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ABSTRACT: The underpotential deposition (upd) of a Cu shell on a non-Pt nanoparticle core L
followed by galvanic displacement of the Cu template shell to form core—shell electrocatalyst
materials is one means by which the Pt-based mass activity targets required for commercialization
of PEM fuel cells may be reached. In situ EXAFS measurements were conducted at both the AuL;
and the Cu K absorption edges during deposition of Cu onto a carbon-supported Au electro-
catalyst to study the initial stages of formation of such a core—shell electrocatalyst. The Au L,
EXAFS data obtained in 0.5 mol dm > H,SO, show that the shape of the Au core is potential il
dependent, from a flattened to a round spherical shape as the Cu upd potential is approached. o
Following the addition of 2 mmol dm 3 Cu, the structure was also measured as a function of the

Normalised y(E)

applied potential. At +0.2 V vs Hg/Hg,SO,, the Cu>* species was found to be a hydrated

octahedron. As the potential was made more negative, single-crystal studies predict an ordered bilayer of sulfate anions and partially
discharged Cu ions, followed by a complete/uniform layer of Cu atoms. In contrast, the model obtained by fitting the Au L3 and Cu K
EXAFS data corresponds first to partially discharged Cu ions deposited at the defect sites in the outer shell of the Au nanoparticles at
—0.42 V, followed by the growth of clusters of Cu atoms at —0.51 V. The absence of a uniform/complete Cu shell, even at the most
negative potentials investigated, has implications for the structure, and the activity and/or stability, of the core—shell catalyst that would be

subsequently formed following galvanic displacement of the Cu shell.

B INTRODUCTION

The cost of platinum-containing electrocatalysts is one of the
limiting factors that has slowed the uptake of low temperature fuel
cells in important applications such as automotive power.' > One
means of reducing this cost is to effectively remove the unused Pt
that lies below the surface layer of the metal nanoparticles by re-
stricting the Pt to the surface in the shell of a core—shell catalyst. In
recent years, the study and preparation of such core—shell nano-
particles for use as oxygen reduction reaction (ORR) catalysts have
received considerable attention.* > One method of preparing such
core—shell catalysts that has been applied with success is the
galvanic displacement of an underpotentially deposited (upd) Cu
37710713 4 reaction that proceeds spontaneously as the Cu’ is
oxidized by Pt** to leave Pt on the surface of core catalyst
nanoparticles and allows complete removal of the Cu from the
catalyst. By varying the size, shape, and composition of the core,
the activity of the shell may be enhanced; for example, Adzic
et al.’ reported superior ORR activity for Pt shells on Auand Pd
cores, with the best activity obtained when the lattice of the
Pt shell is moderately compressed by interaction with the core.

Studies at single-crystal electrode surfaces, where the surface
termination is well-defined,"*'® have provided a basis for the
understanding of adsorption sites on electrode surfaces and, if
stepped surfaces are studied, the role of undercoordinated sur-
face atoms at the step edges in determining activity and the initial
stages of monolayer formation.'” > Cu upd on Au surfaces from
a sulfate supporting electrolyte is one of the more extensively
studied upd systems, and the process of deposition on Au(111)
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surfaces is well-documented."”'”~*” During the initial stages of
Cu deposition on Au(111), it has been shown that the sulfate
anion is coadsorbed with the Cu onto the Au surface*>*® (depicted
schematically in Figure 1a) and that the Cu still retains a partial, yet
unknown, charge. Surface X-ray scattering (SXS) combined with
scanning tunneling microscopy (STM) and atomic force micro-
scopy (AFM) have shown that during the initial deposition stage
of Cu on Au(111) surfaces in acidic medium, the Cu atoms and
sulfate ions both occupy 3-fold hollow sites.”>*° EXAFS studies by
Lee et al.** of Cu upd on Au(111) gave results consistent with the
model of Cu coadsorbed with sulfate, in which one-third of the
3-fold adsorption sites in the ordered layer were occupied by
sulfate ions. Thus, in Figure 1a, the coadsorbed sulfate ions are
sitting within the Cu upd layer with coverage 0c, = 0.66. At more
negative potentials (before the bulk deposition), they found that
the surface structure rearranged to be a complete Cu monolayer of
Cu with the sulfate anions now occupying 3-fold sites on top of the
Cu adlayer (Figure 1b) with coverage 6, = 1. The adsorption of
Cu in 2-fold and atop sites was also investigated in their study;
however ,the quality of the EXAFS fit was noticeably reduced in
both cases, indicating that these adsorption sites were less favored
than the 3-fold site.

Cu upd on the Au(110) and (100) surfaces has also been
reported.”’”*' ** The Cu upd adlayer occupies 4-fold sites on
both surfaces, forming a pseudomorphic overlayer. In contrast to
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Figure 1. Schematic of deposition of Cu on Au(111) with sulfate
anions: (a) first stage and (b) full Cu monolayer.

the Au(111) surface, O, = 1 over the entire upd range. As for the
Au(111) surface, a sulfate adlayer atop the Cu adlayer is also
likely to be present.*”** Kuzume et al.*° also investigated Cu upd
on higher index Au including (332), (755), (775), and (554)
surfaces. The increasing terrace width on these surfaces was
found to correlate with sharper peaks, indicating more clearly
defined deposition. These higher index planes have terraces with
a (111) structure, and steps that resemble the (110) structure, the
resulting voltammetry bearing similarities to both.

In seeking a means of preparing core—shell electrocatalysts,
the first reports of the use of displacement of a Cu upd monolayer by
Pt*" cations by Brankovic, Wang, and Adzic described the modifica-
tion of a Au(111) surface and the effects of the underlying Au surface
on the hydrogen adsorption behavior of the Pt."*** These studies
showed two clearly resolved Cu upd peaks, in agreement with the
previously reported work®® described above. Subsequent STM
measurements showed that the Pt layer formed upon displacement
of the upd Cu consisted of a 2D monolayer of partially intercon-
nected nanoclusters of monatomic height and reported enhanced
oxygen reduction activity, attributed to a decrease in adsorption of
OH.* Importantly, none of these studies of Pt deposition on to
Au(111) surfaces showed a smooth, epitaxial Pt deposit following the
displacement of the Cu upd layer in a single cycle.

Practical electrocatalysts for use in fuel cells consist of high
surface area materials, usually carbon-supported metal nanoparti-
cles, and the initial studies of Pt monolayer catalysts were ex-
tended to carbon-supported nanoparticles using a variety of core
catalysts.>*'**” The focus of these reports was on the demonstra-
tion of the enhanced Pt mass activity, current per gram of Pt, of
the resulting core—shell catalysts for, primarily, the oxygen reduc-
tion reaction to illustrate the reduced costs of the materials over a
pure Pt/C catalyst. Structural characterization of the core—shell
catalysts has not been widely reported, and that which has, has
largely relied on TEM images of varying resolution, with recent
results showing a clearly defined core—shell structure for Pt
deposited on PdIr/ clo using high-resolution TEM and for Pt on
Pd/C from HAADF-STEM images.”** Interestingly, Wang et al.®
acknowledge that it was only possible to obtain such well-defined
core—shell structures by modifying the Cu upd displacement
procedure. To ensure complete encapsulation of the Pd core,
which is not stable in the acid electrolyte at potentials where oxide
formation takes place, the Cu upd layer was repeatedly formed and
removed in a solution containing 50 mM H,SO, and 50 mM
CuSO, in the presence of 0.1 mM K,PtCl. This deposition and
removal of the Cu upd layer was thought to lower the Pt deposition

rate so that a smooth Pt layer formed. The completeness of the Pt
shell has been identified as an important feature in the stability of
such core—shell catalysts;**” thus obtaining such a smooth shell is
important to the eventual use of the materials in a working fuel cell.

As exemplified by the article by Solla-Gullén et al,' the in-
formation obtained from single-crystal studies is now being used to
provide a detailed interpretation of the electrochemical behavior of
nanoparticles as, particularly for Pt, these can be described as
consisting of small (111) and (100) domains.*® The structural
information obtained from the Au single-crystal studies of Cu upd
and the initial studies of Pt** displacement, described above, has
informed the subsequent development of the core—shell nano-
particle catalysts. However, it is not clear that Cu upd on nano-
particles is adequately modeled by such single-crystal studies.

In contrast to the detailed studies of Cu upd on Au single-
crystal surfaces, the structural characterization of Cu upd on Au
nanoparticles has received far less attention. XPS has been used
exsitu to study a Au/C catalyst modified by the Cu upd layer, and
then following displacement of the layer by Pt to produce the
core—shell material.*' The XPS signal from the Cu layer was only
just above the noise level, reflecting its ultrathin nature, and did
not provide the level of structural detail needed to determine the
adsorption sites of the Cu or its coverage. A recent theoretical
study reported by Oviedo et al.® identified the number of upd
adsorption sites on ideal truncated octahedral Au nanoparticles
and how these varied as a function of the nanoparticle radius. On
the basis of this model, the total Cu upd coverage on an idealized
Au nanoparticle would be expected to be less than the total
number of Au surface atoms available, corresponding to less than
a full outer shell of Cu atoms, although a uniform surface
coverage could still be achieved. The functions proposed by
Oviedo predict a maximum coverage of 0.75 of a monolayer for a
1289 atom (truncated cuboctahedron) Au nanoparticle, with an
approximate diameter of 4.3 nm, and that full monolayer cover-
age would only be obtained when the deposition is driven
beyond the onset of bulk deposition. For smaller nanoparticles,
the theoretical upd coverage is even less.

Cu upd on Au nanorods was investigated by Seo et al.** as a
means to determine surface morphology, noting the overlap in
the Cu deposition peaks between Au(111) and (100). The
nanorods used have dimensions of 100—200 nm with well-
defined crystal surfaces and, therefore, have more in common
with single-crystal surfaces than the much smaller nanoparticles
used in this study. Ag and Pb upd have been more extensively
studied**® than Cu upd on shape-controlled Au nanocubes,
nanorods, and nanocrystals with both (111) and (100) surfaces;
however, these again have dimensions on the order of 50—
200 nm bearing more in common with single crystals than nano-
particles. With decreasing particle sizes, the definition of the
upd peaks was more poorly defined due to the lower size of
surface domains, hindering any quantitative determination of
the surface.””**

In this study, we present the first in situ structural study of Cu
upd on carbon-supported Au nanoparticle catalysts using extended
X-ray absorption fine structure (EXAFS), examining the initial
stages of formation of the Cu upd adlayer. EXAFS has proven to be
a powerful and flexible characterization techni(zlue and has been
applied to studies of heteroepitaxial film growth,” ~* nanoparticle
characterization,* *" and potential-dependent studies of electro-
catalysts.>>>* The in situ EXAFS measurements presented here
are unique in their ability to provide a structural model at each
stage of the deposition of Cu on Au nanoparticles during the
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deposition. By collecting the data at both the Au L; and the CuK
absorption edges, the structural model is constructed from the
perspective of both the Cu and the Au atoms, providing a more
complete picture. In agreement with the calculations of Oveido
etal. described above, and in contrast to the previous single-crystal
studies that form the basis of the current models of such
core—shell electrocatalysts, the EXAFS analysis confirms that
a complete/uniform Cu shell was not achieved. The structural
information presented here for Cu upd on nanoparticle Au
catalysts will, therefore, enable the development of better
models and further understanding of the preparation, activity,
and stability of such core—shell catalysts.

B METHODS

Catalyst Preparation. The Au nanoparticles were prepared by the
thiol encapsulation method of Brust et al,>* which has become one of
the standard preparation methods. To prepare the carbon-supported
electrocatalyst, the Au colloid dispersion and a suspension of Vulcan
carbon XC-72 R were combined in ethanol. The mixture was sonicated
for 30 min and refluxed at 80 °C under vigorous stirring for 10 h. The
resulting powder was separated by filtration and then thoroughly washed
with purified water, before being dried at 110 °C for 2 h.

Electrode Preparation. The required amount of catalyst
(approximately 60 mg) was finely ground and then dispersed in a small
amount of deionized water (0.75 mL) and isopropanol (0.20 mL).
Nafion (10.85 wt % solids in water) was added to the solution to give an
ink with 30 wt % Nafion solids when dry. The mixture was sonicated for
20 min followed by mixing with a Fisher PowerGen 125 homogenizer.
The resulting mixture was painted onto carbon paper (TGP-H-060),
which was dried, weighed, and the process repeated until the desired
loading of 0.07 mg cm™ > Au was obtained. The electrodes were then
pressed at 177 °C and 1 bar for 3 min. 1.32 ¢m? circular button elec-
trodes were cut from the sheet and hydrated by boiling in deionized
water prior to use.

Electrochemistry. An in situ electrochemical cell was used to
collect XANES and EXAFS data during the upd of Cu on Au. The
working electrode (WE) was held in place by a Au wire contact, a Pt wire
served as the counter electrode (CE), and the reference electrode (RE)
was a mercury mercurous sulfate (MMS), Hg/Hg,SO,, electrode that
was connected to the cell via a short length of tubing containing the
electrolyte. The cell was controlled by a ptAutolab type III potentiostat
running the General Purpose Electrochemistry Software 4.9 (GPES).
The 0.5 M H,SO, electrolyte was purged with N, and then pumped
through the cell using a peristaltic pump.

The prepared electrodes were cycled in 0.5 M H,SO,4 from —0.65 to
0.9 V vs MMS, until subsequent voltammograms overlaid, to clean the
surfaces of any residual thiols from the synthesis. Previously reported
studies of Cu upd on Au'******* have used Cu”* solutions containing
between 0.02 mM and 0.1 M Cu**, in 0.1—1 M H,SO, concentrations.
For this study, 2 mM CuSO, was chosen to ensure there was enough
Cu®" in the volume of the solution in the cell to give a full theoretical
monolayer coverage Cu on the Au nanoparticles, while being dilute
enough so that there was minimal Cu®" left in solution after the depo-
sition, as the latter would complicate the EXAFS analysis (due to the
small amount of sample in the X-ray beam).

Voltammograms were collected before and after the potential holds
for the EXAFS measurements at +0.20, —0.21, —0.42, and —0.51 V
vs MMS in 0.5 M H,SO,. The procedure for collection of the EXAFS
during upd Cu deposition in 2 mM CuSOy, in 0.5 M H,SO,, (purged
with N,) was modified to include an 20 min potential hold prior
to EXAFS data collection to ensure complete adlayer formation. The
Cu®" concentration was sufficient to ensure a complete monolayer

coverage based on the in situ cell volume alone (~1 mL), and the
excess in the electrolyte being pumped through the cell was nearly
2000 times that for a monolayer coverage, sufficient for bulk deposition
of Cu on the nanoparticles.

Electron Microscopy Measurements. Powder samples of the
Au/C catalyst for TEM-EDX using a Tecnai F20 transmission electron
microscope were crushed between two glass slides, and samples were
positioned onto a lacey carbon coated Cu “finder” grid with the aid of a
micromanipulator. The microscope was operating with a voltage of 200 kV
and C2 apertures of 30 and 50 m.

X-ray Diffraction Measurements. The XRD analysis used a
Bruker AXS D8 Advance diffractometer in parallel beam mode with a
60 mm Gobel mirror, and a Ni filtered Cu K, X-ray source. XRD
patterns were collected over a scan range of 10—140° 20 with a 0.022°
step size at a scan rate of 0.264° 20 per minute, and the diffracted beam
was collected using a Vantec Position Sensitive Detector.

X-ray Absorption Measurements. X-ray absorption measure-
ments were recorded at the Cu K absorption edge (8979 eV) and the Au
L; absorption edge (11919 eV) at beamline X23A2 of the National Syn-
chrotron Light Source (Brookhaven National Laboratory, U.S.) with ring
energy 2.58 GeV and a current of 220—290 mA. The station operated
with an upward reflecting, fixed exit Golovchenko—Cowan design mono-
chromator containing Si(311) crystals stabilized by piezo-electric feed-
back with a single bounce harmonic rejection mirror to reduce higher
harmonics. The catalyst powder sample was measured in transmission
mode using 20% Ar/80% N, filled ion chambers after cooling to 85 K
using a displex unit, and the in situ electrode measurements in fluores-
cence mode at 300 K using a 4-element silicon drift detector. Calibration
of the monochromator was carried out using Cu foil and Au foil.

Data Analysis. The acquired data were processed and analyzed
using the programs Athena and Artemis,*® which implement the FEFF6
and IFEFFIT codes.””® The AUTOBK method® was used to isolate
the k-space EXAFS data from the raw data, and a theoretical EXAFS
signal was constructed using FEFF6. Data were collected for a Au foil
prior to the nanoparticle measurements to enable determination of the
amplitude reduction factor. This was found to be 0.85 % 0.04; all
coordination numbers and subsequent results were corrected accord-
ingly. To fit the Au L; absorption edge data, the theoretical signal
included single and multiple scattering contributions up to the third
nearest neighbor in the Au face centered cubic (fcc) structure with a k
range of 3—16 A" (with the exception of the 85 K measurement, which
was fit up to 18 A~"') and an R range of 1.8—35.5 A. The single scattering
paths to the nearest three neighbors were [Au,p,,—Au; —Au,, ], [Aup—
Au,—Au,, ], and [Au,,,—Auz—Au,, ], where abs denotes the absorbing
atom and the numeric subscripts identify Au the first three Au neighbor
distances in the fcc structure (i.e., Au, is first nearest neighbor, Au, is
second nearest neighbor, etc.). Also included were noncollinear multiple
scattering paths [Augp—Au;—Au;—Au,,] and [Au,,,—Auz—Au;—
Au,,.]. The path degeneracy was left to vary as a fitting parameter to
account for the undercoordination of the surface atoms. Mean square
disorder parameters were constrained on the basis of the photoelectron
mean free path length. The nearest neighbor distances were constrained
to an isotropic expansion factor, and a single photoelectron energy
correction was applied to all paths. The selection of paths chosen is
similar to those used in the study of other nanoparticle systems.*®!

The Cu K absorption edge data were fit between 3 and 11 A~ in k
space and 1—3 A in R space, including the first nearest neighbors only. A
Cu foil reference was measured, as was a2 mM CuSO, reference sample.
An S,” of 0.82 & 0.20 was determined from a 2 mM CuSO, solution
reference sample and 0.89 = 0.05 from the Cu foil. Fitting models were
based on a fcc Cu foil and a fec 1:1 Cu:Au alloy for the potentials
corresponding to Cu upd, and an octahedral Jahn—Teller distorted
Cu(H,0)s solvated copper ion®*~** for the Cu”" in the electrolyte. As
with the Au fitting model, the path degeneracy was allowed to vary with
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the fit along with a bond length correction, mean square disorder, and
photoelectron energy correction.

B RESULTS AND DISCUSSION

Au/C Core Catalyst Characterization. Prior to investigation
of the Cu upd, the Au/C catalysts were characterized using TEM,
XRD, and EXAFS at the Au L; edge, to confirm the dispersion of
the Au nanoparticles on the carbon support and to provide a basis
for comparison of the structure obtained after Cu upd.

Figure 2 shows a bright field micrograph of the as-prepared Au
nanoparticles with the associated particle size distribution. TEM
shows the Au nanoparticles to be well dispersed on the carbon
support, with relatively evenly shaped particles. The size distribu-
tion is narrow, with a volume weighted average particle diameter
0f2.40 nm. EDX confirmed that the particles consisted of Au, but
S was not detected in the areas imaged.

The XRD pattern (Figure 3) is dominated by the carbon sup-
port, due to both the low Au loading and the poorly crystalline
nature of the Au nanoparticles. The volume weighted Rietveld
determined average crystallite size was 2.41 nm, in good agree-
ment with the TEM determined particle size.

Figure 4 displays the ex situ k> weighted EXAFS data and cor-
responding Fourier transform at 85 K of the as-prepared catalyst
powder obtained at the Au L3 edge. The fit parameters corre-
sponding to the plots in Figure 4 are presented in Table 1.

A roughly spherical shape can be inferred from the ratio of the
third to first shell coordination numbers measured by EXAFES,
and these numbers may be used to provide an estimated particle
diameter of 1.5 nm, using the models proposed by Jentys.® The
degree of disorder present reported here as the 0” term in the fit
is somewhat large considering the measurement temperature.
Work by Solliard®” has shown that, while Pt nanoparticles retain
their monocrystalline structure down to approximately 1 nm, Au
nanoparticles below 6 nm are better represented as aggregates of
polytetrahedral grains. The increased disorder observed in the
EXAFS is, therefore, attributed to this structural reorganization,
which is also observed as poor crystallinity in the XRD pattern.

EXAFS is a per atom averaging technique, and, therefore, the
contributions from any partially formed nanoparticles, clusters or
single Au atoms on the support, are counted toward the average

coordination number. These fragments would be missed by XRD
due to the lack of any long-range order and would not be visible
to routine TEM imaging, resulting in the average particle size
determined by EXAFS, 1.5 nm, being lower than the 2.4 nm
diameter found using TEM and XRD.

While EDX detected no S in the area examined, the presence
of a Au—S first shell scattering path was needed to improve the
quality of the EXAFS fit. This was attributed to some of the thiol
encapsulating layer remaining after immobilization of the parti-
cles on the Au support.

These results confirm that the as-prepared catalyst consisted of
well-dispersed Au particles, with an average diameter between 2
and 3 nm, in agreement with the preparation method used. Ad-
ditionally, the EXAFS data indicate that some of the thiol used to
restrict the growth of the particles during their preparation was
retained on the surface.

Electrochemistry. The potentials at which Cu upd occurred
were determined using cyclic voltammetry, as has previously
been reported in the studies of Cu upd on Au surfaces.'>****3>3335
Figure 5 shows the cyclic voltammograms in 0.5 M H,SO,
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Figure 3. XRD patterns of the 4 wt % Au/C catalyst powder. Data are
the black line, red vertical bars are the reference positions of reflections
from cubic Au (PDF no. 03-065-2870, a = 4.08 A), and the blue vertical
bars are those for the carbon support.
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Figure 2. (a) TEM micrographs of the 4 wt % Au/C catalyst powder and (b) the particle size distribution determined by analysis of the TEM image.
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Figure 4. (a) k> weighted experimental data (black) and fit (red) and (b) the corresponding k® weighted Fourier transform for the 4 wt % Au/C catalyst

powder as a self-supporting BN pellet at 85 K.

(black line) and following the addition of 2 mM CuSO, (red
line) obtained for (a) a polycrystalline Au disk electrode and (b)
the Au/C catalyst electrode. In the voltammograms for the Au
disk, the peak at —0.21 V represents the first deposition stage,
previously attributed to an adlayer structure involving both the
Cu atoms and the SO,>~ anions,* followed by a complete Cu
adlayer deposition at —0.42 V. Bulk deposition of Cu occurs by
—0.51 V. The deposition and stripping peaks for the Au/C
catalyst electrode in the in situ cell are not as well-defined as for
the Au disk, with only two broad peaks being observed in each
direction rather than three. Previous reports of upd on Au
nanorods*” and nanocrystals** have used the position and shape
of the upd peaks to identify the crystalline plane of the surface
facets. Because of the broad nature of the upd peaks observed in
our study (Figure Sb), which is attributed to the small size of the
nanoparticles as compared to those reported in previous studies,
identification of the particular surface facet was not possible. In
comparison to the Au disk, the voltammogram is dominated by
capacitance, which is associated with the carbon support and the
electrode structure, as the Au loading of the catalyst was restricted
to 4 wt % to ensure a narrow particle size distribution. The redox
couple observed in the acid CV between —0.3 and 0.1 V has pre-
viously been attributed to quinone groups on the surface of the
carbon support.®®

In Situ Au L; Edge EXAFS in 0.5 M H,SO,. Prior to investigating
the effects of Cu upd on the structure of the catalyst nanoparticles,
the effects of the applied potential on the structure of the Au/C
core catalyst were explored. Figure 6 displays k’ weighted Au L,
EXAFS data acquired at 300 K in the in situ electrochemical cell
and the corresponding Fourier transforms. The fit parameters
corresponding to the plots in Figure 6 are presented in Table 2.

The average first shell coordination number obtained in situ,
10.1, is significantly larger than that for the as-prepared sample
obtained ex situ and corresponds to an average particle dia-
meter of 3.8 nm. This increase is attributed to the effects of
electrochemical pretreatment prior to collecting the EXAFS
data; the prepared electrode was cycled in 0.5 M H,SO, until
there was no change in the shape of the oxide formation or
stripping peaks (i.e., the scans overlaid). This cycling process
appears to cause aggregation of nanoparticles and fragments
in close proximity, resulting in the increase in coordination
numbers, and therefore particle size, observed.

Table 1. Structural Parameters Obtained by Fitting the AuL;
Edge EXAFS Data Shown in Figure 4*

shell N R/A o> x 10°/A>  AEy/eV Ry
Au—Au;, 69404 2854001  56+2 64+03 0017
Au—S§, 1.0£03 231£001  83+37
Au—Au, 15407 403+£001  59+25
Au—Au; 11.0£3.8 494 +0.01 104 £ 23

“ N is the coordination number, R is the coordination distance, ¢* is the
Debye Waller (disorder) term, AEj is the shift in the Fermi energy, and
Ry is a measure of the goodness of fit.%

The second coordination shell in the EXAFS data proved
difficult to fit in all cases, with both amplitude and disorder terms
being small, and the respective errors large. Both Au—S and Au—
O scattering paths could not be fit to the data and, therefore, were
not the cause of the poor fit. These scattering paths were
considered because of the thiol used during the nanoparticle syn-
thesis and the H,SO, electrolyte. The lack of an Au—S scattering
contribution indicates that the cycling removed the thiol from
the surface of the nanoparticles.

The ratio between the first and third shell coordination num-
bers at +0.20 V is near 1, due to the low third shell coordination.
This low ratio is attributed to a flattening of the particles on the
surface of the support.®® At all of the negative potentials, the third
shell coordination number is larger, with the ratio of first to third
shell coordination numbers being greater than 2, and this is at-
tributed to a return to an approximately spherical particle shape
as observed for the as-prepared sample. Thus, the shape of the Au
nanoparticles is potential dependent, with reorganization of the
Au nanoparticles occurring between +0.20 and —0.21 V. This
potential-dependent fluctuation in the shape of the Au nano-
particles limits the applicability of models that describe the sur-
face of such particles as fixed facets with defined (111) or (100)
termination.

In Situ Au L; Edge EXAFS in 0.5 M H,SO,4 and 2 mM CuSO,,.
The effects of Cu upd on the structure were first determined
from the perspective of the Au core atoms by examining data
collected at the Au L, edge. Figure 7 displays the k> weighted Au
L3 EXAFS data acquired at 300 K in the in situ electrochemical
cell and the corresponding Fourier transforms. The fit para-
meters corresponding to the plots in Figure 7 are presented in
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Figure S. Cyclic voltammograms of (a) 0.196 cm” Au disk electrode and (b) 4 wt % Au/C catalyst electrode (1.32 cm?) in 0.5 M H,S0, (black) and
following the addition of 2 mM CuSO, (red) at 10 mV s~ . The dashed vertical lines in (b) indicate the potentials at which the in situ EXAFS data were
collected.
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Figure 6. (a) k® weighted Au L, edge experimental data (black) and fit (red) and (b) the corresponding k* weighted Fourier transforms for the 4 wt %
Au/C electrode in 0.5 M H,SO, as a function of the applied potential, with a schematic of the Au (yellow) on carbon (black) particle shape shown in the
right-hand margin.

Table 2. Structural Parameters Obtained by Fitting the Au L; Edge Data Shown in Figure 6

V vs (Hg/HgSO4) shell N R/A o x 10*/A AEy/eV Ry
+0.20 Au—Au, 103 £ 0.8 2.85 £ 0.01 85+5 37£05 0.033
Au—Au, 0.7+ 0.8 4.04 £ 0.01 15 + 36
Au—Au, 113 £ 6.5 4.95 £ 0.01 94 £ 34
—0.21 Au—Au, 10.1 £ 0.6 2.85 £0.01 81 +4 S.0+04 0.023
Au—Au, 1414 4.03 & 0.01 82471
Au—Au, 213 £ 131 4.93 & 0.01 150 + 48
—0.42 Au—Au,; 102 £ 0.7 2.85 4 0.01 86+ 5 4.6 £ 04 0.026
Au—Au, 0.6+ 1.0 4.03 £ 0.01 32+ 63
Au—Aus 212+ 124 4.93 £ 0.01 137 £ 42
—0.51 Au—Auy, 9.7£07 2.85 £ 0.01 784 43404 0.027
Au—Au, 124+ 14 4.02v0.01 61455
Au—Au, 21.5+13.8 4.93 £ 0.01 148 + 49
Table 3. A reduced k range of 3— 14 A~ was used in fitting the data potentials, and more spherical at negative potentials, and once
obtained at +0.20 V, due to poorer data quality above k = 14 A™". again the second shell coordination number proved difficult to fit.
As was the case with the Au L3 edge measurements in H,SO, Attempts were made to fit Au—O and Au—S scattering paths
alone, the particles are flattened out on the support at positive to all data sets, but their inclusion made no physically realistic
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Figure 7. (a) K weighted Au L; edge experimental data (black) and fit (red) and (b) the corresponding K weighted Fourier transform for the 4 wt %
Au/C electrode in 0.5 M H,SO, and 2 mM CuSO, as a function of the applied potential, with a schematic of the Cu (orange) deposition on the carbon-

supported Au (yellow) particles shown in the right-hand margin.

Table 3. Structural Parameters Obtained by Fitting the Au L; Edge Data Shown in Figure 7

V vs (Hg/HgSO,) shell N R/A o* x 10*/A* AE,/eV Ry
+0.20 Au—Au, 10.5 £ 0.7 2.85 4 0.01 82+ 4 45+£04 0.018
Au—Au, 1.7+ 1.7 4.03 +0.01 99 £ 83
Au—Auy 13.8 £72 4.94 £ 0.01 107 £ 32
—0.21 Au—Au, 103 +£0.8 2.85 £ 0.01 81 £35S 43105 0.029
Au—Au, 3.7+ 40 4.03 £ 0.01 183 179
Au—Auy 222 + 149 4.94 +0.01 158 + 53
—0.42 Au—Au, 104 £ 0.8 2.85 4 0.01 79+ 4 3.7+05 0.028
Au—Au, 21+21 4.03 £ 0.01 90 £ 65
Au—Au, 18.6 = 13.1 4.94 £ 0.01 136 £+ 51
—0.51 Au—Au,; 11.0 £ 0.7 2.85 £ 0.01 87 £ 4 44 £ 04 0.023
Au—Au, 2.0+£20 4.03 £ 0.01 97 £71
Au—Auy 20.6 =99 4.94 £ 0.01 126 + 33
improvements to the fit, indicating that none of the thiol 189
remained and that a sulfate ion containing adlayer was not 164
formed. Much more interestingly, however, the addition of a 1ol
Au—Cu first shell scattering path at negative potentials, where '
the voltammograms indicated the formation of the Cu upd layer, o 121
also failed to produce a physically realistic fit. In an attempt to ER
investigate this further, the upper k limit over which the data 3 1
were fitted was reduced to minimize the relative contribution of El %]
the Au and increase the relative Cu contribution to the back- 2 06
scattering amplitude, as the backscattering of the lighter element 04
peaks at lower k values, while that of Au is greater at larger k :
values. This also resulted in no change to either the overall fit 0'2__
quality or the physical viability of the scattering path. The 0.0 . . . . . .
absence of a Cu contribution will be discussed in more depth 8900 8980 9020/ v s0z0 sos0 s0%0

after the Cu K edge data are presented below, but to summarize
at this point, the data indicate that even at the most negative
potential explored in this study, —0.51 V, a complete Cu layer is
not formed on the Au core, in contrast to the epitaxial/pseu-
domorphic Cu upd layer reported in studies of the single-crystal
surfaces discussed in the Introduction.

In Situ Cu K Edge XANES and EXAFS in 0.5 M H,SO, and
2 mM CuSOj,. The structure of the Cu upd layer was further
investigated by collecting the XAS data from the perspective of

19454

Figure 8. Cu K edge XANES. Cu foil (—), 2 mM CuSO, reference
solution (---), and 4 wt % Au/C electrode in 0.5 M H,SO, and 2 mM
CuSO, at +0.20 V (blue), —0.21 V (green), —0.42 V (orange), and
—0.51 V (red).

the Cu atoms at the Cu K edge. Both the XANES region, used to
determine the oxidation state of the Cu species as a function of the
applied potential, and the EXAFS region of the data were analyzed.

dx.doi.org/10.1021/ja206763e |J. Am. Chem. Soc. 2011, 133, 19448-19458
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Figure 9. (a) K weighted Cu K edge experimental data (black) and fit (red) and (b) the corresponding K weighted Fourier transforms for the 4 wt %
Au/C electrode in 0.5 M H,SO, and 2 mM CuSO, as a function of the applied potential, with a schematic of the solvated Cu ion and final Cu modified
Au/C particle shown in the right-hand margin.

Table 4. Structural Parameters Obtained by Fitting the Cu K Edge Data Shown in Figure 9

Vvs (Hg/HgSO,) shell N R/A o* x 10*/A* AE,/eV Ry

+0.20 Cu—0,q 45418 1.96 £ 0.02 70 & 31 —75426 0.010
Cu—O,y 23409 2.33 + 0.04 63 %+ 65

—021 Cu—0,q 32403 1.94 4 0.01 46 + 14 —58+ 14 0.010
Cu—0,, 20402 2.50 + 0.04 58 + 63

—0.42 Cu—-0 23409 1.93 £ 0.02 219 + 47 —1.0422 0.037
Cu—Cu
Cu—Au 64424 2.60 & 0.03 219 + 53

—0.51 Cu—0 —43+31 0.024
Cu—Cu 26+ 1.1 2.49 %+ 0.02 104 + 39
Cu—Au 224 1.1 2.59 +0.03 73 4 38

Analysis of the EXAFS region provides information regarding the
adsorption site of the Cu atoms on the Au surface from the Cu—Au
coordination number and information regarding the packing of the
Cu atoms in the upd layer from Cu—Cu coordination number.

The XANES region of the Cu K edge XAS spectrum (Figure 8)
shows a clear change in features near the edge as the potential is
decreased, especially the appearance of a pre-edge peak at 8980 eV,
which is present in the XANES of the Cu foil. At —0.21V, thereisa
slight increase in the amplitude of the XANES below the main
peak of the edge, indicating some reduction of the Cu**, but little
shift in the position of the edge or the main peak in the XANES
at 8996 eV. As the potential is made more negative, to —0.42 V
(orange line) and then —0.51 V (red line), this shift continues,
but the XANES spectrum never fully reproduces all of the features
of that obtained for the metallic Cu foil. It has previously been
reported”®*” that, following deposition, the Cu™* does not fully
discharge to Cu’, which is consistent with the findings reported
here. However, this also means that the XANES analysis alone is
unable to provide quantification of the fraction of the copper in
the beam path deposited as the upd layer at each potential, where
the total amount consists of the sum of the ions in solution and
the (partially) discharged (ions) on the surface.

The k* weighted in situ EXAFS data and corresponding Fourier
transforms acquired at 300 K are shown in Figure 9, and the
corresponding fit parameters are presented in Table 4. The fits to
the data at +0.20 and —0.21 V show Cu—O first shell neighbors
consistent with octahedrally coordinated Cu”* ions. In contrast to

previously reported studies of Cu upd on bulk Au,** no Cu—Cu or
Cu—Au contributions could be fit to the EXAFS at —0.21 V
(resulting in negative coordination numbers and/or disorder
terms). This suggests that, although some reduction of the Cu
was detected in the XANES at —0.21V, either the proportion of Cu
deposited onto the Au nanoparticles was insufficient to be detected
in the presence of the Cu”" in the solution or the initial Cu upd
layer is not metallic in its coordination.

Fitting the Cu K edge EXAFS data at —0.42 V required both
Cu—O and Cu—Au neighbors. A gradual decrease in the co-
ordination number and distance for the first Cu—O neighbor is
observed as the potential is made more negative from +0.20 to
—0.42 V. The ordered structures proposed for Cu deposition on
Au single-crystal surfaces”>® were used as the initial fitting models;
however, these did not give realistic EXAFS fit results. At —0.42V, a
complete Cu monolayer was reported on the single-crystal surface
(see Figure 1b for the structure on Au(111)), with sulfate atop the
Cu.2%***33>33 [f this structure was present for the nanoparticle
catalyst, there should now be Cu—O, Cu—Cu, and Cu—Au
contributions to the first coordination shell; however, no Cu—Cu
contribution was found.

In the experiment reported here at —0.42 V, both Cu*" in
solution and the expected Cu and SO, adlayer forming on the
surface will be present. Therefore, two different Cu—O environ-
ments are expected. This multiplicity of Cu—O environments at
similar distances is likely to account for the large increase in the
Debye—Waller (disorder) term for the Cu—O shell at —0.42 V as
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compared to the values obtained at the more positive potentials.
The quantity and quality of available data prohibit fitting multiple
Cu—O neighbors at similar distances to enable a more precise de-
termination of the Cu—O environments (limited by the Nyquist
criterion).

The large Cu—Au first shell coordination number and lack of
Cu—Cau first shell coordination numbers obtained from fitting
the data at —0.42 V are also inconsistent with the structures re-
ported on the different Au crystal surfaces,”>******** with the
lack of Cu—Cu indicating that the formation of the Cu upd shell
is far from complete. As mentioned earlier, no Au—Cu neighbors
were found in the corresponding fit to the data obtained at the Au
L; edge at —0.42 V. The Au EXAFS data are expected to be far
less sensitive to the presence of a monolayer of Cu on the sur-
face, with a complete additional shell on the 3.8 nm diameter par-
ticles yielding an expected Au—Cu coordination number of 1.9.
Combining the complete absence of any Au—Cu neighbors at
this potential and the large Cu—Au coordination number
confirms that the Cu that has been deposited is retained on
the surface of the Au nanoparticles. The number of Cu—Au
neighbors, 6.44 + 2.41, suggests that the Cu is preferentially
depositing in defects in the outer shell of the surface of the Au
nanoparticles, as shown in Figure 10.

The Cu coverage was measured using the stripping voltam-
mograms (Figure 11) by comparison with the surface area of the
Au nanoparticles determined from the charge, 61.32 mC, asso-
ciated with Au—O stripping peak at +0.45 V (Figure S), and
assuming that both Au—O formation/stripping and Cu adsorp-
tion/desorption are 2 electron processes. After holding the
potential for 30 min at —0.42 V, a charge of 27.15 mC was
obtained, corresponding to a coverage of O¢, = 0.44. The Cu**
ion concentration was greatly in excess of that required to form
the complete monolayer, and, therefore, the lack of available Cu**
is not the source of the incomplete coverage at this potential.
After holding at —0.51 V, a charge of 62.77 mC was obtained, co-
rresponding to slightly more than that required for a full mono-
layer, O, = 1.02.

At —0.51V, the fit to the Cu K edge EXAFS data required both
Cu—Cu and Cu—Au first shell neighbors, but no longer required
Cu—O neighbors, indicating a transition to a much more metallic
coordination environment. The total first shell coordination
number (sum of Cu—Cu and Cu—Au coordination numbers)
remained low, much less than the 12 first shell neighbors that
would be present for bulk Cu in the fcc structure, and the Au L
EXAFS continued to be possible to fit without Au—Cu neigh-
bors. Taken together, these results verify that the Cu was still
confined to the surface of the Au nanoparticles. The lack of
Au—Cu neighbors also indicates that the Cu may be clustering
together in areas on the Au nanoparticle surface, rather than
forming a more evenly distributed/complete shell around the Au,
as is commonly assumed when the Cu upd layer sacrificial layer is
prepared for use in the subsequent galvanic replacement ap-
proach to the preparation of core—shell electrocatalyst nanopar-
ticles. A similar effect has been predicted for Ag upd on Au(100)
surfaces, with small islands tendin§ to form on the Au surface
rather than a uniform monolayer.®

In contrast to previously reported studies of Cu upd on massive
single-crystal Au surfaces,”>***’ the analysis of the EXAFS data
presented above is inconsistent with the formation of an ordered
overlayer structure at all of the potentials considered. At —0.21V,
where on the single-crystal surface a mixed layer of adsorbed Cu
and SO,*~ ions was found, we found no direct evidence of Cu

Cu atoms

% )

Au atoms
| !
\ \ \ | | \ X ’

v v A e X L '
p

v g X ‘ \ \

Oy

\
\

'
3

-
oL

Carbon support

Figure 10. Schematic of Cu deposition on Au nanoparticle based on an
idealized complete outer shell (left) and an incomplete outer shell

(right).
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Figure 11. Stripping voltammograms for the 4 wt % Au/C electrode in
0.5 M H,80, and 2 mM CuSQ, at a sweep rate of 5 mV s~ ". Standard
voltammogram (black), stripping after —0.42 V hold for 30 min (red),
and stripping after —0.51 V hold for 30 min (blue).

deposition onto the surface of the Au nanoparticles, although the
XANES did show a minority presence of reduced Cu species.
At —0.42 'V, where the single-crystal studies found the complete
Cu upd layer topped by a layer of adsorbed SO,>~, the Cu K edge
EXAFS data for deposition on Au/C catalyst were consistent with
Cu deposition at defect sites on the surface of the Au nanopar-
ticles, representing a coverage of 0c, = 0.44. This was further
supported by the Au L; edge EXAFS data, where the fits did not
require the addition of Au—Cu neighbors, indicating that the Cu
was deposited on the surface of the Au. Finally, at —0.51 V, where
bulk Cu deposition would be found at the single-crystal Au
surface, the data reported here for deposition on the nanoparticles
indicate that the Cu shell remained incomplete, with the Cu
forming clusters on the Au surface.

The findings reported here have profound implications for the
use of sacrificial Cu upd layers in the preparation of core (often
Au)—shell electrocatalysts by galvanic replacement of the Cu, if
the formation of a complete shell is required to obtain the opti-
mal activity or stability of the resulting core—shell material. As
mentioned earlier, such difficulties appear to have been acknowl-
edged by Wang et al.” in their preparation of a Pd core—Pt shell
catalyst where they describe a modification of the Cu upd method,
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using Cu deposition and stripping in the presence of Pt*" to obtain
a more uniform Pt coverage of the core. However, many of the
reports of core—shell catalyst preparation using the galvanic re-
placement technique do not appear to take such difficulties into
account, and, therefore, their assumptions regarding the true struc-
ture of the resulting catalyst materials must be treated with caution.

B CONCLUSIONS

We have presented the first in situ EXAFS study of Cuupd ona
supported Au nanoparticle catalyst. Investigation of the potential
dependence of the structure of the Au/C substrate catalyst using
EXAFS data collected at the Au L3 edge showed that the shape of
the catalyst particles is potential dependent, best represented as a
flattened spherical structure at positive potentials and being ap-
proximately spherical at the negative potentials where Cu upd
occurs. By obtaining and analyzing EXAFS data at both the AuL;
and the Cu K edges, a comprehensive view of the structure of the
Cu upd layer at each potential was obtained. In contrast to the
single-crystal studies reported previously, no evidence for a
mixed sulfate/Cu upd layer at —0.21 V (no Cu—Cu or Cu—Au
neighbors in the Cu K EXAFS or Au—Cu neighbors in the Au L;
EXAFS) was found, although the Cu K edge XANES data did
indicate some reduction of the copper species. At —0.42 V, where
a complete Cu monolayer is predicted from the single-crystal
studies, only a partial monolayer was found with the Cu atoms
that were deposited being preferentially located in defect sites on
the surface of the Au particles (large Cu—Au and no Cu—Cu
coordination numbers in the Cu K edge EXAFS, with no Au—Cu
neighbors found in the AuL; EXAFS). Finally, at —0.51 V, where
bulk Cu deposition was anticipated, the structure was found to be
more accurately represented as Cu clusters on the surface of the
Au nanoparticles than as a complete/uniform shell (increased
Cu—Cu and decreased Cu—Au coordination numbers in the Cu
K EXAFS, with no Au—Cu neighbors in the Au Ly EXAFS).
These findings indicate that Cu upd deposition on Au nanopar-
ticle surfaces may not yield the uniform shell structure required to
achieve good core—shell structures following a single galvanic
replacement step and that further structural characterization of
the final product catalyst is required to verify that the core—shell
structure was achieved.
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