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Supervisors’ Foreword

As a core technology of modern chemical industry, catalysis has been involved in
more than 80% of industrial processes and approximately 35% of global GDP. In
such a process catalysts play the most important role, which alter reaction path of
chemical processes, improve selectivity of aimed products and reduce the amount
of by-products. In the past decades many works have been performed to rational
design of highly efficient catalysts. The structural complexity of the supported
nanocatalysts has impeded understanding of reaction mechanisms and identification
of active sites. With the aid of modern surface science techniques, people can
construct model catalytic systems with well-defined surface structure, understand
the reaction mechanism at molecular level, and thus guide the rational design of
practically supported catalysts.

This book focuses on surface catalysis studies in bimetallic catalysts, which is
organized into seven chapters. Chapter 1 reviews recent developments of funda-
mental understanding of heterogeneous catalysis from single crystal surfaces to
supported nanoparticle catalysts and also includes the motivation of this thesis.
Chapter 2 describes applied surface science methods and techniques. In Chaps. 3
and 4, the correlation between the structure and catalytic performance of Pt—Ni
bi-component catalysts are investigated. We find that the surface structure of Pt—Ni
bi-component catalysts can be modulated by reduction and oxidation (redox)
treatments. A “sandwich-like” structure with surface Ni(O) and subsurface metallic
Ni shows the best reactivity for CO oxidation reaction at low temperature. Chapter 5
compares the reactivity and stability of Pt-Fe and Pt-Ni bi-component catalysts
from model catalytic systems to supported nanoparticle catalysts. The confinement
effect of single layer graphene on the surface chemistry of Pt catalyst is explored in
Chap. 6. In the end Chap. 7 concludes the correlations between the structure and
performance of Pt-based bi-component catalysts, including Pt—Fe, Pt-Ni and
Pt-graphene.
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On behalf of other authors, we sincerely acknowledge the efforts of editorial
team to make this book printed and published. We sincerely hope that you would
find this book useful in your research/professional endeavors.

Dalian, China Prof. Xinhe Bao
January 2017 Prof. Qiang Fu
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Chapter 1
Introduction

The rapid consumptions of coal, oil, and other fossil energies have resulted in
globally environmental pollution and climate warming issues. As a core technology
of modern chemical industry, catalysis is involved in more than 80% of the industrial
processes and 60% of the products manufacturing. Therefore, the catalytic process is
of great importance in the sustainable development of national economy, protection
of environment, and public health [1, 2]. Catalysis, as an interdisciplinary science,
includes the design, preparation, and characterization of catalysts, investigation of
catalytic reaction mechanisms, and application of innovative catalytic theories in
biomedicine, green chemistry, etc. Acting as a critical part of chemical industry,
catalysts may alter the reaction path of chemical processes, improve the selectivity of
aimed product, and reduce the amount of by-product. In order to achieve the envi-
ronmental friendly catalytic reaction processes, many works are needed to be carried
out on the reasonable and scientific design of efficient catalysts. However, the
structural complexity of the supported nanoparticle catalysts has made the direct
studies of their properties very challenging. As thus, the progress in heterogeneous
catalysis is often hampered by the difficulties in understanding the reaction mech-
anisms and identifying the active sites. Fortunately, with the aid of modern surface
science techniques, we can construct model catalytic systems with well-defined
surface structures, understand the reaction mechanism at molecular level, and thus
guide the rational design of practical supported catalysts.

1.1 Modulating the Performance of Heterogeneous
Catalysts

1.1.1 Size Effect

Nanosized materials often exhibit novel physical and chemical properties when
their sizes are reduced to a certain value (5 ~ 50 nm). In general, size effect

© Springer-Verlag GmbH Germany 2017 1
R. Mu, Construction and Reactivity of Pt-Based Bi-component Catalytic Systems,
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Fig. 1.1 Schematic diagram of energy level splitting as the size of solid material decreased from
3D bulk structure to OD nanoparticle

includes surface effect and quantum size effect (QSE) [3]. Surface effect means that
when the size of catalyst decreases the fraction of coordinatively unsaturated sur-
face atoms increases. Quantum size effect was illustrated in Fig. 1.1. When the size
of a solid material is decreased to the Fermi wavelength of electron, the movement
of electron will be confined in a potential well, resulting in the discretion of energy
level (Fig. 1.1). Therefore, the nanosized materials often show novel magnetic,
optical, acoustic, thermal, electric, and other properties.

The size effect is also very important to heterogeneous catalysis, because the size
of nanoparticles often influences the performance of heterogeneous catalysts [5, 6].
For example, Haruta et al. have found that the Au nanoparticles can catalyze CO
oxidation below room temperature [7—-10]. In contrast, bulk Au is a well-known
chemically inert material. Goodman et al. have prepared model Au catalysts with
different sizes on a planar TiO,(110) surface (Au/TiO,(110)) [11]. As shown in
Fig. 1.2, a significant size effect was observed on Au/TiO,(110) model system
for CO oxidation reaction [4]. The TOF (turnover frequency) of CO oxidation
reaction reached the maxima when the diameter of Au nanoparticles was 3 nm. STM
results indicated that the 3 nm-Au nanoparticles exhibited bilayer structure [12].

Fig. 1.2 Catalytic activity for
CO oxidation as a function of
the Au particle size on
TiOx(110) at 353 K,
Reprinted with permission
from Ref. [4]. Copyright
(2006) American Chemical
Society

Activity TOF (s-1)

Particle size (nm)
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Subsequently, Hutchings et al. have studied practical Au/FeO, catalyst and found
the active structure was also Au bilayer structure [13]. This finding was well con-
sistent with the results of model catalytic system.

Combination of Au/TiO,(110) model catalytic systems and supported Au/FeO,
catalysts demonstrated that the thickness of Au catalysts was a more important
factor for CO oxidation reaction rather than the diameter of Au catalysts.
Furthermore, the direct participation of Ti** in CO oxidation reaction was excluded
by binding Au atoms on the top of Ti** sites [4]. DFT calculations have shown that
Au nanoparticles provided the active sites for CO oxidation reaction [14]. It has
been generally suggested that the catalytic activity of Au catalyst is derived from
three main aspects: (1) coordinatively unsaturated surface Au atoms, (2) charge
transfer between Au and substrate, and (3) quantum size effect of Au nanoparticle.
But the relative proportion of these three factors in specific catalytic system is still
not clear. For example, Freund et al. have investigated the CO adsorption on
Au/FeO(111) model surface. By comparison with CO adsorption on the surface of
bulk Au material, they found that the strong interaction of CO with Au nanopar-
ticles can be attributed to the coordinatively unsaturated surface atoms rather than
quantum size effect [15].

Another interesting example is the size effect of MoS, catalysts [16-18]. For
nanosized catalysts, coordinatively unsaturated surface atoms often perform not
only superior catalytic activity, but also high selectivity. Therefore, it is of highly
importance to efficiently construct and characterize the surface structure of nano-
sized catalysts. Besenbacher et al. have prepared nanosized MoS, islands on
Au(111) surface, which presented the tri-layer structure with one Mo layer sand-
wiched between two S layers [19]. They found that the edge termination of MoS,
islands could be nicely modulated by the size of islands. As shown in Fig. 1.3,
when the number of Mo edge atoms was <6, Mo atoms terminated the edge of
MoS, nanosized islands. In contrast, when the number of Mo edge atoms was >6, S
atoms terminated the edge of MoS, nanosized islands. When the number of Mo
edge atoms was 6 (size = 1.5 nm), both situations have been observed. Hydrogen
exposure of MoS, nanosized islands produced vacancies at different positions. For
example, the vacancies were found at the corner sites of the MoS, triangle islands
with the size of islands smaller than 1.5 nm. Increasing the size of MoS, nanosized
islands to more than 1.5 nm, vacancies appeared on the straight edge shown in
Fig. 1.3b, c. Subsequently, the authors studied the adsorption of dibenzothiophene
(DBT) and found that DBT molecules were adsorbed on the vacancies at the
corners, but not on those at straight edges. The reason should be attributed to the
steric hindrance of vacancies at straight edge [16, 17]. This finding implies that very
small (<1.5 nm) MoS, nanocatalysts may have high performance in hydrodesul-
furization of fossil fuels.

In addition, the preparations and catalytic properties of Auss [20-22], Pdy, [23,
24], AlN-(N =16, 17, 18) [25-27], Rh [28], Ru [29], Pt [30-32], nanocatalysts
have been also studied. The above results show the size effect can often modulate
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Fig. 1.3 a STM images of fresh MoS, nanoclusters before exposure to atomic hydrogen. Clusters
with n < 6 expose the S edge termination, while clusters with n > 6 expose the Mo edge
termination. b STM images of MoS, nanoclusters after exposure to atomic hydrogen at 300 K.
The arrows indicate sulfur vacancies. ¢ Ball models of the MoS, nanoclusters in (b). Reprinted
with permission from Ref. [16]. Copyright (2010) American Chemical Society

the performances of nanosized catalysts. However, how to prevent these nanosized
catalysts from sintering under working condition is still a big challenge in many
catalytic processes.

1.1.2 Surface Structure

The heterogeneous catalytic reactions occur on the surface of catalysts, so the
surface structure of catalysts significantly influences their catalytic performances.
Investigating the correlation between surface structure and catalytic performance of
heterogeneous catalysts can help to understand the reaction mechanism and design
efficient catalysts.

Based on the development of modern surface science techniques in the 1960s,
the molecular level understanding of the surface reactions has emerged [33-36]. For
example, Ertl et al. and Somorjai et al. have made tremendous progress in the
molecular level understanding of the reaction mechanism of NHj synthesis since
Fritz Haber synthesized NH; from high pressure nitrogen and hydrogen over Os
catalyst in 1908. In 2007, Ertl was awarded the Nobel Prize in Chemistry for his
fundamental studies of chemical processes on solid surface, especially for the
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molecular level understanding of reaction mechanisms of synthesis of NH3 on Fe
catalyst and the catalytic CO oxidation on Pt catalysts [37, 38].

Somorjai et al. have prepared clean Fe crystal with different surface structures
under UHV condition, and studied the correlation between surface structure and
catalytic performance [39-42]. They found that the Fe(111) crystal surface
exhibited the highest reactivity. The reason has been attributed to the highest
concentration of seven-coordinated (C;) Fe atoms on Fe(111) plane, which were the
active sites for NH; synthesis [43]. Mittasch and co-workers have also prepared
highly efficient a-Fe(111) structure for NH;3 synthesis by reducing Fe;O, catalyst
[44]. Ertl et al. studied the dissociative adsorption rate of N, molecules on different
Fe surfaces and found that the dissociative adsorption rate of N, on Fe(111) surface
was hundred times higher than that on (110) surface [45, 46]. Their results were
well consistent with the work by Emmett and Brunauer, where the dissociation of
N, molecules had been determined to be the rate-determining step for NH; syn-
thesis [47].

The progress in heterogeneous catalysis requires the molecular level under-
standing of reaction mechanism and preparation of highly efficient catalysts [48—51].
In recent decades, extensive efforts have been made to prepare shape-controlled
nanocatalysts and understand the shape effect on catalytic performance.

For example, the shape effect of Pt on the activity and selectivity of pyrrole and
benzene hydrogenation was studied first from model catalytic systems [52-55].
Hydrogenation of benzene to cyclohexane has been observed on Pt(100) crystal
surface, while both cyclohexene and cyclohexane were produced on Pt(111) surface
[52, 56]. Subsequently, Somorjai and Yang et al. prepared uniform cubic and
cuboctahedral Pt nanoparticles, as shown in Fig. 1.4. TEM images revealed that the
cubic Pt nanoparticles exposed only (100) surface, while cuboctahedral Pt
nanoparticles exposed both (100) and (111) surfaces. Interestingly, hydrogenation
of benzene to cyclohexane was observed over cubic Pt nanoparticles, whereas both
cyclohexene and cyclohexane were generated over cuboctahedral Pt nanoparticles.
This finding was well consistent with the results of model catalytic systems [57].
El-Sayed’s group and Xia’s group have also conducted many pioneering works on
the shape control of nanoparticles [58-61].

Recently, Shen et al. have synthesized Co3;04 nanorods, which showed superior
CO oxidation reactivity at low temperature [62, 63]. HR-TEM characterization
revealed that the concentration of (110) surface on Co30,4 nanorods was higher than
that on nanoparticles. Shen et al. suggested that the Co304(110) surface provided
active Co" sites for CO adsorption and thus promoted CO oxidation reaction.

Currently, how to efficiently synthesize new and useful catalysts with high
activity, selectivity, and stability is still very challenging in heterogeneous catalysis.
Therefore, the investigations of model catalytic system, computational chemistry,
preparation methods of nanocatalysts, and in situ characterization are called to work
together to promote environmental friendly catalysis [64, 65].
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Fig. 1.4 TEM images of a TTAB-stabilized Pt cubic particles (average size: 12.3 + 1.4 nm, 79%
cubes, 3% triangles and 18% irregular shape) and b TTAB-stabilized Pt cuboctahedral particles
(average size: 13.5 £ 1.5 nm, 90% cuboctahedra and 10% irregular shape). Adapted with
permission from Ref. [52]. Copyright (2007) American Chemical Society

1.1.3 Support Effect

In order to prepare practical supported catalysts and reduce the usage of noble metal
components, we often utilize various supports to stabilize and disperse the active
components. Generally, the effects of support include, (1) reducing the usage of
noble metal components and the cost of catalysts, (2) improving the mechanical
strength of catalysts, (3) promoting the activity and selectivity of catalysts, and
(4) improving the stability of catalysts. In this section, the support effect on the
activity, selectivity, and stability of catalysts will be discussed.

In 1978, Tauster and co-workers studied the adsorption laws of H, and CO on
Group-VIII noble metal catalysts [66]. They first time found that the strong inter-
action between metal catalysts and reducible oxide support (strong metal-support
interaction, SMSI) could result in the distinct adsorption behaviors of H, and CO.
This is because the SMSI often induces the charge and mass transfer between metal
catalysts and reducible oxide support, which may further influence the performance
of catalysts [67-69].

As shown in Fig. 1.5, charge transfer behavior can be observed between Au
catalysts and different supports [4, 70]. Depositing Au on MgO(100) surface with
high concentration of defects leads to the formation of negatively charged Au
species (Au®"). According to Blyholder model, the adsorbed CO molecules donate
isolated electron pair to the empty d orbital of metal and form ¢ bond, meanwhile
the d electrons of metal atoms are fed back to the empty 2n* orbital of CO and form
7 bond [71, 72]. So the feedback of more charges to empty 2n* orbital of adsorbed
CO induces the lower shift of vibration frequency of C—O bond. In contrast, the
vibration frequency of C-O bond shifts to higher wavenumber on positively
charged Au®" surface.
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Recently, Hensen et al. prepared Rh nanoparticles on different oxide supports
and observed distinct CO oxidation reactivity on these catalysts [73]. When the size
of Rh nanoparticles was smaller than 2.5 nm, the reactivity of CO oxidation was
highly dependent on the type of oxide supports, Rh/SiO, < Rh/ZrO, < Rh/CeZrO,
< Rh/CeO,. When the size of Rh nanoparticles was larger than 4 nm, the reactivity
of CO oxidation was independent of the type of oxide supports. In previous studies,
the oxide formed on the surface of Rh nanoparticles has been suggested to be the
active species for CO oxidation reaction [51, 74]. EXAFS characterization revealed
that the Rh nanoparticles with the size smaller than 2.5 nm were easily oxidized in
CO oxidation reaction. The reducible oxide supports, such as CeZrO, and CeO,,
play a critical role in stabilizing oxidized nanoparticles and thus promoting CO
oxidation reaction. However, Rh nanoparticles with the size larger than 4 nm
maintained metallic state in CO oxidation reaction. So their reactivity was not
influenced by the type of oxide supports.

It is well known that the reactivity of pure MgO, Al,03, TiO, and many other
oxide supports is very low, but the promotion effect of these oxides is significant for
a variety of catalytic reactions [75]. Therefore, the so-called inverse model catalysts
are prepared by depositing oxide (in the form of cluster, island, or film) on metal
crystal surfaces [75-78]. Recently, Bao’s group found that Pt-Fe bicomponent
catalysts showed high reactivity and selectivity of CO oxidation in excess H, [77].
Surface science studies combined with DFT calculations revealed that the edge
structures of interface-confined FeO,_x nanoislands provided the active sites for O,
dissociative adsorption, which resolved the CO poisoning problem of Pt surface at
room temperature. By comparison, FeOyx was also prepared on HOPG surface. As
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expected, the weakly interfacial interaction between FeOyx and HOPG surface
resulted in the formation of 3D FeOx clusters [76].

Similarly, the electrocatalytic reactivity of MoS,/Au(111) model systems
increased linearly with the edge length of 2D MoS, nanoislands, indicating the edge
structures of MoS, nanoislands were active sites for electrocatalytic reaction [79].

Rodriguez et al. also prepared 2D CeO,_x and TiO,_x nanoislands on Au(111)
surface which showed high water-gas shift reactivity [75]. These examples illus-
trated that the strong metal-oxide interfacial interaction could stabilize active oxide
species, whereas the earlier works had mainly focused on how oxide supports
promote the performance of noble metal catalysts.

At present, the studies of support effect mainly focus on two aspects. First, the
molecular and atomic level understanding of support effect and rational synthesis of
efficient catalyst support systems. Second, development and application of new and
useful supports, such as perovskite type oxides, [80-82] carbon nanotubes, [83, 84]
graphene related materials, [85, 86] silicon carbide, etc.

1.1.4 Promotion Effect of Secondary Components

In order to improve the performance of metal catalysts, the secondary components
are often added, forming bicomponent catalysts. Compared to mono-component
catalysts, bicomponent catalysts often exhibit novel electronic properties, superior
reactivity and better structural stability [87, 88]. Therefore, bicomponent catalysts
are widely used in petrochemical industry, fuel cell, air purification, automobile
exhaust treatment, just to name a few.

Norskov et al. have proposed “d-band center” theory of transition metal
(TM) catalysts, which provided a useful guidance for interpreting the bond for-
mation and distinct activity of TM catalysts (Fig. 1.6) [90, 91]. They suggested that
the s band of all TMs was half filled and broad in metallic state, so the differences
for the interaction between metal s band and absorbate was very small from one
metal to another. The distinct reactivity of various TMs should be primarily derived
from their d states.

Fig. 1.6 Schematic Vacuum Couplingto s Coupling to d
illustration of the formation of
chemical bond between the
adsorbate valence level and |
the s and d states of a TM 1 —
surface. From Ref. [89]. With
permission of Springer

'y
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The d-band center of TMs can be influenced by electronic effect [92] and
geometric effect [93, 94]. In practical catalytic processes, it is difficult to distinguish
the relative contribution of electronic effect and geometric effect. Over model
systems, Jakob et al. have deposited Pt layers onto Ru(0001) substrate and studied
the electronic effect and geometric effect of Ru(0001) substrate on the catalytic
properties of Pt layer [95]. Note that we will further discuss Pt-based bimetallic
systems in Chap. 3.

The structures of bimetallic catalysts contain alloy, core—shell and side by side,
[96-98] which often exhibit superior catalytic performance [98—101]. For example,
alloyed Au-Ni catalysts showed high water-gas shift reactivity [102]. In model Au—
Ni(111) system, STM results showed that the alloyed Au—Ni surface was formed by
depositing Au atoms onto Ni(111) [102]. Since electrons transferred from Au to Ni,
Ni atoms appeared bright in STM images. DFT calculations indicated that the
surface-alloyed Au-Ni structure largely suppressed the coke formation, and thus
maintained high performance for long time [102]. Furthermore, alloyed Pd—Au
bimetallic catalysts were also found to perform high selectivity in the oxidation
process of alcohol to aldehyde [87].

For catalytic CO oxidation in excess H,, the core—shell Ru (Rh, Pd, Ir)-Pt
catalysts exhibited significantly higher reactivity and selectivity than alloyed and
monometallic structure [96, 103]. The reason has been attributed to the presence of
subsurface 4d or 5d TMs, which altered the position of d-band center of surface Pt
atoms and thus weakened the interaction between molecules and Pt surface.
Mavrikakis et al. have found the activation energy of CO + O — CO, elementary
reaction on Pt-skin surface (0.41 eV) was much lower than that on Pt(111) surface
(0.79 eV) [96, 103]. Li et al. have found that subsurface 3d TM could also lower the
activation energy of CO + O — CO, elementary reaction on Pt-skin surface [104].

Chen et al. have conducted DFT calculations and found subsurface 3d TM
induced the d-band center of surface Pt atoms further away from Fermi level and
promoted the performance of Pt catalysts (Fig. 1.7) [105]. For example, the ORR
reactivity of Pt-skin surface with subsurface Ni was 90 times higher than that of
commercial Pt/C catalyst [106]. Because the subsurface Ni weakened the interac-
tion between adsorbates and Pt surface and thus provided more empty sites for O,
dissociative adsorption [106]. The core—shell structural Pd-Pt catalyst also per-
formed high ORR reactivity. The presence of Pd core enhanced the reactivity of Pt
shell. On the other hand, the Pt shell improved the stability of Pd core in electro-
chemical processes. The synergetic effect of Pd core and Pt shell could enhance the
reactivity and stability [98]. In addition, Pt catalysts with subsurface Fe or Co also
showed superior ORR reactivity [107-109]. Furthermore, Pt-skin structure with
subsurface Cu performed higher WGS reactivity than pure Pt(111) surface [110].

For the side-by-side Pt—Au bimetallic catalysts, since the nearby Au clusters
increased the oxidation potential of Pt catalyst and stabilized Pt catalyst, and since
the Pt surface provided the active sites for O, dissociative adsorption, the Pt—Au
bimetallic nanoparticles showed high ORR performance [111].
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Fig. 1.7 a Changes of the surface d-band center of Pt slabs with different subsurface 3d TM.
b Calculated surface d-band DOS of Pt slabs containing subsurface 3d TM. The number of
d-electrons/surface atom is also shown. Reprinted from Ref. [105]. Copyright (2008), with
permission from Elsevier

1.2 Motivation and Conception of Thesis

Bicomponent catalysts with various structures often show superior performance in
CO oxidation, hydrogenation and dehydrogenation reactions, ORR, etc. Due to
their superior performances and wide applications, Pt-based bicomponent catalysts
have attracted more and more research interests from model catalytic system to
practical supported nanoparticles. But it is still difficult to establish the active
structures and understand the reaction mechanism of Pt-based bicomponents cata-
lysts under real working conditions, especially for Pt-3d TM catalysts. In this thesis,
we are attempting to understand the structure—performance correlation of Pt cata-
lysts modified with various secondary components from model catalytic systems to
supported nanoparticles.

(1) Constructing various Ni—Pt(111) model catalytic systems and understanding the
correlation between surface structure and CO oxidation reactivity.

(2) Modulating the surface structure and reactivity of supported PtNi nanoparticle
catalysts by reductive and oxidative (redox) treatments at different tempera-
tures. Illustrating the correlation between redox temperature, surface structure
and performance over supported PtNi nanoparticle catalysts.
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Studying the similarity and difference between Pt—Fe and Pt—Ni catalysts from
model catalytic systems to supported nanoparticle catalysts.

Modifying Pt(111) surface with single layer graphene and studying the con-
finement effect of graphene cover for surface reaction.
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Chapter 2
Experimental Section

The work is mainly carried out in ultrahigh vacuum (UHV) systems and fixed-bed
microreactor. The UHV systems include an Omicron Multi-NanoProbe System, a
DUV-PEEM/LEEM System, and a Leybold XPS System. The fixed-bed microre-
actor for reactivity test of supported nanoparticles was designed and installed in
laboratory.

2.1 Model Samples and Precursors of Supported
Nanoparticles

Pt(111), ¢ (Diameter) = 10 mm, thickness = 2 mm

Fe wire, ¢ = 0.1 mm, Johnson Matthey, 99.998%

Ni wire, ¢ = 0.1 mm, Alfa Aesar, 99.994%

W wire, ¢ = 0.15 mm, Johnson Matthey, 99.95%

Highly orientated pyrolyitc graphite (HOPG), size = 10 x 10 x 2 mm®.

Hexachloroplatinic acid (H,PtCls - 6H,O) and 3d transition metal nitrate salts
(Fe(NO3)3, Co(NO3)3, Ni(NO3),, Cu(NO;),) are analytical grade.

2.2 UHV Systems

2.2.1 Omicron Multi-nanoProbe System

Figure 2.1 shows the photograph of the Omicron Multi-NanoProbe System. The
base pressure of this system is below 1.0 x 10'° mbar during STM and XPS

© Springer-Verlag GmbH Germany 2017 17
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Fig. 2.1 Photograph of Omicron Multi-NanoProbe System

measurement. This Multi-NanoProbe UHV system consists of a preparation cham-
ber, a spectroscopy chamber, a microscopy chamber, and a load lock for sample
entering. Preparation chamber includes Ar* ion gun and various evaporation sources
(Fe, Ni, and Pt) for sample cleaning and preparation. The sample temperature can be
controlled between 150 and 1100 K in preparation chamber. Spectroscopy chamber
equips with hemispheric energy analyzer (Omicron EA 125 5-channeltron), X-ray
source (Omicron DAR400), UV light source (VUV source HIS13), ion gun
(ISE100), and high-resolution electron energy loss spectroscopy (HREELS, LK
ELS5000). Microscopy chamber contains variable temperature (VT) STM/AFM and
PEEM (Focus IS-PEEM).

In Omicron Multi-NanoProbe System, the spectroscopy and microscopy data
were recorded by Omicron EIS and Scala Pro5.0 software, respectively. HREELS
data was acquired by LK firm software.

2.2.2 Deep Ultraviolet Photoemission Electron Microscopy
System

As shown in Fig. 2.2, the DUV-PEEM system contains DUV laser source and
ELMITEC PEEM/LEEM system. In DUV laser source, the wavelength of laser was
converted from 355 nm (1 mw, 80 Hz) to 177.5 nm by a KBBF crystal (from
Technical Institute of Physics and Chemistry, CAS). The DUV laser light was
focused and introduced into the PEEM/LEEM system via a home-designed vacuum
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Fig. 2.2 Photographs of PEEM (LEEM-III) system. / load lock; 2 preparation chamber; 3 quartz
oscillator; 4 mass spectroscopy; 5 Elmitec sample stage; 6 imaging chamber; 7 deflection lens; 8
electron gun; 9 energy analyzer; /0 MCP; /1 CCD; 12 aberration corrector; /3 Hg light source; /4
laser connector; /5 355 nm laser source

laser connector. The incident angle of DUV laser to the sample surface is 90°. The
PEEM/LEEM system consists of a preparation chamber and an imaging system.
The imaging system includes a hemispheric energy analyzer, an aberration cor-
rector, a field emission electron gun, and other electron lens. The base pressure of
PEEM/LEEM system can be maintained below 1.0 x 10~'° mbar after sufficient
baking out.

Utilizing DUV light as the incident source, the resolution of PEEM image can
reach 3.9 nm by testing graphene/Ru(0001) sample. In addition, we also use Hg or
deuterium lamp as the incident source for PEEM studies. For LEEM and LEED
measurements, we employ a LaBg filament as electron source. The resolution of
LEEM image can reach 1.9 nm using standard Si(100) sample.

In this DUV-PEEM/LEEM system, the PEEM, LEEM and LEED measurements
can be recorded at the temperatures between 150 and 2000 K, and at a partial
pressure up to 1.0 x 107> mbar. The parameters of various electron lens were
aligned through ELMITEC LEEM2000 software. Data was acquired by
U-view2000 software.

2.2.3 Leybold XPS System

As shown in Fig. 2.3, the Leybold XPS system consists of a high pressure reaction
cell and a XPS chamber. Various samples can be pretreated in the high pressure
reaction cell at a temperature between room temperature and 900 K. After reaction,
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Fig. 2.3 Photograph of Leybold XPS system attached with a high pressure cell. / high pressure
cell, 2 middle chamber, 3 X-ray source, 4 Ar* sputter gun, 5 energy analyzer, 6 sample transfer rod

the sample was transferred to XPS chamber without exposing to air. The base
pressure of this system can be kept below 5.0 x 107'° mbar during XPS
measurements.

2.3 Experimental Methods of Model Systems

Cleanness of Pt(111) surface: to obtain a clean Pt(111) surface, cycles of Ar*
sputtering (Pa, = 7.5 x 107® mbar, 1.5 kV, 10 min), oxidation (Pg, = 1.3 x 107°
mbar, 800 K, 5 min), and high temperature UHV annealing (1060 K, 3 min) were
carried out. Finally, no contamination can be detected by XPS, STM, and LEEM.

Fabrication of Fe and Ni source: The Fe(Ni) source was made up of a W filament
wrapped with metallic Fe(Ni) wire. Degassing and evaporation of Fe(Ni) source
was carried out by passing constant current through W filament. The coverage of Fe
(Ni) was controlled by evaporation time.

Preparation of model Fe-Pt(111) and Ni-Pt(111) model catalytic systems:
Fe/Pt(111) and Ni/Pt(111) surfaces were prepared by direct evaporating Fe and Ni
on Pt(111) surface at room temperature. FeO,_x/Pt(111) and NiO;_x/Pt(111) sur-
faces were constructed by depositing Fe and Ni in 1.3 x 10~° mbar O, atmosphere.
In order to prepare highly dispersed FeO,_x islands on Pt(111) surface, the tem-
perature of Pt(111) surface was decreased to 170 K by using liquid nitrogen. The
preparation of NiO;_x/Pt(111) surface was carried out at room temperature.
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Gas adsorption on model catalytic systems: Reactant gas adsorption was carried
out through leak valve backfilling. The adsorption amount of reactant gas was given
in Langmuir (L, IL = 1 x 107 Torr * s).

Data record in model catalytic systems: In Omicron system, XPS spectra were
recorded using Mg Ko (1253.6 eV) radiation. UPS signals were acquired in the
normal emission direction using He I (21.2 eV) or He II (40.8 eV) as the excitation
source. STM images were obtained in constant current mode using a W-tip. In
DUV-PEEM/LEEM system, PEEM images were acquired using Hg lamp (4.9 eV)
or DUV laser source (6.9 eV). LEEM images were recorded using electron gun
radiation. Each PEEM/LEEM image can be acquired in millisecond at a tempera-
ture between 150 and 2000 K.

2.4 Experimental Methods of Supported Nanoparticles

Preparation of pure Pt, Pt-3d transition metal (3d-TM: Fe, Co, Ni and Cu)
nanoparticles on HOPG: First, a clean HOPG surface was obtained by using
adhesive tape to peel off the outer layers. Then the surface was transferred into
UHYV system and slightly sputtered (Po, = 5 X 107 mbar, 2 kV, 45 s) to produce
high density surface defects. Subsequently, ethanol solution of hexachloroplatinic
acid (H,PtClg) was dropped onto the sputtered HOPG surface and then reduced at
elevated temperature (~473 K) in H, atmosphere to prepare Pt/HOPG sample. For
Pt-3d TM/HOPG sample, a mixed ethanol solution of H,PtCls - 6H,O and 3d
transition metal nitrate salt was dropped onto the sputtered HOPG surface and then
dried in air for further studies.

Preparation of PtFe/CB and PtNi/CB catalysts: PtFe and PtNi nanoparticles
supported on carbon black (CB) were prepared by co-impregnation method using
H,PtClg and nitrate salt as the precursors. After aging and nucleation overnight at
60 °C, fresh PtFe/CB and PtNi/CB catalysts were obtained, in which the loading of
Pt and Fe(Ni) was controlled at 4 wt% and 0.3 wt%, respectively (the molar ratio of
Pt:Fe(Ni) = 4:1).

Synchrotron-based X-ray diffraction (XRD) and X-ray absorption spectroscopy
(XAS) measurements were conducted to determine the structure and chemical state
of PtNi/CB and PtFe/CB in VT-redox treatments and CO oxidation conditions.
These experiments were carried out at the BL14B1 and BL14W1 beamlines in
Shanghai Synchrotron Radiation Facility.

The acid leaching treatments combined with the inductively coupled plasma
atomic emission spectrometry (ICP-AES) (Thermo Intrepid II) measurements were
employed to study the distribution of Ni at various PtNi/CB catalysts.

The size of PtNi/CB catalysts was characterized by transmission electron
microscopy (TEM) (FEI Tecnai G2 Spirit, 120 kV). The size of Pt-3d TM/HOPG
model surface was studied by scanning electron microscopy (SEM) (FEI Quanta
200F).
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In situ XRD (Rigaku D/MAX-2500/PC, /i = 1.5406 A) was employed to
investigate the structure of PtNi/CB catalysts in VT-redox cycles.

CO oxidation reactivity of PtFe/CB and PtNi/CB catalysts was measured in a
fixed-bed microreactor using multichannel mass spectrometer (Omnistar) or gas
chromatographic (Agilent 6890) for tail gas analysis. The CO oxidation gas with
excess O, consists of 1% CO, 20% O,, and 79%He. The CO oxidation gas with
excess H, consists of 1% CO, 0.5% O,, and 98.5% H,. The gas hourly space
velocity (GHSV) of both was set at 30,000 mL g~' h™".



Chapter 3
Construction and Reactivity of Pt—Ni
Catalysts

We construct and study the catalytic properties of various Ni—Pt(111) model sur-
faces. We find the sandwich-like structure which consists of surface NiO;_x and
subsurface Ni performs best CO oxidation reactivity. The surface NiO,_x provides
active sites for O, dissociative adsorption. The subsurface Ni lowers the barrier for
CO + O elemental reaction. As thus, the synergetic effect of surface NiO;_x and
subsurface Ni promotes CO oxidation on Pt. The effect of reduction temperature on
the surface structure and reactivity of catalysts has often been overlooked. In our
studies, we show the surface structure of Pt—Ni/CB nanoparticles can be simply
modulated by reduction temperatures. The XANES investigations combined with
ICP measurements indicate that the high reduction temperature can induce more Ni
diffuse inward. Upon the reduction at 523 K, the sandwich-like structure with half
Ni on the surface and another half Ni inside the nanoparticle can be formed, which
shows high CO oxidation reactivity.

3.1 Motivation

Bicomponent catalysts often show better activity, selectivity, and stability than
mono-component catalysts [1-14]. The common structures of bimetallic catalysts
contain alloy, core—shell, and side-by-side [3, 4, 13, 15-25]. For example, the
alloyed Pd—Au catalyst showed high selectivity in the oxidation of alcohol to
aldehyde [6]. The core—shell Rh—Pt catalyst performs better reactivity and selec-
tivity of preferential CO oxidation in excess H, than alloyed structure and their
parent monometallic catalysts [15, 16]. Furthermore, a side-by-side structural Pt—
Au catalyst also exhibited high ORR performance [11].

Pt-based bimetallic catalysts have been widely used in catalytic reactions,
including ORR [9, 10, 22, 26-32], WGS [20, 33-35], and CO oxidation [14-16, 36,
37]. For example, M. Watanabe and coworkers have suggested a “bifunctional”
mechanism for Pt—-Fe/SiO, catalysts in CO oxidation, where Pt atoms acted as the
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active sites for CO adsorption and surface Fe provided active sites for O, disso-
ciative adsorption, respectively [38, 39]. Surface science studies combined with
theoretical calculation and reactivity test revealed that the interface confined
coordinatively unsaturated ferrous (CUF) centers were the active sites for O, dis-
sociative adsorption. For Pt-Ru, Rh, Pd, Ir bimetallic catalysts, the subsurface
component (Ru, Rh, Pd, or Ir) promotes CO oxidation reactivity of Pt surface [15,
16]. In contrast, the isolated Pt and Co (Ni) bimetallic structure of Pt—Co(INi)
catalysts was proposed to be the active structure for preferential CO oxidation in
excess H,. Therefore, the identification of active sites and the understanding of
reaction mechanism of Pt-based bimetallic catalysts in catalytic CO oxidation are
still in debates, especially for Pt-3d TM bimetallic catalysts [40, 41].

In this chapter, various Ni-Pt(111) model catalytic systems are constructed in
UHV chambers. We find the sandwich-like NiO;_x/Pt/Ni/Pt(111) model surface
shows best CO oxidation reactivity. Based on the results from model systems, the
surface structure and reactivity of supported Pt—Ni/CB catalysts are investigated
after reduction treatment at different temperatures. The results of supported Pt—
Ni/CB catalysts are well consistent with the findings of model catalytic systems.

3.2 Pt-Ni Model Catalytic Systems

3.2.1 Preparation of Various Ni-Pt(111) Structures

First, various Ni-Pt(111) model surfaces were constructed by molecular beam
epitaxy (MBE) methods. As shown in Fig. 3.1a, metallic Ni on Pt(111) surface
(Ni/Pt(111)) was prepared by evaporating Ni source in UHV condition at room
temperature. STM image shows the step of Pt(111) surface is decorated by metallic
Ni, indicating Ni is prone to nucleate at step sites (Fig. 3.1a). At low coverage, Ni
islands exhibit one-atomic height (~0.2 A), with the size between 5 and 10 nm on
Pt terraces. As the Ni coverage increases to 1.3 ML, both bi-layer and tri-layer
structures can be observed in Fig. 3.1b. Therefore, the growth of Ni on Pt(111)
surface does not obey a perfect layer-by-layer mode at room temperature. XPS
characterizations show the binding energies of Ni2p3/2 peak from 0.16 ML Ni/Pt
(111) and 1.3 ML Ni/Pt(111) surfaces both locate at 852.7 eV (Fig. 3.2a, b),
indicating the Ni islands and thin films are metallic.

Subsequently, the 1.3 ML Ni/Pt(111) surface was annealed in UHV condition.
XPS result shows the ratio of Ni2p/Pt4f decreases as the annealing temperature
increases. When the 1.3 ML Ni/Pt(111) surface was annealed at 800 K for 5 min,
the intensity of XPS Ni2p peak decreased to 33% (Fig. 3.2c). Similarly,
Besenbacher and coworkers have found that the intensity of XPS Cu peak
decreased to ~30% after annealing 1 ML Cu/Pt (111) at 800 K. Theoretical cal-
culation indicated about 40% of Cu was presented in the subsurface while the rest
was averagely dispersed in 3—11 layers after annealing [20]. After UHV annealing
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Fig. 3.1 STM images of the surfaces of a 0.16 ML Ni/Pt(111), b 1.3 ML Ni/Pt(111), ¢ Pt/Ni/Pt
(111), and d 0.16ML NiO,_x/Pt(111). Conditions: a —0.350 V, 2.50 nA, 200 x 200 nm?,
b —0.302 V, 1.700 nA, 200 x 200 nm?, ¢ —0.275 V, 0.957 nA, 200 x 200 nm?, a 2.365 V,
0.025 nA, 100 x 100 nm>. Reprinted with permission from Ref. [42]. Copyright (2011) American
Chemical Society

Fig. 3.2 XPS Ni 2p3/2
spectra of the surfaces of

a 0.16 ML Ni/Pt(111), b 1.3
ML Ni/Pt(111), ¢ Pt(111)
with 1.3 ML subsurface Ni,
Pt/Ni/Pt(111), d 0.16 ML
NiO,_x/Pt(111), and e 0.16
ML NiO;_x on Pt/Ni/Pt(111).
To compare the line shapes,
each spectrum has been
multiplied by various
numerical factors, which are
indicated in the figure.
Reprinted with permission
from Ref. [42]. Copyright
(2011) American Chemical
Society

852.7 eV 853.5¢V

Normalized Intensity (a. u.)

L]
848 850 852 854 856 858 860
Binding Energy (eV)



26 3 Construction and Reactivity of Pt—Ni Catalysts
Fig. 3.3 The evolution of 0.05

Pt
ISS intensity ratio, Ini/Ip, of - |
Pt/Ni/Pt(111) surface as the ?mﬁg/
- Ni

He" incident time increases 0.4+

0.03 /
0.02 /

0.014 /
| S

Pt

I/

)
—_—

0.00 1+ T T
0 12 24 36 48

ISS Time (mins)

treatment of 1.3 ML Ni/Pt(111), we find that Ni films disappear from Pt(111)
surface. Simultaneously, the white line structures are observed on Pt(111) surface
(Fig. 3.1c). In previous studies, the similar surface features were also found on
Pt-skin surface with subsurface Fe, Co, Ni, or Cu [20, 43, 44].

As is known to us, ISS characterizations have often been employed to study the
surface composition of model systems. Though ISS has been considered as a
slightly damaging detection technique, the ion incidence with extended time will
still sputter away the surface atoms. As shown in Fig. 3.3, the ISS Iy;/Ip, ratio of
annealed Ni/Pt(111) sample significantly increases as the detection time increases,
which reveals the existence of Ni in subsurface region. Based on STM, XPS, and
ISS results, we find a Pt-skin surface with subsurface Ni(Pt/Ni/Pt(111)) can be
obtained by annealing Ni/Pt(111) surface in UHV condition at 800 K.

Similar to the preparation of FeO,_x/Pt(111) model surface, NiO,_x on Pt(111)
surface was prepared by depositing Ni in 1.3 x 107® mbar O, at room temperature.
Figure 3.1d shows the highly dispersed NiO,_x on Pt(111) surface. The binding
energy of Ni2p3/2 peak from NiO;_x/Pt(111) surface locates at 853.5 eV,
(Fig. 3.2d) which is close to that of Ni** in early works [45, 46]. In addition to
NiO;_x/Pt(111) surface, we also prepare NiO on HOPG surface (NiO/HOPG) as a
reference sample. The NiO/HOPG sample was obtained by evaporating Ni in
1.3 x 107° mbar O, at room temperature, and then annealed in 1.3 x 107® mbar
0O, at 800 K for 10 min. NiO on HOPG surface presents three-dimensional (3D)
structure with the height of 2—4 nm (Fig. 3.4).

The binding energy of Ni2p3/2 peak from NiO/HOPG sample is found to locate
at 854.1 eV (Fig. 3.5), which is well consistent with that of Ni* [45, 46]. So the
O/Ni ratio of NiO/HOPG sample is defined to be 1. To estimate the O/Ni ratio of
NiO;_x/Pt(111) model surface, we first need to eliminate the influence of O on bare
Pt(111) area by exposing NiO/Pt(111) surface in CO at room temperature, because
we are unable to distinguish the binding energies of XPS Ols peaks between
O/Pt(111) area and NiO,_x. Fortunately, the binding energy of Ols peak of NiO;_x
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Fig. 3.4 STM image of the
NiO/HOPG(0001) sample.
Imaging conditions:

5.000 V, 0.020 nA,

200 nm x 200 nm. The NiO
formed on the HOPG surface
exhibits 3D structure.
Reprinted with permission
from Ref. [42]. Copyright
(2011) American Chemical
Society

Fig. 3.5 a XPS Ols peak of
NiO,_x/Pt(111), b XPS
Ni2p3/2 peak of NiO;_x/Pt
(111), ¢ XPS Ols peak of
NiO/HOPG, d XPS Ni2p3/2
peak of NiO/HOPG. In (a),
green and gray dash lines
represent Ols peaks from
NiO;_x and CO, respectively.
Reprinted with permission
from Ref. [42]. Copyright
(2011) American Chemical
Society

Intensity (a. w.)

LA B BN B B/ DL BN NELCEE DEE NN DL R

—T
526 528 530 532 534 536 848 850 852 854 856 860
Binding Energy (eV)

can be clearly distinguished from those of CO on Pt(111). As shown in Fig. 3.5, the
binding energy of Ols peak of NiO;_x locates at 530 eV, while those from
bridging and linear CO locate at 531.4 and 533.0 eV, respectively [47]. Through
deconvolving the XPS Ols peak of NiO;_x, we find the O/Ni ratio of NiO;_x is
0.65 (NiOg 6s/Pt(111)).

As shown in Fig. 3.1d, the highly dispersed NiO,_x islands present monolayer
height on Pt(111) surface. In previous studies, the similar monolayer NiO structures
have been observed on Pt(111) [48] and Pd(100) [49] as well. Different from
monolayer NiO;_y islands on Pt(111), NiO presents 3D structure on HOPG surface
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(Fig. 3.4). The reason can be attributed to the weakly interfacial interaction between
NiO and defect-free HOPG surface. For NiO;_x/Pt (111) surface, the strongly
interfacial interaction between NiO;_x and Pt(111) plays a critical role in stabi-
lizing monolayer NiO;_x islands.

3.2.2 Interfacial Catalysis on NiO;_x/Pt(111)

In UPS Hell spectra, the binding energies of 5c + 1n and 4c orbitals of CO
molecules on Pt(111) locate at 9.4 and 11.8 eV, respectively [43, 50, 51]. In order
to investigate the CO oxidation reactivity of various Ni—Pt(111) model catalytic
surfaces, in situ UPS Hell was employed to detect the intensity of CO on Pt(111)
surface as a function of time in 4.0 x 10~® mbar O, at room temperature.

For a comparison, the CO/Pt(111) surface was first exposed in O, at room
temperature. We find the decrease of CO is negligibly small in 30 min (Fig. 3.6a),
indicating Pt(111) surface is fully covered by CO molecules at room temperature.
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Fig. 3.6 In situ He II UPS spectra recorded from the CO saturated surfaces exposed to
4.0 x 107 mbar O, at room temperature. a The bare Pt(111) surface. b The Pt(111) with 1.3 ML
subsurface Ni, Pt/Ni/Pt(111). ¢ The 0.16 ML Ni/Pt(111) surface. d The 0.16 ML NiO;_x/Pt(111)
surface. The red line is the onset of the reaction. Inset gray Pt; red Ni; yellow NiO;_x. Reprinted
with permission from Ref. [42]. Copyright (2011) American Chemical Society
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Figure 3.6b displays the reactivity of Pt/Ni/Pt(111) model surface, which is
similar to that of pure Pt(111) surface, i.e., the UPS intensity of CO does not change
in O, atmosphere in 30 min. Previous works have shown subsurface transitional
metal weakened the interaction of CO, —OH, and O, adsorbates with Pt-skin sur-
face, and thus promoted the ORR performance of Pt catalysts. For example, the
adsorption energy of CO and O, on a pure Pt(111) surface have been determined to
be —1.82 eV and —0.65 eV, while those on a Pt-skin surface with subsurface Ru
decreased to —1.25 eV and —0.26 eV, respectively [15]. But we find the adsorption
energy of CO is still much higher than the adsorption energy of O, on Pt-skin
surface. Furthermore, Mavrikakis and coworkers have revealed the dissociation
barrier of O, on Pt-skin surface (0.93 eV) with subsurface Co was higher than that
on Pt(111) surface (0.77 eV) [52]. These results explain why the Pt/Ni/Pt(111)
performs a similar reactivity to Pt(111) surface at room temperature.

We also study the stability of Pt/Ni/Pt(111) model surfaces in catalytic CO
oxidation. As shown in Fig. 3.7b, both the binding energy and intensity of Ni2p3/2
peaks keep unchanged before and after CO oxidation in 4.0 x 10~® mbar O, at
391 K. Chen and coworkers have determined the activation barrier of Ni surface
segregation to be 17 £ 1 kcal/mol, [53] indicating Pt/Ni/Pt(111) was stable under
low-temperature CO oxidation.

In Fig. 3.6¢, we find the CO on Ni/Pt(111) can be eliminated gradually in O, at
room temperature. XPS studies show the binding energy of Ni2p3/2 shifts from
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Fig. 3.7 (a) XPS Ni2p3/2 peaks of the 0.16 ML Ni/Pt(111) before and after the CO oxidation
reaction. (b) XPS Ni2p3/2 peaks of the Pt/Ni/Pt(111) before and after the CO oxidation at 391 K
(10 L CO was pre-adsorbed, then the oxidation was carried out in 4.0 x 1078 mbar O,). Reprinted
with permission from Ref. [42]. Copyright (2011) American Chemical Society
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852.7 to 853.4 eV after reaction (Fig. 3.7a), indicating metallic Ni is oxidized to
NiO_x.

The NiO,_x/Pt(111) exhibits a better CO oxidation reactivity at room temper-
ature as shown in Fig. 3.6d. In 4.0 x 10~® mbar O, atmosphere, pre-adsorbed CO
can be removed in 2 min. Through dosing CO again, the catalytic CO oxidation
reactions are repeated for 5 times. We find the reactivity of NiO;_x/Pt(111) model
surface keeps unchanged after cycles of CO oxidation reactions. Previous works
have reported the coordinative unsaturated sites at the edge of oxide islands were
active sites for dissociative adsorption of reactants [54—58]. Therefore, we suggest
the high reactivity of NiO;_x/Pt(111) model surface can be attributed to the
coordinatively unsaturated Ni atoms at the edges of NiO;_x islands.

DFT calculations have revealed the activation barrier of CO + O — CO, ele-
mentary reaction decreased by 0.49 eV on a Pt-skin surface with subsurface Ni
compared to Pt(111) surface [59]. Furthermore, Nilekar and coworkers have con-
structed a Pt-skin layer on Ru(0001), Rh(111), Pd(111), and Ir(111) slabs, and
studied the activation barrier of CO + O — CO, elementary reaction on these
various surfaces. They found the activation barrier of CO + O — CO, elementary
reaction was lower on Pt-skin surfaces than that on Pt(111) surface. For example,
activation barrier of CO + O — CO, elementary reaction was 0.79 eV on Pt(111)
surface, while that decreased to 0.41 eV on a Pt-skin surface on Ru(0001) substrate
[15, 16]. Both theoretical calculations and experimental results have demonstrated
subsurface transition metals could weaken the interaction of molecules with Pt
surface, lower the activation barrier, and thus promote CO + O— CO, elementary
reaction. However, the catalytic CO oxidation reaction is still prohibited on Pt/Ni/Pt
(111) surface at room temperature due to the lack of empty sites for O, dissociative

Fig. 3.8 STM images and line profiles of a metallic Ni islands on Pt(111) surface (Ni/Pt(111)),
b NiO;_x on Pt(111) surface (NiO;_x/Pt(111)), and ¢ NiO,_x on the Pt-skin surface (NiO_x/
PUNi/Pt(111)). a —0.350 V, 2.50 nA, 200 x 200 nm?; b 2.365 V, 0.025 nA, 100 x 100 nm%;
¢ 1.500 V, 0.025 nA, 100 x 100 nm?. Reprinted with permission from Ref. [42]. Copyright
(2011) American Chemical Society
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adsorption. In Fig. 3.6d, we show the NiO;_x nanoislands provide active sites for
O, dissociative adsorption. So the combination of surface NiO;_x nanoislands and
subsurface Ni may create a promising model catalytic system for CO oxidation.

3.2.3 Synergetic Effect of Surface and Subsurface Ni

In order to investigate the synergetic effect of surface NiO;_x nanoislands and
subsurface Ni, we construct a new sandwich-like NiO;_x/Pt/Ni/Pt(111) model
surface. It is prepared by depositing 0.16 ML Ni onto Pt/Ni/Pt(111) in
1.3 x 107® mbar O, at room temperature. Through deconvolution of the XPS
Ni2p3/2 peak from NiO;_x/Pt/Ni/Pt(111) model surface, we find two peaks locate
at 852.7 and 853.5 eV (Fig. 3.2¢), which derive from subsurface Ni and surface
NiO;_x, respectively. In STM images, NiO;_x islands on Pt-skin surface show
similar dispersion as that on Pt(111) surface. More importantly, the height of
NiO,_x islands is also one monolayer on Pt-skin surface, i.e., one layer Ni binds
with (1 x 1) O on top (Fig. 3.8).

The sandwich-like NiO;_x/Pt/Ni/Pt(111) model surface shows high CO oxida-
tion reactivity, which is similar to that of NiO;_x/Pt(111) surface. We find that the
pre-adsorbed CO can be eliminated from NiO_x/Pt/Ni/Pt(111) surface in 2 min at
room temperature. To distinguish the CO oxidation reactivity between NiO;_x/
Pt/Ni/Pt(111) and NiO,_x/Pt(111) surfaces, we carry out the experiments at 220 K.
The process of low-temperature CO oxidation can be described as follows. First,
NiO;_x/Pt/Ni/Pt(111) and NiO;_x/Pt(111) model surfaces are saturated by CO at
room temperature. Then the surfaces are cooled down in UHV condition by using
liquid nitrogen. At 220 K, in situ UPS spectra of CO molecules on surfaces are
recorded in 4.0 x 10~® mbar O, Figure 3.9a and b displays the UPS spectra of CO
as a function of time on NiO;_x/Pt/Ni/Pt(111) and NiO;_x/Pt(111) model surfaces.
Compared to the low reactivity of NiO;_x/Pt(111) surface at 220 K, we find that
70% of CO can be eliminated from NiO_x/Pt/Ni/Pt(111) surface in 14 min. In situ
characterizations reveal the sandwich-like NiO,_x/Pt/Ni/Pt(111) model catalytic
system shows the best CO oxidation reactivity. Since NiO;_x islands provide active
sites for O, dissociative adsorption, we suggest the initial stage of CO + O — CO,
reaction should happen around NiO;_x_This initial process is not strongly affected
by the diffusion rate of reactants. In order to exclude the influence of diffusion of
reactants on apparent reaction barrier, especially for low temperature test, we
estimate only initial reaction rate of CO + O to compare the reactivity between
NiO|_x/Pt/Ni/Pt(111) and NiO;_x/Pt(111) model surfaces. Through the Arrhenius
plot of CO intensity, the reaction barrier of CO + O — CO, on NiO,_x/Pt/Ni/Pt
(111) can be determined to be 6.8 kJ/mol lower than that on NiO;_x/Pt(111).
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Fig. 3.9 In situ He II UPS spectra recorded from the CO pre-saturated surfaces exposed to
4.0 x 107 mbar O, at 220 K. a The 0.16 ML NiO,_x/Pt/Ni/Pt(111) surface and b the 0.16 ML
NiO,_x/Pt(111) surface. ¢ Plots of the CO 4c peak area as a function of O, exposure time on the
two surfaces. d Synergetic effect of surface NiO;_x and subsurface Ni at Ni—Pt(111) model
catalyst for CO oxidation. Blue Pt, red Ni, yellow O, gray C. Reprinted with permission from Ref.
[42]. Copyright (2011) American Chemical Society

3.3 Supported Pt-Ni Nanoparticle Catalysts

Pt—Ni bicomponent catalysts supported on carbon black (Pt-Ni/CB) were prepared
by traditional co-impregnation method, where the loading amount of Pt and Ni was
controlled at 4 wt% and 0.3 wt%, respectively (mole ratio = 4:1). Fresh Pt—Ni/CB
catalysts were obtained via reduction in H, at elevated temperatures. Since Pt
precursor can be easier reduced to form metallic nanoparticles than 3d transition
metal oxide, we propose the formation of Ni overlayers on the surface of Pt
nanoparticles under low-temperature reduction (~400 K). As the reduction tem-
perature increases, more 3d transition metals diffuse into the subsurface and even
bulk region [12, 20, 44, 60-62]. Therefore, the surface structure of Pt—-Ni/CB
bicomponent catalysts may be simply modulated by reduction treatment at various
temperatures.

First, the surface composition of Pt-Ni/CB catalysts reduced at various tem-
peratures was investigated by acid leaching in HCI solution with the concentration
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Fig. 3.10 Concentrations of
Ptgand Ni ions in the acid 104 Bt Ni ICP-AES 1.0
solutions from the fresh Pt—
Ni/CB catalyst and the I
catalysts reduced at 423, 523, 0.8 4 L 0.8
and 623 K. The &
concentrations were measured 1) o
by ICP-AES, and the values *E 0.6 - L 0.6 §
from the fresh catalysts were @ 2
normalized to 1. Reprinted - o
with permission from Ref. A 0.4 - - 0.4 =
[42]. Copyright (2011) o -
American Chemical Society
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of 2.5 x 107> mol/L. The concentration of leached Pt and Ni ions in acid solution
was determined by ICP-AES. As a reference, the concentration of Pt and Ni from
freshly dried Pt-Ni/CB was also included and normalized to 1. As shown in
Fig. 3.10, the concentration of Pt is negligible from all reduced samples indicating
Pt precursor can be reduced to metallic state completely. In contrast, Ni from
reduced Pt—Ni/CB catalysts presents a high concentration in acid solution. After the
reduction at 423 K, about 75% of Ni can be dissolved in acid solution. As the
reduction temperature increases, less Ni can be leached away from Pt-Ni/CB cat-
alysts. Only a third of Ni was dissolved in acid solution after the reduction treat-
ment at 623 K. Based on the previous studies, acid leaching Pt-3d transition metal
bicomponent systems dissolve only 3d-TMs on surface in acid solution, whereas
those in bulk are unchanged due to the protection of Pt outlayer [63—66]. Therefore,
the results of acid leaching experiments illustrated that the reduction treatment
induces the inward diffusion of Ni into subsurface and bulk region at elevated
temperature. At a medium reduction temperature, i.e., 523 K, half of Ni remains on
Pt surface and others diffuse into the Pt subsurface and bulk.

As an in situ characterization technique, the X-ray absorption fine structure
(XAFS) study based on synchrotron light has been widely employed in heteroge-
neous catalysis [67-72]. Here, XAFS Ni—K edge was acquired to determine the
chemical state of Ni under reduction treatment (20% H, with He balance) and CO
oxidation condition (1% CO, 20% O, and He balance). As shown in Fig. 3.11a, Pt—
Ni/CB samples reduced at 423, 523, and 623 K present the similar white peak
features of Ni—K edge of metallic Ni foil. In addition, the position of Ni-K
adsorption edge is 8333.0 eV which is same as metallic Ni foil (Fig. 3.11). Fourier
transforms of Ni-K edge show the Ni—O interaction disappears after reduction at
423 K, indicating Ni can be reduced completely (Fig. 3.12).

We also study the chemical states of Ni species over Pt-Ni/HOPG sample after
reaction treatments. Since the loading amount of Ni over Pt-Ni/CB is too low
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Fig. 3.11 a X-ray absorption near edge structure (XANES) Ni-K-edge spectra acquired from Ni
foil, Pt-Ni/CB after reductions at different temperatures (dashed line) and exposed to air at room
temperature, (solid lines) and NiO/CB sample. b Zoomed white line peaks in (a). a Ni foil, b Pt—
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catalysts reduced at 523 K for 2 h and then exposed to air at room temperature, d Pt—Ni/CB
catalysts reduced at 423 K for 2 h and then exposed to air at room temperature, and e NiO/CB
catalysts. Reprinted with permission from Ref. [42]. Copyright (2011) American Chemical Society
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(0.3% wt) to obtain decent XPS signal, we prepare high-density Pt—Ni nanoparticles
on sputtered HOPG surface. The preparation details and characterizations of
Pt—-Ni/HOPG samples can be found in Chap. 4. As shown in Fig. 3.13, the binding
energy of XPS Ni2p3/2 peak is 852.7 eV after reductions at 423, 523, and 623 K.
Both XAFS Ni-K edge and XPS studies illustrate Pt makes the reduction of
Ni easier.
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Fig. 3.13 The binding energy of Ni2p3/2 XPS peak from a Pt—Ni/HOPG samples reduced at
different temperatures for 2 h and b Pt-Ni/HOPG samples reduced at different temperatures for 2 h
and then exposed to reaction condition (1%CO, 20%0,, 79%He) at 343 K for 1 h

The findings of XANES and XPS characterizations are well consistent with
acid leaching results, which demonstrate the surface configuration of Pt-Ni
bicomponent nanoparticles can be modulated through reduction treatments at dif-
ferent temperatures. After low-temperature reduction (423 K), most of Ni locates on
the surface of Pt—Ni nanoparticles. High temperature reduction (623 K) induces
most of Ni to diffuse into subsurface and even bulk region. While at a medium
reduction temperature (523 K), 50% of Ni is still on the surface, whereas other Ni is
inside. As thus, a sandwich-like structure of Pt—Ni bicomponent nanoparticle with
both surface and subsurface Ni species can be prepared through reduction at a
medium temperature. We note that XANES and XPS investigations show the
subsurface Ni is stable in air and reaction condition.

At last, we study the reactivity of Pt—Ni/CB catalysts after reduction at different
temperatures. The CO oxidation reactivity (1% CO, 20% O,, He balance) depended
on reduction temperature is shown in Fig. 3.14a. We find the 523 K-reduced Pt—
Ni/CB catalyst presents the best reactivity. The CO conversion of 523 K-reduced
catalyst reaches 70% at room temperature and 100% at 320 K shown in Fig. 3.14a.
In contrast, the reactivity of 423 K-reduced and 623 K-reduced Pt—Ni/CB catalysts
is lower. Figure 3.14b further shows the CO oxidation reactivity over various
catalysts at room temperature. A “Goldilocks” relationship was found between the
CO conversion and reduction temperatures over Pt-Ni/CB catalysts, i.e., the
medium-temperature-reduced catalysts show the highest reactivity.

Figure 3.14a also shows the CO oxidation reactivity of Pt/CB catalysts reduced
at 473 K. We find the CO conversion over Pt/CB reaches a maximum value
(~80%) at about 423 K. For comparison, the influence of reduction temperature on
the reactivity of Pt/CB catalyst is studied as well. As shown in Fig. 3.15, the Pt/CB
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Fig. 3.15 Temperature-dependent CO conversion in the CO oxidation over the Pt/CB catalysts
reduced at 423, 523, and 623 K, respectively

catalysts reduced at different temperatures present similar reactivity, indicating the
influence of reduction temperature is negligible on the performance of Pt/CB
catalysts.

At last, the size distribution of Pt—Ni/CB catalysts was investigated by TEM
after reduction at different temperatures. We find the Pt—Ni/CB catalysts reduced at
423 and 623 K show the similar size distributions (Fig. 3.16). Therefore, the size
effect on the performance of Pt—Ni/CB catalysts can be excluded. The chemical
state of active components is another important factor which often influences the
performance of Pt-Ni/CB catalysts significantly. In situ XANES and XPS studies
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Fig. 3.16 TEM images of the Pt-Ni/CB catalysts reduced at a 423 K and b 623 K. Reprinted
with permission from Ref. [42]. Copyright (2011) American Chemical Society

show Pt and Ni can be reduced to metallic state completely, even after the reduction
at 423 K. So we exclude the effect of chemical state of Pt and Ni on the perfor-
mance of Pt—Ni/CB catalysts as well. Based on the above discussions, we infer the
observed “Goldilocks™ catalytic performance depended on reduction temperature
should be attributed to the different surface configurations of Pt—Ni/CB catalysts.

3.4 Resonable Design of Pt—Ni Bicomponent Catalysts

Based on the results from model catalytic systems, we find that the CO oxidation
reactivity of Ni-Pt(111) surfaces increases in the sequence of P#(111) < Pt/Ni/Pt(111)
< Ni/Pt(111) < NiO;_x/Pt(111) < NiO;—x/Pt/Ni/Pt(111). Two important factors for
CO oxidation can be determined based on the results of the Ni—Pt(111) model
systems. First, the highly dispersed NiO,_x nanoislands confined on Pt surface play a
critical role in dissociative adsorption of O, at the edge sites, which helps to alleviate
CO poisoning issue on Pt. Second, subsurface Ni promotes the CO oxidation on Pt
surface by lowering the reaction barrier of elementary step of CO + O — CO,.
Therefore, the sandwich-like NiO;_x/Pt/Ni/Pt(111) model structure performs the
highest CO oxidation reactivity.

For supported Pt—Ni nanoparticles, acid leaching ICP, XAFS and XPS experi-
ments clearly show the distribution of the surface and subsurface Ni species can be
simply controlled by reduction treatment at different temperatures. We show the
surface Ni gets oxidized while the subsurface Ni remains virgin when exposing to
oxidative atmospheres (4 x 10™® mbar O,, air and CO oxidation gases with
excess O,). Therefore, we infer most of Ni species are still on the surface of the Pt
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nanoparticles after reduction at 423 K, which resembles the NiO;_x/Pt(111) model
surface. High temperature reduction, e.g., 623 K, produces the Pt-rich surface,
similar to P#/Ni/Pt(111) model system. At an intermediate temperature of 523 K,
around half of Ni is outside and the left is inside Pt nanoparticles. Under the
reaction condition, this catalyst presents the characteristic structure as the
sandwich-like NiO;—x/Pt/Ni/Pt(111) surface. The highest CO oxidation reactivity of
this sandwich-like P—Ni/CB catalyst again suggests the important role of both
surface NiO;_x and subsurface Ni at the practical catalysts in the CO oxidation
(Fig. 3.17).

To further confirm the synergetic effect of the surface and subsurface Ni species
on the performance of Pt—Ni nanoparticles, CO oxidation was performed on an
acid-leached catalyst. The fresh P+—Ni/CB sample was reduced at 523 K to form a
sandwich-like structure. Then, it was leached in the acid solution to remove the
surface Ni species. After activation again in H, at 423 K, temperature-dependent
reactivity of the leached catalyst was shown in Fig. 3.14a—d. The reaction data
indicates that the reactivity of the leached sample is quite similar to that of pure
Pt/CB catalyst (Fig. 3.14a—e). Although ICP data shows that the leaching treatment
only washes away half of Ni from the Pt-Ni NPs, removal of surface Ni species
lowers the performance significantly.

3.5 Summary

The structural complexity of supported nanoparticles has made the molecular-level
studies of their surface structure and reaction mechanism very challenging. In this
chapter, we show the results from the Ni—Pt(111) model systems are in good
agreement with those of the Pt—Ni practical catalysts, showing the synergetic effect
of surface Ni oxide and subsurface Ni on the CO oxidation reaction. We believe that
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the similar reaction mechanism may be active in other Pt-based bimetallic catalytic
systems for CO oxidation. Second, the present work demonstrates that activation in
H,, which is frequently applied in catalyst preparation, is a simple but effective route
to manipulate the surface configuration of multicomponent catalysts. The strong
dependence of catalytic performance on the preparation condition as shown here
indicates a need to transform the art of catalyst preparation into a science. Finally, it
should be noted that the surface structure of the supported catalyst nanoparticles is
quite complex, in particular, for the multicomponent catalysts. Nevertheless, a
bridge between model catalytic systems and practical catalysts can be made, such
that the fundamental understanding derived from the model catalytic systems helps
the rational design of the highly efficient supported catalysts.
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Chapter 4
Modulating the Structure and Reactivity
of Pt—-Ni Catalysts

We show that the cycling oxidative and reductive treatments at variable tempera-
tures can reversibly alternate the surface structure and reactivity of Pt—Ni bicom-
ponent catalysts. Low-temperature (~423 K) oxidation of Pt-skin structure
(Pt/Ni/Pt(111)) induces part of Ni diffuse outward and form NiO on surface. After
further oxidation at a higher temperature of 623 K, the catalysts are completely
encapsulated by NiO. When the Pt@NiO core—shell structure is reduced at low
temperature (~423 K), part of Ni starts to diffuse inward. Upon the reduction at a
high temperature of 623 K, the formation of Pt-skin surface is observed. The cat-
alysts pretreated at low temperatures show high CO oxidation reactivity due to the
formation of the sandwich-like structure with surface and subsurface Ni species.

4.1 Introduction

Modulating the performance of heterogeneous catalysts is often achieved through
the controllable preparation of their size, shape, and other factors [1-7]. Therefore,
numerous works are focused on the controllable preparation of catalysts.
Furthermore, the post-treatments are also expected to influence the performance of
catalysts significantly [8—15]. Nevertheless, the natures of preparation methods and
post-treatments on the performance of catalysts are still unclear in a lot of catalytic
reactions.

Among various post-treatment methods, reduction and oxidation (redox) are
simple and often employed to activate nanoparticle catalysts. Numerous works have
shown that the redox treatments could significantly influence the performance of
catalysts, especially for bicomponent catalysts [16-20]. This is because the redox
treatments will not only affect the size and shape of bicomponent catalysts, but also
induce the surface segregation and other mass transfer processes [21-23]. For
example, several recent works have shown the reversible modulation of surface
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structures and reactivity of Pt—Fe [16], Pt—Co [19], Pt-Ni [20, 24], and RhPd [17,
18] bicomponent catalysts via redox treatments.

In Chap. 3, we investigated the influence of VT (Variable Temperature)
reduction treatment on the surface structure and reactivity of Pt—Ni catalysts. We
found the VT reductions exhibited a “Goldilocks effect” on the performance of Pt—
Ni catalysts, i.e., the catalyst reduced at medium temperature showing the best
reactivity. But how the oxidation treatments affect the Pt—Ni catalysts is still
unclear. This chapter will focus on the effect of VT redox treatments on the surface
structure and performance of Pt—Ni bicomponent catalysts.

4.2 Ni-Pt(111) Model Catalytic Systems

First, we prepare various Ni—Pt(111) model surfaces in UHV chamber. As shown in
Chap. 3, Pt-skin surface with subsurface Ni (Pt/Ni/Pt(111)) can be obtained by
annealing 1.3 ML Ni/Pt(111) in UHV condition at 800 K for 5 min. XPS studies
show the ratio of Ni2p/Pt4f decreases as the annealing temperature increases
(Annealing, UHV. Figure 4.1). The attenuation of XPS Ni2p peak can be attributed
to the diffusion of Ni from surface to subsurface and bulk region during annealing
treatments. The similar phenomena have been observed on other Pt-based bicom-
ponent systems as well [16, 25-27]. Since the lattice mismatch between Pt and Ni,
the Pt-skin surface with subsurface Ni shows the white line structure in STM image
(Fig. 4.2a) [16, 25, 26].

The shadow region in Fig. 4.1 gives the evolution of XPS Ni2p/Pt4f ratio of
Pt/Ni/Pt(111) surface as a function of oxidized temperature in 5.2 X 10”7 mbar O,
atmosphere. We find the Ni2p/Pt4f ratio slightly increases at the oxidized tem-
peratures lower than 600 K. Furthermore, both the binding energy of Ni2p3/2 peak
and microscopic Pt-skin feature do not change after the oxidation in 5.2 x 10~’
mbar O, at 600 K for 5 min. This indicates the Pt-skin surface is stable in
5.2 x 107" mbar O, up to 600 K. While the Ni2p/Pt4f ratio increases with 80%

Fig. 4.1 XPS Ni2p/Pt4f ratio o e

of 1.3 ML Ni/Pt(111) model Bn, VRV poos ot obar Refuchon,

PH:=5.2x10"mbar

surfaces after UHV annealing, 5 nkung
VT oxidation and VT ) N \\
reduction at various “ i \\
temperatures for 5 min. = B 3
a—f Room temperature, 400, &
500, 600, 700, and 800 K % 0.7

0.5

0.3

Annealing and redox temperature
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(a) Pt skin

Fig. 4.2 STM images of a Pt-skin surface with subsurface Ni, Pt/Ni/Pt(111), b NiO/Pt(111)
produced by the HTO treatment of Pt/Ni/Pt(111), ¢ one-dimensional NiO nanowire in (b), d highly
resolved three-dimensional NiO structure of white area in (b), e metallic Ni on Pt(111) produced
by the LTR treatment of NiO/Pt (111), and f Pt-skin surface with subsurface Ni produced by HTR
treatment from (e). Image conditions: a 200 nm x 200 nm, —0.275 V, 0.957 nA; b 200nm x 200
nm, 2.5 V, 0.015 nA; ¢ 12 nm x 12 nm, —0.365 V, 1.553 nA; d 15 nm x 15 nm, —0.262 V,
1.1 nA; e 200 nm x 200 nm, —2.0 V, 0.015 nA; f 200 nm x 200 nm, —2.5 V, 1.0 nA. Adapted
with permission from Ref. [28]. Copyright (2011) American Chemical Society

after the oxidation at 700 K for 5 min, indicating part of Ni is driven to surface. For
oxidation of Pt/Ni/Pt(111) surface at 800 K, the Ni2p/Pt4f ratio increases from 0.41
to 0.91. So the oxidation condition of Po, = 5.2 x 10~/ mbar at 700 K is named as
low-temperature oxidation (LTO). In LTO of Pt/Ni/Pt(111) surface, the binding
energy of Ni2p3/2 shifts from 852.7 to 853.1 eV, indicating subsurface region Ni
segregates to surface and forms NiO (Fig. 4.3). As expected, high-temperature
oxidation (HTO) of Pt/Ni/Pt(111) surface at 800 K induces more Ni to segregate to
surface and form NiO.

STM results show the HTO-treated Pt/Ni/Pt(111) is fully covered by NiO
(Fig. 4.2b). As shown in high-resolution STM images, the formed NiO presents two
different structures, one-dimensional nano-lines (Fig. 4.2c) and three-dimensional
islands (Fig. 4.2d) [29].

Reducing NiO/Pt(111) sample at various temperatures, the opposite mass
transfer process between Ni and Pt substrate was observed (Fig. 4.1). We find the
binding energy of Ni2p3/2 peak changes from 853.1 to 852.7 eV again after the
reduction in 5.2 x 10”7 mbar H, at 400 K for 5 min. However, the Ni2p/Pt4f ratio



46 4 Modulating the Structure and Reactivity of Pt—Ni Catalysts

SRR CORE Wi G Shhh SRNNN e SRORE e SN

S 853’2 L L 'l L 'l L 'l L L 'l
> —
2, 853.0 4
o 852.8 4
= P — h— ¥ *
85‘2'6 L L) L} T T L) L} T L) T
s u LTO: 700K, 5.2 X 10-"mbar O,
& HTO: 800K, 5.2 X10"mbar O,
LTR: 500K, 5.2 X 10"mbarH,
- HTR: 800K, 5.2 X 10-'mbarH,
E 0.9+
g ./ & "
£
z
0.6 4
L] L) H

L) L L T L) L L T L L
AP ANN LTO HTO LTR HTR HTO HTR HTO HTR
Redox Process

Fig. 4.3 XPS Ni2p/Pt4f ratio (lower) and binding energy (B. E.) of Ni2p3/2 (upper) as a function
of the sequential redox treatments. AP: as-prepared 1.3 ML Ni/Pt(111); ANN: annealing the 1.3
ML Ni/Pt(111) in UHV at 800 K. The insets show schematics of the various surfaces. Pt: gray
ball; metallic Ni: red ball; oxidized Ni: yellow ball. Reprinted with permission from Ref. [28].
Copyright (2011) American Chemical Society

is almost unchanged after reduction at 400 K. These indicate the surface NiO is
reduced to metallic Ni, but still on the surface. Reduction of NiO/Pt(111) surface at
500 K induces the Ni2p/Pt4f ratio to decrease with 25%, as shown in Fig. 4.3,
indicating part of surface Ni diffuses into subsurface region. It is found that some
hole structures with one atomic height appear on surface after reduction at 500 K
(Fig. 4.2e). As the reduction temperature increases, the Ni2p/Pt4f ratio decreases
gradually (Fig. 4.1). We find the Ni2p/Pt4f ratio decreases with 48% after reduction
at 800 K. Simultaneously, Pt-skin surface features are observed in STM image
(Fig. 4.2f). So we define the reduction condition of Py, = 5.2 x 107’ mbar at
500 K as low-temperature reduction (LTR), where NiO can be reduced to metallic
state and locate on Pt surface.

The driven forces which induce surface segregation of bicomponent systems can
be mainly attributed to three aspects: (1) the component with lower surface free
energy is prone to segregate to surface for lowering the total surface energy [30-32],
(2) the component with large atomic radius is inclined to segregate to surface when
the difference is larger than 10% [33], and (3) the exposing gas may also induce
surface segregation of a component which interacts with gas stronger [20].

For Pt—Ni bicomponent systems, the reduction at elevated temperature and UHV
annealing treatment may induce surface segregation of Pt, because atomic radius of
Pt is larger than the atomic radius of Ni (Rp, = 1.39 A, Ry; = 1.24 A). Since the
interaction of Ni and O is strong and the surface free energy of Ni is lower than that of
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Pt, the oxidation treatment at elevated temperature is expected to drive Ni to surface
and form NiO. More interestingly, Ni2p/Pt4f ratio presents a reversible oscillation
under alternating redox treatments at various temperatures in Fig. 4.3. This means
the Pt/Ni/Pt(111) and NiO/Pt(111) surfaces can be repeatedly generated in cycled
redox treatments. DFT calculations have demonstrated that subsurface Ni was a
thermodynamically stable structure, which played a critical role in the structural
switch between Pt/Ni/Pt(111) and NiO/Pt(111) [34, 35]. Since part of Ni may diffuse
into the deeper bulk region of Pt substrate after reduction, and since only subsurface
Ni can be driven to surface in the following oxidation treatment, a small decrease of
Ni2p/Pt4f ratio is observed after several alternating redox cycles (Fig. 4.3).

Then CO and O, are utilized as the probe molecules to detect surface structures
of Ni-Pt(111) model systems after alternating VT redox cycles. As shown in
Fig. 4.4a, the binding energy of XPS Ols on CO/Pt(111) surface locates at 531.3
and 533.0 eV, which are assigned to bridging and linear adsorbed CO, respectively
[36]. Early works have reported that the subsurface metal atoms could induce the
d-band center of surface Pt to shift away from Fermi level and thus weaken the
interaction between adsorbates and Pt surface [25, 27, 37-42]. Since HTR treatment
of Ni—Pt(111) model system produces a Pt-skin surface with subsurface Ni, only a
weaker Ols peak from linear adsorbed CO is observed in Fig. 4.4a CO/HTR. The
similar depression of bridging CO adsorption has been observed on Pt/Fe/Pt(111)
surface as well [43]. After LTO treatment of Pt-skin surface (Pt/Ni/Pt(111)) and CO
adsorption, XPS studies show two Ols peaks, the stronger peak at 529.7 eV is from
NiO and the weaker peak at 533.0 eV is from bridging CO (Fig. 4.4a CO/LTO).
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Fig. 4.4 a XPS Ols spectra from the CO-saturated surfaces treated by the various processes
sequentially (from bottom to up); Adapted with permission from Ref. [28]. Copyright (2011)
American Chemical Society. b XPS Ols intensity of Pt/Ni/Pt(111) surface treated by VT oxidation
in 5.2 x 1077 mbar O, for 5 min (VTO) and NiO/Pt(111) surface treated by VT reduction in
5.2 x 1077 mbar H, for 5 min (VTR); ¢ XPS Ols intensity of CO adsorbed on Pt/Ni/Pt(111)
surfaces pretreated by VTO (VTO-CO), O, and then CO adsorbed on NiO/Pt(111) surfaces
pretreated by VIR (VTR-O,, and VTR-0,-CO). a—f RT, 400, 500, 600, 700, and 800 K
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This indicates the LTO treatment of Pt-skin surface can create a sandwich-like
surface with Ni patches on surface and part of Ni in subsurface region. Since XPS
Ols peak from CO molecules cannot be observed after HTO treatment, we infer a
continuous NiO overlayer is formed on Pt surface (Fig. 4.4a CO/HTO). In addition,
CO/LTR surface shows XPS Ols peaks from both NiO and bridging CO on bare Pt
area, indicating LTR treatment of NiO/Pt(111) surface produces a sandwich-like
structure again.

Figure 4.4b, ¢ further illustrates the surface structures of Ni—Pt(111) model
systems after VT redox treatments. The evolution of Ols peak intensity from
Pt/Ni/Pt(111) surfaces as a function of oxidation temperature (Fig. 4.4b(1)) and the
following CO adsorption (Fig. 4.4c(3)) indicate LTO treatment can generate a
bicomponent surface configuration exposing both Ni and Pt on the surface.

As shown in Fig. 4.4b(2), NiO/Pt(111) can be completely reduced under LTR
condition. It is well known that O, can dissociative adsorb on both Pt and Ni
surfaces. The following CO exposure will eliminate O atoms adsorbed on Pt surface
through CO + O — CO; reaction. In contrast, the O atoms adsorbed on Ni surface
are stable in CO atmosphere at room temperature due to the strong interaction
between O and Ni. So the method consists of O, dosing and a followed CO exposure
was adopted to determine the surface structure of NiO/Pt(111) after VT reduction
(Fig. 4.4¢c(5)). At first, O, adsorption on NiO/Pt(111) after VT reductions was
studied (Fig. 4.4c(4)). Based on the decreasing trend of Ols peak intensity from O,
adsorbed surfaces, we infer more and more Ni diffuse into subsurface region with
reduction temperature increases. The following CO exposure experiments also prove
LTR treatment of NiO/Pt(111) surface lead to a sandwich-like structure.

4.3 Pt-Ni/CB Nanoparticle Catalysts

Over model Ni-Pt(111) catalytic systems, we show the NiO/Pt(111) and Pt/Ni/Pt
(111) surfaces can be reversible achieved through alternating HTO and HTR
treatments. LTO of Pt/Ni/Pt(111) and LTR of NiO/Pt(111) produce a sandwich-like
surface with Ni patches on surface and part of Ni in subsurface. Since the material
gap and pressure gap between model catalytic systems in UHV chamber and
supported nanoparticle catalysts under working condition [7], we further investigate
the influence of VT redox treatments on the structure and performance of supported
Pt—Ni nanoparticle catalysts. The combination of surface science studies and sup-
ported nanoparticle catalyst provide a promising strategy to understand the corre-
lation of treatment—structure—performance of Pt—Ni bicomponent catalysts.
From investigations of model surfaces, we find XPS is a very useful technique to
study the surface structure of Pt—Ni bicomponent catalysts. In order to acquire
decent XPS signal, we deposit high-density Pt—Ni bicomponent nanoparticles on
sputtered HOPG surface (Pt—Ni/HOPG). TEM studies show the size distribution of
Pt—Ni/HOPG model sample is very similar to that of supported Pt—Ni/CB catalysts
(Fig. 4.5). Figure 4.6a displays the Ni2p/Pt4f ratio of Pt-Ni/HOPG model sample
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Fig. 4.5 TEM images and size distribution of Pt—Ni/CB catalysts (a, b) and exfoliated Pt-—
Ni/HOPG sample (c, d). High-density Pt-Ni nanoparticles were deposited on a sputtered HOPG
surface by a solution deposition method, and the ratio of Pt to Ni is controlled at 1:1
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Fig. 4.6 a XPS intensity ratio of Ni2p/Pt4f on Pt-Ni/HOPG sample treated in alternating
reduction (20% H,, 0.1 MPa) and oxidation (100% O,, 0.1 MPa) cycles at various temperatures in
the high pressure reaction cell attached to the XPS chamber. b XPS intensity ratio of Ni2p/Pt4f on
Pt—Ni/HOPG sample treated at 573 K in redox atmospheres with various partial pressures
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as a function of redox temperatures. We find the oscillation of the Ni2p/Pt4f ratio
reaches the maximum at 573 and 673 K, indicating the NiO overlayers and Pt-rich
surface can be produced after oxidation and reduction, respectively. Since the
oscillation of Ni2p/Pt4f ratio at 473 K is smaller than that at 573 K (Fig. 4.6a), we
infer a sandwich-like Pt—Ni nanoparticle can be prepared at this medium temper-
ature. In addition, the influence of gas partial pressure on the surface structure of
Pt-Ni/HOPG model sample is also studied. As expected, we find the Ni2p/Pt4f
ratio increases as the gas pressure increases at 573 K (Fig. 4.6b).

Figure 4.7a shows the reversible up-down oscillation of Pt4f peak intensity on
Pt—-Ni/HOPG model sample after alternating reduction and oxidation cycles at
573 K. Interestingly, the up-down oscillation of Pt4f peak differs from that of Ni2p
peak which exhibits a opposite down-up oscillation under same redox cycles. For
reduction of Pt—-Ni/HOPG sample at 573 K, the binding energies of Pt4f7/2 and
Ni2p3/2 peaks locate at 71.2 and 852.6 eV, indicating Pt and Ni can be reduced to
metallic state completely (Figs. 4.7a, b, and 4.8c). Furthermore, Ni2p/Pt4f ratio is
observed to decrease after reduction at 573 K. The reason should be attributed to
the surface segregation of Pt under reduction. Deconvoluting of Pt4f peak on Pt—
Ni/HOPG sample after oxidation at 573 K, we find the main Pt4f peak still locates
at 71.2 eV along with a shoulder peak at 72.4 eV (Fig. 4.8d). We find that 20% of
Pt from Pt—Ni/HOPG sample is oxidized after oxidation at 573 K. Simultaneously,
only a sharp Ni2p peak located at 853.9 eV can be observed after oxidation,
indicating that Ni is oxidized completely (Fig. 4.7b). After the oxidation at 573 K,
the Ni2p/Pt4f ratio increases significantly due to the formation of NiO overlayers.
More importantly, the reversible up-down oscillation of Ni2p/Pt4f ratio is also
observed after alternating oxidation and reduction treatments, which illustrates a
structural switch between NiO overlayers and Pt-rich surface.

For comparison, we investigate the mono-component Pt/HOPG sample under
alternating redox treatments. As shown in Fig. 4.8e, the Pt4f/Cls ratio is almost
constant under redox treatments indicating Pt nanoparticles do not agglomerate
together. Since the bonding energy of Pt-Ni (5.52 eV) is close to that of Pt-Pt
(5.77 eV) [45], the stability of Pt—Ni bicomponent nanoparticles should be similar
to that of Pt nanoparticles. So the sintering of bicomponent can be excluded after
redox treatments. In contrast to the Pt—Ni bicomponent nanoparticles, we find
Pt/HOPG sample is more prone to be oxidized in oxidation. As shown in Fig. 4.8b,
about 46% of Pt from Pt/HOPG sample was oxidized, while only ~20% of Pt from
Pt—-Ni/HOPG sample was oxidized. This difference can be attributed to the for-
mation of NiO overlayers on Pt surface, which protects Pt nanoparticles from
further oxidation.

Studies of Pt—Ni/HOPG model samples reveal the surface structure of Pt—Ni
nanoparticles can be reversible modulated by alternating redox treatments.
High-temperature oxidation (573 K, 2 h) of Pt-Ni bicomponent nanoparticles
produces a core—shell structure where NiO overlayers encapsulate on Pt surface,
i.e., Pt@NiO. High-temperature reduction (573 K, 2 h) of Pt-Ni bicomponent
nanoparticles creates a Pt-rich surface. Furthermore, a sandwich-like structure of
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Fig. 4.7 a XPS Pwf and b Ni2p peaks from the Pt—-Ni/HOPG sample treated in alternating
oxidizing (100% O,, 0.1 MPa) and reducing (20% H,, 0.1 MPa) atmospheres at 573 K. ¢ XPS
Ni2p/Pt4f intensity ratio as a function of the sequential redox treatments. Reprinted from Ref. [44],
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Pt—Ni nanoparticles with both surface and subsurface Ni can be achieved under
low-temperature redox treatment (473 K, 2 h).

Based on the results from model catalytic systems, the practically Pt-Ni
bicomponent catalysts were prepared on carbon black (Pt—Ni/CB). The loading
amount of Pt and Ni was controlled at 4 wt% and 1.2 wt%, respectively (mole
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ratio = 1:1). First, in situ XRD was employed to study the structural changes of
Pt-Ni/CB catalysts under alternating redox treatments (Fig. 4.9a). After HTO
treatments, XRD pattern shows a main peak at 39.9° which is from the (111) plane
of Pt [46]. However, the HTR treatments induce the shift of 26 diffraction peak to
40.6° indicating the formation of Pt—Ni alloy phase [47]. We further utilize in situ
XAFS to characterize the chemical states of Ni in Pt—Ni/CB catalysts under same
alternating redox treatments (Fig. 4.9b). After HTO treatment a strong white line at
8351 eV is observed in the Ni-K-edge structure, which is well consistent with the
spectrum from NiO sample. Previous studies have shown the Ni—O interaction
could increase the intensity of Ni-K-edge white line [20]. In a HTR-treated sample
the white line intensity decreases due to the reduction of NiO. Both in situ XRD and
XAFS studies demonstrate that the HTO treatment induces outward diffusion of Ni
to form Pt@NiO core—shell nanoparticles while the HTR results in inward diffusion
of Ni producing a Pt-rich surface with Pt-Ni alloy phase inside.
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Similar to the CO adsorption experiment over model catalytic surfaces, the
surface composition of Pt—Ni nanoparticles was detected by combination of CO
adsorption and in situ Raman characterization. As shown in Fig. 4.10, no obvious
peak is observed on HTO-treated sample due to the encapsulation of NiO

Fig. 4.10 Raman spectrum
of CO-saturated Pt—Ni
nanoparticles pretreated by
VT redox conditions
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overlayers on Pt surface. In contrast, a strong peak from Pt—C bond (~480 cm™')
appears on HTR-treated sample, indicating the formation of Pt-rich surface.
Furthermore, we also observe clear Pt—C peaks on LTR- and LTO-treated samples.
Therefore, we suggest a metastable structure with both Pt and Ni(O) on surface is
achieved through LTR of Pt@NiO and LTO of Pt-rich surface.

The surface distribution of Pt—Ni bicomponent nanoparticles was further
investigated by acid leaching combined with inductively coupled plasma atomic
emission spectrometry (ICP-AES) measurement (Table 4.1). In acid leaching pro-
cess, the 3d transition metals on Pt surface can be dissolved in acid solution,
whereas those inside nanoparticles are stable due to the protection of Pt surface [12,
15, 48, 49]. Our data show that most of Ni on oxidized Pt-Ni nanoparticles can be
leached away (18.1/22.1) (Table 4.1). In contrast, only a small part of Ni is
removed from the reduced catalysts. As reduction temperature increases, less Ni can
be dissolved in acid solution. These ICP results well support the above-proposed
Pt@NiO and Pt-rich surface configurations prepared after HTO and HTR, respec-
tively. For LTO and LTR treatments, the surface mass transfer becomes kinetically
limited, as thus part of the Ni remains on the surface along with other Ni inside.
These results are well consistent with our finding on the model Ni—Pt(111) catalytic
system.

The CO oxidation reactivity of Pt-Ni/CB catalysts after VT redox treatments
was tested at 348 K (1% CO, 20% O, with He balance). First, Pt—Ni/CB catalyst
was treated by HTO and HTR treatments. The CO oxidation reaction was carried
out in between HTO and HTR. We find that the CO conversion of HTO-treated
sample is about 10%, whereas the CO conversion of HTR-treated catalyst is ~50%
(Fig. 4.11). Moreover, CO conversion shows a nicely reversible up-down depen-
dence on two HTR and HTO cycles. Our studies from model catalytic systems and
supported nanoparticles demonstrate the HTR treatment produces a Pt-rich surface
with subsurface Ni. Nevertheless, the Pt-rich surface shows a moderate CO oxi-
dation reactivity at low temperature because the activation of O, is still limited.
After the HTO treatments, the encapsulation of NiO overlayers on Pt surface
depresses the reactivity largely.

As shown in Fig. 4.11, CO conversion of the LTR-treated Pt—Ni/CB catalyst
reaches above 90%. Interestingly, a large oscillation of the CO conversion is
observed ranging from below 10% to above 90% after the alternating HTO and
LTR treatments. Furthermore, the catalyst treated by LTO presents a CO conversion
as high as >99% (Fig. 4.11). Again a nicely up-down oscillation of the CO con-
version is observed after LTO, HTO, and HTR treatments.

Table 4.1 The ~ Concentration AP* [LTR |HTR |LTO |HTO
concentrations of Ni and Pt in (ng/mL)

the leached solutions from the

Pt—Ni/CB catalysts after Ni 222 |92 6.1 16.0 18.1

redox treatments Pt 58.5 0.1 0.0 0.0 0.1
“The as-prepared (AP) Pt-Ni/CB catalyst without reduction was
dissolved in the acid solution as a reference
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Results from model Ni-Pt(111) catalytic systems combined with supported Pt—
Ni/CB catalysts show low-temperature reduction of Pt@NiO sample induces part of
Ni to diffuse into subsurface region, and thus produces discontinuous Ni on surface
(Ni-on-Pt). On the other hand, low-temperature oxidation of Pt-skin surface induces
the surface segregation of part subsurface Ni and form highly dispersed NiO-on-Pt
surface (NiO-on-Pt). Therefore, a unique sandwich-like surface configuration
consisting of surface Ni(O), surface Pt, and subsurface Ni species can be achieved
after LTR and LTO treatments. The formed “NiO-on-Pt” structure with subsurface
Ni catalyzes the CO oxidation more efficiently through the bifunctional role of
surface Pt and Ni sites and the synergetic effect of subsurface Ni. More importantly,
our results show the reversible switch between these three surface structures can be
simply established by redox treatments at different temperatures (Fig. 4.12).
The CO oxidation reactivity, which is direct dependent on the surface structures of
Pt-Ni bicomponent catalysts, presents the similar reversible changes after redox
treatments.

Fig. 4.12 Treatment—
structure—reactivity
correlation of the Pt—Ni
catalysts. Reversible
transformation between 80 4
Pt@NiO core-shell structure,
Ni(O)-on-Pt structure, and

100

Ni(O) on Pt

Pt-rich structure can be 60 -
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treatments. Pt: cyan ball,

metallic Ni: red ball; oxidized 40 4

Ni: yellow ball. Reprinted
with permission from Ref.
[28]. Copyright (2011) 201
American Chemical Society
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In addition, we also investigate the effect of redox treatment on surface structures
of Pt-Fe, Pt—Co, and Pt—Cu bicomponent nanoparticles supported on HOPG sur-
face. Figure 4.13 shows the reversible up-down oscillation of XPS Co2p/Pt4f ratio
after alternating HTO and HTR treatments. This indicates the encapsulation of CoO
overlayers on Pt surface and the formation of Pt-rich surface after HTO and HTR,
respectively. At last, we find Pt-Fe and Pt—Cu bicomponent nanoparticles present
similar reversible changes of surface structure under alternating redox treatments.

4.4 Summary

Reduction and oxidation are frequently applied for the preparation of practical
catalysts, such as sintering in air and activation in reductive condition. But the nature
of the influences of redox treatment on the performance of catalysts is often ignored.
In this chapter we have shown how sensitively the surface structure and catalytic
reactivity of Pt—Ni bicomponent catalysts depends on the treatment conditions. The
best reactivity for the CO oxidation was observed on a catalyst treated through
low-temperature reduction or low-temperature oxidation because of the formation of
highly active Ni(O)-on-Pt surface structure. In contrast, high-temperature oxidation
and high-temperature reduction produce NiO@Pt and Pt-rich surfaces, presenting
the deactivation and moderate reactivity, respectively. The displayed treatment—
structure—performance relationship for Pt—Ni bicomponent catalysts illustrates the
science of preparation. Pt—Fe, Pt—Co, and Pt—Cu bicomponent nanoparticles present
similar modulation of surface structures under alternating redox treatment processes,
i.e., HTO produces encapsulated layers of 3d transition metal oxide on Pt surface,
whereas HTR induces surface segregation of Pt.
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Chapter 5
Comparison of Pt-Fe and Pt-Ni Catalysts

In this chapter, we compare the reactivity and stability of Pt—Fe and Pt-Ni
bicomponent catalysts. The interfacial confinement effect results in the formation of
monolayer-thick FeO,_x and NiO;_x nanoislands on Pt(111). The edge structures
of the FeO,_x and NiO;_x nanoislands provide the active sites for O, dissociative
adsorption, and thus promote CO oxidation reaction. But the stabilities of FeO,_x/
Pt(111) and NiO|_x/Pt(111) systems are different after the oxidation at 473 K with
a O, partial pressure of 1.3 X 10 ®mbar. FeO,_x nanoisland is oxidized to O-Fe-O
trilayer structure after oxidation, while the chemical state of NiO;_x is unchanged
after same oxidative treatment. The result of model catalytic systems is well con-
sistent with the observation of supported Pt—Fe/CB and Pt—Ni/CB catalysts. In situ
XANES investigations show the chemical state of Fe is 2+ under CO oxidation with
excess H,, whereas the Fe is further oxidized in O,-rich atmosphere. In contrast, the
chemical state of Ni is constant under H,-rich and O,-rich CO oxidation conditions.
Therefore, the CO conversion over Pt—Ni/CB catalyst increases when the concen-
tration of O, is increasing.

5.1 Introduction

Transition metal oxides (TMOs) are widely used as the support to prepare the
highly dispersed catalysts, because they often present unique redox properties
themselves and thus promote the performance of noble metal catalysts [1-3]. For
example titania, ceria and iron oxide are used as the support to prepare Au, Pd, and
Pt nanoparticle catalysts [4-7].

On the other hand, the so-called inverse model catalysts are also constructed by
depositing oxide on the surface of noble metals (O/M) [1-3, 8-12]. Over O/M
inverse catalysts, two main reaction mechanisms are often proposed. One case is
that the intact oxide films on noble metal surface act as the active structure for
catalytic reaction. For example, monolayer FeOx film supported on Pt(111) surface
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performed better reactivity of CO oxidation than bare Pt(111) surface [8]. STM
investigations have shown that the intact FeOx film was transformed to highly
dispersed nanoparticles on Pt(111) surface and thus part of Pt surface was exposed.
Subsequently, the catalytic CO oxidation was carried out through the Langmuir—
Hinshelwood mechanism [8, 13]. Similarly, the Pt-Fe bicomponent catalysts sup-
ported on SiO, also showed high reactivity and selectivity for preferential CO
oxidation in excess H, [14]. Another case is the O/M perimeters act as active site.
For example, TiO,-x/Au(111) and CeO,_x/Au(111) inverse catalysts showed
superior reactivity of water—gas shift reaction where water was found to dissociate
at O-vacancies of oxide islands and CO was adsorbed on bare Au(111) surface.
Then the reaction occurred at oxide-Au(l111) perimeters [11]. On the basis of
surface science approaches and density functional calculations, Bao’s group has
shown the interface-confined coordinatively unsaturated ferrous (CUF) sites were
the active centers to activate O, molecule and thus catalyzed CO oxidation [10, 15].

Though the structure and reactivity of inverse model catalysts have been studied
extensively, the investigations of their stabilities are still lack. In this chapter, we
compare the (un)flexibility of chemical states and reactivity of interface-confined
FeO;_x and NiO;_x under the reductive and oxidative conditions, which are the
most frequently countered reaction atmospheres.

5.2 FeOx/Pt(111) Model Catalytic Systems

In order to obtain highly dispersed oxide islands on the Pt(111) surface, the
preparation of 0.38 ML FeO,_x/Pt(111) model surface was divided into two steps
[15]. First, Fe was deposited in 1.3 X 107% mbar O, at 165 K. Second, FeO,_x/Pt
(111) surface was annealed to 573 K in UHV for 3 min. XPS studies show the
binding energy of Fe2p3/2 on this as-prepared FeO,_x/Pt(111) surface locates at
709.3 eV (Fig. 5.1a-a), indicating the chemical state of Fe is 2+ [17]. STM study
illustrates the FeO;_x nanoislands are monolayer (Fig. 5.1b).

The oxidation of FeO,_x/Pt(111) was carried out in 5.2 x 107% mbar O, at
473 K for 5 min. After the oxidation, the Fe?* species are further oxidized to
FeO,,x with the binding energy of Fe2p3/2 shifting to 709.9 eV (Fig. 5.1a-b).
Earlier works have found the intact FeO film on Pt(111) surface was oxidized to
O-Fe-O trilayer structure under near ambient O, pressure [18, 19]. For 0.38 ML
FeO,_x/Pt(111) surface, the size of FeO;_x nanoislands is about 5 ~ 10 nm
(Fig. 5.1b). So we expect that the FeO,_x nanoislands should be easier to be
oxidized, when compared with intact FeO thin films. Furthermore, STM image in
Fig. 5.1c exhibits a new (V3 x v3) R30° structure with respect to FeO, indicating
the formation of O—Fe-O trilayer structure [18, 19].

The reactivity of the as-prepared and oxidized FeO;_x/Pt(111) model catalytic
systems was characterized by in situ UPS He II studies. All the surfaces were
pre-adsorbed with 10 L CO at RT. The peaks locating at 9.4 and 11.8 eV originated
from 50 + 1n to 46 molecular orbits of CO adsorbed on Pt(111) surface were



5.2 FeOx/Pt(111) Model Catalytic Systems 61

(A)

Felpan
1709.9 eV

Intensity (a. u.)

o ] L | L] b
704 708 712 716 720
Binding Energy (eV)

Fig. 5.1 a XPS Fe2p3/2 of (a) as-prepared 0.38 ML FeO;_x/Pt(111) and (b) the oxidized 0.38
ML FeO,,x/Pt(111) in 1.3 x 107 mbar O, at 473 K for 5 min. From Ref. [16]. With permission
of Springer. b STM images of the as-prepared 0.38 ML FeO,_x/Pt(111). ¢ STM image of the
oxidized 0.38 ML FeO,,x/Pt(111) surface. (b, ¢): 200 nm x 200 nm

recorded [20-22], which stands for the relative amount of CO adsorbed on Pt(111)
surface. To test the reactivity, the CO-adsorbed surfaces were exposed in
4.0 x 107® mbar O, at RT, and UPS spectrums were recorded simultaneously with
one line per minute. The gradual decrease of peak intensity of adsorbed CO along
with reaction time was monitored to characterize the reactivity.

Over the as-prepared FeO,_x/Pt(111) model surface, CO can be removed
completely in 10 min in 4.0 x 10™® mbar O,. Fu and Li et al. have established that
the interface-confined CUF sites at the perimeters of FeO,_x nanoislands provided
active sites for O, dissociative adsorption, and thus promoted the CO + O—CO,
reaction [10]. After the first removal of CO on the Pt(111) surface, two more
reaction cycles are carried out continuously and no decrease of CO oxidation
reactivity of the as-prepared FeO;_x/Pt(111) is observed (Fig. 5.2a). In contrast, the
reactivity of oxidized FeO,,x/Pt(111) surface was also studied. Over the oxidized
FeOy,x/Pt(111) model surface, a worse CO oxidation reactivity is observed. CO on
the oxidized surface can be eliminated in 18 min in 4.0 x 10~° mbar O, for the first
reaction cycle, 30 min for the second reaction cycle (Fig. 5.2b). The dramatic
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decrease of CO oxidation reactivity on oxidized FeO,,x/Pt(111) should be attrib-
uted to the transformation of interface-confined Fe>* cations to hi gh chemical state,
: 2+X
i.e., Fe™ .

5.3 NiOx/Pt(111) Model Catalytic Systems

The highly dispersed NiO,_x nanoislands can be obtained at the preparation tem-
perature up to 300 K. The preparation of 0.38 ML NiO,_x/Pt(111) was carried out
in 1.3 x 107° mbar O, at room temperature, then annealed in UHV at 523 K for
3 min. XPS Ni2p3/2 peak recorded from the as-prepared NiO;_x/Pt(111) surface
locates at 853.6 eV, according with Ni2* state (Fig. 5.3a-a) [23, 24]. STM results
show the NiO,_x nanoislands present monolayer height on Pt(111) surface.

Different from FeOx/Pt(111) model systems, XPS result shows that the chemical
state of NiOx on Pt(111) does not change after the oxidation treatment in
5.2 x 107% mbar O, at 473 K for 5 min (Fig. 5.3a-b). Furthermore, the dispersion
and structure of NiO;_x nanoislands are unchanged as well (Fig. 5.3c).

Similar to the FeO,_x/Pt(111) systems, we suggest that the interface-confined
Ni>* cations at the perimeters of NiO;_x nanoislands provide active sites for O,
dissociative adsorption and enhance catalytic CO oxidation reaction. Furthermore,
since the dispersion of NiO;_x nanoislands is higher than the dispersion of FeO,_x



5.3 NiOx/Pt(111) Model Catalytic Systems 63

Intensity (a. u.)

—TTTT
848 852 856 860 864
Binding Energy (eV)

|
|

Fig. 5.3 a XPS Ni2p3/2 of (a) as-prepared 0.38 ML NiO;_x/Pt(111) prepared at room
temperature and (b) the oxidized 0.38 ML NiO;_x/Pt(111) in 1.3 x 107® mbar O, at 473 K for
5 min. From Ref. [16]. With permission of Springer. b STM images of the as-prepared 0.38 ML
NiO;_x/Pt(111) prepared at room temperature. ¢ STM image of the oxidized 0.38 ML NiO;_x/Pt
(111). (b, ¢): 200 nm x 200 nm

nanoislands, we find the as-prepared NiO;_x/Pt(111) surface performs better
reactivity than the as-prepared FeO,_x/Pt(111) surface. As shown in Fig. 5.4a, CO
on the as-prepared NiO;_x/Pt(111) surface can be removed in 3 min in 4.0 x 1078
mbar O, for three reaction cycles at room temperature. To study the reactivity of the
oxidized surface, NiO;_x/Pt(111) was oxidized in 5.2 X 10™° mbar 0, at 473 K for
5 min. In spite of the oxidation treatment, the oxidized NiO;_x/Pt(111) surface still
shows similar CO oxidation reactivity (Fig. 5.4b). As revealed in XPS studies, the
chemical state of NiO;_x keeps at +2 before and after oxidation.

In surface science studies, the stability of interface-confined Fe>* and Ni%*
cations under oxidation conditions was revealed. Over FeO;_x/Pt(111) model
system, the as-prepared FeO;_x nanoislands are further oxidized to FeOq,x in
oxidative atmosphere which induces the CO oxidation reactivity to decrease [10]. In
contrast, NiO;_x/Pt(111) surface is stable after identical oxidation treatment.
Therefore, the NiOx—Pt catalyst may be a good candidate for catalytic CO oxidation
reaction in oxidative atmospheres.
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Fig. 5.4 The CO oxidation
reactivity of (a) the
as-prepared 0.38 ML NiO,_x/
Pt(111) and (b) the oxidized
NiO_x/Pt(111). From Ref.
[16]. With permission of
Springer
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5.4 Pt-Fe/CB and Pt-Ni/CB Nanoparticle Catalysts

We prepare Pt-Fe and Pt-Ni nanoparticles supported on carbon black using
co-impregnation method. The loading of Pt and Fe (Ni) was controlled at 4 and 0.3
wt%, respectively (molar ratio = 4:1).

Based on the surface science studies, we expect that the Pt—Fe and Pt—Ni
bicomponent catalysts may show high CO oxidation reactivity with excess
hydrogen and oxygen, respectively. Herein, we use common reductive and
oxidative reaction gases, i.e., preferential CO oxidation with excess hydrogen
(PROX, 1% CO, 0.5% 0O,, 50% H,, and 48.5% He) and CO oxidation with excess
oxygen (COOX, 1% CO, 20% O,, and 79% He) to test the performance of
Pt-Fe/CB and Pt—Ni/CB catalysts.

Before the CO oxidation reaction, fresh Pt—Fe/CB and Pt—Ni/CB catalysts were
reduced in H, at 473 K for 2 h. The components of Pt, Fe, and Ni can be reduced to
metallic state completely. The conversion of CO was determined by online chro-
matograph. The weight hourly space velocity (WHSV) was set at
30000 mL-h~"-g~". As shown in Fig. 5.5, CO conversion keeps above 90% on the
Pt—Fe/CB catalyst in PROX reaction condition at 353 K, while the CO conversion
only reaches about 40% on Pt—Ni/CB catalyst in identical reaction condition.
In COOX reaction condition, the CO conversion of Pt—Fe/CB catalyst decreases to
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below 50%. Surprisingly, the CO conversion reaches >99% on Pt-Ni/CB catalyst
when the reaction gas switched to oxygen rich atmosphere.

In situ XAFS measurements were applied to characterize the chemical states of
Fe and Ni under various reaction conditions [25-28]. Fe—K-edge XANES spec-
trums show clear difference between reduced Pt-Fe/CB sample and Pt-Fe/CB
catalysts under alternating PROX and COOX reaction conditions. After the
reduction at 473 K for 2 h, Fe was reduced to metallic state with the peak position
of white line locating at 7125.6 eV (Fig. 5.6a). XPS studies also proved that Fe
could be reduced to metallic state at 473 K. After the exposure in PROX condition
for 1 h, the peak position of white line shifts with ~5 eV to higher energy, indi-
cating the oxidation of metallic Fe to FeOx. Under COOX condition, the peak
position of Fe—K-edge white line shifts to higher energy further and resembles that
of Fe,O5 spectrum. Therefore, the deactivated performance of Pt—Fe/CB catalyst
under CO oxidation with excess oxygen can be attributed to the transformation of
active FeO,_x to Fe,Os;. In contrast, Ni-K-edge XANES studies in Fig. 5.6b
demonstrate NiOy is stable in various reaction conditions. Under the CO oxidation
condition with excess oxygen, the peak position the Ni-K-edge white line locates at
8350.4 eV, which is almost the same as that of Pt-Ni/CB catalysts in PROX
condition.

Based on the surface science results, we show that the FeO,_x and NiO;_x
nanoislands can be obtained by depositing metal in O, atmosphere. The coordi-
natively unsaturated cations (Fe** and Ni**) at the perimeters of oxide nanoislands
provide active sites for O, dissociative adsorption and thus promote CO oxidation
on model catalytic systems. After the oxidation of 1.3 x 10”® mbar O, at 473 K,
FeO,_x is further oxidized to O—Fe-O trilayer structure while NiO_x is relative
stable (Fig. 5.7).
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Fig. 5.6 In situ XANES studies of (a) Pt—Fe/CB and (b) Pt-Ni/CB catalysts in different reaction
conditions. The spectra of Fe,O; and NiO were included as reference. From Ref. [16]. With

permission of Springer
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Fig. 5.7 Schematics of the structural changes of Pt-Fe and Pt—Ni bicomponent catalysts in
oxidative atmosphere

We suppose that the stability difference of FeO,_x/Pt(111) and NiO;_x/Pt(111)
interfaces may derive from the electronegativity difference of Fe** and Ni**. The
electronegativities of Fe** and Ni** are 1.83 and 1.93, respectively, while the
electronegativity of Fe®* is 1.96 [29]. For supported nanoparticle catalysts, the
Pt—Fe/CB catalyst shows superior CO oxidation reactivity with excess hydrogen.
However, under CO oxidation reaction with excess oxygen, Fe* can be further
oxidized to Fe?**. The chemical transformation of FeOx induces the deactivation of
Pt—Fe catalysts in oxidative atmosphere. Over Pt—Ni/CB catalyst, the chemical state



5.4

Pt-Fe/CB and Pt-Ni/CB Nanoparticle Catalysts 67

of Ni** is stable in the alternating CO oxidation reactions with excess hydrogen and
oxygen. As expected, the Pt—-Ni/CB converts more CO to CO, with higher O,
concentration.

5.5 Summary

In this chapter, we compare the structure and reactivity of Pt-Fe and Pt-Ni
bicomponent catalysts under reductive and oxidative reaction conditions from the
model catalytic systems to supported nanoparticle catalysts.

ey
@

3

4)

The interfacial confinement effect allows us to prepare FeO;_x and NiO;_x
nanoislands on Pt(111) surface.

The deposition of FeO,_x and NiO;_x nanoislands promotes the CO oxidation
reaction of Pt(111) surface. We suggest the coordinatively unsaturated cations
at the perimeters of oxide nanoislands provide the active sites for O, disso-
ciative adsorption and then react with CO on Pt surface.

After the oxidation treatment of 1.3 x 10~® mbar O, at 473 K, the transfor-
mation of FeO;_x to O-Fe-O trilayer structure induces the deactivation of
FeOx—Pt(111) model catalytic system. In contrast, NiO;_x nanoislands are
stable after identical oxidation treatment.

Over supported nanoparticle catalysts, the opposite trends are observed on
Pt-Fe/CB and Pt-Ni/CB catalysts when we switch the reaction condition from
PROX to COOX. Under PROX condition, the Pt—Fe/CB catalyst presents high
reactivity. But FeO is further oxidized to higher chemical state as the reaction is
switched to COOX, which induces the deactivation of Pt—Fe/CB catalyst. The
same reaction procedures are also conducted over Pt—Ni/CB catalyst. Different
from Pt—Fe/CB catalyst, we show the chemical state of NiOy is stable under
different reaction conditions. Therefore, Pt—Ni/CB catalyst exhibits superior CO
oxidation reactivity with excess oxygen.
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Chapter 6
Reactivity of Graphene-Confined Pt(111)
Surface

By employing real-time microscopic techniques, the confinement effect of
single-layer graphene on the chemistry of CO/Pt(111) system is studied. We find
that the CO molecules can easily intercalate between graphene and Pt(111) even
under UHV condition at room temperature. Interestingly, CO desorb from the
interfacial space between graphene and Pt(111) around room temperature. In
contrast, the desorption temperature of CO from bare Pt(111) is ~420 K. DFT
calculations show the adsorption energy of CO on Pt(111) is decreased by the
confinement effect of graphene on top. Furthermore, the dynamic process of CO
oxidation is also studied. We find that the graphene wrinkles act as the reaction
channels for CO desorption and CO oxidation processes.

6.1 Introduction

The earlier studies in this Thesis were mainly focused on the understanding of
correlation between surface structure and performance of Pt-3d transition metal
bi-component catalysts. We demonstrated the synergetic effect of surface NiO;_x
and subsurface Ni metal significantly improved the reactivity of Pt catalyst for
catalytic CO oxidation. In this chapter, we prepare single graphene on Pt(111)
surface and further investigate the confinement effect of single-layer graphene on
catalytic properties of Pt(111). Using the newly built Deep Ultraviolet
Photoemission Electron Microscopy (DUV-PEEM) System combined with in situ
spectroscopic characterizations, the dynamics of surface reactions, such as CO
intercalation, CO desorption, and CO oxidation confined under graphene, are
studied intensively.

CO oxidation on Pt single crystal surface has been studied extensively by
microscopic techniques [1-3]. For example, Ertl and coworkers have used PEEM to
study the CO oxidation reaction on Pt(110) surface. The observed reaction process
was explained by nonlinear dynamics theory [2]. Low-Energy Electron Microscopy
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(LEEM) method showed better spatially resolution, which has been widely
employed in the characterization of material growth and phase transformation, etc.
[4-6]. But the image contrast of PEEM and LEEM images on Pt(111) surface
before and after CO adsorption does not change significantly. So we need more aid
combined with PEEM and LEEM to direct study CO adsorption on Pt(111).
Theoretical calculation has shown the change of graphene—substrate distance could
induce the distinct contrast change of LEEM images [7]. Therefore, the adsorption
and desorption of CO between graphene and Pt(111) surface should be visualized
with the aid of the imaging effect of single-layer graphene, because CO intercala-
tion and removal can increase and decrease graphene—substrate distance,
respectively.

In this chapter, we use real-time microscopic characterizations combined with
DFT calculations to investigate CO intercalation, desorption, and oxidation in the
interfacial space between graphene and Pt(111) surface. More importantly, we find
the confinement effect of graphene layer alters the chemistry of CO molecules on Pt
(111) surface. Further, a small amount of CO, generated from CO oxidation is
detected under graphene layer at elevated temperature.

6.2 Preparation of Graphene on Pt(111) Surface

On a clean Pt(111) surface, smooth steps and flat terraces can be observed in LEEM
image (Fig. 6.1a). To prepare single-layer graphene (SLG) with pm size on Pt(111)
surface [USLG/Pt(111)], we employ surface segregation process. At first, Pt(111)
surface was exposed to 2 Langmuir ethylene at 700-800 K. Then the carbon source
was dissolved into near-surface and even bulk region of Pt substrate by annealing to
1100 K for 2 min. Surface segregation of bulk carbon was carried out to form SLG
on Pt(111) surface by slowly cooling Pt substrate to 900-950 K. The size of SLG
patches can be controlled by segregation time. Figure 6.1f shows a pm-sized gra-
phene patch across several terraces. In addition, some wrinkles appeared on the
graphene during cooling process (~ 600 K). The formation of wrinkle structures
has been attributed to the different thermal expansion coefficients of graphene and
Pt(111) surface [8-10]. The nanobubble structure had also been observed on
graphene-Pt(111) system, because of the same reason [11].

We also prepare SLG by chemical vapor deposition (CVD) method. At first, a
clean Pt(111) was heated up to 950 K. Then Pt(111) was exposed in ethylene with
the pressure of 5.2 x 10~ mbar. The coverage of SLG can be simply controlled by
exposure time of ethylene. Through this route, patch structure and monolayer SLG
can be prepared on Pt(111) surface (Figs. 6.1b, ¢). When monolayer SLG/Pt(111)
surface is cooled to room temperature, large-scale wrinkles can be observed as well
(Fig. 6.1d). Figure 6.2 shows the XPS Cl1 s peaks from graphene and Ol s peak
from CO on SLG/Pt(111) surface as a function of graphene coverage. We should
note that CO exposure was carried out at the partial pressure of 5.2 x 107 mbar.
XPS and LEEM results illustrate CO molecules do not intercalate into graphene/Pt
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Fig. 6.1 LEEM images of a clean Pt(111) surface, b sub-monolayer graphene on Pt(111) surface
in ethylene doping at 927 K, c¢ intact single-layer graphene film at 927 K, d graphene film in
¢ cooled down to 328 K, e bilayer graphene at black area, f graphene patch on Pt(111) surface
prepared via surface segregation. Imaging condition: a 20 pm, 2.1 eV; b, ¢ 20 pm, 1.7 eV;
d 15 pm, 1.5eV;e 15 um, 1.7 eV; £ 10 um, 1.8 eV
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Fig. 6.2 XPS C1 s peak of fresh SLG on Pt(111) surface with various coverages prepared by
CVD method (left), and O1 s peak of CO adsorbed on SLG/Pt(111) surfaces corresponding to left
figure in 5.2 x 10~° mbar CO at room temperature (right)
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(111) interface at the partial pressure lower than 10® mbar region. We further show
the XPS Ol s peak is negligibly small on monolayer SLG/Pt(111) surface after the
exposure of 5.2 x 10~° mbar CO, indicating CO molecules do not adsorb on
graphene surface in UHV condition at room temperature.

At last, bilayer graphene (BLG) structure can be prepared through surface seg-
regation of monolayer SLG/Pt(111) surface at 900-950 K. As shown in Fig. 6.1e,
we assign bright area to SLG film and dark areas to BLG patches, respectively.

6.3 CO Intercalation

In order to apply the imaging effect of SLG for CO oxidation process on Pt(111),
we first need to construct a CO/Pt(111) surface covered by SLG [SLG/CO/Pt(111)].
In principle, this SLG/CO/Pt(111) surface can be achieved by two different pro-
cesses: (1) prepare a CO/Pt(111) surface, then transfer SLG cover on its top; and
(2) prepare SLG/Pt(111) surface and then CO intercalate into graphene-Pt(111)
interface. Obviously, the second process is more convenient to carry out in UHV
system. In previous studies, the intercalation of H, O, F, Au, and Pb atoms has been
found between the graphene—substrate interface [13—17]. In this section, we utilize
in situ spectroscopic and real-time microscopic techniques to investigate CO
intercalation process on SLG/Pt(111) surface.

As is known to us, CO binds with Pt(111) surface very strongly and its saturated
coverage can reach 0.5 ML in UHV condition at room temperature [18]. The
SLG/Pt(111) surface in Fig. 6.3a contains bare Pt area (dark) and a SLG patch
(bright). In situ LEEM studies show CO start to intercalate into graphene—Pt(111)
interface when the pressure of backfilling CO increases to 2.6 x 107’ mbar.

We find that the CO intercalation darkens the contrast of graphene in LEEM
video with a start voltage of 1.8 eV (Fig. 6.3a—f). Dynamical multiple-scattering
low-energy electron diffraction theory had revealed the dependence of diffraction
electron intensity on start voltage (I-V curve) was determined by the distance
between graphene and substrate [7, 19]. Compared to the distance between gra-
phene and Pt(111) (~3.30 A), CO molecule has a larger kinetic diameter of 3.76 A
[20, 21]. So the CO intercalation should increase the distance between graphene and
Pt(111) surface, resulting in distinct intensity of diffraction electron. In contrast to
the I-V curve of fresh SLG/Pt(111) surface, two intensity minima of diffraction
electron on CO-intercalated graphene surface are found at 1.8 and 5.5 eV
(Fig. 6.4a). With the aid of SLG, we find the CO intercalation and desorption can
be visualized by real-time LEEM studies at the start voltage of 1-2.5 and 4-7 eV.
However, the I-V curve of CO/Pt(111) surface is similar to that of clean Pt(111)
surface (Fig. 6.4b).

More interestingly, a zigzag CO intercalation process is observed from
Fig. 6.3b—e. We find CO molecules intercalate from the edge of graphene patch,
and then diffuse along Pt step. When the interfacial CO molecules arrive at wrinkles
which are vertical to the Pt step direction (yellow dash line in Fig. 6.3a), CO
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Fig. 6.3 a—f Consecutive LEEM images of CO intercalation in 2.6 x 10”7 mbar CO atmosphere
at room temperature. Imaging condition: Start Voltage (STV) = 1.8 eV. The positions of wrinkles
are marked with yellow dash lines. Reproduced from Ref. [12] by permission of John Wiley &
Sons Ltd

molecules start to diffuse along opposite direction on the next Pt terrace.
Subsequently, CO molecules reach another end, i.e., the edge of graphene patch,
which tightly binds with Pt via the strong interaction between coordinatively
unsaturated edge carbon atoms and substrate [22]. So CO was impelled to opposite
direction again on the sequent Pt terrace. Through this zigzag diffusion mode
(Fig. 6.5), the entire graphene island appears dark, indicating the interface between
graphene and Pt was fully filled with CO molecules (Fig. 6.3f).

To further illustrate the interaction of graphene with Pt(111) surface, the sche-
matic of graphene wrinkle structure is shown in Fig. 6.6a. The convex part of
graphene wrinkle is further away from Pt substrate. While the concave is close to Pt
and bind with Pt strongly, the concave carbon atoms are bend and sp>-hybrid [23].
The strong interaction of graphene wrinkle with Pt(111) inhibits CO diffusion and
results in a zigzag CO intercalation process. We should note that the CO intercalation
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Fig. 6.4 a The dependence of diffraction electron intensity on incident energy from fresh
graphene surface (black dash line) and CO-intercalated graphene (red line); (b) The dependence of
diffraction electron intensity on incident energy from bare Pt(111) surface (black dash line) and
CO/Pt(111) surface (red line). The analyzed surface was marked in LEEM image inserted in b: red
square, graphene area black square; bare Pt(111) surface. Reproduced from Ref. [12] by
permission of John Wiley & Sons Ltd
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Fig. 6.5 Scheme of the CO intercalation between graphene/Pt(111) interface

has not been observed on monolayer SLG/Pt(111) surface in CO atmosphere with a
partial pressure of 2.6 x 10”’ mbar at room temperature (Fig. 6.7).

We also use in situ XPS to investigate CO intercalation process. For comparison,
the CO adsorption on clean Pt(111) surface is studied at different CO partial
pressures. As shown in Fig. 6.8a, two XPS Ol s peaks from adsorbed CO are found
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Fig. 6.6 a A scheme showing the concave sites at the edges of a wrinkle, which interact strongly
with the substrate and function as barriers for CO diffusion, and the hollow structure under the
convex graphene sheet, functioning as a nanosized inlet or outlet for gases. b A scheme illustrating
the case of putting an atomically continuous graphene sheet on a substrate step; the deformed
graphene sheet contains both concave and convex sites

Fig. 6.7 LEEM images of a fresh 1 ML SLG/Pt(111) and b 1 ML SLG/Pt(111) exposed in
2.6 x 1077 mbar CO at room temperature for 20 min. Reproduced from Ref. [12] by permission
of John Wiley & Sons Ltd

at 531.3 and 533.0 eV, which are from bridging CO and top-CO, respectively [24].
The ratio of bri-CO/top-CO is determined to be 1:1.9. Subsequently, the CO
pressure was increased to 5.2 x 107° mbar and kept for 15 min. XPS Ol s spectra
were acquired in CO atmosphere at a pressure of 5.2 x 10~° mbar. We find the
amount of bridging and top-CO does not change significantly (Fig. 6.8a).

In contrast, both the amount of CO and the ratio of bri-CO/top-CO are distinct
on 0.7 ML puSLG/Pt(111) surface in CO atmosphere with different partial pressures.
We find the amount of CO adsorbed on 0.7 ML pSLG/Pt(111) is only about 31% of
that on clean Pt(111) in CO atmosphere at a pressure of 5.2 x 10° mbar
(Fig. 6.8a). Since 70% of Pt surface was covered by graphene on 0.7 ML uSLG/Pt
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Fig. 6.8 a XPS Ol s peak of CO adsorbed on bare Pt(111) surface and 0.7 ML uSLG/Pt(111)
surface in various CO pressures at room temperature; b XPS C1 s peak of 0.7 ML uSLG/Pt(111)
surface, CO-intercalated single-layer graphene (LSLG-CO/Pt) and pnSLG-CO/Pt annealed at 500 K
for 2 min. Reproduced from Ref. [12] by permission of John Wiley & Sons Ltd

(111) sample, we infer that CO molecules adsorb on only bare Pt surface area in
5.2 x 107 mbar CO atmosphere at room temperature. Subsequently, the partial
pressure of CO was increased to 5.2 x 10”° mbar and kept for 15 min. After that
CO pressure was decreased to 5.2 x 107® mbar and XPS Ol s spectra was
acquired (Fig. 6.8a). Interestingly, we find the amount of CO increases with 3 times
when the CO pressure increases from 5.2 x 10~ mbar to 5.2 x 10~°, indicating
CO molecules intercalate into graphene-Pt(111) interface. We further calculate the
amount of CO in graphene-Pt(111) interface. It is found that graphene cover lowers
the saturated coverage of CO with 20%. More importantly, the ratio of
bri-CO/top-CO was determined to be 1:1.2 under graphene cover. While the ratio of
bri-CO/top-CO is 1:1.9 on a clean Pt(111). The graphene cover decreases the ratio
of bri-CO/top-CO on Pt. The reason should be attributed to higher steric position of
top-CO molecules [25, 26], which makes them less stable under graphene cover.
XPS results show the graphene cover can alter the adsorption geometry of CO on
Pt(111). On the other hand, CO intercalation may conversly change the properties
of graphene. Previous studies have shown that the strong interaction between
graphene and metal substrate induced the binding energy of XPS Cl1 s peak of
graphene to shift higher [27]. The order of the interaction between graphene and
metal substrate from weak to strong has been determined to be Pt < Ir < Rh < Ru.
Therefore, the binding energy of C1 s peak from graphene is highest on Ru(0001)
and lowest on Pt(111). For graphene/Pt(111) system, the charge transfer has been
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estimated to be 0.01 e/C from carbon to metal [28]. As shown in Fig. 6.8b, the
binding energy of C1 s peak from CO-intercalated graphene is 0.2 eV lower than
that of pristine graphene. A similar phenomena has been observed over
graphene-SiC system, because of the formation of quasi-free-standing graphene
layer after intercalation [17]. But graphene interacts with Pt(111) very weakly, so it
is indiscreet to attribute the lower binding energy of C1 s peak to the formation of
quasi-free-standing graphene. Furthermore, the electronic interaction of graphene
and underneath CO may also induce the binding energy shift of C1 s peak.

In situ LEED with micrometer scale apertures (L-LEED) was further employed
to investigate the local graphene-Pt(111) interaction before and after CO interca-
lation. As shown in Fig. 6.9a, six satellite diffraction spots were observed around
(00) spot, which should be attributed to the interaction of graphene and Pt(111)
[8, 29]. After CO intercalation, the satellite diffraction spots disappear, indicating
the interaction of graphene and Pt(111) surface is weakened by CO intercalation.

At last, the locally electronic structure of graphene was studied by spatially
resolved EELS. Geim and coworkers have found the free-standing graphene film
presented a m-plasmon energy loss peak between 4 and 7 eV [30]. Figure 6.10a
shows the electronic structure of clean graphene surfaces. The single-layer graphene
surface does not present a clear energy loss peak. While a characteristic energy loss
peak is observed at 4.5 eV on the bilayer graphene surface, the similar EELS results
have been observed on graphene—Ni and graphene—6H-SiC (0001) systems as well
[31, 32]. The = electronic structure of single-layer graphene was depressed, because
of the direct interaction between graphene and substrate. For bilayer graphene
system, the bottom graphene layer direct couples with substrate and thus weakens
the interaction between top graphene layer and substrate. So the electronic structure
of top graphene layer resembles that of free-standing graphene [31, 32].
Interestingly, we find the CO-intercalated graphene presents an energy loss peak at
4.8 eV, indicating the electronic structure of graphene was healed after CO inter-
calation (Fig. 6.10b). We should note that the contribution of intercalated CO to
this energy loss peak cannot be excluded.

Fig. 6.9 p-LEED patterns from a the pSLG/Pt(111), b the pSLG-CO/Pt(111) in CO atmosphere,
and ¢ the uSLG-CO/Pt(111) kept in UHV and at room temperature. The arrows mark the satellite
spots due to the Moiré structures of the graphene island. Reproduced from Ref. [12] by permission
of John Wiley & Sons Ltd
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Fig. 6.10 Spatially resolved EELS studies of a the area of single-layer and bilayer graphene
presented simultaneously, b pSLG/Pt(111) and pSLG-CO/Pt(111) surfaces. The incident energy of
EELS studies is 20 eV. The marked cycles in inserted LEEM images indicate the analyzing area.
Reproduced from Ref. [12] by permission of John Wiley & Sons Ltd

XPS, LEED, and EELS investigations show the “zigzag” CO intercalation alters
the electronic properties of single-layer graphene. On the other hand, a graphene
cover changes the adsorption geometry of CO molecules on Pt(111) surface.

6.4 The Confinement Effect of Graphene

Graphene has been widely studied and applied in many physical and material science
fields. For example, electrons were found to mobilize in graphene-like massless Dirac
fermions, which induced quantum phenomena up to room temperature [33, 34]. As a
one-atom-thick material, graphene with tiny nanopores was used for speeding up
DNA sequencing [35-37]. Furthermore, the design and manufacture of graphene
devices also attracted great interests, such as transistors, gas sensors, and touch screen
[38—40]. But the application of graphene in chemistry field has been rarely reported,
in particular for catalytic reactions, owing to its chemical inertia. In this section, we
further show the confinement effect of graphene cover for CO desorption and oxi-
dation on Pt(111).

First, we study the stability of intercalated CO molecules and find they are stable
when the partial pressure of CO is higher than 2 x 10™® mbar at room temperature.
Surprisingly, when the backfilling CO is pumped away, part of intercalated CO
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molecules desorb from Pt(111) (Fig. 6.11a—). Real-time LEEM investigations
show the bright rows first appear close to wrinkle structures, indicating the wrinkle
structures function as outlet for CO outward diffusion to desorb. At elevated
temperature in UHV condition, the bright area of CO-intercalated graphene surface
increases, indicating more CO molecules desorb from underneath. However, a
small amount of dark rows are still observed after UHV annealing at 487 K
(Fig. 6.11d). This surface is named as SLG/1D-CO/Pt(111).
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Fig. 6.11 a-d A series of LEEM images from the pSLG-CO/Pt(111) surface in UHV and at room
temperature for different times. a: 0 s; b: 200 s; ¢: 302 s; d: at 487 K. The start voltage is 2.4 V.
The dashed line in a marks the position of graphene wrinkle. e: XPS O1 s intensity from the CO/Pt
(111) surface and pSLG-CO/Pt(111) surface annealed at various temperatures in UHV. The O1 s
intensity has been normalized by the Pt4f intensity. Each annealing step was kept for 2 min. The
inset in e shows the desorption of the intercalated CO molecules. Reproduced from Ref. [12] by
permission of John Wiley & Sons Ltd
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Fig. 6.12 Schemes of pSLG/Pt(111) and clean Pt(111) in CO atmospheres with various partial
pressures at room temperature, and then UHV annealing

CO/Pt(111), annealing at S00K

We also use in situ XPS to study the desorption of intercalated CO at different
UHYV annealing temperatures. Compared to real-time LEEM/PEEM technique, it is
often required several minutes to obtain a decent XPS spectrum. Therefore, in order
to avoid the desorption of intercalated CO during characterization, pSLG-CO/Pt
(111) surface was first annealed at each temperature for 2 min and then XPS Ol s
spectrum was obtained. We note that the CO molecules from both bare Pt area and
graphene—Pt interface contribute to XPS Ol s peak on a pSLG-CO/Pt(111) surface.
As shown in Fig. 6.11e, the intensity of CO decreases to 70% on nSLG-CO/Pt(111)
surface after UHV annealing at 323 K. In contrast, the CO amount does not change
significantly on clean Pt(111) after same annealing treatment. So we can infer that
the decrease of XPS Ol s peak intensity over uSLG-CO/Pt(111) surface can be
attributed to the desorption of CO from graphene—Pt interface (Fig. 6.12).
Both LEEM and XPS results indicate the confinement effect of single-layer gra-
phene lowers the desorption temperature of CO on Pt(111), part of CO molecules
can desorb from graphene—Pt interface even at room temperature, while the clean Pt
is easy to be poisoned by CO molecules at room temperature [41].

To further understand the confinement effect of graphene in destabilizing
adsorbed CO, we carried out density functional theory (DFT) calculations with a
model consisting of CO molecule in between a (3 x 3) graphene layer and a
(/7 x V) Pt four-layer slab (Fig. 6.13).

The adsorption energies of CO (E,q) at the top and bridge sites are calculated at
various graphene—Pt(111) distances (Dgraphene—pe)- At the equilibrium state of fully
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Fig. 6.13 Supercell of graphene on Pt(111), which is denoted by solid white lines

relaxed graphene, Dgpaphene-pe With CO adsorbed at the top site is 5.91 A and E 4
(t-CO) decreases by 0.06 eV, compared with E,4 of CO on bare Pt(111). Moving
the graphene cover closer to the substrate leads to even smaller adsorption energies,
and the tendency can be clearly described by the dependence of E,q on Dgraphene—pt
(Fig. 6.14). When CO is located at bridging site, the equilibrium distance between
graphene and Pt(111) is 5.30 A. As the space reduces, CO adsorption on Pt(111)
gets even more weakened. For example, E,q (b-CO) is —1.65 eV in the case of
Dgraphene—pt = 5.20 A. DFT calculations show that CO adsorption on Pt(111) is
weakened by the presence of graphene cover. The smaller the nanospace, the lower
the adsorption energy of CO. Meanwhile, the confinement effect is stronger on the
adsorption of t-CO than b-CO. Therefore, theoretical calculation results agree with
experimental observations of the weakened CO adsorption and the change of

Fig. 6.14 Adsorption -1.0
energies of t-CO on Pt(111) LG
under the cover of graphene at g, el I

. - ¢ |D
various graphene/Pt(111) 2 12
interfacial structures. 1
D represents the distance S -1.3 - /
between graphene and Pt £
surface (Dgraphene—py)- The g -1.4 1
freely relaxed D for t-CO B .15
corresponds to 5.91 A. §
Reproduced from Ref. [12] by = -1.6
permission of John Wiley & <
Sons Ltd -1.7 4

-1.8 4

Pt(111) 5.91
Distance (ﬁt)
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adsorption sites, i.e., from t-CO to b-CO, under the graphene cover. XPS CI1 s
measurements of graphene show the binding energy shift accompanying CO
intercalation (Fig. 6.8b). Accordingly, the electronic interaction between graphene
and CO is present, which may be attributed to the confinement effect.

In situ characterizations combined with DFT calculations reveal the confinement
effect of graphene lowers the adsorption energy of CO on Pt(111) surface without
deeply reducing the active sites of Pt. We find part of CO molecules desorb from Pt
(111) surface at room temperature with a graphene cover on top.

On the other hand, XPS results show that 20% of intercalated CO remains on
PSLG-CO/Pt(111) after UHV annealing at 500 K. This finding is in a good
agreement with the appearance of 1D black CO rows in LEEM images at elevated
temperature. In contrast, CO can be removed from clean Pt(111) surface completely
at a annealing temperature higher than 420 K [42]. When putting a large-scale
graphene film onto Pt(111) surface, carbon atoms close to the steps should get
distorted from a planar structure, forming concave and convex regions with nm
width (Scheme in Fig. 6.11e). These distorted carbon atoms interact strongly with
Pt and act as barriers for outward diffusion of CO to desorb (Fig. 6.12).

In the 2D nanoconfined interface between the graphene cover and flat Pt(111)
terraces, the onset for CO desorption is observed at room temperature. We find the
binding energy of C1 s peak from graphene shifts higher with 0.2 eV, compared to
that from CO-intercalated graphene (Fig. 6.8b). In addition, the Moiré pattern
appears again in the p-LEED study after CO desorption, though it is weaker than
the pristine graphene/Pt(111) before CO intercalation (Fig. 6.9¢). These indicate the
interaction of graphene with Pt(111) somewhat resumes after CO desorption. At the
same time, the graphene cover also traps a small amount of intercalated CO close to
Pt steps (Fig. 6.12).

Previous works have shown the confinement effect of carbon nanotube could
alter the redox properties of metal oxide and also the diffusion of molecules inside
the carbon nanotube [43-45]. In this section, we show the confinement effect of
graphene cover can alter the adsorption behavior of CO molecules on Pt(111). In
the 2D interfacial space confined between graphene cover and flat Pt(111) terraces,
the onset temperature for CO desorption is found around room temperature. On the
other hand, a small amount of the intercalated CO molecules can be still trapped
close to Pt steps at elevated temperature. Combined with the imaging effect of
single-layer graphene, we think pSLG/1D-CO/Pt(111) should be a ideally model
system for visualizing chemical reaction in confined space.

6.5 In Situ Visualizing Single-Channel Reaction

For comparison, the uSLG-CO/Pt(111) is first exposed in 1.3 X 10 mbar O,
atmosphere at room temperature, and we find CO molecules on bare Pt area and in
graphene—Pt interface cannot be eliminated, because the dissociative adsorption of
O, is inhibited on CO/Pt(111) [41]. However, CO can be removed completely from
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Fig. 6.15 a—c LEEM images of CO oxidation process in confined space in 1.3 x 10~ mbar O,
atmosphere at 493 K. d The dissociated O atoms on bare Pt(111) surface diffuse into graphene
wrinkle and react with intercalated CO molecular under graphene patch. Pt, cyan; C, gray; O, red.
Imaging condition: a 20 um, 2.4 eV. yellow line: the position of wrinkle. Reproduced from Ref.
[12] by permission of John Wiley & Sons Ltd

bare Pt surface after UHV annealing above 423 K. As thus, bare Pt area provide
active sites for O, dissociative adsorption on puSLG/1D-CO/Pt(111) surface and
then react with trapped 1D CO rows under graphene cover.

The CO oxidation reaction on pSLG/1D-CO/Pt(111) is carried out in
1.3 x 107% mbar O, atmosphere at 493 K (Fig. 6.15). We find the reaction starts
from the wrinkles and proceeds along the steps. Again, the graphene wrinkle
functions as a nanosized inlet for O, to react with the trapped CO molecules close to
Pt steps intersecting with the wrinkle. The marginal CO columns are reacted pre-
ceding the central ones since the marginal CO has quicker access to O, supplied
through the wrinkle. After the oxidation at the graphene/1D-CO/Pt(111) surface,
XPS measurement was carried out. The results show that the confined CO has been
completely eliminated.
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With the aid of the imaging effect of single-layer graphene, we study CO
oxidation reaction and determine its reaction rate:

1 djco] 1 6dA  6dL

r=— =

— X — ,
dt N w3 dt  2rpdt

N route numbers of CO oxidation reaction (i.e., amount of Pt atoms in the
reaction front);

[CO] amount of intercalated CO;

t reaction time (s);

A area of black row;

L length of black row;

I'p¢ radius of Pt atom;

0 coverage of intercalated CO = coverage of CO on bare Pt(111)
surface x 80% = 0.4 ML.

As shown in Fig. 6.16, the reaction rate of CO oxidation confined under gra-
phene cover can be determined through plotting the length of a black row as a
function of time. In O, atmosphere with a partial pressure of 1.3 x 10~° mbar at
493 K, the reaction rate r = 0.123 x 10* x 0.4/2.78 = 177, i.e., 177 CO molecules
can be converted to CO, one Pt atom per second.

After the oxidation, XPS measurement was carried out. The results show that the
confined CO has been completely eliminated. Instead, O1 s peak at 534.4 eV was
observed (Fig. 6.17), which may be from the trapped CO, [46]. Since CO, is
typically physisorbed on metals [46, 47], the appearance of CO, signals on Pt above

—
=

—
]
1

Slope = - 0.123

Length of black column (um) &
& *

=
=
L

Fig. 6.16 Plots of the black row length as the function of reaction time in 1.3 x 107® mbar O,
atmosphere at 493 K. Reproduced from Ref. [12] by permission of John Wiley & Sons Ltd
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room temperature again indicates the strong geometric confinement effect at the
nanospace between the deformed graphene sheet and the surface steps.

6.6 Summary

With the aid of the imaging effect of single-layer graphene, we use real-time LEEM
technique to study CO intercalation, desorption, and oxidation processes on Pt(111)
surface. Combined with other spectroscopic characterizations, the confinement
effect of graphene cover on surface chemical reactions is found.

1.

2.

The edges of the graphene patches and the wrinkles strongly interact with Pt and
act as barriers for CO diffusion, resulting in the zigzag intercalation of CO.

In the 2D interfacial space between graphene cover and flat Pt terraces, top-sited
CO becomes less favorable.

. The confinement effect of graphene cover significantly lowers the desorption

temperature of intercalated CO, while a small amount of CO close to Pt steps
can be trapped by graphene.

. Graphene wrinkles function as nano-outlet for CO desorption and nano-inlet for

O, inward diffusion.

In this chapter, we show the graphene cover exhibits a strong confinement effect

on chemistry of molecules underneath. The 2D interfacial space between graphene
cover and catalysts surface provides an intriguing confinement environment for
surface chemistry and heterogeneous catalysis.
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Chapter 7
Conclusions

This thesis focuses on the correlation between the structure and CO oxidation
reactivity of Pt—Ni bicomponent catalysts from model catalytic systems to sup-
ported nanoparticle catalysts. In addition, with the aid of the imaging effect of
single-layer graphene, the CO intercalation, CO desorption, and CO oxidation
processes are investigated on Pt(111) surface.

1. First, we construct and study the catalytic properties of various Ni—Pt(111)
model surfaces. We find the sandwich-like structure which consists of surface
NiO;_x and subsurface Ni performs best CO oxidation reactivity. The surface
NiO;_x provides active sites for O, dissociatively adsorption. The subsurface Ni
lowers the barrier for CO+O elemental reaction. As thus, the synergetic effect of
surface NiO;_x and subsurface Ni promotes CO oxidation on Pt. The effect of
reduction temperature on the surface structure and reactivity of catalysts has
often been overlooked. In our studies, we show the surface structure of
Pt-Ni/CB nanoparticles can be simply modulated by reduction temperatures.
The XANES investigations combined with ICP measurements indicate that the
high reduction temperature can induce more Ni diffuse inwards. Upon the
reduction at 523 K, the sandwich-like structure with half Ni on the surface and
another half Ni inside the nanoparticle can be formed, which shows high CO
oxidation reactivity.

2. We also show that the cycling oxidative and reductive treatments at variable
temperatures can reversibly alternate the surface structure and reactivity of
Pt-Ni bicomponent catalysts. Low temperature (~ 423 K) oxidation of Pt-skin
structure [Pt/Ni/Pt(111)] induces part of Ni diffuse outwards and form NiO on
surface. After further oxidation at a higher temperature of 623 K, the catalysts
are completely encapsulated by NiO. When the Pt@NiO core—shell structure is
reduced at low temperature (~ 423 K), part of Ni starts to diffuse inwards. Upon
the reduction at a high temperature of 623 K, the formation of Pt-skin surface is
observed. The catalysts pretreated at low temperatures show high CO oxidation
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7 Conclusions

reactivity due to the formation of the sandwich-like structure with surface and
subsurface Ni species.

We compare the reactivity and stability of Pt—Fe and Pt-Ni catalysts. The
interfacial confinement effect results in the formation of monolayer-thick
FeO;_x and NiO;_x nanoislands on Pt(111). The edge structures of the FeO,_x
and NiO;_x nanoislands provide the active sites for O, dissociatively adsorp-
tion, and thus promote CO oxidation reaction. But the stabilities of FeO,_x/Pt
(111) and NiO;_x/Pt(111) systems are different after the oxidation at 473 K
with a O, partial pressure of 1.3 x 10" mbar. FeO,_x nanoislands are oxidized
to O—Fe—O trilayer structure after oxidation, while the chemical state of NiO;_x
is unchanged after same oxidative treatment. The result of model catalytic
systems is well consistent with the observation of supported Pt—Fe/CB and
Pt—-Ni/CB catalysts. In situ XANES investigations show the chemical state of Fe
is 2+ under CO oxidation with excess H,, whereas the Fe is further oxidized in
O,—rich atmosphere. In contrast, the chemical state of Ni is constant under
H,—rich and O,—rich CO oxidation conditions. Therefore, the CO conversion
increases over Pt—Ni/CB catalyst when the concentration of O, is increasing.
By employing real-time microscopic techniques, the confinement effect of
single-layer graphene on the chemistry of CO/Pt(111) system is studied. We find
that the CO molecules can easily intercalate between graphene and Pt(111) even
under UHV condition at room temperature. Interestingly, CO desorbs from the
interfacial space between graphene and Pt(111) around room temperature. In
contrast, the desorption temperature of CO from bare Pt(111) is ~420 K. DFT
calculations show the adsorption energy of CO on Pt(111) is decreased by the
confinement effect of graphene on top. Furthermore, the dynamic process of CO
oxidation is also studied. We find that the graphene wrinkles act as the reaction
channels for CO desorption, CO oxidation processes.
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