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ABSTRACT: The understanding of the atomic-scale structural and
chemical ordering in supported nanosized alloy particles is fundamental
for achieving active catalysts by design. This report shows how such
knowledge can be obtained by a combination of techniques including X-
ray photoelectron spectroscopy and synchrotron radiation based X-ray
fine structure absorption spectroscopy and high-energy X-ray diffraction
coupled to atomic pair distribution function analysis, and how the
support-nanoalloy interaction influences the catalytic activity of ternary
nanoalloy (platinum—nickel—cobalt) particles on three different supports:
carbon, silica, and titania. The reaction of carbon monoxide with oxygen
is employed as a probe to the catalytic activity. The thermochemical
processing of this ternary composition, in combination with the different
support materials, is demonstrated to be capable of fine-tuning the
catalytic activity and stability. The support-nanoalloy interaction is shown
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to influence structural and chemical ordering in the nanoparticles, leading to support-tunable active sites on the nanoalloys for
oxygen activation in the catalytic oxidation of carbon monoxide. A nickel/cobalt-tuned catalytic site on the surface of nanoalloy is
revealed for oxygen activation, which differs from the traditional oxygen-activation sites known for oxide-supported noble metal
catalysts. The discovery of such support—nanoalloy interaction-enabled oxygen-activation sites introduces a very promising

strategy for designing active catalysts in heterogeneous catalysis.
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1. INTRODUCTION

To design active, robust, and low-cost alloy catalysts for
technologically useful apphcatlons, including green energy
storage and conversion devices,"” recent studies have focused
on increasing the catalyst’s activity and stability while reducing
the amount of Pt by alloying it with different transition metals,
in particular for an oxygen reduction reaction.> *' In addition
to bimetallic alloys, such as Pt—Co or Pt—Ni allo 5,28 »34—40
increasing attention is being paid to ternary alloy catalysts
following the mounting evidence that they can deliver even
better performance in activity and stability at a much lower Pt
content in the catalysts, >~ '*'#!519202873241 The enhancement
has been mostly attributed to lattice strain brought about by the
alloying as manifested by changes in the lattice parameter of a
face centered cubic (fcc) type structure. 102941 More often than
not, however, nanoalloy catalysts are deposited on supports as
catalysts in important chemical reactions such as, for example,
preferential oxidation (PROX) of carbon monoxide in a water
gas shift (WGS) reaction for hydrogen production.*~* Since
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conventional understanding of support-metal interactions
(SMI) in heterogeneous catalysis provides little insight about
supported nanoalloys”’ ~* a fundamental question arises then
about the role of the support—nanoalloy interactions (SNI) in
determining the structures of the supported nanoalloys,
including the type of chemical and structural ordering, the
degree of local structural deformation/strain etc., and hence,
their correlation with catalytic activity. Answering this question
is thus significant for developing the rationale design of
nanosized catalysts given the abundant demonstrations of
nanosynthesis techniques.

We address this question by concentrating on the oxidation
reaction of carbon monoxide with oxygen as a model probe to
the active sites on the supported nanoalloy catalyst, as depicted
in Scheme 1. The CO activation on the Pt active site is
hypothesized to be coupled to oxygen-activation sites provided
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Scheme 1. A Schematic Illustration of the Oxidation
Reaction of Carbon Monoxide with Oxygen as a Probe
Reaction to the Active Sites on a Supported Nanoalloy
Catalyst
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by the second/third metal (M/M’) sites in the Pt—nanoalloy.
This type of oxygen-activation sites (Type-I site) is different
from the anionic oxygen deficiency sites located at the
nanoalloy-support perimeter zone (Type-II site).*’™>> Probing
the catalytic activity of these two types of sites requires a careful
consideration of the oxygen storage/release capacity of the
catalyst. Conceptually, it may occur on the support and/or on
the nanoalloy particles, the latter of which is provided by M and
M’ metals in the nanoalloy. For achieving a high catalytic
activity, the oxygen—M/M’ interaction should be strong
enough for oxygen activation but not too strong to poison
the binding sites. While there are extensive studies on Type-II
sites, little is known about whether Type-I sites exist on the
nanoalloys and how they are affected by the SNI, which is an
important focus of this work.

Though not specifically for catalytic CO oxidation reaction,
the rationale for the study of ternary catalysts stems from some
theoretical and experimental grounds shown recently for
electrocatalytic oxygen reduction reaction (ORR).14’16’23’56_60
Experimentally, some trimetallic nanoparticle catalysts have
been shown to exhibit higher electrocatalytic activity than
bimetallic counterparts in recent work."® This finding is also
supported by a Pareto optimization analysis (an optimality
trade-off analysis in terms of stability and activity) (Supporting
Information, Figure SIA) of existing combinatorial screening
with a 16-array of thin film bimetallic catalysts,*>***” from
which NiCoPt is identified as a possible ternary catalyst with
high activity and medium stability. Indeed, PtNiCo nano-
particles have been demonstrated in our recent work as a highly
active catalyst with reasonable stability for ORR.'® Theoret-
ically, the volcano curve established for the activity vs aflinity
for oxygen in terms of binding energy of oxygen or hydroxyl
(AEo)*™ gives a value of 0.22 eV for an optimal activity that
is more positive than that of Pt. With the use of the data for a
binary surface alloy in which a solute metal alloyed into the
surface layer of a homogeneous host metal,*® a 3-atom model of
PtM on a substrate (M’) (Supporting Information, Figure S1B)
would show an active ternary PtNiCo in the region of AEg,
values near ~2 eV for binary PtNi, and PtCo. Indeed, PtNiCo
was recently demonstrated to show a higher activity for ORR
than PtCo and PtNi.'*'¢

In this work the results of our study of the CO oxidation
reaction reveal that the SNI plays an important role in
influencing Type-I active sites in a ternary nanoalloy model
system (PtMM', where M or M’ represents base transition
metals, here Ni and Co). As discussed above, with the
combination of Pt—Ni—Co, it is anticipated that both activity
and stability can be enhanced. This insight is obtained by a
combination of techniques including X-ray photoelectron

spectroscopy (XPS), synchrotron radiation based X-ray
absorption near edge structure (XANES)/X-ray fine structure
absorption spectroscopy (XAFS), and high-energy X-ray
diffraction (HE-XRD) coupled to atomic pair distribution
functions (PDFs) analysis. While XANES/XAFS provides
information on the local atomic coordination structure, HE-
XRD/PDF analysis provides information about the ordering of
different atoms in the alloy. The ternary PtNiCo nanoparticles
with very well-defined size and composition were prepared and
deposited on three different and widely used supports: carbon,
silica, and titania. The results indicate substantial differences in
the atomic-scale structural and chemical ordering features for
the three types of supported nanoalloy catalysts, which provides
new insights into Type-I active sites on the nanoalloys and their
catalytic activity.

2. EXPERIMENTAL SECTION

Chemicals. Platinum(II) acetylacetonate (Pt(acac),, 97%) and
nickel(II) acetylacetonate (Ni(acac),, anhydrous, >95%) were
purchased from Alfar Aesar. Cobalt(III) acetylacetonate (Co(acac),,
99.95%) was purchased from Strem Chemicals; 1,2-hexadecanediol
(90%), octyl ether (99%), oleylamine (70%), and oleic acid (99+%)
were purchased from Aldrich. Silica gel (syloid 74) was purchased
from Aldrich and used as received. TiO, powders (P25, 25 nm size,
80% anatase, and 20% rutile) were obtained from Degussa, Germany,
and used as received. Gases of CO (1 vol % balanced by N,) and O,
(20 vol % balanced by N,) were purchased from Airgas. All chemicals
were used as received. Pt/C (particle size ca. 2.5—3 nm) was obtained
from E-tek.

Synthesis. The synthesis of PtNiCo nanoparticles involved the
reaction of three metal precursors, Pt"(acac), Ni¥(acac), and
Co™(acac),, in controlled molar ratios in an octyl ether solvent
using oleylamine and oleic acid as capping agents and 1,2-
hexadecanediol as a reducing agent.”” Briefly for synthesis of
Pt3Ni,,Cos9, 4.88 mmol of 1,2-hexadecanediol, 3.26 mmol of
Co(acac);, 2.88 mmol of Ni(acac), 3.51 mmol of Pt(acac), 6.4
mmol of oleylamine, 9.4 mmol of oleic acid, and 450 mL octyl ether
were added to a 3-neck 1 L flask under vigorous stirring. The solution
was heated to 280 °C, and refluxed for 40 min. The nanoparticle
product was dispersed in a known amount of hexane. PtCo and PtNi
nanoparticles were also synthesized similarly, which are detailed in a
previous report.14

Catalysts Preparation. The nanoparticles were supported on
three different support materials. For the preparation of carbon
supported nanoparticles, a typical procedure involved suspending 900
mg of carbon black (Ketjen Black) in S00 mL of hexane containing
~300 mg of nanoparticles followed by stirring for approximately 15 h.
The resulted powder was collected and dried under N,. The silica or
titania supported catalysts were prepared similarly, where the support
was pretreated at 500 °C for 2 h.

The supported catalysts were further treated in a quartz tube
furnace. The nanoparticles supported on carbon were treated by two
different processes. In one process, the catalyst was first heated at 260
°C in N, (nonreactive atmosphere) for 30 min for removing the
organic capping molecules, and then treated at 400 °C in 15 vol % H,
for 120 min. In the other process, the catalyst was first heated at 260
°C in 15 vol % O, (oxidative atmosphere) for 30 min for removing the
capping molecules, and then treated at 400 °C in 15 vol % H, for 120
min. The silica (SiO,) and titania (TiO,) supported samples were also
first treated at 260 °C in 15 vol % O, for 30 min for removing the
capping molecules, and then annealed at 400 °C in 15 vol % H, for
120 min. This synthesis-processing protocol resulted in all samples
having virtually the same trimetallic composition. In the case of titania
and silica supports the nanoparticle catalysts loading was 5 wt %; the
loading of the carbon supported catalysts was 20 wt %. The particle
sizes of the carbon-supported catalysts were 44 + 0.5 nm for
Pt;oNi,,Co39/C, 3.5 + 0.4 nm for Pt,;Ni;Coso/C, 3.9 + 0.7 nm for
Pt,sCoss/C, and 8.7 + 0.8 nm for Ptg,Nizs/C.
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Figure 1. TEM images for (A) as-synthesized Pt;yNi,,Coso nanoparticles, 3.4 + 0.4 nm; (B) Pt;gNi);,Co39/SiO,, 4.8 = 0.6 nm; (C) PtoNi,,Coso/

TiO,, 5.2 + 0.7 nm; (D) Pt;yNi,,Co;9/C,4.4 + 0.5 nm.

Characterization of Catalysts. Transmission electron micros-
copy (TEM) was performed on Hitachi H-7000 electron microscope
(100 kV) to determine the particle size and size distribution.

Inductively coupled plasma—optical emission spectroscopy (ICP—
OES) was used to analyze the composition, which was performed
using a Perkin-Elmer 2000 DV ICP—OES utilizing a cross-flow
nebulizer with the following parameters: plasma, 18.0 L Ar(,/min;
auxiliary, 0.3 L Ar()/min; nebulizer, 0.73 L Ar(,)/min; power, 1500 W;
peristaltic pump rate, 1.40 mL/min. Elements <1.0 mg/L were
analyzed using a Meinhardt nebulizer coupled to a cyclonic spray
chamber to increase analyte sensitivity with the following parameters:
18.0 L Ar(,)/min; auxiliary, 0.3 L Ar(,/min; nebulizer, 0.63 L Ar,/
min; power, 1500 W; peristaltic pump rate, 1.00 mL/min. Laboratory
check standards were analyzed every 6 or 12 samples, with instrument
recalibration if check standards were not within +5% of the initial
concentration. Note that the composition of the supported nano-
particles after thermal treatment was sometimes slightly different
(<10%) from that of the as-synthesized nanoparticles (e.g, a
composition of Pt;sNiygCoss supported on carbon was obtained for
the as-synthesized Pt;oNi,,Cos,), which were largely due to different
degrees of losses of metals into the supporting materials during ICP
sample preparation.

Thermogravimetric analysis (TGA) was performed on a Perkin-
Elmer Pyris 1-TGA for determining the weight of the organic shells.

The catalytic activity of the catalysts for CO (1 vol % balanced by
N,) + O, (20 vol % balanced by N,) reaction was measured using a
custom-built system including a temperature-controlled reactor, gas
flow/mixing/injection controllers, and an online gas chromatograph
(Shimadzu GC 8A) equipped with SA molecular sieve and Porapak Q
packed columns and a thermal conductivity detector. The catalytic
activity for CO oxidation was determined by analyzing the
composition of the tail gas effusing from the quartz microreactor
packed with catalyst fixed bed. Both pretreatment and aging tests were
carried out in this reaction system.

Synchrotron high-energy XRD measurements were carried out with
both ex situ and in situ modes at the beamlines 11IDC and 11IDB,
respectively, at the Advanced Photon Source, Argonne, using X-rays of
energy 115 keV (1 = 0.1078 A). The XRD diffraction data were
reduced to the so-called structure factors, S(q), and then Fourier
transformed to the atomic PDFs G(r), using the relationship

6(r) = 2 [ als(@) 1) sin(ar) dg 0

where g,,= 25 A™" in the present experiments. The wave vector q is
defined as q = 47 sin(6)/4, where 0 is half of the scattering angle and 1
is the wavelength of the X-rays used. Note, as derived, atomic PDFs
G(r) are experimental quantities that oscillate around zero and show
positive peaks at real space distances, r, where the local atomic density
p(r) exceeds the average one p,. This behavior can be expressed by the
equation G(r) = 4mp,[p(r)/p, — 1], which is the formal definition of
the PDF G(r). High-energy XRD and atomic PDFs have already
proven to be very efficient in studying the atomic-scale structure of
nanosized materials.*>** In situ monitoring of the structural changes of
selected catalysts were also performed using a reactor-type cell
described by Oxford et al.®* The in situ studies were done at the
beamline 11IDB using X-rays of energy 90 keV (4 = 0.1378 A). The
respective XRD patterns were also processed in atomic PDFs.

XPS measurements were performed ex-situ using a Physical
Electronics Quantum 2000 scanning ESCA microprobe. This system
uses a focused monochromatic Al Ka X-ray (1486.7 eV) source for
excitation and a spherical section analyzer. The instrument has a 16-
element multichannel detection system. The X-ray beam used was a
100 W, 100-ym in diameter beam. It was rastered over a 1.4 mm by
0.2 mm rectangle spot on the sample. The X-ray beam was incident
normal to the sample, and the X-ray detector was at 45° away from the
normal. The binding energy (BE) scale was calibrated using a Cu 2p5,,
peak at 932.62 eV and Au 4f,, peak at 83.96 eV from known
standards. The percentages of individual elements detected were
determined by analyzing the areas of the respective peaks.

X-ray absorption fine structure (XAFS) spectra (Pt L3 edge (11,564
€V), Co K edge (7,709 eV) and Ni K edge (8,333 eV)) were collected
(ex-situ) on the bending magnet beamline 9-BM-B at the Advanced
Photon Source, Argonne National Laboratory. Near-edge region or X-
ray absorption near edge structure (XANES) spectra were processed
using Athena.*® The fitting was limited to 2.0—12.5 A™! for Ni and Co
K edge spectra, using a Hanning window with dk =1.0 A™". The fits
were performed to both the real and imaginary parts of y(R) in the
region of 1.0 < R < 3.2 A. Similar analysis was also performed on
reference samples of Pt, Ni, and Co foils to obtain Sy’ the amplitude
reduction factor, for the subsequent determination of the coordination
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Figure 2. Comparisons of Pt mass specific CO oxidation rates of Pt;yNi),Cosy/C with those of PtsNiss/C, Pt,sCoss/C, and Pt/C catalysts at two
different states: as-prepared (A) and reactivated states (B). (The as-prepared catalyst (A) underwent thermochemical treatment first under O, or N,
(260 °C) and then H, (400 °C) followed by exposure to ambient air for an extensive period of time before the catalytic measurement; the
reactivated catalyst (B) was reactivated in situ under H, at 400 °C before the catalytic measurement. The standard deviation of the data is +0.06 X
107 mol gp, ™' s, 0.4% RSD). The Pt mass specific CO oxidation rate is normalized against the metal loading on carbon and the Pt composition in
the nanoparticles.
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Figure 3. CO conversion activities vs reaction temperature. (A) Activities for (a) initial, (b) oxidized (20 vol % O,, 260 °C, 1 h), and (c) reduced
(15 vol % H,, 400 °C, 1 h) states of Pt3,Ni,,Cos,/C catalyst. This catalyst was initially prepared by treatment at 260 °C in N, followed by treatment
at 400 °C in 15 vol % H,. Insert: comparison of oxidation rates (mol gp, "' s')) between the initial, the deactivated (48 h after reaction under CO +
0,), and the reactivated (1 h after H, reduction) catalysts. (Oxidation rate = (PV/RT X Cco)/ (mcmlyst X wt% (loading) X 60)). (B) Activities of (a)
initial, (b) oxidized (20 vol % O,, 260 °C, 1 h), and (c) reduced (1S5 vol % H,, 400 °C, 1 h, following reaction under CO + O,) states of
Pt,sNi;(Cos,/C catalyst prepared by treatment at 260 °C under 20 vol % O, (oxidative) followed by treatment at 400 °C in 15 vol % H, (reductive)
in the fixed bed reactor. (The standard deviation of the data is +0.3%, with an RSD of 0.4%).

numbers of the fitted structure of the samples. The Sy* values for Pt, In Figure 2, the catalytic CO conversion rates of the ternary
Ni, and Co were determined to be 0.84, 0.81, and 0.74, respectively. PtNiCo/C catalyst are compared with those of the binary

PtNi/C and PtCo/C in both an as-prepared state (Figure 24,
3. RESULTS AND DISCUSSION ie, the catalyst underwent thermochemical treatment first

under O, and then H, followed by exposure to ambient air for
more than one week) and a reactivated state (Figure 2B, ie.,
the catalyst was reactivated in situ under H,). The data for a
sample of E-tek’s Pt/C catalyst is also included for the

As shown in Figure 1A, the as-synthesized PtNiCo nano-
particles are highly monodispersed with a good crystallinity.
While loadings of PtNiCo nanoparticles on support vary, the
average particle size changes very little with the support type

(4.4 nm for carbon to 4.8 nm for SiO, and to 5.2 nm for TiO,) comparison. For the as-prepared catalyst, which is likely
(Figure 1B). partially oxidized at the surface by air, PtNiCo has an activity

3.1. Catalytic Activities. The CO conversion rates of higher than PtCo and PtNi. The activity of PtCo is slightly
PtNiCo/C catalyst were first compared with those from higher than that of Pt, whereas PtNi has almost no activity.
samples of PtCo/C and PtNi/C catalysts at different reaction Interestingly, upon reactivation in situ by H,, which reduces the
temperatures in terms of Pt-specific mass activity (Figure 2). particles back to alloy state, the activity for the ternary catalyst
The data for a sample of E-tek’s Pt/C catalyst is also included shows an increase by a factor of 2—3. PtCo shows the largest
for comparison. The comparison was performed for a selected increase in activity (by a factor of 10—20), though being still
set of alloy compositions to illustrate the importance of the lower than the ternary catalyst, especially at the high reaction
ternary alloy for enhancing the catalytic activity. temperature. In contrast, PtNi shows practically no change in
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Figure 4. (A) CO conversion as a function of the reaction temperature for Pt;sNi,,Co3,/SiO, catalyst: () initial, (b) oxidized (48 h after reaction
under CO + O, atmosphere), and (c) reduced (15 vol % H,, 400 °C, 1 h) from oxidized sample. (B) CO conversion as a function of the reaction
temperature for Pt;oNi),Coso/TiO,: (a) initial, (b) oxidized (48 h under CO + O,), and (c) H,-reduced (15 vol % H,, 400 °C, 1 h) catalysts. (The

standard deviation of the data is +0.3%, with an RSD of 0.4%).

activity, similar to Pt. Note that the observed trends of catalytic
activity remain unchanged even by taking the differences in
particle sizes into consideration, as reflected by a comparison of
the surface Pt-specific catalytic activities of these catalysts
(Supporting Information, Table S1).

As will be discussed in details, on the basis of the structural
characterization results, not only the degree of alloying but also
the alloy composition have played important roles in the
enhancement of the catalytic activity, which can be understood
by considering a combination of several factors, including the
propensity of oxidation of the metals in the presence of oxygen,
the reduction potentials of the metals, the structure of the
alloying, and most importantly the surface activation of oxygen
for the catalytic CO oxidation reaction. The alloying of Pt with
Co imparts the catalyst with an enhanced capability for the
activation of the oxygen species, which explains the fact that
PtCo/C after reactivation has much higher catalytic activity
than pure Pt/C. In contrast, the likely significantly oxidized
surface as-prepared PtCo/C in the ambient atmosphere led to
poisoning of the oxygen-activation sites, which explains the
observed activity being similar to that of Pt/C. In comparison,
Ni alloyed in Pt had apparently little effect on the catalytic
activity, which is probably due to less propensity of surface
oxidation or oxygenation than that of Co (E° = —0.25 and
—0.28 V for Ni and Co, respectively), explaining its low activity
and insensitivity to the exposed atmosphere. These two
attributes, that is, the higher propensity of Co and the lower
propensity of Ni to surface oxidation or oxygenation, are
apparently taken advantage of, as reflected by the relative high
stability of the as-prepared ternary PtNiCo catalyst in ambient
condition and the catalytic activity higher than those of the
bimetallic counterparts. This type of synergy for stabilizing the
active Co species in the alloy while promoting the surface
oxygenation for the oxygen activation will be further discussed
along with the structural characterization data.

The change of the CO conversion rate over the nanoalloy
catalyst at different reaction temperatures was examined
(Figure 3). For Pt;yNi,,Cos,/C (Figure 3A), the initial activity
was relatively high (a), which was found to drop significantly
after the oxidation pretreatment for 1 h at 200 °C (b). By
exposing the same nanoalloy to a reduction condition, there
was clearly recovery of the activity, basically comparable to the
initial one. These observations indicate that the nanoalloy was

deactivated in the oxidizing atmosphere and reactivated upon
exposure to the reducing atmosphere. This fact was further
substantiated by significant reduction in activity for the
deactivated nanoalloy under CO + O, atmosphere at 60 °C
for 48 h, and the return of activity to its initial values upon H,
treatment (Figure 3A insert).

The change in the catalytic activity was shown to depend on
the nanoalloy composition. For example, a sample of
Pt,;Ni;sCoso/C was annealed 260 °C under 20 vol % O,
(air) for 1 h followed by 15 vol % H, at 400 °C for 1 h in the
fixed bed reactor. The initial catalytic activity was relatively
high, but it decreased rapidly within 1 h, showing a steady
catalytic activity (Figure 3B,a). This was followed by reducing
the catalyst under 15 vol % H, at 400 °C for 1 h (Figure 3B,c).
Clearly, the catalytic activity showed a significant increase
(Figure 3B,c) from its initial value (Figure 3B,a) upon the
reduction treatment. In comparison with the data for
PtyNi,;,Co;0/C (Figure 3A,c), the catalytic activity for
Pt,sNi;4Cos9/C showed a higher catalytic activity after
hydrogen reduction (Figure 3B,c). However, a significant
deactivation was also observed for Pt,sNij4Coso/C in the
reaction atmosphere, in contrast to the relatively insignificant
deactivation for Pt;oNi,;Cos,/C (Supporting Information,
Figure S2). These differences between Pt,sNi;4Coso/C and
Pt;oNi,,Co49/C were believed to reflect the difference between
the two samples in the amount of base metal atoms
surrounding Pt atoms on the surface of the nanoalloy. Since
the amount of base metals for PtysNi;4Coso/C is larger than
that for PtyNi,;Cos9/C, the former may favor the catalytic
activation of oxygen species, but could suffer from a loss of the
activity due to propensity of the base metal oxidation under the
oxidative reaction condition. As a result, the difference between
initial activity (a) and the activity upon oxidation (b) for
Pt,sNi;4Coso/C is smaller than that for Pt;yNi,,Cose/C.

Three different supports were compared to assess the
catalytic activity of the nanoalloy catalysts. For CO conversion
over PtyNi,,Cos,/Si0, (Figure 4A), a low catalytic activity was
observed (Figure 4A,a), reflecting likely a poor activity for
oxygen activation. There was also a significant deactivation after
the oxidation reaction (CO + O,) (Figure 4Ab). Upon a
complete H,-reduction of the catalyst treated under O,, the
activity increases significantly (Figure 4A,c). As will be
discussed later, oxygen activation occurs by the formation of
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surface oxygenated base transition metals at the alloy sites
(Type-1), which could be depleted by a full oxidation of the
base transition metals.

In contrast to carbon and SiO, supports, a high initial activity
was observed for Pt;oNi);Cos,/TiO, catalyst (Figure 4B,a).
However, this activity was found to drop significantly after the
oxidation reaction for a certain period of time (Figure 4B,b).
Upon H,-reduction, the activity was also quite high initially,
and shows only a moderate increase with increasing reaction
temperature (Figure 4B,c). Unlike the cases of C and SiO,
supports, TiO, is a well-known “active” support. Under H, a
reduction of Ti(IV) to Ti(Ill) takes place, which may have
contributed to the observed inability to completely reactivate
the catalyst.

The catalytic activity of titania supported nanoalloy was
analyzed in terms of the base transition metal assisted platinum
site, the so-called Type-I site, and the perimeter zone of the
TiO, su4pport around the nanoalloy particle, the so-called Type-
Il site.” ' At low temperature, the consumption of the
activated oxygen from the catalyst’s perimeter zone may not be
well balanced by the supply. In this case, Type-I sites are mainly
responsible for the observed activity. However, the activation
sites from the perimeter zone become effective at elevated
reaction temperature (e.g,, 65 °C). Since there was no apparent
decay of activity over time, it may be concluded that Type-II
sites maintained a stable supply of activated oxygen at higher
reaction temperatures.

SiO, is known to be insensitive to H, reduction atmosphere,
whereas titania is reducible by H,. In the case of carbon, H, can
only reduce surface oxygenated species. The observed increase
in the activity for the SiO, supported catalyst upon H,
reduction suggests a certain degree of reconstruction of the
nanoalloy, leading possibly to the presence of Type-I active
sites on the nanoalloy. In the case of TiO, supported nanoalloy
subjected to H, reduction, the activity is initially slightly higher
than that for SiO, support, but drops rather fast in time. The
decrease of the activity could be due to the reduction of TiO,
support along with the reduction of the oxygenated species on
the nanoalloy, thus diminishing the activity of Type-II sites.
Indeed, H, pretreatment was previously shown to result in a
strong support—metal interaction involving Pt and Ti** that
induces a decrease of the adsorption efficiency of the reactant
molecules.*” The fact that the initial activity follows the order of
TiO, > carbon > SiO, suggests that the two types of oxygen-
activation sites (I and II) could have contributed to the
observed variations. It also indicates that SNI can influence the
catalytic activity to a very substantial extent.

3.2. HE-XRD and Atomic PDFs Characterization. Figure
S shows the HE-XRD patterns (A) and the respective atomic
PDFs (B) for PtyNi,,Cos, nanoalloys supported on the three
different supports. The XRD patterns show broad diffraction
features that are typical for nanosized particles and difficult to
analyze unambiguously in the traditional way.

The respective PDFs show a sequence of sharp peaks,
reflecting the presence of well-defined atomic coordination
spheres in all three samples studied, allowing convenient testing
and refinement of structure models. The radii of the
coordination spheres can be estimated from the positions of
the respective PDF peaks, and the coordination numbers can be
estimated from the areas of those peaks. The real space distance
at which the atomic PDF decays to zero is a measure of the so-
called length of structural coherence, also known as coherently
scattering domain size. In particular, the peaks in the

15000 -
- (a)
= 10000
s
=
Z (b)
5 -
=]
S000
(c)
0 T T T T
0 5 10 15 20 5
(A) Wave vector g[A™)
4 1), L / L\f\' ﬁ I
- 1 ¥
W\XV\I\N/V\-\N\.\/\N
o
&5
o (b)
S
b
(c)
W‘\W—m&
-2 v T v T Y T ¥ T Y T ¥ T v
0 5 10 15 20 25 30 35
(B) Radial distance r[A]

Figure 5. High-energy XRD patterns (A), and atomic PDFs (B) for
Pt;Ni,,Cos, nanoalloys supported on (a) carbon, (b) SiO,, and (c)
TiO,. All three catalysts were treated by the same protocol, that is,
treatment at 260 °C in 15 vol % O, followed by treatment at 400 °C in
15% H,. Results from PDF modeling (B, line in red) are explained in
the text. (Insert: a zoomed view of the data in the lower radial distance
region).

experimental PDFs in Figure S show up to a real space
distance of about 25—3S A, which may be considered as a
length of structural coherence in the nanoalloy particles studied
here. That length is comparable to but less than the particles’
size (~5 nm) determined by TEM, indicating the presence of
non-negligible local atomic disorder in the nanoalloys. The
presence of such disorder is typical for metallic particles a few
nanometer in size and usually is due to surface relaxation
effects.®>¢

In Figure 6, the atomic PDFs for Pt3gNi,,Co39/C nanoalloys
prepared by two slightly different processes, that is “non-
reactive—reductive” treatment (curve a), and “oxidative—
reductive” treatment (curve b), the latter of which was the
same sample shown in Figure S (curve a). These two samples
are compared to assess the effect of the treatment condition on
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Figure 6. Atomic PDFs for Pt3Ni,,Cosy nanoalloys supported on
carbon with two different thermal treatment conditions: (a) treatment
at 260 °C in N, (nonreactive) followed by at 400 °C in 15 vol % H,
(reductive); and (b) treatment at 260 °C in 15 vol % O, (oxidative)
followed by treatment at 400 °C in 15 vol % H, (reductive). Results
from PDF modeling (line in red) are explained in the text. (Insert: a
zoomed view of the data in the lower radial distance region).

the atomic-scale structure of the catalysts. The PDFs data show
that the Pt;Ni,;,Cosy/C sample derived from the oxidative—
reductive treatment (Figure 6 curve b) shows a longer length of
structural coherence (about 35 A) than the sample obtained by
the nonreactive—reductive treatment (Figure 6 curve a), where
the length of structural coherence is only about 20 A.

By fitting the experimental PDFs with structure models even
finer details of the atomic arrangement in the respective
nanoparticles can be revealed as discussed below The fits were
done with the help of the program PDFGui.®”” Two model
types were tested: chemically ordered and chemically
disordered cubic-type structures that are known to exist in
materials of composition close to (noble metal)(transition
metal);. The archetypal structure type is AuCu;.®® The
experimental PDF for Pt;oNi,,Co;,/C nanoalloys obtained by
a oxidative—reductive treatment was best fit with a model
featuring a cubic-type ordering (red line in Figure SB curve a
and Figure 6 curve b) where noble (Pt) and base transition
metals (Ni/Co) atoms are randomly distributed with respect to
each other. The respective fcc lattice parameter is a = 3.820 A.
On the other hand, the experimental PDF for Pt;yNi,,Co3o/C
nanoalloys obtained by a nonreactive—reductive treatment was
best fit with a model featuring a cubic-type ordering (red lines
in Figure 6 curve a) where noble (Pt) and base transition metal
(Ni/Co) atoms are chemically ordered with respect to each
other. The respective fcc lattice parameter is a = 3.824 A. The
silica supported Pt;Ni,,Cos, particles (Figure SB curve b), like
the carbon supported ones obtained by a nonreactive—
reductive treatment (Figure 6 curve a), show a significant
local positional disorder reducing the length of structural
coherence to about 20 A. The structure type of these
nanoparticles is again of a cubic-type with a lattice parameter
of a = 3.84 A. In addition, however, the particles show strong
signatures of a phase segregation manifested by the presence of
a pronounced low-r shoulder of the first PDF peak. The
shoulder is positioned at about 2.5 A which is a typical
transition metal—transition metal first neighbor distance. The
first principal PDF peak is positioned at 2.70 A, which
corresponds to Pt—Pt distances. The experimental PDF for the
nanoparticles supported on titania is best fit with a model

featuring a cubic-type structure with little local positional
disorder manifested by a length of structural coherence of about
35 A. The respective cubic lattice parameter is a = 3.830 A. The
first PDF peak is positioned at 2.70 A. Within this structure,
however, Pt and transition metal (Ni/Co) atoms are randomly
distributed with respect to each other, rendering it a structurally
quite perfect but chemically quite random type of alloy.
Visualizations of the different types of chemical ordering in
the nanoalloy particles on different supports or treated by
different annealing conditions studied here are shown in Figure
7. The treatment conditions clearly affect the structure type of
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Figure 7. Chemical order—disorder effects in supported Pt3yNi,,Cosg
nanoparticles: chemically ordered structure for the carbon-supported
particles prepared by the nonoxidative—reductive treatment (A), phase
segregated structure on the silica-supported particles (B), and
chemically disordered (random alloy) structure for the titania-
supported particles and the carbon-supported particles prepared by
the oxidative—reductive treatment (C). Transition base metals are in
yellow, Pt is in blue. The configurations feature cubic type ordering
where the relative concentration of transition base metal atoms (Co/
Ni) to Pt atoms is 3:1. The chemically ordered model is based on the
archetypal (noble metal)(transition metal); (e.g, AuCus-type)
structure.

the nanoalloy (see Figure 6). The Pt;gNiy,Co;,/C derived from
the nonreactive—reductive treatment are structurally (length of
structural coherence of only about 20 A) quite disordered but
chemically ordered. In contrast, the Pt;oNi);Co39/C sample
derived from the oxidative—reductive treatment shows a
structurally more perfect (length of structural coherence of
about 35 A) but chemically disordered structure that is similar
to the one exhibited by the nanoalloy particles on TiO,
support. The differences in the degree of structural coherence
(i.e., degree of crystallinity) and chemical ordering/disordering,
as will be summarized in Table 1, clearly impact the catalytic
activity, which is evidenced by the data shown in Figure 3 for
the nanoalloy/C catalysts prepared by nonreactive—reductive
and the oxidative—reductive treatments.

Considering the significant differences in terms of the
catalytic activity and the alloying structure for the nanoalloys
treated by the reactive thermal treatment conditions, the
question of how the atomic-scale structure of the nanoparticles
changes under oxygen oxidation and hydrogen reduction
atmospheres was further addressed by in situ experiments
conducted in the respective atmospheres. Figure 8 shows a set
of PDFs for Pt,sNi;4Cose/C catalyst that was annealed under
10 vol % O, (Figure 8A) and then under S vol % H, (Figure
8B) at 400 °C. It is important to note that this catalyst showed
significantly enhanced activity for CO oxidation (Figure 3B). As
the PDF data (curve a in Figure 8A) show the nanoalloy
particles expand uniformly; that is, all interatomic distances
increase when the catalyst is treated in oxidizing atmosphere
catalyst (follow the broken line in Figure 8A). In contrast, the
nanoalloy particles shrink uniformly; that is, all interatomic
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Table 1. Summary of the Structural Parameters Determined from Atomic PDFs Analysis, the Relative Surface Composition

from XPS Analysis, and the Catalytic Activity Data

Pt3gNi;,Cosg thermochemical
/support treatment chemical ordering model®  SNI” activitve site and activity
/carbon nonreactive—reductive  chemically ordered structure A weak  type-], with low initial activity
/carbon oxidative—reductive chemically disordered (random allo C stron e-I, with high initial activit
4 Y. g typ g 4
/Si0, oxidative—reductive phase-segregated structure B weak  type-], with medium initial activity
/TiO oxidative—reductive chemically disordered (random allo C stron, e-I, with high initial activity stabilized b e-11
2 y Y. g typ g ty Yy typ

“The chemical order—disorder models in Figure 7. bSNI: support-nanoalloy interaction.
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Figure 8. Atomic PDFs for Pt,sNijCoso nanoalloys supported on
carbon obtained from in situ HE-XRD data collected under controlled
temperature and oxidative (O,)/reductive (H,) atmosphere. The
catalyst was subjected sequentially to two different treatment
conditions: (A) under 10 vol % O, (a) starting with room temperature
(25 °C), (b) heating to 260 °C and (c) cooling back to room
temperature; and (B) under S vol % H, (a) starting with room
temperature, (b) heating to 400 °C, and (c) cooling back to room
temperature. (C) Comparison of curves labeled c in panels A and B,
revealing a significant difference in the positions of the PDF peaks, that
is, of the interatomic distances in the samples subjected to different
treatment.

distances decrease when the catalyst is treated in reducing
atmosphere (follow the broken line in Figure 8B). Moreover,
the nanoalloy particles remain “expanded” when cooled back to
room temperature in oxidizing atmosphere, and “shrunk” if
cooled back to room temperature in reducing atmosphere as
the data in Figure 8C show. This is one of the first examples
demonstrating the effect of gas atmosphere on the overall
atomic-scale structure of ternary alloy catalysts. The expansion

15055

of the interatomic distances upon oxidation is consistent with
the enhanced interaction of oxygen with the particle’s surface
that is favored by the oxophilicity of the base transition metal.
This interaction, however, as our catalytic data show, results in
a deactivation of the catalyst. The overall shrinking of the
interatomic distances in the nanoalloy particles treated in a
reducing atmosphere is consistent with freeing their surface
from the oxygen species. As our catalytic data show this also
leads to a reactivation of the catalyst.

3.3. XPS Characterization. Samples of Pt;gNi,,Cos9 on C
and TiO, were also examined using XPS technique to assess the
relative surface composition of the nanoparticles after exposure
to different annealing and gas reaction conditions (Figure 9).
For the catalyst treated at 280 °C under O, followed by a
treatment at 400 °C under H, (Figure 9A—E curves d), Pt 4f,/,
and Pt 4f;,, bands were observed at 71.0 and 74.5 eV,
characteristic of Pt’. The main Ni 2py, and 2p,/, peaks were
observed at 855.6 and ~861.5 eV (very weak), characteristic of
oxidized Ni (+2), with a small fraction at 852.2 eV
characteristic of Ni’. The main Co 2p,/, and 2p,,, peaks
were observed at 781.1 and ~796.5 €V (the shoulder peak at
~786 eV is due to satellite peak of Co(+2)), characteristic of
oxidized Co(+2), with a small fraction at 777.9 eV characteristic
of Co’. Interestingly, these peaks did not show significant
changes under different reaction conditions (260 °C under N,
(a), 550 °C under N, (b), and 280 °C under O, (c)), indicating
the Pt’ state for Pt and oxidized state for Ni and Co. The little
or small changes also suggest some “buffering” capabilities of
the TiO, support to the components’ oxidation states of the
nanoalloy. By comparing the O, treated samples (c and d) with
the N, treated samples (a and b), there appears a higher
binding energy (BE) component (~532 eV) for the O, treated
catalysts, in addition to the usual 529.7 eV band corresponding
to the oxygen species in TiO,. The ~532 eV band is believed to
be due to the oxygenated Ni/Co species on the nanoalloy,
suggesting the propensity of forming surface oxygenated metal
species on the nanoalloy upon exposure of the catalyst to
ambient atmosphere. This kind of oxygenated species was
apparently eliminated by thermal treatment in N, at high
temperature (550 °C) and enhanced by thermal treatment in
O,. Moreover, Ti 2p;, and 2p,/, peaks observed at 459 and
465 eV are consistent with Ti(4+) in TiO,. The peak positions
showed almost no dependence on the different treatments. In
comparison with the composition determined by the bulk
analysis method (ICP—OES) (Pt:Ni:Co = 36:20:34), there
appears to be a tendency of the nanoparticle’s surface
enrichment in Pt (Pt:Ni:Co = 43:30:37) depending on the
thermal treatment (Supporting Information, Table S2). The
XPS data show not only surface oxidation of Ni/Co
components in the nanoalloy but also some enrichment of Pt
on the nanoalloy’s surface.
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Figure 9. XPS spectra. (Top panel) Pt4f (A), Ni2p (B), Co2p (C), Ols (D), and Ti2p (E) regions for samples of Pt;oNi,,Co3o/TiO, treated under
several different conditions: 260 °C under N, (a), 550 °C under N, (b), 280 °C under O, (c), and 280 °C under O, followed by 400 °C under H,
(d). (Bottom panel) Pt4f (F), Ni2p (G), Co2p (H), Ols (I), and Cls (J) regions for samples of Pt3,Ni,,Cos,/C which was treated under O, at 280
°C first followed treatment under H, at 400 °C (a), and aged under CO + O, reaction (100 °C).

There are two additional findings from this set of data
(Supporting Information, Table S3). First, the Cls peak for the
carbon support shows a significant change with annealing and
gas reaction conditions. For the as-prepared catalyst, the main
Cls peak is observed at 284.4 eV, characteristic of unoxidized
carbon, with shoulders at ~285.8 and ~289.7 eV indicating the
presence of some oxidized states of carbon. In contrast, the
catalyst exposed to a reaction atmosphere shows a main Cls
peak at 285.8 eV and a small peak at ~289.7 eV, suggesting
some degree of surface oxidation. Second, the O1s peak for the
fresh catalyst is broad and centered at 532.4 eV, whereas the
aged catalyst shows a doublet at 532.4 and 534.2 eV, both
within the envelope of the broad peak observed for the fresh
catalyst. The detected Ols peaks with different treatments
could be assigned a combination of the oxygenated carbon
species, as supported by Cls peaks at ~289 eV, and oxygenated
Ni/Co species, as supported by the subtle difference of the Ols
peaks (531—535 eV) between the two treatments. Moreover,
the absence of Ols peak below 531 eV is indicative of the
absence of lattice oxygen, ruling out the possibility of Ni/Co
oxides as the active sites.

The Pt3gNi);Co;o/C catalyst prepared by an initial treatment
under O, at 280 °C followed by a treatment under H, at 400
°C (a) was also compared with the same catalyst after exposure
to CO + O, reaction atmosphere at 100 °C for 20 h (Figure
9(F—]J)). For the as-prepared catalyst, Pt 4f,/, and 4f;;, bands
were observed at 71.4 and 74.7 eV, characteristic of Pt’. The
main Ni 2p;,, and 2p,/, peaks appear at 856.0 and ~861.7 eV
(very weak), characteristic of oxidized Ni(+2), with a small

fraction at 852.9 eV characteristic of Ni’. The main Co 2p;,,
peak appears at 781.0 eV (the shoulder peak at ~786 €V is due
to satellite peak of Co(+2)), characteristic of oxidized Co(+2),
with a small fraction at ~778 eV characteristic of Co’. Note, the
same catalyst after being exposed to reaction atmosphere shows
diminished peak intensities likely due to the small amount of
the sample. Quantitatively, the relative surface composition
change (Supporting Information, Table S3) suggests some
degree of enrichment of Co on the nanoalloy surface and
enrichment of Ni in the nanoalloy core.

3.4. Discussion on SNI and Its Effect on Structure—
Activity Correlation. The above results clearly demonstrate
that nanosized alloys of Pt with base transition metals (Co or
Ni) exhibit a remarkable synergistic catalytic activity on the CO
oxidation reaction that varies with the chemical nature of the
support and SNI as a result of the annealing treatment. Metal
and titania support are known to have a strong interaction due
to M—Ti(3+) and/or metal-vacancy interaction, whereas metal
and silica have a weak interaction due to a high stability of the
tetrahedron structure.*’~* On the basis of this understanding,
a pure carbon surface should have a weak interaction with
metals due to a lack of any specific bonding, whereas carbon
with surface oxygenated functional groups could have a strong
interaction with metal due to their reactivities. A key difference
for these variations in SNI's strength is reflected by the
nanoalloy’s atomic-scale structural/chemical ordering which
defines Type-I active sites. Table 1 summarizes some of the key
findings for the nanoalloys on the three different supports.
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Figure 10. XANES spectra at Pt L3 edge, Ni K edge and Co K edge for Pt;Ni,,Cos,/C catalysts treated at (a) 260 °C in 1S vol % O, (oxidative
atmosphere) only and (b) 15 vol % O, (oxidative atmosphere) followed by treatment at 400 °C in 15 vol % H, (reductive atmosphere).

As shown by the atomic PDFs, atoms in all three nanoalloy
catalysts studied here arrange in a close packed, cubic type
ordering. That fcc ordering suffers local distortions in the
nanoalloys supported on carbon, especially in the case of
nonreactive—reductive treatment, and on silica, as manifested
by their substantially reduced length of structural coherence: 25
A and 30 A, respectively. It is less distorted in the titania
supported nanoalloy particles where the length of structural
coherence extends to 35 A. Furthermore, the way Pt and base
transition metal atoms arrange across the nanoalloys is different
for the different supports. In the case of silica support the Pt
and base transition metal atoms tend to phase segregate. They
form a chemically-disordered or ordered type alloy on the
carbon support in the case of oxidative—reductive and
nonreactive—reductive treatment, respectively, and a chemi-
cally-random type alloy on the titania support. The implication
of this distinctive type of chemical ordering on the catalytic
activity can be rationalized as follows: Because of the phase
segregation the base transition metal (M/M’) and Pt atoms in
the nanoalloy particles supported on silica are quite separated
from each other which may result in their surfaces being
separated into distinct M/M’ and Pt domains (Figure 7B). In
the carbon supported particles of a chemically ordered structure
type, M/M' and Pt atoms alternate in layers of two distinct
types: entirely occupied with M/M’ atoms, and occupied with
M/M’ and Pt atoms in a 50:50 ratio (chemically ordered
CuAu; alloy type). This chemically ordered atomic structure
may result in the nanoparticle’s surface being terminated with
either type of layers/facets (Figure 7A). For titania support, Pt
and M/M’ atoms are randomly alloyed (chemically disordered
CuAu; alloy type), which may result in their surface being
populated with more or less a random mixture of M/M’ and Pt
atoms in a ratio close to 3 to 1. This type of chemical
disordering, that is, the abundant presence of M-Pt-M’ sites,
and the fact that these particles suffer very little structural
distortions may promote the formation of Type-I active sites
for oxygen activation. Note that it is known that large structural
disorder often has an adverse effect on the catalytic properties
of metallic particles.”” This structurally well-ordered and
chemically-disordered nanoalloy (see Figure 7C) is in sharp
contrast with the chemically phase-segregated catalyst on the
silica support, where M/M’ and Pt are largely separated making
it impossible for M-Pt-M’ sites to operate in large numbers
(Figure 7B). The carbon-supported nanoalloys show an overall
structural and chemical disordering/ordering of M/M’ and Pt

atoms in between these two limiting cases (Figure 7A), which
explains its intermediate catalytic activity.

Consider now the surface modification of the nanoalloys
under the different treatment conditions. In our recent study®'
using a combination of XANES and XPS techniques, the
surface oxygenated metal species were shown to be highly
dependent on the thermal treatment condition. In comparison
with predominant oxygenated metal species in the oxidatively
treated sample, the oxidative—reductive treatment revealed a
significant reduction of the oxygenated metal species which
were formed upon exposure of the catalysts to ambient
conditions after the treatment. As shown by the XANES spectra
in Figure 10A, the detected change in the oxygenated Pt species
from the oxidative to the oxidative—reductive treatments was
very small. In contrast, significant changes are observed for Ni
and Co (Figure 10B,C), showing much less oxygenated Ni and
Co species for the oxidative—reductive treatment than that for
oxidative treatment. In addition to indicating an important role
played by oxidation treatment of the nanoalloy, the detected
changes in coordination numbers translate to an increased
degree of alloying, in an excellent agreement with the HE-XRD
data analysis here and the previous EXAFS analysis,’" and a
decreased oxygenated Ni/Co species in the nanoalloy after the
oxidative—reductive treatment.

Similar results have also been obtained from the XANES data
for as-prepared PtNi/C and PtCo/C catalysts (see Supporting
Information, Figure S3). While the amount of oxygenated Co
in PtCo is similar to that in PtNiCo, interestingly the extent of
forming oxygenated Ni in PtNi appears to be less than that in
PtNiCo. This subtle difference further substantiates the
difference between binary and ternary nanoalloys in terms of
the formation of oxygenated base metals, suggesting a
synergistic balance in forming oxygenated species between
Co and Ni in the ternary system. This finding is consistent with
our explanation of the activity data shown in Figure 2.

This assessment was substantiated by XPS analysis of the
nanoalloys,®" revealing a significant decrease in the oxygenated
metal species in the nanoalloy derived from the oxidative—
reductive treatment. The XPS analysis showed a clear decrease
in the amount of detected oxygen species with increasing O,%
in the oxidative treatment which was followed by the reductive
treatment, indicating that the oxygenated species originate
largely from the nanoalloy surface.

From the results and discussions above it is becoming clear
that different supports and treatment conditions affect
substantially both the overall atomic-scale structure of the
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Scheme 2. Ilustration of the Proposed Catalytic CO Reaction on a Supported Nanoalloy Catalyst in Either Reduced Nanoalloy
(A) or Oxidized Nanoalloy (B) States, Involving Oxygen Storage and Release Capacity Where the Transition Base Metals Ni/

Co Provide Sites for the Activated O* and O> Species®

(A) Pt

Co®NiQ CO@

0°® O (B)

“The support—nanoalloy interaction (SNI) is indicated by the arrow between the two materials. While both cases may involve Type-II sites for O,
activation, the Type-I site for O, activation exists only on the reduced nanoalloy surface (Case A) and does not exist on the oxidized nanoalloy
surface where the surface is completely blocked by the oxide species (Case B).

nanoalloy particles and the surface oxygenated Ni/Co species.
It is the combination of the particle’s atomic-scale structural/
chemical ordering and the surface chemistry that determines
the nanoalloy’s catalytic activity. As illustrated in Scheme 2,
nanoalloy particles alone can provide Type-I sites (Co—Pt—Ni
sites) involving Pt atoms for activating CO and base transition
metal atoms (Ni/Co) for assisting the oxygen activation.
Supports like titania can provide extra catalyst—support
perimeter sites (Type-II sites), which are inactive in the case
of silica supports and hardly available in the case of carbon
supports. Oxygen activation is crucial for the CO oxidation,
which can occur on both the surface Pt—Co/Ni active sites
(Type-I) of the nanoalloy particle and the anionic deficiency
sites (Type-II) of the support for the catalysts, thus
substantially influencing the overall reaction rate. For the
reduced nanoalloys (Scheme 2A), the differences among the
catalytic activities of the three supported catalysts cannot be
explained in terms of Type-II sites since silica and carbon
supports do not have them.

When the surface is covered by Co/Ni oxide species, Type-I
sites are basically blocked (Scheme 2B). This is consistent with
the poor activities of all three oxidized catalysts, even in the
case of TiO, support where Type-II sites are present. Thus, if
the fraction of surface base metals is significant, then the
blocking will be more serious, which explains the observation of
the propensity of deactivation of the carbon catalysts containing
a higher percentage of base metals. The origin for the
differences among the catalysts on the three different supports
then can mainly come from Type-I sites. These sites and the
degree of Co—Pt—Ni bonds’ local disorder are very much
influenced by SNI. A strong SNI, as in the case of TiO,, favors
the formation of structurally ordered (i.e., with a low degree of
local atomic positional disorder) but chemically disordered (i.e.,
with a random distribution of the base transition metals and Pt
species with respect to each other) nanoalloys. This leads to an
enhanced population of Co—Pt—Ni (Type-I) sites for effective
oxygen activation. A weaker SNI, on the other hand, leaves
more room for local structural distortions and rearrangement of
the chemical species with respect to each other. The nanoalloys
could undergo structural evolution upon the thermochemical
treatment (see Figure 6), in which Co—Pt—Ni (Type-I) sites
rearrange to influence the catalytic activity, as in the case of

carbon-supported nanoalloys. For a weak SNI, as is the case
with silica support, the chemical species in the ternary
nanoalloys segregate, which diminishes the Co—Pt—Ni
(Type-1) sites and resulting in a decreased catalytic activity.
Qualitatively, we believe that it is the thermodynamic balance of
the adhesion energy of the nanoparticles on the support and
the nanoscale metal—metal bonding energy which constitutes
the driving force for alloying or phase segregation. The latter
was in fact substantiated by both experimental and theoretical
assessments for different nanoparticle systems (e.g, AuPt
nanoparticles'>'**"), whereas the former is partially supported
by studies of metal particles mobility and sintering of gold
nanoparticles on different substrates.”””" Quantitative probing
of the driving force is part of our ongoing effort.

4. CONCLUSION

The results have demonstrated that the combination of the
ternary Pt—Ni—Co composition in the nanoalloy leads to
enhanced activity and stability can be enhanced, in which Co
promotes the activity whereas Ni is responsible for the stability
enhancement. Importantly, the atomic-scale structure, in
particular the degree of structural and chemical ordering, in
the alloy nanoparticles can be significantly affected by SNI and
further modified by controlled thermochemical treatment. For
the supported nanoalloy, the atomic-scale structure that ensures
an enhanced catalytic activity features cubic type ordering with
little atomic positional disorder where the base transition metal
and Pt atomic species are randomly arranged with respect to
each other. This atomic-scale structural evolution is favored by
titania supports, providing Type-I active sites on the nanoalloy
in addition to Type-II active sites from the nanoalloy-support
perimeter zone. By controlled thermochemical treatment this
type of structure can also be achieved for the nanoalloys on
carbon support. The lack of Type-Il sites on the carbon
support, however, could not sustain the high initial catalytic
activity from Type-I sites. This type of structure is not favored
by silica supports and the formation of Type-I active sites is
thus suppressed, which, together with the lack of Type-II active
sites, results in the lowest activity for the silica-supported
nanoalloys. Taken together, our findings highlight the
importance of oxygen-activation active sites on the nanoalloy
surface and point to a strategy for tuning such active sites by
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exploiting SNI with various supports. The findings are
significant for desigining highly acitve catalysts for various
catalytic oxidation reactions. In the case of desigining catalysts
for PROX, in which H, is present during the catalytic CO
oxidation reaction,””™* it is anticipated that our proposed
catalytic Type-I sites would function with an enhanced
effectiveness. Our findings also demonstrate the importance
of combining traditional analytical techniques with nontradi-
tional high-energy XRD coupled to atomic PDFs analysis in
revealing the important details of the atomic-scale structure of
nanoalloy catalysts, and so providing a knowledge base for
guiding the design and preparation of active catalysts with a
wide range of nanoalloy compositions.
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