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ABSTRACT: In the past decade, significant advancement has been made in the development
of electrocatalysts for energy conversion and storage. Among various approaches, alloying Pt
with 3d transition metals has shown great potential in tailoring the atomic and electronic
structures of catalytically active materials toward improved catalytic performance. Here, we
provide a brief overview of the recent advancements in the design and synthesis of
electrocatalysts for the oxygen reduction reaction. Our focus is placed on the systematic studies
of particle size, composition, and shape effect for the monodisperse and homogeneous
platinum alloy electrocatalysts that have been synthesized by organic solution approaches.
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B INTRODUCTION

Alloys have attracted increasing interest in the quest to develop
advanced electrocatalysts.'~” Addition of another metal to a
catalytically active one to form an alloy can alter the availability
of active surface sites (ensemble effect)® or the binding strength
of reactants, intermediates, products, and spectator species
(electronic and/or strain effect).” Fine tuning of the properties
such as particle size, shape, and composition through controlled
synthesis of alloy nanomaterials represents a robust approach
toward more sophisticated catalysts with enhanced activity,'”"!
selectivity,”>™'* and durability.">"¢

The oxygen reduction reaction (ORR) is one of the key
processes for renewable and environment-compatible schemes
of chemical—electrical energy conversion.'”~ ' This four-
electron electrochemical reaction, O, + 4e~ + 4H" — 2H,0,
is usually catalyzed by platinum (Pt) to accelerate the process
and conversion of chemical to electrical energy. However, the
sluggish kinetics of the ORR requires a substantial amount of
this precious metal in real electrochemical systems, which has
limited the scaling-up of corresponding renewable energy
technologies. Considerable improvement of the catalyst
performance for the ORR is demanded to reduce the amount
of Pt needed. For example, a S-fold enhancement of ORR
catalytic activity is sought for the commercial implementation
of fuel cells in electrical vehicles.*’

Alloying Pt with 3d transition metals such as Mn, Fe, Nj, Co,
and Cu has been demonstrated as a successful approach toward
advanced ORR electrocatalysts.**' ">° Fundamental studies of
well-defined extended surfaces have shown that the enhanced
catalytic activity originates from the modified electronic
structures of Pt in these alloy catalysts,>'®*® which reduces
the adsorption of oxygenated spectator species (e.g, OH™) and
thus increases the number of active sites accessible to molecular
oxygen. However, it is not straightforward to achieve the same
level of activity enhancement in nanocatalysts that are prepared
by conventional impregnation or coprecipitation synthesis due
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to the lack of control over size, homogeneity and shape.”**'*

Synthetic methods toward monodisperse and homogeneous
alloy nanoparticles (NPs) are thus demanded for systematic
studies of these materials for electrocatalysis.

Here, we present a selective summary of recent advances on
Pt alloy electrocatalysts for the ORR, with the focus placed on
alloy electrocatalysts from organic solution synthesis and their
electrocatalytic properties. Although the ORR has broad
applications in renewable energy technologies, the emphasis
of this review is on the alloy catalysts of platinum and 3d
transition metals for proton exchange membrane fuel cells
(PEMFCs). The work on extended surfaces, commercial
catalysts, or the alloy catalysts prepared by impregnation
methods are not covered here, for which comprehensive
reviews have already been well documented in the
literature.”***~*

B SYNTHESIS OF PT ALLOY NANOPARTICLES

The essential challenge for the synthesis of alloy NPs is the
diverse nucleation and growth rates of different elements.
Typically, Pt salts such as platinum acetylacetonate (Pt(acac),)
have much higher reduction potentials (Pt** + 2e™ «> Pt, E° =
+1.2 V) than 3d transition metals (E° = —0.2 ~ —0.4 V). For
the synthesis of Pt alloy NPs from a solution, reduction of the
Pt precursor is much faster than Fe, Co, Nj, etc. Therefore, the
precious metal tends to nucleate first and grow into separate
NPs or form Pt-rich regions in the product.***

The synthesis of conventional Pt-alloy catalysts by
impregnation methods***® rely on mixing of high-surface-area
Pt/C catalyst with 3d transition metal salt solution, which is
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followed by drying. The formed blends are then subjected to
thermal annealing for reduction and alloying. Depending on the
precursor ratios and annealing temperatures, the extension of
alloying or the level of homogeneity in the catalyst varies by this
approach. In addition, high-temperature annealing causes
agglomeration of the particles, reduction of specific surface
area, and broadening of particle size distribution. This has
become the obstacle for application of Pt alloy electrocatalysts
in PEMEFCs.

Recently, organic solvothermal synthesis has emerged as a
powerful approach for making monodisperse and homogeneous
alloy nanomaterials.*’ =" This is particularly advantageous in
the synthesis of Pt alloy NPs.****>7 Simultaneous growth for
alloy NPs has been achieved by coupling the reduction of Pt
salts with the decomposition of organometallic precursors of 3d
transition metals, usually metal carbonyls, to avoid the
mismatch in reduction rate between Pt and 3d metals.*>”>°
This has also been done by sequential addition of the
precursors so that the salts of the 3d transition metals can be
reduced before adding the Pt precursors.****3%57 The
following discussion provides an overview of the progress on
synthesis with control over particle size, composition, and
shape that has been made by the organic solvothermal
approaches.

Particle Size. Multiple parameters in the synthesis can affect
the crystal nucleation and growth in solution. To produce
monodisperse NPs, it is necessary to have a fast nucleation step
followed by a gradual growth process on the formed nuclei, as
depicted by the LaMer’s plot.>® Such nucleation can be induced
by raising the temperature, or adding the precursor by injection.
For the synthesis of alloy NPs, this is usually achieved by
addition of the second precursor. When metal carbonyls (e.g,
Mn,(CO),,, Fe(CO)s, and Co,(CO),,) are used as precursors
for 3d metals, thermal decomposition of the metal carbonyls is
fast at elevated temperatures and enables rapid nucleation of
the alloy nanocrystals (Figure 1A and B).>*~*° In the case of

Figure 1. TEM images of the (A) Pt;Fe, (B) Pt;Co, and (C) Pt;Ni
NPs from organic solution synthesis. (E—G) Representative EDS
elemental maps for a Pt;Co NP from part B.>*

metal salts as precursors, such as nickel acetates (Ni(ac),) for
Pt—Ni alloy NPs, the 3d elements have likely been reduced
when the Pt precursor is added, and immediate reduction of Pt
salts after injection at high temperatures aids the super-
saturation of metallic species for fast nucleation (Figure
1C).*%3%57 Element mapping by energy-dispersive X-ray
spectroscopy (EDS) based on high-resolution scanning trans-

892

mission electron microscopy (STEM) has shown that the
materials derived from such organic solution syntheses are
highly homogeneous alloy NPs, as indicated by the even
distribution and good intermixture of Pt and 3d metals in these
NPs (Figure 1E-G).**

From the growth mechanism described above, it can be seen
that the size of alloy NPs is determined by the number of nuclei
formed and the amount of precursor remaining in the solution
after nucleation. For example, in the synthesis of Pt;Co NPs
with Pt(acac), and Co,(CO),, as precu1‘sors,53”55 the particle
size was controlled from <3 to ~10 nm simply by tuning the
temperature at which the cobalt precursor was added (Figure
2). The injection of Co,(CO);, induced nucleation as the
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Figure 2. (A) Schematic illustration of the synthetic route for
monodisperse Pt;Co NPs. (B—D) TEM images of the as-synthesized
3, 4.5, and 6 nm Pt;Co NPs, respectively.>®

solution color changed from transparent to dark gray
immediately. For given amounts of Pt and Co precursors, the
higher the temperature for cobalt addition, the more nuclei
were generated and the smaller amounts of precursors left in
the solution. Therefore, the formed nuclei could only grow into
small NPs for adding Co,(CO), at high temperatures. In the
case of 3 nm Pt;Co, NPs were obtained when adding
Co,(CO),4 at 225 °C, whereas their growth into large NPs
became possible when adding Co,(CO),, at relatively low
temperatures (e.g, 9 nm for 145 °C).

Tailoring the balance between the nucleation and growth
processes by tuning the growth conditions, such as the initial
concentrations of precursors and stabilizing ligands, reaction
temperature, and growth time, represents a facile approach
toward the synthesis of alloy NPs with controlled size.

Alloy Composition. One advantage of alloy electrocatalysts
is the reduced content of Pt metal in the catalyst. Therefore, it
is desirable to maximize the content of 3d transition metals in
Pt-alloy NPs in order to reduce the cost of materials used as
electrocatalyst for the ORR. Moreover, it was found that an
increased concentration of alloying elements in subsurface
layers substantially alters surface electronic properties and
boosts the catalytic performance.'

Tuning of the composition of Pt alloy NPs was first achieved
by Sun et al. in the synthesis of magnetic FePt NPs,** in which
the alloy composition was controlled by the ratio between
added Fe and Pt precursors. It was found that a 3:2 molar ratio
between Fe(CO); and Pt(acac), gave FegusPtys, 2:1 for
Feys,Ptoqs and 4:1 for Fey,Pty3y NPs. Another example of
composition control is the synthesis of Pt,Ni;_, NPs, with
Pt;Ni, PtNj, PtNi,, and PtNi; NPs obtained with ratios of 1:1.5,
1:2, 1:3.7, and 1:S between Pt(acac), and Ni(ac),, respectively
(Figure 3).**%7 XRD patterns show that the diffraction peaks of
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Figure 3. Representative microscopic images of S nm Pt;Ni (A, C) and PtNi (B, D) NPs. (E) XRD patterns of Pt,Ni,_, alloy NPs of various
compositions, with the positions of the (111) peak labeled by a dashed line.”’

these alloy NPs monotonically shift toward a high angle as the
ratio of Ni increases, indicating that the dependence of lattice
constant on the alloy composition follows the Vegard’s law.

On that basis, it is obvious that excessive amounts of 3d
metal precursors are needed in the synthesis of Pt alloy NPs.
This could be due to the rather high nucleation threshold
concentration or low reduction rate of the 3d elements.
Elemental analysis of the growth solution after separation of the
product NPs usually shows the presence of 3d metals, whereas
Pt residues are rarely observed. It is also interesting to point out
that composition control has not been achieved for Pt—Co
alloy NPs. So far, only Pt;Co NPs have been obtained. This is
likely caused by the specific pathway for the decomposition of
C0,(CO),,> but there is no clue as yet for the syntheses with
cobalt salts as precursors.’ A similar argument also holds true
for Pt—Mn NPs.®!

Shape Control. Shape-controlled growth of nanocrystals
has been pursued for the development of advanced catalysts for
more than a decade.”*”% NPs of controlled shapes can have
only one type of facet on the surface (e.g., cube with (100) and
octahedron with (111)), and, thus, enable comparative studies
of nanocatalysts versus extended surfaces of single crystals.
Although the synthesis of Pt NPs with shape control has been
achieved in early studies,*” it is more challenging for Pt-based
alloys, and only until very recently has certain progress been
made for Pt;M systems.®"**% In the synthesis of alloy NPs,
the presence of two or more types of elements with different
growth kinetics, surface energies, and binding strengths to
surfactants makes it challenging to control the crystal growth
along different crystalline directions. Since (111) has the lowest
surface energy among the low-index facets, fcc crystals tend to
grow along the (100) direction into an octahedron-like shape.
However, the lack of sufficient thermodynamically controlled
growth after the consumption of precursors by the short
nucleation burst usually results in cuboctahedral or truncated
octahedral NPs (enclosed by both (111) and (100)
facets).”>’*~"* To induce anisotropic growth into the desired
shapes of single-facet surface, additional factors have to be
introduced.
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Two strategies have been developed to effectively control the
growth of Pt alloy NPs into cubic or octahedral shapes. Zhang
et al. introduced tungsten as an intermediate by adding
tungsten carbonyl (W(CO)j) into their synthesis of alloy NPs.
It was believed that tungsten served as a decelerator for the
growth dynamics through a “buffer” mechanism. Tungsten
carbonyl readily decomposed to give elemental tungsten
substances and provide the initial reduction of Pt salts through
Pt* + W < W™ + Pt for nanocrystal nucleation. As the
amount of tungsten cations accumulated in the solution, the
equilibrium of this galvanic reaction slowed down the rate of
reduction and, thus, the nucleation/growth speed, enabling
thermodynamic growth into octahedrons. By this strategy, the
have been able to obtain octahedral Pt;Ni NPs (Figure 4).°°

Figure 4. (A) TEM and (B) HRTEM images of octahedral Pt;Ni NPs
synthesized with W(CO) as “buffer”.®

Another group, Wu et al,, used CO as a gas reducing agent and
obtained cubic Pt-alloy NPs (Figure 5).%° Instead of inert gas
typically employed in organic solvothermal synthesis, they
carried out nanocrystal growth under a reductive atmosphere. It
was claimed that the shape control was in place due to the
stronger adsorption of CO on (100) than on (111) of Pt
surfaces,”® which induced the preferential growth along (111)
directions into cubes.

Despite the statements claimed therein (as discussed above),
questions about the growth mechanisms are still present for

dx.doi.org/10.1021/cs3000792 | ACS Catal. 2012, 2, 891-898
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Figure S. Microscopic images of (A, B) Pt;Ni and (C, D) Pt;Co
nanocubes synthesized with CO as reducing gas.

these studies. Considering the decomposition of W(CO)j also
produces CO, the strong adsorption of CO on Pt(100) is likely
competing with the thermodynamic driving forces for growth
along (100) directions in the first report.68 In the other work,
CO is also a reducing agent for Pt cations, and the preferentially
adsorbed CO on Pt (100) is not only a blocking agent but also
active sites for deposition of Pt atoms.”” More comprehensive
studies of the growth mechanisms underlying these primary
reports could provide the clue for rational design of NP
synthesis with shape control.

B ELECTROCATALYTIC PERFORMANCE OF PT
ALLOY NANOCATALYSTS

Advancement on the controlled synthesis of monodisperse and
homogeneous Pt alloy NPs has enabled the systematic studies
of these materials for catalytic applications. In the following, we
first describe the preparation of electrocatalysts from colloidal
NPs and then explain the relationship between the Pt alloy
nanostructures and their electrocatalytic performance in terms
of particle size, shape, and composition.

Catalyst Preparation and Pretreatment. The NPs
processed from organic solution synthesis cannot be directly
applied as catalysts. Generally, they are deposited onto a high-
surface-area support, such as carbon black, and then subjected
to pretreatments for cleaning and surfactant removal. The as-
synthesized Pt alloy NPs are usually capped by oleylamine or
oleic acid (or both) ligands.44’52_57’61’6%_69 Although these
ligands stabilize the NPs in solution and help control the size
and shape in nanocrystal growth, they are detrimental for
catalysis because they block the access of reactant molecules to
the surface atoms.

Several methods have been developed to remove the organic
ligands and clean the surface for application of colloidal NPs. It
was found that the surfactants can be oxidized by mild heating
(160—200 °C) in an oxygenated atmosphere.’>’* TEM studies
confirmed that no particle aggregation or agglomeration
occurred after the treatment.’*” The treated catalysts show
consistent improvements in electrocatalytic activity compared
to the corresponding extended surfaces.>* Other methods
include chemical washing by tetramethylammonium hydrox-
ide” or acetic acid’® and UV ozone”” treatment. Although all of
these methods have been shown to be capable of cleaning the
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surface of Pt and Pt alloy nanocatalysts, the efficiencies differ,
and comprehensive studies about the chemical mechanisms of
these treatments are still missing.

Thermal annealing is another important pretreatment in
alloy catalyst preparation. This is usually carried out in vacuum
or a reducing atmosphere (H,, CO, etc.), and the primary
purpose is to improve the alloy homogeneity. For Pt alloy
electrocatalysts, annealing may also induce surface segregation
that results in beneficial surface properties for the ORR;”'*7®
however, annealing may also induce sintering of NPs. The loss
of consistency in particle size has made it ambiguous to deduce
the intrinsic annealing effect.*>””* The monodisperse and
homogeneous alloy NPs obtained by organic solvothermal
synthesis, however, have enabled systematic studies of the
annealing effect on the catalytic performance of Pt alloy
electrocatalysts.

Figure 6 shows the TEM images of the Pt;Co/C catalysts
after annealing at various temperatures. The catalyst was made

Figure 6. TEM images of (A) as-prepared and (b) 400 °C, (c) 500 °C,
and (d) 800 °C annealed 4.5 nm Pt;Co/C catalysts.®"

with 4.5 nm alloy NPs processed from organic solution
synthesis (as shown in Figure 2C).*" The as-prepared catalyst
(Figure 6A) was annealed in Ar + 5% H, for a temperature
range from 300 to 800 °C. No obvious size or morphology
change was observed for the catalysts annealed up to 400 °C
(Figure 6B). Particle sintering started to appear for annealing at
500 °C, but yet, not significantly so at this temperature (Figure
6C). Substantial agglomeration was observed for annealing
above 600 °C (Figure 6D). In the latter case, large particles of
more than 20 nm appeared. Electrochemical studies show that
the electrochemically active surface area decreases and the
specific catalytic activity increases as the annealing temperature
escalates (Figure 7A). These transitions are a reflection of both
surface restructuring (smoothing, surface segregation, etc.) and
particle sintering, which were dominant for low (<500 °C) and
high (>500 °C) temperature annealing, respectively. An
important finding from this temperature-dependent study is
that the optimal treating conditions for the maximal mass
activity is 400—500 °C for such alloy nanocatalysts (Figure 7B).

Particle Size Effect. The particle size effect for Pt
electrocatalysts has been well documented in the liter-
ature’”®** and explained in terms of the surface geometry

dx.doi.org/10.1021/cs3000792 | ACS Catal. 2012, 2, 891-898
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Figure 7. Annealing temperature-dependent electrocatalytic perform-
ance of 4.5 nm Pt;Co/C catalysts for the ORR. (A) The dependence
of specific activity and specific surface area on the annealing
temperature. (B) The plot of mass activity vs the annealing
temperature.

and associated electronic properties, with enhanced adsorption
of oxygenated species (O~ and OH,, etc.) on smaller particles
due to their smaller average surface coordination numbers and
consequently more pronounced oxophilic behavior,** which
block the access of molecular oxygen. Systematic study of Pt
alloy nanocatalysts of various sizes demonstrated that a particle
size effect is also present in alloy catalysts.> Cyclic voltammo-
grams (CVs) for the Pt;Co/C catalysts with particle size
ranging from 3 to 9 nm show that the H,4 peaks (0.05V<E<
0.4 V vs RHE) shrink as the particle size increases as a result of
the decrease in specific surface area (Figure 8A). Both the
oxidation peak (~0.9 V) in the anodic scan and the reduction
peak (~0.8 V) in the cathodic scan exhibit positive shifts with
increasing particle size, indicating smaller NPs are more
oxophilic than bigger ones because of the higher ratio of
undercoordinated atoms (edge and corner sites) on the
surface.”> Correspondingly, the specific activity for the ORR
also increases with the particle size (Figure 8B), and as a result,
the optimal size for the maximum in mass activity was
established to be around 4.5 nm.

Shape Effect. Model catalyst studies of well-defined
extended surfaces have revealed that the electrocatalytic
performance of Pt alloy catalysts is sensitive to the surface
structures.”'*”® For single-crystal surfaces of Pt;Ni, the
electrocatalytic activity for the ORR follows the order (111)
> (110) > (100). The Pt;Ni(111) surface was found to form a
Pt skin by surface segregation after ultrahigh vacuum (UHV)
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Figure 8. Size-dependent electrocatalytic performance of Pt alloy
nanocatalysts. (A) CVs of Pt;Co/C catalysts with Pt;Co NPs of
different sizes. (B) Specific activities (black, at 0.9 V vs RHE) and
specific surface areas (red) of the Pt;Co/C catalysts depending on
particle size.>

annealing, which shows improvement factors of more than an
order of magnitude versus Pt(111) or polycrystalline Pt (poly-
Pt)."” This has inspired the search for octahedral Pt alloy
nanocatalysts, which are enclosed by {111} facets only, and it is
hoped that the same level of activity enhancement can be
achieved in nanocatalysts as on extended surfaces.

Electrocatalytic performance of octahedral Pt;Ni NPs has
been studied on the basis of alloy NPs (Figure 4) processed
from organic solvothermal synthesis.”® Substantially enhanced
ORR catalytic activity was observed for the alloy catalyst made
of octahedral Pt;Ni NPs versus commercial Pt/C (Figure 9).
Considering the effect of particle size on electrocatalytic
performance as discussed above, it has to be pointed out that
the benchmark Pt/C catalyst used in this study had an average
particle size 3 times smaller than the Pt;Ni octahedrons. It
should also be noted that the studied Pt;Ni nanocatalysts may
only have a Pt-skeleton surface, rather than the Pt skin as
achieved on extended surfaces."

Composition Effect and Surface Chemistry. The
relationship between electrocatalytic activity and alloy
composition for Pt-alloy catalysts does not follow a simple
monotonic trend, but instead, a volcano-like dependence. It was
revealed in PtNi,;_,/C catalysts that an intermediate
composition, close to a 1:1 ratio between Pt and Ni, gave the
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Figure 9. Shape effect on the electrocatalytic activity of Pt alloy
nanocatalysts. (A) Polarization curves and (B) summary of specific
and mass activities for Pt;Ni/C catalysts with NPs of octahedral and
cubic shapes.®®

highest ORR catalytic activity (Figure 10A).>” This turned
down the hope to have as much 3d metal as possible in the
alloy catalyst for reduction of system cost.

It is known that the 3d metal atoms present on the surface
are leached out when the alloy catalysts are exposed to the
acidic electrochemical environment, and a skeleton type of
surface structure is formed.>”®%> EDS analysis for the Pt,Ni,_,/
C catalysts after electrochemical measurements revealed that
the alloy composition had significant changes, with less Ni in
the catalysts than the as-synthesized NPs. For example, the
average Ni composition in the PtNi/C (Pt/Ni = 1:1) catalyst
was found to be 27% after the ORR measurement. The ratio of
Ni left also possessed a volcano-shape dependence on the initial
alloy composition, coinciding with the trend of catalytic activity
(Figure 10A).%” These results demonstrate that the extent of
leaching by acid and, hence, the thickness of Pt skeleton
structure on the surface are regulated by the initial alloy
composition.

Further detailed characterization of the compositional
profiles for these alloy catalysts by EDS based on aberration-
corrected high-angle annular dark field STEM provided strong
evidence for these arguments (Figure 10B). It was shown that
all the measured alloy catalysts had an alloy core surrounded by
a Pt-rich shell, with the Pt/Ni ratios of the core consistent with
the initial compositions of the alloy catalysts. The thickness of
the Pt shell, however, varies for different initial alloy
compositions. For example, the thickness is over 1 nm (at
half-maximum) for the PtNi;/C, versus ~0.5 nm for PtNi/C
after ORR. It was thus concluded that electrocatalytic
performance of the Pt alloy catalysts depends on the remaining
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Figure 10. Composition dependence studies of Pt alloy electro-
catalysts. (A) The dependence of ORR catalytic activity and the ratio
of Ni preserved after electrochemical measurements on the alloy initial
composition for the Pt,Ni,_,/C nanocatalysts. (B) Composition line
profiles for the Pt,Ni,_,/C nanocatalysts after ORR measurements.”’

ratio of the 3d metal in the catalyst and the thickness of the Pt
skeleton overlayer formed after depletion of the 3d metal from
the surface.

B FUTURE DIRECTIONS

Recent advancement in the synthesis and electrocatalytic
properties of platinum—3d transition metal alloy catalysts for
the oxygen reduction reaction has been reviewed. The
development of organic solution synthesis with monodisperse
and homogeneous alloy nanoparticles has enabled systematic
studies of these alloy materials for electrocatalytic applications.
Critical parameters such as particle size, shape and composition
have been investigated and tailored for catalytic activity
enhancement. These studies plus further optimization of
surface structures’® could eventually lead to advanced electro-
catalysts and electrochemical systems suitable for large-scale
applications. Even though significant progress has been made,
there is still a lack of complete fundamental understanding of
material properties at nanoscale. For that reason, it is expected
that further development of ex situ and in situ techniques will
provide detailed insight into critical properties of nanoparticles
that determine their catalytic performance. In situ HRTEM
under ambient conditions may resolve how topmost atoms of
the catalyst behave under reaction-relevant conditions.*®
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Moreover, the possibility to tune the exact environment can
provide invaluable information about catalyst—reactant inter-
actions at the atomic scale. Great expectations are placed on
electrochemical in situ TEM,*” which has the ability to follow
processes that may be responsible for dissolution of the
particles, and therefore, this technique will be crucial for
addressing issues related to the stability of the catalysts.

Despite the rapid development in TEM techniques, it still
remains a challenge to perform surface specific analyses at
nanoscale. Development of such techniques would have
tremendous impact on heterogeneous catalysis. That would
enable detection and control of segregation processes as well as
detailed surface structure and surface composition character-
izations. As of now, there is a lack of techniques that can
address these issues for nanoscale materials. For instance, HR-
SEM and low-energy electron microscopy continue to improve
in promising directions;*** however, further improvements are
expected in both.

In addition to advanced microscopy tools, it is possible to
rely on synergy between techniques that are surface-specific,
such as spectroelectrochemical infrared measurements.” In
such an approach, one could eventually use infrared spectra
obtained in reflective mode during electrochemical reaction to
reveal bond -making and -breaking processes that can be
assigned to specific surface features, structure, and composition.
All of these represent a great challenge, and the field of
electrocatalysis will strongly rely on the advancements that will
be made in the near future.
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