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Abstract: Direct ethanol fuel cells are attractive power sources
based on a biorenewable, high energy-density fuel. Their
efficiency is limited by the lack of active anode materials which
catalyze the breaking of the C�C bond coupled to the 12-
electron oxidation to CO2. We report shape-controlled PtNiRh
octahedral ethanol oxidation electrocatalysts with excellent
activity and previously unachieved low onset potentials as low
as 0.1 V vs. RHE, while being highly selective to complete
oxidation to CO2. Our comprehensive characterization and in
situ electrochemical ATR studies suggest that the formation of
a ternary surface site ensemble around the octahedral
Pt3Ni1Rhx nanoparticles plays a crucial mechanistic role for
this behavior.

The conversion of ethanol in direct ethanol fuel cells
(DEFCs) directly into electrical energy has been widely
examined in recent years.[1] Ethanol is considered a green fuel
since it can be produced from biomass and offers high
volumetric and gravimetric energy density (8 kWhkg�1), good
energy efficiency, and easy handling, storage and transporta-
tion, in contrast to gaseous fuels.[2] The ethanol oxidation
reaction (EOR), however, is often incomplete due to
difficulties in C�C bond cleavage, resulting in a number of
byproducts other than CO2. Alkaline medium in the fuel cell
presents several advantages when compared to acidic
medium, like faster kinetics for the oxygen reduction on the
cathodic counterpart and a broader range of non-noble co-
catalysts.[3] Alloying Pt with highly oxophilic transition metals
has been a promising strategy to modify the electrocatalytic
surface properties of Pt in order to supply active oxygen-
containing species, such as OH, which readily oxidize
adsorbed molecular fragments while reducing the cost of
the catalyst considerably.[4]

The combination of Pt with Rh and Ni in a single-phased
spherical nanoscaled electrocatalyst proved to be highly
promising for the EOR.[5] Even higher electrocatalytic
activities and stabilities are to be expected for polyhedral
shapes in comparison to their unshaped counterparts, since
polyhedral surface facets provide better preconditions for the
formation of ordered active surface site ensembles.[6] Electro-
catalytic properties and the reactivity of nanoparticles are
directly related to their surface structure and shape. Perfect Pt
(111) planes are known to show no formation of poisonous
CO species, unless they show defects or steps, but earlier
onset potentials for CO2 formation in comparison with other
Pt basal planes.[7] In order to elucidate the beneficial shape-
controlling effects for electrocatalysts, a novel electrocatalytic
system comprising octahedral Pt-Ni-Rh with fixed Pt:Ni
ratios and different Rh contents (Pt3Ni1Rhx-oct/C) in the form
of supported nanoparticles with {111} facets were prepared
using a wet-chemical approach with metal carbonyls present
during the reduction process and a mixture of oleylamine and
oleic acid as solvents, where x was varied between the
equivalent of 1 and 6 atomic %. The bulk composition of the
resulting PtNiRh-1/C, PtNiRh-3/C and PtNiRh-6/C was
controlled by adjusting the initial Pt, Ni and Rh precursor
ratios. The high Pt content was chosen to ensure sufficient
active surface site formation and to determine the influence
of changes in the minimal amounts of Rh in terms of
selectivity to different ethanol oxidation pathways. The bulk
composition and metal loading, which were determined by
inductively coupled plasma (ICP) optical spectroscopy,
proved to be close to the desired nominal values (see
Table S1 in the Supporting Information). Transmission elec-
tron microscopy (TEM) images of the electrocatalysts (Fig-
ure S1) show that in all three samples the nanoparticles were
well distributed across the carbon support and largely regular
octahedral in shape, enclosed by eight {111} facets. Mean edge
lengths, which were estimated from TEM and derived edge
length histograms inserted in the TEM images in Figure S1
and listed in Table S1, vary in a narrow range from 7.2�
1.1 nm to 8.0� 1.0 nm. The higher magnification images
reveal a lattice spacing of 0.23 nm, which can be attributed
to Pt fcc (111) in all samples. An additional lattice spacing of
0.19 nm in samples PtNiRh-1/C and PtNiRh-6/C can be
attributed to Pt fcc (200).

Figure 1a–c shows atomic-scale high angle annular dark
field scanning TEM (HAADF/STEM) images of the different
Pt3Ni1Rhx-oct/C catalyst nanoparticles after the first EOR
cycle, approximately oriented along h110i, with octahedral
morphologies. Figure 1d–i shows corresponding energy dis-
persive X-ray spectroscopy (EDX) composition maps. For all
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nanoparticles and compositions, the EDX maps confirm an
enrichment of Ni at the facets and the presence of a Pt-rich
frame, which can be identified by a Pt-rich strip in the center
of each particle (Figure 1d–f). The Pt and Ni elemental
distribution in each particle corresponds to that reported in
earlier work.[8] Shape-selective nanocatalysts offer activity
benefits based on structural sensitivity and high surface area.
We recently demonstrated that octahedral PtNi nanoparticle

catalysts show exceptional oxygen reduction activity gain
over state-of-the-art unshaped Pt electrocatalysts.[9]

EDX composition maps for PtNiRh-1/C nanoparticles
with the lowest Rh content show a speckled distribution of Rh
over the nanoparticle, which gives rise to isolated Rh-rich
patches (Figure 1g). With a higher Rh content for PtNiRh-3/
C, an accumulation of Rh at the surfaces of the octahedral
particles is observed (Figure 1h, highlighted by arrows). For
PtNiRh-6/C, the particles with the highest Rh content, the
EDX maps indicate the formation of a compact Rh-rich shell
around each octahedral particle (Figure 1 i). The formation of
a compact Rh-rich shell is more obvious for slightly smaller
nanoparticles (Figure S2). HAADF/STEM images acquired
before the first EOR scan are shown in Figure S3 and an
overview over all samples is given in Figure S4. The compo-
sitions of the individual particles in Figure 1, measured using
EDX are Pt71Ni25Rh4, Pt72Ni23Rh5 and Pt66Ni23Rh11, respec-
tively, in close agreement with the ICP results for the bulk
samples. The EDX composition maps indicate that the Pt and
Ni distribution is the same as after the first EOR scan, that is,
they indicate the formation of Ni-rich facets and a Pt-rich
frame in each particle. This means that the nanocatalysts,
which are uniform in size and shape, show good tolerance
towards the reaction conditions. In a previous study we could
show, that this class of Rh-doped Pt-Ni octahedral nano-
particles proved to be stable in shape for electrochemical
reaction conditions up to 30 000 cycles, making this material
a promising candidate for the application in DEFCs.[6b]

The fitted X-ray diffraction (XRD) powder patterns of all
Pt3Ni1Rhx-oct/C specimens show relatively broad Bragg
peaks, typical for nano-sized particles with limited structural
coherence (Figure 1 l). There are no superlattice peaks
discernible below 2q = 358, indicating a substitutional solid
solution alloy. All of the electrocatalysts show a single-phase
face centered cubic diffraction pattern, as also revealed by the
lattice spacing visible in micrographs. The diffraction peaks
are consistent with an atomic mixture of the three metals, as
they occur between the reflections expected for Pt, Rh and Ni.
No reflections for pure metallic Pt, Rh or Ni are observed,
indicating alloy formation for all three compositions. How-
ever, as a result of the slightly asymmetric diffraction peaks of
the Pt3Ni1Rhx-oct/C catalysts, the presence of a second fcc
phase cannot be completely excluded. The theoretical 2qtheo

values listed in Table S2, which are derived from the atomic
ratio of Pt:Ni from ICP results (Table S1), are in good
agreement with the experimental 2qexp values for all of the
samples and (hkl) reflections.

The catalytic activity of the Pt3Ni1Rhx-oct/C electrocata-
lysts for ethanol electrooxidation in alkaline media was
evaluated in order to correlate the catalyst structure and
composition with electrocatalytic EOR polarization behavior.
Figure 2a shows the specific activity of the electrocatalysts in
alkaline media: PtRhNi-3/C has the highest forward anodic
peak of 13.6� 0.9 mA cmECSA

�2, nearly as high as that for
PtNiRh-1/C with 12.0� 0.2 mAcmECSA

�2 and almost double
than that for PtNiRh-6/C with 6.9� 0.1 mA cmECSA

�2 (sum-
mary of the electrochemical values is presented in Table S3).
The decrease in the onset anodic potential indicates an
enhancement in the kinetics of the ethanol oxidation reaction

Figure 1. a–c,j) HAADF-STEM images and d–i) EDX composition map
analysis after the first EOR scan of PtNiRh-1/C (a,d,g), PtNiRh-3/C
(b,e,h) and PtNiRh-6/C (c,f,i) octahedral nanoparticles oriented close
to h110i. j) Overview HAADF-STEM image of PtNiRh-6/C. d–f) EDX
composition map showing the distribution of Pt (red) and Ni (green)
and g–i) Pt (red) and Rh (blue), respectively. k) Schematic of the Rh-
rich shell and mixed Ni, Rh and Pt core. l) Cu Ka XRD pattern of the
three Pt3Ni1Rhx-oct/C electrocatalysts shown alongside the expected
peak positions for pure fcc Pt, pure fcc Rh and pure fcc Ni, indicated
using black, gray and green lines, respectively.
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and also suggests an earlier C�C bond break. These results
indicate that the novel octahedral Pt3Ni1Rhx-oct/C nano-
particle catalyst shows high catalytic activity for EOR in
alkaline media. This behavior is plausibly explained by the
ability of Ni(OH)x phases, which form on the surface facets of
the Ni-containing bulk phases, to act as efficient oxygen-
donating entities.[8b, 10]

The stability of the electrocatalysts was investigated, as
customary, using chronoamperometric measurements at E =

0.45 V vs. RHE (Figure 2 c). All of the Pt3Ni1Rhx-oct/C
electrocatalysts showed good durability in the EOR in
alkaline media. The observed stationary activity after the
initial current drop is in good agreement with the activity
ranking of the electrocatalysts in the potentiodynamic
measurements at the equivalent potential (Figure 2 d). Stud-
ies on the PtNi-based catalytic system for the EOR are very
sparse, however, the Pt3Ni1Rhx-oct/C octahedral electrocata-
lysts all not only outperformed a binary PtNi EOR electro-
catalyst[11] but also our corresponding spherical PtRhNi/C
electrocatalysts,[5] indicating that the shape of the catalysts has
a decisive influence on the catalytic properties of the surface
site ensembles. In summary, all electrochemical results
confirm that octahedral Pt3Ni1Rhx-oct/C exhibits good cata-
lytic performance towards the EOR and, therefore, offers
great promise for applications in DEFCs in the future.

Even more interestingly, electrochemical investigation of
the ethanol oxidation reaction on the octahedral Pt3Ni1Rhx-
oct/C surfaces revealed exceptionally low onset potential
features near the reversible oxidation potential for ethanol
oxidation (Figure 2b, E0

Anode� 0.08 V vs. RHE, pH 14)[12] in
the first forward scans (hereinafter: peak c), which was not

observed in similar investi-
gations on spherical nano-
particle PtRhNi/C cata-
lysts.[5] To the best of our
knowledge, such low onset
potentials for ethanol oxida-
tion with such low overpo-
tentials have not been
reported to date. Although
it already occurs in the HUPD

region, it can be ruled out
that peak c originates from
the underpotential deposi-
tion of hydrogen on the
catalyst surface. This is
because, in general, hydro-
gen features are inhibited on
all catalysts that are active
for the ethanol oxidation
reaction due to the strong
adsorption of ethanol mole-
cules on the active sites.[13]

Figure 2d–f summarizes the
EOR activity at 0.45 V vs.
RHE, the potential of the
maximum of the onset fea-
ture in the first EOR scan,
as well as the area under

that feature. The first scan onset feature appears at earlier
potentials and shows a higher corresponding area under the
current density curve with higher amounts of Rh in the
catalyst (PtNiRh-6/C>PtNiRh-3/C>PtNiRh-1/C). This
behavior does not correlate directly with the overall EOR
activity; the PtNiRh-3/C electrocatalyst shows the highest
activity for the EOR, indicating a maximum for a certain
atomic mixture of Pt, Ni and Rh on the surface.

The potential-dependent selectivity for this variety of
organic products on EOR electrocatalysts can be studied
using in situ Fourier transformation infrared attenuated total
reflection(FTIR ATR) spectroscopy, however in situ FTIR
studies for the EOR in alkaline media are sparse and often
provide only insufficient comparability with electrochemical
standard measurements.[3, 12,14] We correlated activity with
selectivity towards certain pathways of the EOR, by following
the selectivity of the three Pt3Ni1Rhx-oct/C electrocatalysts.

Figure 3 shows recorded spectra from all three catalysts
during the first forward scan of ethanol oxidation in alkaline
media. Carbon dioxide (CO2), acetic acid (CH3COOH) and
acetaldehyde (CH3CHO) are the potential products deriving
from ethanol oxidation. According to previous studies, the
bands at 2341 cm�1 can be attributed to n(CO2); n(C=O)
carbonyl vibration is responsible for the observed
� 1700 cm�1 band stemming from either CHO or COOH;
1585 cm�1 bands can be attributed to ns(O-C-O) asymmetric
stretching acetate; bands at 1381 cm�1 can be attributed to for
in-plane bending vibrations of the -CH3 group of the adsorbed
acetate d(CH3) and at 1354 cm�1 for adsorbed acetaldehyde,
respectively.[12,14, 15]

Figure 2. a,b) First forward scan with a scan rate of 20 mVs�1 and c) potentiostatic chronoamperometry at
0.45 V vs. RHE of the ethanol oxidation reaction (EOR) on the three Pt3Ni1Rhx-oct/C electrocatalysts in 0.1m

KOH containing 0.5m ethanol. Current densities are normalized by ECSA. The vertical gray dashed line marks
the potential used for the chronoamperometric experiment in (c). Comparison of the EOR specific activity at
0.45 vs. RHE during the first forward scan (d), the corresponding potential to the low onset peak c maximum
(e), and the respective charge of peak c (f) of the three Pt3Ni1Rhx-oct/C octahedra.
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It is generally accepted that the oxidation of ethanol
proceeds via a dual pathway mechanism, as shown in Fig-
ure S5.[1c,14, 16] Ethanol can be oxidized to C2-structured
acetaldehyde and subsequently to acetic acid, transferring
only 4 electrons in the process. Acetic acid marks a “dead
end” in the mechanism, since its further oxidation is very
difficult under ambient conditions.[16i] Alternatively, the C�C
bond can be broken in ethanol and also in acetaldehyde,
yielding adsorbed single C species such as COads and
CHx,ads.

[16j, 17] These species can subsequently be oxidized to
CO2, yielding 12 electrons in total. The single C1 adsorbates
normally require a high overpotential to be oxidized,[16i, 18]

thereby reducing the overall efficiency of the reaction.
The integrated band intensities can therefore best be

attributed to the two different pathways and are correlated in
Figure 4 with the corresponding first in situ forward scan with
1 mVs�1 in the electrochemical cell. PtNiRh-1/C shows a very
low onset of CO2 production only some band growth in the C2

pathway region.
PtNiRh-6/C has a high onset potential for CO2 but nearly

instant production of C2 pathway products, even at low
potentials. The most active PtNiRh-3/C catalyst shows a low
onset of CO2, but not as high a rise in the band area as does
the PtNiRh-1/C, while also showing a low onset for the
production of C2 pathway products. The lowest overall
activity for the three electrocatalysts also corresponds with
the absence of CO2 band growth, as can be intuitively
explained by the dominance of the 4 or 2 electron yield per
molecule for this pathway, while complete oxidation yields 12
electrons per molecule. Interestingly, the higher selectivity
towards the complete oxidation of PtNiRh-1/C alone cannot
account for the highest overall activity; the highest current
density yields correlate with surface active sites that can

promote both reaction
pathways, as in PtNiRh-
3/C. Both PtNiRh-1/C
and PtNiRh-3/C show
C1 pathway onset fea-
tures between 0.3 and
0.4 V vs. RHE, while
PtNiRh-6/C still shows
only little oxidation
towards CO2. This
behavior coincides with
the microstructural
observation of an
already formed Rh-rich
shell, which appears to
inhibit complete oxida-
tion by blocking impor-
tant ternary surface site
ensembles on the {111}
facets that are capable of
splitting ethanol effec-

Figure 3. In situ FTIR ATR spectra recorded during the EOR on a) PtNiRh-1/C, b) PtNiRh-3/C, and c) PtNiRh-6/C.
128 interferograms (resolution 4 cm�1) were collected and combined for each spectrum. The working electrode
potential ranges during the first linear sweep voltammetry with a scan
rate of 1 mVs�1 in 0.5m EtOH in 0.1m KOH are indicated in the
figures.

Figure 4. a) First in situ linear sweep voltammetry scans and corre-
sponding integrated in situ FTIR ATR band intensities of b) CO2

(2342 cm�1) and c) partial oxidation pathway for CH3CHO and
CH3COOH (1700 cm�1) of PtNiRh-oct/C electrocatalysts during the
electrooxidation of ethanol. 128 interferograms (resolution 4 cm�1)
were collected and combined for each spectrum. The working elec-
trode potential ranges during the first linear sweep voltammetry with
a scan rate of 1 mVs�1 in 0.5m EtOH in 0.1m KOH are indicated in
the figures.
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tively at such low overpotentials. Nevertheless, the Rh-rich
shell provides a low onset for the oxidation of ethanol via the
C2 pathway. The presented FTIR data for PtNiRh-6/C is in
agreement with Cuesta et al. who reported pioneering work
of atomic ensemble effects for these type of reactions,
showing that the absence of three contiguous Pt atoms on
cyanide-modified Pt(111) surfaces lead to the blockage of the
formation of adsorbed CO during oxidation reactions.[19]

In conclusion this work demonstrates the influence of
surface site coordination and reported the successful synthesis
of octahedral Pt3Ni1Rhx-oct/C electrocatalysts with a designed
variation in Rh percentage that leads to highly shape-
controlled supported nanoparticles. All catalysts show
a narrow edge length distribution and high crystallinity as
well as good electrochemical activity and stability towards the
oxidation of ethanol in alkaline media.

In situ FTIR studies reveal prevalence for the complete
oxidation of ethanol via a C1 pathway for the lowest Rh
content, with well distributed ternary surface site ensembles
on the octahedral {111} facets, while the C2 pathway
dominates for the catalyst with the highest Rh content and
an already formed Rh shell. The overall specific activity peaks
for PtNiRh-3/C are possibly due to the simultaneous occur-
rence of both reaction pathways. Our study strongly suggests
that for a low Rh content, that is, before the formation of
(PtNi alloy core)/(Rh shell) octahedra, different electronic
effects compromising all three metal components prevails,
resulting in the ability to break the C�C bond at low
overpotentials near the reversible potential of the anodic
complete oxidation of ethanol, which could not be achieved
with existing catalysts.
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The Effect of Surface Site Ensembles on
the Activity and Selectivity of Ethanol
Electrooxidation by Octahedral PtNiRh
Nanoparticles

ElektrokatalyseEthanoloxidationIR-Spek-
troskopieOktaedrische NanopartikelPt-
NiRhIt’s the shape, that matters: The
efficient and complete electrooxidation of
ethanol at low overpotentials has been
a prime research target for a long time.

The unique combination of a ternary Pt-
Ni-Rh ensembles on defined octahedral
{111} facets now shows promising activ-
ity coupled with good selectivity in this
transformation.
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The Effect of Surface Site Ensembles on
the Activity and Selectivity of Ethanol
Electrooxidation by Octahedral PtNiRh
Nanoparticles

Was z�hlt ist die Form : Die effiziente und
vollst�ndige Elektrooxidation von Ethanol
bei niedrigen �berspannungen ist ein
lange bestehendes Forschungsziel. Die
einzigartige Kombination eines tern�ren

Pt-Ni-Rh-Ensembles auf definierten okta-
edrischen {111}-Fl�chen zeigt nun viel-
versprechende Aktivit�t in dieser Umset-
zung in Verbindung mit guter Selektivit�t.
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It’s the shape, that matters: The efficient
and complete electrooxidation of ethanol
at low overpotentials has been a prime
research target for a long time. The
unique combination of a ternary Pt-Ni-Rh

ensembles on defined octahedral {111}
facets now shows promising activity
coupled with good selectivity in this
transformation.
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