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Summary

The use of adatom decorated shape-controlled metal nanopatrticles in electrocatalysis,
and particularly for energy conversion reactions, has made important contributions to
the development of better electrocatalysts. In this short review, we highlight some of

the most relevant findings and discuss about future challenges.
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Introduction

The development of new electrocatalysts for electrochemical energy conversion
reactions is a question of paramount importance and has been the subject of
innumerable studies. In this regard, the use of shape-controlled metal nanoparticles
(SNPs) has produced a remarkable impact on this topic and their application is
currently being explored in an increasing number of contributions [1*-10]. Therefore, it
is now widely accepted that the shape of metal nanoparticles (NPs), i.e. the particular
arrangement of the atoms at their surface, can be reasonably well-controlled.
Consequently, as extensively shown with metal single crystal electrodes, their
electrocatalytic properties can be optimized for the reactions of interest. However, it is
very important to recall that even with very well-defined (in terms of size and shape)
NPs, their surface structure will be much more complex than that of metal single
crystals, including stepped and kinked surfaces. NPs contain not only some well-
oriented surface domains of different dimensions, but also a determined number of
defects (corner, edge, step and kink sites), all of them contributing in a different

extension (depending on the reaction under study), to the electrocatalytic activity.
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Additionally, although many options are now available for the synthesis of SNPs, only
those methodologies able to produce SNPs with clean surfaces must be considered for
electrocatalytic studies because this (surface cleaning) is a fundamental requirement to
obtain reliable data and, in consequence, properly understand the surface structure-
electrocatalytic reactivity relationships [11°].

Unfortunately, despite SNPs have provided clear improvements in the electrocatalytic
activity of different electrochemical energy conversion reactions, enhanced activities
and stabilities are still required. Different strategies are being considered to achieve
these goals including the preparation of alloyed, core-shell nanostructured, and surface
decorated shape-controlled metal and metal alloy NPs. Only this latter topic will be
cover in this review. Readers interested in the other approaches are referred to [12-20].
The selective surface decoration with adsorbed adatoms (foreign atoms) of metal
materials, particularly well-defined surfaces but also NPs with a polyoriented surface
structure (quasi-spherical NPs), have been widely applied with the aim of improving the
reactivity and selectivity of many different reactions [21-27]. These enhanced
properties have been mainly explained in terms of third-body, electronic and
bifunctional effects. Third-body effects take place when the second element acts as a
mere spectator, blocking surface sites and inhibiting an undesired reaction path.
However, electronic effects occur when the modified surface also changes its
electronic properties. Finally, bifunctional effects take place if the second metal also
contributes to the reaction providing a required group at lower potentials, thus

facilitating the reaction mechanism.

Although it is not possible to cover all up-to-date studies about this topic, this review
highlights some relevant contributions which will be grouped in terms of improved
activity, stability and modified selectivity. Figure 1 schematically illustrates the topic

covered by this review.
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Figure 1. Schematically representation of the topic covered in this contribution.

Enhanced electrocatalytic activity

Feliu and coworkers published numerous contributions on the use of different adatoms
to selectively decorate the surface of different SNPs towards formic acid
electrooxidation. Bi [28°*, 29], Pd [30, 31], Sb [32] and more recently Tl [33] and Pb [34]
have been used as surface modifiers. An improved electrocatalytic activity is obtained
in all cases, although the enhancement factor strongly depends on the surface
structure of the substrate and the nature and coverage of the adatom. Interestingly,
independently of the adatom used, the so-called indirect pathway is always hindered
(through a third body effect) and the reaction proceeds via the direct pathway.
Additionally, in some particular systems such as Bi and Sb decorated octahedral Pt

NPs, electronic effects are also observed.

Sun and co-workers also used a similar surface adatom decoration with high-index Pt
NPs [35°, 36] as substrate. In particular, tetrahexahedral (THH) Pt NPs were decorated
with Bi [35°] or Au [36] and tested towards formic acid electrooxidation. The results

indicated that the Au decoration provides enhanced activity in the low potential range



due to the hindrance of the CO poison formation through the dehydration step (indirect
pathway) by a third body effect. However, the Bi decorated THH Pt NPs displayed, at
the highest Bi coverage (8si about 0.9), an enhancement factor of about 20 (in terms of
peak current density) in comparison with the bare ones during voltammetric studies.
Also, from chronoamperometric measurements, a very significant enhancement that
varied from 65 to 1.5, depending on the electrode potential and Bi coverage, was
obtained. Importantly, for the Bi decorated samples, the activity is more than five times
higher than that of Au-modified THH Pt, thus indicating that both third-body and
electronic effects are contributing to the enhanced activity.

Yang and Lee reported a very interesting approach dealing with the epitaxially
deposition of Pt on gold octahedral NPs [37]. For formic acid electrooxidation, the
electrocatalytic activity of the Pt decorated gold octahedra remarkably increased for
decreasing Pt coverages, particularly in the submonolayer range. Thus, for a 0.05
monolayer of Pt, a mass activity of about 63 A mge' is found which is about 7, 120
and 170 times higher than those obtained with 1 monolayer (ML), 5 ML and with a
commercial Pt/C catalyst, respectively. This impressive enhancement was attributed
not only to a third body effect but also to bifunctional effects from neighboring Pt—-Au

sites (available bare Au sites are required).

For methanol electrooxidation, Sun and co-workers showed that Ru decorated THH Pt
NPs present a high tolerance to CO poisoning and the onset potential shift to about 0,1
V towards more negative potentials [38]. In comparison with Ru decorated Pt/C or with
commercial PtRu alloy nanopatrticle catalyst, these Ru modified THH Pt NPs display
higher activity in the low potential range. As deduced from CO stripping experiments,

the enhanced activity is attributed to a bifunctional mechanism.

Ethanol electrooxidation is also susceptible to be improved using adatom decorated
SNPs. In this regard, Lin and co-workers used Bi decorated THH Pd NPs towards
ethanol oxidation in alkaline medium [39]. The activity of the Bi decorated THH Pd NPs,
at the optimum Bi coverage (0si about 0.7), was found to be 3 and 12 times higher than
that obtained with the bare THH Pd NPs and a Pd/C, respectively. The enhanced

activity was explained in terms of electronic effects.

More recently, Feliu and co-workers prepared different adatom modified (Sn, Rh, Ru
and Pb) SNPs toward ethanol electrooxidation both in acidic and alkaline solutions [40].
In acidic medium, only Sn decorated shaped Pt NPs displayed slightly improved
properties (onset oxidation potential shifted to negative values and reduced hysteresis).

In addition, this enhanced activity was found to be dependent of the surface structure



of the Pt NPs (although the activity was also affected by the Sn coverage, potential
region and electrochemical method applied (cyclic voltammetry vs
chronoamperometry)). In alkaline solution, where high activities are already found with
the bare samples, none of the adsorbed adatoms used provided significant

enhancements.

Cai and co-workers also reported that the electrocatalytic activity towards ethylene
glycol oxidation in alkaline solution on Pd concave nanocubes can be enhanced
through Bi surface decoration [41]. At the optimum Bi coverage (6si about 0.3), the
activity of the Bi decorated samples was about 2.5 times higher than the bare ones.
XPS measurements showed a change in electronic state of Pd by the Bi modification.
In addition, ATR-SEIRAS measurements suggest that, in comparison with the bare

surfaces, the presence of Bi adatoms promotes the cleavage of the C-C bond.

Coutanceau and co-workers also showed that Bi decorated shape-controlled Pd NPs
displayed enhanced activities towards glycerol electrooxidation in comparison with the
unmodified ones [42,43°]. Higher activities were found with the Bi decorated cubic Pd

NPs than with the octahedral ones.

To complete this section, it is worth mention that several and outstanding contributions
have been reported on metal doped shape-controlled metal (including alloys and core-
shell) nanoparticles towards oxygen reduction. However, to the best of our knowledge,
the doping is always incorporated into the structure of the NPs and consequently, is out

of the scope of this review. Readers interested in this topic are referred to Ref. 44-49.
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Figure 2. A) Voltammetric profiles for octahedral Pt nanoparticles decorated with increasing
amounts of Sb in 0.5 M H2S0O4 in the absence (a) and presence (b) of 0.1 M HCOOH. Scan rate
() 50 mVs1 and (b) 20 mVst. c) Current densities after 10 min at 0.2 V for Sb/Ptoctanedral (S0lid
squares), Sb/Ptsphericai  (Open circles) and Sb/Ptcuwic (solid triangles) nanoparticles. d)
Chronoamperometric curves recorded at 0.2 V with Sb/Ptoctanedrai N@noparticles for increasing
Bsp. Test solution H2SO4 (0.5 M) and HCOOH (1 M). Reproduced with permission from ref [32].
Copyright (2013) John Wiley and Sons. B) Chronoamperometric measurements recorded at
0.25 Vin 1.0 M CH3OH + 0.1 M HCIO4 solution for Ru decorated (8ru about 0.4) THH Pt NPs
(solid line) in comparison with other relevant catalyst (Pt black (dashed line) and PtRu/C
(dashed-dotted line)). Reprinted with permission from ref [38]. Copyright (2012) American
Chemical Society. C) Mass activities and poisoning ratios (see ref [37] for details) obtained in
0.5 M HCOOH + 0.1 M H2SO4 with Pt decorated gold octahedral NPs having different Pt
coverages. A standard Pt/C catalyst is also included for sake of comparison. Reprinted with
permission from ref [37]. Copyright (2013) American Chemical Society.

Improved electrocatalytic stability

Adatom surface decoration is also an interesting approach to achieve improved
stabilities. As shown by Kodama and co-workers, stepped Pt single crystals selectively
decorated with Au adatoms at (100) step sites displayed improved stability toward
oxygen reduction [50]. This finding clearly indicates that the selective surface

modification on vulnerable sites is a promising method to provide improved stability.

This concept was used by Lee et al. who reported an improved durability of octahedral
PtNi NPs for oxygen reduction by using a halide treatment [51°]. In particular, the Br-
treated samples displayed a remarkable low mass activity decrease of about 15% in
comparison with the 53% obtained with the bare PtNi octahedral NPs during the
durability tests. The improved stability was attributed to the fact that the Br is strongly
adsorbed on Ni preventing its leaching out during the electrochemical cycling thus
preserving the nanoparticle shape and atomic composition and, consequently, the high

activity, figure 3.

Also, the incorporation of certain adatoms at the surface of SNPs can also provide
improved stabilities in terms of lower deactivation activities. For instance, Sb and Pb
decorated octahedral Pt NPs showed not only high activities towards formic acid
electrooxidation but also low deactivation rates which is of outstanding importance for

practical applications [32,34].
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Figure 3. A) TEM, HR-TEM, HAADF-STEM images, and Pt and Ni elemental distribution along
the red arrow in the STEM image of (a) as-prepared PtNi nanoparticles and (b) Br treated PtNi
nanoparticles after ADT for 10,000 cycles. B) Schematic representation of the effect of the
presence of Br on the stability of the octahedral PtNi NPs. Reprinted from ref [51]. Copyright

(2016), with permission from Elsevier.

Modified electrocatalytic selectivity

The modification of the surface of SNPs with a foreign metal can also provide
interesting opportunities to modify and control the selectivity of some reactions of

interest including CO- reduction and glycerol electrooxidation, figure 4.

Sun and co-workers studied the electrochemical reduction CO, on Cu modified THH
and {111} faceted Pd NPs [52]. Interestingly the selectivity towards methanol and
ethanol was found to be dependent not only to the Cu coverage but also to the surface
structure of the substrate. In brief, whereas the CulML modified THH Pd NPs exhibited
a high selectivity towards ethanol, the Cu0.8ML modified THH Pd NPs showed high
selectivity for methanol. For Cu coverages higher than 1 ML (Cul.2ML modified THH
Pd NPs) the activity towards methanol and ethanol decreased significantly and the
selectivities were similar and comparable to that obtained with a polycrystalline Cu
electrode. Interestingly, on CulML modified THH Pd NPs the faradic efficiency towards
ethanol was about 20% which is much higher than that obtained on CulML modified
(111)-faceted Pd nanoparticles (about 6%) thus pointing out the effect of the surface

structure of the substrate.



Coutanceau and co-worker observed that the reaction pathway of glycerol oxidation in
alkaline media can be modified when the surface of shape-controlled Pd NPs is
decorated with Bi adatoms [42,43]. They found that unmodified shaped Pd NPs
(nanocubes, nanooctaedrons and nanospheres) produce mainly glyceraldehyde and
glycerate at low potentials with similar selectivity. At higher potentials more oxidized
C3, C2 and C1 products were observed. However, in presence of Bi, the selectivity of
the reaction was found to be also dependent of the Bi coverage. Thus, for intermediate
Bi coverages, the formation of dihydroxyacetone was observed with the decorated
samples. In this regard, Koper and co-workers have recently reported the use of Bi
modified (8g about 0.15) Pt single crystals toward the oxidation of glycerol in acidic
solution [53]. They found that Bi decorated Pt(111) electrodes improved both the
activity and the selectivity towards dihydroxyacetone. However, on Bi decorated
Pt(100) electrodes the activity clearly decreased and the selectivity remained similar to
the bare electrode (glyceraldehyde). These findings strongly suggest the use of Bi
decorated shape-controlled Pt NPs toward the oxidation of glycerol in acidic solution,
however, to the best or our knowledge, this is still unexplored. In this sense, it is worth
noting that on adatom decorated (Bi and Sb) Pt/C electrode, the selectivity of the
electro-oxidation of glycerol towards dihydroxyacetone at low potentials was already
found to be almost 100% [24,54]. Additionally, the bare surface structure of Pt was also
shown to strongly determine the activity and selectivity of the electro-oxidation of
glycerol [55].
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Figure 4. A) (a) Cu stripping curves of Cu-modified THH Pd NPs electrodes with different Cu

coverages. Solution: 0.5 M H2SOu4, scan rate: 100 mVs™. (b) Faradaic efficiency of methanol



and ethanol on Cu-modified Pd THH NCs with different Cu coverages at 0.46 V vs. RHE in CO2-
saturated 0.1 M NaHCOs solution. Reproduced from ref [52] with permission of The Royal
Society of Chemistry. B) Proposed glycerol oxidation mechanism on Pt(111) and Pt(100)
electrodes in acidic solution. Reprinted with permission from ref [55]. Copyright (2016) American
Chemical Society. C) Schematic diagram of the selective oxidation of glycerol in presence and
absence of Bi adatoms. Reprinted with permission from ref [54]. Copyright (2012) American

Chemical Society.

Concluding remarks

Adatom decorated SNPs are promising electrocatalysts for relevant energy conversion
reactions. This short review summarizes some of the most interesting contributions.
The existing literature point out that activity, stability and selectivity are susceptible to
be enhanced using these advanced electrocatalysts. However, there are still some

important aspects requiring future efforts including:

- New experimental strategies for a more selective decoration of the surface. For
instance, Feliu et al. showed that it is possible to selectively decorate the
surface of octahedral Pt NPs without blocking the {111} terrace domains and
studied their electrocatalytic properties [29].

- The structure of the 2D layer and/or the positions of the adatoms, as well as,
the oxidation state and compounds that they form at different potentials is
poorly understood. In situ, STM and synchrotron-based techniques can
contribute to answer some of these questions [56,57].

- Systematic long-term stability measurements are still required to better evaluate
the stability of the adatom modified electrocatalysts under different working
conditions.

- Selectivity issues still need more systematic studies.

- Studies using practical electrochemical devices (fuel cell, electrolizer or filter

press type reactors) are essentially missing.
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