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ABSTRACT: The great dependence of the electrocatalytic activity of
most electrochemical reactions on the catalytic surface area and specific
surface structure is widely accepted. Building on the extensive
knowledge already available on single-crystal surfaces, this Perspective
discusses the recent progress made in low-temperature fuel cells
through the use of the most active shape-controlled noble metal-based
nanoparticles. In particular, we will focus on discussing structure—
composition—reactivity correlations in methanol, ethanol, and formic
acid oxidation reactions and will offer a general vision of future needs.

Structure-sensitive anodic reactions
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he sensitivity of electrochemical reactions to the
crystallographic structure of the electrode surface is a
well-established fact demonstrated during the last
decades by many authors." Thus, control of the exposed metal
facets is essential in order to optimize their electrocatalytic
activity. In this regard, the use of metal single crystals with
well-defined atomic arrangements allows the systematic
investigation of the correlation between surface structure, com-
position and reactivity." Platinum (Pt) and palladium (Pd)
single crystals are the most studied surfaces in electrocatalysis
for energy conversion because they are the most electroactive
metals toward low-temperature fuel cell oxidation reactions.”
Pt and Pd possess a face-centered cubic (fcc) structure with
crystallographic facets that can be depicted in a stereographic
triangle (Figure 1). At the corners of the triangle there are
three low-index planes, (111), (100), and (110), with
coordination numbers of 9, 8, and 7, respectively, while at
the edges of the triangle stepped surfaces can be found.
Because single-crystal electrodes cannot be used for realistic
industrial fuel cell applications, metallic nanoparticles (NPs)
uniformly dispersed on appropriate supports are being
considered in order to maximize the surface/volume ratio
and minimize the amount of noble metal used to reduce cost.
Taking into account the knowledge extracted from funda-
mental single-crystal studies and the strong structure-depend-
ent relationship observed for alcohol oxidation anodic
reactions, significant effort has been dedicated to the design
of shape-controlled NP electrocatalysts. Thus, in analogy with
the stereographic triangle for single-crystal surfaces, small
nanosized crystals can also be constructed in order to associate
the crystal surface index and the NP shape (Figure 1). At the
vertex of the triangle, NPs with low-index facets bonded by
basal facets can be found, i.e., octahedra with {111} facets,
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Figure 1. Stereographic triangle of fcc single-crystal surfaces with
the corresponding model of the surface atomic arrangements and
polyhedral nanocrystals bounded by the corresponding crystal
planes. The basal planes and polyhedra bonded by low-index facets
are depicted in blue, and stepped planes and polyhedra bonded by
high-index facets are shown in red.
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Figure 2. (a) Chronoamperometric measurements during MOR at 0.6 V for poly oriented (red line), (100) (black line), (100)—(111) (blue
line), and (111) (green line) Pt NPs measured in 0.5 M H,SO, + 0.5 M CH;OH. The insets correspond to the TEM images of the samples.
(b) DFT-optimized structures of the MOR intermediates on Pt(111) at 0.5 V in aqueous solution: (i) CO,4 via the primary path and (ii)
formaldehyde via the secondary path. (c) Peak MOR current densities of Pt black, commercial Pt/C catalysts, and concave cubic Pt NPs.
The inset shows a TEM image of the concave cubic Pt NPs. Reproduced with permission from ref 13, copyright 2008 Royal Society of
Chemistry (a); from ref 15, copyright 2009 Royal Society of Chemistry (b); and from ref 18 (c).

nanocubes with {100} facets, and rhombic dodecahedra with
{110} facets, while in the edges one can find NPs with high-
index surface facets.

Among the different methods for the synthesis of shape-
controlled NPs, the use of colloidal routes is the most
conventional approach. These methods are characterized by
the chemical reduction of the metallic precursor in the
presence of a capping agent or surfactant. Unfortunately, the
presence of a surfactant can also constitute a problem in
electrochemical applications, because these organic molecules
on the surface of the nanocatalysts might block the catalytic
active sites. Therefore, good cleaning methods to remove the
surfactants without perturbing the NP shape are mandatory.”*
Nonetheless, significant work has also been dedicated to the
development of surfactant-free methods for the synthesis of
shape-controlled NPs.

Additionally, the use of bimetallic or trimetallic formulations
combining noble active metals with other transition metals has
also been widely employed not only to reduce the cost but also
to improve the performance of the catalysts. In this Perspective
we will provide a brief overview of the progress described in
the literature concerning the optimization of low-temperature
fuel cells based on the use of multimetallic shape-controlled
NPs. We will focus on the three main anodic reactions used for
energy conversion, namely, the methanol electro-oxidation
(MOR), ethanol electro-oxidation (EOR), and formic acid
electro-oxidation reactions (FAOR).

Methanol Electro-oxidation. Pt is known to be the pure metal
with the highest activity toward MOR. At Pt surfaces,
methanol can be either completely oxidized to CO, or
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partially oxidized to side-products such as HCHO, HCOOH,
and CO,;.” In fact, CO,q was found to be the most stable
surface adsorbate leading to the deactivation of Pt surfaces.
Many fundamental studies on Pt single crystals revealed that
among the three Pt basal planes, the Pt(100) surface is the
most active for MOR in acidic media (pH 1), whereas Pt(111)
is the most active in alkaline media (pH 13).7'%"
Consequently, on the basis of the high activity of the
Pt(100) surface in acidic electrolytes, several groups have
dedicated their efforts toward the synthesis of Pt cubes with
{100} low-index facets for MOR. Han et al. prepared Pt
nanocubes with an average size of 3.5 nm in the presence of
poly(vinylpyrrolidone) (PVP) as a surfactant and Fe ions as
kinetic controllers.'” They compared the activity of these NPs
and a Pt/C commercial catalyst and found slightly higher
current on the nanocubes than on the polycrystalline catalyst.
However, the unexpected higher activity of the octahedral/
tetrahedral NPs when compared to nanocubes was also
reported (Figure 2a)."”'* Solla-Gullon et al. attributed this
fact to the presence of heterogeneities on the surface and low-
coordinated surface atoms with lower poisoning rate on NPs
with predominantly {111} facets as compared to nanocubes. In
fact, these surface heterogeneities have been proven to play a
fundamental role in the MOR mechanism. Cyclic voltammetry
(CV) measurements and density functional theory (DFT)
calculations on Pt(111) surfaces demonstrated that 3—4 Pt
atoms on this surface are required for the primary MOR
pathway involving CO,4 formation. On the other hand, only
1-2 atoms are needed for the direct MOR without the

formation of the poisoning intermediate (Figure 2b).!16
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Thus, low-coordinated Pt atoms that might be present on non-
ideal {111} surfaces could promote the direct MOR.
Furthermore, motivated by the high activity observed on
stepped Pt single-crystal surfaces,'” the synthesis of Pt NPs
with high-index facets was also reported.'® > For instance, an
enhancement of the specific activity (current per unit surface
area) toward MOR was obtained on concave cubic Pt NPs
because of the higher surface area and higher density of step/
kink sites with greater reactivity (Figure 2¢)."®* However,
additional systematic studies are still needed in order to
compare the performance of Pt NPs with low- and high-index
facets instead of using as reference polycrystalline Pt NPs."*~>°

CV measurements and DFT calculations
on Pt(111) surfaces demonstrated that
3—4 Pt atoms on this surface are
required for the primary MOR pathway
involving CO,4 formation.

Another important point to consider is the effect of the
capping agents used in the synthesis of the differently shaped
NPs, because some of the discrepancies observed in the
literature in terms of catalytic performance might simply arise
from residues on the NP surface leading to poisoning of the
active sites. Significant effort has been dedicated to remove
organic molecules from the surface of the catalyst without
perturbing its morphology. For instance, Aran-Ais et al. carried
out a chemical wash with a mix of methanol and acetone in a
NaOH solution in order to remove oleylamine (OAm) and
oleic acid (OA) from the surface of Pt cubes’ (Figure 3a).
However, the removal of the surfactants is difficult and often
entails a change in the surface morphology of the catalyst.
Consequently, some groups have developed surfactant-free
methods for the synthesis of shaped NPs for MOR and
reported higher activity for the Pt NPs free of capping agents

when compared to those synthesized using conventional
methods involving polymers (Figure 3b).*"**

Besides Pt, Pd has also been studied for MOR and found to
present a strong Pd surface-dependence. However, shape-
controlled Pd NPs were less extensively investigated, and work
on Pd cubes, concave Pd cubes, and star-like concave Pd NPs
can be mainly found.”~** All of them showed activity higher
than that of the samples containing NPs with mixed facets;
however, insufficient information is available to conclude what
is the optimum Pd shape for MOR. As was mentioned before
for the Pt NPs, the complete removal of the capping agents
from the Pd NPs has also been a topic of great interest. Some
groups tried electrochemical cycling the samples to high
potentials, but they found modifications in the surface
structure. Ascorbic acid has also been used as a reducing
agent in the absence of an organic capping agent.””
Nevertheless, NPs with larger sizes (>50 nm) were generally
obtained, which results in a low “Pd utilization” (low ratio of
surface atoms to bulk). Thus, further efforts must be made in
order to get cleaner and smaller shape-controlled Pd NPs as
well as the systematic comparison of a larger variety of shapes
to be able to optimize the Pd catalysts by exposing the most
active Pd facets for MOR.

The improvement in activity of pure Pt catalysts due to the
presence of a second transition metal is thought to be a
combination of a bifunctional mechanism and ligand effects.
Following the bifunctional effect, a partially oxidized transition
metal can provide oxygenated species which allow the
complete oxidation of methanol to CO,. According to ligand
effect considerations, the second metal leads to changes in the
Pt electronic structure which entail the weakening of the Pt-
CO,q, bond.*® Tt is widely accepted that Pt—Ru catalysts are
the most active bimetallic catalysts for MOR.”’~* However,
other less expensive metals, especially 3d transition metals,
such as Cu, Co, or Sn, have also been employed for the
synthesis of bimetallic (Pt—M) shape-controlled NPs for
MOR.**7** All of these studies agreed with respect to the fact
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Figure 3. (a) Voltammetric profiles of (100)-Pt NPs supported on gold. The NPs were cleaned with acetone (cyan line), ethanol (orange
line), hexane (blue line), methanol/acetone (green line), and methanol enriched with sodium hydroxide/acetone (red line). Data were
acquired in a 0.5 M H,SO, solution with a sweep rate of 50 mV s™". The inset corresponds to a TEM image of the Pt nanocubes synthesized
using OAm and OA as capping agents. (b) Cyclic voltammograms during MOR from Pt nanocubes synthesized with and without surfactants
and supported on carbon nanotubes (CNT). Data were acquired in an aqueous solution of 0.5 M H,SO, with 1 M methanol. The inset
corresponds to a TEM image of the cubes synthesized without surfactant. Reproduced with permission from ref 7, copyright 2015 Wiley (a);

and ref 21, copyright 2012 Royal Society of Chemistry (b).
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Figure 4. (a) Histograms of the mass and specific activities of shape-controlled Pt—Ru and commercial Pt/C catalysts and (b) CV curves of
the different catalysts for MOR in a 0.1 M HCIO, + 0.5 M CH;OH solution at a sweep rate of 50 mV s™". (c) MOR specific and mass activity
for the as-synthesized Pt cubes, Pt;, (Cug; ¢ octahedra, and commercial Pt black. (d) MOR cyclic voltammograms of commercial Pt/C, Pt
black, and PtCu octahedral NPs in 0.1 M H,SO,, + 0.5 M CH;OH (scan rate 50 mV s°). The insets correspond to the TEM images for the
NPs synthesized in refs 27 and 32. Reprinted from ref 27 (a and b) and reproduced with permission from ref 32, copyright 2018 Royal

Society of Chemistry (c and d).

that the transition metal enhances the activity of the Pt
catalysts. Furthermore, in analogy with the conclusions
extracted for pure Pt NPs, a superior methanol oxidation
activity and CO-poisoning tolerance were found for NPs with a
higher concentration of {111} facets, regardless of the nature
of the second metal. For example, Huang et al. recently
reported the synthesis of ultrathin PtRu nanocrystals with
tunable morphology (nanowires, nanorods, nanocubes, and
NPs) by using hexadecyldimethylbenzyl ammonium chloride
(HDBAC), cetyltrimethylammonium bromide (CTAB), dime-
thyldioctadecylammonium chloride (DDAC), and OAm as
surfactants.”” They demonstrated that {111}-terminated PtRu
nanowires exhibit much higher stability and electroactivity than
Pt—Ru nanocubes and commercial Pt/C, respectively (Figure
4a,b). In general, nanowires stand out for their high surface
area, which results in high mass activity. However, the authors
demonstrated that this catalyst shows not only superior mass
activity but also higher specific activity than other shaped
catalysts with the same composition. Wang’s group also
demonstrated the high electroactivity of these particular facets
by using octahedral Pty ;Cugs s NPs with CTAB as a capping
agent (Figure 4c,d). They found a 4.7 times higher specific
activity and 7.5 times higher mass activity than that of
commercial Pt black.”

Although the reason why the Pt {111} facets confer higher
activity to the bimetallic catalysts is yet unclear, some authors
reported a weaker interaction between the Pt atoms on this
surface and unreactive oxygenated species on the {111} facets
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of the bimetallic catalysts. The increase in the number of active
sites for the adsorption of oxygen would favor the oxidation of
CO adsorbed on Pt, resulting in better electrocatalytic activity
than bimetallic NPs with predominantly {100} facets and those
with irregular facets. Moreover, Pt-based NPs containing high-
index facets have also been extensively studied, even in a
greater extent than pure Pt NPs with the same shape. Cu, Nj,
Pd, or Ru have been employed for the synthesis of diverse
shaped NPs such as concave cubes, tetrahexahedral,
trapezohedral, or rhombic dodecahedral NPs.**?"3>3¢ All of
the NPs with these special facets showed much higher activity
than Pt-based NPs with mixed facets, regardless of the nature
of the second metal. However, further comparison with low-
index facet NPs is still missing.

Ethanol Electro-oxidation. The EOR has been less extensively
studied than the other two reactions because of its higher
complexity. However, interest in this reaction has increased
during the last decades because ethanol can be obtained from
renewable sources (bioethanol) and is less toxic, its corrosive
power is low, and its complete oxidation to CO, releases 12
electrons (2 electrons for FAOR and 6 electrons for MOR).
However, for the complete oxidation of ethanol it is necessary
to break the C—C bond, which is a complicated process which
needs high overpotentials.”” Many groups have demonstrated
the great influence of the Pt surface structure in the EOR
mechanism. Similar to the case of MOR, Pt single-crystal
studies showed that the Pt(100) surface is the most active for
EOR in acidic media, whereas Pt(111) is the one which shows
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Figure S. (a) CO, formation currents extracted from DEMS experiments and (b) ATR spectra obtained at E = 0.4 V vs RHE for Pt(100) and
Pt(111) NPs in 0.05 M CH,CH,OH + 0.5 M H,SO,. (c) Transition-state structures of the reaction CH;CO + OH — CH;COOH on Pt(111)
and Pt(100) surfaces. (d) Ethanol oxidation (first cycle) on (A) (poly)Pt, (B) (100) Pt, (C) (100)—(111) Pt, and (D) (111) Pt NPs in 0.5 M
H,S0, + 0.2 M CH,;CH,0H (black line) and 0.1 M HCIO, + 0.2 M CH,CH,OH (red line). Sweep rate: 50 mV s™'. Reproduced with
permission from ref 41, copyright 2016 Elsevier (a and b); reprinted from ref 42 (c); and reproduced with permission from ref 43, copyright

2013 Royal Chemical Society (d).

the highest activity in alkaline media among the three Pt basal
planes.’®*” In order to gain in-depth knowledge about the role
of the shape in EOR over Pt NPs, Feliu et al. employed
spectroelectrochemical techniques such as differential electro-
chemistry mass spectrometry (DEMS) and in situ Fourier
transform infrared spectroscopy (FTIR).*>*' Spherical (4 nm),
cubic, and octahedral (8—10 nm) Pt NPs were synthesized by
a water-in-oil microemulsion in the case of the spherical NPs
and a colloidal method with NaPA as capping agent in the case
of the cubic and octahedral NPs. The incomplete oxidation of
ethanol was found to be dominant, but the ratio between the
complete and incomplete oxidation was demonstrated to be
surface-dependent. For example, whereas octahedral NPs with
predominantly {111} facets showed almost exclusively acetic
acid formation and a very low amount of CO,, cubic NPs with
{100} facets were found to be more active for breaking the C—
C bond to form CO, as a final product (Figure Sa,b). The
latter was confirmed theoretically by Wang et al. through the
determination of the transition states formed during the
reaction. They found that, on Pt(100) surfaces, the oxidation
reaction of the acetyl group (CH;CO) to form acetic acid is
significantly inhibited when compared to the Pt(111) surface
(the transition states are shown in Figure Sc), while the
dehydrogenation of this group and the breaking of the C—C
bond becomes more feasible.*” Furthermore, in terms of
electroactivity, cyclic voltammetry experiments showed higher
maximum current for Pt nanocubes than for Pt octahedra
(Figure 5d).*"
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Whereas octahedral NPs with predom-
inantly {111} facets showed almost
exclusively acetic acid formation and a
very low amount of CO,, cubic NPs with
{100} facets were found to be more
active for breaking the C—C bond to
form CO, as a final product.

Moreover, similar to the case of MOR and motivated by the
good performance of stepped Pt single-crystals surfaces, a
number of groups have synthesized Pt NPs with high-index
facets.**™** For example, Sun and co-workers** electrochemi-
cally synthesized tetrahexahedral (THH) Pt NPs with {730},
{210}, and {520} high-index facets and compared their activity
to that of Pt nanospheres and commercial Pt/ETEK catalysts.
Current-transient curves acquired at 0.3 V vs SCE showed that
the stationary currents of the THH Pt NPs (normalized by the
Pt surface area) are enhanced, being 230% higher than those of
the nanospheres and 330% of that of the Pt/ETEK catalysts.
However, most of these works describe NPs with quite large
size (>50 nm), which results in a low Pt utilization. Smaller Pt
NPs with high-index facets were obtained by applying a short
square-wave potential to 10 nm Pt nanocubes that were found
to transform into THH nanocrystals with sizes from 6 to 20
nm.* A remarkable increase in activity toward EOR was
observed after this treatment as compared to the as-prepared
Pt nanocubes and commercial Pt NPs. High activity for EOR
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Figure 6. (a) CV curves measured on Au—Pd alloy NPs with RD, HOH, and TOH morphologies and Pd-cubes measured in 0.1 M NaOH +
0.1 M EtOH (scan rate: 50 mV s™'). The insets correspond to the TEM images of the Au—Pd nanocrystals. (b) Current transients at 0.50 V
of Pt—Sn nanocubes (black), unshaped Pt—Sn nanoparticles (red), and Pt-cubic NPs (blue) in Ar-purged 0.5 M H,SO, + 1 M EtOH
solution. The inset corresponds to the STEM-EELS data of the Pt—Sn cubic NPs with Sn in red and Pt in cyan. (c) Chronoamperometry
curves of Cu,0O@Pd,Ru, and Pd/C measured in a 1.0 M EtOH + 1.0 M KOH solution. The inset corresponds to the SEM image of Cu,0@
Pd,Ru; NPs and the elemental mapping of an individual NP. Reproduced with permission from ref 48, copyright 2013 Wiley (a); reprinted
from ref 53 (b); and reproduced with permission from ref 58, copyright 2016 Royal Chemical Society (c).

has also been reported for Rh and Pd NPs with high-index
facets exposed.”””” However, the activity of both metals is
much worse when compared to Pt in acidic media,”"
although some studies have demonstrated that Pd exhibits
even a higher activity than Pt for EOR in alkaline media.’!

In spite of the high activity shown by pure noble metal NPs
with exposed high-index facets, fewer works describe the EOR
over analogous bimetallic NPs.*"** For instance, Zhang et al.
studied Au—Pd nanocrystals with rhombic dodecahedral (RD),
trisoctahedral (TOH), and hexoctahedral (HOH) shape by
controlling the amount of surfactant in the synthesis™ and
found that given analogous NP size and composition, different
EOR activities could be achieved: HOH > RD > TOH (Figure
6a). This difference in activity was attributed to the different
surface energy of the NPs; the catalysts with higher surface
energy are the ones which possessed the highest catalytic
activity.

On the other hand, Pt-based cubic NPs with predominantly
{100} facets, such as Pt—Sn, Pt—Rh, and Pt—Pd, have been
more widely studied.”*>° The low price of Sn in comparison
with noble metals as well as the higher capacity of Sn to lower
the onset potential for EOR and increase the CO-tolerance of
Pt make Pt—Sn formulations promising catalysts toward EOR.
Pt—Sn nanocube catalysts from Abrufia’s group®® composed of
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a Pt-rich core, a Sn-rich subsurface layer, and a Pt-skin surface
structure were found to be highly active and stable during EOR
(Figure 6b).

Despite the high difficulty associated with the synthesis of
NPs with a particular shape containing three different metals,
good performance in terms of electroactivity toward EOR has
been described for trimetallic shape-controlled NPs. For
instance, Strasser’s and Cheng’s groups obtained octahedral
Pt—Ni—Rh and hollow-cubic Cu,O@Pd,Ru, NPs, respec-
tively.””*® In particular, Cheng’s group found an enhanced
activities on their hollow-cubic Cu,O@Pd,Ru, NPs trimetallic
catalysts when compared to polycrystalline Pd NPs, and the
catalysts with Pd:Ru atomic ratio of 1:1 showed the highest
electroactivity (Figure 6¢).”®

Formic Acid Electro-oxidation. FAOR is a model two-
electron-transfer reaction that is promising for low-temperature
fuel cell applications. The existence of a dual mechanism for
the FAOR is widely accepted: (i) direct oxidation to CO, by
the formation of an adsorbed active intermediate of yet unclear
nature, or (ii) an indirect pathway via CO,4 formation
(poisoning intermediate) and the subsequent oxidation to CO,
at high overpotentials. On Pt surfaces, many studies have
demonstrated that both pathways take place, although the
mechanism is surface-structure-dependent.'> However, on Pd
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surfaces, the dehydration step of formic acid and the
subsequent CO,4, formation do not take place, and the
reaction occurs only through the direct pathway.’” Further-
more, the onset potential for the FAOR on Pd is lower than on
Pt surfaces, and this is the reason why FAOR has been more
extensively studied on Pd, in contrast to EOR and MOR.
Consequently, the preparation of shape-controlled Pd NPs has
been extensively investigated. Many groups have synthesized
Pd NPs enclosed by {100} and {111} facets and demonstrated
that the activity for FAOR systematically improved for NPs
having a higher fraction of {100} facets.* "% The latter is in
agreement with fundamental single-crystal studies which
established that Pd(100) is the most active surface among
the three basal planes. However, Shao et al. contradicted this
statement and reported similar FAOR activities for cubes and
octahedral Pd NPs synthesized using PVP as capping agent.63
However, this result might be explained by residues from the
synthesis contaminating the NP surface as suggested by the
blank profiles for both Pd NPs reported, which clearly differ
from those of clean Pd surfaces. This finding yet again
emphasizes the importance of the use of a good cleaning
protocol for removing organic surfactants from the NP surface.
Furthermore, in contrast to the performance of Pt toward
MOR and EOR, the presence of high-index facets does not
seem to improve the behavior of the Pd NPs in terms of
activity, when compared with Pt cubes (Figure 7a,b).""%*

1490

On the basis of in situ FTIR, DFT calculations, and/or cyclic
voltammetry, it was proven that the main contribution to the
electro-oxidation of formic acid on Pd(100) is the bridge
formate on Pd terraces.”* This surface is able to stabilize at
least two bridge formate species, which entails a higher electro-
oxidation activity toward FAOR than facets with other
geometries. However, more recently other studies revealed
that twin planes or twin defects in Pd catalysts can promote the
HCOO formation pathway. This pathway is energetically less
favorable for the formation of poisoning CO,4 on the surface,
which results in higher electrocatalytic activity toward FAOR,
even higher than that of NPs with predominantly {100} facets
with no twin defects.””~%" In this sense, Choi et al. modeled
twin defects on the surface of a right pyramid, a decahedron, or
an icosahedron as Pd(211) surfaces and the terrace in the
defect zone as a Pd(111) or Pd(100) surface by DFT. It was
observed that the formation of CO is reduced on Pd(211) if
compared to both Pd(100) and Pd(111), retaining a higher
fraction of the defect sites free of CO for FAO (Figure 7¢).%*

Despite the lower activity and higher price of Pt as
compared to Pd, a high number of shape-controlled Pt NPs
have also been reported for the FAOR."”'®**” Among Pt NPs
with low-index facets, Pt nanocubes with {100} facets showed
the highest normalized currents in the negative-going scan but
very low stationary currents during the chronoamperometry
due to the fast deactivation by CO poisoning. However, much
better performance in terms of activity and CO-tolerance was
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Figure 8. (a) Comparison of current—potential curves of THH Pd—Pt NCs, Pd THH, and commercial Pd black toward formic acid electro-
oxidation in 0.25 M HCOOH + 0.25 M HCIO, (scan rate, 50 mV s™"'). The inset corresponds to a STEM image and EDS elemental mapping
of Pd and Pt in a THH Pd, 4,Pt, ;o NP. (b) Chromoamperometric results of HCOOH oxidation on excavated rhombic dodecahedral (ERD)
PtCu; and commercial Pt black in 0.5 M H,SO, + 0.25 M HCOOH solution. The inset shows a STEM image and EDS elemental maps of Cu
and Pt in a PtCu; ERD NP. (c) TEM images and column charts of current peak densities for formic acid electro-oxidation in a 0.5 M H,SO,
and 0.5 M HCOOH solution (scan rate, 100 mV s~ '). Reproduced with permission from ref 76, copyright 2012 Royal Chemical Society (a);
reprinted from ref 74 (b); and reproduced with permission from ref 80, copyright 2013 Wiley (c).

found with Pt NPs with high-index facets, as was also the case
for EOR and MOR.

Despite the fact that Pd is the most active metal for FAOR,
only a few works have been reported on shape-controlled
bimetallic Pd NPs, whereas bimetallic shaped Pt NPs have
been more extensively studied. For instance, the selective
decoration of low-index shape-controlled Pt NPs by adatoms
of a different metal (Bi, Pd, Sb, and T1) has been used to study
the influence of the secondary metal on the activity and/or
selectivity of bare substrates toward the FAOR.°™”® An
improvement in the electrocatalytic activity was obtained when
Pt {100} nanocube surfaces were modified by Pd and TI as
well as when Bi and Sb were added to Pt octahedral NPs with
predominantly {111} facets. It is worth noting that not only
the peak potential but also the peak intensity values are
different in all of these systems. Thus, whereas the
modification of Pt nanocubes with Pd shifts the onset potential
for FAOR to much lower potential values but without
improving the maximum current, the decoration of Pt
octahedral NPs enhances the electrocatalytic activity of pure
Pt catalysts in terms of higher maximum currents. Superior
activity toward FAOR was also described for high-index facet
Pt NP catalysts modified by Au, Bi, Pd (Figure 8a), or Cu
(Figure 8b). All of these studies showed better activity than Pt-
based NPs with low-index facets.”*~"*

Regarding shaped bimetallic Pd-based NPs, a combination
of Pd with Rh forming a core—shell type structure was
investigated, but lower activities were obtained as compared to
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pure Pd cubes.”” Pd—Au nanocubes showed higher activities
than Pd cubes and Pd and Pd—Au octahedral NPs (Figure
8¢).*® Furthermore, Pd—Cu tripods synthesized by Xia’s group
displayed much higher activity as compared to Pd polycrystal-
line NPs.*" They attributed the good performance to highly
active {211} facets exposed on the catalyst as well as to an
optimal density of Cu atoms on the surface for good oxidation
of adsorbed intermediates. In our opinion, despite the high
activity and low cost of Cu, which makes this work promising,
the low stability of Cu in acidic media, as well as the poor
comparison of this catalyst with other shape-controlled Pd—Cu
NPs, is something which still needs further clarification.
Outlook and Future Research Opportunities. It is widely
accepted that anodic reactions for low-temperature fuel cells
are strongly dependent on the catalyst surface structure. Thus,
it is essential to control the exposed facets of the catalysts. To
fulfill this purpose, shape-controlled NPs can be synthesized by
different methods. However, several important aspects must be
considered in order to obtain optimum catalysts with the
highest activity and selectivity to price ratio. In the first place, it
would be favorable if the nanoparticle synthesis method
leading to shape-controlled nanoparticles were of an electro-
chemical nature, because this would facilitate their large-scale
production without the presence of detrimental strongly bound
surface ligands, as well as a prompt utilization as electrocatalyst
by a simple exchange of the electrolyte.*"**>”** Second, the
electrochemical synthesis as well as testing should be
combined with in situ and operando chemical and physical

DOI: 10.1021/acsenergylett.9b00565
ACS Energy Lett. 2019, 4, 1484—1495


http://dx.doi.org/10.1021/acsenergylett.9b00565

ACS Energy Letters

characterization techniques. The latter will allow a better
control of the formation of certain facets in the NPs, will help
improve the uniformity of the NP shapes, and will ultimately
contribute to enhancing the current understanding of the
morphological and chemical evolution of the NPs taking place
under different electrochemical reaction conditions. Such
knowledge is key in order to be able to tune structure-
sensitive reactions such as those involved in low-temperature
fuel cells. For this purpose, the further development and
utilization of microscopy and spectroscopy methods for
monitoring electrified liquid interfaces in situ and under
operando conditions are key. Among the most promising
methods one could feature EC-AFM, L-TEM, Raman and
infrared spectroscopy as well as X-ray diffraction and X-ray
absorption spectroscopy, for this aim. In the applied aspect,
some points must be considered: (1) The facet-dependent
activity must be better studied to gain insight into which is the
most active metal facets that should be exposed. (2) The
bimetallic and/or trimetallic formulation should be tuned in
order to achieve the highest possible activity with the lowest
content of noble metal (lowest price). (3) The utilization of
the noble metal must be optimized, i.e., the ratio of surface to
bulk atoms must be enhanced. For this purpose, the synthesis
of NPs with concave facets and/or small sizes is recommended.
(4) A proper method to remove the organic polymers often
employed as capping agents after synthesis without perturbing
the surface of the NPs and/or the use of surfactant-free
synthesis approaches should be considered. (5) The develop-
ment of techniques for mass production, ideally based on
theoretical predictions as well as state-of-the-art technical
innovations, is also needed.

In general, higher activity was found on Pt NPs with high-
index facets than on low-index facets for MOR and EOR
reactions in alkaline or acid electrolytes. In particular, Pt—Ru
and Pt—Sn NPs have been found to be the most active
bimetallic combinations for MOR and EOR, respectively.
Nevertheless, it is surprising that to date not much effort has
been dedicated to the synthesis of high-index facet NPs with
these formulations, although many works have demonstrated
that, in comparison with their low-index counterparts, the
high-indexed NPs exhibit special surface structures that
generally lead to superior catalytic performance toward the
former two reactions. Most of the works related to these
special structures have focused on the synthesis of NPs
containing predominantly {hk0} (h > k > 0) facets, like THH
NPs with {310}. However, many other stepped surfaces are yet
to be explored. In addition, most of the syntheses described for
the preparation of such shapes are based on electrochemical
methods, which allowed the formation of NPs with relatively
large sizes (i.e., lower surface area). Thus, the exploration of
the square-wave potential parameters that would result in
smaller nanocrystal sizes with high-index facets and sizes
comparable to those of commercial catalysts would be
essential. The latter should be combined with the development
of alternative chemical preparations with the ultimate goal of
having a robust but facile synthesis leading to morphologically
and chemically stable electrocatalysts.

On the other hand, Pd has been found to be more active
than Pt toward FAOR. Unlike the observations made for MOR
and EOR, high-index facets showed lower activity for FAOR
than low-index facets, with monometallic Pd nanocubes
exhibiting the highest activity. However, an improvement in
the activity of Pd NPs with predominantly {100} facets was
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shown when twin defects were available in the single-crystalline
surface. Furthermore, besides the extensive study of shape-
controlled Pd NPs, multimetallic Pd-based NPs have not yet
been broadly investigated for this reaction, and the limited data
available so far are not very promising. Thus, further research
efforts must be oriented toward a better understanding of Pd-
based nanocubes for FAOR.

Furthermore, although a number of methods have been
described for the removal of the capping agents from the
surface of the NPs, in addition to surfactant-free synthetic
approaches, these aspects should be additionally improved. In
fact, most of the cleaning protocols entail disordering the
surface or they do not result in the complete removal of the
organics. Unfortunately, most of the alternative methods to the
use of polymers proposed to date are limited, allowing the
synthesis of large-size NPs and/or NPs with not so well-
defined shape.

Summarizing, although the development of alternatives to
fossil fuels for automotive applications has been gaining
significant attention during the last years, more inexpensive
catalysts with proven enhanced stability are still needed in
order to foster the commercialization of such technology. In
terms of durability improvements, traditional Pt and Pd
catalysts tend to deactivate after short working-time periods,
and the cost of these noble metals is high. Thus,
unquestionably, the main challenge for the near future will
be the improvement of the low-temperature fuel cells lifetime
and the achievement of a reduction in the cost of the catalyst.
In this sense, the synthesis of highly active and cheaper shape-
controlled NPs with the lowest possible content of the noble
metal is expected to have a great impact on the development of
such devices in the upcoming years. Nevertheless, further
efforts must focus on the development of alternative materials
and synthetic routes in order to be able to tune the
electrocatalytic performance for alcohol oxidation reactions
at the atomic level.
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