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Balancing Activity and Stability in a Ternary Au-Pd/Fe
Electrocatalyst for ORR with High Surface Coverages of Au
Xiaofang Yang,[a] Jun Hu,[b] Ruqian Wu,[c] and Bruce E. Koel*[a]

Sluggish kinetics of the oxygen reduction reaction (ORR) and

low durability of ORR catalysts in polymer electrolyte membrane

fuel cells (PEM-FCs) requires a continued search for advanced

catalysts. Bimetallic catalysts demonstrate enhanced kinetics

due to the optimized electronic properties from alloying but

can suffer from poor stability of the active metals. Herein we

report our findings that while bulk gold is catalytically inactive,

high coverages (> 0.6 monolayer) of Au deposited on a

Pd3Fe(111) surface were highly active and stable. These proper-

ties of Au-modified Pd3Fe(111) surfaces are associated with

initial formation of 2D nanostructures at step edges and the

transition of 2D to 3D nanostructures under reaction conditions.

The balancing of activity and stability in this ternary Au-Pd/Fe

electrocatalyst provides a potential candidate for non-Pt, highly

stable ORR catalysts. Similar nanostructures and conditions may

be able to activate gold for use in other electrocatalytic

reactions.

The sluggish kinetics of the oxygen reduction reaction (ORR)

and insufficient stability of the catalysts in polymer electrolyte

membrane fuel cells (PEM-FCs) has required a continuing search

for improved catalysts.[1] Bimetallic catalysts such as Pt-Ni and

Pd-Fe often demonstrate enhanced kinetics due to improve-

ments in the electronic properties caused by alloying for

binding surface intermediates.[1–3] One challenge of utilizing

bimetallics containing inexpensive first-row transition metals is

the poor stability of the catalysts, e.g. leaching out of the active

metals during operation. Even for Pt, slow dissolution occurs

under high anodic potentials.[4–5] Therefore, the stability of

electrocatalysts is a critical parameter for developing long-

lifespan fuel cells. Herein, we report on the important proper-

ties of high coverages of Au (>0.6 ML) in balancing the

catalytic activity and electrochemical stability of an Au-Pd/Fe

ternary catalyst.

Bulk gold is an oxidation-resistant metal that is generally

regarded as a catalytically inactive material. However, nanoscale

(<10 nm dia.) Au clusters are active in a wide variety of

chemical reactions,[6–7] such as the oxidization of methanol,[8]

ethanol,[9] and CO,[10] the water-gas shift reaction,[11] and

selective hydrocarbon oxidation.[12-13] Molecular oxygen does

not dissociatively adsorb at bulk Au surfaces at room temper-

ature, but effectively does so on supported Au nanopar-

ticles.[14–15] Au nanoparticles are active for ORR, with the activity

of Au greatly affected by particle size, pH of the electrolyte,

surface structure[16] and support materials (Au/SnO2, Au/

MnO2).[17–18] However, these pure Au catalysts are still much less

active than typical Pt-based catalysts and so are not viable as

new cathode catalysts. A larger interest in Au comes from its

beneficial in promoting stability and activity in the bimetallic

electrocatalysts for ORR, where gold can block access to low

coordination sites or as an electronic modifier to Pt.[19–20] For

example, Au has been used as a support for Pd or Pt monolayer

(ML) catalysts[21–22]or as the core in core-shell catalysts such as

Au-PtNi and Au-PtCo.[23–24] Au modified Pt nanoparticles or

Pt(775) single crystal surface also exhibited large improvements

in durability without lowering the activity.[4,25] In the study

herein, we report new findings of the action of high surface

coverage Au as the structural and electronic modifier in a

ternary Au/Pd3Fe electrocatalyst. We fabricate and characterize

submonolayer coverages of Au on a Pd3Fe(111) single crystal

surface in ultrahigh vacuum (UHV) and evaluate the electro-

catalytic performance of these surfaces for ORR in acidic

electrolyte solution. Despite the inert nature of bulk gold, high

coverages (0.6 monolayer, ML) of Au demonstrated enhanced

stability and superior catalytic activity in acidic conditions. We

explain the origin of these improved properties as due to the

preferential growth of the Au adlayer at step edges on the

Pd3Fe(111) surface and the contribution to the ORR activity of

Au nanoparticles, which are formed by the reconstruction of

surface Au from a 2D to 3D morphology in the O2-saturated

acid electrolyte. Supported by density functional theory (DFT)

theoretical calculations, we propose a possible mechanism for

this 2D to 3D transition of Au.

Au films were grown epitaxially by physical vapor deposi-

tion (PVD) of Au on a clean Pd3Fe(111) surface at 300 K. The

submonolayer films were characterized by low energy ion

scattering (LEIS), X-ray photoemission spectroscopy (XPS) and

scanning tunneling microscopy (STM). Different coverages of

Au were obtained by varying the deposition time. XPS and LEIS

spectra of the Au modified surfaces are provided in the

[a] Dr. X. Yang, Prof. B. E. Koel
Department of Chemical and Biological Engineering
Princeton University
Princeton NJ 08544 (USA)
Fax: (+ 1)609-258-4524
E-mail: bkoe@princeton.edu
Homepage: http://www.princeton.edu/cbe/people/faculty/koel/

[b] Prof. J. Hu
School of Physical Science and Technology
Soochow University
Jianshu 215006 (P.R. China)

[c] Prof. R. Wu
Department of Physics and Astronomy
University of California, Irvine
Irvine CA 92697 (USA)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cctc.201800503

693ChemCatChem 2019, 11, 693 – 697 � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CommunicationsDOI: 10.1002/cctc.201800503

Wiley VCH Mittwoch, 16.01.2019
1902 / 120092 [S. 693/697] 1

https://doi.org/10.1002/cctc.201800503
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcctc.201800503&domain=pdf&date_stamp=2019-01-09


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Supporting Information as Figures S1 and S2. Figure 1A displays

the Pd, Fe and Au surface compositions as determined by LEIS

during the growth of Au films. Two different growth morphol-

ogies characteristic of a Stranski-Krastanov growth mode for Au

can be identified: linear changes in the LEIS signals and growth

of an Au ML film at less than 0.6 ML Au, and then deviations

from this curve at higher coverages due to the formation of

multilayer Au islands. Figure 1B compares the normalized Pd

and Fe compositions, showing a faster decrease in the Fe

composition than for Pd during Au growth. Thus, Au atoms

tend to preferentially cover Fe sites. More details about the Au

film growth were revealed by STM images, as shown in

Figure 1D. Due to the relatively high mobility of Au and the

weaker interactions between Au adatoms and the terraces, Au

atoms selectively aggregate at terrace steps and form 2D

nanostructured (2-5 nm) protrusions and gaps at the step

edges. As shown in Figures S3 and S4, DFT free energy

calculations for an Au adatom finds that an Au atom at the step

edge is 0.75 eV more stable than on the terrace, strongly

supporting the preferential growth of Au on the terrace edges.

This growth feature of Au films may indicate a capability of Au

for protecting lower coordination Pd and Fe atoms at step

edges from attack by the acid electrolyte in electrochemical

reactions. The thermal stability of these Au films was inves-

tigated by heating the sample to increasing temperatures in

vacuum. The Au ML films on Pd3Fe(111) were stable up to 600

K, but higher temperatures caused interdiffusion and removal

of surface Au into subsurface layers. Figure 1C shows that Au

on Pd3Fe(111) is more stable than on Pd(111), where Au

interdiffusion occurred over the whole temperature range

studied (350–1100 K). This indicates higher Au diffusion barriers

for Au/Pd3Fe(111) than for Au/ Pd(111), which effectively

prevents near surface alloying on Pd3Fe(111) at 300 K.

Surfaces with different Au coverages were prepared and

characterized by electrochemical analysis. Cyclic voltammetry

(CV) in Ar-purged perchloric acid (HClO4) solution and polar-

ization curves for ORR in O2-purged HClO4 solution was carried

out for each surface. Similarly, as references, clean Pt(111),

Au(111), Pd3Fe(111), and Pd ML/Pd3Fe(111) single crystal surfaces

were also prepared by sputtering and annealing cycles under

UHV conditions. All of the vacuum-prepared surfaces were

transferred out of the UHV chamber to an external electro-

chemical cell for analysis by using a droplet of high purity water

(added under an Ar ambient pressure in a cell directly attached

to the UHV chamber) to protect and maintain cleanliness of the

surfaces during transfer.

The ORR performance for all the UHV-prepared surfaces was

examined in an O2-purged 0.1 M HClO4 solution at 300 K.

Figure 2A compares the ORR polarization curves at 900 rpm

from rotating disk electrodes (RDEs) of Au(111), Pt(111),

Pd3Fe(111), and several Au/Pd3Fe(111) samples. All other kinetic

parameters are provided in Table S2 .Two distinct regions in the

polarization curves can be identified for both the Pt(111) and

Au/Pd3Fe(111) electrodes, i.e. the diffusion limiting current (jD)

region of 0.2–0.75 V and the mixed diffusion-kinetic control

region of 0.75–0.95 V. Bulk gold shows no ORR activity in the

potential range of 0.3–0.95 V. However, adding 0.9 ML Au to

Pd3Fe(111) has a much higher activity than bulk Au (111).

Furthermore, we note that the ORR performance of Au0.6/

Pd3Fe(111) (denoting a dose of 0.6 ML Au) is comparable to

Pt(111) even though more than half of the surface was covered

by 2D Au adatoms, as observed by STM. Obviously, Au islands

comprising this single adlayer of Au contribute greatly to the

ORR activity of the surface. Although Au0.6/Pd3Fe(111) was

slightly less active than the fresh Pd3Fe(111), it displayed

superior stability in testing over longer periods of time, as

shown in Figure 2B. The ORR polarization curve for the

Pd3Fe(111) negatively shifted by 12 mV after 500 ORR scans,

presumably caused by slow leaching out of surface Fe. In

contrast, Au0.6/Pd3Fe(111) showed no observable potential shift

after 500 ORR scans over the potential range of 50–1000 mV.

The enhanced stability of the Au0.6/Pd3Fe(111) catalyst is

consistent with the effect of Au on Pt catalysts previously

reported.[4,25] However, in these studies, the Au loading or

coverage on Pt catalysts was kept very low to retain the activity

of the catalyst. In our studies, we observe high activity with

high stability at high surface coverages of Au on Pd3Fe(111).

Figure 1. Growth and characterization of submonolayer Au films on
Pd3Fe(111). A. Deposition and growth of Au ML films on Pd3Fe(111) at 300 K
characterized by LEIS to determine the Au, Pd, and Fe coverages at the
topmost surface layer. The ISS signals are normalized by a sensitivity factor
determined by the LEIS signals from Au(111), Pd(111) or a clean Fe foil,
respectively. We assign a dose of one ML of Au dose as requiring 23 min as
marked assuming the linear deposition of Au. B. A comparison of
concentrations of Pd and Fe show preferential attenuation of surface Fe
during Au film growth. This is better revealed by a plot of the relative
concentrations of both Pd and Fe, which were set as 100 % for a clean
Pd3Fe(111) sample, and the changes that occur after Au deposition. C.
Thermal stability of Au films on Pd3Fe(111) and Pd(111) determined by LEIS
(LEIS conditions: 3 nA, 1.0 keV He+, and 5.0 � 1013/cm2 He+ exposure per
spectrum). D. STM image after deposition of 0.4 ML Au on Pd3Fe(111) at
300 K. Au films grew preferentially at step edges and formed 2-D nanoislands
(~5 nm) and nanogaps (~2 nm). Image size: (100 � 100) nm2.
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DFT calculations were performed to investigate the inter-

action between O2 and Au adatoms. In Figure S5, different

structures of Au atoms on the Pd terraces including Au islands,

step adatoms, kinks, and vacancies were simulated to represent

the nanostructured Au on Pd3Fe(111) as observed by STM. The

O2 binding energy on these structures was calculated and

compared to the binding energy on uncovered Pd and Fe sites.

The binding energy of O2 at different Au configurations is given

in the Supporting Information in Table S1. Although O2 binds to

the Au kinks (�0.45 eV) more strongly than other structures, it

is still more weakly bonded than to Pd sites (�0.74 eV).

Therefore, direct O2 reduction on these Au sites is not

supported by the O2 binding energy calculations. Other

reaction mechanisms have to been considered and will be

discussed below.

To probe Au/Pd3Fe(111) surface changes after the ORR

measurements, all the samples were transferred back to the

UHV chamber and characterized by LEIS and XPS. Light

sputtering by low energy (0.5�1 keV) He+ ions was required to

remove surface H and OH species before reporting the results

of LEIS spectra. The surface compositions as prepared in

vacuum and after ORR measurement determined by LEIS and

XPS analysis are compared in Figure 3A. The relative surface

composition of Au and Pd measured by XPS was nearly the

same before and after ORR, but the outermost layer composi-

tions measured by LEIS before and after ORR were very

different. The Au concentrations determined by LEIS after the

ORR measurements were reduced to one-half of their original

values. The different results obtained by LEIS and XPS can be

explained by the different probe depths of these two surface

analysis techniques. LEIS detects only the outermost atomic

layer at the surface, while XPS probes a few nm (many atomic

layers). Thus, after ORR measurements, XPS shows that Au did

not leach out from the surface and disappear into solution to a

large extent. In order to explain the large decrease in the Au

LEIS signal, it is possible that Au reconstructed to form 3D Au

Figure 2. Electrocatalytic properties of submonolayer Au films. A. Compar-
ison of the 10th ORR polarization curves for Au (111), Pt(111), and Aux/
Pd3Fe(111) surfaces at 300 K. B. Comparisons of ORR polarization curves of
the 10th and 500th scan. Top: clean Pd3Fe(111) annealed in vacuum at 1250 K.
Bottom: Au0.6/Pd3Fe(111). Polarization curves were obtained in an O2-purged
0.1 M HClO4 solution with a sweep rate of 20 mV/s and rotation rate of
900 rpm.

Figure 3. Surface Au reconstruction on Pd3Fe(111) probed by surface analysis
and CV measurements. A. XPS peak ratio (top) and Au % in the outermost
layer as probed by LEIS (bottom) of Au films as prepared in vacuum and
after ORR measurements. B. CVs in Ar-purged 0.1 M HClO4 before (black
lines) and after (colored lines) 10 ORR scans (20 mV/s scan rate). The labeled
Au coverages are based on the total amount of Au deposited in vacuum as
determined by LEIS.
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nanoparticles and thus decreased the top-layer Au concen-

tration. Another mechanism that could also explain the

decrease in the Au LEIS signal is interdiffusion and alloying, but

we believe that this would be a more highly activated process

given the thermal stability measurements in Figure 1C. For-

mation of 3D Au nanoparticles is not highly activated, and this

indeed occurred readily during the growth of Au films at

slightly higher coverages. A complication is that adsorbate-

induced segregation of Pd from PdAu alloys has been well

recognized.[26] Although Pd segregation cannot be excluded for

these Au /Pd3Fe(111) surfaces, the poor ORR performance of

both Pd-segregated PdAu alloy[27] and Pd-ML/Au(111)[28] electro-

catalysts indicates that Pd segregation cannot explain the good

ORR activity of the Au0.6 /Pd3Fe(111) surface. Thus, we propose

that the Au adatoms reconstruct from 2D islands into 3D

nanoparticles during ORR. This reconstruction is supported by

cyclic voltammetry (CV) analysis of the fresh surfaces and after

ORR measurements, as shown in Figure 3B. Cyclic voltammetry

was performed in an Ar-purged 0.1 M HClO4 solution after the

sample was transferred out from the vacuum and after the

sample was tested for ORR. A Pd-ML/Pd3Fe(111) surface,

prepared by deposition of a one monolayer Pd film on a clean

Pd3Fe(111) surface, was relatively stable and only showed a

small change in the CVs obtained before and after ORR scans.

All other Au/Pd3Fe(111) surfaces, with Au coverages from 0.5–

0.9 ML, showed large differences in the CVs obtained after ORR.

In the CVs before ORR, the deposition of Au significantly

inhibited the features of H adsorption/desorption at 0–0.35 V

and surface oxidation/reduction at 0.65–0.8 V seen for the

Pd3Fe(111) surface. After ORR, these features were either

partially or completely recovered, consistent with reconstruc-

tion of Au from 2D islands into 3D nanoparticles during ORR. In

addition, further examination of the CVs in the high potential

regions of >0.9 V corresponding to surface oxidation revealed

a less anodic feature for Au/Pd3Fe(111) surfaces than for Pd-ML/

Pd3Fe(111). This illustrates that Au modification leads to

improved resistance to surface oxidation during ORR.

First-principles calculations based on DFT were performed

to explore surface Au reconstruction in support of this

interpretation. Three scenarios were compared: the absence of

oxygen, O2 binding to an Au adatom, and O binding to an Au

adatom. Details of the DFT calculations are provided in the

Figure S3. Free energy calculations for surface Au adlayers

provided the minimum energy barriers required for a gold

adatom to migrate from a Pd terrace site to a 2D Au island. This

process represents the initial step for the 2D to 3D transition of

surface gold atoms. As shown in Figure 4, a large barrier of

1.22 eV was found for this process if no oxygen binds to the Au

adatom. The energy barrier was slightly reduced to 1.0 eV for

this process with an O2 binding to the Au adatom. Thus, these

two processes are less likely to happen at room temperature.

This barrier dropped by nearly one-half to 0.55 eV if an O atom

binds to the Au adatom and they migrate together. This finding

is consistent with the experimental CV measurements, which

show that the CVs did not change in the Ar-purged solution,

but showed large differences after O2 polarization scans. Thus,

oxygen atoms from O2 dissociation bind to Au adatoms and

promote the 2D to 3D transition of the surface gold adlayer.

This high mobility of Au promoted by adsorbates also causes

facile Au migration on Au(111).[29] The reaction cycle for ORR

involves O2 dissociation followed by H2O formation to “free up”

surface active sites. Oxygen on Au sites should be more facilely

removed than oxygen on Pd sites since oxygen binds much

more weakly on Au than Pd.[30] Thus we propose that the ORR

mechanism on these surfaces involves O2 dissociation at Pd

sites, O adatom diffusion from Pd to Au, and reduction of O

atoms bound at Au sites to H2O. The process in which oxygen

diffuses from Pd to Au sites is often discussed in heterogeneous

catalysis as “oxygen spillover”.[31] But this mechanism has not

been discussed much in electrocatalysis. We believe that this is

an important phenomenon in electrocatalysis and that further

investigation by theoretical calculations and surface science

characterization of O2 adsorption and spillover of oxygen

species at bimetallic Au�Pd surfaces is important to elucidate

and test this mechanism.

In summary, we have shown that submonolayer Au films on

Pd3Fe(111) grow preferentially at the step edges of terraces on

the Pd3Fe(111) surface. We propose that this results in improved

electrochemical stability of the surface. In addition, the surface

maintains a high activity for O2 reduction due to Au

reconstruction to form nanostructures in the O2-saturated acid

electrolyte and the accompanying activity of these Au nano-

structures. Balancing activity and stability is extremely impor-

tant for developing high performing and durable fuel cells with

long lifespans. We found that while bulk gold is an oxidation-

resistant and catalytically inactive material, the Au/Pd3Fe(111)

surface was highly active: a surface with 0.6 ML Au had a

comparable or higher ORR activity than Pt(111). This superior

activity of nanostructured Au may be assisted by oxygen

spillover between Pd and Au sites. This has been discussed

extensively in heterogeneous catalysis, and should be better

recognized as an important phenomenon in electrocatalysis.

The balancing of activity and stability in this ternary Au�Pd/Fe

Figure 4. Oxygen-promoted 2D to 3D transition of submonolayer Au films.
Left: Partial energy profiles for an Au adatom migrating from a Pd terrace to
the top of an Au island. Three cases were compared: an Au adatom, O2

binding to an Au adatom, and O atom binding to an Au adatom. Right: The
structural model and binding configurations for the O atom binding to an
Au adatom for the highlighted states (1, 4, 7 and 9) in the energy profile (Au:
gold, Pd: blue, Fe: purple). Although the 2D to 3D transition shown here is
endoergic with DG = + 0.25 eV, subsequent reaction with protons to form
H2O decreases the overall free energy change to exoergic (not shown).
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electrocatalyst provides a potential candidate for non-Pt, highly

stable ORR catalysts. Similar nanostructures and conditions may

be able to activate gold for use in other electrocatalytic

reactions.
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