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ABSTRACT: The slow, incomplete oxidation of methanol and ethanol on
platinum-based anodes as well as the high price and limited reserves of Pt has
hampered the practical application of direct alcohol fuel cells. We describe the
electrocatalysts consisting of one Pt monolayer (one atom thick layer) placed on
extended or nanoparticle surfaces having the activity and selectivity for the oxidation
of alcohol molecules that can be controlled with platinum-support interaction. The
suitably expanded Pt monolayer (ie., Pt/Au(111)) exhibits a factor of 7 activity
increase in catalyzing methanol electrooxidation relative to Pt(111). Sizable
enhancement is also observed for ethanol electrooxidation. Furthermore, a
correlation between substrate-induced lateral strain in a Pt monolayer and its
activity/selectivity is established and rationalized by experimental and theoretical
studies. The knowledge we gained with single-crystal model catalysts was
successfully applied in designing real nanocatalysts. These findings for alcohols
are likely to be applicable for the oxidation of other classes of organic molecules.
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Many problems encountered in hydrogen-fuel-cell tech-
nology, particularly those of hydrogen storage and
distribution, can be circumvented by replacin§ hydrogen with
liquid fuels, such as methanol and ethanol."” The slow and
incomplete electrocatalytic oxidation reaction of these alcohol
molecules occurring at the fuel-cell anode is the main
impediment to practical application of the direct alcohol fuel
cell (DAFC).>* Platinum and Pt-based materials are currently
the best electrocatalysts for these reactions. The price and the
limited reserves of Pt are the prime obstacles to adequately
developing this major field.

Extensive research efforts have been devoted to enhance the
Pt-based catalysts, yet despite significant advances in recent
years the activity of existing catalysts is still inadequate and the
Pt content is high. Structural effects in these reactions were
well-established, and the different activities of the Pt surfaces
with different crystallographic orientations afforded the
possibility of optimizing the catalysts’ surface.’~"* Other
strategies include alloying Pt with a second element and
incorporating active cocatalysts such as adatoms and metal
oxides.">™"* We developed Pt monolayer (Pty;) electro-
catalysts comprising one atom thick layer of Pt placed on
extended or nanoparticle surfaces and inaugurated these
catalysts for the oxygen reduction reaction (ORR).'®™'® The
electrochemical behavior of electrodeposited Pd overlayers on
different single-crystal substrates was studied for reactions such
as hydrogen desorption and formic-acid oxidation.'”*° Most
recently considerable research was undertaken in computing
the effects of structural changes in the surface upon its
reactivity.u’22
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In this letter we describe the successful application of the
Pty concept in the electrooxidation of methanol and ethanol.
It facilitates decreasing the Pt content to a single monolayer
and in parallel the tuning of the catalytic properties of such
monolayers for alcohol oxidation. Accelerating these reactions
on a Pty is provoked by its interaction with an adequate
substrate. A correlation between substrate-induced lateral strain
in Pty and its activity has been established, and the results are
in full agreement with theoretical prediction. We also
demonstrate the applicability of the knowledge attained from
single-crystal-based model catalysts study for the design of real
nanocatalysts.

We synthesized these electrocatalysts by depositing a Pt
monolayer on different substrates via the galvanic displacement
of an underpotentially deposited (UPD) Cu monolayer (Figure
S1 of the Supporting Information) employing five single-crystal
surfaces (Au(111), Pd(111), Ir(111), Rh(111), and Ru(0001))
as substrates.”® Structures and morphologies of the resulted
monolayers of Pt have been characterized by scanning
tunneling microscopy (STM) studies (vide infra).”*** By
selecting the suitable substrate, we can tailor the electrocatalytic
properties of Pty consequent upon the combined geometric
effect (substrate-induced strain) and ligand effect (the
electronic interaction between Pty; and the substrate). Figure
1 displays linear sweep voltammetry curves for Pty electro-
catalysts together with Pt(111) during the methanol- (MOR)
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Figure 1. Schematic illustration and electrochemical studies of single-crystal Pty; model catalysts. Positive voltammetric scans for Pt(111) and Pty
supported on five different substrates in 0.1 M HCIO, containing 0.5 M methanol (a) or 0.5 M ethanol (b) with scan rate 10 mV/s. (c) Models of
pseudomorphic monolayers of Pt on two different substrates of Au(111) and Pd(111). Current densities measured at 0.5 V in quasi-steady state
conditions at a sweep rate of 1 mV/s during MOR (d) and EOR (e). Currents are normalized to the measured Pt surface area, which is determined
by the charge of stripping one Cu UPD monolayer on Pt(111) or Pty (assuming 480 uC/ cm?p,). 2.

and ethanol-oxidation reaction (EOR). Taking as examples a
Pty /Au(111) surface, where Au exerts on Pt a tensile strain,
and a Pty;/Pd(111) surface where Pt is under compressive
strain (schematic illustration in Figure 1c), we demonstrated a
significant enhancement in the catalytic activity associated with
the tensile strain and decreased activity associated with the
compressive strain. During the MOR (Figure 1a), the Pty;/
Au(111)-, Pty;/Pd(111)-, and Pt(111)-surfaces, respectively,
show reaction onset potentials (measured at 0.05 mA*cm™) of
0.25, 0.37, and 0.29 V and a peak current density in anodic
potential scans of 5.12 (at 0.61 V), 0.4S (at 0.53 V), and 0.67
mA*cm™ (at 045 V). Hence, Pty;/Au(111) exhibits a
negatively shifted potential at the onset of the reaction and
over seven-fold enhancement in peak current density with
respect to Pt(111) (the most active low-index plane of Pt*~").
Similarly, during the EOR (Figure 1b), the stretched Pty
supported on Au(111) demonstrates slightly negatively shifted
reaction-onset potential and over four-fold increase in peak
current density. Figure S2 of the Supporting Information
summarizes the complete results from voltammetry study and
slow-sweep-rate polarizations from all catalytic surfaces. We
plot the current densities measured at 0.5 V in quasi-steady-
state conditions at a sweep rate of 1 mV/s during MOR (Figure
1d) and EOR (Figure le) to verify the substrate-induced
change in the activity of Pty;. A trend that increased lattice
compression lowers reactivity is observed. Significant structure
sensitivity of the oxidation of small organic molecules, including
methanol and ethanol, has been well-established in studies
involving well-defined low-index’~” and high-index Pt single-
crystal surfaces.* '* The question arises whether 2-dimensional
(2D) Pt islands can act as steps in Pt-stepped surfaces and
cause enhanced rates. This can be ruled out as a possibility for
the following reasons. First, the step density on well-ordered
Au(111) is not high, and even if Pt forms islands it will not
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make step density comparable to those of high-index planes. A
recent study by Brankovic’s group shows that in the
submonolayer range of Pt deposits smaller 2D islands have
smaller tensile strain and smaller activity for hydrogen oxidation
reaction.”® Thus, the effect of steps of Pt deposit would have
the opposite effect. In our experiment, the size of Pt islands
should be considerable because one Cu atom is displaced by
one Pt**. Second, if steps were contributing to the activity, then
that should be observed with Pt monolayer on other four metal
surfaces (i.e., Pd(111), Ir(111), Rh(111), Ru(0001)), not only
for Pt/Au(111). The high activity of Pt—Au system for
reactions like CO oxidation and formic acid oxidation was
interpreted in several different ways.”*"**

Methanol and ethanol electrooxidation are complex reactions
occurring in a pattern of parallel reaction pathways. The overall
MOR and EOR are formulated as follows

CH,OH — (adsorbed intermediates)
— CO,, HCHO, and HCOOH

CH,CH,OH — (adsorbed intermediates)
— CH,CHO, CH,COOH, CO,, and CH,

A complete oxidation to CO, of organic molecules is
necessary in energy-conversion applications; that is, both the
MOR and the EOR require a catalyst that can (i) adsorb these
molecules, (i) dissociate the C—H bond and split the C—C
bond in ethanol, and (i) dissociate water to facilitate the
reaction of the resulting alcohol adsorbates with oxygen-
containing species to form CO, (or HCOOH, CH,;CHO,
CH,;COOH). We undertook an in situ infrared reflection
absorption spectroscopy (IRRAS) study to identify the reaction
intermediates and products during MOR and EOR on Pty /
Au(111) to gain insight into the substrate-induced change in
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Figure 2. In situ IRRAS spectra for identifying the intermediates and products of methanol and ethanol electrooxidation on Pty /Au(111). In situ
IRRAS spectra recorded during MOR (a) and EOR (b) on the Pty; /Au(111) electrode in 0.1 M HClO, containing 0.5 M methanol or 0.5 M
ethanol. 128 interferograms (resolution 8 cm™') were coadded to each spectrum.

the selectivity of Pty; and into the mechanism of the greatly
enhanced reaction kinetics.

Figure 2a displays the in situ IRRAS spectra recorded on
Pty /Au(111) during MOR. The detailed band assignments
are given in Table S1 of the Supporting Information. The
strong band at around 2343 cm™" is ascribed to CO,, indicating
that the main MOR product is CO,. A close look at 1800—2100
and 900—1400 cm™ regions is also included in Figure 2a. A
weak band at ~2090 cm™! can be assigned to linearly bonded
CO (COy), and the low intensity of CO, indicates a minimum
amount of poison species. We assigned the band at 1267 cm™
to some H-containing intermediate, possibly COH,;.>**° The
band at 1234 cm™' is due to O—C—O stretching in methyl
formate, and it partially overlaps with the COH, 4, band. The
band at 1010 cm™' reflects C—O stretching in methanol
adsorbates and also in solution methanol. Methanol oxidation
on a Pt electrode can be described as a multistep reaction
generating several intermediates and products:
CH,OH—>CH,0H,;;—>CHOH,4;—>COH,4,—*CO,,

! |

CH,0 HCOOH

co, co,

Previous FTIR studies demonstrated the existence of
adsorbed CO (CO,4) and the formation of formic acid
(indicated as the carbonyl group at ~1710 cm™') during the
MOR on single-crystal and polycrystalline platinum electro-
des.®***° Meanwhile, the absence of carbonyl group bands, as
well as the existence of a COH,4, band, indicates that methanol
oxidation on Pty /Au(111) tends to be further dehydrogenated
to COH,, instead of being oxidized to formaldehyde and/or
formic acid. In addition, the low intensity of CO,4; band implies
that COH,4, can be oxidized directly to CO, rather than
forming CO,4. Our voltammetry study (Figure S3 of the
Supporting Information) in agreement with previous re-
ports'®*! revealed a higher oxygen adsorption/desorption
current (i.e, a higher OH coverage) on the expanded Pty /
Au(111) compared with the compressed Pty;/Pd(111). The
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increased —OH formation on Pty /Au(111) could promote
the oxidation of COH,g4,. Therefore, spectroscopic study shows
that the enhanced MOR activity on this catalyst is due to the
formation of COH,q, instead of poisoning CO,4 and the
promoted oxidation of COH,4, directly to CO,.

Figure 2b presents the IRRAS spectra collected during the
EOR. The main feature is the absence of both the CO,4, and
CO, bands, denoting that ethanol dissociative adsorption on
Pty /Au(111) does not occur and that the EOR follows partial
oxidation pathway without cleavage of the C—C bond.>* The
complete oxidation of ethanol requires full dehydrogenation
and C—C bond splitting, which might not be favored on
stretched Pty;. We can assign the band located around 1705
cm™! to the stretch vibration of the C=0 bond, found in both
acetaldehyde and acetic acid. The well-defined band at 1280
cm™" is the characteristic absorption of C—O stretching in
acetic acid. The bands at 1350 cm™" and around 1396—1410
cm™’, respectively, reflect the CHj in-plane bending mode and
O—C—O stretching of adsorbed acetate. The band observed at
933 cm ™! is assigned to the C—C—O asymmetric stretching of
acetaldehyde. Hence, we ascribe the high EOR activity on
Pty /Au(111) to the fast kinetics of partial oxidation pathway
generating acetic acid and acetaldehyde. The spectroscopic
studies of Pty electrocatalysts on other supports are in
progress in our laboratory.

The ligand effect is probably contributing to the observed
activity. For metal overlayers a combination of ligand and strain
effect is usually found. They are difficult to separate and the d-
band centers are found to describe changes in adsorption
energies well.*"*> Our study reveals a correlation between the
lateral strain and reactivity.

We carried out DFT calculations to gain better under-
standing of the methanol electrooxidation on the surfaces of
Pty;/Cu(111), Ru(001), Rh(111), Re(001), Pd(111),
0s(001), Ir(111), Ag(lll), and Au(111) (Figure 3). Previous
DFET studies by Mavrikakis and coworkers showed two
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Figure 3. DFT investigations of methanol oxidation on Pty
supported on different substrates. The DFT-calculated variation of
the lowest potential to proceed methanol electrooxidation on the Pty
supported on Cu(111), Ru(001), Rh(111), Re(001), Pd(111),
0s(001), Ir(111), Ag(111), Au(111) surfaces with the surface strain.
The surface stain was calculated by [d(Ptyy g — d(Pt)]/d(Pt),
where d is Pt—Pt bond length. The potential and surface strain are
expressed with respect to the case of Pt(111).

mechanisms for methanol oxidation to CO, on pure metal
surfaces: an indirect mechanism via a CO intermediate and a
direct mechanism wherein methanol is oxidized to CO, without
forming a CO intermediate.’*** They identified the free
energies of OH and CO as being the key descriptors, able to
determine the onset potential for methanol electrooxidation.
On the basis of their work, we estimated the onset potential for
methanol electrooxidation on the Pty;/metal surfaces by
calculating the binding energies and free energies of CO and
OH. Our results show that among the systems studied, the
direct mechanism is preferred energetically and the potential-
determining step is the dehydrogenation of methanol to
hydroxymethyl. The only exception is Pty;/Re(001), wherein
the indirect mechanism is favored slightly; this finding agrees
well with the experimental ones, showing low intensity of CO_4;
band for methanol oxidation on the surfaces. In addition, the
onset potential for methanol electrooxidation correlates well
with the surface strain that affects the binding activities of Pty
Norskov et al. reported that the characteristics of the surface
metal d-bands, particularly the weighted center of the d-band
(e4), play a decisive role in determining surface reactivity.”"*> A
higher-lying &4 characterizes a more reactive surface that tends

to bind adsorbates more strongly and enhances the kinetics of
dissociation reaction producing these adsorbates. A surface with
a lower-lying &y tends to bind adsorbates more weakly and
facilitates the formation of bonds among them. In agreement
with the previous calculations,'®*" we also observed that the
positive- or tensile-surface strain in the metal overlayer tends to
upshift &d in energy and therefore increases the CO- and OH-
binding energy. Pty; /Au(111) and Pty /Ag(111) are the only
two surfaces in our study that display tensile strain compared
with Pt(111) and enhance the reactivity of Pt. The stretched
Pt—Pt bonds induced by the support metals strengthen the Pt—
CO and Pt—OH bonds. For instance, when going from Pt(111)
to Pty /Au(111), the binding of CO and OH is increased,
respectively, by 0.4 and 0.13 eV, and, therefore, the onset
potential for methanol oxidation is lowered by 024 eV
according to the formalism in the previous studies.”> On the
contrary, using, for example, the Cu and Pd supports that
introduce compression to Pty results in a lower activity than
Pt(111). The DFT-predicted trend in reactivity agrees well with
the experimental observations, showing in decreasing sequence,
Pty /Au(111) > Pt(111) > Pty /Pd(111) > Pty /Ir(111) >
Pty /Rh(111) > Pty; /Ru(0001); Pty /Au(111) displays the
highest activity, where Pty is stretched by over 4% and exhibits
enhanced reactivity in the dehydrogenative adsorption of
alcohol molecules (Pt—CO) and the dissociation of water
(Pt—OH formation). That is, the strain effect due to the Au
support results in a Pt with moderate activity being able to bind
the adsorbates strongly enough to activate methanol, yet weakly
enough to prevent CO poisoning and allow the formation of
CO,.

Finally, to demonstrate the generality of the behavior found
with single-crystal surfaces, we designed several Pty; nano-
catalysts comprising Pty; supported on mono- or bimetallic
nanoparticle cores. Figure 4 presents anodic polarization curves
for Pty nanocatalysts and Pt/C during MOR and EOR. The
activity for both reactions increases in the order of Pty; /Pd/C
< Pt/C < Pty /Au/C. Hence, a qualitatively similar trend is
observed as with single-crystal surfaces; namely, dilated Pty
enhances activity while activity in compressed Pty is
decreased. Pty supported on Pd—Au bimetallic alloy nano-
particles demonstrates an activity in between Pty /Pd/C and
Pty /Au/C, which also suggests that a tunable activity can be
obtained from Pty; by manipulating its lateral strain.
Nanoparticles are generally enclosed by a mixture of (111)
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Figure 4. Electrochemical studies of several Pty nanocatalysts. Positive voltammetric scans for Pt/C and Pty supported on different nanoparticle
substrates in 0.1 M HCIO, containing 0.5 M methanol (a) or 0.5 M ethanol (b) with scan rate 10 mV/s. Insert: Schematic model of Pty

nanocatalysts.
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and (100) planes and have certain surface density of low-
coordinated sites. The size, shape, and structure of nanoparticle
supports can affect the reactivity, selectivity, and stability of
Pty in a complex way.>>>* However, with advanced synthetic
nanotechnology methods, designing suitable nanoparticle
supports with enhancing properties is quite feasible.

In summary, we described Pty catalysts for the electro-
oxidation of alcohol molecules based on a systematic study
involving single-crystal and nanoparticle supports. Oxidation of
methanol and ethanol, the reactions of very high importance for
electrochemical energy conversion in fuel cells, were taken as
examples. Our experimental observations of substrate-induced
change in the reactivity of Pty; fully agree with theoretical
predictions. The results demonstrate the potentiality of fine-
tuning the catalytic property of Pty to fabricate electrocatalysts
with enhanced activity and ultralow Pt content. Furthermore,
the understanding of this system gained from studies of single-
crystal surfaces could be applied successfully to developing
nanoparticle catalysts. On the basis of the unique properties of
Pt monolayer catalysts, namely, an ultralow Pt content, tunable
activity, and selectivity, close to complete Pt utilization, it is
likely that this approach will profoundly affect both future
research and technologies in electrocatalysis of organic
compounds.
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Materials syntheses, experimental details, Cu UPD, electro-
chemical measurements, and IR band assignments. This
material is available free of charge via the Internet at http://
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Methods

Catalysts Syntheses.

Six single crystals Au(111), Pd(111), Rh(111), Ru(0001), Ir(111), and Pt(111) of 8mm in
diameter were obtained from Metal Crystals and Oxides, and the single crystals surfaces were
oriented to better than 0.2°. The surfaces were prepared following standard procedures,' and then
they were mounted in a holder for work in a ‘‘hanging meniscus’’ configuration or into the FTIR
cell. Quality of single crystal surfaces were examined by cyclic voltammogram and a Pt
monolayer was deposited by displacing an underpotentially deposited Cu monolayer layer on

single crystal surfaces (further details in Fig. S1).

Commercial carbon-supported nanoparticle catalysts Pt/C, Au/C and Pd/C were obtained from
ETEK. PdoAu, alloy nanoparticles was synthesized using wet impregnation of XC-72 carbon by
Pd and Au chlorides, dried, and reduced using NaBH, solution. Pty was deposited on Au/C,

Pd/C and PdyAu,;/C by galvanic displacement of a Cu UPD layer.
Electrochemical Measurements.

All electrochemical measurements were carried out under room temperature. Current density
data were reported with surface area normalized in terms of the electrochemical active surface
area (ECSA) that was determined by the charge of stripping one Cu UPD monolayer on Pt(111)
or Pty (assuming 480 uC/cmzpt). The potentials given in this paper were referenced to that of

the Ag/AgCl electrode.

IRRAS.



In situ IRRAS studies were carried out with a Nicolet Nexus 670 Fourier-transform infrared
(FTIR) spectrometer equipped with a mercury cadmium telluride (MCT) detector cooled with
liquid nitrogen. An unpolarized light beam was used. The spectral resolution was set to 8 cm™
and 128 interferograms were together added to each spectrum. Spectra are given in absorbance
units defined as A = -log(R/Ry), where R and R, represent the reflected infrared intensities
corresponding to the sample and reference single-beam spectrum, respectively. The reference
spectrum was collected at 0.1 V in the same solution (0.5M methanol or ethanol in 0.1M HCIOy).
Ptmi/Au(111) electrode was employed in IRRAS study. A ZnSe hemisphere was used as the

infrared window.
DFT calculation.

DFT calculations were conducted using DM013,2’3 which utilized the effective core potentials,
double-numerical basis set with polarization functions and GGA-PW91 for the exchange and
correlation functional.* A global orbital cutoff of 5.5 A was used. Brillouin-zone integrations
were performed on a grid of 4x4x1 Monkhorst-Pack special k-points. The metal surface was
modeled by a four-layer slab with a (2x2) unit cell respectively, which was separated by enough
vacuum space. The bottom two layers of atoms were fixed in their optimized bulk positions

while the other layers were allowed to relax with the adsorbates.



Fig. S1. Preparation of Pt monolayer catalysts: voltammetry curves for the underpotential deposition of
Cu on single crystal surfaces in 0.05 M H,SO,4 with 0.05M CuSOy, and for the respective single crystal

surface in 0.1M HCIOg4; sweep rate 10 mV/s. (a) Au(111); (b) Pd(111); (¢) Ir(111); (d) Rh(111); (e)
Ru(0001).
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Fig. S2. Cyclic voltammogram of all catalytic surfaces (viz. Pt(111), Pty /Au(111), Pty /Pd(111),
Pty /Ir(111), Pty /Rh(111), and Pty /Ru(0001)) during MOR (a) and EOR (b) in 0.1M HClO, containing

0.5M methanol or 0.5M ethanol with a sweep rate of 10mV/s.
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Fig. S3. Cyclic voltammetry curves of a Pt monolayer on a Au(111) surface (Pty;/Au(111)) obtained by

galvanic displacement of the Cu monolayer, a Pt monolayer on a Pd(111) surface (Pty/Pd(111)) and a

Pt(111) surface. The electrolyte solution is 0.1 M HC1O, and the sweep rate is 10mV/s.
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Table S1. In Situ IRRAs spectra band assignments*

Wavenumber/cm™ Assignment

2343 CO, asymmetric stretching

2090 CO linear bonding

1705 C=0 stretching of CH;CHO and CH;COOH in solution
1620-1635 C=0 stretching of adsorbed acetaldehyde and acetyl
~1598 H-O-H deformation of adsorbed water

1396-1410 0-C-O stretching of adsorbed acetate

~1350 CH plane bending of adsorbed acetate

1280 C-O stretching of CH;COOH in solution

1368 CHj; symmetric deformation and C-H wagging in CH;CHO
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