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1. Introduction

Catalytic activity of bimetallic catalysts highly
sensitive to the atomic composition and phase
structure at the nanoscalet

Shiyao Shan,? Valeri Petkov,*® Binay Prasai,® Jinfang Wu,? Pharrah Joseph,?
Zakiya Skeete,® Eunjoo Kim,? Derrick Mott,® Oana Malis, Jin Luo® and
Chuan-Jian Zhong*®

The ability to determine the atomic arrangement in nanoalloy catalysts and reveal the detailed structural
features responsible for the catalytically active sites is essential for understanding the correlation between
the atomic structure and catalytic properties, enabling the preparation of efficient nanoalloy catalysts by
design. Herein we describe a study of CO oxidation over PdCu nanoalloy catalysts focusing on gaining
insights into the correlation between the atomic structures and catalytic activity of nanoalloys. PdCu
nanoalloys of different bimetallic compositions are synthesized as a model system and are activated by a
controlled thermochemical treatment for assessing their catalytic activity. The results show that the cata-
lytic synergy of Pd and Cu species evolves with both the bimetallic nanoalloy composition and tempera-
ture of the thermochemical treatment reaching a maximum at a Pd:Cu ratio close to 50:50. The
nanoalloys are characterized structurally by ex situ and in situ synchrotron X-ray diffraction, including
atomic pair distribution function analysis. The structural data show that, depending on the bimetallic com-
position and treatment temperature, PdCu nanoalloys adopt two different structure types. One features a
chemically ordered, body centered cubic (B2) type alloy consisting of two interpenetrating simple cubic
lattices, each occupied with Pd or Cu species alone, and the other structure type features a chemically
disordered, face-centered cubic (fcc) type of alloy wherein Pd and Cu species are intermixed at random.
The catalytic activity for CO oxidation is strongly influenced by the structural features. In particular, it is
revealed that the prevalence of chemical disorder in nanoalloys with a Pd : Cu ratio close to 50 : 50 makes
them superior catalysts for CO oxidation in comparison with the same nanoalloys of other bimetallic
compositions. However, the catalytic synergy can be diminished if the PdsoCusg nanoalloys undergo
phase segregation into distinct chemically-ordered (B2-type) and disordered (fcc-type) domains. This
finding is significant since it provides a rational basis for streamlining the design and preparation of Pd-
based nanoalloy catalysts in terms of atomic structure and phase state.

for preparation of low-cost, highly-active and stable
catalysts." ' For example, Pd-nickel (Ni) nanoalloys are being

Recently the interest in alloying of palladium (Pd) with tran-
sition metals on the nanoscale has surged in comparison with
the extensive studies of platinum (Pt)-transition metal nano-
alloys. The surge is due to the fact that Pd offers opportunities
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explored as catalysts for catalytic reactions such as oxygen
reduction, alcohol oxidation, methane combustion, and hydro-
genation reactions,>* which are very important for energy
sustainability. Among the different Pd-based alloys, there has
been increasing interest in the nanoalloys of Pd and copper
(Cu), partly triggered by recent theoretical studies. For
example, a recent theoretical study on the catalytic activity of
PdCu alloys for the oxygen reduction reaction (ORR)*® pre-
dicted that Cu would reduce Pd-O binding energy whereas Pd
would increase Cu-O binding energy due to charge transfer
from Cu to Pd. It also predicted that the increased overlap
between the d-states of Pd and the adsorbed oxygen species
would make the reduction of oxygen binding energy at Pd sites

This journal is © The Royal Society of Chemistry 2015
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more significant than the increase of oxygen binding energy at
Cu sites. As such, the activity of Pd-Cu nanoalloys for ORR
would peak at a Pd : Cu ratio of 50 : 50. Furthermore, studies of
the so-called lattice strain effect on the reactivity of Pd-Cu
alloys with a Pd-rich surface®® indicated that the strength of
adsorption of OH,qs and O,qs species and the magnitude of
strain in Pd-Cu alloys are strongly correlated. In an early
theoretical study of PdCu bulk and surface alloys,>” CO adsorp-
tion energy was found to be significantly improved for Cu-rich
Pd-Cu nanoalloys, due to a downshift of the d band center of
Pd. DFT studies on various slabs (e.g. fcc, bee, hep) of
PdCu alloys predicted that an L1-fcc type slab made of Pd and
Cu layers packed along the [111] direction of an fcc cell
would exhibit a significant enhancement of the catalytic activity
for ORR reaction. Notably, the study predicted a synergistic
effect of mixing Pd and Cu in a ratio of 50 : 50.>® DFT calculation
also predicted a strong electronic effect in PdCu alloys causing a
shift of CO adsorption sites from three-fold hollow sites to
bridge Pd sites. The effect would take place when Cu atoms are
selectively inserted into the Pd (111) surface, leading to a less
perturbation of the electronic structure of the nearby Pd sites.>’
The result implies that the arrangement of Cu species with
respect to Pd species could lead to an atomic ensemble effect,
influencing strongly the catalytic activity.

Several experimental studies of PdCu alloys have demon-
strated the importance of tuning the atomic structure and
morphology of the nanoalloys for achieving better catalytic
properties. Examples include porous Pd-Cu nanoalloys,'” com-
position-tuned Pd-Cu nanoalloys,'®'® and Pt-shell-PdCu-core
type nanoalloys.® In a study on CO and NO elimination over
PdCu nanoalloy catalysts, the catalytic properties were found
to be tunable by taking advantage of metal-active support
interface interactions.>® Another early study on CO oxidation
over PdCu single crystal alloys with a Pd-rich surface demon-
strated an increase of the surface Cu:Pd ratio from 0.1 to 0.7
due to diffusion of Cu from the bulk to the surface of the Pd-
Cu crystal.>’ PdCu nanoalloys on active Al,0; and TiO, sup-
ports have been shown to exhibit high activity for CO removal
under an ambient atmosphere.”* Cu,Cl(OH), species have also
been found to improve the catalytic activity of Pd-Cu nano-
alloys by promoting the re-oxidation of Pd(0) to Pd(2+) species.*>
A recent study on the hydrogen storage properties of the
surface of PdCu thin films has revealed that the solubility of
hydrogen is much lower when the film possesses a body-
centered-cubic (bcc) as compared to the case with a face-centered-
type (fcc) structure.®® In addition to gas-phase reactions, there
have also been studies focusing on understanding dealloying
of Pt/Pd-transition metal alloy catalysts in fuel cells in terms of
the formation of the so-called Pt/Pd skin.*®'”** The nano-
porous PdCu alloys formed by dealloying of PdCuAl alloy nano-
particles in an alkaline solution would significantly enhance
the stability and activity of PdCu-based catalysts used in fuel
cells.”” A nanoporous PdCu core capped with a Pt shell was
also shown to exhibit a synergetic effect in electrocatalysis.®>>

Despite  numerous experimental and theoretical
studies,*®?” the question of how exactly the catalytic activity of

This journal is © The Royal Society of Chemistry 2015
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PdCu nanoalloys is influenced by their bimetallic composition
and atomic-scale structure remains rather elusive. Recently we
studied PdNi nanoalloys to reveal how Pd and Ni atoms are
arranged across alloy particles, including particle’s surface,
and how this arrangement contributes synergistically to
improving the catalytic activity of the alloys for CO oxidation
reaction.*®*® We found that the contribution arises from a
unique combination of the first atomic neighbor distances
and coordination numbers for Pd and Ni atoms at particle’s
surface.’®*?° Here we report new findings of the study of
PdCu nanoalloys, aiming at understanding the correlation
between the atomic-scale structure and the catalytic activity for
CO oxidation. This understanding is aided by both ex situ and
in situ synchrotron X-ray diffraction (XRD), including atomic
pair distribution function (PDF) analysis.

2. Experimental section
2.1 Chemicals

Palladium(u) acetylacetonate (Pd(acac),, 97%), palladium(u)
acetate (Pd(OCOCHj;),, 98%), potassium tetrachloropalladate
(KoPdCl,), copper(u) acetylacetonate (Cu(acac),, 97%), benzyl
ether ((C¢HsCH,),0, >98%), oleylamine (CH;3(CH,),CH
CH(CH,)sNH,, 70%), 1,2-hexadecanediol (90%), ethylene
glycol anhydrous (99.8%) and oleic acid (CH3(CH,),CH=CH-
(CH,),COOH, 99+%) were purchased from Aldrich. Other
chemicals such as ethanol, hexane, copper chloride and potas-
sium chloride were purchased from Fisher Scientific. Vulcan
carbon XC-72 was from Cabot. Pd (20% on activated carbon
(Pearlman’s catalyst), unreduced, 50% water wet paste (Escat™
1951, BASF Kkit)) was obtained from Strem Chemicals. Gases of
CO (1 vol% balanced by N,), H, (15 vol% balanced by N,) and
O, (20 vol% balanced by N,) were purchased from Airgas. All
chemicals were used as received.

2.2 Synthesis of PACu nanoalloys and preparation of catalysts

Pd,,Cu, 0, alloy nanoparticles (NPs) (n represents the atomic
percentage of Pd in the NPs) were synthesized using two
different methods.'®*" One method involved using benzyl
ether (B-) as a solvent to produce PdCu alloy NPs of different
compositions®! (noted as (B-) PdCu), and the other method
used ethylene glycol (E-) as a solvent to produce PdCu alloy
NPs of different compositions'® (noted as (E-) PdCu). Briefly,
for (B-) PACu NPs, palladium(u) acetylacetonate and copper(u)
acetylacetonate in a controlled molar ratio were dissolved into
benzyl ether solvent. 1,2-Hexadecanediol was added as a redu-
cing agent. Temperature was increased slowly to 105 °C until
the metal precursors started to decompose and the solution
turned dark, at which point oleic acid and oleylamine were
added as capping agents under a N, atmosphere. The mixture
was heated up to 220 °C with reflux for 0.5 h and then cooled
down to room temperature. NPs were precipitated out by
adding ethanol and centrifuging, and then dispersed in
hexane solvent for further use. (E-) PACu NPs were synthesized
similarly except using palladium acetate as the precursor and
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ethylene glycol as both the solvent and reducing agent."® Palla-
dium and copper nanoparticles were also synthesized differ-
ently using two phase methods reported previously.*!*°

2.3 Catalyst preparation

Active catalysts were prepared from the as-synthesized PdCu
alloy NPs as follows. First, the alloy NPs were deposited on
carbon powder (XC-72) by adding a controlled amount of the
as-synthesized NPs to the suspension of XC-72 carbon powder
in hexane, followed by sonication and overnight stirring. The
resulting carbon supported NPs were then collected by remov-
ing the solvent and dried under N,. Second, carbon supported
NPs were activated by a controlled thermochemical treat-
ment.**> In brief, the treatment involved treating of carbon
supported NPs at 260 °C under an O, or N, atmosphere for 1 h
to remove the organic capping molecules, and further treating
at 400 °C under a 15% H,-85% N, atmosphere for 2 h for calci-
nation in a programmable furnace. The catalysts, termed fresh
catalysts, were loaded in a custom-built thermally-controlled
reactor for further thermochemical treatment and catalytic
activity testing. Commercial carbon supported Pd NPs (Pd/C)
were treated at 400 °C under 15% H, balanced by N, for 1 h,
yielding a loading of 20 wt% Pd NPs on the carbon support.
For most carbon supported PACu nanoalloy catalysts (PdCu/C),
the NP weight loading on the carbon support was close to 20%
(15% for Pd,;Cu,¢/C, 23% for Pd,sCus,/C, and 15% for
Pd,sCu,s/C) as determined by thermogravimetric analysis
(TGA) performed on a Perkin-Elmer Pyris 1-TGA instrument.
TEM analysis showed that the sizes of (B-) Pd,Cuygo—_, alloy
NPs were 5.7 + 0.5, 5.5 + 0.5, and 5.5 + 0.8 nm for n = 21, 54,
and 75, respectively. NPs of other compositions were also syn-
thesized, which showed similar particle sizes (e.g., (B-)
Pd,sCus, showed a size of about 5.8 nm). The as-synthesized
(E-) Pd,;,Cuyo, PdsgCuy, and Pd,,Cu,s NPs appeared to be 2.7 +
0.5, 2.6 £ 0.6 and 3.5 + 0.7 nm in size, respectively. The size of
the commercial Pd/C NPs was found to be around 7 nm.

2.4 Catalytic activity measurement

The catalytic activity of PdCu nanoalloy catalysts for catalytic
CO oxidation reaction carried out under a (0.5 vol% CO +
10 vol% O, balanced by N,) atmosphere was measured using
a customer-built system including a temperature-controlled
reactor, gas flow/mixing/injection controllers, and an on-line
gas chromatograph (Shimadzu GC 8A) equipped with 5A mole-
cular sieves, Porapak Q packed columns and a thermal con-
ductivity detector. The activated nanoalloys were loaded in the
middle of a quartz micro-reactor tube (inner diameter: 4 mm)
and wrapped by quartz wool forming a “catalyst bed” with a
length of 6 mm. The feeding gas (0.5 vol% CO + 10 vol% O,
balanced by N,) was injected continuously through the fixed
catalyst bed in the quartz micro-reactor at a flow rate of 20 mL
min~'. The residence time was about 0.2 seconds. The gas
hourly space velocity (GHSV) in the system was around
16000 h™'. Temperature control was achieved by using a
furnace coupled with a temperature controller. The catalytic
activity for CO oxidation was determined by analyzing the tail
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gas effusing from the quartz micro reactor using an on-line
gas chromatograph.

2.5 Characterization of the morphology, chemical
composition and ordering pattern

High-angle annular dark-field scanning TEM (HAADF-STEM)
was used to characterize the morphology of the Pd-Cu alloy
NPs. Energy dispersive X-ray spectroscopy (EDS) was used to
obtain elemental mapping and determine the chemical
species pattern of the PdCu alloy NPs. Experiments were
carried out on a JEOL JEM 2010F with an acceleration voltage
of 200 kV and a routine point-to-point resolution of 0.194 nm.
TEM analysis was performed using an FEI Tecnai T12 Spirit
Twin TEM/SEM electron microscope (120 kV). The nano-
particle samples were suspended in hexane solution and were
dropcast onto a carbon-coated copper grid followed by solvent
evaporation in air at room temperature.

Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) was used to determine the overall chemical compo-
sition of the PdCu NPs. Measurements were performed on a
Perkin Elmer 2000 DV ICP-OES instrument utilizing a Mein-
hardt nebulizer coupled to a cyclonic spray chamber to
increase analyte sensitivity with the following parameters:
18.0 L Ar(y) min~; auxiliary 0.3 L Ary) min~"; nebulizer 0.63 L
Argmin~"; power 1500 W; peristaltic pump rate 1.00 mL min™".
Laboratory check standards were analyzed for every 6 or 12
samples and the instrument was re-calibrated if the check stan-
dards were not within +5% of the initial concentration.

X-ray photoelectron spectroscopy (XPS) measurements were
performed ex situ using a Physical Electronics Quantum 2000
scanning ESCA microprobe. This instrument was equipped
with a focused monochromatic Al Ka X-ray (1486.7 eV) source
for excitation, a spherical section analyzer and a 16-element
multichannel detection system. The X-ray beam was approxi-
mately 100 pm in diameter. It was rastered over a 1.4 mm by
0.2 mm rectangle spot on the sample. During rastering the inci-
dent X-ray beam was normal to the sample while the X-ray
detector tilted at 45° away from the normal. The binding energy
(BE) of the chemical species adsorbed at the NP surface was cali-
brated using the C 1s peak at 284.8 €V as an internal standard.
The percentages of the individual elements detected were deter-
mined by analyzing the areas of the respective peaks.

2.6 In situ and ex situ synchrotron high energy X-ray
diffraction (HE-XRD) experiments and atomic pair distribution
function (PDF) derivation

Synchrotron XRD experiments were carried out at Sector 11 of
the Advanced Photon Source both in ex situ and in situ modes
using X-rays with a wavelength, A, of 0.1080 A (X-ray energy
~115 keV) and 0.1378 A (X-ray energy of ~95 keV), respectively.
For the ex situ experiments carbon supported nanoalloy cata-
lyst samples were loaded into thin-wall glass capillaries with a
diameter of 1.5 mm and XRD data were collected at room
temperature under an ambient atmosphere. For the in situ
experiments the catalyst samples were loaded into quartz
tubes with a diameter of 1 mm and wrapped with quartz wool.

This journal is © The Royal Society of Chemistry 2015
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The tubes were inserted into a gas flow reactor-type cell allow-
ing for collecting XRD data under a controlled gas atmosphere
and temperature.*?

Experimental XRD data were corrected for experimental
artifacts, reduced to the so-called structure factors, S(g), and
then Fourier transformed to atomic PDFs G(r), using the
relationship:

Gmax
o) = 2| " gista) ~ 1sin(ar)dg 1)
here g is the wave vector defined as g = 4nsin(6)/4, where 6 is
half of the scattering (Bragg) angle and 2 is the wavelength of
X-rays used. In the present experiments XRD data were col-
lected up to wave vectors gmax of 25 A~'. 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) =
Anrpo[ p(r)/po — 1], which is the formal definition of the PDF G
(). HE-XRD and atomic PDFs have already been proven to be
very efficient in studying the atomic-scale structure of nano-
meter-sized materials, including metallic NPs.***>
In addition, in situ real-time X-ray diffraction was per-
formed at the beamline X20C at the National Synchrotron
Light Source at Brookhaven National Laboratory. The energy of
the X-rays is 6.9 keV (1 =1.79 A).*°

3. Results and discussion

In this section, experimental data from the ex situ and in situ
HE-XRD/atomic PDF analysis will be discussed first in terms of
the catalyst phase state and structure type as a function of bi-
metallic composition of nanoalloys. Then the experimental
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data for the catalytic activity of PdCu nanoalloy catalysts for
CO oxidation are correlated with the data for the atomic struc-
ture. The correlations are used as a basis for rationalizing the
bimetallic composition-atomic structure-catalytic activity
relationships in PdCu nanoalloy catalysts.

3.1 Morphology and composition

To determine the controllability of the synthesis protocol with
respect to the bimetallic composition, the composition of the
as-synthesized (B-) Pd,Cuyo_, nanoparticles was analyzed by
ICP-OES. Fig. 1A shows a representative plot of n in Pd,,Cu9_n
NPs as determined by ICP-OES vs. the nominal feeding in
terms of the atomic fraction m (i.e., mPd and (100—m)Cu) in
the NP synthesis. The plot shows that the relative amount of
Pd in the PdCu NPs increases approximately linearly with the
feeding Pd% in the synthesis solution. This finding indicates
that the bimetallic composition of the as-synthesized PdCu
NPs can be well controlled by the relative concentration of Pd
in the synthesis solution, i.e., by the feeding composition used
in the synthesis protocol.

The size of the as-synthesized (B-) Pd,,Cu;oo_, NPs are 5.7 +
0.5, 5.5 £ 0.5, and 5.5 + 0.8 nm for n = 21, 54, and 75, respect-
ively, whereas the sizes of the thermochemically-treated
carbon supported Pd,,Cu;o_,, are 7.4 + 1.2, 6.0 + 0.8, and 4.9 +
0.5 nm respectively. The particles appear spherical in shape
and uniformly distributed over the carbon support. The size,
shape and distribution of Pd and Cu species across the treated
NPs, ie., the chemical pattern, were further analyzed by
HAADF-STEM and EDS mapping analysis. A representative set
of results is shown in Fig. 1B. The HAADF-STEM images show
that the thermochemically-treated PdCu NPs are largely crystal-
line. Elemental mapping and EELS scans show that Pd and Cu
species are uniformly distributed across the NPs, confirming
their alloy-type character (Fig. 1B). Note that the bimetallic
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Fig. 1 (A) Plot of Pd% (n) in the as-synthesized Pd,,Cuip0_, NPs, as determined by ICP, against the synthesis feeding ratio expressed as (m) Pd and
(100 — m) Cu and (B) high-angle annular dark field scanning TEM (HAADF-STEM) images: morphological imaging and elemental mapping for (a)
Pd;1Cuy, (b) Pd4gCusy, (c) PdssCuszs nanoparticles and the corresponding EELS line scans of the single Pd4gCus, nanoparticle shown in (d) for

Pd (blue) and Cu (red).
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composition of the alloy NPs determined by EDS is consistent
with that determined by ICP, confirming the Pd: Cu ratios. In
comparison with (B-) PACu NPs, the as-synthesized (E-) PdCu
NPs (Fig. S1t) appeared somewhat smaller, showing 2.7 + 0.5,
2.6 + 0.6 and 3.5 + 0.7 nm in diameter, respectively, for (E-)
Pd,sCuss, Pd;5Cuy, and Pd,-Cu,; NPs.

To reveal the speciation and relative surface distribution of
Pd and Cu species for the (B-) PACu NPs, surface-sensitive XPS
analysis was carried out (Fig. S2). The binding energies (in
eV) determined for Pd and Cu species are summarized in
Table S1.7 The data show that the surface and bulk chemical
compositions of Pd-Cu alloy NPs are rather similar, proving
that (i) NPs are nanoalloys, and (ii) the chemical composition
of NPs does not change significantly close to/at the NP surface.
Note, the binding energy of Pd species for PACu NPs appears
to vary with the bimetallic composition, showing a minimum
for Pd: Cu ratio at ~50:50. The binding energy of Cu species
appears to change significantly with the bimetallic compo-
sition. In particular, the data suggest a possible presence of
Cu(+2/+1) species in Pd,;Cu,,/C and Pd,;sCus,/C, and mostly
Cu(0) species in Pd;sCu,s/C. The partial oxidation of Cu in
PdCu alloy NPs with Pd: Cu ratio <50:50 is very likely due to
air exposure before XPS analysis.

3.2 In situ XRD characterization of thermal evolution of
mixed Pd and Cu nanoparticles

In order to understand the evolution of the phase state of
PdCu alloy NPs in real time,*” an in situ synchrotron XRD
study was performed for revealing the formation of Pd-Cu
nanoalloys from a mixture of Pd and Cu NPs dispersed on
carbon black and then supported on Si wafer. Measurements
were performed under a He atmosphere at 300 °C and then a
H, atmosphere heated up to a temperature of 700 °C. A repre-
sentative set of XRD patterns is shown in Fig. 2. The patterns
indicate that Pd and Cu NPs alloyed into a chemically ordered
bee (B2-type) phase after being heated up to 300 °C. Upon
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further heating to 450 °C the alloy appears to undergo a trans-
formation to a chemically disordered state that is of the fcc-type
structure (see Fig. 2A and B). The arrow shown in Fig. 2B indi-
cates the critical temperature for the phase transformation.
The lattice parameter of the chemically ordered (bcc; B2-type)
phase was estimated to be 2.93 + 0.01 A. The chemically dis-
ordered fce-type alloy phase exhibited peaks at 50.2° (111) and
58.2° (200), indicating a fcc lattice parameter of 3.68 A. The
non-symmetric shape of the (111) peak, however, indicates
that the transformation is incomplete, even at 700 °C. From
the peak’s full width at half maximum, the size of atomic
domains scattering X-rays coherently was estimated to be ca.
6 nm. Note that no significant NP growth was observed up to
the highest temperature used in the measurement.

Based on the results from the real-time in situ study, it may
be concluded that Pd and Cu NP species, when they are mixed
and heated up to 300 °C under an inert (He) atmosphere
under the measurement conditions, tend to form a chemically
ordered (bcc, B2-type) phase at first. Further heating up to
450 °C triggers a gradual transition into a chemically dis-
ordered (fcc-type) alloy phase. Both chemically disordered and
ordered PdCu nanoalloy phases coexist over a broad tempera-
ture range up to 700 °C. For the PdCu nanoalloys synthesized
and thermochemically treated in this work, a more detailed
picture of the phase states was obtained by ex situ and in situ
HE-XRD/atomic PDF studies described below.

3.3 Ex situ and in situ HE-XRD/PDF structure studies on
Pd,,Cu,¢o—, nanoalloys

(A) Ex situ study. Experimental HE-XRD patterns and the
respective atomic PDFs for a set of carbon supported (B-)
Pd,,Cuypo—, NPs treated under O, at 260 °C for 1 h and then
under H, at 400 °C for 2 h are shown in Fig. 3A and 3B,
respectively.

Analysis of the data in Fig. 3 reveals a rather unusual
pattern. In particular, when one of the two metallic species
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Fig. 2 Color map of the evolution of the intensity of peaks in the XRD patterns for a Pd: Cu NP mixture on a carbon-black substrate upon heating.
(A) Isothermal heating at 300 °C under a He gas atmosphere. The evolution indicates the formation of the chemically ordered B2-type phase. (B)
Heating from 300 °C to 700 °C under a H, atmosphere. The evolution indicates the transformation of the B2/bcc alloy phase into a chemically dis-
ordered fcc-type alloy phase. Insert panels illustrate the temperature run during XRD data collection. The vertical arrow in (B) indicates the starting

point of the bcc-to-fcc phase transition.
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Fig. 3 Experimental HE-XRD patterns (A) for pure Pd and Pd—Cu alloy NPs. The patterns for Pd;sCu,s and Pd,sCuzs NPs are very similar to that for
pure Pd NPs indicating that NPs are a single phase of the fcc-type structure. The HE-XRD pattern for Pd4gCus, NPs shows extra peaks indicating the
presence of an extra second phase. Experimental (symbols) and model (lines in red and blue) atomic PDFs (B) for pure Pd and Pd—Cu NPs. Model
PDFs for pure Pd, Pd;sCu,s and Pd,;Cu;9 NPs are based on a model featuring a single nanophase with the fcc-type (space group (S.G.):
Fm3m) structure. NP lattice parameters based on the atomic PDF data are given by each data. Note, lattice parameters for bulk Pd and Cu are
3.891 A and 3.615 A, respectively. The experimental PDF for PdsoCuso NPs can be approximated by a model featuring two coexisting nanoalloy
phases. Both phases are of the cubic type structure but differ in the degree of chemical ordering. One of the phases is completely chemically dis-
ordered and may be described in terms of a fcc-type (S.G. Fm3m) structure. The other phase is completely chemically ordered and may be described
in terms of a bcc-type (S.G. Pm3m) type structure. The model fit lattice parameters of the two nanophases are given by the respective data set. For
reference, the lattice parameter of bulk PdsqCusg (of space group Pm3m) is 2.988 A.

dominates in terms of abundance, as is the case with Pd,sCu,s
and Pd,;Cu,¢ NPs, the NPs appear as single phase nanoalloys
of the fce-type structure occurring with both bulk Pd and Cu.
On the other hand, PdCu NPs wherein Pd and Cu species are
almost equal in number appear to be segregated into chemi-
cally ordered bcc and chemically disordered fec-type phases.

& &

f &
& & &
N

Both phases are known to occur in the bulk state.** In the
chemically ordered alloy phase, Pd and Cu atoms occupy the
vertices of two interpenetrating simple cubic lattices as shown
in Fig. 4. As a result, each Cu atom has 8 Pd atoms as the first
neighbors and a second coordination sphere rich in Cu atoms.
Correspondingly, Pd atoms have 8 Cu atoms as the first neigh-
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@ " ® QQ @®
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Fig. 4 (A) Fragment of the chemically ordered PdsoCuso (Pm3m) cubic structure. The structure features alternating layers of Pd (gray) and Cu (red)
atoms. (B) Fragment of the chemically disordered PdsoCuso (Fm3m) cubic structure. It features a solid-solution of Pd and Cu atoms occupying the

vertices of a face-centered cubic lattice.
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bors and a second coordination sphere rich in Pd atoms. In
the chemically disordered alloy, Pd and Cu atoms occupy the
vertices of an fce-type lattice at random. As a result, on
average, each Pd and Cu species has virtually the same
number of unlike first neighbors. Here it may be noted that
the number of first atomic neighbors for NP surface atoms
would be smaller than the numbers listed above because of
the incomplete coordination spheres of these atoms. The fact
that both chemically ordered and disordered Pd-Cu alloy
nanophases appear very distinctly in the respective HE-XRD/
PDF data sets indicates that these phases comprise rather
large atomic configurations. In other words, it indicates that
Pd and Cu atoms in Pd-Cu alloy NPs interact, including
forming large atomic configurations of very different chemical
ordering patterns, and do not just mix together mechanisti-
cally. It may be conjectured that the relative abundance of
these atomic configurations and the way they spread across
NPs would be impacted by the post-synthesis thermochemical
treatment and so PdCu NPs can be separated into the cluster-
over-cluster and/or core-shell chemically ordered (bcc)/dis-
ordered (fcc) structural state.

Notably, a similar structural behavior was exhibited by (B-)
PdCu alloy NPs treated under N, at 260 °C for 1 h and
then under H, at 400 °C for 2 h. The behavior highlights the
significant impact of post-synthesis thermochemical treatment
on the atomic structure of PdCu alloy NPs, and the structure-
dependent catalytic properties as discussed later.

(B) Structural evolution of nanoalloy catalysts during
thermal treatment under an O, atmosphere by in situ HE-XRD/
PDF studies. Fresh Pd,;Cu,o/C catalysts that are treated under

. Pd. Cu._in O
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a N, atmosphere at 260 °C for 1 h, and then under a H, atmo-
sphere at 400 °C for 2 h were probed with HE-XRD. In the
measurement, the catalyst was further treated at 400 °C under
10 vol% O, for up to 30 min. The experimental HE-XRD pat-
terns and the respective atomic PDFs are shown in Fig. 5. As
shown in Fig. 5A, the fresh catalysts are single phase alloys
with a very good degree of crystallinity (see the sharpness of
the Bragg peaks in the respective HE-XRD pattern). The further
heating treatment of the catalysts in O, does not improve their
crystallinity further but induces a phase segregation mani-
fested by the appearance of “extra” Bragg peaks when the
heating temperature approaches 400 °C and lasts for about
30 min. Upon cooling back to room temperature, the “extra”
Bragg peaks are intensified, i.e., showing an increased degree
of NP phase segregation.

To determine the structural evolution of fresh catalysts (B-)
Pd,;Cu,o/C NPs under the heating treatment, the experimental
atomic PDFs of Fig. 5B were approached with a simple model
based on an fce-type structure. The model’s “fec-lattice” para-
meters were refined against the experimental PDFs and the
results are summarized in Table S2.f As the data in Fig. 5B
show, the first peak in the PDF for fresh Pd,;Cu,,/C nanoalloy
catalysts is symmetric and positioned at about 2.58 A that is
very close to the first neighbor Cu-Cu distance in bulk Cu
(2.56 A). For reference, the first neighbor Pd-Pd distance in
bulk Pd is ~2.75 A. Furthermore, the first peak, as well as all
other peaks in the experimental PDFs, remains sharp until the
NPs are heated up to 400 °C for about 30 min. Then the first
PDF peak splits into two components positioned at 2.78 A and
3.25 A, respectively, indicating a nanophase segregation. The
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Fig. 5 (A) Experimental HE-XRD patterns for a sample of fresh Pd,1Cu79/C upon heating under O, up to 400 °C and (B) the respective experimental

atomic PDFs (symbols) with the corresponding fitting curves (line in red).
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results show that the thermochemical treatment of fresh
nanoalloy catalysts can modify their atomic-scale structure
further, including inducing nanophase segregation.

In summary, the phase state of fresh PdCu alloy NPs
changes with the bimetallic composition. In particular, the
Pd:Cu ratio of ~50:50 shows phase segregation whereas
those with lower or higher Pd : Cu ratios exhibit a single phase.
In addition, the phase state of fresh nanoalloys can be modi-
fied by further thermochemical treatment. The ability to
change the phase state and so the atomic-scale structure by
either changing the bimetallic composition and/or by subject-
ing the nanoalloys of a fixed bimetallic composition to further
thermochemical treatment opens up new avenues to fine
tuning the catalytic properties of nanoalloys. How the phase
state, atomic structure and catalytic activity of the nanoalloy
catalysts are correlated to each other is examined next.

3.4 Evaluation of the catalytic activity of Pd,,Cu,g¢_,
nanoalloy catalysts for CO oxidation

(A) Pd,Cu;p9_,/C nanoalloys thermochemically treated
under mild oxidative conditions. CO oxidation over
Pd,,Cuyo_,/C catalysts activated under relatively mild thermo-
chemical treatment conditions, in particular under O,/N, at
260 °C and then under H, at 400 °C, was examined. Note that
the fresh catalysts were exposed to ambient air for an extensive
period of time before evaluating their catalytic activities for CO
oxidation. The results of the evaluation are summarized in
Fig. 6 in terms of CO conversion (in %) and the temperature
Tso at which a 50% conversion of CO to CO, is achieved. The
data show a gradual increase in the NP catalytic activity with
the increasing relative Pd content (Fig. 6B). A similar trend
was observed when the catalytic evaluation was done after the
fresh catalysts were further treated under an oxygen atmo-
sphere at 260 °C (Fig. 6B(b)). The trend is consistent with the
XPS determined evolution of Cu (2+, 1+) species with the com-
position of PACu nanoalloys. In contrast to the catalytic activity

View Article Online
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of Pd,Nijgo_, nanoalloys studied in our recent work,*®
Pd,Cu;00_, nanoalloys do not exhibit a minimum of Ts, for
n ~ 50. This may be attributed to the observed surface oxi-
dation of Cu species in the PdCu nanoalloys and/or to the
tendency of the nanoalloys to segregate into chemically
ordered dominant and disordered nanophases at n ~ 50. This
is further substantiated later by the differences of PdCu
nanoalloy catalysts after treating under H, at 200 and 600 °C
in terms of phase and surface oxidation states. Note that such
a tendency was not observed with Pd,Ni;oo_, nanoalloys,*®
which is understandable considering the differences in the
alloy composition and structure. However, PdCu nanoalloys
studied here appeared more durable as catalysts for CO oxi-
dation as compared to pure Pt and Pt-based nanoalloys*"**
since the latter have been found to exhibit a strong propensity
of poisoning. In addition to the above tests, the Pds,Cuue
nanoalloy catalysts were also examined at 135 °C for at least
48 h, or even longer, which showed little deactivation at
around 50% CO conversion.

The Ts, value of PACu nanoalloy catalysts for CO oxidation
reaction was also evaluated after further thermochemical treat-
ments, including (1) heating under H, at 200 °C for 30 min
and (2) heating under H, at 600 °C for 30 min. The results are
shown in Fig. 7A. Analysis of the results shows that (i) the
nanoalloy catalysts after further treatment at 200 °C exhibit a
higher activity than those treated at 600 °C; and (ii) the cata-
lysts with a Pd : Cu ratio of 50 : 50 exhibit a maximal activity in
comparison with those with a higher or lower Pd:Cu ratio.
Furthermore, when the Pd:Cu ratio is smaller than 50: 50,
i.e., the nanoalloy rich in Cu, the difference in T5, for nano-
alloys treated under H, at 200 °C and 600 °C is small (only
about 4 °C). On the other hand, for a Pd : Cu ratio higher than
50:50, as is the case with those with n = 54 and 75, the differ-
ence of Ts, for nanoalloys treated under H, at 200 °C and
600 °C is relatively large (about 40 °C). A further examination
of T,, values, at which a 10% conversion of CO is achieved
(i.e., “light-off temperature”), for the different thermal treat-
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Fig. 6 (A) CO conversion (in %) over fresh Pd,Cu;o_,/C catalysts (n = 21 (a, black), 36 (b, blue), 54 (c, red), and 75 (d, green)); (B) Tso values vs. bi-
metallic composition for the fresh Pd,Cu;o0_,/C catalysts (a, black) and the same catalysts after further treatment under O, at 260 °C for 30 min (b,

red).
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Fig. 7 (A) Tso values vs. bimetallic composition for Pd,,Cu;o0_,/C nanoalloy catalysts treated under H, at 200 °C (a, blue) and at 600 °C (b, green);
(B) T1p values vs. bimetallic composition for PdCu/C catalysts under the following conditions: (a) fresh (black); (b) further treated under O, at 260 °C
for 30 min (red); (c) treated under H, at 200 °C for 30 min (blue) and (d) treated under H, at 600 °C for 30 min (green).

ment conditions (Fig. 7B) revealed a similar linear relationship
of activity vs. composition for the fresh and oxidized catalysts,
and a maximum of activity at 50 : 50 ratio for the reduced cata-
lysts. It is believed that a phase transition of the type observed
during heating a physical mixture of Pd and Cu nanoparticles
(see Fig. 2) was operative under the oxidative and reductive
treatment conditions. However, the phase structure observed
for the reduced nanoalloy catalysts did not follow the trend
observed for mixing of Pd and Cu nanoparticles, indicating
the importance of the atmosphere and atomic structure to the
phase properties. Moreover, the phase-segregated state for the
fresh Pd;,Cuy,e/C catalysts was found to remain to a certain
degree upon H, treatment at 200 °C, as supported by PDF ana-
lysis (see Fig. S31). The chemically disordered fcc structure fits
better for catalysts treated under H, at 200 °C, indicating that
the enrichment of the fcc phase may be responsible for the
enhanced activity. To further substantiate this assessment,
we measured the relative surface composition of Pd on the
PdCu catalysts using an electrochemical method, e.g., deter-
mining the electrochemically active surface area (ECA)
characteristic of Pd by cyclic voltammetry (see Table S37).
With fresh catalysts, the ECA value was shown to increase
with Pd%, exhibiting a maximum at an ~50:50 ratio of
Pd: Cu. This trend appears to be inconsistent with the cata-
lytic data for fresh catalysts, though there seems to be some
consistency with the hydrogen-reduced catalysts, indicating
that the surface Pd composition is not necessarily the sole
determining factor for the observed composition depen-
dence of the catalytic activity. There is a need for future
studies to establish a comprehensive correlation among the
composition, atomic structure, phase state, and catalytic
activity. This assessment will be further supported in a later
section through examining the PdCu catalysts synthesized by
another method which produced the catalysts predominated
by the fcc phase structure.

18944 | Nanoscale, 2015, 7, 18936-18948

(B) Pd,Cuyg_,/C catalysts thermochemically treated under
deep oxidative conditions. CO oxidation over Pd,Cu;go_,/C
nanoalloy catalysts was also studied on NPs treated under O,
at 450 °C for 30 min and then under H, at 300 °C for 30 min.
The results (Fig. S41) show that the catalytic activity of the
nanoalloy catalysts is largely recovered after H, treatment at
300 °C for 30 min. This is an unusual outcome considering
that a significant fraction of NPs coalesces severely under O,
treatment as indicated by in situ HE-XRD/PDF experiments
and thermogravimetric analysis (see Fig. 5 and S51). Both
reduced and oxidized Pd,Cu;g0_,/C catalysts with n ~ 50:50
show an activity similar to that of monometallic Pd/C catalysts
(Fig. S4t). Also, the Ts, values for different batches of
Pd,Cuyg0-, catalysts with n ~ 50 differ by 30 °C, which likely
reflects the different exposure of the respective batches to the
ambient atmosphere. The largely identical Ts, values for the
nanoalloy catalysts treated under a H, atmosphere support
this conclusion. In contrast to the case of the nanoalloy cata-
lysts treated under mild oxidation conditions (i.e., 260 °C), no
minimum in T, values is observed when the same catalysts
are treated under deep oxidation conditions (i.e., 450 °C).

(C) Pd,Cuygo—, nanoalloys deposited on different supports.
CO oxidation was also studied for Pd,sCus, nanoalloys de-
posited on different supports. The results for the nanoalloys
treated under a H, atmosphere at 300 °C for 30 min are sum-
marized in Fig. S6A.f The results indicate that the catalytic
activity is highest with PdCu nanoalloys supported on TiO,
and diminishes in the order of TiO, > CeO, > SiO, > C. The
values of Ts, for nanoalloys deposited on different supports
and then subjected to an oxidative (under O, at 450 °C for
30 min) or reductive (under H, at 300 °C for 30 min) treatment
are shown in Fig. S6B.{ It shows that the reduced nanoalloys
have a higher activity than the oxidized ones. Also, “active”
supports such as TiO, and CeO, promote the oxidation of CO
over PdCu nanoalloys since T, drops by 20-100 °C in compari-
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son with the case when “inert” supports such as SiO, and
carbon are used. The PdCu nanoalloys supported on carbon
exhibit the lowest activity among all oxidized catalysts, which
is partly due to “carbon support burning” effects during the
thermochemical treatment (see Fig. S57).

(D) Pd,Cujgo_, catalysts synthesized by a different
method. PdCu catalysts prepared by a different synthesis
method were also examined to assess the above findings. One
example involved Pd,Cu;o_, catalysts synthesized using ethyl-
ene glycol as the solvent ((E-) PdCu, see the Experimental
section). The (E-) PdCu/C catalysts were shown to exhibit a
single cubic, mostly fcc-type phase. A gradual shift in the posi-
tion of the (111) Bragg peak toward higher diffraction angles
was observed with increasing Cu in the NPs. The shift indi-
cates that the fec-type structure of (E-) PACu/C NPs does not
undergo abrupt changes with the bimetallic composition. The
results of the XRD experiments were largely confirmed by
atomic PDF analysis. As shown in Fig. S3C,} the experimental
atomic PDFs for (E-) Pd-Cu alloy NPs can be well approximated
with a structure model featuring a chemically random alloy
with a fce-type structure.

The catalysts of the (E-) Pd-Cu/C nanoalloys were activated
by the same thermochemical treatment used for the (B-) Pd-
Cu nanoalloys, i.e., the nanoalloys were first heated at 260 °C
under O, for 30 min and then heated either at 200 °C or
600 °C under H, for another 30 min. A representative set of
the CO conversion and Tj, values is given in Fig. 8.

The results reveal that (B-) PACu and (E-) PdCu nanoalloys
exhibit somewhat different catalytic properties. In particular, a
maximum of catalytic activity was revealed for (E-) PdCu/C
catalysts at Pd:Cu ~ 50:50 ratio, independent of the treat-
ment conditions (Fig. 8B). To understand the results, both (B-)
PdCu/C and (E-) PACu/C treated under H, at 200 °C were exam-
ined by PDF analysis (Fig. S3t). In comparison with fresh cata-
lysts treated under O, at 260 °C and then under H, at 400 °C
followed by exposure to air before testing, the (B-) PACu/C cata-

100 @® of
2 804
s
O 60
4
g 40 o ®
& =
Q kg
O L1 —gfe
o)
(&)

04

0 5|0 1(‘)0 1%0

Temperature ( °C)
(A)

View Article Online

Paper

lysts treated under H, at 200 °C were found to remain in the
phase-segregated state with the co-existing chemically ordered
and disordered phases. A similar fce like chemically dis-
ordered phase structure was revealed for the (E-) PACu/C cata-
lysts treated at 200 °C. This result indicates that there is a
significant correlation between the catalytic activity and the
phase state, which is influenced not only by synthesis and
treatment conditions but also by particle size. There is a 30 °C
drop in the Ty, value from (B-) PdCu to (E-) PdCu at Pd: Cu ~
50:50 ratio, which is largely attributed to the predominated
fee structure in (E-) catalysts (see Fig. S3t). This is also evi-
denced by data from thermal treatment under a H, atmo-
sphere at 200 °C, at which the T;, value could largely correlate
with a better fit by the fcc type structure for (B-) Pds,Cuye/C
under H, at 200 °C although the particle size effect also needs
to be considered. Regardless of the size difference, there is a
clear increase in the fcc-component’s lattice parameters from
400 to 200 °C treatments, ie., 3.779 to 3.807 A for (B-)
Pds,Cuse, and 3.791 to 3.832 A for (E-) PdsgCuys/C. This
change is consistent with the expansion of interatomic dis-
tances, which has been observed recently for Pd5,Nis, catalysts
in activity enhancement.*® However, for PACu nanoalloys, the
coexistence of chemically ordered and disordered phases
posed a complication to the computational modeling at this
time, which is a part of our on-going work. This finding is
further assessed by examining the ECA data on the surface
area of Pd for (E-) PdCu catalysts (see Table S37). While the
ECA values are indeed higher than those for (B-) PdCu catalysts
at similar compositions, which is consistent with the smaller
particle size of (E-) PdCu NPs, they showed a gradual increase
with Pd% for (E-) PdCu catalysts without exhibiting a
maximum. This finding suggests again that the surface area of
Pd was not the key factor for the enhanced activities at ~50: 50
ratio. Note that the increase in activity from 400 to 200 °C
treatments is greater for (B-) Pds,Cuse (750 from 135.3 to
112.7 °C) than that for (E-) PdsgCu,,/C (Tso from 121.3 to
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Fig. 8 (A) CO conversion (in %) over PdsgCuy,/C catalysts treated: (1) fresh (a, black); (2) under an oxygen atmosphere at 260 °C for 30 min (b, red)
and then (3) under a hydrogen atmosphere at 200 °C for 30 min (c, blue) or (4) under a hydrogen atmosphere at 600 °C for 30 min (d, green). (B) T1o

values as a function of bimetallic composition for (E-) PdCu/C.
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Fig. 9 Activation energy vs. Pd% (n) for two sets of Pd,,Cu;go_,/C nanoalloy catalysts ((B-) PdCu() and (E-) PdCu(i)). Both catalysts were examined
under the following treatment conditions: (a) fresh (black curve); (b) treated under O, at 260 °C (red curve); (c) under H, at 200 °C (blue curve) and
(d) under H, at 600 °C (green curve). Data are derived from the Arrhenius plots for CO oxidation.

103.2 °C), indicative of the role of the phase change from fcc +
bece to fee in influencing the activity.

To further substantiate the catalytic activity in terms of bi-
metallic composition, the kinetics of CO oxidation were ana-
lyzed based on the above experimental data (see Fig. S7 and
Table S37). The activation energy for CO oxidation (E,) derived
from the dependence of CO conversion or the reaction rate vs.
1/T is clearly dependent on the bimetallic composition (Fig. 9).
For both (B-) PdCu and (E-) PdCu catalysts, the trend of the
activation energy as a function of composition is in good
agreement with the trend for Ty, or Ts, values. Interestingly,
both (B-) and (E-) PdCu showed a similar activation energy
around 40-60 k] mol™" at an ~50:50 ratio of Pd: Cu for the
catalysts treated under H, at either 200 or 600 °C, whereas
their Ts, or Ty, values displayed a difference of 50 °C. This
phenomenon at 200 °C was accompanied by the expansion of
lattice parameters.

A
e ond
o "
[ TLd ]
111) (100) ()
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(E) Structural modeling and theoretical consideration. It
is evident that the structural and catalytic properties are
strongly dependent on a combination of the bimetallic compo-
sition and the phase structure. On the basis of the structure
model of bee and fee phases (Fig. 4), the Pd and Cu atoms on
different facets are clearly more intermixed in the fcc phase
than in the bee phase (Fig. 10). This type of ensemble effect in
terms of composition, or atomic coordination structure, and
the atomic arrangement in different phases as a result of Pd
and Cu mixing patterns are partially responsible for the
enhanced catalytic activity for the catalysts with the fcc-phase
at a Pd : Cu ratio of 50: 50.

The enhanced activity of the catalyst at a Pd:Cu ratio of
50:50 is further assessed based on density functional theory
(DFT) calculation with a small cluster model featuring an
optimal tetrahedral structure for CO adsorption (Fig. S8 and
Table S4t) in which CO is adsorbed on the Pd atom for

(B)

Fig. 10 Illustrations of the degree of intermixing of Pd (grey) and Cu (red) atoms on different facets based on structure models for bcc (A) and fcc
(B) phases. Insert: illustration of CO (e.g., C atom (green) and O (blue)) adsorption on the (111) facet of the fcc phases.
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Pd,Cu,_, clusters (x = 1, 2, 3, 4). The preliminary results reveal
the most negative value for the adsorption energy and most
upshift for the d-band center for x = 2. Also, the C-O bond
length is the longest and the Pd-C bond is the shortest for
x = 2. These findings are consistent with other studies in
terms of the correlation between the d-band center shift and
CO adsorption energy.*® For example, the DFT study of
PdCu(111) alloy slab models indicated a strong correlation
between the CO adsorption energy and the d band center in
which a 1-to-1 Pd : Cu alloy ratio exhibits a greater adsorption
energy and upshift of the d band center in comparison with
the 3-to-1 Pd : Cu alloy ratio,>” in agreement with the results of
our DFT study. In the case of Pd-rich PdCu (111) alloy models,
DFT calculation showed that CO is significantly destabilized in
the multifold sites relative to the atop site.”® For DFT calcu-
lation of the small clusters, though further refinements of the
cluster size and geometry are needed, there is a qualitative
indication that the ensemble effect plays an important role in
the enhanced catalytic activity for CO oxidation over the PdCu
catalyst with a Pd:Cu ~ 50:50 ratio. We are working on
refined models considering nanoparticle facet and support
effects, which will be described in a future report.

4. Conclusion

Altogether, the results show that the catalytic activity of PdCu
nanoalloys strongly depends on the synthesis conditions, bi-
metallic composition, and the post-synthesis thermochemical
treatment conditions, including temperature, duration and gas
environment. A catalytic synergy of Pd and Cu species in
nanoalloys with a Pd: Cu ratio close to 50:50 is operative in
leading to an enhanced catalytic performance for CO oxidation
reaction. The structural characterization shows that Pd and Cu
species in such nanoalloy catalysts are predominantly ran-
domly mixed with respect to each other forming an fcc-like
structure. If the nanoalloys form a chemically ordered bce-type
structure or segregate into fcc- and bce-type phases, the cata-
lytic activity for CO oxidation could be reduced depending on
the detailed interatomic distance and ordering. In these subtle
atomic structure ordering-disordering processes triggered by
changes in the bimetallic composition and/or synthesis and
treatment conditions of nanoalloys, it is the optimal ordering
of the nearby Pd and Cu atoms with respect to each other, i.e.
the so-called atomic ensemble effect along with elongated
interatomic distances, that contribute most to the enhanced
catalytic activity of PdCu nanoalloys at a Pd : Cu ratio close to
50:50. Therefore, efforts aimed at improving the catalytic
activity of PdCu nanoalloys by refining the atomic sites active
for CO oxidation should, among others, concentrate on mini-
mizing the degree of phase segregation and/or chemical order-
ing in PdCu nanoalloys with a 50:50 bimetallic ratio.
Implications of these findings to rationalizing the preparation
of Pd-based nanoalloy catalysts by design are very significant,
which is reflected in part of our on-going investigations.

This journal is © The Royal Society of Chemistry 2015
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