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B INTRODUCTION

ABSTRACT: The promotion of the electrocatalytic ethanol oxidation
reaction (EOR) on extended single-crystal Pt surfaces and dispersed Pt
nanoparticles by Sn under acidic conditions is well known. However, the
correlation of Sn coverage on Pt nanoparticle electrocatalysts to their size has
proven difficult. The reason is that previous investigations have typically relied
on commercially difficult to reproduce electrochemical treatments of prepared
macroscopic electrodes to adsorb Sn onto exposed Pt surfaces. We
demonstrate here how independent control over both Sn coverage and
particle size can yield a significant enhancement in EOR activity in an acidic
electrolyte relative to previously reported electrocatalysts. Our novel approach
uses electroless nanoparticle synthesis where surface-adsorbed Sn is intrinsic to
Pt particle formation. Sn serves as both a reducing agent and stabilizing ligand,
producing particles with a narrow particle size distribution in a size range
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where the mass-specific electrocatalytic activity can be maximized (ca. 1—4 nm) as a result of the formation of a fully developed
Sn shell. The extent of fractional Sn surface coverage on carbon-supported Pt nanoparticles can be systematically varied through
wet-chemical treatment subsequent to nanoparticle formation but prior to incorporation into macroscopic electrodes. EOR
activity for Pt nanoparticles is found to be optimum at a fractional Sn surface coverage of ca. 0.6. Furthermore, the EOR activity is
shown to increase with Pt particle size and correlate with the active area of available Pt (110) surface sites for the corresponding
Sn-free nanoparticles. The maximum area- and mass-specific EOR activities for the most active catalyst investigated were 17.9
UA/cm?p, and 12.5 A/gp,, respectively, after 1 h of use at 0.42 V versus RHE in an acidic electrolyte. Such activity is a substantial
improvement over that of commercially available Pt, Pt—Sn, and Pt—Ru alloy catalysts under either acidic or alkaline conditions.

(e.g., the relative distribution of (111), (110), and (100) sites

Direct ethanol fuel cells (DEFCs) offer the potential of the
high-energy-density production of electricity. Compared to
hydrogen, ethanol is attractive as a portable fuel source for
many reasons: (1) an energy density of 8.1 compared to 0.42
kW h/kg for hydrogen and 6.1 for methanol;' (2) liquid
transportation and storage at ambient pressure as opposed to
the pressurized gas requirements of hydrogen; and (3) the
potential to use bioderived sources such as sugar cane. A
continuing challenge to the commercialization of DEFCs is the
sluggish ethanol oxidation reaction (EOR) due to the difficulty
of cleaving the C—C bond on precious metal Pt catalysts.” The
Pt surface can also become rapidly contaminated with adsorbed
CO (CO,4) and other intermediates during oxidation.
Acetaldehyde is the chief partial oxidation product on Pt-only
catalysts, which can irreversibly bind to the catalyst surface and
poison further reaction.”® Furthermore, the sulfuric acid
electrolyte has previously been shown to impede electro-
catalytic oxygen reduction reaction (ORR) activity on the
extended Pt(111) surface,” and this site is hypothesized to
dominate both ORR and EOR activity for dispersed Pt
nanoparticles.4’6 However, a systematic investigation has yet
to be performed on how the Pt nanoparticle surface structure
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on nanocrystalline surfaces) is correlated to EOR activity.
Alkaline conditions and the use of hydroxide anion transport
membranes have attracted increasing interest as a means of
mitigating interference by irreversibly bound surface species in
the case of EOR.” However, more recent work has shown that
electrolyte effects on the ORR activity of dispersed Pt
nanoparticles are not as significant as on extended surfaces.®
Detailed adatom investigations® have demonstrated that this
behavior is due to the fact that highly dispersed Pt
nanoparticles contain disordered surfaces that are incapable of
supporting Pt(111) terraces and that activity is instead
dominated by the presence of Pt(110)-like surface sites. The
degree to which the electrocatalytic activity is inhibited in
sulfuric acid direct ethanol fuel cells due electrolyte adsorption
is therefore uncertain. In addition, the impact of particle size on
EOR under either alkaline or acidic conditions in the presence
of a CO,q4, oxidation promoter (e.g, Sn or Ru) is not presently
known. We wish here to determine how the recently observed
increase in the fraction of Pt(110) sites relative to inactive
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lower-coordination sites with increasing Pt particle size’ is
correlated to EOR activity under both alkaline and acidic
conditions.

Sn has been shown to promote the oxidation of EOR
intermediates at low potentials under acidic conditions by
activating water and thereby keeping the surface free of CO,q,
(e.g., acetaldehyde) on extended Pt surfaces.>'* A great deal of
experimental work concerning the promotional effect of Sn-
containing catalysts for alcohol oxidation has been done on
polycrystalline and basal plane surfaces (both the Pt—Sn bulk
alloy and bulk Pt onto which metallic Sn has been initially
deposited)'' ™' and on Pt—Sn nanoparticle alloys.'>'>'7**73!
The theoretical mechanism of water activation by Sn for CO, 4,
oxidation is well established.”**"**~* Much of the research
investigating the promoting affect of Sn has tended toward the
effect with Sn alloys. However, several authors have investigated
the promoting ability of irreversibly adsorbed Sn on Pt
surfaces.'#'”*%*! Previous investigations of the promotional
effect of irreversibly bound Sn on Pt surfaces for EOR have all
relied on electrochemical Sn adsorption. This contrasts with
our present work wherein surface-adsorbed Sn is intrinsic to Pt
nanoparticle synthesis. By not relying on the postsynthesis
processing of prepared electrodes, our method provides a more
straightforward transition to commercially viable supported
electrocatalysts.

Several reports have appeared that investigate the effect of
SnO, nanoparticles in close proximity to Pt and Pt-M alloy
active sites.”'>*! Some authors have also shown that the use of
ternary electrocatalysts where Pt—Rh alloy nanoparticles are
deposited onto carbon-supported SnO, nanoparticles has led to
the direct oxidation of ethanol toward CO, through C—C bond
cleavage at new active sites in the junction between Pt—Rh and
SnO, nanoparticles.”*'~* The role of SnO, in these studies is
shown to be primarily to keep the surface sites capable of
cleaving the C—C bond free from adsorbed intermediates.**
Optimum EOR activity has been observed as the bulk SnO,
concentration in the nanoparticles is varied in this ternary
catalyst system.*” However, the optimal Sn surface coverage on
dispersed Pt nanoparticle surfaces for EOR activity is not
known. Our work here represents the first step toward
controlling Sn surface coverage on noble metal nanoparticles
to optimize the active site distribution for the removal of
adsorbed intermediates under acidic conditions.

We have recently developed a nanoparticle synthesis method
not previously investigated for EOR that is uniquely suited to
the study of the promotional effect of Sn on the EOR in highly
dispersed Pt systems.”> Our work builds on that by Mukerjee et
al."™'” and Du et al’ to investigate the promotion of CO
removal from the surface of Pt nanoparticles by adsorbed Sn.
Our synthesis involves the stabilization and growth termination
of Pt nanoparticle cores by Coulombic repulsion of the SnCl;~
ligands that remain on the nanoparticle surface following Pt
reduction. The ligands are converted to SnO, in subsequent
chemical washes during electrostatic assembly onto carbon
supports.*>~* We will use this novel electrocatalyst preparation
method to show how systematic control over the underlying
geometric structure of the Pt nanoparticle active site
distribution as well as Sn surface coverage can be used to
optimize the EOR activity.

In our previous work, we have shown how stannous chloride
may be used as both a reducing and stabilizing ligand to form
monodisperse Pt nanoparticles in a stable suspension over a
precisely controlled size range that is critical to optimizing
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nanoparticle mass-normalized electrocatalytic activity for the
oxygen reduction reaction (ORR).**” The synthesis scheme
produces stable particles that span the atomic cluster-to-
nanocrystal transition (ca. 0.5 — 3 nm) with less than a 10%
standard deviation at each particle size. Control is achieved by
simply varying the Sn/Pt ratio during synthesis.***" The
resulting nanoparticles possess high electrocatalytic oxygen
reduction reaction (ORR) activity relative to nanocrystals and
commercial Pt systems™ *’ by maximizing the available
Pt(110) and Pt(311) five-coordinate surface sites.” The
stabilizing ligand can be converted from its chloride form to
its oxide. The oxide has been shown to form labile oxygen
species that have been shown to be responsible for the
electrocatalytic activity of Sn for the methanol oxidation
reaction (MOR) and CO,4, removal.'”

We will demonstrate here why highly dispersed nanoparticles
exhibit significant variations in EOR mass activity with particle
size and Sn content. Optimum Sn coverage will be shown to be
approximately 60% and similar to that in extended single-crystal
surface studies conducted by El-Shafei et al.'® and Sobkowski et
al."” where the Pt(110) surface is hypothesized to be the most
active.*®* However, for the first time in the field, the EOR
activity is correlated with the changing surface distribution of Pt
active sites with increasing particle size under both acidic and
alkaline conditions. The activity will be shown to increase with
the availability of (110) and (311) five-coordinate active sites
relative to that for sites of lower coordination. The synthesis
technique demonstrated here may be extended to a great
variety of noble metal alloys and represents a potential avenue
for developing highly active catalysts for alcohol oxidation in
various electrolytes.

B EXPERIMENTAL METHODS

Pt Nanoparticle Synthesis. The nanoparticle synthesis meth-
0d*™* is analogous to one described originally by Cohen and West
for the synthesis of Pd nanoparticles;*® we briefly describe that method
here. Equal-volume (100 mL) solutions of SnCl, in 7.5 M HCI are
mixed rapidly while boiling with solutions of 0.03 M PtCl, in 7.5 M
HCI. The particles investigated here were synthesized using atomic
Sn/Pt ratios in the synthesis solution of 2.5, 3, and 9. The combined
solutions are boiled under reflux for 1 h, after which time heat is
removed and the nanoparticles are allowed to cool overnight. Both
solutions are deoxygenated with nitrogen (purity plus ultra-high-purity
99.999%) prior to mixing and during reaction. The particle size,
distribution, and colloidal stability are controlled by SnCl;~ ligands
that bond nonspecifically to the surface via the capping effect of the
colloid-stabilizing SnCl;~ ligand. The particle size distribution is
limited to about 10% for all nanoparticles synthesized here as
determined using high-angle annual dark-field scanning transmission
electron microscopy (HAADF-STEM).

LbL Assembly and Pt—C Ink Fabrication. The size-controlled
Pt nanoparticles synthesized here are assembled on a carbon support
using electrostatic assembly**” to make Pt—C inks. These inks are
then cast onto rotating disk electrodes for activity assessment. As a
summary, a cationic polyacrylamide (acrylamide/-methacryloxyethyl-
trimethylammonium-methyl sulfate copolymer, obtained commercially
as Superfloc C-442 from Cytec Industries Inc.) was mixed with a high-
surface-area Vulcan Carbon XC-72 support (Cabot) from a 0.6 g/L
suspension in 0.1 M H,SO,. The materials were mixed and sonicated
for 30 min and then centrifuged and washed three times with DI water
to remove any residual polymer. The polymer-coated carbon was
resuspended in a 50% mixture of IPA and water via sonication. Pt
nanoparticles were added in excess to the resuspended cationic-
polymer-coated carbon and sonicated for 30 min. The sample mixture
was sonicated for 30 min, centrifuged, and rinsed with 0.1 M NaOH
for 10 min. The samples were centrifuged, triply washed with DI
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water, filtered, washed, dried, weighed, and resuspended in a 50% IPA
mixture with Nafion. Pt loadings of samples prior to mixing with
Nafion were determined by electron dispersive spectroscopy (EDS).*’
Some samples have the NaOH rinsing step omitted to determine the
impact of alkaline rinses separately from the supporting procedure. For
the commercial Pt—C catalyst investigated here (TKK), the Pt—C ink
was fabricated according to the method outlined by Gasteiger et al.>'
and Garsany et al.>> with 25% IPA.

Electrochemical Measurements. Several electrochemical assess-
ments of each catalyst were made, including the electrochemically
active surface area (ECA) by proton stripping for electrodes with
different coverages of adsorbed Sn, cyclic voltammetry to determine
the EOR peak potential, and chronoamperometry to determine the
change in EOR activity over time.

Electrochemical Cell. All characterization was carried out in a
standard three-electrode electrochemical cell with a Ag/AgCl reference
electrode (connected via a potassium nitrate salt bridge to the main
electrochemical cell) and a Pt-wire counter electrode. Measurements
were conducted at room temperature. The rotating-disk electrode
assembly, rotator, potentiostat, and software were purchased from Pine
Instruments. Potentials in this article are referenced to the reversible
hydrogen electrode (RHE). Calibration of the Ag/AgCl reference
electrode was done by measuring the proton underpotential
deposition region on an electrochemically cleaned polycrystalline Pt
electrode (0.196 cm?). The characteristic transition from this region to
solvent reduction was placed at 0.05 V versus RHE. Electrodes were
lowered under potential control into the electrochemical cell for each
analysis at 0.2 V versus RHE. All characterization steps occurred with
Pt—C ink electrodes fabricated on glassy-carbon disk electrodes (0.196
cm?). Approximately 20 uL of C—Pt ink was pipetted onto the surface
of a glassy-carbon (GC) rotating disk electrode (RDE) and dried
under nitrogen with rotation at 400 rpm for 30 min.>> Care was taken
to use separate glassware for ECA and EOR assessments to prevent
the contamination of ECA measurements with ethanol.

ECA Measurements by Proton Stripping. C—Pt electrodes
were immersed in nitrogen-saturated 0.5 M sulfuric acid under
potential control at 0.2 V and cycled from 0.05—0.67 at 0.05 V/s until
a stable signal was achieved, ca. 40 cycles. The last sweep was used to
determine the ECA by proton stripping in the presence of surface-
adsorbed Sn. To determine the ECA for the Pt nanoparticles free of
adsorbed Sn, the potential window was increased to 1.1 V and the
electrodes were cycled until a stable signal was achieved. The Sn
coverage, O, could be determined by comparing the Hypp stripping
charge in the 0.05—0.4 V region for Sn-covered and Sn-free Pt
nanoparticle surfaces using eq 1

Q,p,(Sn-covered)
Q,,(Sn-free) (1)

Sn =
where Qp, is the charge determined via Hypp, stripping from the Pt
surface. Determining Sn fraction in this way allows us to determine
specific activities by normalizing the EOR current to the area of
available Pt. This step is frequently omitted in the literature'® but is
nevertheless important for making comparisons between investigations
and modeling kinetic data.*">

The Sn-free proton stripping charge was determined electrochemi-
cally by removing all of the surface-adsorbed Sn by increasing the
potential window used for ECA analysis to strip Sn from the surface
anodically. The potential window was increased in 0.05 V increments
until stable current measurements over several cycles were achieved. In
no case did the potential window exceed 0.8 V for samples where
residual Sn was maintained on the electrode. Fractional Sn coverages
could be induced on the Pt surface electrochemically once the Sn-free
charge had been determined.

EOR Voltammetry and Chronoamperometry Measurements.
New electrodes were made and the Sn coverage was determined using
proton stripping according to the method described above. Electrodes
were then placed into nitrogen-saturated 0.5 M sulfuric acid with 0.5
M ethanol under potential control at 0.2 V and were swept to 0.67 V
and then back to 0.2 at 0.05 V/s to determine the peak potential for

the EOR. Following this sweep, the electrode potential was set to 0.42
V and held constant for 2 h. Electrode ECA was collected after
chronoamperometic measurements to determine if there were changes
in tin coverage. No changes in tin coverage were detected following
EOR activity measurements in the acid electrolyte. An identical
procedure was used to determine the activity in 0.1 M KOH, 0.5 M
ethanol. A significant change in Sn coverage was detected following
EOR in the alkaline electrolyte, as will be discussed.

Chemical Removal of Sn. Nonelectrochemical approaches were
also used to remove surface-adsorbed Sn in order to demonstrate
commercially applicable techniques for tin removal.**** Here, C—Pt
electrodes fabricated on glassy carbon electrodes were exposed for 15
min to concentrated hydrochloric acid, followed by copious rinsing
with DI water. Following chemical exposure, ECA was determined
using the method described above.

Raman Spectroscopy. Raman spectroscopy was used to identify
the chemical composition of Sn in the electrodes. The particles were
precipitated by neutralizing the as-fabricated Sn—Pt nanoparticle
colloidal suspensions with excess NaOH. Then the nanoparticles were
centrifuged and washed with DI water until the rinsate pH was neutral.
All of the samples were dried overnight under vacuum at 100 °C.
Raman spectra were obtained on dried nanoparticle samples for
particles synthesized with different Sn/Pt ratios, namely, 2.5, 3, and 9.
All Raman scattering measurements made use of a dispersive system
(model T 64 000; Horiba, Jobin Yvon Inc.) using 514 nm excitation.
The dispersive system made use of a microscope attachment with an
80X objective bringing laser light to a fine focus (1 pm spot size) and
the scattered radiation detected using a charge-coupled device (CCD)
detector.

Energy-Dispersive Spectroscopy. Pt nanoparticle assemblies in
aluminum pans were analyzed by EDS (EDAX Corp.) in an FE-SEM
(FEI XL-30 System) at the University of Cincinnati Materials
Characterization Laboratory. EDS on the pan control sample exhibited
a nearly 100% aluminum background signal having very low
interference with Pt and Sn peak positions. The catalysts, after being
supported on carbon but before mixing with Nafion, were deposited
onto aluminum pans and attached by conductive carbon tape to a
sample stage. Because the scattering volume penetrates a few
micrometers, the entire thickness of the electrode was analyzed.
Standardless quantitative analysis was performed at a constant
acceleration potential of 15 keV, a working distance of 10 mm, an
amp time of 51.2 ys (to maintain an optimum dead time of 30%), and
a magnification of 200X. The C K-emission intensity was compared to
the Pt M- and Sn L-emission intensities for relative analysis and carbon
loading determination. At least three measurements per sample were
taken.

X-ray Diffraction. X-ray diffraction (XRD) was used to character-
ize the particle size of the commercial nanoparticle sample.
Approximately 1 g of the commercial C—Pt catalyst was packed into
an aluminum holder approximately 1 cm” and 4 mm thick. Scattering
measurements were made on a PW3040 X'Pert XRD station (Phillips)
at the University of Cincinnati Materials Characterization Laboratory
with a wavelength, 4, of 1.54 (Cu Ka). Contributions from the
aluminum holder were absent from XRD patterns of C—Pt samples,
indicating thick sample packing. The 20 range investigated was 30—
90°. Step sizes of 0.2° were used with an exposure time of 10 s at each
step. XRD peaks were analyzed using the well-known Scherrer
equation to determine the volume-averaged particle size D

K4

D=—>"2
fwhm cos 6 (2)

where K is the Scherrer constant (0.89), fwhm is the full width at half-
maximum of the peak, and 6 is the Bragg angle of the [hkl] reflection.
Contributions from particle strain were neglected when determining
the volume-averaged particle size here. However, Leontyev et al.®
demonstrate a method for accounting for the grain strain when
determining the volume-averaged particle size. The data were
processed and the (111) peak was fit using Matlab R2011a with a
three-parameter Gaussian to determine the fwhm and 6.
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Table 1. Nanoparticles Investigated

particle diameter

Sn surface coverage for indicated removal method, 65,

STEM (nm =+ std)® ECAgp e (nm)

C—Pt (Sn/Pt = 2.50) 275 + 021 3.95
C—Pt (Sn/Pt = 3.00) 172 £ 0.12 222
C—Pt (Sn/Pt = 9.00) 0.6 1.61
Vulcan C—Pt (TKK) 5.51° 5.10

e-chem® HCI? e-chem NaOH* water’
0 0.36 0.60 0.85 ~0.99
0 0.34 0.58 0.86 ~0.99
0 0.35 0.56 0.84 ~0.99
0 N/A N/A N/A N/A

“+1 standard deviation. “Determined from fits to XRD. “Tin removed by potential electrode cycling. “Tin removed by concentrated electrode
washing. “Tin removed by NaOH during support. FTin removed by water washes only during support.

B RESULTS AND DISCUSSION

Nanoparticle Synthesis and Particle Size Character-
ization. The particle size was measured using ex situ HAADF-
STEM and was compared to in situ size estimates from ECA
analysis where an average spherical geometry was assumed.
HAADF-STEM imaging for the noncommercial Pt nano-
particles synthesized has been reported previously.”*’ The
particles investigated here represent three nanoparticle
structures previously described, namely, atomic clusters,
amorphous transitional nanoparticles, and single-crystal nano-
particles. Sizes were determined from measurements of at least
100 particles in high-magnification HAADF-STEM images and
are presented in Table 1. Differences in particle size between
STEM/XRD and ECA results could be caused by irregular
geometries or by small amounts of agglomeration caused by
electrochemical cycling.

Chemical Composition of Sn Following Electrostatic
Assembly. The chemical state of the adsorbed Sn was
examined at various stages of chemical washing that occur
during the process of supporting the nanoparticles on carbon.
The nanoparticles were first examined following their
precipitation with excess NaOH. The carbon and binding
polymer were omitted in order to determine the chemical
composition of Sn using Raman spectroscopy without
interference from the support. The precipitated nanoparticles,
when dried, formed small flakes that were suitable for dispersive
Raman spectroscopy. The results are shown in Figure 1.

The observed line shapes of Figure 1 for the Sn ligand are
consistent with nanometer-sized particles of crystalline SnO,
(c-SnO,) but with a relative increase in the contribution of
surface modes. The weak, broad nature of the vibrational
features observed in Figure 1 suggests 2D-like structure for the
adsorbed SnO, consistent with its ligand nature. The reference
spectra have been included to show how the A;; mode for the
ligand is red-shifted versus bulk c-SnO,. The red shift in the A,
mode is compared in Figure 1 to those reported for bulk c-
SnO, (>100 nm particle size) and for smaller SnO,
nanoparticles (<S0 nm particle size). One notes that as the c-
SnO, particle size diameter, D, decreases from 100 to 4.5 nm,
the vibrational modes of the rutile SnO, phase (473, 633, 694,
and 775 cm™") steadily red shift and broaden with a consequent
decrease in the scattering strength. The trend is consistent with
the known phonon dispersion curves (w(k)) that show a
decrease in mode frequency, @, with an increase in the wave
vector, k, of excitation. In bulk ¢-SnO,, one probes the zone
center phonons (i.e., k — 0 limit) because the diameter is much
greater than the lattice constant, ca. 0.35 nm.”” However in the
smaller nanoparticles and the SnO, ligand on the Pt
nanoparticles, one samples a steadily larger wave vector, k =
27/D, with the result that one observes a red shift and mode
broadening. In addition, the relative contribution of surface
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Figure 1. Dispersive Raman spectroscopy of precipitated Pt
nanoparticles following washing in NaOH. The different Pt nano-
particle sizes are indicated by the Sn/Pt ratio in the synthesis solution:
2.5 (blue), 3.0 (green), and 9.0 (red). Reference spectra (black) have
been included for different SnO, nanopowders investigated by Abello
et al,*® where the nanoparticle size is given. Some volume mode peaks
for crystalline SnO, are also labeled. The wavenumber ranges where
surface and volume modes have been determined®® are indicated. The
relative contributions of the surface modes increase with decreasing
SnO, nanopowder size. In addition, surface modes dominate the
Raman spectra of the SnO, ligand on the Pt nanoparticle. The
presence of the A;; mode at ca. 633 cm™! for the SnO, ligand suggests
a tetragonal structure but is red-shifted and broadened versus
crystalline SnO,, as discussed in the text.

modes®® (ca. 500, 560, and 585 cm™') increases in relation to
the A}, mode at ca. 633 cm™". This is consistent with a large
increase in the surface-to-volume ratio of the SnO, ligand on
the Pt nanoparticle.

EDS data were collected on the supported Pt—C after
electrostatic assembly and washing in NaOH to determine the
Pt loading to look for residual contaminants such as Cl and Na
and to corroborate the data from Raman spectroscopy. The
relative loading was determined by comparing the Pt and C
weight fractions determined from the K and M lines,
respectively (Figure 2). The data indicate the complete removal
of Cl with the distinct absence of the Cl Ka line at ca. 2.6 keV.
The Pt M line increases with increasing particle size and is
consistent with our previous work on the use of a cationic
binder to assemble Pt nanoparticles on carbon electrostati-
cally.*” The Sn/Pt ratio increases with decreasing particle size
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Figure 2. EDS results for the different supported nanoparticle catalysts
investigated following the support on carbon and washing but prior to
mixing with Nafion to form catalyst inks for the different particle sizes
as indicated by the Sn/Pt ratio in the synthesis solution: 2.5 (blue), 3.0
(green), and 9.0 (red). The Pt peak increases with increasing particle
size whereas the Sn peak increases with decreasing particle size. Both
behaviors are consistent with electrostatic assembly with a surface-

adsorbed Sn ligand.

as would be expected with the increase in the mass-specific
surface area of the catalyst if Sn were a surface ligand.

Electrochemical Measurements of ECA, Sn Coverage,
and EOR. Several electrochemical measurements were taken
for various electrodes to determine the fractional Sn surface
coverage, the EOR activity via chronoamperometry, and the
EOR peak position and shape via cyclic voltammetry. The
different electrodes investigated are listed in Table 1 on the
basis of the fractional Sn surface coverage. Sn coverages are
listed in the table as determined from integrating the Hypp
region and using eq 1. Proton stripping voltagrams are shown
in Figure 3. The proton stripping behavior for Sn-covered
surfaces are similar to other reports of the electrochemical
removal of Sn from Pt surfaces."”*® A broad range of fractional
Sn surface coverage was achieved. By limiting the scanning
potential to 0.67 V during ECA, the scans were stable for 100
cycles, indicating no loss in surface Sn during cycling. In
addition, scans taken following EOR measurements were
identical to those taken before indicating an undetectable loss
in surface Sn and the recovery of the Pt active area from CO, g4
removal.

Chronoamperometry data (current density vs time measure-
ments) were collected to investigate the ability of the Sn-

covered Pt nanoparticles to resist surface poisoning by CO g,
Results are shown in Figure 4. The current drops immediately
after measurement begins and decreases over time. Surface
kinetic processes control the EOR at 0.42 V because the
potential is far from that needed to achieve diffusion-limited
currents. Losses in current over time are therefore related to
surface contamination by CO,4. Table 2 gives the area- and
mass-specific activities at 1 h.

All of the Sn-covered catalysts investigated exhibit dramat-
ically enhanced performance versus the Pt-only commercial
catalyst. The performance of the experimental catalysts
exceeded those of commercial alloy catalysts (Pt—Ru, Johnson
Matthey) and Pt—Sn alloy catalysts from literature reports.’
The data in Table 2 illustrate a wide range of activities based on
the Sn coverage with a maximum mass-averaged activity
occurring with a fractional Sn surface coverage of about 0.6 in
acidic electrolyte. The results for alkaline electrolyte are for Sn-
free surfaces only because the adsorbed Sn ion was not stable
and was removed from the surface after 1 h during
chronoamperometry measurements. Each particle exhibited
less than 5% Sn coverage at the end of the measurement.
Attempts were not made to stabilize the Sn on the nanoparticle
surface in alkaline electrolyte. The area-specific activity is
compared to that of the best-performing Pt-only and Pt—Sn
electrocatalysts under acidic and alkaline conditions in the bar
chart of Figure S as a function of size. Except for the smallest
nanoparticles, the area-specific activity of the custom-
synthesized catalysts outperforms that of the commercial
control catalyst in every case.

A comparable optimum Sn coverage was observed by El-
Shafei et al.'® on extended Pt(110) surfaces with adsorbed Sn
whereas substantially lower maxima were observed with an
optimum surface coverage of ca. 0.25 on (100) and (111)
surfaces. Such similarity to our results suggests that our
nanoparticle catalysts are dominated by Pt(110) active sites.”
The Sn-free catalysts investigated here had surfaces nearly free
of (111) surface terraces as determined by in situ electro-
chemical adatom studies. Instead, an increase in the fraction of
five-coordinate (110) sites has been observed with increasing Pt
nanoparticle size, and this may help explain the particle size
effect observed in Figure S. Attempts were made in the present
work to use adatom stripping to determine the contributions
from the various crystal facets on Pt in the presence of Sn.
However, interference from the Sn stripping prevented the
quantification of basal plane active sites, whereas weak stripping
features from proton desorption prevented peak deconvolution
by Lorentzian curve fitting.>®
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Figure 3. Electrochemical proton stripping behavior of the different catalysts in nitrogen-saturated 0.5 M sulfuric acid at several different average Sn
surface fractions for the three different types of nanoparticles investigated: 0 (blue), 0.35 (green), 0.58 (yellow), 0.85 (orange), and 0.99 (red).
Different particle sizes indicated by the Sn/Pt ratio in the synthesis solution: (a) 2.5, (b) 3.0, (c) and 9.0. The proton stripping behavior suggests that
Sn is stripped uniformly from the surface as indicated by the fairly uniform increase in ECA with decreasing Sn coverage.
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Figure 4. Chronoamperometry response in nitrogen-saturated 0.5 M ethanol, 0.5 M sulfuric acid at 0.42 V collected over 2 h at several different
average Sn surface fractions: 0 (blue), 0.35 (green), 0.58 (yellow), 0.85 (orange), and 0.99 (red) as well as different particle sizes indicated by the
Sn/Pt ratio in the synthesis solution: (a) 2.5, (b) 3.0, and (c) 9.0. The performance of the commercial data have been omitted for clarity.

Table 2. Area- and Mass-Specific Activities at 1 h Determined Using Chronoamperometry at 0.42 V

area-specific activity (uA/cm?p,)

mass-specific activity (A/gp,)

avereage Sn coverage: 0 0.35 0.58 0.85 ~0.99 0 0.35 0.58 0.85 ~0.99
Acidic Electrolyte
C—Pt (Sn/Pt = 2.50) 1.73 15.0 179 13.9 2.37 1.20 10.4 124 9.62 0.79
C—Pt (Sn/Pt = 3.00) 142 5.84 8.31 5.39 1.82 1.69 6.97 9.91 6.44 0.95
C—Pt (Sn/Pt = 9.00) 1.12 2.71 3.50 1.51 0.38 1.72 4.16 5.37 2.32 0.38
commercial C—Pt 1.89 1.02
Alkaline Electrolyte
C—Pt (Sn/Pt = 2.50) 6.64 4.60
C—Pt (Sn/Pt = 3.00) 3.67 438
C—Pt (Sn/Pt = 9.00) 177 271
commercial C—Pt 3.16 1.70
16 . Bin 0.6 H,S0, — ' 7 0.46 diThe observed particle size behavior is consistent with a new
[ O, 0 0.1M KOH adlayer surfa_ce mc.)deI’ that we 'hav_e developed on th_e basis of
[ O, 058 n 0.5M H,SO, our adatom investigations that indicate that nanoparticles have
% 121 77 Adatom (110) SAD Data loar © disordered surfaces dominated by (110) and (311) five-
& S coordinate active sites.” Current data at 1 and 2 h measured
< 2 in acidic electrolyte at several Sn coverages is shown in Figure
2 @ 6. The SAD of Pt(110) sites is used to determine the active
£ 9 7 10382 surface fraction in Figure 6b. The active area was determined by
< :E’ multiplying the Sn-free area of the catalyst surface determined
:§ g using proton stripping with the SAD of Pt(110) sites. There is a
& 4t 1034 B correlation between the active area based on available Pt(110)
sites and EOR activity.
I The particle size effect is further evidenced by a close
% examination of the peak potential obtained during cyclic
0 1.6 22 3.9 03 voltammetry during ethanol oxidation in an acidic electrolyte.
Particle Size

Figure 5. Comparison of area-specific activity (left) determined from
chronoamperometry at 2 h for the best-performing catalysts under
acidic and alkaline conditions with respect to Sn-free Pt nanoparticles
in acid. Groups are labeled. The activity improves with increasing
(110) surface fraction (right) as discussed in the text. (ECA particle
sizes are used.)

It should be noted that the surface energy of the Pt
nanoparticles may be changed as a result of Sn adsorption, and
one cannot preclude distortion of the underlying (110) active
site. However, the predominance of (110)-like surface actives
sites in acidic electrolyte where adsorbed Sn is stable is
supported by the similar behavior observed on extended single-
crystal electrodes.'® The surface-averaged distribution (SAD) of
Pt(110) sites for the particle sizes investigated is shown in
Figure $, and the corresponding ECA data is given in Table 1.
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The peak potential for EOR was compared to the work of Du
et al.’ The EOR results are shown in Figure 7 for the different
electrodes investigated in both acidic and alkaline electrolytes.
These results indicate a peak potential appearing at ca. 0.55 V
for the several electrodes investigated in acidic electrolyte. A
similar peak potential was not detected in the potential range
investigated in alkaline electrolyte; however, the comparison of
the data indicates a particle size effect in alkaline electrolyte and
a reason for electrolyte-dependent performance differences
consistent with literature reports***’ for the catalysts when
chronoamperometry data are collected at 0.42 V. The similar
shape of the peak between electrodes at the several Sn surface
fractions in acidic electrolyte suggests the formation of the same
product. By comparing to the results given by Du et al, the
most likely product is acetaldehyde, which suggests that the
oxidation is incomplete and the C—C bond is not broken.

A more detailed analysis of the EOR peak positions as a
function of particle size in acidic electrolyte for the catalysts
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Figure 6. (a) Chronoamperometric area-specific activity of the catalysts synthesized here at 1 h (solid) and 2 h (dotted) in an acidic electrolyte for
several particle sizes indicated by the Sn/Pt ratio in synthesis solution [2.5 (blue), 3.0 (green), and 9.0 (red)] as a function of Sn surface fraction. (b)
The area specific activity at 1 h from part a plotted as a function of the active area determined by multiplying the Pt area (1 — 65,) by the SAD(110)
area measured on Sn-free Pt surfaces for several particle sizes indicated by the Sn/Pt ratio in the synthesis solution: 2.5 (blue), 3.0 (green), and 9.0
(red). The results indicate a strong correlation between the active area and area-specific activity as well as a variation with the Sn surface fraction. The
maximum activity occurs at a Sn surface fraction of about 0.6 for all of the catalysts investigated.
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Figure 7. Cyclic voltammetric current response in nitrogen-saturated
0.5 M ethanol, 0.5 M sulfuric acid (solid lines) or 0.1 M KOH (dashed
line) with a 0.05 V/s sweep rate at the optimum average Sn surface
fraction of 0.58 in acidic electrolyte or Sn-free for alkaline electrolyte
for the different particle sizes as indicated by the Sn/Pt ratio in the
synthesis solution: 2.5 (blue), 3.0 (green), and 9.0 (red). The
contribution of capacitive currents in ethanol-free electrolyte has been
subtracted from the data presented here.

synthesized here indicates that the peak shifts to more anodic
potentials as the particle size is reduced. The surface process
captured by the peak in the CV data is the oxidation of
acetaldehyde to acetic acid in the presence of adsorbed Sn.>>’
The peak current response is dependent upon the concen-
tration of the adsorbed intermediate, and the peak location is
an indicator of how easily the CO,4, intermediates are hydrated
and removed from the surface. The shift in the peak to lower
potentials as the particle size increases indicates that surface
poisoning is mitigated.”>*"**** Such a shift may be due to an
optimization of the surface site proximity between the Sn that
activates the water and the Pt location where the acetaldehyde
binds to the nanoparticle surface. Alternatively, the smallest
particles have a high proportion of low-coordination edge and
corner sites that may more strongly bind the CO,4 to the
surface, preventing their oxidation by the adjacent OH,4,
molecules until a sufficient anodic potential is achieved. This
could be the source of the particle size effect observed in Figure

6.
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The shape of the current response in alkaline electrolyte
indicates a similar particle size effect that can be attributed to
the same surface active site optimization responsible for the
particle size effect in acidic electrolyte. However, under alkaline
conditions, the half-wave potential for ethanol oxidation is not
shifted to sufficiently anodic potentials to outperform the
catalyst under acidic conditions at 0.42 V because of
fundamentally different reaction mechanisms in the presence
of surface-adsorbed Sn in acidic electrolyte and Sn-free surfaces
in alkaline electrolyte. The particle size effect is not frequently
reported in the literature for ethanol oxidation in alkaline
electrolyte.’ To the best of our knowledge, this is the first time
that the particle size effect is attributed to a particular surface
active site distribution determined in situ that is predominately
stepped. Significantly, it has been demonstrated that the onset
potential on stepped surfaces of ca. 042 V versus RHE is
similar to the results demonstrated in Figure 7 for both acidic
and alkaline catalysts.*> Figure 5 shows that whereas Pt-only
catalysts perform better under alkaline conditions at 0.42 V, the
best EOR performance is achieved by the optimized Pt—Sn
catalysts under acidic conditions.

Proposed Surface Model. Electrochemical stripping or
chemical washing of Sn from Pt has been shown here to yield a
systematic increase in the Hypp area over the range of 0.05—0.4
V for all nanoparticle sizes investigated. In addition, the Raman
data analysis shows emission spectra consistent with thin shells
of Sn presumed to be on the surface of the Pt catalyst as
evidenced by its surface active site blocking effects measured
during Hypp ECA determination. These observations are
consistent with the uniform bonding of Sn on the Pt core. Such
nonspecific interaction of the Sn ligand with the Pt core surface
suggests that Sn can be uniformly stripped without preference
for a particular EOR active site. This explains why we were able
to observe a correlation between increasing nanoparticle size
(with an associated increasing fraction of (110) sites on Sn-free
Pt) and EOR activity across all Sn fractions investigated (Figure
5). Such uniform Sn removal also explains why the area-specific
EOR activity of the surface exhibits a maximum with a
fractional Sn surface coverage consistent with single-crystal
Pt(110) data (a value of about 0.6).

A uniform surface site preference for adsorbed Sn can also be
assessed from its stripping behavior as well as from the
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Figure 8. Pt(110) extended (top) or nanoparticle (bottom) surfaces with adsorbed Sn (blue). (a) 30, (b) 60, and (c) 90% Sn coverage on the
extended Pt(110) surface. (d) 30, (e) 60, and (f) 90% Sn coverage on a 1.88-nm-diameter Pt nanoparticle surface with a high surface fraction of
(110) sites developed using a new adlayer model. Sn has been packed as FCC Pt but at random surface locations. Surface fractions are approximate.

adsorption behavior of protons in the presence of Sn. Both
reveal that Sn binds nonspecifically to the surface, in agreement
with EXAFS data that we have recently collected.’" First,
anodic stripping of Sn from Pt surfaces occurs at ca. 0.6 V in
acidic media with no systematic difference in stripping potential
depending on the crystal plane.'””'® Second, during Sn
stripping the proton desorption 9pealks increase uniformly in the
potential range of 0.05—0.4 V.'*??

Several authors have described the preferential adsorption of
Sn to terrace hollow sites on Pt basal planes'" or to trough sites
on steps in the case of extended surfaces.'®'® To reconcile
these observations with the nonspecific Sn removal observed in
our present study, we postulate that Sn adsorbs uniformly on
the surface at trough sites, at terrace hollow sites, and on low-
coordination edge and corners consistent with FCC packing
(ie, not at bridge locations). Figure 8a—c shows Sn atoms
distributed randomly over an extended Pt(110) surface whereas
Figure 8d—f shows Sn atoms distributed randomly over the
surface of a Pt surface dominated by (110) and (311) planes.
This model accounts for the structure-sensitive (Pt(110)
fraction-dependent) catalytic activity that has been observed
on these materials as a result of the uniform removal of Sn
atoms from the surface.

B CONCLUSIONS

A unique method for producing Pt nanoparticles with a
uniform adsorbed layer of Sn has been used here independently
to investigate the impact of Sn surface coverage and the
underlying active site distribution on electrocatalytic EOR. Sn
serves as both a reducing and stabilizing agent and thereby
permits the fine discrimination of particle size and the
associated active site distribution at the onset of nanoparticle
formation of ca. 1—3 nm. Our work was motivated by a need to
understand the impact of both the Sn promoter coverage and
the particle size in dispersed nanoparticle systems as a means of
optimizing the EOR under acidic and alkaline conditions.
Using Raman spectroscopy, we have demonstrated that Sn
forms a uniform thin shell of 2D SnO, on the Pt surface. The
oxide is known to promote the oxidation of CO,4 and facilitate

its removal from the Pt surface. This is primarily achieved by
the oxidation of acetaldehyde to acetic acid. The CV results
suggest that the oxidation product is acetic acid. Overall, the
system investigated demonstrates remarkable ethanol oxidation
activity versus Pt-only catalysts and Pt—Sn catalysts previously
reported in the literature. We have achieved a significant
systematic alteration of both mass-specific and area-specific
activity with particle size (active site distribution) and Sn
coverage. The results indicate that the optimum fraction
coverage of Sn on Pt nanoparticles for alcohol oxidation is
approximately 0.6 and that the EOR activity increases with
particle size. The active site on the particles is associated with
five-coordinate Pt(110) and Pt(311) on the basis of
comparison with single-crystal data and active site determi-
nation on Sn-free Pt nanoparticles. The resultant electrocatalyst
has a substantially higher EOR activity under acidic conditions
than either bi- or trimetallic commercial systems or Pt-only
catalysts under alkaline conditions. This result indicates that the
mitigation of intermediate poisoning is more important to
optimizing EOR activity on Pt nanoparticle catalysts than the
type of electrolyte employed.
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