADDED AFTER ASAP PUBLICATION

This article was published ASAP on March 8,2011. The caption
to Figure 1 has been modified. The correct version was published
on March 14, 2011.
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