Electrodeposition of Metals in Catalyst Synthesis:
The Case of Platinum Monolayer Electrocatalysts

by Miomir B. Vukmirovic, Stoyan T. Bliznakov, Kotaro Sasaki, Jia X. Wang, and Radoslav R. Adzic

he concern about energy sources, their availability, and

related environmental effects, is at an all time high.

Proton Exchange Membrane Fuel Cells (PEMFCs)—with
an efficiency higher than that of internal combustion engines,
light weight, low operating temperature, and fast-start-up
capability—are strong candidates for automotive applications.!
Transportation applications could be especially important in
shaping up the new energy economy since they may entail
a substantial decrease in the adverse environmental effects
linked to the use of fossil fuels and prolong their availability.
The largest portion of the cost of PEMFCs reflects the large
amount of Pt needed in the cathode’s catalytic layer due to the
low catalytic activity of Pt for the oxygen reduction reaction
(ORR). Recently, considerable advances have been made in
fuel cell electrocatalysis*® yielding improved electrocatalysts,
and increasing our understanding of the Kkinetics of the
ORR in combination with significant advances in theoretical
treatments.® Some of these studies involved: (1.) alloying Pt
to synthesize bi-metallic catalysts,* (2.) core-shell nanoparticles
catalysts,” (3.) the role of size, structure, and shape of
nanoparticles,'® and (4.) de-alloying of bimetallic alloys.!!
However, a complete understanding of the ORR kinetics on Pt,
the best single element catalyst, and of its low efficiency, is yet
to be achieved. These problems, compounded with the high
Pt content in current cathode catalysts, and with their gradual
loss of performance under operating conditions, still hamper
commercialization of fuel cells.’

In order to minimize the amount of noble metal
electrocatalysts and maximize their utilization, while achieving
high catalytic activity, numerous synthetic approaches have
been attempted. The electrocatalysts were prepared using
vacuum deposition methods,!* wet chemistry methods,* or
electrodeposition techniques." Electrodeposition in particular

has several attractive features with respect to the application
in catalyst synthesis such as simplicity of operation and ease of
control of the deposition conditions. In this article we describe
the application of metal electrodeposition in the synthesis of a
new type of electrocatalysts comprising a Pt monolayer (Pt
on metal or alloy nanoparticles.

The concept of Pt electrocatalysts offers a possible
solution to the impasse caused by a slow ORR kinetics and the
consequent large Pt content of conventional electrocatalysts.
A Pt,,, shell on a nanoparticle substrate core ensures that every
Pt atom is available for catalytic activity; in other words, a Pt
achieves the ultimate reduction in Pt loading and complete Pt
utilization. Also, through geometric and electronic interaction
with the substrate a Pt can change its electronic properties
and be more active and durable than pure-Pt electrocatalysts.

ML)

Synthesis of Pt electrocatalysts was accomplished by
placing a monolayer of Pt atoms on metal nanoparticles
using galvanic displacement of an underpotentially deposited
(UPD) Cu monolayer by a Pt monolayer.!* Underpotential
deposition!” 18 describes the formation of a submonolayer
or monolayer of a metal on a foreign metallic substrate at
potentials positive to the reversible Nernst potential, that is,
before bulk deposition can occur.

The experimental setup for Pt deposition (Fig. 1) consists
of two cells and a secondary compartment with sliding cover.
One cell is a regular electrochemical (EC) cell containing a
deareated solution for Cu UPD (50 mM CuSO, + 50 mM H,SO ).
The other cell contains a deareated Pt solution (1 mM K,PtCl,
+50mM H,SO,). These two cells are connected with a secondary
compartment made of Teflon and glass. The two cells and

secondary compartment

¥

comprise a closed system.
The volume above the
solutions and inside the
secondary compartment
is filled with inert (O, free)
atmosphere (Ar or N,).
The deposition proce-
dure involves two steps.
First, the Cu UPD layer
is formed in an EC cell.
Then, after removing
potential  control the
electrode with the Cu UPD
layer on it is transferred to
a cell containing the Pt
solution. Pt replaces the
underpotentially depos-
ited Cu by a simple redox
exchange. In order to
prevent the oxidation of
Cu adatoms in contact
with O,", the transfer of
the electrode from one cell
to the other must be done
in O, free atmosphere.
This is accomplished by
moving the electrode via
a secondary compartment

(continued on next page)

Fi6. 1. Cells and setup for Pt,, deposition by displacement of Cu UPD monolayer.
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which is filled with inert atmosphere. The exchange reaction
is influenced by the choice of UPD metal (Cu?* vs. Pb*), its
valency (Cu? vs. TI*), valency of deposited metal (Pt?* vs. Pt*)
and presence of anions and oxidative agents such as oxygen
and hydrogen ions.’”* A schematic diagram of the entire
process is shown in Fig. 2.

As an example of the results obtained for a Pt,; deposition
on single crystal electrodes we show the data for a Rh(111)
surface.?® Figure 3 shows the typical voltammetry curve with
two peaks for the UPD of Cu on a Rh(111) surface. The charge
associated with these peaks is 540 pC/cm?, which is close to 524
pC/cm?, needed for depositing a pseudomorphic monolayer

deposition potential (0.36 V). An irreversible deposition of Pt
under diffusion control takes place below its bulk deposition
potential (0.67 V) in the solution containing 0.1 mM K,PtCI,
and 50 mM Cu?". With repeated potential cycles between 0.37
and 0.67 V, the Cu UPD current gradually increases (green
curves in Fig. Sb), reflecting the enlargement of the surface area
as the size of the core-shell nanoparticles grows by irreversibly
deposited Pt. The role of Cu UPD and stripping cycle in this
electrodeposition process is to lower the rate of Pt deposition
and to enhance surface diffusion of Pt adatoms so that a
smooth layer forms.?” 2 At the end of Pt deposition, a linear
potential sweep, up to 1 V, completely removes Cu (Figs. 5a
and 5b). The number of potential cycles required to deposit
a full monolayer of Pt was determined by comparing the rate
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FiG. 2. Schematics of the galvanic displacement of a Cu UPD monolayer by Pt. Blue and gray balls represent Pt and Cu atoms, respectively. The clouds around

balls indicate ions.

of Cu on an ideal Rh(111) surface. The most negative peak is
very close to the bulk deposition of Cu, which imposes careful
control of the Cu UPD process to avoid deposition of more
than one monolayer of Cu. This is critical since the amount of
deposited Pt corresponds to the UPD Cu coverage. The dashed
line shows the curve for a Rh(111) surface in the absence of
Cu ions in solution. Figure 4 is the in situ scanning tunneling
microscopy (STM) image of the Pt deposited using galvanic
displacement of a Cu monolayer on a Rh(111) surface obtained
at open circuit potential in 0.1M HCIO, solution. The deposit
consists of two-dimensional interconnected Pt islands. Due to
the small difference between the Pt and Rh lattice constants,
these islands are expected to be epitaxial with the Rh(111)
substrate. There are a certain number of holes between the
islands, and also a few sites with Pt atoms in the second layer.

To generate Pt shells with controlled morphology and
thickness on a Pd core,'* viz, Pd_Pt nanoparticles (with n being
the number of Pt layers in the shell on Pd cores) we utilized a
Cu UPD mediated electrodeposition method.?” Figure 5a shows
the voltammetry curves for Cu UPD on Pd and Pt nanoparticle
catalysts, wherein a full monolayer of Cu is deposited and
removed during potential cycles positive of the bulk Cu
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of increase in measured surface area with the expected values
based on the core particles’ average diameter. Estimates of Pt
loading obtained from averaged Cu UPD stripping charges
measured before and after depositing a monolayer yielded
a Pt:Pd mass ratio within 15% of the values obtained from
measurements of inductively coupled plasma atomic emission
spectroscopy.

The atomic structures and component distributions of the
Pd Pt  nanoparticles were examined using an aberration-
corrected scanning tunneling electron microscope (STEM)
equipped with electron-energy-loss spectroscopy (EELS).
Figures 6a and 6b show atomically resolved HAADF (High
Angle Annular Dark Field)-STEM images for the Pd Pt and
Pd_Pt, samples, respectively. The analysis of the Z-contrast
HAADF intensity profiles along the scan lines from the center
to the edge, using three-dimensional atomic structural models
generated from the observed particles’ sizes, shapes, and facets
show nearly perfect fits to the data (black lines in Figs. 6¢c and
6d). Figures 6e and 6f illustrate the projections of the structure
models in the STEM image planes, and the arrangements of
atoms in the vertical columns along the scan lines. The models
obtained from the best fits indicate that all and only the surface
atoms are Pt for the Pd_Pt, sample (Fig. 6e), and the Pt shell is
3- or 4-layers thick for the Pd_Pt, sample (Fig. 6f), confirming
the formation of well-defined Pt shells on Pd metal cores.
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Fie. 3. Voltammetry curves for the underpotential deposition of Cu on a Rh(111) surface (solid line) in 0.05 M H,SO, with 0.05 M Cu?, and for a Rh(111)
surface in the absence of Cu?* (dashed line); sweep rate 20 mV/s. Reprinted with permission from Ref. 26. (Copyright 2007 American Chemical Society)

The ORR activity and stability of Pt,, on Pd nanoparticles
supported on carbon (Pt /Pd/C) electrocatalyst can be
improved by changing the shape of Pd nanoparticles.
Nanorods/nanowires are chosen instead of nanoparticles
to reduce the number of low coordination sites (which are
a source of dissolution) in order to improve stability and to
increase surface fraction of atoms of the most ORR active
facets, thus improving ORR activity as indicated in some recent
publications.% 2 30

The Pd nanostructures were electrochemically deposited from
chloride containing solutions (0.1-0.8 mM PdCl, + 0.1 M NaCl)
on thin film high-surface area oxidized carbon (C_), supported
on glassy carbon electrode.’! The surface of oxidized carbon
is covered by functional groups that increased the sorption
ability of the carbon® and improved the nucleation on it.

Figure 7 shows a cyclic voltammetry (CV) curve of Pd
electrodeposition on oxidized carbon nanoparticles. There
are three pairs of asymmetric cathodic/anodic peaks in the
CV curve, observed at potentials more positive than the
onset potential for H evolution/oxidation. The first pair of
narrow peaks (0.01 - 0.1 V) is attributed to H UPD adsorption/
desorption on Pd. The broad pair of peaks (0.1 - 0.15 V) is due
to either H UPD or chloride ion adsorption/desorption.**35 The
most asymmetric couple of cathodic/anodic peaks (0.4 - 0.8 V)
is assigned to Pd deposition/dissolution. The negative shift

(text continued on page 37)
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Fi6. 4. An in situ STM image of Pt,,, on a Rh(111) surface obtained at open
circuit potential in 0.1 M HCIO, solution. Image size is 47 x 47 nm, Z range
3 nm. Reprinted with permission from Ref. 26. (Copyright 2007 American
Chemical Society)
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FiG. S. (a) Voltammetry curves for Cu UPD on Pd (blue) and Pt (red) nanoparticles in Ar-saturated solutions containing 50 mM H,SO, and 50 mM CuSO,, together

with a baseline voltammetry curve for Pd in a solution without Cu (black). (b) Voltammetry curves before (blue), during (green), and after (red) Pt,,,

in the above solution with additional 0.1 mM K,PtCl,. Reprinted with permission from Ref. 10. (Copyright 2009 American Chemical Society.)

deposition on Pd

o

Intensity

000 045 091 136 182 227
Position (nm)
(@) -
] o
- LI l ! _ ' ll I ‘I
= 1oLl (14,
. A } ¢V i - 1 . '3L
Py R ° o " o
000 088 135 203 270 338
Pasition (nm)

Fi. 6. (a,b) HAADF-STEM images of the Pd(core)-Pt(shell) nanoparticles obtained for the Pd Pt and Pd_Pt, samples, respectively. We note that the

nanoparticles overlap with others at the left side in (a), and at the top side in (b). (c,d) Intensity profiles from the scan lines in (a) and (b) (open circles), and
the best fits (black lines), based on the structure models shown in (e) and (f) for Pd particles with 1 and 3-4 Pt surface layers, respectively. The calculations are
convoluted with a Gaussian point spread function. Two additional lines in (c) show the calculations made with all the Pt surface atoms being removed (green
line), or replaced by Pd (blue line). (e) Projection of the one-Pt-layer core-shell structure model along the [101] direction (left), and the atomic arrangement
(right) of the (111) plane at the position indicated by the line in the left. (f) Projection of the structure model with 4 Pt layers on the STEM image plane

(left) and the arrangements of atoms in the vertical columns along the scan line (right). Reprinted with permission from Ref. 10. (Copyright 2009 American

Chemical Society)
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nucleation implies that nuclei
are created simultaneously, their
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number remains constant and
their growth rate is the same.
Consequently, the change in
the growth mechanism could be
the only reason for morphology
change.

Morphology of Pd nano-
structures is determined by
the interplay between chloride
adsorption and H UPD. With
decreasing potential below 0.2 V,
the coverage by chloride ions
on the cluster’s facets decreases,
while its coverage by hydrogen
atoms increases gradually. The
chloride ions adsorbed on the
edges of the Pd clusters are those
most strongly adsorbed, and they
can be desorbed completely at
potentials below 0.04 V. Hence,
at about 0.05 V, chloride ions are
adsorbed only on the edges of the
Pd clusters, while UPD-adsorbed
hydrogen atoms partially cover
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thefacets. Theadsorbed hydrogen
on the Pd surface reduces the Pd
complex and promotes the layer-
by-layer growth of Pd, similarly
to the surfactant-mediated two-
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FiG. 7. Cyclic voltammetry curve measured for thin-film oxidized carbon on a GC electrode at scan rate of 10

mV/s in deaerated 0.1 M NaCl +0.8 mM PdCl, solution.

(continued from page 35)

and asymmetry of these peaks are associated with the strong
adsorption of both chloride ions and tetrachloropalladate
([PACL]*) complex existing in the electrolyte on the Pd
surface.®> ¥ The negative shift of the onset potential for Pd
bulk deposition on C_ is attributed to either a significant
overpotential for Pd deposition on carbon or the absence of
an ordered adlayer of the [PdCl ]* ions on the carbon surface.*
The potentiostatic current transients (data not shown)?*! suggest
an instantaneous two-dimensional nucleation with planar
diffusion growth control.?® 3

The dependence of the morphology of Pd deposits on the
deposition potential is shown in Fig. 8. Generally, it is seen that
the shape of the Pd nanostructuresis changed from nanoparticles
(4-5 nm) to nanorods (aspect ratio of 5-6) and to nanowires
(diameter of 3-4 nm and length of 50-60 nm) with increasing
deposition overpotential. The mechanism of instantaneous

dimensional growth of Ag on
Ag(111) suggested by Brankovic
et al.** The H UPD layer on
the Pd surface enhances the
nucleation density*' as an ideal surfactant, since its high
mobility** ensures its “floating” on the Pd surface as growth
proceeds.* So, at this potential Pd predominantly grows in
the shape of nanowires because specifically adsorbed chloride-
ions block the edges of the clusters causing lateral growth to
be hindered. The H UPD coverage decreases with increasing
potential, and the surfactant-mediated growth mode is not
efficient enough to support the growth of nanowires; thus, the
growth mode changes from nanowires to nanorods and finally
to nanoparticles.

The high-resolution transmission electron microscopy
(HRTEM) images of the samples are presented as insets in
Fig. 8. It is seen that all deposited Pd nanostructures are single
crystalline. Lattice fringes with interplanar spacing of 0.22
nm, ascribed to (111) planes of the face-centered cubic (fcc)
structure of Pd, are clearly seen in the HRTEM images. The

(continued on next page)

Fic. 8. TEM images of electrodeposited Pd nanoparticles (a), nanorods (b), and nanowires (c). The insets are HRTEM images of the respective nanostructure.

The Electrochemical Society Interface ® Summer 2011

37




Vukmirovic, et al.
(continued from previous page)

Fi6. 9. HAADF images of Pt,, /Pd/C electrocatalyst synthesized by scale-up method. Reprinted from Ref. 45. (Copyright 2010 with permission from Elsevier.)

fast Fourier transform pattern of selected areas from a single
nanowire indicated that most of the Pd atoms are ordered in
(111) facets. It also confirms that the surface fraction of Pd
atoms on the (111) facets is predominant in the sample of

As an example of practical high-activity and high-stability
catalysts, the data for Pt,;, on Pd nanoparticles supported

interest. on carbon (Pt,, /Pd/C) are presented.® The study of the ORR
activity of Pt on five single-crystal surfaces showed that

Ptw/Pd/C 0.085 mge cm™

i =37 %

0.1

0

-68 %

Mass activity/A mge; ‘s at 0.9 V —

PtKetien 0.3 mgecm™ by 433 mao om?

0 20000 40000 60000 80000 100000
Number of potential cycles —

FiG. 10. The Pt mass activity for the ORR as a function of the number of potential cycles during fuel cell testing of the
Pt,,/Pd/C electrocatalyst. The results with Pt/C and Pt/Ketjen carbon catalysts are shown for comparison. Reproduced
with permission from Ref. 43. (Copyright Wiley-VCH Verlag GmbH & Co. KGaA)

Pt,, on Pd(111) had higher
ORR activity than Pt(111).** The
catalyst (2 g) was prepared in a
scale up synthesis based on the
Cu UPD method.* %

The morphology and structure
of a Pt /Pd/C electrocatalyst
synthesized by the scale-up
methodology were examined
by HAADF-STEM.* The HAADF
technique can resolve interfaces/
locations  between  different
elements since the image
intensity from an element
(atomic number Z) follows
approximately a Z? dependence.*
The Z-contrast images in Fig. 9
show bright shells on relatively
darker nanoparticles, which
suggest the formation of a core-
shell structure, i.e., a Pt (Z = 78)
monolayer or bilayer (shell) on a
Pd (Z = 46) nanoparticle (core).*
Figure 10 gives the results of
accelerated fuel-cell stability tests
of the Pt /Pd/C electrocatalyst
by plotting Pt mass activity
as a function of the number
of potential cycles.** The test
involved potential step cycling
between 0.7 and 0.9 V (RHE)
with a 30 second dwell time at
80°C.# After 100,000 cycles, the
Pt mass activity was decreased
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37%, indicating the excellent durability of this electrocatalyst.
For comparison, the Pt mass activity of two commercial Pt/C
catalysts is about three times smaller than that of the Pt /
Pd/C electrocatalyst. Thus, after 60,000 potential cycles, Pt/C
had lost almost 70% of its activity, compared with less than
20% for Pt,,/Pd/C; the activity of Pt/Ketjen black carbon had
fallen more than 40% after only 10,000 cycles. It is particularly
important and informative that at 60,000 cycles, the Pt
mass activity of Pt, /Pd/C catalyst increased from the initial
threefold to fivefold enhancement over that of Pt/C. This fact
clearly illustrates the superior stability of the Pt /Pd/C.

We have described the use of several metal electrodepositon
techniques in syntheses of a new class of electrocatalysts
comprising a Pt,, on metal or alloy nanoparticles. These
electrocatalysts can dramatically reduce the Pt content,
while affording enhanced catalytic activity. The galvanic
displacement of a Cu UPD monolayer by Pt provides a uniquely
convenient way of uniformly depositing a metal monolayer
on carbon-supported metal nanoparticles in a surface-limited
reaction controllable to a small fraction of a monolayer.
This procedure can be extended into the area of thin film
metal electrodeposition.! 2123 4749 Scale-up of this synthesis
method is possible and successfully tested up to 50 grams per
batch.* The method facilitates growing various nanoparticles
architectures with controllable thickness of components in
stratified structures. The Pt electrocatalysts described above
can remove the remaining obstacles in using fuel cells in
automotive application. In addition, these findings indicate
the broad applicability of the Pt catalysts and the possibility
of extending this concept to the catalysts based on other noble
metals which could prolong the availability of Pt for future use.
The environmental benefits resulting from the use of fuel cells
in transportation would be an especially important result of
the application of Pt electrocatalysts.
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