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(A,B) TEM images of as-synthesized Rhy sPd s and Pty sPdy s nanoparticles
deposited on a copper TEM grid. (C, D) Synchrotron-based XPS depth
profiling of the Rhy sPdy s and Pty sPdy s nanoparticles. It is apparent that

both nanoparticles had a core-shell architecture. (E, F) The influence of

gas atmosphere (NO = oxidizing; NO + CO = reducing) on the surface
composition of the Rhy sPdy s and Pty sPd s nanoparticles. Adapted from

(Tao, et al., 2008). .....ooeoiieeiie ettt e e e e e e sreeeeabeeenseeenaeeenees 20

(A) Transmission electron microscopy image of 5.3 nm cobalt nanoparticles
which were supported on a Au foil to create a 2D model catalyst for XAS
studies. (B) Particle size distribution of 5.3 nm (mean size) Co nanoparticles.

(C, D) Co L-edge spectra of cobalt nanoparticles deposited over Au foils
acquired in-situ during exposure to pure hydrogen at the stated temperatures.
Particle diameters are (C) 3 and (D) 10 nm. (E, F) Co L-edge spectra for (E)
cobalt foil and (F) 3 nm Co nanoparticles during treatment with CO or syngas
(Hz + CO) at the stated temperature. Adapted from (Herranz, et al., 2009). .....22

(A) Transmission electron microscopy (TEM) image of the cubic Pt
nanoparticles supported on a carbon-copper TEM grid. (B) Schematic of in-situ
SFG reaction cell showing a monolayer of PVP-capped Pt nanoparticles
deposited onto a single-crystal sapphire prism by a LB technique. The
spectroscopy cell operates as a recirculating batch reactor. A gas
chromatography (GC) system, incorporated in the recirculation loop, is used for
periodic sampling of the gas-phase composition. (C) SFG spectra (ssp
polarization) of a monolayer consisting of PVP-capped Pt nanoparticles exposed
to CO at 295 K before (black squares) and after (red circles) oxidation in O, at
373 K for 3 h. Oxidation resulted in the removal of a significant fraction of the
capping polymer, affecting the position and intensity of the CO peak. (D)
Square root of the atop CO peak intensity in the SFG spectrum (ssp polarization)
of a monolayer consisting of PVP-capped Pt nanoparticles vs time under flowing
O, at (black squares) 338 K, (red circles) 351 K, (blue triangles) 361 K, and
(green upside-down triangles) 373 K. (E) Arrhenius plots of CO oxidation
measured by the first-order exponential decay of the SFG intensity of the atop
CO peak (blue triangles) and the accumulation of CO, in the gas phase
determined from GC measurements (black squares). The apparent activation
energies calculated by the two independent methods are in good agreement

with each other. Adapted from (Kweskin, et al., 20006). .......cccceeveeriiininnennen. 24

(A) Scanning electron microscopy (SEM) image of 90 nm cubic Ag
nanoparticles deposited on a Si wafer. (B) SEM image of 125 nm Ag
nanowires deposited on a Si wafer. Inset is schematic image of the pentagonal
nanowires. The ends of the nanowires are composed of (111) oriented surfaces,
while the sides are composed of (100) surfaces. (C) The influence of particle
size and shape on the selectivity to EO at various partial pressures of O,. The
reaction was conducted at 510 K under differential reactor conditions (2-4%
conversion). (D) The selectivity to EO as a function of time for 350 nm
nanocubes with 2 ppm vinyl chloride added to the feed. The reaction conditions
were Poy/Pehyiene ratio of 3 and a temperature of 510 K. The steady-state
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Figure 2.14

Figure 2.15
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ethylene conversion was 3 %. (E) Potential energy surfaces for transformation
of OMC to AC and EO on Ag(111) (a) and Ag(100) (b). Energies are
referenced to O,gs and ethylene,) (c) OMC on Ag(111), (d) EO transition state
on Ag(111), (e) AC transition state on Ag(111). Adapted from (Christopher, et
al., 2008; Christopher, et al., 2010). .......coociieriiieiieeieeeeeee e 26

TEM images of (A) TTAB-stabilized cubic Pt nanoparticles and (B) TTAB-
stabilized cuboctahedral nanoparticles. The size distribution of (C) TTAB-
stabilized cubic particles (average size: 12.3 + 1.4 nm, 79% cubes, 3% triangles,
and 18% irregular shapes) and (D) size distribution of TTAB-stabilized
cuboctahedral particles (average size: 13.5 &+ 1.5 nm, 90% cuboctahedra and
10% irregular shapes). (E) Turnover rates of cyclohexane (C¢H,2) and
cyclohexene (CgHjo) formation on TTAB-stabilized cubic and cuboctahedral Pt
nanoparticles. Reaction conditions are 10 Torr C¢Hg, 100 Torr Hy, and 650 Torr
Ar. (F) Turnover rates of C¢Hj, and C¢H;o formation on Pt(100) and Pt(111)
single-crystals. Reaction conditions are the same as those reported in (E).
Adapted from (Bratlie, et al., 2007). ...cc.cocuieriieiiieieeiieie e 27

(A) TEM images of catalysts comprised of cubic platinum nanoparticles loaded
onto a silica xerogel and calcined at different temperatures up to 575 K. (B)
Statistical analysis of the size and shape of the supported cubic-Pt nanocatalysts
derived from TEM pictures such as those shown in (A). Narrow size
distributions with an average nanoparticle size of 5.0 nm were obtained in all
cases irrespective of the oxidation temperature used. In terms of shape, only
approximately 60% of the nanoparticles supported on the silica are cubic, but
most of those retained their shape upon oxidation to temperatures of up to 575
K. (C) Selectivity for the conversion of cis- (left columns in each pair) and
trans- (right columns) 2-butenes on dispersed cubic (left panel) and tetrahedral
(right) platinum nanoparticles as a function of reaction temperature. Adapted
from (Lee, et al., 2010). ...c..oeeiiiieeiiieeiiee et 28

(A) Calculated energy diagrams for CO methanation over nickel, ruthenium

and rhenium. Only the highest of the activation barriers for hydrogenation of

C and O are included. (B) Bronsted—Evans—Polanyi relation for CO dissociation
over transition metal surfaces. The transition state potential energy, E,, is
linearly related to the CO dissociation energy. (C) The corresponding

measured volcano-relation for the methanation rate. (D) Pareto plot of the
activity measure AEgiss(M)=|E4iss(M)—Eiss(optimal)| and the cost for 117
elemental metals and bimetallic alloys of the form AyB;x (x =0, 0.25, 0.50, 1).
Each blue point corresponds to a particular alloy. The elemental metals are
shown (black), and the Pareto optimal set is also indicated (red). (E) Measured
rate of CO removal for a gas containing 2 % CO in 1 bar of H, for 2.5% NiFe/
MgAl,O4 spinel catalyst. Adapted from (Andersson, et al., 2006; Norskov, et
QL5 2009). .ttt et et b e et neeneenee e 30

Schematic representation of a metal overlayer (left) and near-surface alloy
(NSA) (right). The blue spheres represent the solute metal, while the yellow
spheres represent the base metal. Adapted from (Greeley, et al., 2006)............. 31
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Figure 2.19

Figure 2.20

Figure 2.21
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(A) Metal alloys are denoted as solute/host pairs. The X axis indicates the
energy (Esc,) for a single solute atom to move from the bulk to the surface
layer of the host metal. The y axis denotes the difference between the
magnitudes of the hydrogen binding energies (#y = 1/4 monolayer) on the

pure solute (|BE;**'|) and on the pure host (BE4™|) close-packed metal
surfaces. Regions in which hydrogen-induced segregation is expected are
hatched. The ° symbol denotes overlayers. (B) Binding energy of H (BEp)

on various closed-packed surfaces. Binding energies are referenced to a

clean metal slab and a gas-phase hydrogen atom (H(g)) at infinite separation
from one another. The height of the bars associated with the various alloys
and pure metals is arbitrary and is varied only for clarity. The vertical dashed
line at -2.28 eV corresponds to thermoneutral H,(g) dissociation (the gas-phase
H; bond energy is 4.57 eV). Adapted from (Greeley, et al., 2000).................... 32

TEM image of (A) Ru@Pt and (B) Pt-Ru alloy nanoparticles. The insets are
HRTEM images (left), particle size histograms (bottom right), and ideal models
of the particle types (right). Histograms were constructed by counting 200
particles. Each bar represents 0.5 nm diameter, and the dashed lines represent
the average sizes, which are 4.1 nm and 4.4 nm, respectively. (C) Temperature-
programmed reaction spectroscopy results for the different Pt—Ru catalysts
showing H,O formation versus temperature for H, feeds contaminated by 0.1%
CO by volume. The H,O yields are plotted as % maximum formation based on
the limiting reactant O,. The monometallic Pt remains on the baseline in this
temperature range and does not light off until 170°C. (D) The percent formation
of H,O (open symbols) and % CO conversion (filled symbols) plotted against
temperature for the core—shell (black) and alloy (red) nanoparticles catalysts for
H, feeds contaminated by 0.2% CO. Adapted from (Alayoglu, et al., 2008). ...33

Differential binding energy for CO as a function of CO coverage on various
Pt*/M model (111) or (0001) surfaces. A positive differential BE indicates
that the respective state is not stable on the surface. From (Nilekar, et al.,

Reaction sequence for the hydrogenation of crotonaldehyde. The major
pathways are the hydrogenation of the C=C double bond to form the aldehyde
or hydrogenation of the C=0O group to form the unsaturated alcohol. Over-
hydrogenation of either of these products leads to the saturated alcohol. A

decarbonylation pathway is also possible (Rioux, et al., 2006). .............ccueennee.n. 37
TEM images for nanoparticles of (a) Au, (b) AusZn, (c) AusZns, (d) AuZn,
and (e) e-(Au,Zn). Adapted from (Schaefer, et al., 2010). ......cccceevieriieninnnene 39

(A) The rate of propylene oxidation toward propylene oxide (PO), acrolein
(Acr), and CO;, per surface silver atom (i.e. turnover frequency). (B) Selectivity
of propylene oxide, acrolein, and CO, versus temperature. The vertical dashed
lines indicate the temperature at which the sintering of the silver trimers begins.
Adapted from (Lei, et al., 2010). ....ccciieeiiieeiieeiie e 41

THE CATALYST GROUP RESOURCES, INC., P.O. Box 680, Spring House, PA 19477, Phone: (215) 628-4447,

Fax: (215) 628-2267, E-mail: tcgr@catalystgrp.com, Website: www.catalystgrp.com



Understanding Nano-Scale Catalytic Effects

CONTENTS (cont’d) | 8
Teie CararysTGrour

Figure 3.1 Percentage of terrace sites obtained experimentally from CO-TDS on clean
and ethylidyne-covered Pt nanoparticles in comparison to the percentage of
highly coordinated (terrace-like) C’ and C* sites obtained from statistics
as function of particle size. The inset shows a schematic of a 3nm particle
with edge and terrace atoms surface orientations indicated. Adapted from
(Lundwall, 2010). .c.ooiiiiiiiiieeeee e 57

Figure 3.2 Particle size distribution (top), shape distribution (middle) and kinetic data
(bottom) for Pt nanoparticles after dispersion on a silica xerogel support and
calcination to Tcalc=475 (left) and 575 (right) K. Upon high-T calcination, the
Pt nanoparticles take on a more round shape and loose (111) facets (without
significant change in particle size), which results in a transition from preferred
trans-to-cis isomerization on the catalyst calcined at 475 K, to preferred cis-to-
trans conversion on the catalyst calcined at 575 K. Adapted from (Lee, 2009a).

Figure 3.3 TPR results demonstrating the unique activity of Pt@Ru core-shell catalyst in
comparison to an PtRu alloy and a physical mixture of Pt and Ru catalysts. H,O
formation (as percent of maximum) is shown versus temperature for H, feeds
containing 0.1vol% CO. The insets show the schematic structure of the
respective catalyst configurations. Adapted from (Alayoglu, 2008b)................. 61

Figure 3.4 Intrinsic turnover frequency vs Pd particle size in aerobic oxidation of benzyl
alcohol over a Pd/silica catalyst (left) along with TEM image (middle) and size
distribution (right) for a catalyst with average Pd particle size of ~4 nm. Adapted
from (Chen, 2008). ....coeiiiieie ettt 65

Figure 3.5 Selectivity of Ag nanocubes, nanowires, and nanospheres in epoxidation of
ethyelene versus inverse characteristic length. TEM images of the nanocubes
and nanowires as well as cartoons of all three nanoshapes with dominant surface
orientations are shown as well. Adapted from (Christopher, 2010) and
(ChriStopher, 2008) ...cccuviieeiieeiiie ettt e et e et e e et e e sreeesnaeeesnseeenaeas 66

Figure 3.6 Phenol yield with time on stream for the parent zeolite (ZSM-5) and the
mesoporous zeolite (M-ZSM-5) during hydroxylation of benzene with N>O to
phenol. Creation of mesopores in the zeolite results in a strong decrease in the
deactivation rate. Adapted from (Gopalakrishnan, 2008b). .........c..ccccevveereenenne 69

Figure 3.7 TEM and SEM images and photo of a Pt-BHA coated silica felt catalyst,
illustrating hierarchical multiscale catalyst structuring. From left to right: Pt-
BHA coated silica felt; SEM image of Pt-BHA coated silica fibers;macropore
structure of the supported catalyst (SEM); TEM image of Pt-BHA
nanocomposite particulate; and TEM image of Pt nanoparticles embedded in
the BHA mesopore structure. From (Sanders, 2008). ......cccceevieniiienieiiienienenn 70

Figure 3.8 Stabilizing metal nanoparticles via alloying: TEM images for Pt-BHA calcined
at 500 °C (a) and at 600 °C (b), and PtRh (1:1) calcined at 850 °C (c¢) and PtRh
(3:1) calcined at 700 °C (d). The inset is the EDAX pattern of the larger
nanoparticles, showing their identity as pure Pt. From (Cao, 2010c). ................ 72
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TEM images of Pt@mSiO; nanoparticles after calcination at 350°C (a) and
750°C (b), and CO oxidation activity of TTAB-capped Pt and Pt@mSiO,
nanoparticles (c). Adapted from (J00, 2009)........ccceeviriiniininiinieecieneeeee 73

Conceptual scheme of sintering suppression in ceria-supported Pt: On alumina,
Pt agglomerates at high temperature, independent of the atmosphere. On ceria,
small, active Pt clusters exist at stoichiometric conditions for car exhaust
catalysis, while at oxidizing conditions Pt is hindered from agglomeration
through oxygen-mediated anchoring on the support. (Scheme adapted from
(Shinjoh, 2009@)). ....ccueiriiiierieeieeteeee ettt sttt 74

Stabilization of a nanocatalyst via addition of a stabilizing oxide coating. CO
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of structures attainable by Russell’s approach, and silica (d) and titania (e)
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Left: Integral alkane desorption signals (normalized to the Pd surface area) as a
function of particle size (filled circles) for pentene (a) and ethylene (b)
hydrogenation, along with ratio of terrace sites to the total number (N) of surface
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