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Abstract

Direct ethanol fuel cells are a promising technology for clean energy production. The ethanol
oxidation reaction is surface-sensitive and hence, the study of single-crystal electrodes provides
fundamental knowledge on the different activity of the metal crystal planes. However, for practical
applications, metal nanoparticles dispersed on a porous support are generally used to enhance the
efficiency and to reduce the catalyst cost. Although some research has been devoted to the
development of shape-controlled nanoparticles, the finding of an efficient, cost-effective and easily
scaled-up catalytic system remains a challenge. Furthermore, the use of suitable support with a
well-defined nanoarchitecture is essential for the control of the catalyst reactivity.

In this review, a general overview of the performance of single-crystal electrodes and un-
supported/supported shape-controlled nanoparticles, for EOR is presented, paying special
attention to Pt surfaces. Finally, the major challenges and directions for future research are also
discussed to guide the design of efficient shape-controlled catalysts for the EOR.
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Shape matters: Ethanol oxidation reaction is a sensitive-structure reaction, which makes essential
controlling the shape of the catalytic metal nanoparticles and the morphology of the catalyst
support to enhance the efficiency and reduce the cost of the catalyst. This review summarizes the
most relevant studies on Pt single-crystal electrodes studies and un-supported/supported shape-
controlled nanoparticles for ethanol oxidation reaction, including a discussion about the major
challenges and directions for future research to guide the design of efficient shape-controlled
catalysts for this reaction.



Introduction

Direct alcohol fuel cells (DAFCs) have emerged as a promising clean alternative to the use of
contaminant fossil fuels systems to fulfill the energy demands. Ethanol, in particular, is the most interesting
molecule to be used in such systems since it is the major renewable bio-fuel and less toxic than other
alcohols as methanol. The oxidation of ethanol in these devices requires the use of a metal catalyst, normally
composed by nanoparticles (NPs), well dispersed on a high surface area material. The better the dispersion
and the smaller the NPs size, leads to a higher metal “utilization” (ratio of atoms to bulk) and a cheaper
catalyst*2, Among the different metal candidates, Pt has been postulated as the most efficient metal for the
ethanol oxidation reaction (EOR) in DEFCs4l,

Different classic electrochemical methods, as cyclic voltammetry (CV) and chronoamperometry and
other spectroelectrochemical methods, such as, in situ Fourier transform infrared (FTIR) or differential
electrochemical mass spectrometry (DEMS), have been widely employed for the elucidation of different
mechanistic steps and for clarifying the presence of possible intermediates and products during the EOR on
Pt surfaces. By compilation of all these studies, we recently provided a global mechanism for the EOR on
Pt surfaces in acidic media (scheme 1)B,
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Scheme 1. Reaction mechanism of the ethanol oxidation on Pt electrode in acidic media. Species
inside the red and light blue boxes are produced during the backward and forward scans, respectively.

Modified with permission from ref 5. Copyright 2016 Elsevier



The full oxidation of ethanol to carbon dioxide has a thermodynamic potential of 0.08 V vs SHE.
However, it involves several steps such as adsorption, C-C bond scission, dehydrogenation,
electrooxidation of adsorbed intermediates (e.g. CO and CHjs species) and formation of soluble species (e.g.
acetaldehyde and acetic acid) that strongly modify the reaction rate as well as the conversion efficiency for
CO; formation. At fuel cell operation conditions, ethanol conversion efficiency for CO, formation is lower
than 6 %® Therefore, main investigations are devoted to increase the alcohol intermediate pathway (2 in
Scheme 1), as well as to rise the C-C bond breaking and the CO tolerance (2B and 2C in Scheme 1). The
initial electroadsorption step of ethanol at small overpotentials (E < 0.4 VV vs SHE) dictate the reaction
pathway:

» Formation of stable adsorbed ethoxy species (1 in scheme 1). This species may oxidize at high

overpotentials (E > 0.6 V).

» Formation of alcohol intermediate (2 in scheme 1). C-C bond breaking may happen producing
methane and adsorbed species (2B and 2C in Scheme 1), which will oxidize to CO; at high
overpotentials (E > 0.6 V). 2B and 2C pathways are favored at open surface structures (Pt(100) and
Pt(110)), as well as at surfaces with high density of low coordinated sites (steps, kinks and defect

sites).

At higher potentials than 0.4 V vs SHE, ethanol dehydrogenates to produce acetaldehyde and oxidizes to
form acetic acid through the alcohol intermediate route (2A in Scheme 1). These products are not desired
since strongly decrease the overall fuel cell efficiency, although they are actually the main responsible for

more than 60 % of the delivered current[’-l,

As can be seen, many adsorbed intermediates on Pt are involved in the mechanism for the EOR.
These intermediates interact with the surface, modifying the energetic levels of their molecular orbitals,
and hence, varying the energies of activation and enabling new reaction routes. Thus, it is important to
evaluate in depth the influence of the morphology of the Pt surface structure in the mechanism for the EOR
from a fundamental point of view, by means of the use of Pt single crystals with well-defined surface
geometry. The geometric orientation of these face centered cubic (fcc) Pt single crystal surfaces are usually
named by their Miller indices and can be depicted in a stereographic triangle as shown in Figure 1. At the
vertexes of the triangle are disposed the three basal planes, (111), (100) and (110) with a single type of
symmetry, while at the edges of the triangle stepped surfaces can be found, consisting in ideal structures

composed of flat terraces separated by monatomic steps.
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Figure 1. Schematic 3D representation of the fcc structure of Pt and the stereographic triangle containing
Miller index of different possible Pt planes.

The study of EOR on stepped surfaces makes possible to study the influence of the defects on the
ideal flat surfaces. These steps have a lower index of coordination and are generally more reactive than the
atoms on a surface without defects. The reason for the greater activity in the defects is the electronic
alteration in these sites since the local "d" band narrows reaching energies close to the Fermi level. This
results in higher adsorption energies for many adsorbates at the steps, and consequently, according to the
Bronsted-Polanyi relationship™, lower energies of activation in the dissociation reactions of the adsorbed

species on these sites.

Nevertheless, from a practical point of view the use of single crystals electrodes in a fuel cell system
is not realistic. The use of metallic nanoparticles (NPs) well dispersed on an appropriate is crucial to
minimize the metal “utilization” (ratio surface area/volume of the metal), which leads to a reduction of the
catalyst cost and an increase of the catalytic efficiency. To fulfill this object, many authors have focused on
the synthesis and the study of shape-controlled nanosized metal particles with predominant domain of the

facet of interest!?.

Furthermore, the use of an optimum material for supporting these NPs is also essential. In order to
increase the electrochemical active surface of the catalyst and to reach a good dispersion of the NPs, catalyst
supports with a high specific surface areas have been widely employed in DEFCs. In addition to high
surface area, electrical conductivity, an accessible porosity, corrosion resistance and roles as promoter or
co-catalyst are also crucial properties for an optimum choice of the catalyst support which could be fine-

tuned by controlling the nanostructure of the materiall*-41,

The purpose of this review is to provide a better insight into the most relevant fundamental works
(single crystals) and applied studies on shape controlled surfaces (catalyst and catalyst support) used as

anodes in DEFCs, in the light of the latest advances on this field. Special attention has been paid to Pt



surfaces due to its high activity for ethanol oxidation. This work offers also a general vision on future needs

in order to guide subsequent research lines.

1 Single-crystals studies

The knowledge acquired from metal single crystals studies is not only of critical importance for the
understanding of the relationships between surface structure and reactivity, but also should be employed as
a baseline for those studies dealing with the surface structure influence on the electrocatalytic properties of
metal NPs. As mentioned in the introduction, Pt is the most active metal for the EOR and consequently,
most of the studies on single crystals have been carried out on this metal. The first studies on Pt single
crystals date from the 60s and 70s of the last century™ -8, However, it was not until the beginning of the
1980s when the flame-annealing treatment was developed as a new method for the preparation of these
electrodes!*®. This procedure allowed, for the first time, to obtain ordered and clean surfaces with a high
reproducibility of the electrochemical results in a simple way. Afterward, consecutive studies have been
performed on the study of many electrochemical reactions of interest by using Pt single crystals. In
particular, the influence of the surface structure of Pt single crystals for EOR has been examined by using
cyclic voltammetry and chronoamperometry techniques to study the reactivity of the system, and in situ
Fourier transform infrared spectroscopy (FTIRS) to find the intermediates and final species formed during
the ethanol oxidation on Pt basal plane. Interestingly, Feliu et al. found that the reactivity of Pt surfaces for
EOR is greatly affected by the pH of the electrolyte. Whereas in acid media (pH = 1) the peak currents
increase in the order of Pt(111) < Pt(110) < Pt(100) (Figure 3a)®?%, in alkaline electrolytes (pH = 13) higher
current intensities were measured and the peak currents were found following the sequence Pt(100)
<Pt(110) <Pt(111) (Figure 3b)l,
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Figure 2. Cyclic voltammograms at 50 mV/s (left) and FTIR spectra at different potentials (right) for
Pt(111), Pt (110), and Pt(100) electrodes in (a) 0.1 M HCIO4+ 0.2 M EtOH and (b) 0.2 M EtOH +
0.1 M NaOH. Reproduced with permission from ref 20. Copyright 2009 Royal Society of Chemistry (a),
and from ref 21. Copyright 2014 Royal Society of Chemistry (b).

FTIR experiments carried out in both electrolytes also showed differences in the mechanism
depending on the surface structure or the pH of the solution (Figure 2a-b). FTIR spectra in acidic medium
demonstrated that EOR occurs almost exclusively following the path of incomplete oxidation on Pt (111),
without rupture of the C-C bond and with almost no CO and CO4q formation (A2 in Scheme 1). In contrast,
Pt (100) deactivates fast at small overpotentials due to adsorbed CO (CO,gs) formation that strongly poison
the electrodes (2B and 2C in Scheme 1). However, these CO adsorbates are oxidized between 0.65 and 0.80
V vs. RHE, releasing Pt active sites, and hence, allowing the ethanol oxidation to acetaldehyde and acetic
acid at higher values than those potentials (2A in Scheme 1). On the other hand, the Pt (110) surface shows
the highest catalytic activity for the breaking of the C-C bond, leading to the formation of CQOags, both
coming from ethanol and acetaldehyde, at a high rate at any potential (2C in Scheme 1). This is consistent
with density functional theory calculations (DFT), which demonstrated that surface planes with less-
coordinated surface atoms are generally more active for bond breaking (coordination number of (111),
(100) and (110) planes is 9, 8 and 7, respectively)?2. However, in alkaline media, the selectivity for CO,
production is much lower but the surfaces deactivate faster due to the acetaldehyde formation, which readily

polymerizes and strongly adsorbs on the Pt surface?!!. This blocking mechanism was found to follow the
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order Pt(111) > Pt(110) > Pt(100). studies concluded that low-coordinated surface sites can facilitate o-
dehydrogenations toward CO; (1 in Scheme 1) and in contrast, the formation of acetic acid is less favored
on such surface structures. The lower acetic acid formation on low-coordinated surfaces is largely
determined by the potential energy surface of OH on surfaces. Energy barrier height calculations suggested
that lower-coordinated surfaces tend to bond OH more strongly at bridge sites than at atop sites. This extra
energy cost, due to the corrugation of the OH potential energy surface, thus decreases OH activity In
general, DFT, since OH must be activated to an atop site to free its 2p-states before reacting with other

species [?2],

Furthermore, anions and cations play an important role in electrocatalysis at low and high pH,
respectively 2324 Sylfate and phosphate species adsorb stronger on Pt surfaces than perchlorate species
and therefore higher catalytic activity toward the EOR in perchloric acid solution is observed. On the other
hand, at high pH metal cation species change the adsorption potential of hydroxide species at open surface,
which are necessary to oxidize and remove the main catalyst poison (CO) from the catalyst surface?3?4],
The role of alkali cations (Li*, Na*, K*, Cs*, and Be?*) on the oxidative stripping of carbon monoxide from
stepped Pt single-crystal electrodes in alkaline media has been reported 21, Main results suggested that Li*
and Be?* cations markedly affect the adsorption of OH (at both on steps and on terraces) and thereby have

a significant promoting effect on the CO oxidation reaction 2°],

Beyond the ideal flat Pt structures, the presence of defects on the surface greatly influences the reactivity
of the electrode and great enhancement for C-C bond breaking and CO removal was reported..2326.271 |
this sense, the role of steps in the electroactivity and mechanism towards the EOR have been studied by
employing Pt stepped surfaces containing (111) terraces with (100) monoatomic steps and stepped Pt
surfaces having (111) terraces with (110) monoatomic stepsf?*?¢l. These series surfaces are denoted as
Pt(S)[n(111)x(100)]=Pt(n+1,n-1,n-1) for the surfaces with (100) steps and Pt(S)[(n-
1)(111)x(110)]=Pt(n,n,n-2) for those with (110) steps, being n the number of rows in the (111) terrace:

i) In acidic media, Colmati et al. revealed that the Pt (554) plane is the most electroactive electrode toward
the oxidation of ethanol and that almost no significant enhancement is provided by the presence of (100)
steps on (111) terrace (right panel of Figure 3a), whereas the activity increases with the presence of (110)
steps (left panel of Figure 3a)®¢l. FTIR experiments showed that at smaller potentials than 0.7 V, (110)
steps favors the C-C bond breaking from ethanol, while at higher potentials than 0.7 V the (110) defects

also promotes the oxidation of ethanol to form acetaldehyde and acetic acid.

ii) On the other hand, Buso et al. proved that in alkaline media the presence of (100) (right panel of Figure

3b) and/or (110) (left panel of Figure 3b) steps on (111) terraces does not improve peak current densities



(Figure 3b)®2Y. However, the onset potential for the ethanol oxidation shifted towards more negative
potentials and the hysteresis between positive and negative scan directions increases. Interestingly, the
surfaces with high step density, Pt(553) and Pt(533), showed significant currents in the negative scan
direction up to 0.35 V vs RHE. Additionally, a larger current was observed for the (100) step in comparison
to (110) step surfaces in the negative scan direction for comparable step densities. These results show a
higher reactivity of (100) steps compared to (110) steps in alkaline media, conversely to the trend in acid
media. Indeed, current transients recorded at 0.6 V vs RHE (Figure 3c) revealed a lower current decay for
the series with (100) steps. On the other hand, a rise in the deactivation rate by increasing the (111) terrace
length was also observed. The last was attributed to the lower catalytic activity toward the CHyaq OXidation

on (111) terrace in comparison to steps [81,
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Figure 3. Cyclic voltammograms for EOR on stepped surfaces having (111) terraces with (110)
monoatomic steps (left panel) or with (100) steps (right panel) monoatomic steps in (a) 0.1 M HCIO4 + 0.2
M EtOH and (b) in 0.1 M NaOH + 0.2 M EtOH. Scan rate 50 mVs™. (c) Chronoamperometric transients at
0.6 V for EOR on stepped surfaces having (111) terraces with (110) monoatomic steps (left panel) or with
(100) steps (right panel) in 0.1 M NaOH + 0.2 M EtOH. Reproduced with permission from ref 26. Copyright
2009 Royal Society of Chemistry (a), and from ref 21. Copyright 2014 Royal Society of Chemistry (b, c).

A good alternative in the development of highly active electrocatalysts is the combination of different

metals. Since Pt is the most active pure metal catalyst for EOR in acid media, most workers have quite reasonably

approached electrocatalytic studies by Pt single crystals decoration with other metals. Metals like Sn, Ru and/or

Os have been employed for the modification of Pt single crystal surfaces, exhibiting a general improvement in
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terms of activity for the modified Pt surface 2°34, This improvement has been mainly attributed to the oxophilicity

of the adatom that activates the water at smaller overpotentials than pure Pt, allowing the oxidation of the ethanol
molecule and poisoning intermediates (mainly CO.gs) at smaller overpotentials compared to bare Pt surface. Those
works focused mainly on the effect of catalyst composition but unfortunately, almost no information about the

structure influence and the presence of specific atomic ensemble on reactivity has been reported.

Despite some works have demonstrated that other platinum group metals (such as Rh or Pd) are active for the
EOR in alkaline electrolytes (in the case of Pd exhibiting even a greater performance than Pt) 233 studies of the
structure sensitive and the reaction mechanism involving single crystals of other any metal are scarce, however.
In this regard, only one DFT study on the reaction mechanisms for EOR on Pd basal planes surfaces can be found
in the literature B4, In this study authors calculated the binding energies of ethanol interacting to Pd(100), Pd(110),
and Pd(111) and the barrier energies of ethanol dehydrogenation on Pd(100), Pd(110), and Pd(111) and they
concluded that the strong interaction between ethanol and the surface of palladium lead to the lowest barrier
energies for ethanol dehydrogenation on Pd(100). The results demonstrated that the activity and selectivity of
ethanol oxidation on Pd are highly structure-sensitive and proved that Pd(100) is the best surface for the
dissociation of an ethanol molecule with a rather low energy barrier. In addition, in the presence of OH, a complete

ethanol oxidation reaction is carried out on this surface.

2 Shape-controlled metal nanoparticles for EOR

Many synthesis methods have been described in the literature for the synthesis of shape-controlled NPs for the
EOR. Here we will classify them into two main groups: i) methods that involve the reduction and growth of the
metal precursor by applying potential (electrochemical methods); and ii) routes that employ a chemical compound
to reduce the metal salt (chemical methods). Chemical methods are more popular because they are easily scaled
up and offer an easier way to control the uniformity of the shaped NPs compared to electrochemical methods.
However, most of these chemical methods require the use of organic solvents, surfactants or capping agents for
controlling the growth of the NPs with a particle shape. These organic compounds may strongly attach on the

surface of the catalyst with the consequent blocking of the metal active sites by spectator species. This effect,

which is known as the “third-body effect” or “ensemble effect” was reported for the first time by Conway and
coworkers B, Therefore, a surface cleanness of the catalyst after the chemical synthesis is essential as otherwise,
organic molecules could block the catalyst surface and hinder the catalytic activity 6. However, the removal of

the surfactant without altering the initial surface structure of metal NPs is not always trivial. Nevertheless, some

groups have also been developed chemical routes without the need of a surfactant. On the other hand, adsorbed
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organic molecules on the catalyst surface may act as protecting agents under severe conditions, such as those
founded in phosphoric acid fuel cells 7. Additionally, the “ensemble effect” can be employed to drive a specific

reaction, as usually demonstrated the group of Cuesta 1,

During the following two sections, we will review the most important works following both electrochemical and
chemical methods for the synthesis of shaped NPs to be used as catalysts for the EOR.

2.1 Electrochemical synthesis

Only a few works can be found in the literature about electrochemical methods for the synthesis of shape-
controlled NPs for the EOR. All of them have in common the growth of high-index noble pure metal NPs (Pt, Rh

and Pd), tetrahexahedral (THH) NPs mainly®*2, involving a two steps electrochemical process. In the first step,

the growth of the crystal nucleus occurs. Crystal nucleus are the seed, which act as a template for the posterior
shaped nanocrystals growth. This stage is controlled by a potential holding technique and/or an electrochemical
square wave potential method (Figure 4 a-c). In general, the glassy carbon electrode, immersed in a solution
containing the metallic precursor, is first hold at enough positive potentials to oxidize completely any adsorbate,
leading to a clean surface. Subsequently, the potential is stepped to more negative values, at which the reduction
of the metal precursor and the nucleation process can take place. This step is essential and the control of the upper
and lower potential is crucial for an appropriate growth of the crystal nucleus. When the nucleation step is skipped,

the products consist of mixed morphologies.
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Figure 4. (a-c) Procedure for growing Pt (a), Pd (b) and Rh (c) tetrahexahedral NPs on a glassy carbon
substrate by using electrochemical methods. (d) Transient current density curves at 0.55 V vs RHE for the
Pt THH NPs (red), Pt nanospheres (blue), and Pt/C catalyst (green) in 0.1 M CH3;CH,OH + 0.1 M HCIO,
solution (e) Cyclic voltammograms of THH Pd NPs (red solid line) and Pd black catalyst (black dashed
line) at 10 mV st in 0.1 M CH3CH,0OH + 0.1 M NaOH (f) Current-time curves for THH Rh NPs (red) and
Rh black catalyst (black) at 0.55 V vs RHE in 1.0 M CH3CH>OH +1.0 M NaOH solution. Reproduced with
permission from ref. 42. Copyright 2007 Science (a,d), from ref 39. Copyright 2010 American Chemical
Socety (b,e), and from ref 41. Copyright 2014 Wiley (c,f).

In the second step, the development of the noble metal nuclei into shape-controlled NPs takes place. This stage is
normally achieved by applying a square-wave potential method (Figure 4a-c). At the upper limit potential, the
metal nucleus can be oxidized and partially dissolved to form the corresponding metallic ions. Then, these ions
diffuse to the glassy carbon surface and are reduced to metallic atoms at the lower potential. By the periodical
repetition of this process, the new well-controlled high-index facets nanocrystals grow by a nucleation and growth
process on the glassy carbon surface, while the dissolution of the initial metallic nucleus occurs. Surprisingly,

only high-index facet NPs have been possible to synthesize by the use of this square-wave potential treatment.
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Tian et al., attributed this fact to the lower coordination number on high-index planes compared to low-index
planest?, When lower is the coordination number more difficult is for the oxygen atoms to adsorb on the surface
sites and instead, these atoms preferentially diffuse into the noble metal surface by the replacement of a metallic
atom by an oxygen atom. By reducing the metal at the lower potential step these displaced atoms cannot recover
the initial position. However, on high-index facets like {730} or {210} facets, the coordination number is lower
and the oxygen atoms only adsorb on the stepped atoms taking place the exchange between oxygen and metallic

atoms (Figure 5).
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Figure 5. Schematic illustration of the different effect of oxygen adsorption/desorption on the surface
structure of (111) and (730) of Pt. Reproduced with permission from ref. 42. Copyright 2007 Science

In general, an improved activity for EOR is expected for high-index faceted nanocrystals with a high density of
low-coordinated atoms based on single crystals and DFT studies described in section 1. In this sense, the reactivity
of noble-metals THH NPs has been studied toward the EOR by comparing their specific activities (catalytic
activities normalized per active surface area) with the specific activities for non-shape controlled catalysts of the
equivalent metal (commercial catalysts or synthesized noble metal nanospheres). In all cases, high-index THH
NPs showed much higher specific activities than unshaped NPs, regardless of the noble metal employed as a
catalyst (Figure 4 d-f). For example, Tian et al. found an enhanced (230 % of that on the nanospheres and 330%
of that on the Pt/C) catalytic activity for equivalent Pt surface areas for EOR“?. However, it is worthy to point out
that the size of these high-index crystals synthesized by electrochemical methods is big (bigger than 50 nm), which
results in a low noble metal utilization (much higher when compared to the unshaped commercial catalysts Pt
THH and PYETEK NPs). Therefore, the comparison of not only specific activities but also mass activities
(currents normalized by the weight of the noble metal) is essential but, unfortunately, is missed in most of these

works.
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Besides that, theoretical simulations made by using Pt as a reference noble metal, have also demonstrated the
superior reactivity for many chemical reactions on high-index faceted nanocrystals. More specifically, they
demonstrated that tetrahexahedron enclosed by {310} facets possess the strongest tendency to form or break
atomic bonds among the atomic arrangements of different surfaces®sl. However, although much research has been
devoted to the synthesis of THH NPs, other shapes as concave Pt nanocubest, Pd nanorods®, Pt triambic
icosahedronst*®l and concave Pt THH NPs*"l, have been also obtained by the electrochemical approach , showing

a higher specific activity than that obtained on unshaped NPs of the equivalent metal (Figure 6).
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Figure 6. Comparison of the cyclic voltammograms for (a) concave Pt nanocubes (b) concave
tetrahexahedral nanocubes (c) Pd nanorods and (d) tetraicosahedral Pt NPs with unshaped nanoparticles of
the equivalent metal in 0.1 M EtOH + 0.1 M HCIO, solution at 50 mV/s for (a-c) and 0.1 M EtOH + 0.1 M
NaOH solution at 10 mV/s for (d). Reproduced with permission from ref. 44. Copyright 2016 Royal Society
of Chemistry (a), from ref 47. Copyright 2009 Royal Society of Chemistry (b) from ref 46. Copyright 2013
Royal Society of Chemistry (c), and from ref 45. Copyright 2014 American Chemical Society (d)

Surprisingly, only pure noble catalysts have been synthesized by using this method for the EOR. As mentioned
in the introduction section, the combination of noble metals with transition metals is a good strategy for increasing

the activity/cost ratio of the catalytic material. However, to the best of our knowledge, no shape-controlled noble-
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based materials have been synthesized by using electrochemical methods. Only one work can be find on the
decoration of as-prepared THH Pt NPs with electrochemical methods by Bi adatoms . In this work, a significant

enhancement of the EOR was reported by increasing the coverage of Bi, being 0.68 the optimum coverage value.

2.2 Chemical synthesis

Whereas only the synthesis of monometallic high-index facets NPs has been reported by using electrochemical
methods, by the use of chemical methods have been reported also the synthesis of not only high-index but also
low-index monometallic, bimetallic and trimetallic NPs, such as cubic, octahedral and rhombic dodecahedral NPs

with predominantly {100}, {111} and {110} facets, respectively®®>9,

Regarding monometallic catalysts, Feliu and coworkers studied the ethanol oxidation in acid media on different
shape-controlled platinum nanoparticles: (100) and (111) predominantly oriented Pt nanoparticles with a
preferential cubic and octahedron shape, respectively 9. FTIRS and differential electrochemical mass
spectrometry (DEMS) studies demonstrated that the C-C bond breaking was more favored on cubic Pt NPs (2B
in Scheme 1), in agreement with the aforementioned results with Pt single crystals. On the other hand, cubic NPs
showed a lower onset potential and higher currents for the EOR than the NPs with a significant fraction of (111)
facets, which is explained by the low overpotential for OH adsorption on (100) domains and is again in agreement

with previous works with single crystal electrodes 27,

Motivated by the great activity of cubic Pt NPs and that a second transition metal can enhance the oxidation of
poisoning intermediate species such as CO formed from the C-C bond breaking, many groups have focused their
research on the synthesis of bimetallic and trimetallic Pt-based cubic NPs for the EOR. For example, Pt has been
combined with noble metals in a one-pot solvothermal synthesis to obtain bimetallic Pt-Rh or Pt-Pd cubic
NPs(859, - In general, higher currents and better performance have been achieved by using bimetallic nanocubes
composed of two different noble metals when compared to unshaped Pt NPs. However, the catalyst cost of these
noble metals is still very high (Rh is even more expensive than Pt). With the challenge to build cheaper and more
electrocatalytic efficient catalyst but also exposing highly-active Pt {100} facets on the surface, we recently
synthesized Pt-Sn cubic core-shells for the EORP?. When the difference in the redox potential of the different
metals that compose the catalyst is high, the metal ions with a higher reduction potential are reduced first and then
serve as seeds for the successive reduction of a shell composed by the second metal ions, resulting in core-shell
cubic nanoparticles. After cycling, some of the Sn atoms are leached from the surface leading to the formation of
a Pt skin of approximately 0.5 hm, which confers high stability and exceptional electrocatalytic performance, with

specific currents three times higher than unshaped Pt—Sn catalysts and six times higher than cubic Pt NPs.
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Besides the high activity found on cubic NPs, some authors have found an enhanced activity on Pt and Pd-based

NPs containing high-index facets compared to NPs with predominantly low-index facets of the same metal

(Figure 7)t06t,
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Figure 7. Cyclic voltammograms of (a) concave Pt nanocubes, multipod Pt NCs, Pt nanocubes and
commercial Pt/C for EOR in 0.1 M EtOH + 0.1 M HCIQO, solution. Scan rate 50 mV/s (b) hexaoctahedral
(HOH) and rhombic dodecahedral (RD) Au-Pd NPs in 0.1 M KOH + 0.5 M EtOH. Scan rate: 50 mV/s.
Reproduced with permission from ref. 60. Copyright 2012 Springer (a), and from ref 61. Copyright 2013
Wiley (b).

This enhanced electroactivity is attributed to the high density of low-coordinated surface atoms with high surface
energy in comparison with low-index facets. Although the synthesis of metal nanocrystals with high-index facets
by chemical methods is not trivial because of their high surface energy, a few groups have been able to obtain

NPs with such facets (Table 1).
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‘Peak

Predominantly aMetallic Reducing .
Shape bSurfactant Conditions | current | Ref.
exposed facets precursors agent
(Alcm?)
Pt multipod . . 200 °C
D {211} Pt(acac): 1-octylamine | 1-octylamine ~21 [60]
" 3h)
Pt concave 1-octylamine . 200°C
y {411} Pt(acac). 1-octylamine ~32 [60]
nanocubes & formaldehyde (5h)
Pt Chemical
tetrahexahed reduction
etranexahedrons
{310} HoPtCle NaBH: followed by 11 [62]
square wave
potential
160 °C
Concave Pt PVP and .
{411} H2PtCls ) methylamine (11h) ~20 [63]
polyhedral methylamine
331}, {332}, HPtCI Ascorbic
PtCuRh {331}, {332} ® . 160 °C
{553}, {210}, RhCls CTAB Acid and 73 [64]
nanocages . (6h)
{410} Cu(NO3)2 oleylamine
Pd concave {100}, {730}, Ascorbic
H2PdCl4 CTAC/CTAB . 4.7 [63]
nanocubes {310} Acid
Au-Pd
X H2PdCla Ascorbic 60 °C
Rhombic {110} OTAC _ 14.88 (56}
HAUCI4 Acid (1h)
dodecahedron
Au-Pd .
! HaPdCle Ascorbic 60 °C
{221} OTAC _ 12.71 (66}
. HAUCI4 Acid (1h)
trisoctahedron
Au-pd A HPACls Ascorbic 60°C
{%& {421} AL OTAC Acid " 17.17 (661
hexoctahedron {‘v utla ct (1h)
Pd-Au NaAuBrs Ascorbic
CTAC _ 2.2 (67)
octapodal K2PdCla Acid

a Pt(acac), = platinum acetylacetonate; bcTAB = cetyltrimethyl ammonium bromide; CTAC = cetyltrimethyl ammonium chloride PVP =

poly(vinylpirrolidone); OTAC = octadecyltrimethyl ammonium chloride ®Currents normalized by the electrochemical surface area (ECSA), which

was obtained based on the charge involved in the adsorption of hydrogen on the noble metal calculated by integrating the signals in the blank CVs

without ethanol. These currents were recorded in 0.1 M ethanol solution at pH = 1 supporting electrolytes for Pt-based catalysts and pH = 13 for

Pd-based catalysts. Scan rate = 50 mV s 9Scan rate = 10 mV s*¢0.5 M ethanol solution.

Table 1. Compilation of the different chemical synthesis methods for NPs with predominantly high-index
facets for EOR and the peak current recorded in cyclic voltammograms during the EOR.
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All of the aforementioned catalysts showed a high activity toward EOR with peak currents several times higher
than that obtained on a commercial catalyst of the equivalent metal supported on carbon. One of the most
interesting contributions was developed by Wang et al., who synthesized Pt-Cu-Rh nanocages containing
abundant stepped atoms and various high-index facets around the surface®. Electrochemical tests showed that
Pt-Cu-Rh HNCs exhibited an outstanding activity (peak current of 7300 A/cm?) attributed to the synergistic
effect between Pt, Cu, and Rh components, its high specific surface area, as well as abundant concave/convex

sites and the various high-index facets around the surface.

However, is not only essential to control the shape of the metallic NPs but also the morphology of the catalyst
support, for the development of an optimum catalyst for the EOR™. An adequate catalyst supports should provide
high electrical conductivity to favor electron transport and a large surface area to enhance the NPs dispersion. The
anchoring of shape-controlled NPs on the catalyst support before the surfactant removal leads to a good dispersion
of the NPs (even after the removal of the organic molecules), avoiding the NPs aggregation. Carbon blacks, like
Vulcan XC-72R, are the most commonly employed materials as catalyst support!, However, in spite of the low
cost and high availability of carbon blacks, they present a high amount of micropores, which results in diffusional
problems and a limited NPs-anchoring. Additionally, the tolerance to corrosion of carbon blacks under the real
fuel cell operating environment is low due to their amorphous structure®l. However, by controlling catalyst
support morphology, nature and nanostructure, it is possible to tune the size length and orientation of pores, as
well as the external textural properties, which define the access and egress of ethanol and products through the
whole material, respectively. Additionally, promoting or co-catalyst effects of nanostructured catalyst supports
may enhance the EOR. Thus, the use of not only shape-controlled metal NPs but also tunable-morphology

materials as a support for the catalytic material is also essential.

In the next section, we will briefly review and discuss recent advances on the synthesis of shape-controlled metal
NPs supported on catalyst supports with a well-defined morphology for EOR. Despite the high variety of possible
materials with well-controlled morphology to be used as catalyst support most of the works found in the literature
only employ graphene oxide (GO) or reduced graphene oxide (RGO) and only a few works focus on different

catalyst support with a well-defined structure.

2.3 Shape-controlled metal nanoparticles supported on tunable-morphology materials

As anticipated, the combination of shape-defined metal NPs and tunable-morphology supports represents

a promising class of electrocatalysts for DEFCs.

In the carbon material family, graphene is a new membrane isolated for the first time in 2004 by Novaselov,

Geim, and coworkers”. Graphene has a two-dimension (2D) and single-atom thick structure with sp?
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bonded carbon atoms arranged in a honeycomb-like lattice. It has a large theoretical surface area (about
2600 m?gH)™ and a fully conjugated sp? hybridized planar structure, resulting in an ultrahigh electrical
conductivity (105-106 Sm™)["2, excellent mechanical propertiest and high thermoconductivityl. On the
other hand, graphene oxide (GO) precursor contains a high density of surface functional groups (carbonyls,
epoxides, hydroxyls, etc.) and lattice defects (vacancies, holes), which provide favorable sites for the
anchoring and nucleation of metal NPs.[">-8], This strong metal-graphene substrate interaction leads to
improved durability of the supported-NPs. Additionally, graphene has a fast 2D electron-transfer kinetics
resulting in enhanced activities for electrochemical reactions.[”® Due to all these unique chemical and
physical properties, graphene nanosheets (GNs) have been used as 2D catalyst support in a wide range of
applications, including the EORU®,

During the last years, shape-controlled catalysts involving Pt and Pd supported on carbon GO or RGO have
been synthesized for the EOR. More specifically, Pt and Pd-based cubic NPs with predominantly {100}
supported on graphene have been reported®85°808l  These studies showed that, as compared to state-of-
the-art commercial catalysts (Pt/C) or unsupported NPs of their equivalent metals, well shape-defined
catalysts supported on this novel material exhibit higher catalytic performance and much higher durability
for EOR.

Zhang et al. synthesized Pd nanocubes by a one-step synthesis approach involving the reduction of K,PdCl,
using ascorbic acid in the presence of KBr as capping agent®. Interestingly, this catalyst showed a
maximum current density 4.29 times that of the unshaped Pd/RGO NPs and 2.64 times that of the

unsupported Pd nanocubes.

However, bimetallic and trimetallic noble-metal cubic NPs supported on graphene have been shown more
promising behavior than the aforementioned Pd nanocubes. For example, Zheng et al. synthesized Pt-Pd
nanocubes with a size around 20.5 nm, and with Pt and Pd atoms uniformly distributed, indicating the
formation of a PtPd alloy that was evidenced by EDS experiments (Figure 8a) and confirmed by XRD
studies 81, A great electrocatalytic behavior was found on this catalyst with a mass activity 60 times higher
when compared to unshaped Pt NPs. This great activity could be explained by the presence of preferentially
highly-active {100} Pt facets, as well as the modification of the Pt electronic structure by Pd via ligand
effect, which results in a weaker binding energy of CO on Pt surface. An improvement in electroactivity
has been also found on Pt-Rh nanocubes. Rao et al. synthesized Pt-Rh cubic NPs with different
compositions and they found higher currents for all of them when compared to unshaped commercial Pt
NPs (Figure 8b)59. Better performance for the C-C bond breaking from ethanol and its complete oxidation
of CO; with the presence of Rh. They ascribed the electrocatalytic improvement to this specific shape as

well as the synergistic effect of Pt and Rh.

20


https://www.sciencedirect.com/topics/chemistry/current-density
https://www.sciencedirect.com/topics/chemistry/binding-energy

a) b)
1000m ¢ * ‘
34 1.6 ===ty
——Pt,Rh /GN
12 [——PtLRh/GN |
——PtRh /GN
— 2 4 a3 1 1
o2y a. Pt,Pd, NCIRGO = PUGN /
£ b. Pt,Pd, NC/RGO ‘ © 08 -—g;m(;n]:lercial PUC J
© c. Pt Pd, NC/RGO E —
£ 1] a.ptNPRGO = ook
< e. Pt,Pd_NP ‘ =
S— 1
/
- g 0.0}
0 £ A “ = 3jj |
7' 1 1 1 76"“[7 ~-34mV I I I
' . . 02 00 02 04 06 08 10 12
0.0 0.4 0.8
E (V VS SCE) E/V vs SCE

c)
3.0 ——PYPdCW3DGF
- — PY3DGF
- - PACU/3DGF
244 _._eTekPUC
< 1.8+
o
£
<121
.
0.6
0.0 == b 2w
08 06 04 02 00 02
E/Vvs. SCE

Figure 8. Cyclic voltammograms of (a) Pt and Pt-Pd cubic with different composition and unshaped Pt
NPs supported on RGO and unsupported Pt-Pd NPs in 0.5 M CH;CH,OH + 0.5 M H,SO, solution. Scan
rate: 50 mV s* (b) Different atomic ratio PtyRh, supported on graphene and commercial Pt/C in 0.1 M
CH3CH,0OH + 0.1 M HCIO4 solution. Scan rate 50 mV s (c) Pt/PdCu, Pt, PdCu supported on 3D graphene
and commercial 20% Pt/C catalysts in 1 M CH;CH,OH + 1 M KOH aqueous solution. Scan rate 50 mV/s.
Reproduced with permission from ref. 58. Copyright 2018 Elsevier (a), from ref 59. Copyright 2014
Royal Chemistry Society (b), and from ref. 82. Copyright 2012 Wiley (c).

Furthermore, more complex shape-controlled trimetallic catalysts have been synthesized to be used in the
EOR. In particular, a new ternary catalysts consisting on Pt/PdCu nanoboxes, with predominantly {100}
facets anchored on a three-dimensional graphene framework (3DGF) were obtained by a dual solvothermal
approach!®?. Authors found a superior activity for EOR on the ternary catalyst compared to Pt and PdCu
electrodes, with a peak current around 3 times higher than those obtained on unshaped Pt/C and unshaped

Pt/3DGF electrode and 6 times higher compared to the cubic PACu/3DGF electrode, respectively (Figure
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8c). Additionally, a higher durability was also obtained. This improved performance has been associated
to synergic effects of the metals and the use of a 3D porous graphene structure, which facilitates the mass
transfer and maximize the accessibility to the catalyst surfaces, as well as the cubic structure of the NPs. In
our opinion, this work is of great relevance because of the incorporation of Cu in the cubic structure of the
noble metals without perturbing the structure of the NPs, which allows not only higher activities but also a
cheaper catalyst. However, although many authors have synthesized polycrystalline NPs with different
shapes (nanoflowers, nanorings, nanodendrites, nanogarlands....)%2 to be used in the EOR, there are not
works using metal NPs enclosed predominantly by high-index facets supported on materials with a well-
defined nanoarchitecture.

In this regard, well-structured transition metal carbides and nitrides are paying attention in the last
yearsi't14%1 These materials not only confer similar properties of carbon-based catalyst supports, but
promoter (providing OHaq species at smaller overpotentials than Pt) and co-catalyst (driving the reaction
toward ethoxy pathway: 1 in Scheme 1) effects were also reported. Thus, higher energy conversion
efficiency is expected.

Outlook

DEFCs are a promising technology for the generation of clean energy. Pt has been found to be the most
active metal for the EOR. However, Pt is expensive, with low availability and it presents a low tolerance to
intermediate-poisoning (mainly CO,q). In order to address these issues, metal NPs dispersed on an appropriate
support are generally used. These catalytic systems provide a higher metal utilization, enhancing the catalyst
efficiency and reducing the catalyst cost. On the other hand, the EOR is well-known to be structure-sensitive
and thus, the use of well-defined surfaces for the EOR seems to be a promising strategy for the development
of electrocatalyts with superior activity. This review provides a perspective of the state-of-the-art for shape-

controlled Pt catalysts for EOR.

Single crystal electrodes have been used to obtain fundamental knowledge on the activity of Pt crystal
planes. However, the use of these electrodes in a commercial device is not possible. In order to design
practical and efficient catalysts for the EOR, much research has been devoted to the synthesis of shape-
controlled metal NPs with a predominant domain of the desired facet by electrochemical and chemical
routes. As a summary, monometallic high-index noble metals crystals (Pt, Rh and Pd), mainly
tetrahexahedral (THH) NPs, have been obtained by the electrochemical route. In contrast, the chemical
method provides a higher versatility and it allows the growth of both high-index and low-index crystals
(such as cubic, octahedral and rhombic dodecahedral with predominantly {100}, {111} and {110} facets,
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respectively) of monometallic and bimetallic NPs. However, this last route usually requires the use of a
surfactant to control NPs growth. The surfactant is strongly attached on the catalyst surface, blocking the

active phase and consequently, a posterior surface clean treatment is required.

Regarding the performance of these catalysts, in general, a higher specific activity was obtained using well-
defined NPs than those reported using non-shape controlled catalysts of the equivalent metal (commercial
catalysts or synthesized nanospheres). In spite of these promising results, some challenges need to be solved
in order to design well-defined surfaces as suitable catalysts for the EOR. Here, some specific directions
are proposed to be considered in future studies:

i) Although significant efforts have been made in the use of monometallic and bimetallic noble metal NPs
(such as Pt, Pd or Rh), the design of an efficient and cost-effective shape-controlled catalyst remains a
key challenge. The combination of both Pt group metals and transition metals in bimetallic or trimetallic
catalytic systems is a promising strategy to enhance the activity/cost ratio, which is the main limitation
for the scaling-up of DEFCs. Besides to decrease the catalyst cost, the introduction of the transition
metal may facilitate the removal of CO self-poisoning species by the generation of hydroxyl groups
(bifunctional effect) or by modification of electronic properties (ligand effect). Consequently, high
catalytic performance and durability may be anticipated in these shape-controlled catalysts. However,
scarce works have been reported in the literature using chemical methods for the fabrication of well-
defined surfaces involving transition metals, while the electrochemical approach has not been still
explored (to the best of our knowledge).

ii) On the other hand, further research is still required in the synthesis of efficient NPs containing high-
index facets (especially by the chemical approach). Higher activities have been reported using NPs with
high-index factes when compared to cubic NPs of the same metal due to the higher density of low-
coordinated surface atoms with a high surface energy of the former catalytic systems. In spite of these
successful results, scarce works can be found in the literature involving the use of high-index crystal for
the ethanol oxidation reaction.

iii) Besides to control the shape of metal NPs, the selection of a support with a suitable nanostructure is
also essential. An ideal support should provide electrical conductivity to assure the electrical contact, a
high specific surface area to enhance the dispersion of metal NPs and a developed mesoporosity to
promote ethanol diffusion. The carbon black Vulcan is the conventional material used as a support for
electrocatalytic applications. However, it presents a high micropore content and it undergoes
electrooxidation during the EOR. In order to overcome these limitations, graphene has been used as a
support of shape-controlled catalysts for the EOR obtaining promising results. In general, high

performance and durability were reported, which was attributed to the strong metal-graphene interaction,
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the high corrosion tolerance of graphene and the fast electron-transfer kinetics on this substrate.
However, there is a lack of research in the use of other carbon materials or other susbtrates, such as
electronically conductive polymers, metal oxides, carbides and nitrides, as support of shape-controlled
NPs for the EOR. These materials offer different structural and chemical properties which could be
optimized to enhance the performance in terms of activity and durability. Additionally, the use of well-
defined nanoarchitectures with open and interconnected pores might facilitate the mass transfer and to
maximize the ethanol accessibility to the active surfaces.

The increasing energy demand and the growing concern of global environmental resources has generated a
world interest in promoting green and renewable energy sources. DEFCs are expected to play an important
role in this sustainable energetic scenario. We hope that this review inspirer further research in the design
of efficient, cost-effective and easily scaled-up shape-controlled catalysts for ethanol oxidation, making
them more suitable to be used in DEFCs.
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