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ABSTRACT: We present results from combined in situ
infrared spectroscopy and total X-ray scattering studies on the
evolution of catalytically active sites in exemplary binary and
ternary Pt-based nanoalloys during a sequence of CO
oxidation—reactivation—CO oxidation reactions. We find that
when within a particular compositional range, the fresh
nanoalloys may exhibit high catalytic activity for low-
temperature CO oxidation. Using surface-specific atomic pair
distribution functions (PDFs) extracted from the in situ total
X-ray scattering data, we find that, regardless of their chemical -
composition and initial catalytic activity, the fresh nanoalloys o
suffer a significant surface structural disorder during CO
oxidation. Upon reactivation in oxygen atmosphere, the
surface of used nanoalloy catalysts both partially oxidizes and orders. Remarkably, it largely retains its structural state when
the nanoalloys are reused as CO oxidation catalysts. The seemingly inverse structural changes of studied nanoalloy catalysts
occurring under CO oxidation and reactivation conditions affect the active sites on their surface significantly. In particular,
through different mechanisms, both appear to reduce the CO binding strength to the nanoalloy’s surface and thus increase the
catalytic stability of the nanoalloys. The findings provide clues for further optimization of nanoalloy catalysts for the oxidation of
carbonaceous species through optimizing their composition, activation, and reactivation. Besides, the findings demonstrate the
usefulness of combined in situ infrared spectroscopy and total X-ray scattering coupled to surface-specific atomic PDF analysis to
the ongoing effort to produce advanced catalysts for environmentally and technologically important applications.

KEYWORDS: metallic nanoalloy catalysts, thermochemical treatment, CO oxidation, surface atomic structure,
in situ infrared spectroscopy and total X-ray scattering

B INTRODUCTION

The design of efficient catalysts for reactions involving
oxidation of carbonaceous species is crucial for the develop-
ment of a number of increasingly important applications,
including emission control (e.g, oxidation of harmful CO in
engine exhaust), off-grid power generation (e.g, oxidation of
ethanol and methanol in direct alcohol fuel cells), chemical
conversion (e.g, propene production from propane), and

oxidation of carbonaceous species as compared to pure Pt
NPs.* Qualitatively, the improvement is attributed to one or
more of the following factors: (i) ligand/electronic effects
arising from charge exchange between the NM and TM atoms,
(ii) strain effects arising from the difference between the size of
NM and TM atoms, and (iii) geometric effects where certain
configurations of surface NM noble and TM atoms appear
beneficial to the particular reaction”~'" Despite the progress

others.' ™ Pure Pt is the best monometallic catalyst for these
applications. However, Pt is not suitable for large-scale
applications because it is one of the world’s rarest metals.
Binary and ternary alloy nanoparticles (NPs) involving noble
metals (NMs), such as Pt, Au, and Pd, and transition metals
(TMs), such as Ni, Co, Fe, and Cu, have emerged as rather
affordable and more active catalysts for reactions involving
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made, the best nanoalloy catalysts developed so far cannot quite
meet the demands of practical applications. This is because,
among others, the catalytically active sites on the nanoalloy’s
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Figure 1. (a) In situ DRIFTS spectra for PtssAu,, alloy NPs annealed in pure He atmosphere at 130 °C for 30 min, used as a catalyst for low-
temperature (80 °C) CO oxidation for 2 h, reactivated in oxygen-rich atmosphere at 260 °C for 30 min, and then reused as a CO oxidation catalyst
for 2 more hours (top panel: side view; bottom panel: top-down view). The intensity of the band appearing between 2000 and 2100 cm™ increases
with changing the color from blue to dark red. (b) Concurrently obtained atomic PDFs (symbols) for the NPs. For comparison, experimental PDFs
for pure Pt and Au NPs are also shown. Fits (lines) to the experimental PDFs based on fcc-type models and the refined fcc lattice parameters are
shown for each PDF data set. (c) Evolution of the first-neighbor atomic distance in Pt;gAu,, alloy NPs, as extracted from the in situ PDFs. Broken
line is a guide to the eye. The arrow emphasizes the non-negligible structural relaxation of Pt;gAuy, alloy NPs annealed in He atmosphere. (d) Color
maps of three peaks in the in situ PDFs. The intensity of the peaks increases with changing the color from blue to dark red. The particular gas

atmosphere, temperature, and reaction time are shown for each data set.

surface and particularly their evolution under actual reaction
conditions are not well-known. It is thus imperative that the
missing knowledge is obtained in an expedient and accurate
manner. Here, we employ combined in situ diffuse reflection
infrared Fourier transform spectroscopy (DRIFTS) and total X-
ray scattering to determine the type and evolution of active sites
in promising binary Pt—Au and ternary Pt—Au—Ni nanoalloy
catalysts for chemical reactions involving oxidation of carbona-
ceous species. In particular, we study the nanoalloys under a
sequence of relatively low-temperature surface cleanup (at 130
°C in He)—CO oxidation (at 80 °C)—reactivation (at 260 °C
in 0,)—CO oxidation (at 80 °C) reactions lasting for S h in
total. DRIFTS studies on nanoalloy catalysts are indeed
numerous.' ”'* Total X-ray scattering experiments on nanoalloy
catalysts under reactive atmosphere, involving high-energy X-
ray diffraction (HE-XRD) coupled to atomic pair distribution
function (PDF) analysis, become increasingly common.”"?
Though very informative, combined in situ DRIFTS and total
X-ray scattering studies on functioning catalysts are seldom
undertaken.'”"> Binary NM—NM’ (e.g, Pt—Au) and ternary
(NM-NM'—TM) (e.g, Pt—Au—Ni) nanoalloy catalysts are
considered promising for CO emission control and direct
alcohol fuel cell applications.”'®'” Besides being environ-
mentally and technologically important, CO oxidation is also
widely used as a litmus test on the performance of nanoalloy
catalysts. Altogether, the in situ experimental techniques,
nanoalloy catalysts, and chemical reaction probes employed
here appear well-suited to pursuing the goals of our study.
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B EXPERIMENTAL SECTION

Nanoalloy particles were synthesized by a wet chemical route using
Pt(acac),, Ni(acac),, and HAuCl, metal precursors. Prompted by the
results of prior studies, we targeted binary nanoalloys wherein the
relative Pt to Au ratio is close to 1:1 and ternary nanoalloys wherein
the percentage of Pt is high, while that of Au varies greatly.'®"”
Accordingly, the precursors were mixed in the predesired ratios and
then dissolved in octadecene. The solution was heated at 230 °C for a
short period of time, and then refluxed for 1 h. 1,2-Hexadecanediol
was added to the solution and used as a reducing agent. Oleic acid and
oleylamine were used as capping agents. The resulting nanoalloy
particles were deposited on fine titania powder and activated for
catalytic applications by heating at 260 °C in 20 vol % O, for 30 min.
The activation is necessary to remove the organic molecules capping
the NP surface. Besides, it stabilizes the NPs by annealing out likely
atomic-level defects. More details of the synthesis and catalytic
activation protocols employed here can be found in the Supporting
Information. Hereafter, titania-supported and activated Pt—Au and
Pd—Au—Ni alloy NPs are referred to as fresh NPs.

The overall chemical composition of fresh Pt—Au and Pt—Au—Ni
alloy NPs was determined by inductively coupled plasma atomic
emission spectroscopy (ICP—AES) and found to be PtgAu,,,
Pt;sAugNigs, and Pt,yAuyNiy. The NP size and shape were
determined by transmission electron microscopy (TEM). Exemplary
TEM and high-resolution (HR)-TEM images of PtsgAuy,, Pt;cAugNiss,
and Pt,yAu,(Niy NPs are shown in Figures S1 and S2, respectively. As
can be seen in the figures, the NPs are approximately 6.8 (+1.0) nm in
size and largely spherical in shape. Besides, as lattice fringes in the HR-
TEM images show, the NPs possess a good degree of crystallinity.
Details of ICP—AES and TEM experiments are given in the
Supporting Information.
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Figure 2. (a) In situ DRIFTS spectra for Pt;cAugNi; alloy NPs annealed in pure He atmosphere at 130 °C for 30 min, used as a catalyst for low-
temperature (80 °C) CO oxidation for 2 h, reactivated in oxygen-rich atmosphere at 260 °C for 30 min, and then reused as a CO oxidation catalyst
for 2 more hours (top panel: side view; bottom panel: top-down view). The intensity of the band appearing near 2100 cm™ increases with changing
the color from blue to dark red. (b) Concurrently obtained atomic PDFs (symbols) for the NPs. For comparison, experimental PDFs for pure Pt and
Au NPs are also shown. Fits (lines) to the experimental PDFs based on fcc-type models and the refined fcc lattice parameters are shown for each
PDF data set. (c) Evolution of the first-neighbor atomic distance in Pt;,AugNis; alloy NPs, as extracted from the in situ PDFs. Broken line is a guide
to the eye. The arrow emphasizes the non-negligible structural relaxation of Pt;cAugNigg alloy NPs annealed in He atmosphere. (d) Color maps of
three peaks in the in situ PDFs. The intensity of the peaks increases with changing the color from blue to dark red. The particular gas atmosphere,

temperature, and reaction time are shown for each data set.

The near-surface electronic structure and chemical composition of
the nanoalloy particles were determined by X-ray photoelectron
spectroscopy (XPS) experiments done on a Kratos AXIS Ultra DLD
spectrometer. XPS spectra showed that the individual atoms, in
particular Pt and Au atoms, in the particles interact strongly, including
modifying each other’s electronic structure, thus confirming the
formation of Pt—Au and Pt—Ni—Au nanoalloys. Besides, the spectra
showed that under ambient conditions, Ni atoms in the respective
nanoalloys are present as both metallic Ni® and oxidized Ni®*) species
(see Figure S9 and Table S1). The near-surface composition of the
NPs was determined from the experimental XPS spectra. Results are
summarized in Table S2 together with the data for the bulk
composition of the NPs obtained by ICP—AES. Analysis of the data
in the table indicates that within the limits of the experimental
accuracy, fresh NPs studied here are near-random alloys.

The catalytic activity of fresh PtggAuy,, Pt3cAugNigs, and
Pt,0Au,(Niy, alloy NPs for the CO oxidation reaction was assessed
on a custom-built system described in the Supporting Information. A
representative set of CO conversion curves is shown in Figure S3. Data
for the CO oxidation activity of fresh NPs are summarized in Table S3
in terms of the temperature, T/, at which 50% of CO conversion
(oxidation) is achieved. Values for the so-called turnover frequency
(TOF), defined as TOF = number of product (CO,) molecules per
the number of active sites on the NP surface per second, are also
shown in the table. Altogether, data in the table indicate that the
catalytic activity of fresh NPs for the CO oxidation reaction increases
in the order Pty ,Au,;Niy < Auy,Ptsg < PtygAugNigs, that is, it depends
strongly on the nanoalloy’s composition.

Combined in situ DRIFTS and total X-ray total scattering
experiments on PtsgAuy,, PtiAugNiss, and PtypAu,Niy nanoalloy
catalysts were carried out using the DRIAD-X reaction cell at the
beamline 11-ID-B at the Advanced Photon Source, Argonne.18 The
design of the cell ensures that the infrared and X-ray beams probed

coinciding sample volumes. X-rays with an energy of 86.70 keV (4 =
0.1429 A) were used, and the scattered intensities were collected with
a large-area detector. At first, fresh PtsgAuy, PtisAugNigs, and
Pt,Au,(Niy, alloy NPs were heated at 130 °C in pure He atmosphere
for 30 min to remove the gas-phase species that may have been
adsorbed on their surface before the in situ experiments. The NPs
were then exposed to CO oxidation conditions (1% CO + 10% O, in
He) at 80 °C for 2 h. Next, the NPs were reactivated by heating at 260
°C in oxygen-rich atmosphere (20% O, in He) for 30 min. Finally, the
reactivated NPs were exposed to CO oxidation conditions (1% CO +
10% O, in He) at 80 °C for 2 more hours. DRIFTS and HE-XRD data
were taken throughout the sequence of surface cleanup—CO
oxidation—reactivation—CO oxidation reactions in intervals of 10
min. Evolution of in situ DRIFTS spectra for PtggAu,,, Pt3sAugNiss,
and Pt,yAu,(Niy, alloy NPs during the reactions is shown in Figures
la—3a, respectively. Exemplary in situ HE-XRD patterns are shown in
Figure SS. Atomic PDFs G(r) derived from the patterns are shown in
Figure S6. Note that all atomic PDFs considered here are corrected for
experimental artifacts and normalized in absolute units using a
rigorous'” and not ad hoc®® HE-XRD data reduction protocol. This
facilitates the quantitative comparison between different PDF data sets
described below. More details of the combined in situ DRIFTS and
total X-ray scattering experiments, including derivation of atomic
PDFs, can be found in the Supporting Information.

B RESULTS AND DISCUSSION

Usually, the CO oxidation reaction proceeds through the so-
called Langmuir—Hinshelwood (L—H) mechanism, that is, CO
molecules adsorbed onto a catalyst surface react with nearby
adsorbed oxygen species to form CO,. For clarity, the reaction
path can be divided into four major steps as follows

DOI: 10.1021/acsami.7b19574
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Figure 3. (a) In situ DRIFTS spectra for Pt,,Au,,Ni,, alloy NPs annealed in pure He atmosphere at 130 °C for 30 min, used as a catalyst for low-
temperature (80 °C) CO oxidation for 2 h, reactivated in oxygen-rich atmosphere at 260 °C for 30 min, and then reused as a CO oxidation catalyst
for 2 more hours (top panel: side view; bottom panel: top-down view). The intensity of the band appearing between 2000 and 2100 cm ™" increases
with changing the color from blue to dark red. (b) Concurrently obtained atomic PDFs (symbols) for the NPs. For comparison, experimental PDFs
for pure Pt and Au NPs are also shown. Fits (lines) to the experimental PDFs based on fcc-type models and the refined fcc lattice parameters are
shown for each PDF data set. (c) Evolution of the first-neighbor atomic distance in Pt,Au,(Ni,, alloy NPs, as extracted from the in situ PDFs.
Broken line is a guide to the eye. The arrow emphasizes the non-negligible structural relaxation of Pt,Au,(Ni, alloy NPs annealed in He
atmosphere. (d) Color maps of three peaks in the in situ PDFs. The intensity of the peaks increases with changing the color from blue to dark red.
The particular gas atmosphere, temperature, and reaction time are shown for each data set.

COlg) + * — CO* (1)
Osgay + * = O @)
O; + * - O* + O* (3)
CO* + O* = COygyq) + * + ¥ (4)

where “*” stands for a surface atomic site capable of binding
CO or oxygen species. The current understanding is that an
efficient catalyst for CO oxidation should interact with
adsorbates with ample strength so that they can react on its
surface but weak enough to release the reaction intermediates
and product when the reaction ends. Besides, it should allow
for relatively easy dissociative adsorption of O,.”'~**

On a molecular level, the adsorption of a CO molecule on an
active site on the surface of the NM—metal-based catalyst may
be considered in terms of concurrent transfers of charge from
the filled So orbital of the molecule to the surface site (o
donation) and from the surface site into the vacant
(antibonding) 27* orbitals of the molecule (7 backdonation).
It is also considered that the latter contributes more
significantly to the adsorption energy of the molecule in
comparison to the former. The bonding of a CO molecule to a
surface d-metal atom, however, is best regarded as a synergistic
outcome of the ¢ donation and 7 backdonation of charge. The
latter increases the electron density on the molecule, which in
turn facilitates the former. Notably, because the electrons in the
frontier So orbital of a CO molecule are largely located at the
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carbon atom, the adsorption tends to occur with the carbon
atom facing the catalyst’s surface. Thus, one of the most likely
configurations is a CO molecule linearly (atop) adsorbed on
one free surface site (step 1 of the L—H mechanism; see
above). On the other hand, the adsorption of O, on an active
surface site may be considered in terms of concurrent transfers
of charge from the occupied 7-bonding orbital of the molecule
to the surface site (donation) and from the surface site into the
empty 7* orbital of the molecule (backdonation). Generally,
oxygen needs two adjacent free sites for the dissociative
adsorption (steps 2 and 3 of the L—H mechanism; see above).
Hence, the characteristic coadsorption of CO and O, molecules
during the CO oxidation reaction appears very different. In
particular, because of the lack of available pairs of free nearby
sites, oxygen dissociative adsorption may be blocked by
coadsorbed CO molecules at a relatively low CO coverage of
the catalyst’s surface. By contrast, there would be ample room
for coadsorption of CO molecules at nearly any level of oxygen
coverages.

The general understanding is that because of the partial
population of antibonding 27* orbitals taking place in the
course of the ¢ donation/w backdonation process, the
stretching frequency of the triple C=O bond in an adsorbed
CO molecule would appear diminished (“red-shifted”), as
compared to CO molecules in the gas phase. Also, there is a
consensus that under-coordinated surface atoms, for example,
atoms occupying sharp corners (CNy. = 4 and ), kinks (CN,
= 6), and edges (CN, = 7) at the NP surface, would bind CO
and O, molecules stronger than the atoms occupying highly
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coordinated, planar-type surface configurations such as terraces
(CNg, = 9). In particular, because of the increased localization
of valence d-electrons and related increase in the d-electron
charge density, the transfer of d-charge into the 27* orbital of a
CO molecule adsorbed on an under-coordinated site would
increase, thus strengthening the surface metal site-CO bond
and weakening the triple C=O bond in the molecule. As a
result, for CO molecules adsorbed on under-coordinated
surface sites, the stretching frequency of (inner) C=O bonds
would appear further diminished as compared to CO molecules
adsorbed on highly coordinated, planar-type surface sites. For
CO molecules adsorbed in the so-called “bridge” configuration
involving nearby surface atoms, the stretching frequency would
appear even more diminished. Conversely, an increased
delocalization of valence d-electrons and related decrease in
the transfer (backdonation) of d-charge into the 27* orbital of
adsorbed CO molecules would strengthen the C=O bond in
the molecules and lead to a relative increase (“blue shift”) in its
stretching frequency. Altogether, this makes the stretching
frequency of adsorbed CO molecules very sensitive to the
geometry and electronic properties of the active sites on the
catalyst’s surface. Note that the C=O bond frequency is also
known to be sensitive to the surface coverage and dzpole
coupling between nearby adsorbed CO molecules.'”** In
addition, according to the theory of chemical bonding of
Pauling and independent experimental studies, the elemental
size of metal atoms may change upon alloying so that the ratio
of the size of the alloyed atoms becomes as close to one as
possible, for minimizing atomic-level stresses. Furthermore, the
theory postulates and experiments confirm that changes in
metal-to-metal atom bond lengths trigger changes in both the
strength of the respective bonds and the electronic structure of
the metal atoms involved in the bonds and vice versa.
Therefore, changes in the bond lengths and electronic structure
of metal atoms in (nano)alloys, including surface atoms, indeed
occur concurrently and thus are difficult to take apart.**™’
Hence, here we consider that the ligand (charge transfer) and
strain effect (bond lengths change) in nanoalloys, including the
nanoalloy’s surface, largely act together and are referred to as
bonding effects. For nanoalloy particles in the size range of a
few nanometers, such as the NPs studied here, it is not the
bonding effects that alone determine their surface atomic
structure. The structure is also strongly influenced by the
surface energy of metal atoms forming the NPs and interactions
of surface metal atoms with the NP environment, in particular
with reactive gas species.' %%

DRIFTS spectra for fresh (cleaned up in He) PtggAu,, and
PtyAu,Niy, alloy NPs exposed to CO oxidation reaction
conditions for 2 h (see Figures la and 3a) show a relatively
broad band of frequencies ranging from 2000 to 2100 cm™".
The band is characteristic for atop adsorbed CO molecules.
The band appears more intense with the latter as compared to
that with the former, and, for both nanoalloys, its intensity
increases with the progress of the CO oxidation reaction.
Likely, under CO oxidation conditions, CO molecules keep
adsorbing strongly on the surface of both fresh PtgAu,, and
Pt,AuyNiy nanoalloys, thus diminishing the number of
atomic sites that would facilitate the CO oxidation reaction.
However, the number of CO molecules strongly adsorbed on
the surface of the former is not as large as that in the case of the
latter. DRIFTS spectra for fresh Pt3sAugNig alloy NPs exposed
to CO oxidation reaction conditions for 2 h (see Figure 2a) do
not show such a band. In line with the findings of catalytic ex

situ studies (see Table S1), the observation indicates that the
CO oxidation reaction over the surface of fresh Pt;sAugNigg
alloy NPs indeed proceeds very fast. Further inspection of data
in Figures la—3a shows that the vibrations of CO molecules
linearly adsorbed on the surface of reactivated PtsgAuy, and
Pt,oAuygNiy, alloy NPs are shifted to higher wavenumbers.
Besides, once reactivated, Pt;AugNiss nanoalloys are also seen
to bind CO molecules largely in an “atop” configuration.
Apparently, catalytically active surface sites in PtggAuy,,
Pt36AugNigs, and PtyAuy,Niy nanoalloys evolve significantly
both under CO oxidation and reactivation reaction conditions.

Analysis of the in situ atomic PDFs shown in Figures 1b—3b
indicates that PtgAuy,, PticAugNigs, and Pt,gAu,(Niy, alloy NPs
retain their face-centered cubic (fcc)-type structure during the
sequence of cleanup in He—CO oxidation—reactivation—CO
oxidation reactions. However, analysis of color maps of selected
peaks in the in situ PDFs indicates that the NPs indeed
undergo significant changes at the atomic level, including
changes in the bonding distances characteristic to the NPs (see
Figures 1d—3d). The changes appear gradual during the first
and second runs of the CO oxidation reaction and rather abrupt
during the reactivation in oxygen atmosphere taking place in
between the runs. Evolution of the average bonding (near
atomic neighbor) distance in PtsgAuy, PtjsAugNigs, and
Pt,yAu,oNiy, alloy NPs with changes in the thermochemical
conditions during the aforementioned sequence of reactions is
shown in Figures 1c—3c, respectively. The evolution is derived
from the position of peaks in the respective in situ atomic PDF
data sets. As can be seen in the figures, the average bonding
distance in fresh PtsgAuy, alloy NPs is approximately 2.79 A. It
appears longer than the Pt—Pt distance of 2.775 A in pure Pt
and shorter than the Au—Au distance of 2.87 A in pure Au. In
line with the finding of XPS experiments, the observation
indicates that the NPs are a Pt—Au nanoalloy.’® On the other
hand, because of the relatively high percentage of constituent
Ni atoms and relatively short Ni—Ni elemental distance (2.49
A), the average bonding distance in fresh Pt;cAugNigs and
Pt,0Au,Niy, alloy NPs appears in the range of 2.70—2.72 A.
That is, contrary to the case of binary PtsgAu,, alloy NPs, Pt
atoms in the ternary Pt—Au—Ni NPs studied here are under
considerable compressive stress. As can also be seen in the
figures, bonding distances in the NPs undergo largely reversible
changes during the surface cleanup in He atmosphere. In
particular, as it may be expected in the case of a mild thermal
treatment in inert atmosphere, the distances expand and then
shrink when the NPs are, respectively, heated (130 °C) and
then cooled down (room T) in He atmosphere. Furthermore,
the observed reversible expansion of the average bonding
distances appears to be more pronounced with PtsgAuy, alloy
NPs, as compared to Pty,Au,,Niy and particularly PtysAugNigg
alloy NPs. Then, evoking the concept of structural “rigidity” of
metallic alloy NPs,”" PtggAuy,, PtyoAu,oNiy, and PtygAugNiss
alloy NPs can be considered, respectively, as “soft”, marginally
“soft”, and “rigid” from a structural point of view. Note that
structurally “rigid” and “soft” metallic alloy NPs would respond
differently to changes in their environment, including gas-phase
atmosphere and temperature.”” >* As discussed below, this is
indeed the case with the NPs studied here. Altogether, in situ
DRIFTS and structure data in Figures 1—3 indicate that
relatively low-temperature gas-phase reactions in inert atmos-
phere, such as heating in He at 130 °C, do not affect the overall
atomic arrangement in binary and ternary NM—TM nanoalloys
significantly. By contrast, relatively low-temperature gas-phase
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Figure 4. (a) Surface-specific atomic PDFs for Pt;sAu,, alloy NPs exposed to a sequence of cleanup in He—CO oxidation—reactivation—CO
oxidation reactions (top panel: side view; bottom panel: top-down view). The PDFs are derived from the in situ data sets shown in Figure 1b as
explained in the text. The intensity of the PDF peaks increases with changing the color from blue to dark red. PDF peaks are seen to change in terms
of both intensity and position with changes in the reaction conditions, indicating a continuous reconstruction of the surface of probed PtszAuy, alloy
NPs. (b) Selected surface-specific atomic PDFs (black symbols) from the set shown in (a). The PDFs are approximated with structure models (lines
in red, blue, and green) discussed in the text. Experimental PDF for fresh Pts;Au,, alloy NPs is also given for comparison (open circles). The PDF is
well-approximated with a model (red line) based on an fcc-type structure. Vertical broken line tracks the evolution of surface bonding distances in
the probed PtszAu,, alloy NPs with changes in the reaction conditions. The reaction conditions corresponding to the selected surface-specific atomic
PDFs are given for each data set. (c) Selected DRIFTS spectra for the adsorption of CO molecules on the surface of probed PtsgAuy, alloy NPs. The
CO oxidation exposure time is given for each data set in the respective color. Vertical broken lines mark characteristic C=0 stretching frequencies
discussed in the text (bottom panel: before reactivation; top panel: after reactivation). (d) Difference DRIFTS spectra derived from the data sets
shown in (c). The spectra emphasize cumulative changes in the active surface sites in PtsgAuy, alloy NPs, as revealed by the observed cumulative
changes in the C=O0 stretching frequencies.

reactions in reactive atmosphere, such as CO oxidation (at 80 advantageous in revealing structural signatures of both the
°C) and reactivation in oxygen (at 260 °C), can induce metallic species intercalated in nanophase materials and gas-
significant irreversible changes in the atomic structure of the phase atomic species bound to the surface of metallic NPs.'**°
nanoalloys, including changes in the catalytically active sites on Also, note that by definition, atomic PDFs G(r) considered
their surface. here, including the surface-specific G(r)s, oscillate about zero.
Though indicative, structure data in Figures 1-3 are The magnitude, shape, and position of the physical oscillations
quantities averaged over the NP volume, whereas DRIFTS in the respective G(r) constitute a unique structural “finger-
spectra of adsorbed CO species reflect surface structural print” of the probed atomic configuration. Surface-specific
characteristics of PtsgAuy,, Pt3sAugNiss, and PtyAu,oNiy, alloy atomic PDFs for PtsgAuy,, Pt;sAugNigs, and PtyAuygNiy, alloy
NPs. Hence, to reveal the observed strong impact of the NPs are summarized in Figures 4a—6a, respectively. The PDFs
reaction conditions on the catalytic properties of the NPs in reveal that while under reaction conditions, the NPs undergo a
better detail, we computed NP surface-specific atomic PDFs continuous surface reconstruction. As shown below, joint
using the in situ PDF data sets. The NP surface-specific atomic analysis of selected surface-specific atomic PDFs and DRIFTS
PDFs for given NPs exposed to a sequence of CO oxidation— spectra helps reveal the major steps of the reconstruction and

reactivation—CO oxidation conditions were computed as a its impact on the catalytically active sites in the NPs.
difference between the respective in situ atomic PDFs and the In particular, as data in Figures 4b—6b indicate, PtssAuy,,
atomic PDF for the fresh NPs. The rationale behind deriving Pt3sAugNigs, and PtyyAu,oNiy, alloy NPs undergo surface
and using surface-specific atomic PDFs is that under the relaxation alone when exposed to He atmosphere at 130 °C
conditions of aforementioned gas-phase reactions, the PDFs for 30 min. The relaxation does not seem to affect significantly
would largely reflect cumulative changes in the surface atomic the average surface bonding distance in Pt;gAuy, alloy NPs (see
structure of PtsgAuy,, PtisAugNigs, and PtyyAu,Niy, alloy NPs the broken line running through the first peak in the PDF data
occurred during the reaction sequence. Note that difference- sets shown in Figure 4b). In the case of Pt,,Auy;Niy, alloy NPs
type atomic PDFs of the type considered here have been found exposed to He atmosphere, the average surface bonding
10875 DOI: 10.1021/acsami.7b19574
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Figure S. (a) Surface-specific atomic PDFs for Pt;,AugNis alloy NPs exposed to a sequence of cleanup in He—CO oxidation—reactivation—CO
oxidation reactions (top panel: side view; bottom panel: top-down view). The PDFs are derived from the in situ data sets shown in Figure 2b as
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alloy NPs. (b) Selected surface-specific atomic PDFs (black symbols) from the set shown in (a). The PDFs are approximated with structure models
(lines in red, blue, and green) discussed in the text. Experimental PDF for fresh Pt;cAu,Nig; alloy NPs is also given for comparison (open circles).
The PDF is well-approximated with a model (red line) based on an fcc-type structure. Vertical broken line tracks the evolution of surface bonding
distances in the probed Pt;AugNigs alloy NPs with changes in the reaction conditions. The reaction conditions corresponding to the selected
surface-specific atomic PDFs are given for each data set. (c) Selected DRIFTS spectra for the adsorption of CO molecules on the surface of probed
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C=O stretching frequencies discussed in the text. (d) Difference DRIFTS spectra derived from the data sets shown in (c). The spectra emphasize
cumulative changes in the active surface sites in PtysAugNigs alloy NPs, as revealed by the observed cumulative changes in the C=O stretching

frequencies.

distance expands from 2.70 to 2.76 A, that is, toward the
elemental Pt—Pt bonding distance (see the arrows in Figure
6b). The expansion would diminish significantly the
compressive atomic-level stresses at the NP surface. In the
case of Pt3cAugNigs alloy NPs exposed to He atmosphere, the
expansion of the average surface bonding distance from 2.72 to
2.76 A (see the arrows in Figure 5b) and thus the diminishing
of the compressive atomic-level stresses at the NP surface are
also significant. After exposure to CO oxidation conditions for
2 h, the cleaned-up (in He) surface of PtggAuy,, Pt;AugNig,
and Pt,Au,;Ni,, alloy NPs appears very disordered at the
atomic level. The disorder is clearly revealed by the overall
smearing of the oscillations (peaks) in the respective surface-
specific atomic PDFs. The degree of surface disorder appears
larger with the structurally “soft” PtggAu,, alloy NPs as
compared to the case of structurally “rigid” Pt,,Au,,Niy, and
Pt36AugNis; alloy NPs (compare the widths of the peaks in the
respective surface-specific atomic PDFs). Besides, the average
surface bonding distance in the latter expands further. When
reactivated at 260 °C in oxygen-rich atmosphere for 30 min,
PtggAuy,, PtycAugNigs, and Pt,yAu,Niy alloy NPs undergo
significant surface oxidation. Likely, the oxidation involves both
chemisorbed individual oxygen species and formation of well-
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structured oxide islands/layer(s). The latter is signified by the
appearance of metal-to-metal atom distances (see the green
arrows in Figures 4b—6b) characteristic to cubic-like NiO and/
or tetragonal-like PtO.* Fragments from the structures are
shown in Figure S7. Besides, as data in Figures 4b—6b show,
the low-r part of the surface-specific PDFs for the reactivated
NPs, extending from r values of 2.5 to about 15—20 A, is
approximated best by a model (red line) featuring a mixture of
(blue line) fcc-type packed metal atoms and (green line)
oxidized metal species (Ni?'—0/Pt?"—0). Note that other
studies have also indicated the formation of a thin tetragonal-
like PtO and not trigonal-like a-PtO, layer on Pt surfaces
exposed to oxygen atmosphere and/or CO oxidation
conditions at moderate temperature.”” The degree of oxidation
is seen to increase in the order PtjAugNigs < PtggAu,, =
PtyyAu,oNiy, alloy NPs. On the basis of the chemical
composition of the NPs, results of XPS experiments,
oxophilicity of the respective metallic species,”® and prior
work,”®*” it may be conjectured that the surface oxidation of
reactivated PtsgAuy, alloy NPs involves Pt—O species alone,
whereas both Pt—O and Ni—O species coexist on the surface of
reactivated Pt;sAugNisg and PtyyAu, Niy, alloy NPs. Notably,
though diminished in numbers, the surface metal—oxide species
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frequencies.

do not disappear completely when the reactivated NPs are
reused as CO oxidation catalysts for 2 more hours. However,
the surface of reused alloy NPs seems to evolve toward a more
ordered structural state with the progress of CO oxidation
(compare the width of the first peak in the surface-specific
PDFs for fresh, used, reactivated, and then further used
nanoalloy catalysts shown in Figures 4b—6b).

Selected DRIFTS and difference DRIFTS spectra for
PtggAuy,, PtysAugNig, and Pty Au,gNiy, alloy NPs exposed to
CO oxidation—reactivation—CO oxidation conditions are
shown in Figures 4c,d—6¢,d respectively. The latter were
computed as a difference between the respective in situ
DRIFTS data sets and the DRIFTS spectrum for the fresh NPs.
Under the evolving conditions of aforementioned gas-phase
reactions, the so-computed difference DRIFTS spectra would
emphasize cumulative changes in the active sites on the surface
of PtsgAuy,, PtigAugNigs, and PtyAu,Niy alloy NPs that
occurred during the reaction sequence.

As data in Figure 5c¢,d show, virtually no CO molecules bind
strongly to the surface of fresh Pt;sAugNigs alloy NPs exposed
to CO oxidation conditions. In line with the findings of ex situ
catalytic studies, the observation indicates that the rate of CO
oxidation over the NPs is high. Taking into consideration

10877

results from the analysis of respective surface-specific atomic
PDFs, the superb catalytic activity of PtycAugNiss alloy NPs for
the CO oxidation reaction can be attributed to the fact that
surface Pt atoms in the NPs largely remain under compressive
stress (the average surface bonding distances remain <2.78 A;
see Figure Sb) throughout the reaction. The stress would lead
to a downshift of the d-band and diminish the density of states
of valence d-electrons of surface Pt sites that are available for
backdonation into the 27* orbitals of CO molecules adsorbed
on the sites. Eventually, this would weaken the binding energy
of the molecules and thus accelerate their oxidation into CO,.
On the basis of the chemical composition of the NPs and
results of prior studies,””” it may be conjectured that by
exchanging charge with the majority Pt atoms (see Figure S9),
the minority Au atoms in Pt;,AugNigs alloy NPs may facilitate
but not fully determine the kinetics of CO oxidations over the
NPs. Though to a lesser extent, the same pertains to fresh
PtigAu,, and Pty Au,Niy, alloy NPs wherein Au species are
also the minority species. The likely transfer of charge from the
less electronegative Ni atoms (1.9) to the more electronegative
Pt atoms (2.2) in PtAugNig alloy NPs may be another
important factor behind their superb CO oxidation activity.”*”
Note that the catalytic synergy between surface NM and TM
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species in fresh Pt,Au,oNiy, alloy NPs appears less well-
expressed as compared to that observed with fresh Pt;AugNigg
alloy NPs because, contrary to the case with the latter, the
average surface bonding distance in the former is seen to
increase well above 2.78 A during the CO oxidation reaction.
The resulting tensile stresses would sharpen and uplift the d-
band of surface Pt atoms in PtyAu,gNiy, alloy NPs, thereby
disturbing the exchange of charge between the adsorbed CO
molecules and respective surface sites (i.e, disturbing the o
donation and 7z backdonation synergy discussed above).

As can be seen in Figures 4c,d and 6¢,d, CO vibration
frequencies in the DRIFTS spectra of fresh PtgAu,, and
Pt,,Au,Niy, alloy NPs form a broad band with a major peak at
about 2054—2057 cm™! and a shoulder at about 2012—2018
cm™". The peak can be attributed to CO molecules adsorbed
atop Pt atoms from planar-type surface configurations such as
(111)g, terraces. The shoulder can be attributed to CO
molecules adsorbed atop corrugated terraces and kinks formed
of surface Pt atoms. Notably, no CO vibration frequencies at
2170 cm™" that are characteristic to CO molecules adsorbed on
titania are observed.”’”" Further inspection of the figures
shows that the CO accumulation on the surface of fresh
PtsgAu,, and Pt,yAu, Ni,, alloy NPs does not reach saturation
under the particular CO oxidation conditions. The likely reason
is that according to the Langmuir—Hinshelwood mechanism,
the CO oxidation reaction involves molecular and dissociative
adsorption of CO and O, molecules, respectively, and a
consequent diffusion of adsorbed CO molecules toward oxygen
atoms occupying nearby surface sites, followed by the
production of CO,, which rapidly vacates the surface. The
diffusion of CO would induce a significant surface structural
disorder, as indeed observed here (see the respective surface-
specific atomic PDFs shown in Figures 4b and 6b).
Experimental studies of others on monocrystal Pt surfaces
and fine Pt NPs exposed to CO have arrived at the same
conclusion.”*** Additional active sites involving Pt species
would be created in the course of surface disordering and
exposed to CO oxidation conditions, including sites from
subsurface atomic layers. The sites would favor dissociative
adsorption of O, and/or consume gas-phase CO species, thus
maintaining the CO oxidation reaction as observed here.

Studies have shown that at near room temperature, CO
molecules tend to adsorb firmly on Pt surface sites and thus do
not diffuse inside Pt-based nanoalloy catalysts. By contrast,
oxygen atoms diffuse relatively easily into the bulk of Pt-based
nanoalloy catalysts, thus forming disordered nonstoichiometric
surface oxides.”’”* As the respective surface-specific atomic
PDFs show, the latter are clearly present on the surface of
reactivated PtsgAuy,, Pt;sAugNigg, and PtyyAu, Niy, alloy NPs.
Furthermore, as the in situ DRIFTS and particularly difference
DRIFTS spectra clearly show, the oxides affect the active sites
on the NP surface considerably. In particular, DRIFTS spectra
for reactivated PtggAu,, and Pty,AuyNiy alloy NPs (see
Figures 4c and 6¢) appear dominated by a well-defined peak at
2082 and 2072 cm™, respectively. The peak can be attributed
to CO molecules adsorbed atop highly coordinated Pt surface
sites such as terraces. In the case of reactivated PtsgAuy, alloy
NPs, the dominant peak has a shoulder at 2057 cm™L. As the
respective difference DRIFTS spectrum shows, the shoulder
can be attributed to CO molecules adsorbed atop surface sites
inherited from the fresh NPs. The peak-to-shoulder intensity
ratio does not change much during the CO oxidation reaction,
which indicates that the newly created and the inherited surface

sites are indeed well-defined and not much related to each
other. In the case of reactivated Pt,yAu,(Ni,, alloy NPs, the
dominant peak at 2072 cm™" appears highly asymmetric with a
tail extending to CO stretching frequencies as low as 2000
cm™'. The tail indicates that upon reactivation, the surface of
the Pt,Au,oNiy, nanoalloy catalyst becomes rich in various
under-coordinated Pt sites known to bind (atop) CO molecules
stronger in comparison to sites on smooth Pt surfaces. Besides,
DRIFTS spectra for reactivated Pty Au,(Niy, alloy NPs show
CO stretching frequencies clustered at approximately 1919
cm™), which can be attributed to CO molecules adsorbed on
“bridge” sites. The stretching frequencies characteristic to CO
molecules bound atop under-coordinated and “bridge” sites
persist during the CO oxidation reaction, indicating that the
surface of reactivated Pt,,Au,(Ni, alloy NPs remains rough
and thus rather reactive under the particular CO oxidation
conditions. Upon reactivation, the surface of the Pt;AugNig
nanoalloy catalyst is also seen to evolve considerably and start
interacting more strongly with CO species in comparison to
that of the fresh catalyst. In particular, as data in Figure Sc,d
show, CO molecules appear bound preferably atop highly
coordinated sites on smooth terraces at the nanoalloy’s surface.

DRIFTS spectra in Figures 4c,d—6c,d also show that similar
to the case of fresh NPs, the CO accumulation on the surface of
reactivated PtggAuy,, PtycAugNiss, and Pty AuygNiy, alloy NPs
does not reach saturation under the particular CO oxidation
conditions. While an increased surface structural disorder and
related generation of additional active sites may account for the
catalytic stability of the fresh nanoalloys, partial surface
oxidation seems to be the reason behind the observed catalytic
stability of the reactivated nanoalloys. In particular, the
preadsorbed oxygen species would withdraw charge from the
neighboring Pt atoms, thereby diminishing their ability to
(back)donate charge to the 2z* orbitals of coadsorbed CO
molecules.”*™° The likeliness of this scenario is evidenced by
the diminished “red shift”/relative “blue shift” (~20 cm™) of
the major peaks in the DRIFTS spectra of the reactivated
nanoalloys in comparison to the fresh nanoalloys (see Figures
4c,d and 6¢,d). The likely presence of partial positive charge on
surface Pt atoms in the reactivated nanoalloys is also indicated
by the presence of CO stretching frequencies at 2008—2010
cm ™ in the respective DRIFTS spectra. The frequencies appear
despite the percentage of Au (and Ni species) in the nanoalloys
being low or high and persist over 2 h under the particular CO
oxidation conditions, indicating that the preadsorbed oxygen
species are at least partially replenished during the reaction.
Surface-specific atomic PDFs for the reactivated nanoalloys also
indicate the likely presence of surface Pt—O species throughout
the CO oxidation reaction. It is noteworthy that the presence of
preadsorbed oxygen species would limit the diffusion of CO
molecules over the surface of reactivated nanoalloys, thus
limiting its eventual disordering during the reaction. The latter
is a fact, as the respective surface-specific atomic PDFs show
(see Figures 4b—6b).

B CONCLUSIONS

As once again demonstrated here, the activity of as-synthesized
and activated NM—TM nanoalloy catalysts (NMs = Pt and Au
and TM = Ni) for the oxidation of carbonaceous species, in
particular CO, depends strongly on the nanoalloy’s composi-
tion. However, the nanoalloy’s surface and thus catalytically
active sites in the nanoalloys evolve significantly both under
reaction and reactivation conditions. In particular, the surface of
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just activated nanoalloys exposed to CO oxidation conditions
suffers a significant structural disorder. The disorder scales with
the structural “softness” of the particular nanoalloys. Likely, it is
facilitated by the “softening” of surface metal-to-metal atom
bonds because of the transfer of charge from the atoms
(backdonation) into the vacant (antibonding) 27* orbitals of
CO molecules bound to the atoms. Besides, it is likely to be
facilitated by the tendency of adsorbed CO molecules to
distance from each other through diffusion over the nanoalloy’s
surface, for minimizing the molecular dipole—dipole inter-
actions. In the process, additional active sites may be created,
including sites from subsurface atomic layers, thereby
improving the catalytic stability of the nanoalloys. Notably,
despite being carried out under the same thermochemical
conditions (treatment in oxygen-rich atmosphere at 260 °C),
the initial activation of fresh and reactivation of used NM—TM
nanoalloy catalysts affect their surface in a significantly different
way. In particular, as the surface-specific atomic PDFs show, the
activation does not result in a significant oxidation of the
nanoalloy’s surface, whereas the reactivation results in a
significant oxidation of the nanoalloy’s surface. Likely, the
oxidation is facilitated by the presence of a significant structural
disorder at the surface of used nanoalloys, whereas the
concurrent diminishing of the latter is temperature-driven.
The preadsorbed oxygen species make the active sites on the
surface of reused nanoalloys less prone to exchange charge with
adsorbed CO molecules, as indicated by the observed overall
reduction of the “red shift” in the stretching frequencies of
adsorbed CO molecules. This reduces the poisoning effect of
adsorbed CO molecules, thereby increasing the catalytic
stability of the nanoalloys. Moreover, depending on the
nanoalloy’s composition and pretreatment, adsorbed CO
molecules may be displaced to significantly different active
sites, including “bridge sites”, opening new channels for the
catalytic oxidation of CO.

Generally, albeit the chemical composition of nanoalloys
explored for catalytic applications is readily available, it may be
difficult to predict and thus achieve control over the evolution
of active sites on the surface of functioning fresh and/or
reactivated nanoalloy catalysts. Combined in situ DRIFTS and
total X-ray scattering experiments, including surface-specific
atomic PDF analysis, can be very helpful in this respect by
providing a feedback loop for designing nanoalloy catalysts with
better activity and stability. For example, the studies presented
here show that Pt;sAugNigs nanoalloys are superior to
Pt,,Au,(Ni,, nanoalloys in terms of catalytic activity for low-
temperature CO oxidation. This is because the CO adsorption
is somewhat stronger on the surface of the latter as compared
to that of the former. However, the propensity of both activated
and reactivated Pt,yAu,(Ni, nanoalloys to bind CO molecules
stronger than other members of the family of Pt—Au and Pt—
Au—Ni nanoalloys do indicates that they may be excellent
catalysts for other chemical reactions. In particular,
Pt,,Au,Ni,, nanoalloys may promote the oxidation of ethanol
in direct alcohol fuel cells, where a somewhat stronger CO
binding energy to the catalyst’s surface helps split C—C bonds
and remove CO intermediates via the production of CO,. Our
recent studies confirm that this is indeed the case.’’ Last but
not least, our very recent combined in situ DRIFTS and total
X-ray scattering experiments indicate that the technique can be
useful in studies of nanoalloy catalysts for other technologically
important gas-phase reactions such as low-temperature
oxidation of propane.*”
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