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REVIEWS I

Nanostructured electrocatalysts with
tunable activity and selectivity

Beatriz Roldan Cuenya?

can be used to tune reactivity are highlighted.

The electrocatalytic conversion of renewable resources,
such as CO, or biomass, to chemicals, fuels and elec-
trical energy is a promising means to meet the most
urgent technological goals of our time; namely, clean
energy production and environmental remediation. Key
technologies are based on the development of hydro-
gen- or hydrocarbon-based fuel cells that could allow
us to divest from fossil fuels and close the carbon cycle
via the conversion of CO, to useful products. Some
of the current challenges for modern electrocatalysis
are to improve O, conversion reactions (namely, the
oxygen reduction reaction (ORR) and the oxygen evo-
lution reaction (OER)), hydrocarbon conversion reac-
tions for direct alcohol fuel cells (for methanol, ethanol
and formic acid oxidation) and CO, electroreduction.
However, new catalytic materials are needed that are
highly efficient, stable and scalable.

The past few decades have seen tremendous advances
in the development of novel nanostructured catalysts for
electrochemical reactions. Nanomaterials often show
enhanced activity compared with bulk materials owing
to their unique morphological, electronic and chemical
surface properties. These properties can be carefully
tuned to modify the activity and selectivity of electro-
catalytic reactions. The size of the nanoparticle can be
used to control the number of low-coordinated sites on
the catalyst surface, which may influence reactant bind-
ing strength. The shape of the nanoparticle can be used to
control the presence of certain facets that may be highly

Hemma Mistry'?, Ana Sofia Varela®, Stefanie Kiihl®, Peter Strasser® and

Abstract | The field of electrocatalysis has undergone tremendous advancement in the past few
decades, in part owing to improvements in catalyst design at the nanoscale. These developments
have been crucial for the realization of and improvement in alternative energy technologies
based on electrochemical reactions such as fuel cells. Through the development of novel
synthesis methods, characterization techniques and theoretical methods, rationally designed
nanoscale electrocatalysts with tunable activity and selectivity have been achieved. This Review
explores how nanostructures can be used to control electrochemical reactivity, focusing on
three model reactions: O, electroreduction, CO, electroreduction and ethanol electrooxidation.
The mechanisms behind nanoscale control of reactivity are discussed, such as the presence of
low-coordinated sites or facets, strain, ligand effects and bifunctional effects in multimetallic
materials. In particular, studies of how particle size, shape and composition in nanostructures

favourable for a particular reaction. The size and shape
of the catalyst may also influence the stability of oxide
species at the surface, which may, in turn, determine
the activity or selectivity for a reaction. In multimetal-
lic catalysts, more complex mechanisms may come into
play. For example, geometric or strain effects may alter
surface properties by distorting the atomic arrangement
on the catalyst surface. In addition, electronic or ligand
effects can cause a shift in the d-band centre of metal
atoms at the catalyst surface, leading to altered binding
of reactants and intermediates. Furthermore, different
metal atoms may enhance different steps in a reaction
through a bifunctional mechanism or provide an optimal
ensemble of active sites on the catalyst surface.
Electrocatalytic reactions are highly complex because
of the interplay among the solid catalyst, the electrolyte,
and gas- and liquid-phase reactants and products. To
understand the mechanism behind the improved cat-
alytic ability of nanomaterials and to derive the design
principles necessary to make better catalysts, studies of
model systems are vital. For key energy conversion reac-
tions, studies of single-crystal catalysts have provided an
important insight into the structure sensitivity, while
advances in nanomaterial synthesis have allowed fur-
ther understanding of structure—property relationships
based on novel nanocatalysts with a well-defined size,
shape and composition. In addition to the controlled
synthesis and characterization of catalytic activity and
selectivity, cutting-edge characterization techniques,
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particularly in situ and in operando microscopy and
spectroscopy, can reveal dynamic changes in the struc-
ture, morphology and chemical state of nanocatalysts
during a reaction. Furthermore, theoretical and com-
putational studies have allowed remarkable insight into
reaction mechanisms, which complement experimental
findings.

In this Review, we assess our current knowledge of
tunable activity and selectivity in electrocatalytic pro-
cesses that are controlled through the rational design
of nanomaterials with well-defined structures. We
focus on three key reactions for electrocatalytic energy
production: the ORR, CO, electroreduction and the
electrooxidation of ethanol. Heterogeneous metal
and metal oxide catalysts were selected as model sys-
tems. For each reaction, the most promising catalysts
are discussed, in addition to the structure-dependent
mechanisms behind their enhanced performance. Such
structural parameters include nanocatalyst size, shape,
spacing, crystallographic orientation, chemical state,
support material and composition (that is, the addition
of a secondary or ternary metal). Finally, we discuss the
remaining challenges and the outlook of future research
directions.

Oxygen reduction reaction

The electrocatalytic ORR is a challenging reaction in
metal-air battery and fuel cell technology (for example,
polymer electrolyte membrane (PEM) fuel cells) because
of its slow rate and high overpotentials'~. The volume of
research, in the context of electrochemical energy tech-
nologies, conducted on the ORR over the past several
decades®!! has been tremendous. In PEM fuel cells, the
catalysts at the anode and cathode typically consist of
Pt nanoparticles supported on conducting carbon (for
example, carbon black'), which is the reason that this
Review highlights aspects of activity and selectivity in
nanostructured Pt-based catalysts.

Depending on the electrode material, the pathway of
the ORR can be either the direct four-electron reduction
to H,O (equation 1) or the competitive, indirect pathway
via H,0, as an intermediate (equations 2 and 3).

O,+4H'+4e =2H,0  E,=+1.23 VvsRHE (1)
0,+2H'+2e =H,0,  E,=+0.695V vs RHE (2)
H,0,+2H"+2¢ =2H,0 E,=+1.78 VvsRHE (3)

Early isotope measurements revealed that H,O, for-
mation occurs without O-O bond cleavage, whereas
H,O formation requires the O-O bond to break'>".
Much experimental and computational effort has been
invested to investigate the detailed ORR mechanism on
various electrode materials, revealing that the binding
energy of oxygenate intermediates on the catalyst surface
may serve as a suitable controlling parameter for ORR
selectivity and activity'*'. According to these studies,
the two-electron process is predominantly catalysed on
Hg, Au (except Au(100) in alkaline solution)', graphite
and most metal oxides. By contrast, the four-electron
pathway predominantly occurs on pure Pt as well as
Pt-based alloys, resulting in H,O as the main product?.

In general, the activity and selectivity of the ORR can
be tuned by exploiting electronic effects and/or support-
induced surface-lattice strain. An atomic neighbour-
hood of dissimilar atoms and surface-lattice strain'®*
both shift the energetic d-band centre of catalytic mate-
rials, leading to altered binding strengths of reaction
intermediates. Such strain effects have been explored®
for Pt monolayers (MLs) on different single crystals that
exert compressive or tensile strain on Pt". Tensile strain
induced on Pt MLs causes an upward shift in the Pt
d-band centre, leading to stronger binding of adsorbed
oxygen, which facilitates O-O bond breaking. By con-
trast, compressive strain causes a downward shift in
the Pt d-band centre, reducing the propensity of the
0-0 bond to break but enhancing bond formation
between weakly adsorbed reactants, which improves
the selectivity for H,O, (REF. 20). Another approach
to induce selectivity and stability of Pt-based cata-
lysts in the ORR was reported by Genorio et al.***
using chemically modified electrodes. They devel-
oped self-assembled MLs of calix[4]arene molecules
on extended Pt single-crystal surfaces; the modified
surfaces showed 100% selectivity in the presence of
H, and under conditions relevant for PEM fuel cells.
Despite these extensive studies on electrocatalysts
for the ORR, many questions remain regarding their
structure—property relationships; the most important
of these are summarized in the following sections.

Effect of particle size and structure. Particle size
effects of Pt and Pt alloys in the ORR, which were first
addressed more than two decades ago™ >, remain the
subject of intense study. Particle size effects originate, in
part, from the structure sensitivity of individual crystal
facets, which has been well studied on Pt single crys-
tals and is strongly dependent on the electrolyte®?’.
Stepped Pt surfaces exhibit surprising structure effects®,
whereby the strong binding of O atoms on Pt step atoms
causes an enhanced ORR rate on neighbouring terrace
atoms owing to electronic effects®. An overwhelming
number of studies have shown that ORR activity of Pt
nanoparticles decreases with decreasing nanoparticle
size, which is most likely because of strongly adsorbed
species on the prevalent undercoordinated Pt active
sites**2. One limitation of these studies, however, is
their failure to take the selectivity for the ORR into
account. As discussed above, although H,O is the main
product on bulk Pt surfaces, catalyst dispersion and
mass transport phenomena in nanoscale catalysts®® may
result in strong selectivity for the H,O, intermediate.

Effect of interparticle distance. Several research groups
have investigated the effect of interparticle distance on
the ORR using nanostructured catalysts with highly con-
trolled spacing. For large Pt nanodiscs, Behm and col-
leagues®**> showed that not only was activity improved
on more widely spaced discs, owing to the improved
mass transport of O, to the catalysts, but also that selec-
tivity shifted to the H,O, intermediate, because its read-
sorption and further reduction to H,O were limited.
Similar results were found by Zou and colleagues®**” for
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Pt nanoparticles prepared by micelle encapsulation with
controlled spacing. For more closely spaced particles,
Arenz and co-workers®™* have shown that the overlap
of the electrical double layer leads to weaker binding of
site-blocking spectator species and, therefore, improved
activity for the ORR.

Bimetallic catalysts. As previously mentioned, PEM
fuel cell electrodes typically contain nanocatalysts of
Pt nanoparticles supported on carbon. In terms of sus-
tainability and cost efficiency, studies on fuel cell cata-
lyst development have focused on the synthesis of new
nanostructured electrocatalysts to reduce the Pt con-
tent. For example, it is well established that both specific
activity and mass activity can be enhanced by alloying
Pt with other transition metals such as Ni, Fe or Co
(REFS 7,11,13,40). Furthermore, it has been shown that
an improvement in activity can be achieved by maximiz-
ing the exposure of certain facets using shape-controlled
nanoparticles*~>°.

In recent years, several innovative surface and sub-
surface alloy structural concepts (FIC. 1) have been pro-
posed for active bimetallic ORR catalysts. The most
popular are Pt-alloy skin and skeleton catalysts!'>2*%1-%3,
Pt-ML catalysts?****7* and dealloyed Pt core-shell cata-
lysts**7"77. Dealloying Pt-poor bimetallic nanoparticles
into core-shell nanoparticles, as illustrated in FIC. 1a, is
a very promising approach for reducing the Pt catalyst
content while boosting the intrinsic reactivity”7>7¢7%;

Pt poor

)Y
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the surface catalytic properties can be tuned by con-
trolling various parameters of the synthesis method”"7.
Dealloyed Pt core-shell structures show higher activ-
ity’*”* and improved stability’**’ in the ORR than other
Pt-rich alloys and standard Pt/C catalysts. The most
active and stable performance of a Pt alloy cathode cat-
alyst during a realistic PEM fuel cell test was recently
reported using a size-controlled dealloyed PtNi, core—
shell nanoparticle catalyst”. Furthermore, Wang ef al.®
reported similar, well-defined core-shell nanocatalysts
obtained by stepwise Pt-ML depositions on Pd and
Pd,Co nanoparticles with controlled particle sizes
(4-5nm) and an enhanced activity for O, reduction.
Their results suggested that Pt(111) facets are the most
conducive on small particles, even more so if they are
moderately compressed.

With regard to the development of catalysts, the
surface structure also needs to be considered, because
the ORR is a structure-sensitive reaction. For Pt nano-
particles in electrolytes without strongly adsorbing
ions (for example, 0.1 M HCIO,), the specific activ-
ities in the ORR are known to increase in the order
of Pt(100) << Pt(111) = Pt(110)*® owing to electronic
effects (that is, the binding strength of reaction interme-
diates). This is rationalized by their surface geometries
and the associated electronic structures — in particular,
the d-band centre, as established by Nerskov and
co-workers*. They suggested that ORR catalysis on Pt
is limited by strongly adsorbed oxygenated intermediate

a | (Electro)chemical Ptrich

dealloying or leaching

Non-Pt seed particle

Seeded sequential deposition }—J
‘
1. UPD of metal monolayer

‘ (Electro)chemical dealloying

@4‘ (Electro)chemical leaching
Thermally induced segregation }—>
b
Adsorbate-induced segregation }—»

2. Galvanic displacement

Figure 1| Synthesis of Pt-skin, Pt-monolayer and dealloyed Pt-bimetallic nanoparticles with a core-shell structure.
[llustration of basic synthesis approaches for the preparation of core-shell nanoparticle catalysts. a | (Electro)chemical
dealloying or (acid) leaching results in dealloyed Pt bimetallic core—shell nanoparticles and Pt-skeleton core-shell
nanoparticles, respectively. b | Reaction process routes generate segregated Pt skin core—shell nanoparticles induced
either by strong binding to adsorbates or by thermal annealing. c| The preparation of heterogeneous colloidal core-shell
nanoparticles or Pt-monolayer core—shell nanoparticles via heterogeneous nucleation and seeded growth, and
underpotential deposition (UPD) followed by galvanic displacement, respectively. Adapted with permission from REF. 77,

American Chemical Society.
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species. A downshift of the Pt d-band centre on (110)
and (111) facets compared with (100) can weaken such
adsorption and, hence, enhance catalytic activity.

The structure sensitivity of PtNi alloys was inves-
tigated by Stamenkovic et al.>® using a special Pt-skin
structure, which greatly improved ORR activity on the
surface of Pt,Ni(111) facets: ORR activity was 10 times
higher than that of a Pt(111) surface and 90 times higher
than that of commercial Pt/C nanoparticle catalysts —
a so-called dream electrocatalyst. The key characteris-
tic of such a skin surface is an oscillatory near-surface
compositional segregation of Pt and Ni across the
outermost three layers of the (111) surface: that is, Pt
segregated at the outermost surface and Ni segregated
at the second layer. The exceptional catalytic activity
is related to the combined effects of the atomic struc-
ture of the surface (that is, the compact (111) surface)
and the composition near the surface (there is high Ni
content in the second subsurface layer), which induce
a significant downward shift of the d-band centre of
the outermost Pt surface, thus leading to weakened
adsorption of oxygenated intermediate species and
high ORR activities. Furthermore, Stamenkovic et al.*®
investigated the synergy between the surface geometry
and the surface electronic structure of Pt,Ni(hkl) for
the ORR. The order of catalytic activity in the ORR
for the different low-index surfaces studied was
Pt,Ni(100) skin < Pt,Ni(110) skin <<<Pt,Ni(111) skin,
as illustrated in FIC. 2.

Inspired by the exceptional ORR activity reported
on an extended Pt-skin (111) surface, different studies
have investigated approaches for shaped nanoparticles
with well-defined facets for the ORR***~#78182_ The
impressive performance evolution of shaped PtNi nano-
particles in the past five years is summarized in FIG. 3.
For example, the groups of Zou" and Yang* synthesized
octahedral Pt,Ni nanoparticles based on surfactant-

Ad-band (eV): +0.34 +0.24 +0.16
1 1 1
d-band centre (eV): -3.10 -2.76 -3.14 -2.90 -2.70 -2.54

[ PeNi
[P

Specific activity (a.u.)

(100) (110)
Surface morphology

Figure 2 | Influence of surface morphology and electronic surface properties on
the kinetics of the ORR. Rotating ring disk electrode (RRDE) measurements for the
O, reduction reaction (ORR) on Pt;Ni(hkl) surfaces compared with the corresponding
Pt(hkl) surfaces are shown. The horizontal dashed line marks the specific activity of
polycrystalline Pt. Specific activity is the kinetic current density, J,, measured at 0.9 V
versus RHE (reversible hydrogen electrode) (in 0.1 M HCLO, at 333 K with 1,600 rpm).
Image is adapted with permission from REF. 56, American Association for the
Advancement of Science.

directed reduction in organic solution using tungsten
carbonyl or CO as a shape-directing agent. These parti-
cles showed a fourfold increase in specific activity com-
pared with pure Pt/C electrocatalysts. Furthermore, a
record activity (that is, 17 times higher mass activity
and 51 times higher specific activity) was reported by
Choi et al.*, who used a slightly modified method to
obtain particles with less residual surfactant on the sur-
face. A different, surfactant-free approach for obtain-
ing shaped Pt-alloy nanoparticles was presented by
Carpenter et al.*?, who used dimethylformamide (DMF)
as both the solvent and reductant under solvothermal
conditions. The octahedral PtNi nanoparticles that
were obtained had diameters in the range of 12-15nm,
and a mass activity 6 times higher and a specific activ-
ity 10 times higher than that of Pt/C. Modifying this
approach to milder heating conditions, Cui*’ and
Gan* synthesized octahedral PtNi catalysts that were
about 9nm in diameter and with an ORR mass activity
10 times higher than that of Pt/C by tuning the Pt:Ni
composition via the reaction time. They observed an
isotropic growth mechanism for both metals, in which
the formation of a Pt-rich phase in hexapod-like con-
cave nanocrystals is followed by the deposition of Ni
into concave surfaces, resulting in PtNi octahedra with
Pt-rich frames and Ni-rich (111) facets.

Chen et al.®® presented nickel-depleted PtNi nano-
frames that are even more active than the previously
reported octahedral electrocatalysts —with a mass activ-
ity 36 times higher and a specific activity 22 times higher
than that of Pt/C. They developed a Pt-skin structure from
PtNi, polyhedra, which were converted to Pt,Ni nano-
frames by etching in nonpolar solvents, followed by dis-
persion of the particles on carbon and subsequent thermal
treatment (370-400°C in argon). Recently, Huang et al.®
reported the record-breaking activity of octahedral PtNi
nanoparticles doped with d metals (such as V, Cr, Mn,
Fe, Co, Mo, W and Re). From this selection of d metals,
Mo-doped PtNi nano-octahedra (with an edge length of
8nm) showed 81- and 73-fold enhancements in specific
and mass activity in the ORR, respectively, compared with
commercial Pt/C catalysts. On the basis of computational
data, the origin of this exceptional activity was suggested
to be Mo atoms on surface sites near the vertices of the
nano-octahedra, which modify the binding strength of
reactive intermediates while forming stable Mo-Pt and
Mo-Ni bonds.

In summary, the most promising emerging materials
concepts for active and selective PEM fuel cell catalysts
are dealloyed Pt-Ni core-shell nanocatalysts as well as
Pt-based nanoparticles with well-defined geometric
shapes. Current studies give testament to the high level
of control and craftsmanship that is needed for the
chemical preparation of bimetallic nanoparticles with
well-defined shapes to achieve high activity in the ORR.
However, concrete evidence of sufficient long-term mor-
phological and performance stability under realistic fuel
cell conditions is still lacking, making dealloyed cuboc-
tahedral PtNi, core-shell nanocatalysts — the initial
size of which is carefully controlled — the most stable
and viable alloy catalysts for PEM fuel cells to date”.
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of these metals appears to be due to the binding ener-
gies of intermediates from the CO, electroreduction
reaction on different metal surfaces, with Cu having
the optimal electronic structure for the rate-limiting
CO protonation step”-*. In addition, Cu has an optimal
binding energy for COOH and CO intermediates, such
that the Cu surface can stabilize COOH without being
poisoned by CO (REF. 93). By contrast, metals such as Pt,
Ni, Fe and Co are good HER catalysts and may become
poisoned at the surface by adsorbed CO*, which explains
their low hydrocarbon selectivity®.

Studies on single crystals have clearly shown that both
the reactivity and selectivity of Cu during CO, electro-
chemical reduction are dependent on the crystal facets.
The ratio between CH, and C,H, depends strongly on
the crystal orientation, with Cu(111) favouring the for-
mation of CH, and Cu(100) favouring the formation of
C,H, (REF. 95). Steps in the crystal surface may improve
activity even further by increasing the binding strength
of reactants®. Indeed, Hori and co-workers® showed
that steps in the (100) surface increased C,H, selectivity,
with an optimal selectivity of 58.9% on Cu(711) surfaces.
Both experimental and theoretical studies have been car-
ried out to unravel the mechanism behind the selectivity
change on (111) and (100) surfaces. It was found that
Cu(100) surfaces facilitate the formation of C,H, through
CO dimerization, whereas Cu(111) surfaces favour CO

--- Benchmark Pt/C catalyst

N
8%

Mass activity (A mg™)

_  m 1 B

T T T
2011 2012 2012

,,,,, SRR ] .
2013
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Figure 3 | Performance evolution of shaped PtNi nanoparticles. The ever-rising
performance/cost ratios (in units of Amg™ (Pt) at +0.9 V,, . iR-corrected electrode
potential) for PtNi nanoparticles with octahedral shapes, synthesized by the following
groups: Zou*, Yang®!, Yang®, Strasser®, Xia*®, Stamenkovic®® and Huang®. iR, solution
resistance; RHE, reversible hydrogen electrode. Image is adapted with permission from
REF. 41, American Association for the Advancement of Science.

Dealloyed Pt-Ni core-shell nanoparticle catalysts have
already exceeded the US Department of Energy targets
for 2017 in terms of stability and activity under realistic
automotive fuel cell test conditions.

Carbon dioxide reduction

The electrocatalytic conversion of CO, is a promising
means to convert CO, into useful products such as CO,
formate, CH,, C,H, and alcohols. Compared with other
conversion methods, the electrocatalytic reduction of
CO, is favourable because the reaction occurs under
ambient temperature and pressure and in neutral pH.
Moreover, because the electrocatalytic splitting of H,O
is intrinsically coupled to the electrocatalytic reduction
of CO,, the latter does not require H, as a feedstock®.
However, CO, electroreduction is not yet industrially
viable owing to its high overpotential (about -1.0 V) and
low selectivity for desirable products compared with the
evolution of H, (namely, the hydrogen evolution reac-
tion (HER))*. Although in recent years there have been
many excellent studies of homogeneous catalysts for CO,
electroreduction® as well as other interesting materials,
such as MoS, (REF. 86), we instead focus on metals and
metal oxide catalysts.

Selectivity control in bulk materials. Among all pure-
metal catalysts, Cu is unique in that it can selectively pro-
duce hydrocarbons®. Recently, it has been shown that
various metals beyond Cu, as well as solid non-metallic
carbon-based catalysts, can also produce hydrocarbons,
although at a very low rate®®®. The differing selectivity

protonation, which is a key step towards CH, formation,
although C,H, can also be formed via this pathway®'°".

Selectivity control by nanostructured catalysts.
Understanding the structure sensitivity of CO, elect-
roreduction over metal nanostructures is highly com-
plex because of the combined effects of properties, such
as atomic coordination at the surface, grain bound-
aries, oxidation states and catalyst dispersion, on the
activity and selectivity for several possible products.
Nanoparticles often show considerably enhanced activ-
ities compared with extended surfaces owing to the
presence of low-coordinated atoms that may affect the
binding strength of reaction intermediates and, conse-
quently, the selectivity of the reaction. The wide varia-
tion in activity and selectivity trends for Cu nanoparticle
catalysts for CO, electroreduction makes it difficult to
extract the mechanism behind their reactivity; therefore,
studies on model catalysts are crucial. In a recent study
of size-controlled nanoparticles synthesized through
reverse micelle encapsulation'®'*, it was determined
that the activity towards CO, electroreduction over Cu
nanoparticles greatly increased for nanoparticles below
5nm in size owing to the low-coordinated sites on the
surface'® (FIG. 4a). This activity increase was found to
originate from increased H, evolution and CO formation
over smaller nanoparticles. In addition, it was found that
the selectivity for hydrocarbons was suppressed, com-
pared with bulk Cu, with decreasing nanoparticle size.
By comparison, larger Cu nanoparticles have shown
much higher selectivity for hydrocarbons. Some exam-
ples include glassy carbon-supported Cu nanoparticles
(7nm)'® and Cu nanoparticles (12nm; 40% by weight)
supported on Vulcan carbon'?, as shown in FIG. 4b,c. To
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Figure 4 | Nanostructure effects on the selectivity of Cu catalysts for CO, electroreduction. a| Nanoparticle
size-dependent Faradaic selectivity during CO, electroreduction over micelle-synthesized Cu nanoparticles supported
on glassy carbon at -1.1V versus RHE (reversible hydrogen electrode). An atomic force microscopy image of micellar Cu
nanoparticles is shown on the right. b| Faradaic efficiency for CO, electroreduction to CH, for colloidally synthesized
7-nm Cu nanoparticles supported on glassy carbon. The high-resolution transmission electron microscopy (TEM) image
shows the as-prepared nanoparticles. c | Faradaic efficiency for Cu nanoparticles (40% by weight) supported on Vulcan
carbon. The high-resolution TEM image shows the as-prepared catalyst. d | Faradaic efficiency of CuCl-derived Cu
mesocrystals. The cubic shape of the initial catalyst is shown in the TEM image. Panel a is adapted with permission from
REF. 105, American Chemical Society. Panel b is adapted with permission from REF. 106, American Chemical Society.
Panel cis adapted with permission from REF. 107, American Chemical Society. Panel d is adapted with permission from

REF. 111, Royal Society of Chemistry.

understand size-dependent trends, it is also essential
to consider changes in the size and shape of nano-
particles during the reaction. For example, the 7-nm
nanoparticles shown in FIC. 4b grow to 23 nm during the
reaction, which may explain their different selectivity
from the smaller nanoparticles shown in FIG. 4a.

Another critical parameter for Cu nanoparticle
catalysts is the interparticle spacing. Mesoscale phe-
nomena, such as interparticle reactant diffusion and
readsorption of intermediates, can have a defining role
in product selectivity for multistep reactions®'®®. Indeed,
Mistry et al.'*® have shown that, for CO, electroreduction,
decreasing the interparticle spacing for a constant nano-
particle size increases the selectivity for CH, and C,H,
owing to the increased likelihood of the CO intermediate
readsorbing on a neighbouring particle and being further
reduced. These phenomena may explain the wide vari-
ation in selectivity for Cu nanoparticle catalysts derived
from extended, roughened Cu surfaces from highly
dispersed Cu nanoparticles on carbon supports.

The nanoparticle shape may also have an impor-
tant role in the CO, reduction reaction, although this
parameter has not been much explored. Roberts et al.''°

recently investigated Cu nanocubes, grown by succes-
sive oxidation-reduction cycles on polycrystalline Cu
in the presence of KCl, and found an improvement in
C,H, formation. Chen et al.'"! synthesized Cu nano-
cubes using a similar method and also found enhanced
C,H, selectivity, as shown in FIC. 4d, and high stability
for CO, electroreduction. The mechanisms behind the
improved activity of these structures may involve the
(100) facets on the cubes, which are known to favour
C,H, selectivity, the nanostructured Cu cube surface
or even Cl™ or Cu’ species that may remain on the
catalyst during the reaction.

Other metal nanoparticles have also shown size
dependence in CO, electroreduction activity and selec-
tivity'>"!, For size-controlled Au nanoparticles, it was
found that the activity increased significantly below
5nm in size'”, primarily because of the increase in
low-coordinated sites on the nanoparticle surface, as
shown in FIG. 5a. Smaller nanoparticles were found to
be selective for H, owing to weaker COOH* binding
on low-coordinated sites under high H* coverage con-
ditions. Similarly, Zhu et al.''>''¢ studied 4-10-nm Au
nanoparticles and nanowires with lengths in the range of
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Figure 5 | Nanostructure effects on activity and selectivity of Au catalysts for CO, electroreduction. a | Nanoparticle
size-dependent current density during CO, electroreduction over micelle-synthesized Au nanoparticles supported on
glassy carbon at -1.2 V versus RHE (reversible hydrogen electrode). b | Faradaic efficiency for CO, electroreduction to CO
for Au nanowires 500, 100 and 15nm in length supported on carbon. A transmission electron microscope image of the

500 nm-long Au nanowires is also shown. Panel a is adapted with permission from REF. 113, American Chemical Society.
Panel b is adapted with permission from REF. 116, American Chemical Society.

15-500 nm. They reported that larger nanoparticles and
longer nanowires were more selective for CO, which they
explained in terms of the greater number of edge sites
that favour CO, reduction compared with corner sites.
The Faradaic efficiency of CO production for nanowires
of different lengths is shown in FIG. 5b.

A common strategy to improve the catalytic activity
of polycrystalline materials is to fabricate rough surfaces
with high geometric current densities'”'"°. These rough
surfaces can be achieved by dealloying a less noble
material from an alloy precursor. Lu et al."*® have used
this method to produce a nanoporous Ag catalyst with
alarge surface area and highly active sites for the reduc-
tion of CO,, which exhibited a 92% Faradaic efficiency
of CO production. Other nanoporous materials have
also shown high CO, reduction efficiency. For example,
Cu nanofoams showed improved formate production
and suppression of CO, CH, and C,H, compared with
a smooth polycrystalline Cu foil, probably because of
the suppression of the pathway towards the CO* inter-
mediate. Interestingly, these nanofoams showed small
Faradaic efficiencies for C,H, and C,H, production'?.
In addition, tuning the composition of porous nanos-
tructured AuCu alloy catalysts resulted in 28% Faradaic
efficiency towards methanol and ethanol at a low over-
potential'?2. The unique C2, C3 and alcohol selectiv-
ity of these catalysts could result from the increased
residence time of CO, reduction intermediates in the
porous structure.

Electronic and geometric structure effects. The forma-
tion of metal overlayers offers an attractive opportunity
to tune the activity of a given surface'*'#. The reactivity
of metal overlayers is determined by a combination of
ligand and strain effects'®'?*. The ligand effect is attrib-
uted to a change in the electronic structure caused by the
presence of a different atom, whereas the strain effect
results from changes in the interatomic distance of the

surface atoms when they rearrange to accommodate the
substrate. According to the d-band model, when the lat-
tice of the surface atoms expands, there is an enhanced
interaction with the adsorbates, whereas compression of
the lattice has the opposite effect.

In the case of Cu, deposition on a metal, such as Pt or
Au, causes expansion of the lattice, leading to a higher
binding energy for CO, as shown in FIC. 6a. This change
in the reactivity of Cu is expected to have an effect on
the catalytic activity, because CO is known to be the key
reaction intermediate for hydrocarbon production®.
To investigate this effect, Januszewska et al.'* prepared
differently strained Cu MLs by synthesizing the follow-
ing multilayer systems on Au(111): 1-ML Cu, 1-ML
Cu/1-ML Pd and 1-ML Cu/5-ML Pd. On the basis of
only current densities, they observed a clear difference in
reduction activity when the Cu overlayer had a different
lattice constant, as shown in FIC. 6b, which is evidence that
these systems have a different reactivity to pure metals.

Because the activity measured during CO, electro-
reduction can also include the activity for the HER, it is
important to analyse the reaction products. Reske et al.'*
investigated the effect of Cu overlayer thickness on Pt
and found that by increasing the film thickness from
1 ML to 40 MLs, they could enhance the relative Faradaic
selectivity for CH,. They attributed this to modified
surface strain, which alters the intermediate binding
energies on films of different thickness. Varela et al.'¥’,
however, found that 1 ML of Cu on a Pt single crystal
was not stable and that, under reaction conditions, the Pt
surface was partially exposed owing to the high binding
energy between Pt and CO. This observation suggests
that the low selectivity for CH, observed on 1-ML Cu
on Pt does not relate to the Cu-CO binding energy but
results from exposed Pt, which favours the HER over
CO, reduction'”. These results highlight the importance
of taking into account the stability of bimetallic systems
under reaction conditions.
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Figure 6 | Effect of support-induced strain on CO, electroreduction catalysts.

a| Density functional theory (DFT)-calculated binding energy towards CO on Cu (111),
Cu/Pt(111) and Pt(111)®. b | A single Cu monolayer (ML) deposited on Au(111), or
deposited on 1- or 5-MLPd on Au(111). ¢ | High-energy fluorescence-detected X-ray
absorption spectra of Cu MLs on Au(111) recorded during the anodic oxidation of Cuin
0.01 M NaOH under E=0.31-0.71V versus RHE (reversible hydrogen electrode) applied
potential (left graph) and E=0.11-0.86V versus RHE applied potential (right graph). Panel
b is adapted with permission from REF. 125, American Chemical Society. Panel c is
adapted with permission from REF. 128, American Chemical Society.

Stability issues may also have a role in Au-Cu sys-
tems. Cu MLs on Au(111) have been shown to form
islands under applied potential, and Au migration to
the surface and alloy formation have been observed'*'*.
Although adsorbates, such as CO and CO,, do not seem
to affect the stability of the Cu ML, at negative potentials
Cu forms an interface alloy with the Au atoms, which
is probably driven by the interfacial tension between
the Cu layer, which is expanded by 12.5%, and the Au
(REF. 128). Using high-energy-resolution fluorescence-
detected X-ray absorption spectroscopy (HERFD-XAS),
Friebel et al.'*® have also found that the stability of Cu
MLs on Au(111) depends on the number of MLs.
Compared with 1-ML Cu/Au(111), 7-ML Cu is resistant
to oxidation under an applied potential, which could be
related to the incorporation of Cu into the Au surface'?.

The segregation and alloying trends discussed above
may be important for understanding the diverse reactiv-
ity of AuCu nanoalloy catalysts during CO, electroreduc-
tion. It has been shown in some studies that selectivity
can be tuned from CO to hydrocarbons by changing the
composition from Au rich to Cu rich****!. Interestingly,
in another study'?, it was shown that even for Cu-rich
catalysts, hydrocarbon formation is suppressed in favour
of CO formation when Au is added. This phenomenon
may be due to the segregation of Au at the catalyst sur-
face owing to its low surface energy or the lowered CO*
binding energy in AuCu alloys'®.

Oxide-derived Cu catalysts for hydrocarbon production.
Oxide films grown on metal surfaces are commonly used
to alter the surface structure of electrodes, and several
groups have recently demonstrated an enhanced activ-
ity of oxide-derived nanostructured Cu for CO, electro-
reduction after an assumed in situ reduction in the
electrochemical environment. Although CH, is the dom-
inant hydrocarbon product formed on bulk metallic Cu,
almost complete CH, suppression has been reported on
oxide-derived, electrochemically reduced Cu catalysts,
along with improved efficiency for C,H, and C,H, and
a shift to a lower CO, reduction overpotential''”13+1%,
These results are likely attributed to pH, morphological
effects and possible changes of the chemical state of the
active Cu species. The synthesis and reduction of these
oxide films strongly affect the surface structure, which
may be a determining factor in the resulting behaviour
of the catalysts.

The initial oxide film thickness also appears to have a
key role in determining the selectivity of oxide-derived
Cu. Koper and colleagues'* found that by increasing
the initial oxide film thickness, the C,H, selectivity
diminished, whereas C,H, selectivity was improved.
Interestingly, Yeo and colleagues'* found a parabolic
dependence of the selectivity for C,H, on the initial
oxide film thickness between 0.2 and 8.8 um, with inter-
mediate film thicknesses showing the highest C,H,
selectivity of approximately 40%. In both cases, CH,
selectivity was suppressed with increasing oxide thick-
ness. These results are likely to be attributable to pH and
morphological effects.

Kanan and colleagues'” synthesized oxide-derived
Cu through thermal annealing and reported a high
Faradaic efficiency (~45%) for CO, conversion at poten-
tials as low as 0.3V versus RHE (reversible hydrogen
electrode), although limited hydrocarbon production
was observed at higher potentials. They later suggested
that grain boundaries may stabilize strong CO-binding
sites on oxide-derived catalysts, thereby enabling the
efficient reduction of CO to hydrocarbons'”'%,

It is generally assumed that the active species for CO,
electroreduction is metallic Cu and that oxide-derived
catalysts are completely reduced during the reaction.
However, a possible mechanism behind the unique
reactivity of oxide-derived Cu may involve Cu sites that
remain on the surface. Kim et al.”** proposed that oxide
species remain on the Cu catalyst surface during the reac-
tion, as determined from ex situ Auger measurements.
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It has been proposed that Cu,O might be the active spe-
cies for methanol production**'*, although few groups
have demonstrated notable methanol formation through
electrochemical CO, reduction because of the instability
of oxides during the reaction'. The use of ZnO as a
support for Cu catalysts increases the selectivity for alco-
hols, possibly by stabilizing low-coordinated active sites
or Cu* species on Cu, or through ligand effects'*2. These
results reveal interesting analogies between the electro-
catalytic and the conventional (thermal) catalytic reac-
tion pathway from CO, to methanol, which is known
to be catalysed by Cu/ZnO active sites'”®. In summary,
although oxide-derived Cu catalysts are the most prom-
ising in terms of CO, reduction efficiency, key questions
remain about the fundamental mechanism behind this
improvement. In situ and operando studies, instead of
ex situ prenatal or post-mortem studies, which currently
provide the majority of available characterization data
for this reaction, are essential to solve these questions
and ultimately gain an insight into the chemical state of
the active catalyst under reaction conditions.

Effect of electrolyte and pH on selectivity. For nano-
structured catalysts, the electrolyte can have a key role
in controlling the selectivity of the reaction'**'*. For CO,
reduction over Cu, the selectivity between CH, or C,H,
can be considerably altered in different electrolytes'*.
Such changes can be attributed to the different nature
of the ions in solution. For example, cationic species
(Li*, Na*, K* and Cs*) in bicarbonate solutions can be
used to control the CH,/C,H, ratio'¥".

CO, reduction is usually carried out in bicarbonate
electrolytes at a close-to-neutral pH, because CO, acts
as a buffer. Considering the challenges of working at dif-
ferent pH values in CO,-saturated electrolytes, studies
on the effect of bulk pH have focused on the reduction
of CO at different pH values'**'>°, For CO reduction at
a pH between 6 and 12, the formation of CH, is pH
dependent'*®, which indicates that this process occurs via
coupled proton-electron transfer'. By contrast, C,H,
formation is independent of pH; thus, this process is not
determined by the concentration. As a result, C,H, is the
predominant hydrocarbon product under alkaline con-
ditions, whereas in acidic or neutral solutions CH, for-
mation is preferred'*®. This knowledge is relevant when
working under neutral conditions, as is common for CO,
reduction, in which small changes in local proton con-
centration can have a dramatic effect on the interfacial
pH, which affects the reaction selectivity. Gupta et al.'*
estimated, on the basis of a theoretical study, the local pH
during CO, electroreduction and found that it can be up
to six units higher than the bulk pH, depending on the
thickness of the diffusion layer, the current density and
the electrolyte buffer capacity. This last parameter can
be related to the concentration of bicarbonate, because
concentrated carbonate electrolytes possess an enhanced
capability to suppress local pH increases during the
catalytic consumption of interfacial protons.

The selectivity of Cu is dependent on the bicarbonate
concentration. Dilute KHCO, electrolytes with an alka-
line pH result in high selectivity for C,H,. By contrast,

REVIEWS

when the concentration of bicarbonate is high, the local
pH remains close to neutral, favouring CH, and H,
production’®**>4¢, Varela et al.'* have recently shown
that the change in selectivity occurs mainly because of
a suppression of CH, production in electrolytes with
a low buffering capacity. Under such conditions, the
low proton concentration near the interface affects
the proton-dependent reactions (that is, the HER and
CH, production), whereas the production rate of C,H,
is not affected.

According to Gupta’s model'®?, the current is also
an important parameter. High current densities corre-
spond to a higher consumption of interfacial protons
and, therefore, to more dramatic changes in local pH.
In general, the geometric current densities are higher
on rough surfaces at a given electrode potential than
on smooth surfaces. If the diffusion layer is sufficiently
thick, this can result in a higher local interfacial pH at
the rough catalyst surface, which, in turn, inhibits H, and
CH, formation in favour of C,H, (REFS 110,117,118,135).

Considering the key role that the local pH has in con-
trolling the selectivity of CO, conversion over Cu for CH,
and C,H,, critical investigation of the interplay among
the pH, catalyst structure and morphology is necessary.

Ethanol oxidation

Ethanol electrooxidation is a promising reaction for
energy production in fuel cells, but similar to CO,
reduction, it is currently hindered by the poor selec-
tivity exhibited in common electrocatalyst materials.
Instead of complete oxidation to CO,, which requires
the breaking of the C-C bond either in ethanol or the
acetaldehyde intermediate, many catalysts produce
only acetaldehyde and acetic acid, the latter of which
cannot be further oxidized to CO,. In addition, ethanol
oxidation catalysts commonly have a high Pt content,
making them expensive and unfeasible to scale up.
Furthermore, the poisoning of active sites by strongly
adsorbed CO and CH,_ intermediate species can hinder
the activity of Pt catalysts for this reaction. As we detail
in this section, the results from recent studies of struc-
ture-dependent selectivity in ethanol oxidation suggest
that nanostructured and bimetallic materials may be the
key to optimizing the selectivity for CO,.

Structure-dependent selectivity on single crystals. The
structure dependence of the ethanol oxidation reaction
is evident from studies of single-crystal Pt electrodes.
When comparing the different crystallographic sur-
faces of Pt in acidic media, (111) surfaces were found
to be inefficient at breaking C-C bonds, whereas (110)
surfaces had the highest rate of C-C bond cleavage'®*.
However, it has become clear from studies of stepped
surfaces that efficient C-C bond cleavage is not the
only necessary characteristic for a good ethanol total
oxidation catalyst'**. In addition, sufficient coverage of
adsorbed OH species is necessary. Colmati et al.' found
that Pt(554) surfaces have the optimal number of (110)
steps, which can break C-C bonds at an intermediate
rate such that the CO formed will not poison the surface
but will be further oxidized by OH species. As Lai et al.'*

NATURE REVIEWS | MATERIALS

ADVANCE ONLINE PUBLICATION | 9

© 2016 Macmillan Publishers Limited. All rights reserved.




REVIEWS

a

Expansion
b

- 3 Pr/Au(111)

3 : 1 Pr(111)
— 3 Py/Pd(111)
‘g : 3 Pt/Ir(111)
< 3 PY/Rh(111)
§ 2 ! 1 P/Ru(0001)
< |
[ |
o |
c 1
g1 ]
= |
© |

0
|
Expansive strain | Compressive strain

Figure 7 | Strain-induced enhancement in the catalytic
activity of Pt MLs for ethanol oxidation. a| Models
illustrating an epitaxial Pt monolayer (ML) on Au(111),
which induces expansive strain on the Pt, and a Pt ML on
Pd(111), which exerts compressive strain. b | Current
density towards ethanol oxidation on Pt MLs deposited on
different single crystals. Adapted with permission from
REF. 172, American Chemical Society.

have shown, it is important to consider the effect of
strongly adsorbing ions in the electrolyte that can alter
the activity and selectivity trends on stepped surfaces. To
achieve the balance between efficient C-C bond cleavage
(which leads to surface poisoning by adsorbed CO) and
sufficient adsorption of OH (which oxidizes the CO), the
addition of a second metal, such as Ru, can stabilize the
adsorbed OH (REF. 157). This mechanism is important
in alloy catalysts, as we discuss below. In alkaline media,
higher current densities for ethanol oxidation can be
achieved at potentials more relevant for fuel cells. The
reaction is highly dependent on the Pt surface structure;
however, fast deactivation can occur on Pt(111) terraces
owing to poor oxidation of CH_ species on the surface'*®.

From the studies on model surfaces discussed above,
it is clear that structure has a strong effect on ethanol
oxidation reactivity, although the effects of nanoparti-
cle size and shape on ethanol electrooxidation have not
been widely explored. One notable example, however,
is the work of Sun and colleagues'*>'*® on Pt and Pd
nanocrystals with stable high-index facets. High-index
facets on tetrahexahedral Pt nanoparticles show higher
activity and selectivity for CO, than commercial Pt/C
catalysts because of the ability of atomic steps to cleave

C-C bonds™*'%. Furthermore, they found a four- to six-
fold improvement in activity for similar tetrahexahedral
Pd nanoparticles with high-index facets compared with
commercial Pd/C (REF. 161).

Although interesting insights into the reaction mech-
anism have been derived from studies of single crystals
and well-defined particles, more complex alloy catalysts
are needed to achieve sufficiently low overpotentials for
efficient fuel cell operation.

Bimetallic nanostructures. Alloying Pt with other metals
to create binary or ternary catalysts is a well-established
strategy to enhance the catalytic performance for etha-
nol electrooxidation'®. Although a range of binary and
ternary nanocatalysts are being explored for this reac-
tion, we focus on studies of model catalysts that have
involved various measurement techniques to elucidate
the mechanism behind the activity and selectivity of
these materials.

As explained above, one of the main challenges with
Pt ethanol oxidation catalysts is poisoning of the sur-
face by the accumulation of adsorbed CO. Alloying with
Sn can improve the activity of Pt via a dual mechanism
whereby Sn stabilizes OH, which can further oxidize
CO (REF 163). The structure and oxidation state of these
catalysts are also important because SnO, enhances
C-C cleavage, unlike alloyed Sn (REF. 164). Alternatively,
the activity of Pt-alloy catalysts can be considerably
enhanced by replacing the Sn component with Ni, which
has a superior O-donating effect'®.

The Pt-Rh-Sn system is one of the most promising
ternary catalysts studied for ethanol electrooxidation,
because it can catalyse total ethanol oxidation with high
efficiency at potentials below 0.5V versus RHE'"**'7!. Tt
was recently shown that PtRhSnO,/C catalysts have high
activity and selectivity for CO, owing to the electronic
interactions between the metals; because Pt withdraws
electrons from Rh, the interaction between Rh and eth-
anol becomes strong enough to break the C-C bond.
Conversely, SnO, contributes to the catalytic perfor-
mance by strongly adsorbing H,O, thereby minimizing
the formation of activity-blocking PtOH and RhOH
(REF. 167). The structure of the Pt-Rh-Sn system may be
crucial for its activity, because specific active-site ensem-
bles may be necessary to facilitate the reaction'*®. The
addition of Ir to Pt-SnO, catalysts can also cleave C-C
bonds and lower the overpotential of ethanol oxidation'”.

Another mechanism that may affect bimetallic eth-
anol oxidation catalysts involves geometric effects due
to lattice-mismatch-induced strain. This has a major
impact on the activity of epitaxial Pt MLs on various
single crystals. Surfaces such as Au(111), which exert
tensile strain on Pt, are more active for ethanol and
methanol oxidation; however, these surfaces are only
selective for the partial oxidation products acetaldehyde
and acetic acid'’% By contrast, surfaces that induce com-
pressive strain on the Pt ML, such as Pd(111), Ir(111),
Rh(111) and Ru(0001), suppress ethanol oxidation
activity. A summary of these observations is provided in
FIG. 7.Pt MLs deposited on Au nanoparticles, tested for
ethanol electrooxidation by Loukrakpam et al.'”?, were

10| ADVANCE ONLINE PUBLICATION

www.nature.com/natrevmats

© 2016 Macmillan Publishers Limited. All rights reserved.



Electronic effects
(d-band shift)

Electrolyte (ion) Bifunctional

effects & @ mechanisms
S/
Low coordinated o
sites
Lattice
— strain

‘Nanopores ‘Grain boundaries

Figure 8 | Overview of the mechanisms behind activity and selectivity controlin

REVIEWS

such as corners and edges, or optimal facets that can
facilitate a reaction step. Defects, such as grain bound-
aries, may also stabilize active sites. The interparticle
distance is another crucial but often overlooked param-
eter that can be used to control the diffusion and read-
sorption of reaction intermediates and, therefore, the
selectivity. Nanopores also provide low-coordinated sites
for a reaction and can alter the selectivity by increasing
the residence time of intermediates. For multimetallic
catalysts, further mechanisms may contribute, such as
geometric and ligand effects. Finally, in an electrochem-
ical reaction, it is important to consider the effects of the
electrolyte and ions in the solution, which may strongly
adsorb on the catalyst surface, react with the surface to
alter the structure or change the pH.

To develop feasible renewable energy technology
based on fuel cells and to close the carbon cycle through
CO, conversion, several key challenges in electrocatalyst
design must be overcome. From the studies highlighted

nanostructured electrocatalysts. Structural features, such as low-coordinated sites,
facets, nanopores and grain boundaries, can be tuned to control reactivity. In bimetallic
nanostructures, strain effects, electronic effects and bifunctional effects can be tuned.
In addition, reactivity trends may be strongly influenced by environmental factors such

in this Review, it is clear that novel synthesis methods that
allow for the design of model catalysts with control over
the morphology, structure, chemical state and compo-

as the properties of the electrolyte and pH.

found to have higher activity and higher efficiency for
CO, reduction than Pt sub-ML/Au nanoparticles. This
result was rationalized in terms of these catalysts having
the optimal balance between tensile strain induced by
lattice mismatch with the Au support and compressive
strain induced by finite-size effects. In summary, ethanol
electrooxidation is highly sensitive to the structure and
composition of nanocatalysts.

Summary and outlook

We have demonstrated how rational control over the
structure and composition of metallic nanocatalysts
can be used to tune activity and selectivity for O, reduc-
tion, CO, reduction and ethanol oxidation, which are
key reactions for emerging electrochemical energy
conversion and storage processes. The main mecha-
nisms behind the improved activity and selectivity in
the nano-electrocatalysts discussed are summarized
in FIC. 8. In terms of structure, morphology-controlled
nanostructures may have the optimal particle size and/or
shape to provide highly active, low-coordinated sites,

sition have enabled outstanding advances in the field of
electrocatalysis. However, these synthesis methods must
be scalable, and, particularly for the ORR and ethanol
oxidation, new catalyst materials that are cheaper and
more durable, or that can at least minimize the use of
expensive Pt-group metals, must be developed. Another
challenge is to better engineer selectivity for a single
product to avoid separation costs, which is important
for CO, conversion and for ethanol oxidation.

The nature of these catalysts is highly complex — the
nanostructure and active chemical species of the cata-
lyst can be not only used to control the reaction but also
changed during the reaction or by environmental fac-
tors such as the temperature and the properties of the
electrolyte. Therefore, it is necessary to use in situ and
in operando techniques to monitor the catalyst properties
during the reaction to gain a complete understanding of
the reaction mechanism. These techniques, combined
with theoretical modelling, can provide an insight into
the working structural and chemical states of the most
active catalysts and provide the basic understanding
needed to rationally design and tailor the properties of
new catalysts.
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