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Electrocatalytic processes will undoubtedly be at the heart of energising future transportation and
technology with the added importance of being able to create the necessary fuels required to do so in
an environmentally friendly and cost effective manner. For this to be successful two almost mutually
exclusive surface properties need to be reconciled, namely producing highly active/reactive surface sites
that exhibit long term stability. This article reviews the various approaches which have been undertaken
to study the elusive nature of these active sites on metal surfaces which are considered as adatoms or
clusters of adatoms with low coordination number. This includes the pioneering studies at extended well
defined stepped single crystal surfaces using cyclic voltammetry up to the highly sophisticated in situ
electrochemical imaging techniques used to study chemically synthesised nanomaterials. By combining
the information attained from single crystal surfaces, individual nanoparticles of defined size and shape,
density functional theory calculations and new concepts such as mesoporous multimetallic thin films
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active but stable active sites can be achieved. The area of electrocatalysis is therefore not only a

DOI: 10.1035/c4nr00419a fascinating and exciting field in terms of realistic technological and economical benefits but also from

www.rsc.org/nanoscale

School of Chemistry, Physics and Mechanical Engineering, Queensland University of
Technology, GPO Box 2434, Brishane, QLD 4001, Australia. E-mail: anthony.
omullane@qut.edu.au

Dr Anthony O'Mullane is an
Australian ~ Research — Council
Future Fellow and Senior
Lecturer at Queensland Univer-
sity of Technology (Australia). He
received his PhD degree (2001)
from University College Cork
(Ireland) and completed post-
doctoral fellowships at Techni-
sche  Universitat  Darmstadt
(Germany), the University of
Warwick (UK), and Monash
University (Australia). He previ-
ously held a position (2008) at RMIT University (Australia) until
moving to QUT in 2013. He is currently Chair of the Electrochem-
istry Division of the Royal Australian Chemical Institute. Dr
O'Mullane’s research interests are the electrochemical synthesis
and characterisation of nanostructured materials; electrocatalysis;
catalysis; semi-conducting charge transfer complexes; Li batteries;
and the application of electrochemical methods to various aspects
of physical, chemical and biological science.

4012 | Nanoscale, 2014, 6, 4012-4026

the fundamental understanding that can be acquired by studying such an array of interesting materials.

1. Introduction

The field of electrocatalysis has recently undergone a significant
resurgence in research activity. This is due to several factors
including the urgent need to energise future technologies and
transportation’ in a clean and sustainable manner, developing
cheap and reliable sensing devices,”® CO, conversion into
useful products'®** and the fascinating fundamental insights
into chemical and material science that this field offers. The
ability to chemically and electrochemically synthesise a vast
array of nanomaterials with excellent control over shape, size
and composition has also been a major impetus in expanding
this research area. The initial and continuing studies on single
crystal surfaces have provided significant fundamental insight
into the role of exposed structural facets on electrocatalytic
activity which is a crucial first step to understanding the activity
of a plethora of nanomaterials. This in combination with ever
more powerful density functional theory (DFT) calculations to
predict electrocatalytic activity is unifying the field from studies
on near perfect single crystal surfaces to the significantly more
complex catalysts used in applications such as fuel cells.
However there still remains significant challenges and pre-
dicting the activity of a potentially commercially employed
catalyst where there are a myriad of parameters to consider such
as the role of the support material, composition (bimetallic or
even trimetallic systems), structural effects, influence of size,
electrolyte and presence of defects ensures that research into
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electrocatalytic processes will remain a fascinating research
area.

It should be noted that electrocatalysis is a wide ranging
topic that includes catalysis mediated by a redox active species
either in solution or immobilised on an electrode surface as well
as heterogeneous catalysis at solid electrode surfaces. However
in this article it is the latter that will be discussed. A recent book
on electrocatalysis in fuel cells highlights both the role of low Pt
loadings and the many molecular and non-metal based systems
that have the potential to be used in this technology such as
conducting polymers, metal macrocyclics and transition metal
chalcogenides to name but a few.* The replacement of precious
metals such as Pt and Pd for fuel cell applications is highly
important for future application but at present the precious
metals are still the catalysts of choice. Therefore in this article a
focus on metallic systems in particular will be presented not
only because of this practical viewpoint but also the interesting
fundamental physical chemistry that is discovered in studying
these systems.

There have been many reports on factors that influence
electrocatalytic reaction rates such as crystallographic orienta-
tion of low index plane single crystal surfaces,"*™® size'** and
shape*~*° effects of chemically synthesised nanomaterials, and
bimetallic composition.***¢ In the majority of cases the pres-
ence of defect or active sites is postulated and often considered
to be adatoms or clusters of adatoms with low co-ordination
number which contribute significantly to increased reaction
rates. However the characterisation of these surface states is
notoriously difficult due their estimated low coverage, small
size and tendency to coarsen under electrochemical conditions.
Therefore in this article, studies of these elusive sites is pre-
sented from defect rich single crystal extended surfaces to
single atom electrocatalysts detailing the established and new
sophisticated electrochemical and surface science techniques
that are used for their characterisation and visualisation.

19-24

2. Electrochemical characterisation
of active site behaviour
2.1 Single crystal studies

Single crystal surfaces have played a major role in under-
standing structure-activity relationships. Since the discovery by
Clavilier,*”»*® who used a flame melting method to produce high
quality surfaces, there have been many studies undertaken with
single crystals such as Pt, Au, Ag and Pd to understand the
electrocatalytic activity of different exposed facets such as the
low index planes (100), (111) and (110). This has provided
significant insights into the design of nanoparticles with the
appropriate shape to facilitate the maximum electrocatalytic
reaction rate while simultaneously achieving the high surface
area required for practical applications. However extrapolation
of the reaction mechanisms determined at single crystal
surfaces to chemically synthesised nanomaterials is not an easy
task and the shape dependent influence of electrocatalytic
activity is still a difficult area given the complications that arise
from the many defects present at nanoparticles, residual
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capping agents, propensity for electrodissolution under harsh
conditions and surface reconstruction under potential control.
Many important reactions have been studied at single crystal
surfaces, in particular the oxygen reduction reaction (ORR),
hydrogen evolution reaction (HER), methanol, ethanol and
formic acid oxidation reactions. In the majority of cases struc-
tural sensitivity is observed which differs depending on the
reaction of interest, the metal and composition of the sup-
porting electrolyte. There have been many excellent reviews of
the topic to which the reader is directed.'*'****%* Of interest in
this article are the many studies that have also been undertaken
where defects have been introduced into well-defined surfaces
in the form of steps, kinks and ledges*>** upon which electro-
catalytic reactions are almost universally agreed to be enhanced
due to the presence of atoms with low lattice coordination
numbers. Generally experiments are undertaken within the
stereographic triangle as illustrated in Fig. 1 for the face centred
cubic (fcc) metals.

Studying these systems is a step closer to understanding the
structure-activity relationships observed at nanomaterials of
different shape. Recently Koper has extensively reviewed this
topic where it was concluded that step defects, corners of
islands, and kink sites are the most active and of the low index
planes the (110) facet is usually the most active for many fuel
cell relevant electrocatalytic reactions. However there are
exceptions and details into reactions preferred at (111) and
(100) terraces are outlined."

As mentioned above it is generally agreed that the presence
of defect sites is critical to the increased activity of any elec-
trocatalyst. Under extremely clean surface and solution condi-
tions, characteristic electrochemical signatures associated with
the high index planes of metals in the stereographical triangle
presented in Fig. 1 can be observed. Hamelin was a pioneer of
this work at both low® and high index surfaces and a typical
example of the latter is that for gold where cyclic voltammo-
grams were recorded in perchloric acid.* This electrolyte was
chosen to avoid adsorption effects as encountered with sulphate
ions which obscure the fine detail observed in the double layer
region. In this case a high index plane is defined as being
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Fig. 1 Unit stereographical triangle of fcc single-crystal surfaces and
the corresponding models of surface atomic arrangements. Reprinted
from ref. 52 with permission of the Royal Society of Chemistry.
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greater than 5° from a low index face which are regarded as
stepped and open faces. Fig. 2 shows cyclic voltammograms
recorded at the (311), (310) and (554) facets.

It is quite clear that different high index planes have unique
voltammetric signatures in the double layer region and the
oxide formation and reduction regions (Fig. 2). Through this
approach it can also be readily identified which surfaces
undergo surface reconstruction by varying the potential limits
of the voltammetric scan. A significant amount of detail is
contained within the double layer region of these surfaces and
offers a unique electrochemical fingerprint of a highly stepped
surface which can be correlated with scanning tunnelling
microscopy (STM) experiments.”® More recently Feliu investi-
gated stepped Pt surfaces for the n(111)-(100) and 7(100)-(111)
systems (where n = number of atomic rows) of the stereo-
graphical triangle in a similar manner in both perchloric and
sulphuric acid where distinctly different hydrogen adsorption/
desorption and oxide formation/reduction regions were
observed on the different surfaces. This allowed structural
information to be correlated with activity for the ORR.>**” Hoshi
et al. extended such a study to investigate the n(111)-(111),
n(111)-(100), n(100)-111) and n(100)-(110) systems in
perchloric acid where they reported that the active sites for the
ORR are the on-top, bridged, or three-fold hollow sites that are
located between the (111) terrace edge and the (111) terrace
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Fig. 2 Cyclic voltammograms recorded for high index planes of gold
single crystals in perchloric acid (a) (311), (b) (310) and (c) (554). Adapted
from Fig. 4, 9 and 11 ref. 54 with permission of Elsevier.
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atomic row neighbouring to the edge.* These studies illustrate
the ability of electrochemical characterisation in a blank elec-
trolyte to determine the nature of active sites that are respon-
sible for electrocatalytic reactions.

In the studies just described obtaining quantitative infor-
mation about specific surface sites is problematic, in particular
for platinum, where hydrogen and anion adsorption take place
on different surface sites in a similar potential range. Also, the
contribution from (111) sites for instance is spread across a
large potential range rather than a single peak which makes the
individual contribution of (111) sites difficult to obtain. Feliu
et al. addressed this by demonstrating that bismuth, and
germanium adsorbed on platinum electrodes through a spon-
taneous deposition approach can be used as probes to charac-
terise specific domains present on the surface of Pt single
crystal electrode.®® The advantage of this approach is that it is
performed in situ under the typical conditions that the elec-
trocatalyst will be utilised. Electrochemical desorption of Bi is
shown in Fig. 3a where it is immediately apparent that the
hydrogen adsorption region is completely suppressed and a
well-defined stripping process at 0.62 V is observed attributed to
(111) terrace sites (note the sharp peak in blank electrolyte at
0.26 V is attributed to steps on the (111) terraces).

The magnitude of the peak decreases as the step density
increases. By using the Pt (111) response and that recorded at
the stepped surfaces, calibration plots between the charge
density measured under the adatom redox peak, specific for the
type of surface site, and the corresponding terrace size were
obtained. For the case of germanium the hydrogen adsorption
region is again suppressed and a clear oxidation process is
observed above 0.40 V which involved almost all sites in the
(100) ordered domains. Analogous calibration plots were
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Fig. 3 Voltammetric profiles of Pt single crystal electrodes with irre-
versible adsorbed (a) bismuth and (b) germanium recorded in 0.5 M
H,SO4. Adapted from Fig. 1 and 3 in ref. 58 with permission of the Royal
Society of Chemistry.
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achieved and from analysing the slope of the plot it was
concluded that the germanium contribution came from the
(100) terrace sites and not the (100) step sites. With these probes
the fraction of (100) and (111) ordered domains on nanoparticle
samples was identified which agreed with data obtained using
deconvoluted voltammograms recorded in the hydrogen
adsorption/desorption region. This approach was recently
extended by Angelopoulos et al.** who also used Bi and Ge
stripping experiments to determine contributions from (111)
and (100) terrace sites and hydrogen desorption studies to
determine the contributions from stepped (110) sites and low
co-ordination sites at Pt nanoparticles. This structural infor-
mation was then correlated with activity for the ORR and it was
found that the surface active site distribution was dominated by
contributions from 5-coordinate sites on stepped surfaces like
(110) and (311), as well as low-coordination edge and vertex sites
thereby providing new insights into the source of mass activity
variation seen for nanoparticle catalysts for this reaction.
Finally CO stripping experiments have been extensively used to
characterise single crystal surfaces which is highly sensitive to
surface structure and has been utilised by many laboratories.
This is an invaluable method for characterising surface sites
and has recently been reviewed in considerable detail by Koper*®
and therefore will not be included in this article.

2.2 Polycrystalline samples

Although single crystal surfaces provide significant funda-
mental insights into electrocatalytic reactions they are generally
not practical in working devices. In particular the high index
planes of metals are costly, have low surface area and recon-
struct under normal operating conditions.** Therefore there has
also been a significant research effort in understanding the
electrochemical behaviour of metals in the form of bulk elec-
trodes, electrodeposited nanostructures and chemically syn-
thesised nanomaterials. In an analogous manner to
electrochemical measurements undertaken at single crystal
surfaces in supporting electrolytes many studies have been
undertaken at the polycrystalline samples just mentioned. This
is not only important from an electrocatalytic point of view but
is also important in determining the cleanliness of a surface. A
particularly interesting aspect of this work was introduced by
Burke® who observed unusual cyclic voltammetric behaviour at
a variety of metals in acidic, alkaline and neutral media whereby
significant responses were observed in the double layer region
of metals which in most cases is assumed to be simply associ-
ated with capacitive charging current. The term “premonolayer
oxidation” was coined to describe such phenomena and
attributed to the oxidation of active sites on metal surfaces. The
active site (M*) was postulated to consist of metal atoms or
clusters of atoms with low co-ordination number in a meta-
stable state that were prone to oxidation at potentials lower than
that for their bulk or equilibrated surface state.®* The oxidation
product was attributed to a recalcitrant hydrous oxide type
species® however no direct experimental proof of its composi-
tion has yet been reported due its low coverage. Illustrated in
Fig. 4 is a typical example of an active Pt surface, achieved via
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Fig. 4 Cyclic voltammograms recorded in 1 M H,SO4 at a Pt wire
before (a) and after (b) thermal activation via resistive heating in a N,/
H> atmosphere followed by quenching. The temperature of the wire
was ~1310 °C. Reprinted from ref. 63 with permission of Springer.

thermal activation in which a Pt wire was resistively heated in an
H,/N, atmosphere and subsequently cooled prior to measuring
the cyclic voltammogram.®® In comparison to a non-activated Pt
surface there are clearly a significant number of new features in
the positive sweep which were attributed to the oxidation of
active Pt surface sites.

Work from the same group also demonstrated such effects at
activated polycrystalline Au,*** Pd,***” Ag®** and Cu”"* elec-
trodes via thermal and electrochemical methods. This led to a
somewhat controversial model of electrocatalysis named the
Incipient Hydrous Oxide Adatom Mediator (IHOAM) model®
where it was postulated that electrocatalytic reactions were
mediated by a surface confined M*/hydrous oxide species,
however the role that activated chemisorption played in elec-
trocatalytic reactions was not discounted. Other groups repor-
ted similar phenomenon with cathodically polarised Pt
electrodes’”® and recently such behaviour has been observed
on electrodeposited gold,”*”” palladium’ and copper”
nanostructures.

Compton et al.** showed that electrodeposited gold nano-
particles of 40 nm diameter exhibited a distinct peak (OA1)
prior to monolayer oxide formation (OA2). Preceding work by
Kolb et al.®* showed that the intensity of the OA1 peak
increased with the density of surface defects which was
confirmed on single crystal surfaces. In Compton's work this
was compared to a gold macro electrode where it was shown
that the defect level at the latter was much lower than at the
nanoparticles as evidenced by the lack of the OA1 peak in the
cyclic voltammogram (Fig. 5).

Evidence that these processes are Faradaic in nature was
provided by Bond et al. who used large amplitude Fourier
transformed ac voltammetry at Au® and Cu® electrodes which
is an excellent technique for discriminating between capacitive
and Faradaic processes in the higher ac harmonic
responses.®>®* Further work with this technique from this
laboratory on electrodeposited gold (Fig. 6) as well as e-beam
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Fig. 5 Cyclic voltammograms recorded in 0.5 M H,SO, at (a) macro
Au electrode and (b) Au nanoparticles demonstrating the prominence
and stability of the OAL peak at the Au nanoparticles. Reprinted from
ref. 80 with permission of the Royal Society of Chemistry.
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Fig. 6 Large amplitude Fourier transformed ac voltammograms
recorded at an electrodeposited porous Au surface in 1 M NaOH
showing the fundamental to fifth ac harmonic responses. The vol-
tammograms have been split into the forward (al-el) and reverse (a2—
e2) sweeps for clarity. Reprinted from ref. 77 with permission of the
Royal Society of Chemistry.
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evaporated thin gold films further confirmed the presence of
this unusual voltammetric behaviour.””®” Several features are
observed over the potential range of —1.2 to 0.2 V, with two
distinct processes at —0.2 and —0.8 V in the higher harmonics,
which are not observable in the dc response (Fig. 6a). It was
reported that the optimum suppression of background current
and high signal to noise ratio was achieved at the 4th ac
harmonic response (Fig. 6e). Interestingly the electrocatalytic
oxidation of ethanol and the ORR occurred in the regions of
active site responses at —0.8 and —0.2 V respectively.

Several other techniques have been used to investigate the
electrooxidation of metals within the double layer region
including using contact electroresistance,*®* electroreflectance
techniques,” electrochemical quartz crystal microbalance® and
the surface interrogation mode of scanning electrochemical
microscopy (SECM).”” In the SECM study Bard demonstrated
that the coverage of gold with such incipient oxides can be as
high as 0.2 of a monolayer.

The presence of this type of behaviour on a wide variety of
surfaces is not only important for electrocatalytic reactions but
also impacts on the use of metals in other areas. For example
gold is often regarded as being biocompatible and inert and
used in medical implants. However it was demonstrated that
gold can be leached into adjacent tissue via an immune reaction
by oxidation,” which may be related to the presence of active
sites that are prone to oxidation as shown by the above cyclic
voltammetry experiments. The presence of active surface sites
also impacts on self-assembled monolayer formation where
oxidised surfaces tend to produce less well packed films.**

3. Combining chemical and
electrochemical approaches to
investigate active site behaviour

Ideally to obtain the most valuable information regarding the
properties of an electrocatalyst surface, experiments should be
performed in situ. Therefore a variety of interesting approaches
have been adopted to investigate active site behaviour rather
than using ex situ methods such as high resolution trans-
mission electron microscopy (HRTEM). However this raises a
difficulty in that active sites are notoriously difficult to visualise
given that they are regarded as being anywhere from point
defects, to kinks, clusters or extended defects such as steps.
Scholz et al.®**® reported an elegant method of investigating
active sites whereby he removed them via chemical means to
probe their impact on electrocatalytic processes. This selective
“knock-out” of active sites was achieved by removing surface
asperities on gold through a chemical polishing procedure
using Fenton's reagent where OH radicals attack and dissolve
the metal protrusions and oxidise the smooth parts of the
surface. This results in a decrease in the surface area of the gold
as well as severe inhibition of electrocatalytic activity for the
ORR (Fig. 7).

Therefore it was postulated that the sites at the protruding
asperities were the location of the active sites for the ORR. The
data was consistent with the selective disappearance of reactive

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Cyclic voltammograms illustrating the reduction in activity for
the ORR in 0.1 M H,SO4 at a Au electrode treated with Fenton's
reagent for various times. Reprinted from ref. 96 with permission of
Wiley.

Au atoms with partially filled d orbitals that can stabilise free
radical intermediates, leaving behind only the unreactive Au
atoms with fully filled d orbitals. This was confirmed by probing
the inner sphere hydroquinone reduction reaction which was
also inhibited whereas the outer sphere reaction for the Ru™/
Ru" couple remained unperturbed. Dutta et al. used the same
protocol for investigating the electrocatalytic activity of elec-
trodeposited Au nanoparticles where a similar decrease in
activity was found after treatment with Fenton's reagent.®”
Scholz et al. extended this work by similar studies on Pt, Pd and
Ag electrodes.” Interestingly distinctly different behaviour was
observed on Ag and Au compared to Pt and Pd whereby severe
inhibition of the hydroquinone reduction reaction was
observed on the former but not the latter group of metals. This
indicated that the active sites on Ag and Au were associated with
the surface asperities whereas in the case of Pt and Pd they were
present on the regular structure and not concentrated at the
asperities.

Instead of selectivity removing active sites from metal
surfaces work from this laboratory demonstrated that active
sites could be used to promote the formation of foreign metal
atoms on the surfaces of metals via an electroless deposition
method. With this approach the facile oxidation of active sites
on electrodeposited gold, which occurs at potentials well below
that for bulk gold oxidation as described above, was used to
drive the spontaneous deposition of silver and palladium on to
the surface.” Fig. 8 clearly shows the deposition of Ag and Pd
nanoparticles onto the surface of the dendritic gold samples.
Given that the standard reduction potentials for Ag'/Ag (0.799
vs. SHE) and Pd**/Pd (0.915) are significantly lower than that for
Au*'/Au (1.50 V vs. SHE) suggests that it is the oxidation of active
sites which is the driving force for the reduction of the metal
salts as the reaction is thermodynamically unfavourable at bulk
gold. This effect was not only confined to nanostructured
materials but also occurred at e-beam evaporated thin films of
Au*” and Pd.”® Interestingly, visualisation of nanoparticles with
SEM was not achieved at these relatively smooth films. However
EDX mapping of a gold TEM grid that was nominally (100) in
character using HRTEM revealed a sparse but relatively even
coverage of silver across the surface.®” This indicates that even
for nanostructured gold, active sites are likely to be present
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Fig. 8 SEM images of electrodeposited porous Au decorated with (a
and b) Ag and (c and d) Pd via a spontaneous electroless deposition
approach. Adapted from Fig. 11 in ref. 77 with permission of the Royal
Society of Chemistry.

across the entire sample but apparently more concentrated in
certain regions as shown in Fig. 8. As was the case with Scholz's
work outer sphere reactions remained unperturbed at the
modified surfaces but inner sphere reactions like the HER and
ORR were significantly affected by the presence of the second
metal as expected, which either increased or decreased elec-
trocatalytic activity depending on the final bimetallic combi-
nation and reaction of interest. For instance ethanol oxidation
was significantly improved at Pt/Au surfaces® compared to only
Pt whereas the HER was inhibited at Ag/Au surfaces compared
to Au.*” What is interesting to note with this approach is that the
surface area of the electrode does not change significantly but
results in significant changes in activity such as an 80%
decrease in current magnitude for the HER on Ag/Au even
though only 7% of the surface is decorated with Ag. This
supports the hypothesis that the surface concentration of defect
sites on metal surfaces is quite low.

This approach was also used by Chung and co-workers
with electrochemically treated gold electrodes to induce active
sites which were decorated with Pt and Pd and shown to be
highly effective electrocatalysts for the oxidation of methanol
and ethanol under alkaline conditions. Intriguingly Pt or Pd
nanoparticles were also not observed on the surface via HRTEM
but confirmed via ICP-AES which gave an estimated coverage of
active sites of 5%. Recently Wu demonstrated that Au nano-
particles of less than 3 nm in diameter (which are expected to be
defect rich) also promoted the electroless deposition of both Ag
and Cu on their surface.’ It should be noted that such
processes have also been observed for the spontaneous deco-
ration of noble metals such as Pt with Ru or vice versa.'*>' It
was assumed for the case of Pt decoration with Ru that a local
cell mechanism was proposed where Pt is oxidised to Pt-OH
that facilitates metal deposition'®® which would be consistent
with the oxidation of active s