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ABSTRACT: The bimetallic catalyst has been one of the main categories of Singly dispersed
bimetallic site

heterogeneous catalysts for chemical production and energy transformation.
Isolation of the continuously packed bimetallic sites of a bimetallic catalyst forms
singly dispersed bimetallic sites which have distinctly different chemical
environment and electronic state and thus exhibit a different catalytic performance.
Two types of catalysts consisting of singly dispersed bimetallic sites Pt,Co,, or
Pd,Co, (m and n are the average coordination numbers of Co to a Pt or Pd atom)
were prepared through a deposition or impregnation with a following controlled
calcination and reduction to form Pt;Co,, or Pd,Co, sites. These bimetallic sites
are separately anchored on a nonmetallic support. Each site only consists of a few
metal atoms. Single dispersions of these isolated bimetallic sites were identified (isolated bimetallic sites anchored
with scanning transmission electron microscopy. Extended X-ray absorption fine on nonmetallic support)
structure spectroscopy (EXAFS) revealed the chemical bonding of single atom Pt;

(or Pd;) to Co atoms and thus confirmed the formation of bimetallic sites, Pt,Co,,

and Pd;Co,. Reduction of NO with H, was used as a probing reaction to test the catalytic performance on this type of catalyst.
Selectivity in reducing nitric oxide to N, on Pt;Co,, at 150 °C is 98%. Pd,Co,, is active for reduction of NO with a selectivity of
98% at 250 °C. In situ studies of surface chemistry with ambient-pressure X-ray photoelectron spectroscopy and coordination
environment of Pt and Pd atoms with EXAFS showed that chemical state and coordination environment of Pt;Co,, and Pd;Co,
remain during catalysis up to 250 and 300 °C, respectively. The correlation of surface chemistries and structures of these catalysts
with their corresponding catalytic activities and selectivities suggests a method to develop new bimetallic catalysts and a new type
of single site catalysts.

KEYWORDS: single site catalysis, bimetallic, AP-XPS, EXAFS, in-situ and operando

1. INTRODUCTION site M, A, (Figure 1b) supported on a nonmetallic oxide surface
could exhibit a quite different catalytic performance due to their
different electronic states.

Preparation of a catalyst consisting of single atom sites can be

The bimetallic catalyst is one of the main categories of
heterogeneous catalysts for chemical and energy trans-
formations. On the surface of a bimetallic catalyst nanoparticle, o
catalytic sites are continuously packed. One type of bimetallic done by deposition of a very small a_rnount of guest metal to a
sites consists of a metal atom M with one or more metal atoms substrate metal. The anchored single guest atoms were
A bonding to the metal atom M, which forms a site M,A, (a > visualized with scanning tunneling microscopy (STM). For

1). Compared to the continuous distribution of bimetallic sites instance, a low coverage of Pd atoms was adde(li to the surfface
on the surface of a bimetallic nanoparticle (Figure 1a), of Au substrate and thus formed Pd monomers;" the separation

bimetallic sites M,A, could be separately anchored on a of continuous Pd sites by Au atoms can inhibit the formation of
a . g
nonmetallic substrate (Figure 1b). From an electronic state undesirable products. In addition, a small number of Au atoms

point of view, an isolated bimetallic site M,A, anchored on a were deposited to the surface of Ni(111) and thus formed

nonmetallic substrate is expected to exhibit a cationic state singly dispersed Au atoms on the Ni(111) surface; the single
instead of a metallic state of these continuously dispersed

bimetallic sites on the surface of a bimetallic nanoparticle Received: April 22, 2015

(Figure 1a). Compared to continuously packed bimetallic sites Revised: ~ November 20, 2015

on the surface of a bimetallic nanoparticle, an isolated bimetallic
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Singly dispersed bimetallic site (M,A,)
anchored on a nonmetallic support
(gray). M and A are metallic elements
and directly bond together.

Single atom (blue) anchored on
atoms of non-metallic element
(such as oxygen) of a nonmetallic
support

(d)

Single atom (blue)
anchored
on a metal surface

(c)

Figure 1. Schematics of (a) M—A bimetallic nanoparticle consisting of continuously dispersed bimetallic sites, (b) catalyst consisting of isolated
bimetallic sites M;A, anchored on a nonmetallic support, (c) a metal particle A anchored with single atoms M, and (d) single atom (blue) of a
metallic element bonded to atoms of nonmetallic elements of a nonmetallic support. Blue (M) and green (A): atoms of metallic elements. Although
these schematics are shown in packings at the atomic level, the positions of atoms in the schematics do not mean the actual positions in catalysts.

atoms of Au largely tuned the electronic state of Ni atoms
through electron transfer from Au Sd to Ni atom. This charge
transfer decreases the adsorption energy of carbon atoms on
Ni(111) and thus inhibits the formation of coke layers on a Ni
catalyst.” Recently, Sykes et al. anchored guest metal atoms Pd
to Cu(111) to form a new type of single atom catalysts
exhibiting quite high selectivity for hydrogenation.” Other than
anchoring metal atoms on the surface of a metal support,'
metal atoms have been introduced to the surface of an oxide to
bond with oxygen atoms. For example, metal atoms were
anchored to the internal surface of nanopores of zeolite (Cu or
Ni/ZSM-5),""® to the defective surface of graphene (Pt/
graphene),”'” and to oxygen atoms of surface of FeO, (Pt/
FeO,).’ 1,12

It is noted that a catalyst consisting of singly dispersed
bimetallic sites (Figure 1b) is different from the other two types
of single atom catalysts (Figure 1c,d). This is because the M
atom of a singly dispersed bimetallic site M;A, directly bonds
with another metal atom (A)"’ instead of only binding to atoms
of nonmetallic elements such as oxygen atoms of an oxide
support (Figure 1d)."" In addition, a singly dispersed bimetallic
site'” is different from the single atoms M anchored on surface
of a substrate metal A’, as shown in Figure lc. To prepare a
catalyst consisting of singly dispersed bimetallic sites, a
straightforward method could be a deposition of organometallic
molecules consisting of M—A bonds. Unfortunately, there are
few molecular precursors which consist of M—A bonds.

Here we used a method termed deposition—calcination—
reduction'” to prepare catalysts consisting of singly dispersed
bimetallic sites. It begins with a deposition or impregnation of a
precursor of guest atoms M to the surface of a reducible oxide
A,O,, followed by calcination to chemically bond the guest
metal atoms M to oxygen atoms of surface of A,O,, and it
concludes with a controlled reduction to remove oxygen atoms
between M and A,O, to form the M;A, nanocluster anchored
on A,O,.

We selected Co;0, as a representative transition metal oxide
to develop catalysts with the aid of in situ characterization
including AP-XPS and EXAFS. DFT calculations showed the
energy barrier for hoppin§ oxygen vacancies through releasing
oxygen atoms is 0.26 eV."" The high mobility of surface oxygen
atoms makes Co;0, readily generate surface oxygen vacancies
under a mild condition. More importantly, the high mobility of
surface lattice oxygen atoms suggests that oxygen atom of Pt—
O—Co or Pd—O—Co on the surface of Co;0, could be readily

removed by H, in the reduction step and thus allow a direct
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bonding between Pt (or Pd) and Co atoms of Co;0, surface to
form bimetallic sites M;Co,,.

In this work, catalyst precursor, Co;O, with singly dispersed
Pt or Pd atoms was prepared as to form catalysts of singly
dispersed bimetallic sites. A following reduction in 5% H, or a
mixture of NO and H, formed catalysts of singly dispersed
bimetallic sites Pt;Co,, or Pd,Co,. Reduction of nitric oxide
with H, (2NO + 2H, = N, + 2H,0)"*™*" was taken as a
probing reaction to test catalytic performances of catalysts
consisting of singly dispersed bimetallic sites. Our studies
showed that these catalysts consisting of singly dispersed
bimetallic sites exhibit selectivity of 98—100% for production of
N, in the temperature range of 150—300 °C. In situ studies of
AP-XPS confirmed that Pt and Pd are at a cationic state during
catalysis. EXAFS studies showed that singly dispersed bimetallic
sites are formed on Co;0, and single dispersion of these
bimetallic sites remains during catalysis up to 300 °C. This
work demonstrated the development of a new type of
bimetallic catalysts in the form of single sites active for different
catalytic reactions.

2. EXPERIMENTAL SECTION

Catalyst Synthesis. Synthesis of Co;0, nanorods anchor-
ing Pt or Pd atoms includes three steps: synthesis of Co;0,
nanorods, deposition precipitation of Pt or Pd on surface of the
Co03;0, nanorods, and calcination under a mild condition.
Co;0, nanorods were prepared by the calcination of a cobalt
hydroxycarbonate precursor obtained by the precipitation of
249 g of cobalt acetate (99.995%, Aldrich) with sodium
carbonate in 30 mL of ethylene glycol.”” When cobalt acetate
was mixed with ethylene glycol (99.8%, Aldrich) at 160 °C, the
—OCH,—CH,0~— chain was tightly bound with the cobalt
cations. The addition of 100 mL of aqueous sodium carbonate
solution (0.2 mol/L) at a rate of 1.11 mL/min resulted in the
formation of a solid cobalt hydroxycarbonate incorporating
ethylene glycol, having a shape of nanorod. A subsequent
calcination of the precursor at 350 °C in air for 4 h forms well-
crystallized Co;0, nanorods.

Subsequently, 1.5 mg of Pt acetylacetonate (Aldrich), 7.5 mg
of Pt acetylacetonate (Aldrich), or 5.7 mg of Pd acetylacetonate
(Aldrich) was dissolved in 10 mL of pure ethanol. The solution
of precursors was added to 20 mL of ethanol with dispersed 0.3
g of Co;0, nanorods. Vigorous stirring and evaporation of
solvent at 45 °C were necessary to make sure a homogeneous
impregnation of metal ions on the surface of Co;0, nanorods
for the preparation of 0.1 atom % Pt/Co;0,, 0.5 atom % Pt/
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Co30, or 0.5 atom % Pd/Co;0,. Due to steric effect of the
large acetylacetonate group and the low concentration of
precursor of Pt or Pd, metal atoms are separately anchored on
the Co;0, support. A subsequent calcination in air at 350 °C
for 3 h removes the carbon species and anchors metal ions to
the surface of Co;0,. A further pretreatment in 5% H, will be
described in the following section.

Catalytic Measurements. Catalysts were mixed with
quartz (60—80 meshes) to make up the catalyst bed with a
volume of 1 cm®. They were loaded into a plug-in fixed-bed
flow reactor. Nitric oxide, hydrogen, and argon were premixed
before introducing them to the reactor. In the mixture of
reactant, the pressure ratio of NO to H, is 1:1. The mixture was
placed into a quartz tube. Blank experiments showed no activity
in NO reduction with H, in the temperature range of 25—300
°C. Products were analyzed with a gas chromatograph.
Conversion of NO was calculated with the equation:

T

N
NO % 100%
NNO

X% = NNO -

Here Nio is the mole of NO detected at a reaction
temperature, T. Nyo stands for the moles of NO introduced
before catalysis. Selectivity to the production of N, was
calculated with the equation:

2N"
X 100%
NNO -N NO

0,
Sy, %
Here Ny is the mole of N, detected at a reaction

temperature. Selectivity to the production of N,O was
calculated with the equation:
T

N
= X 100%

NO

Sn,0% =

NO

Here N{IZO is the mole of N,O detected at a reaction

temperature. Because N,O and NH; are the byproducts, the
selectivity for the production of NH; was calculated with the
equation:

Sni% = 100% — Sy % — Sy 0%

Ex Situ Characterization of Catalysts. Size, shape, and
lattice fringe of pure Co;0,, Pt/Co;0,, and Pd/Co;0, were
characterized with Titan TEM (FEI Titan 80—300, 300 kV
FEG TEM with a point resolution of 0.2 nm). High-angle
annual dark field-scanning transmission electron microscopy
(HAADF-STEM) images were collected on JEOL JEM-ARM
200F with a CEOS probe corrector in Takeda group at Osaka
University at Japan. The used accelerating voltage is 200 kV.
The HAADEF-STEM resolution is 0.1 nm. The overall
concentration of Pt or Pd in Co;O, was measured with
inductive coupling plasma (ICP). The reported Pt/Co or Pd/
Co atomic ratios are the values measured with ICP. Ex situ XPS
studies of catalysts were performed on the ambient pressure X-
ray photoelectron spectroscopy system in our group.

In Situ Characterization during Catalysis. In situ studies
of surface chemistry of catalysts were performed on the lab-
based AP-XPS system in our group. The function of this in-
house AP-XPS was demonstrated in our recent work.”> '
Catalyst samples were transferred to a fixed-bed flow reactor
which has gas inlet and outlet for in situ studies with a flowing
mode. Reactant environment of in situ studies of Pt;/Co;0,
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and Pd,/Co;0, catalysts is a mixture of 1 Torr NO and 1 Torr
of H,. Pt 4f, Pt 4d, Pd 3d, Co 2p, O 1s, and C 1s were collected
while a catalyst was in a reactive environment at different
temperatures. C 1s of the substrate of HOPG was always taken
as a reference after data acquisition at each reaction condition.
Gas composition during catalysis in the catalysis reactor was
monitored and online analyzed by using the quadrupole mass
spectrometer.32

In situ X-ray absorption spectroscopy measurements of
catalysts during catalysis were performed at the National
Synchrotron Light Source, Brookhaven National Laboratory.
The Pd K-edge measurements were performed at the X18B
beamline in fluorescence mode, using a Lytle detector, and the
Pt L; edge measurements at the X19A beamline, also in
fluorescence mode, using a 4-channel Vortex detector. The
samples were made by pressing the powders into circular pellets
using a hydraulic press and transferred onto a sample holder of
a Nashner-Adler in situ cell.”* The cell is capable of heating the
sample under a controlled atmosphere. X-ray absorption
coefficients in metal Pt and Pd foils were measured in reference
mode for X—ray energy calibration. Up to five consecutive
scans were collected at each stage of the reaction to improve
the signal-to-noise ratio.

The data in the XANES region of the absorption coeflicient
were examined by applying the same procedure for pre-edge
line fitting, postedge curve fitting, and edge-step normalization
to all data. EXAFS data analysis was performed with IFEFFIT
package and FEFF6 theory. Data modeling at different
temperatures was performed using standard procedures.”**>
Several parameters describing electronic properties, specifically,
the correction to the photoelectron energy origin, and local
structural environment [coordination number (N), bond length
(R)] and mean squared disorder parameter (%) of the nearest
neighbors around absorbing atoms were varied in the fit. More
details of fitting were described in the section of Results and
Discussion.

3. RESULTS AND DISCUSSION

3.1. Catalyst Consisting of Singly Dispersed Pt,Co,,.
3.1.1. Single Dispersion of Pt Atoms on Co;0, for 0.1% Pt/
Co30,. Figure 2 presents TEM images of pure Co;O, nanorods
we synthesized. The preferentially exposed surfaces are (1—10)
and (001). They have an average size of ~6 nm X ~6 nm X
~50—200 nm. Upon anchoring Pt atoms on Co;0, nanorods,
the morphology of nanorods basically remains, although some
nanorods are broken into shorter ones. The measured
interplanar distance of (220) of 0.1 atom % Pt/Co,0,, 2.82

)

Figure 2. TEM images of Co;0, nanorods. (a) Large-scale TEM
image. (b) High-resolution TEM image.
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Figure 3. Images of aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) of 0.1 atom %
Pt/Co;0, with singly dispersed Pt atoms. Each bright spot is a Pt atom singly dispersed on Co;O, nanorods.

Ais the same as pure Co;0, nanorods. Thus, the impregnation
of Pt atoms on Co;0, does not change the lattice of Co;0,
because the immobilization of noble metal atoms on well-
crystallized Co;0, nanorods was done under a mild condition.

To identify the dispersion of Pt atoms on Co;0O,4 nanorods,
the as-synthesized catalyst was examined with aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM). Figure 3 presents the
representative HAADF-STEM images of 0.1 atom % Pt/Co;0,
catalyst. Bright spots in images of Figure 3 are Pt atoms
anchored on Co0;0,. Under an assumption that all loaded Pt
atoms are anchored on Co;0, surface, coverage of Pt atoms on
Co50, surface can be defined to the atomic ratio of all Pt atoms
on the surface of Co;0, to all Co atoms of the topmost layer of
Co;0, nanorods. With this definition, the theoretical coverage
of Pt atoms is about 1.2% (see the calculation in Section 2 of
the Supporting Information). Experimentally, the coverage of
Pt atoms was measured through statistical accounting of bright
spots (Pt atoms) in STEM images. This accounting gives the
coverage of 1.5%, close to the theoretical atomic ratio of the
anchored Pt atoms on surface to Co atoms of the surface, 1.2%.
The difference between the ideal coverage of Pt atoms and the
measured one could result from heterogeneous distribution of
Pt atoms on surface of Co;0O, nanorods.

3.1.2. Single Dispersion of Pt Atoms on Co3O, for 0.5
Atom % Pt/Co;0, With the same synthetic route as the
synthesis of 0.1 atom % Pt on Co;0,, 0.5 atom % Pt/Co;0,
was synthesized. Figure 4 presents the HAADF-STEM images
of 0.5 atom % Pt/Co50,. Compared to 0.1 atom % Pt- Co;0,
(Figure 3), Pt atoms of 0.5 atom % Pt—Co;0, exhibit two
types of dispersions. One is the single dispersion of Pt atoms;
the second is a dispersion of Pt atoms, which are separated with
a distance of 0.5—1.5 nm. The second type of dispersion was
marked with red circles in Figure 4. Statistical accounting
showed these fractions of singly dispersed Pt atoms in type I
and II are ~52% and ~48%, respectively. Figure Sb is an
enlargement of the second type of dispersion marked in Figure
Sa. A close examination of the second type of dispersion found
that Pt atoms in the second dispersion are not arranged into a
lattice of a Pt nanocrystal. In fact, the distribution of these Pt
atoms in Figure Sb is quite random. To make a better
understanding of the random packing of Pt atoms in the second
type of dispersion, Pt nanocrystals with a size of 2 nm
supported on Co;0, nanorods (Figure Sc—e) were examined
with HAADF-STEM using the same data acquisition condition
as Figure Sa,b. The crystallization of Pt nanoparticles in Figure
Sc—e was confirmed with the measured lattice fringe. Because
there is not any component of metallic Pt in spectra of Pt 4f
and Pt 4d (to be discussed in Section 3.1.4) and no
crystallographic lattice identified in the second type of
dispersion (Figure Sab), it is inappropriate to assign the
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Figure 4. Images of aberration-corrected annular dark-field scanning
transmission electron microscopy ((HAADF-STEM) of 0.5 atom %
Pt/Co;0, anchoring Pt atoms. Each bright spot with high contrast is a
Pt atom on a Co;0, nanorod. Red circles highlight the second type of
dispersion of Pt atoms. (a), (b), (c), and (d) are representative images
collected on a catalyst loaded on a TEM grid.

Figure S. Images of aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy studies of catalyst of 0.5
atom % Pt/Co;0, anchoring Pt atoms (a and b) and another catalyst,
Pt nanoparticles impregnated on Co;0, nanorods (c—e). In (a) and
(b), each bright spot with a high contrast is a Pt atom annealed on
Co30, nanorods. Bright spots are randomly dispersed. In (c), (d), and
(e), Pt nanocrystals are clearly identified, and bright spots (Pt atoms)
in nanoparticles are packed periodically.

second type of dispersion (marked in red circles in Figure 4) to
metallic nanoparticles of Pt. They are considered as
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neighboring Pt atoms, which are anchored on Co;0, surface at
a relatively short distance.

Based on the method of calculations in Section 2 of the
Supporting Information, loading of 0.5 atom % Pt to the surface
of Co;0, gives a surface coverage of 6.0%, which means there
are 6 Pt atoms among every 100 Co atoms of the topmost layer
of the Co;0,. As shown in Figures 4 and 5, these anchored Pt
atoms on 0.5 atom % Pt/Co;0, did not aggregate though some
of them resided closely. The average distance between two
adjacent Pt atoms in the first type of dispersion of 0.5 atom %
Pt/Co030, ~3.5 nm, is definitely larger than the distance of
0.5—1.5 nm in the second type of dispersion. The reasons that
these closely packed Pt atoms did not form a crystallographic
lattice of Pt nanoparticles could be the relatively low surface
coverage (6.0%). The annealing at an intermediate temperature
in preparation could result in the close packing (Figure Sa) but
not the formation of nanocrystal.

3.1.3. Formation of Catalyst Consisting of Singly
Dispersed Pt;Co,, In situ XANES and EXAFS studies of Pt
L; edge for Pt atoms of 0.5% Pt/Co;0, were performed to
explore the evolution of chemical states and coordination
environment of the singly dispersed Pt atoms of this catalyst.
Upon reduction at 300 °C, a very similar Pt L;-edge feature
collected at 25, 90, 150, 190, 250, and 300 °C during catalysis
in the mixture of NO and H, was presented in Figure 6. The in
situ XANES suggests a cationic state of Pt atoms during
catalysis at these temperatures.

—— 150°C (NO+H,)

190°C (NO+H,)
——250°C (NO+H,)
——300°C (NO+H,)

25°C (after catalysis)

Normalized Absorption Coefficient

T
11560 11565 11570 11575 11580 11585
X-ray Energy (eV)

Figure 6. Pt L;-edge XANES of 0.5 atom % Pt/Co;0, catalysts during
catalysis in the mixture of reactant gases (NO + H,) in the
temperature regime of 25—300 °C after reduction in 5% H, for a half
hour.

In the analysis of data of the k>-weighted Pt Ly-edge EXAFS
spectra of 0.5 atom % Pt/Co;0, as-synthesized and during
catalysis (Figure 7), several models were carefully tried in fitting
the experimental data. These models included Pt—Co, Pt—Pt,
or Pt—O contributions, and any two or three of their
combinations. Among all these trials of fittings, only a pure
Pt—Co model gave adequate fits to the experimental data at
these temperatures (Figure 7). Data were analyzed in the k-
range from 2 to 10 A™" and in the r-range from 1.7 A to 2.8 A.
In order to reduce the number of variables, the spectra were
analyzed concurrently, using the multiple data set fitting
method, where multiple constraints were imposed on fitting
variables to decrease correlation between them. The coordina-
tion number of Pt—Co pairs were constrained to be the same at
all temperatures. The energy origin correction was constrained
to be the same for all temperatures. The data and fits in r-space
are shown in Figure 7. The best fitting result for the Pt—Co
coordination number was 3.8 + 0.3. The energy origin shift was
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—1.9 + 0.7 V. The best fitting results of Pt—Co distance and
disordering parameters are given in Table 1. Thus, in situ
EXAFS studies show that Pt atoms are singly anchored on the
surface and a Pt atom chemically bonds to Co atoms upon H,
reduction at 300 °C and during catalysis in the temperature
range of 25—300 °C. Thus, the in situ EXAFS studies clearly
suggest the formation of singly dispersed bimetallic sites,
Pt,Co,,.

3.1.4. Cationic State of Pt;Co,, Sites during Catalysis.
Catalysts 0.1 atom % Pt/Co;0, and 0.5 atom % Pt/Co;0,
were reduced at 300 °C in 5% H,. On the basis of the
downshift of Pt 4d after the reduction, we would consider that
there are oxygen atoms between Pt and Co before the removal
of oxygen atoms by annealing at 300 °C in H,. The removal of
oxygen atoms by reduction in H, is supported by the formation
of Pt—Co bonds identified with EXAFS (Figure 7 and Table 1).
The reduction process can remove oxygen atoms between Pt
and Co because Pt atoms can catalyze the dissociation of
molecular hydrogen to atomic hydrogen; the formed atomic
hydrogen can spillover from Pt atom to the oxygen atom
between Pt and Co to form a OH group, and the OH group
can bond with another hydrogen atom to form a H,O molecule
and then desorb from the surface. Upon removal of the oxygen
atoms between Pt and Co, the Pt atom directly bonds with one
or more Co atoms. The formation of Pt—Co bonds was
confirmed by the EXAFS studies.

In situ studies of surface chemistry of 0.1 atom % Pt/Co;0,
and 0.5 atom % Pt/Co;O, under reaction condition of a
mixture of NO and H, were performed on our lab-based AP-
XPS systemg’z’36 in order to identify whether Pt;Co,, is at a
metallic state or a cationic state during catalysis. Figure 8
presents photoemission features of Co 2p and Pt 4d of 0.1
atom % Pt/Co;0, and 0.5% Pt/Co0;0,. Two main peaks of Co
2p are clearly observed at 780.5 and 796.0 eV, which are
consistent with the peak positions of Co 2p;/, and Co 2p,, of
Co;0, reported in literature.””~** Notably, such photoemission
feature of Co 2p is preserved in the entire temperature regime
of 25—300 °C during catalysis (Figure 8a,c). The lack of the
characteristic photoemission feature of Co** of CoO, a pair of
satellite peaks at ~786.4 eV and ~803.0 eV attributed to the
Co®* ions at an octahedral site, shows the preservation of
Co;0, surface phase during catalysis. The preservation of the
photoemission feature of Co;0, surface in the mixture of both
NO and H, could result from the coexistence of both a strong
oxidative gas, NO and a reductive gas, H, during catalysis.

Figure 8b,d are Pt 4d photoemission features of 0.1 atom %
Pt/Co;0, and 0.5 atom % Pt/Co;0,, respectively. The binding
energy at 317.0 eV in Pt 4d spectra clearly excludes the
possibility of a metallic state in terms of formation of Pt
nanoparticles in the temperature regime of 25—300 °C because
the Pt 4ds, peak of metallic Pt is only 315.0 eV.*’ In fact, the
binding energy of Pt 4d at 317.0 eV is consistent with Pt 4d of
Pt cations of platinum oxide reported in the literature.”"*
Obviously, the evolutions of Pt 4d (Figure 8) and Pt 4f (Figure
S6) in AP-XPS studies indicate the lack of metallic Pt
nanoparticles during catalysis. These singly dispersed Pt
atoms did not aggregate into metallic Pt nanoparticles on the
Co;0, surface during catalysis at a temperature <300 °C; these
Pt atoms are still in a cationic state. A comparative in situ study
of 0.5 atom % Pt/SiO, during catalysis using AP-XPS (Figure
S7 in Supporting Information) was performed under the same
reaction conditions as 0.5 atom % Pt/Co;0,. As shown in
Figure S7, platinum in the as-synthesized 0.5 atom % Pt/SiO,
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Figure 7. In situ EXAFS data and theoretical fits of 0.5 atom % Pt/Co03;0, during catalysis in the temperature regime of 25—300 °C after reduction at
300 °C in 5% H, for a half hour. Experimental and fitted data are shown in black and red, respectively.

Table 1. Fitting Results Obtained by EXAFS Analysis for Pt—
Co Coordination Numbers, Distances, and Disorder
Parameters of 0.5 Atom % Pt/Co;0, during Catalysis after
Annealing in 5% H,

CN (Pt— CN (Pt— R (Pt—Co)

T (°C) Co) 0) (A) o (A?)

25°C  38+03 0 261 £ 001 00056 + 0.0008
90°C  38+03 0 2.60 £ 001  0.0078 % 0.0008
150°C 38 +03 0 260 £ 001 0.0074 + 0.0007
190°C 3803 0 261 £ 001 00081 % 0.0008
250°C 3.8+ 03 0 260 £ 001 0.0090 + 0.0008
300°C 38 +03 0 260 + 001 0.0102 % 0.0010

exists in an oxidizing state at room temperature. However, it is
reduced to a metallic state at 250 °C in the mixture of NO and
H, (1:1). Obviously, the active phase of 0.5 atom % Pt/SiO, in
NO reduction with H, is Pt atoms at a metallic state (Figure
S7). In contrast to 0.5 atom % Pt/SiO,, the preservation of
oxidizing state of Pt atoms of 0.1 atom % Pt/Co;0, and 0.5
atom % Pt/Co;0, up to 300 °C during catalysis (Figures 8b,d
and S6) clearly shows that the coordination environments of Pt
atoms of 0.1 atom % Pt/Co;0, and 0.5 atom % Pt/Co30, are
distinctly different from that of 0.5 atom % Pt/SiO,. These in
situ studies of AP-XPS clearly show that Pt atoms of singly
dispersed bimetallic sites are in a cationic state.
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3.1.5. Catalytic Performance of Catalyst Consisting of
Singly Dispersed Bimetallic Sites Pt;Co,,. The above in situ
EXAFS and in situ AP-XPS studies have confirmed the
formation of singly dispersed bimetallic sites Pt,Co,, and this
electronic state and structure remain during catalysis. The
following catalysis studies clearly show it is highly active for
reduction of NO with H,. Figure 9 presents catalytic
performance in reduction of nitric oxide with H, (2NO +
2H, = N, + 2H,0) on 0.5 atom % Pt/Co;0,.

The catalyst 0.5 atom % Pt/Co;0, exhibits a high selectivity
to production of N, (Figure 9). In fact, selectivity for
production of N, of 0.5 atom % Pt/Co;0, is already 98% at
150 °C. The high selectivity of 0.5 atom % Pt/Co03;0, at 150 °C
could be related to its high conversion of NO. Because the
conversion of 0.5 atom % Pt/Co;0, is almost 100% at a
temperature >150 °C, there is no remaining nitric oxide around
this catalyst. Thus, N,O cannot be formed because N,O is
typically formed through a coupling of an NO molecule with a
nitrogen atom dissociated from NO. As shown in Figure S9b,
parallel studies of Pt metallic nanoparticles supported on SiO,
(200 mg of 0.5 atom % Pt/SiO,), 250 mg of pure Co;O,
support and 100 mg of 0.5 atom % Pt/Co;0, under the same
condition of catalytic measurement showed they exhibit the
same conversion of NO, 100% at 250 °C; however, 0.5 atom %
Pt/Co;0, exhibits a much higher catalytic selectivity for
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Figure 8. Photoemission features of Co 2p and Pt 4d of the as-
synthesized 0.1 atom % Pt/Co;0, and 0.5 atom % Pt/Co;0, after
reduction at 300 °C in 5% H, for half an hour in a flow reactor
integrated to AP-XPS. The pressure in the reactor during data
acquisition is 1 Torr NO and 1 Torr H,. (a) Co 2p of 0.1 atom % Pt/
Co;04; (b) Pt 4d of 0.1 atom % Pt/Co;0,; (c) Co 2p of 0.5 atom %
Pt/Co;0,; (d) Pt 4d of 0.5 atom % Pt/Co;0,. The red lines on (a)
and (c) mark the position of satellite peak of Co 2ps, of Co** of CoO.
The red lines in (b) and (d) mark the position of metallic Pt 4d;,.
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Figure 9. Catalytic performances of 100 mg of 0.5 atom % Pt/Co;0,.
Conversion is shown in black lines and black axes. Selectivity is shown
in red lines and red axes. Selectivities to N,, N,O, and NH; are shown
in solid circle, hollow cube, and hollow circle, respectively.

production of N, at this temperature than 0.5 atom % Pt/SiO,
and pure Co;0, (Figure S9a). In addition, as shown in Figure
10, 100 mg of 0.5 atom % Pt/SiO, is not active at 170 °C while
100 mg of 0.5 atom % Pt/Co;0, exhibits conversion of ~98%
at this temperature. Clearly, 0.5 atom % Pt/Co;0, exhibits a
much better catalytic performance than 0.5 atom % Pt/SiO,
and pure Co;0,. This difference in catalytic selectivity suggests
that the formed Pt;Co,, sites are definitely different from that of
catalytic sites of Pt nanoparticles supported on SiO, in the case
of 0.5 atom % Pt/SiO,. More importantly, Pt nanoparticles
supported on Co;0, in the case of 100 mg of § atom % Pt/
Co;0, exhibit a lower selectivity for the production of N,
compared to 100 mg of 0.5 atom % Pt/Co;O, in the
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temperature range of 150—300 °C, although 100 mg of 0.5
atom % Pt/Co3;0,4 and 100 mg of S atom % Pt/Co;0, exhibit
the same conversion of NO in the temperature range of 150—
300 °C (Figure 10). The difference in catalytic selectivity
between 0.5 atom % Pt/Co;0, and § atom % Pt/Co;0, while
they exhibit the same conversion suggests that the singly
dispersed bimetallic sites Pt;Co,, supported on Co;0, in the
case of 0.5 atom % Pt/Co;0, are distinctly different from the
catalytic sites of surface of Pt nanoparticles supported on
Co;0,.

Overall, these in situ studies of AP-XPS, XANES, and EXAFS
allow for building a correlation of surface chemistry of these
catalysts consisting of singly dispersed bimetallic sites during
catalysis and their corresponding catalytic performances. This
correlation suggests that the singly dispersed bimetallic sites
Pt,Co,, are active sites for the reduction of NO with H,.

3.2. Catalyst Consisting of Singly Dispersed Pd,Co,,.
3.2.1. Formation of Catalyst Consisting of Singly Dispersed
Pd;Co,,. The catalyst 0.5 atom % Pd/Co;0, was prepared with
the exactly same method as 0.5 atom % Pt/Co0;0,. However,
HAADF-STEM does not readily distinguish Pd from Co atoms.
The difference in contrast of two atoms in HAADE-STEM
imaging technique relies on the detection of electrons scattered
at high angles relative to the transmitted beam using an annular
detector. At large scattering angles the number of electrons
detected is strongly and quantitatively dependent on the atomic
number (Z) of the atoms interacting with the electron beam.
The signal, directly related to the contrast in images is
proportional to Z* and other factors.** As Pd and Co are 4d and
3d blocks, respectively, the contrast between Pd and Co is
much smaller than that between Pt and Co. Thus, it is quite
challenging to distinguish Pd from Co with HAADF-STEM
readily. Fortunately, EXAFS and AP-XPS helped the identi-
fication of binding environment and oxidation state of Pd of 0.5
atom % Pd/Co;0,, respectively. Particularly, in situ EXAFS
studies measured the coordination number of neighboring
atoms to a Pd atom of 0.5 atom % Pd/Co;0, during catalysis.

Figure 11 presents k-space data of the k’-weighted Pd K-edge
EXAFS spectra of 0.5 atom % Pd/Co;0, as-synthesized and
during catalysis. EXAFS of metallic Pd foil at 25 °C (black line)
was included for a comparison. The data in Figure 12a can be
visually divided into two groups: the 25 °C (pink), 100 °C
(orange), and 150 °C (gray) (the first group, corresponding to
the first half of the reaction cycle) and the 200 °C (red), 300
°C (green), and 25 °C (blue) (the second group,
corresponding to the second half of the reaction cycle).
There is an obvious change between the two groups, while the
data within each group appear very similar.

Analysis and theoretical fitting of the data of EXAFS (Figure
12 and Table 2) show that (1) a Pd atom bonds with two or
three oxygen atoms with a bond length of 2.00 + 0.02 A in the
temperature range of 25—150 °C in the mixture of NO and H,
and (2) the coordination number of O to Pd is 2.7 + 0.6 at 25
°C, 100 °C, and 150 °C (Table 2). More importantly, the lack
of coordination of Pd to Pd atoms and Pd to Co in 0.5% Pd/
Co;0, at a temperature regime <150 °C shows that (1) Pd
atoms are anchored on oxygen atoms of Co;O, and (2) Pd
atoms are singly dispersed.

A change of the chemical state of Pd atoms between 150 and
200 °C was suggested by AP-XPS study (Figure 13b) and
XANES (Figure S8) as well. EXAFS analysis attributed the
down-shift of Pd 3d binding energy to the significant changes in
coordination environment of Pd atoms during catalysis when
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Figure 11. k-space of the k’-weighted Pd K-edge EXAFS spectra of
0.5% Pd/Co;0, during catalysis in the temperature regime of 25—300
°C.

the catalyst was annealed from 150 to 200 °C (Table 2). The
bond lengths of Pd—O and Pd—Co and coordination
environment of Pd atoms listed in Table 2 clearly suggest a
change of bonding environment of singly dispersed Pd at this
temperature regime (150—200 °C). Obviously, bonding atoms
of a Pd atom are switched from oxygen to cobalt at a
temperature between 150 and 200 °C. This restructuring forms
Pd,Co, nanoclusters. Here Pd;Co, is a symbolic notation, and
the clusters may range from Pd,Co, to Pd;Co4 based on our
measurement and analysis (Table 2), with the average
coordination number, n.

3.2.2. Cationic State of Pd,Co,, Sites. Surface chemistry of
0.5 atom % Pd/Co;0, was studied during catalysis by using
AP-XPS (Figure 13). Two peaks of Co 2p were observed at
780.5 and 796.0 eV, respectively, attributed to Co 2p;,, and Co
2p,/, (Figure 13a). These photoemission features are consistent
with those of Co;0, reported in literature.””~* The lack of
photoemission feature at 786.4 and 803.0 eV of CoO clearly
shows that Co;0, is maintained during catalysis up to 250 °C.

In terms of Pd 3d, the binding energy at 100 °C is 337.6 eV
(Figure 13b), similar to Pd 3d of PdO,.***"~* 1t is noted that
Pd 3d down-shifts by 0.8 to 336.8 eV at 200 °C in contrast to
those at 100 °C. The peak position of Pd 3d at 200 °C remains
the same up to 300 °C. Obviously, Pd is not reduced to metallic
Pd during catalysis even at a temperature of 250 °C (Figure
13b3).

3.2.3. Catalytic Performance of Catalyst Consisting of
Singly Dispersed Bimetallic Sites Pd;Co,. Figure 14 presents
catalytic performances of both 0.5 atom % Pd/Co;0, and 0.5
atom % Pd/SiO,. There is no conversion of nitric oxide at a
temperature of 100 °C. At 150 °C, selectivity to production of
N, on 0.5 atom % Pd/Co;0, is ~70% and reaches 98% at 250
°C (Figure 14a). As catalytic selectivity for production of N,
through reduction of NO with H, depends on catalytic activity,
we prefer to compare the catalytic selectivity for production of
N, on 0.5 atom % Pd/Co;0, to 0.5 atom % Pd/SiO, at the
same conversion measured under the exactly same catalytic
condition. As shown in Figure 14, catalytic selectivity for
production of N, at 250 °C is 97% on 0.5 atom % Pd/Co;0,
and 39% on 0.5 atom % Pd/SiO, though the conversions of
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Figure 12. Data analysis and theoretical fits of 0.5 atom % Pd/Co;0,, during catalysis in the temperature regime of 25—300 °C. For comparison, data
of metallic Pd foil was included as well. (a) Experiments data collected. (b) and (c): Examples of fitting with Pd—O of 0.5 atom % Pd/Co,0, at 100
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Table 2. Coordination Numbers, Bond Lengths, and Their Disordering of Pd Atoms and Its Nearest Neighboring Atoms of 0.5
Atom % Pd/Co30, during Catalysis at 25—300 °C in the Mixture of NO and H, Studied with EXAFS

temperature of catalysis (°C) N (Pd-0) R(Pd-0) A) & (Pd-0) (&) N (Pd—Co) R (Pd—Co) (A) & (Pd—Co) (&)
25 2.7 £0.6 2.00 + 0.02 0.001 + 0.004
100 2.7 + 0.6 (fit) 1.99 + 0.02 0.000 + 0.003
150 2.7 + 0.6 (fit) 2.02 + 0.03 0.006 + 0.005
250 S0+ 13 2.53 £ 0.02 0.013 + 0.003
300 5.0 + 1.3 (ft) 251 + 0.02 0.012 + 0.003
25 (cool from 300 °C) 5.0 + 1.3 (fit) 2.58 + 0.02 0.013 + 0.004
.Ec.;.z..r;..l .................. TreT ..F;a..a.a.. ......... |....: ......... to NZ on 0.5 atorg % Pd/CO3O4 in the second-run catalysis
b3 . : measurement after it was cooled to room temperature from the
WM reaction condition (300 °C in the gas mixture of NO and H,)
i increases in the temperature range of 125—225 °C (Supporting
ff/zgtz_c/\/w B2 200°C Information Figure S10) compared to that in the first run. The
fygg"\c/\/w b Mt increase of N, selectivity is attributed to the formation of singly
11’/19%/\/ b1 100°C : dispersed PdI.Co,1 bimetallic sites in the temperature range of
. Wm 125—225 °C in the first run. Thus, the active sites responsible
i WMI for high selectivity at 250 °C are singly dispersed Pd,Co,. The
810 800 790 780 350 345 340 335 in situ EXAFS studies during catalysis at 250 °C show that

Binding Energy (eV) Binding Energy (eV)
(a) (b)

Figure 13. In situ AP-XPS studies of (a) Co 2p and (b) Pd 3d of the
as-synthesized 0.5 atom % Pd/Co;0, in a flow reactor integrated to
AP-XPS. The reactant gas is a mixture of 1 Torr NO and 1 Torr H,. In
(a), the red dash line marked the position of the satellite peak of Co
2p;), of CoO if any. The black dash line marks the weak satellite peak
of Co 2p 3, of Co*>* of Co;0,. In (b), the red dash line marks the peak
position of Pd 3ds/, of metallic Pd.

NO on both 0.5 atom % Pd/Co;0, and 0.5 atom % Pd/SiO, at
250 °C are 100%.

3.2.4. Correlation between Geometric Structure and
Electronic State of Pd;Co,, Site. The change of coordination
environment of Pd atoms in the temperature regime of 150—
200 °C (Table 2) is consistent with the temperature range of
150—200 °C (Figure 14a) where the catalysis turns on. The
correlation between the change of bonding environment of Pd
atoms of 0.5 atom % Pd/Co;0, during catalysis at 150—250 °C
and the large increase of catalytic selectivity in this temperature
range suggests that Pd;Co,/Co;0, formed through restructur-
ing in the temperature range of <250 °C is responsible for the
high selectivity (98%) for production of N, in the reduction of
NO with H, (Figure 14a). In addition, the catalytic selectivity

Pd,;Co, nanoclusters remain their single dispersion up to 300
°C during catalysis (Table 2).

The loss of surface lattice oxygen atoms of Co;O, by
reducing the catalyst precursor of 0.5 atom % Pd/Co;0, makes
a Pd atom bond with five neighboring cobalt atoms (Table 2).
The high activity of surface lattice oxygen atoms of pure Co;0,
was suggested as the driving force of the high activity of CO
oxidation of Co;0, at a low temperature;”~ the low energy
barrier of 0.26 eV for hopping of oxygen vacancies of Co;0,
was reported in the literature.'* Upon surface lattice oxygen
atoms are removed by an external species such as hydrogen
atoms, the Co atoms originally bonded to an absorbed oxygen
atom, are under-coordinated. Then, the Pd atom can readily
bond with the under-coordinated cobalt atoms to form a cluster
through surface thermal diffusion of Pd atoms. Removal of a
portion of oxygen atoms does not result in the aggregation of
Pd atoms since there is lack of Pd—Pd bonds. Upon removal of
an oxygen atom originally bonded between a Pd atom and a Co
atom, the Pd atom can immediately bond to its surrounding Co
atoms. The immediate bonding with Co atoms is thermody-
namically and kinetically favorable for Pd atoms in contrast to a
potential aggregation of two Pd atoms as the average distance
between two singly dispersed Pd atoms is 2—3 nm in the case
of 0.1 atom % Pd/Co;0,. This distance is much larger than the
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Figure 14. Catalytic performances of (a) 100 mg of 0.5 atom % Pd/Co;0, and (b) 100 mg of 0.5 atom % Pd/SiO,. Conversion is shown in black
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distance between a Pd atom and its interval Co atoms (Pd—O—
Co), 2—3 A. In fact, the coverage of Pd atoms on surface of a
Co;0, nanorod is only 6% even for 0.5 atom % Pd/Co;0,
under an assumption that all Pd atoms are dispersed on
surfaces of Co;0, nanorods. The coverage of 6% can be
calculated using the method in Section 2 of Supporting
Information.

The successful development of the single site bimetallic
catalyst Pd,Co, suggests that the formation of singly dispersed
bimetallic sites on a reducible oxide is a method to develop a
catalyst by anchoring singly dispersed metal atoms on a
reducible oxide with a following calcination in H,. These in situ
characterizations of chemical state and coordination environ-
ment of singly dispersed bimetallic sites during catalysis and
measurements of catalytic performances well demonstrated this
new method.

4. SUMMARY

Catalysts consisting of singly dispersed bimetallic sites Pt,Co,,
or Pt,Co, anchored on Co;0, are active for reduction of NO
with H, with 98% selectivity for production of N, at 150 °C. In
contrast to the outstanding catalytic performance of Pt;Co,,, Pt
nanoparticles supported on SiO, are not active for the reaction
at 150 °C. In situ studies suggested that sites responsible for the
98% selectivity in reducing NO with H, are the singly dispersed
bimetallic site Pt,Co,,. Pt,Co,, sites anchored on Co;0, in 0.5
atom % Pt/Co;0, are singly distributed in the temperature
regime of 25-300 °C during catalysis. Singly dispersed
bimetallic sites Pd;Co, of 0.5 atom % Pd/Co;0, are
responsible for selective reduction of nitric oxide with
hydrogen. Pd,Co, sites supported on Co;0, are still singly
dispersed up to 300 °C during catalysis. The successful
development of catalysts consisting of singly dispersed
bimetallic sites Pt,Co,, or Pd,Co, highly selective in reduction
of nitric oxide with hydrogen illustrates a route to develop new
bimetallic catalysts with high selectivity and a new type of single
site catalysts.
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