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Abstract
Heterogenous catalysis is a key process in chemical conversion and energy application. The
catalytic performance is determined by the structure and properties of catalytic active sites under
working conditions, which are difficult to be characterized by conventional techniques. Studies of
structure of a catalyst at atomic level could help to build up correlation between the catalyst
structure and its corresponding catalytic performance. Then, new catalyst with better performance
and long-life time could be rationally designed. In-situ/operando techniques, such as near ambient
XPS, in-situ XAS and Environmental TEM, have been developed and discussed in Chapter 2 to
resolve the structure and chemical state of the active sites during catalysis condition.
Methane has been an inexpensive source to provide fuels and chemicals in recent decades. It
attracted much attention to catalytically convert methane to high value intermediate and chemical
products. A major challenge is, how to design a catalyst which could activate C-H bond of methane
effectively to from ideal intermediate compound for chemical industries. In the research work of
dissertation catalysts containing singly dispersed transition metals on oxide support were designed.
They effectively convert methane to syngas. Methane reforming with water and CO2 can readily
be catalyzed over Rh1/CeO2 catalyst, with a significantly lowered activation energy barrier
compared to Rh nanoparticles supported on CeO2. In-situ XAS and NAP-XPS reveals chemical
state of Rh1/CeO2 catalyst. Moreover, a catalyst containing two sets of singly dispersed single
metal atoms, (Ni1+Ru1)/CeO2 was designed for methane reforming. The synergistic effect on
catalytic activity between the two sets of metal cations were exhibited. Computational studies
suggest that the synergistic effect is originated at that (1) the different role of Ni1 and Ru1in terms
of activations of CH4to form CO on Ni1 site and dissociation of CO2 to CO on Ru1 site, respectively,
and at (2) the sequential role in terms of first forming H atoms through activation of CH4 on Ni1
site and then coupling H atoms to formH2 on Ru1 site.
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Chapter 1 Introduction
1.1 Significance of fundamental understanding of catalysis in designing new
and efficient catalysts
Heterogenous catalyst is the essential key for industrial chemical conversion and energy
application. Defined by Ostwald, a catalyst accelerates a chemical reaction without affection the
reaction equilibrium.1-2 The chemical reaction rate is readily boosted by participating of catalyst
compared with the case of no catalyst. It is achieved by reducing the reaction activation energy
barrier, in other words, changing the reaction pathway, as demonstrated in the Figure 1.1. Thus,
the reaction mechanism with catalyst participating is different from the collision of free molecules
which is the case of no catalyst.

Figure 1.1 scheme of energy profile during catalysis with (green) and without catalyst (red).

14

In the fundamental understanding, heterogenous catalysis is a surface phenomenon. Reactants
molecules are absorbed on the surface layer atoms from the catalyst firstly, then convert to product
via intermediates or transition states at desired temperature and pressure; finally, the product
molecules desorb and leaves the surface of catalyst. Fundamental studies of surface science, such
as the adsorption, desorption, and the reactivity of surface adsorbates, help to the understand of
heterogenous catalysis in atomic level.3-4
Mechanism for the heterogenous catalysis on the model surface has been deeply discussed. It
always begins with the adsorption of reactions in term of surface coverage as the function of the
partial pressure of reactions in the surrounding environment, which can be deduced from the
Langmuir equation. Then, in a typical reaction such as 𝐴 + 𝐵 = 𝐶 + 𝐷 (the stoichiometric
coefficients are omitted), the reactions on the surface adsorbates follows three mechanism, which
are known as Langmuir-Hinsholwood mechanism, Rideal-Eley mechanism and Mars-Van
Krevelen mechanism.
In the Langmuir-Hinsholwood mechanism, both reactants A and B adsorbed on the surface of
catalyst before undergoing surface reaction. The adsorption kinetics of both reactants influence the
following reaction rate. Both adsorption rate should be evaluated for the catalysis study. For the
Rideal-Eley mechanism, one reactant, molecule A, adsorbed on the surface of catalyst, and then
another reactant, molecule B, attacks the adsorbed A on the surface to perform the catalysis
reaction. Thus, only the surface adsorption of one reactant influence the reaction kinetics. In the
third mechanism, Mars-Van Krevelen mechanism, one reactant A adsorbs on the surface of
catalyst, and then consume the reactive species from the surface of catalyst. Another reactant
compensate the consumption of catalyst by another surface reaction,5 which is usually reported for
the oxidation reaction over oxide-based catalyst6-7 and electron transfer process8.
15

Historically, heterogenous catalysis was described as a black-box due to the complexity of the
catalytic process and the difficulty to study it.9 However, it’s essential to understand the catalytic
mechanism from the atomic level since the surface reaction mechanism determines the catalyzed
reaction pathway. Only in this way, people can understand how does a catalyst work. The insights
obtained from the fundamental study of the catalytic mechanism help people to design catalyst
rationally, which has better catalytic performance, longer life time and lower cost.

1.2 Surface structure at atomic scale: essential component in fundamentally
understanding catalysis
Not every atom from the catalyst participates a catalytic reaction. Those atoms embedded
deeply in the bulk materials are always fully coordinated with the surrounding atoms, making them
hard to be accessed by the reactant molecules. As the result, the contribution from the bulk atoms
to catalytic performance is neglectable. Only the first layer atoms on the surface interacts with the
reactants and then participate catalytic pathway directly. The top layer atom determines the
catalytic performance.4 It’s also reported that although sub-surface layers atoms don’t interact with
reactants directly, they can influence the electronic properties of the top layer atoms and then
consequently influence the catalytic properties.10 In short, the catalytic performance is majorly
dominated by the a few layers atoms on the surface of the catalyst. Understanding of the structure
and properties of the atoms of surface layers is essential.
First of all, surface atoms are not coordination saturated compared with the atoms in bulk. The
coordination unsaturation of the surface atoms makes them much more active. For example, the
coordination number of metal atoms, such as Pt, in face centered cubic structure is 12, which means
16

there are 12 equivalent atoms coordinate with center atoms. However, coordination number (CN)
of atoms on the surface layer is usually lower than 12. CN of Pt atoms on the (100) surface is 8,
CN of Pt on (111) surface is 9. The un-coordinated bonds increase the total energy of the surface,
making the surface tender to be thermodynamically unstable, in other words, more reactive. The
elevated surface energy could be compensated by adsorption of molecules. Thus, it can de deduced
that the coordination unsaturation status impacts the adsorption process, then influence the
catalytic performance consequently.11-12 Secondly, the surface element composition is another key
factor since the binding of adsorbates on different element are expected to be different. By tuning
the surface element composition, the surface properties such as electron density, redox properties,
and binding force with the adsorbates can be controlled precisely. Bimetallic catalysts,13-15 such as
alloy and intermetallic, have been reported for the controllable catalytic performance in thermal
catalysis and electro catalysis.

1.3 Hypothesis: breaking continuously packed site to discontinuously packed
site
Catalytic elementary reaction occurs on active sites in the case of heterogeneous catalysis.
Typically, a catalytic site accelerates the reaction by lowering the activation barrier through
creating a new reaction pathway. In most cases, there are two reactants A and B in a catalytic
reaction. In a Langmuir-Hinshelwood mechanism, which most reactions of heterogeneous
catalysis reactions follow, the first step of a catalytic reaction is the chemisorption of reactant
molecules on catalyst surface, which could happen by dissociative or molecular adsorption. In
dissociative adsorption, one intramolecular chemical bond is cleaved; in terms of molecular
adsorption, molecular structure remains intact although its geometry is typically deformed. In
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some cases, such as CO oxidation, only one reactant such as oxygen molecule needs to dissociate
upon adsorption. In many cases, molecules of all reactants of a catalytic reaction must dissociate
before these dissociated species (also called derivatives of reactants) could couple to form a series
of intermediates eventually leading to the reaction product molecules; for instance, both ethane
and oxygen molecules in oxidative dehydrogenation (ODH) of ethane need to be dissociated into
derivatives before these dissociated species can couple to form intermediates toward formation of
final products.16-17

Figure 3.2 Schematics of two different types of catalysts. (a) Surface of a catalyst consisting of
one type of sites. (b) Surface a catalyst consisting of two types of different domains; each domain
provides one type of sites.
Compared with homogenous catalyst, heterogenous catalyst usually exhibits lower
selectivity to product since the active domain are not uniform in heterogenous catalyst as shown
in Figure 1.2b. The catalytic domain of Mβ may be different greatly in the particle size, shape and
surface structure. It will further make the catalyst complicated.11 Meanwhile, only a limited portion
of atom Mβ is exposed to the reactant environment, which makes the utilization of Mβ is not
efficient. The cost of the catalyst will be increased if Mβ is a noble metal. Singly dispersed catalyst,
which refer to the isolated catalytic cations on support as shown in Figure 1.3b, has been widely
18

studied from 2012.18 The unique advantages of singly dispersed catalyst make it a promising star
for both scientific research and industrial application.19-21 The primary advantage is the highly
isolated catalytic sites. The electronic state and properties of singly dispersed sites are unique and
different from the nanoparticle counterpart. Secondly, the singly dispersed catalytic sites are highly
uniform in the atomic structure. The selectivity is expected to be much better than the catalyst
containing various catalytic domain. Inspired by the progress, herein we propose to design a
catalyst containing singly dispersed transition cations on support for the methane reforming to
produce hydrogen as the first hypothesis. The singly dispersed catalytic sites is designed to activate
the C-H bond of methane but avoid over oxidation as discussed in chapter 3 and 4.
In principle, the same type of sites (such as Pt atoms of a surface of a catalyst particle) can
activate both reactants A and B such as dissociating O2 and chemisorbing CO. In most cases,
however reactants A and B of a catalytic reaction exhibit different adsorption energies and
activation barriers for dissociation on the same type of active sites of a catalyst which only has one
type of active sites (Figure 1.2a). Thus, the adsorptions of different reactants are competitive. In
most cases, one of the reactants is preferentially chemisorbed on the catalyst surface. A potential
consequence is that the other reactants cannot be efficiently chemisorbed if their adsorption
energies are lower or of their activation barrier of chemisorption of the reactant is higher than those
of the preferentially adsorbed reactant, respectively. As a result, such a competitive adsorption and
binding of different species on the same type of sites prevent the catalyst surface from offering
high activity and selectivity for formation of ideal products. In other words, if chemisorption of
one of the species (either reactant molecules or its derivative) is obviously stronger than other
reactants or their derivatives, it could poison the catalyst active site at certain temperature range
when the preferentially bound species cannot desorb. Thus, to provide different sites for the two
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reactants, one possibility is to offer two types of domains that would coexist on the surface a
catalyst (Figure 1.2b). In many cases, the two components of a “bi-functional catalyst” (Figure
1.2b) are metal and oxide. On such a bi-functional catalyst, typically metal nanoclusters are
supported on oxide particle, or oxide nanoclusters on metal (called reverse catalyst). For example,
in the case of WGS, CO molecules are adsorbed on sites of a metal domain and H2O molecules on
sites of a reducible oxide which typically are oxygen vacancies; the chemisorbed reactant
molecules such as CO of WGS or dissociated species such as OH derived from H2O molecules
couple at the interface of the two domains toward formation of product molecules.22-23 In the case
of a catalyst consisting of two domains (Figure 1.2), it is generally acknowledged that the coupling
of these active species is performed at the interface of the two types of domains (typically oxide
and metal).
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Figure 1.3 Schematic of surface of catalysts. (a) Oxide surface with exposed oxygen anion (not
shown) and M cations (green square); on this surface M cations are “continuously” packed in a
pattern of -M-O- M-O- M-O-. (b) Catalyst surface with singly dispersed M cations (green
squares) anchored on an oxide support (black mesh). (c) Schematic of Mβ cations singly dispersed
on oxide support. (d) Schematic of M+ Mβ /oxide on which both M (green square) and Mβ (blue
square) are singly dispersed on oxide support.

In many cases, however, only one domain and one type of sites (Figure 1.2a) are provided
for dissociating molecules of reactants A and B of a catalytic reaction before they can couple to
form an intermediate and lead to products. A self-competition dissociation or adsorption is then
obvious. For example, Pt surface can dissociate molecular oxygen at room temperature or even a
lower temperature.24 As binding energy of CO molecules on Pt surface is larger than oxygen atoms,
the strong adsorption of CO largely occupy most sites of Pt surface and thus prevent it from
dissociating molecular O2 on Pt surface at room temperature. When the mixture of CO and O2 is
introduced on a Pt catalyst, the surface is mostly covered with CO molecules. There are very few
sites available for dissociating molecular O2 and thus no CO2 can form at room temperature.

Figure 1.4. Schematic of coexistence of two type of sites (M and M) which chemisorb reactants
A and B, respectively.
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To avoid the self-poisoning effect of one of the reactants of a catalytic reaction, one
hypothesis is to immobilize of two different types of single sites (M responsible for chemisorbing
molecule A and M for chemisorbing molecule B), on the same surface of a catalyst particle
(Figure 1.3d). It could result in a synergistic effect between the two sites in a catalytic cycle and
thus enhance catalytic activity and selectivity for this reaction on such a catalyst, compared to
cases with only sites, M or M. We termed such a catalyst “catalyst of dual single sites”. Here a
single site, M1On, is defined as a site formed by a metal cation boning to oxygen atoms, but without
neighboring M-O units; it is termed to distinguish from the continuously packed …M-O-M-O…
structure in metal oxide catalysts. Figures 1.4 schematically present the continuously packed MO bonds on the surface of a metal oxide and the isolated single site (M1On) anchored on a substrate,
respectively. As single sites M and M (Figure 1.3 and 1.4) will take care of the dissociation of
molecules A and B, respectively, dissociations of A and B will be performed spatially separately
but temporally simultaneously on the surface of dual single site catalysts. In cases where site M 
could dissociate both A and B, the internal competition of A and B on site M will result in a
preferential interaction with A on the M; in this way, B will not be able to dissociate on M site.
Parallel to a catalyst with only M sites, a catalyst with only M sites will preferentially dissociate
molecules of reactant B. However, integration of both sites M and M on the same substrate of a
catalyst (Figure 1.3 and 1.4) will allow reactants A and B to dissociate on M and M
simultaneously within minimal competition and thus the reaction can be performed without any
“poisonous effect” on such a catalyst of dual single sites. We expect that such a catalyst consisting
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of M and M on a support surface will exhibit definitely higher selectivity for the same catalytic
reaction than catalysts containing only M or M.

1.4 Catalytic methane activation
Methane is one of the major fuel resources on Earth. As the discovery of shale gas, annual
production of methane is increasing, while the price keeps going down. Thus, it attracts more and
more attention in the utilization of methane for chemical intermediate production and energy
application. However, one primary challenge in catalytic conversion of methane is the difficult to
activate C-H bond in methane molecules. It requires 439 kJ/mol to dissociate the first C-H bond
in sp3 hybridization from methane, while the energies needed to dissociate the other C-H bonds
of methane are even lower. The high dissociation energy of C-H bond needs harsh reaction
condition such as high temperature, which would very likely to dissociate the rest C-H bond
consequently. Thus, the precise control on the activation of molecule methane is necessary,
otherwise it would undergo deep oxidation, or combustion of methane, to produce CO2 and H2.
Numerous efforts were dedicated to the selective activation of methane via heterogenous and
homogenous catalysis.25-26 An ideal catalyst for methane conversion should satisfy one or more
following expectations 1) it should be readily active in methane conversion, while high selectively
is also favored; 2) it can operate at lower reaction temperature to reduce energy consumption and
slow down the deactivation of the catalyst; 3) the cost of the catalyst should be reasonable.
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Figure 1.5 scheme of methane conversion processes.
Generally, the proposed heterogenous catalysis strategies include in-direct conversion of
methane and direct conversion of methane as shown in Figure 1.5. For the in-direct conversion,
methane is reformed to produce the mixture of CO+H2. The mixture is also known as syngas,
which is an important industrial chemical intermediate to for other process, such as methanol-toolefin,27-28 Fisher-Tropsch synthesis29-31 , aromatics32-34 and ammonia synthesis.35 Methane can be
reformed by water, CO2 and O2, while the process is usually performed at high temperature. The
reforming processes consumes significant energy. On the other hand, direct conversion of methane
refers to oxidative coupling,36-41 aromatization,42-47 and mild oxidation.48-52 These studies represent
significant progress has been made and all strategies are promising for the application. However,
developing novel catalyst is still required.
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Chapter 2 Experiment methods
2.1

Ex-situ characterization and techniques

2.1.1 X-ray photoelectron spectroscopy in vacuum
X-ray photoelectron spectroscopy, which is also known as Element Surface Chemical analysis
(ESCA), is developed on the photoelectron effect, which refers to a photoelectron could be
‘knocked out’ from a subshell of an atom when the atom is irradiated by incident photon flux.53-54
By analyzing the kinetics energy of the leaving photoelectron, the binding energy of the electron
could be obtained. The energy equation of photoelectron effect is written as:
ℎ𝑣 = 𝐸𝑏 + 𝐸𝑘 + 𝜙
where hv is the energy of incident photon, 𝜙 is work function, Eb is the binding energy of the
subshell and Ek is the kinetics energy of leaving photoelectron. Experimentally, soft X-ray and UV
light are used as the photon sources in photoelectron spectroscopy, which are generally known as
X-ray photoelectron spectroscopy (XPS) and Ultraviolet Photoelectron spectroscopy (UPS),
respectively. By using soft X-ray source such as Mg Kα and Al Kα, people can collect
photoelectron from subshell of an atom, which could provide information such as the chemical
state and local structure of the atoms.53-54
As a photon-in and electron-out technique, XPS has quite high surface sensitivity to study surface
chemistry of samples. This is due to short mean free path of photoelectron when travelling through
sample in condensate state. Mean free path of electron is defined as the average moving distance
of electron between collisions. For the photoelectron with kinetics energy of 100-1400 eV
travelling in solid phase sample, the mean free path is about a few nanometers. The signal intensity
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of photoelectron I(x) after travelling through the sample with profile distance x is given by the
equation:
𝐼(𝑥) = 𝐼0 ∗ 𝑒 −𝑥/𝜆
where λ is the mean free path of the photoelectron, and I0 is the initial intensity of photoelectron.
Clearly, the intensity of photoelectron decreases exponentially when x increases. Moreover, the
total photoelectron signal collected from the surface of sample is available from the integration of
the above equation:
𝑥=𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑒

𝐼=∫

𝑥=𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑒

𝐼(𝑥)𝑑𝑥 = ∫

𝑥=0

𝐼0 ∗ 𝑒

𝑥
−
𝜆 𝑑𝑥

= 𝜆 ∗ 𝐼0

𝑥=0

Then, the signal contribution from the depth between x1 and x2 over total signal is defined as below:
𝑥2

∫𝑥1 𝐼(𝑥)𝑑𝑥

𝑃=

𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑒

∫0

𝐼(𝑥)𝑑𝑥

𝑥1

𝑥2

= 𝑒− 𝜆 − 𝑒− 𝜆

In the case of x1=0, the signal contribution from the surface to profile distance x2 is deduced as
below equation. In a typical case when x2=3λ, the signal portion is 95%.
𝑥2

𝑃=

∫0 𝐼(𝑥)𝑑𝑥
𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑒

∫0

𝐼(𝑥)𝑑𝑥

𝑥2

= 1 − 𝑒− 𝜆

In other words, the surface layer of thickness of 3λ contributes to 95% of the total XPS signal.
Thus, XPS is a very surface sensitive technique. Since most of catalysis processes occurs on the
surface of catalyst, this unique advantage help people to focus in the surface chemistry information
from catalyst.
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In photoelectron spectroscopy, the binding energy measured in a wide range spectrum contains all
the characteristic features of surface elements. Qualitatively information such as the element
composition of the sample is available from wide scanning of the photoelectron spectroscopy. This
survey scan provides the general chemical information of the sample.
More quantitative information is feasible from zoom-in scan of photoelectron spectroscopy. It’s
also known as the high-resolution spectrum of the most intensive features of elements, such as 2p
feature for 3d transition metal, 3d feature for 4d transition metal and 4f feature for 5d transition
metal. Due to shielding effect, the local electron density can influence the apparent binding energy
of the photoelectron. Atoms at higher oxidation state will exhibit higher binding energy due to
lower electron density. Thus, people can analyze the chemical state of the target element from the
shift of binding energy in XPS. It’s also possible to tell the target element coordination
environment by comparing with reference database. Currently, there is a few databases
summarized the XPS data from common samples.55
The relative surface atomic ratio of the sample is another quantitative information available from
XPS. The intensity of photoelectron (I) is given by equation below, where n is the surface atom
number in unit volume and S is the surface sensitivity factors.55
𝐼 =𝑛∗𝑆
Then the surface atomic ratio between element 1 and element 2 is given by equation below. It
could also be used to calculate the ratio of a specific component in the total photoelectron feature.
As a typical example, the ratio of Ce3+ over all surface Ce species could be obtained from the
deconvoluted Ce3d spectrum. The components of u0, v0, u1 and v1 are assigned to Ce3+ while the
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components of u, v, u2, v2, u3 and v3 are assigned to Ce4+.56-58 Then the surface Ce3+ ratio is
derived from the corresponding area ratio.
𝑛1
𝐼1
𝐼2
= ( )/( )
𝑛2
𝑆1 𝑆2

2.1.2 X-ray absorption spectroscopy
X-ray absorption spectroscopy (XAS) is a widely used technique to characterize solid material. It
reveals the chemical state, electronic state and local coordination state of the target atoms.59 It is a
plot of the absorption coefficient of the sample in term of the X-ray photon energy. The spectrum
feature includes an absorption edge jump and the consequently oscillation. The mechanism of XAS
fine structure was not understood until 1970s, which was proposed by Sayers, Stern and Lytle. 5962

By absorption of an X-ray photon, one core-shell electron is excited and then leaves the atom in
the form of photoelectron. A sharp absorption edge jump in the XAS spectrum is observed when
the energy of incident X-ray photon matches with the binding energy of the core level electron.
The leaving photoelectron behaviors the wave properties and then could be scattered by
surrounding atoms and finally interferences with the original X-ray photons, either constructively
or destructively. The oscillation feature after absorption edge is formed by the combination of the
constructive and destructive interferences.59-63
XAS spectrum is generally discussed in two region, which are X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS).64 XANES refers to the fine
structure of the edge jump and until ~100 eV above the absorption edge, while EXAFS focus on
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oscillation feature after XANES region and until ~1000eV above the edge. The information
deduced from the XANES and EXAFS are assigned to different aspects of the absorption atoms.
In the XANES spectrum, the main feature is the edge jump of the absorption coefficient, which is
directly correlated with the excitation of a core shell electron to higher unoccupied orbitals. Similar
to the chemical shift in the binding energy of XPS, the photon energy of edge jump is determined
by the electron density on the atom. The energy of the edge upshifts when the atom is at higher
oxidation state and lower electron density. As the shielding effect influences more to the excitation
of core shell electron than subshell electron, the chemical shift of XAS edge is usually greater than
the binding energy in XPS.55,

65

Thus, XAS is more sensitive in quantitative analysis of the

chemical state change and electron density different of the sample. Any subtle change of the
element of interested can be captured by XANES.66 Spectrum feature of the edge jump is mainly
contributed from the electric-dipole allowed transitions (Δl=±1), such as 1s→(n+1)p in K edge,
while the selection rule forbidden transition is also possible to be detected in the form of a weak
pre-edge, which is 1s→nd for K edge if there is p-d hybridization.59, 61-62 Thus, by comparing the
XANES spectrum of the sample with the reference material, more detailed information about the
coordination geometry, the unoccupied state and orbital hybridization of the absorption atoms are
expected.63
On the other hand, EXAFS focus on the oscillation feature which is usually in the region of 1001000 eV above the absorption edge. It’s correlated to the excitation of a core-shell electron to
continuum. The oscillation feature is influenced by surrounding coordination atoms. So, the local
coordination information, such as the distance R, coordination number N and disorderness 𝜎 2 can
be obtained from the resolving of the oscillation spectrum. The EXAFS equation is given as below.
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The spectrum is considering the overall signal as the summation of interferences from all
coordination pathway.

−

2∗𝑅𝑖

𝑁𝑖 ∗ 𝑆𝑜2 ∗ 𝑓𝑖 (𝑘) ∗ 𝑒 𝜆(𝑘) ∗ 𝑒 −2∗𝑘
𝜒(𝑘) = ∑
𝑘 ∗ 𝑅𝑖2

2 ∗𝜎 2
𝑖

∗ sin[2𝑘𝑅𝑖 + 𝛿𝑖 (𝑘)]

𝑖

In the general data processing protocol,60, 65 the oscillation of the EXAFS is firstly converted to kspace, and then Fourier transformation is performed to get the r-space spectrum. The r-space
spectrum is also known as the radical function of EXAFS, whereas the peak component in r-space
is corresponding to nearby coordination shell. It’s necessary to point out that the distance of the
peak in the r-space plot is usually 0.3-0.5 Å shorter than the authentic coordination distance, which
is brought by the phase correction term 𝛿𝑖 (𝑘)in the EXAFS equation. The r-space spectrum of
EXAFS could be further analyzed and fitted to resolve the coordination information.60, 65
Notably, XAS analyze all the absorbing atoms in the whole sample to produce the spectrum. In
other words, XAS is not a surface sensitive technique but a bulk technique. This surface insensitively feature limits the application of XAS in catalytic study, particularly for the low
dispersion catalyst, such as the catalyst containing large domain (> 10 nm) of active species. The
information extracted from XAS need to be carefully analyzed since the signal from surface a few
layers of atoms is always mixed with all the bulk atoms in the same. On the other hand, single
atom dispersed catalyst18, 49, 67 is one kind of ‘perfect’ samples to be studied by XAS as all the
atoms of active species are exposed on the surface of the catalyst. All the information obtained
from XAS are contributes to the surface atom exclusively. As the advance of single atom catalyst,
XAS has becoming one of the essential characterization techniques for catalysis community. 19, 21,
64
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2.1.3 Electron microscopy
The local structure of a real catalyst is usually very sophisticated due to the complicity of the
material. It’s necessary but challenge to build up the local structure model of catalytic active sites
in atomic scale. Among those techniques, electron microscopy could capture the image of material
up to sub-Angstrom resolution, making it a powerful tool in the characterization of catalyst.

Incident beam
fluorescence

sample

diffraction

scattering

transmission
Figure 2.4 demonstration of interactions between incident electron beam and sample.

In electron microscopy, an electron beam is accelerated by high voltage and then hit on the solid
sample. multiple interactions occur between electron beam and sample as shown in Figure 2.1.
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Firstly, Elastic scattering between indecent electron and sample atoms changes the moving
direction of electron. Then the transmission pattern of electron beam will change consequently.
This is the general principle of transmission electron microscopy (TEM). Images captured from
transmission mode is usually known as the bright field TEM (BF-TEM).
Secondly, the incident electron beam can be diffracted by the ordered crystal structure as shown
in Figure 2.1. Diffraction patterns follow Bragg equation. By collecting the diffraction patterns,
people can tell: 1) whether the sample is single crystal or not, 2) what’s the crystal phase of the
selected diffraction zone. It’s also useful to identify the local crystal structure of nanomaterial due
to the high spatial resolution from the focused electron beam spot.68 It is also known as the selected
area electron diffraction (SAED).
Thirdly, high resolution Z-contrast image collected from the scattering atoms is another powerful
tool developed recently.69-70 It’s also known as high angle angular dark filed scanning transmission
electron microscope (HAADF-STEM). The contrast of the image is proportional to square of atom
density and atomic number, making it a very sensitive tool to detect low concentration and heavy
element species on support. It can also distinguish two different elements if the atomic number are
significant different. Now it has been widely applied in the study of supported catalyst and singly
atom catalyst.69-70
Lastly, characteristic X-ray fluorescence line can be generated when the sample is exposed to high
energy excitation source such as the electron beam. By analyzing the fluorescence spectra line,
people can obtain the quantitative element information from the sample. The distribution of
element is visualized by moving focused electron beam on sample and then evaluate the element
concentration spatially.
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In short, electron microscope not only capture the image of the local structure of the catalyst,
moreover, it actually works as a platform which integrated with other characterization techniques
correlated with electron interaction with material such as diffraction, scattering and element
analysis.

2.2

In-situ/operando characterization and techniques

2.2.1 Significance of in situ/operando studies
From the view of fundamental understanding, heterogenous catalysis is a surface phenomenon,
where the reactant molecules react with the surface atoms of a catalyst and then form the product
molecules. To understand catalysis mechanism at atomic level, it’s necessary but changeling to
understand the local structure of the catalytic active sites during reaction. The structure of the
catalytic active sites, particularly the surface of the catalyst, is conventionally characterized by exsitu studies, which is usually done before and after reaction. However, the authentic catalyst
structure before or after reaction is different from the working condition in many cases.9 The origin
of the difference between a catalyst surface during catalysis and before/after catalysis is
complicated. The partial pressure of the reactants and products around the catalyst surface may
change the chemical potential of the system, then consequently change the chemicals state of the
catalyst under reaction condition. A well-known example is the supported metal nanoparticle
catalyst for CO oxidation. It is not only vulnerable to be oxidized by molecule oxygen from the
reactant, but also change the surface structure by coordinate with another reactant, molecule CO.7172

To establish a direct correlation between the active surface of a catalyst, in-situ/operando studies

of the catalyst is required.
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In situ and operando studies are two terms proposed and discussed a lot in the literature of catalysis
and surface science.9, 70, 73-78 Both terms aim to study the structure of the surface, subsurface, and
bulk of catalyst particles in the working condition of the catalyst. For operando studies, catalytic
activity or reaction rates should be measured. In this thesis, in-situ/operando studies is referred to
charactering the catalyst surface or bulk when the catalyst is in a gas (or liquid) phase of one or
more reactants under the reaction temperature and pressure.
In principle, in situ/operando study should be done for all chemical processes if the information of
reactants or/and products of a chemical reaction such as the surface of a catalyst is necessary for
monitoring the production process, measuring yields during production process and understating
the catalytic mechanism at a molecular level.9 Be specific, people could have performed insitu/operando studies of heterogeneous catalysis by using electron-based techniques. However,
most electron-based analytical techniques could not be applied to analyze structure or chemistry
of a material under its existing condition (mostly ambient pressure at room temperature) and
working condition. Thus, high vacuum environment is necessary for applying these electron-based
techniques to analyze materials such as a catalyst. This by-pass strategy provides information of a
material under ultra-clean environment, ultrahigh vacuum (UHV) which is distinctly different
from its existing environment or working environment. If information achieved through
characterization in UHV is the same as those of existing or working environment, the approach of
UHV is fine.77 For example, the crystallographic structure of a mineral or a synthesized
nanoparticle examined with TEM in UHV is the same as the authentic structure of the materials in
air. However, for a chemical process performed on surface of a material such as a catalytic reaction
performed at a solid–gas, solid–liquid, or even solid–liquid–gas interface, the information
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achieved in UHV may not be the authentic information of the material in its existing or working
environment
As mentioned above, typically the topmost atomic layer of a catalyst participates into the
elementary steps of a catalytic cycle. The termination of crystallographic lattice at surface of a
catalyst particle obviously makes atoms of the topmost layer highly active due to the low
coordination numbers of the topmost layer. Surface energy of such a surface can be readily
decreased by chemisorbing reactant molecules, which is surface reconstruction. One example is
the surface oxidation of a metal, that is, oxidation of most transition metal by air. More
interestingly, surface structure of a metal could be changed by the existence of a gas phase of a
reactant above the catalyst surface.

2.2.2 Near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS)
Among those well developed and under developing techniques, in-situ/operando XPS is a
promising candidate to study the catalyst surface under existing and working condition due to the
superior surface sensitively as discussed. XPS provide information from only a few layers of atoms
on the top surface of the catalyst, which contribute to the catalytic actively exclusively. The atoms
from deep layers, or in the bulk of the material, contributes neglectable signal to XPS spectrum.
However, a significant challenge for developing in-situ/operando XPS for catalysis is the pressure
gap. The conventional XPS is a UHV technique while most of heterogenous catalysis reactions
occur at the interface between solid-liquid and solid-gas phases. The existence of the gas/liquid
phase above solid catalyst reduce the photoelectron signal greatly. Moreover, the core device of
XPS instrument such as electron energy analyzer and X-ray source can only work in UHV
condition. Thus, to resemble a reactor on the UHV system, it required lots of efforts in instrumental
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development to handle the pressure, temperature and flow of the fluidic reactant. Many strategies
and efforts were reported in last two decades.73, 78-80
The pioneer attempting of studying the surface of a catalyst was achieved by installing another
preparation chamber on the UHV system. Then the catalyst is pretreated in the reactant gases
environment with certain pressure and temperature before transferred to UHV chamber. The XPS
spectrum is still collected in UHV. People reported the surface chemistry changes under
pretreatment protocols. However, since the surface of catalyst is still in UHV when collecting the
spectrum, it’s not considered as a real in-situ/operando method.

Figure 2.2 demonstration of a typical NAP-XPS instrument setup, including the in-situ reaction
cell, differential pumping stage, static lens and analyzer.
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As the development of the X-ray source device and the using of differential pump, a significant
progress on the instrumental design and application of Near ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS) in heterogenous catalysis have been achieved in synchrotron
Lightsource and laboratories. A typical NAP-XPS system77, 79 is as shown in Figure 2.2. The
sample is installed in an in-situ reaction cell with gas inlet and outlet. It’s the only part pressurized
with the reactant gases in the whole system. X-ray beam goes through a thin Si3N4 window which
isolates the X-ray source from the near ambient pressure in the cell. A corn aperture is adapted
with the in-situ reaction cell as shown in the zoom-in scheme in Figure 2.2. Thus, photoelectrons
are collected by the aperture and then entering the energy analyzer. A differential pumping stage
is used to pump out the gas molecules in the analyzer. Eventually, the pressure decreases from a
few mbar in the cell to UHV at the energy analyzer. Meanwhile, a static electric lens, or focusing
lens, is used to control the moving trajectory of the photoelectron without changing the kinetics
energy of it.
So far, there are a few general strategies summarized from the instrumental design of NAP-XPS.
The first strategy is only creating a local near ambient pressure gas environment above the catalyst.
An in-situ reaction cell is designed for the purpose. The gas inlet and outlet, thermal couple and
heating unit are integrated with the in-situ reaction cell. An alternative kind of ‘back filling’ mode
has also been also used to full fill the analysis chamber with gases in some NAP-XPS design.77
However, this back-filling mode is not the optimized choice for in-situ/operando studies of
catalysis since the there is very limited flow in the full filled chamber. It takes much longer time
to refresh the gaseous reactants and products, which is not ideal to simulate the process in the
reactor.
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The second strategy is keeping a short distance between sample surface and aperture of energy
analyzer. The purpose of keeping a short distance is to minimize the photoelectron intensity decay
when travelling though the layer of gas between sample and aperture. The photoelectron intensity
Ip after travelling through a gas layer of thickness z and pressure p is given by the equation below:
−𝑧∗𝜎∗𝑝
𝐼𝑝
= 𝑒 𝑘∗𝑇
𝐼0

where I0 is the original intensity of the photoelectron, σ is the electron scattering cross section of
a gas of gas mixture at an electron kinetics energy, k is the Boltzmann constant and T is
temperature. In a typical quantitative analysis for an electron with kinetics energy of 500 eV and
z=0.5 mm, Ip/I0 is 83% after traveling in 1 Torr of water vapor at 25oC,56, 77 but it’s only 15% in
10 Torr of water vapor under same condition. Moreover, Ip/I0 further decays to 65% and 3%,
respectively, when z= 1.0 mm. In other words, the signal intensity decays greatly under near
ambient pressure when z > 1 mm. This result shows the importance of keeping a short distance
between sample and aperture.
The third strategy is using of the focusing lens as shown in Figure 2.2. Due to the geometry of the
cone aperture and the small opening on it , the portion of photoelectron collected by analyzer is
limited. It’s necessary to measure the photoelectron entered the analyzer as more as possible. Here
the focus lens can change the moving trajectory of photoelectron and then send most of them to
the hemisphere analyzer. By using of focus lens, the signal intensity is increased by 1-2 order of
magnitude.
The last strategy is using high flux density X-ray source. From the discussion above, it’s clear that
the signal intensity of NAP-XPS suffers more loss than conventional XPS in UHV setup. The
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signal loss is originated from multiple steps: 1) the X-ray is slightly absorbed by the Si3N4 window
and the light path in the gas phase; 2) photoelectron generated from the surface of the catalyst need
to travel through the gas phase layer; 3) the geometry of the aperture limits the photoelectron
collection. Thus, X-ray source with high flux density (brightness, photons per unit time per unit
area) is favored in the NAP-XPS experiment as it can generate more photoelectron from the sample
surface. There are two type of high flux density X-ray source at current stage, including the
synchrotron light source which is usually built in national laboratories, and advanced high flux
density X-ray tube.
Combining all above strategies, many NAP-XPS instruments have been built up in synchrotron
centers and general labs. They have been applied in the in-situ studies in the heterogenous catalysis,
from the fundamental understanding of catalysis mechanism, identification of the catalytic active
sites, capture of the reaction intermediate, to designing of novel catalyst.9, 73, 75-78, 80

2.2.3 In-situ X-ray absorption spectroscopy
X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) provide information on oxidation state and coordination environment of
interested elements of catalysts during catalysis. So far, they are widely used in the study of
heterogeneous catalysis, particularly in situ/operando studies of catalysts during catalysis. In early
1990s’, Clausen et al. designed an in-situ cell made of quartz tube which simulated a plug flow
reactor and used it for in-situ X-ray diffraction studies.81 Inspired by this reaction cell, a similar
quartz tube cell were widely applied in XAS studies since XAS is also a photon-in and photon-out
technique. Typically, the X-ray transmitted through sample was collected for studying XAS
spectrum under transmission mode. As a complimentary method, the fluorescence line generated
from sample can be also collected for XAS studies. The XAS experiment can be feasibly done
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under catalysis condition, where the catalyst is remained at the same temperature in flowing gas
of reactant.74, 82 Besides quartz tube,81, 83-86 h-BN87-89 and Kapton82 could also be used for the insitu XAS cell for their low X-ray absorption.
Actually, none of them is a perfect material for in-situ XAS cell. People need to choose the
proper material based on the experiment parameters. Quartz tube can be heat up to 950oC in most
gaseous reactants, but it absorbs more X-ray than other h-BN and Kapton, especially for low
energy photons (< 10 keV). Thus, it works best for the absorption edge higher than 10 keV. h-BN
tube is stable in oxidizing environment for up to 850 oC, but it’s hard to machine it to be thin wall
tube. As the results, the absorption of h-BN tube at photon energy < 10keV is not neglectable. It
can be used as the complimentary for quartz tube. On the other hand, Kapton can’t be heated
above 400oC, while its X-ray transmittance is much better than other two materials. It’s usually
used for the elements with absorption edge lower than 10 keV.
There is also another type of cell has been developed by Nashner and Adler recently for
in-situ/operando catalysis.90 In a typical Nashner cell, catalyst powder is pressed into pellet and
clamped on a sample holder, which is heated by a filament cartridge installed at the ambient side
the reactor. This specific configuration in fact limits the temperature that the sample can be heated
to. This cell cannot heat sample to 500oC or above. The transmission of low energy X-ray (<10
KeV) has no problem with the Nashner cell.
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Figure 2.3 scheme of a typical XAS experiment setup in synchrotron center.

A typical XAS experiment setup is summarized in Figure 2.3. The X-ray beam is monochromated
and focused firstly. The intensities of X-ray beam are commonly measured by gas ionic chamber
detectors in I0, It and Ir. The fluorescence signal If from the sample could be collected by dedicated
detector such as solid-state detector and Lytle detector. One piece of the reference foil is also
measured with the sample at the same time, which will be used to calibrate the photon energy. The
absorption coefficient for the sample collected by transmission mode (μt) and fluorescence mode
(μf) is deduced by Beers law and shown by equations below.
𝐼0
𝜇𝑡 = ln( )
𝐼𝑡

𝜇𝑓 ∝

𝐼𝑓
𝐼0

Depends on the catalysis condition, reactants properties, absorption edge energy of element of
interested and other experiment parameters, many similar and revised cells have been proposed
and tested for the in-situ/operando XAS studies.74, 82, 91-94 It has been approved as another powerful
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tool to study the chemical state and coordination environment of catalytic species in thermal
catalysis, electrocatalysis and biocatalysis.

2.2.4 Environmental TEM
Conventional TEM analyzes either “fresh” or “post-process” catalysts in high vacuum. It
visualizes the local structure of the catalytic active sites ex-situ, which may be or not be same to
the catalyst under working conditions. The knowledge about the catalyst under working condition
is still unclear from the conventional TEM. As discussed in the significance of in-situ/operando
studies, TEM characterization should also be performed under catalytic conditions. This is the only
way to identify the authentic local structure of the real catalyst. It would be highly desirable to
quantitatively measure the activity and selectivity of the catalyst simultaneously so that a structure
catalytic performance relation can be established.95 However, for many heterogenous catalysis and
homogenous catalysis reactions, the reactant and product gases is not compatible with the UHC
requirement of the TEM instrument. The primary challenge of the in-situ/operando studies of TEM
is how to create the localized gas/liquid environment around the sample while the other parts of
TEM need to be kept in UHV.
The first environmental cell (E-TEM cell) was prepared by Marton at 1935.96 A biological sample
was sandwiched between two pieces of thin aluminum foils and then installed on a sample holder.
A localized living environment for the sample was maintained between the foils. The electron
transparent window allows the direct observation of the sample in the desired environment rather
than in UHV.97-98As the advancement of the TEM technique after 2000s’, resolution of TEM has
been greatly improved to be Angstrom or sub-Angstrom. Catalysis community began to utilize
TEM to resolve the atomic structure of catalyst, in the conventional style. Observation of the
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catalyst in the working environment was expected. Thus, many similar but more dedicated E-TEM
cells have been inspired and utilized in the in-situ/operando studies for the catalytic materials.95
To create the gas environment above the sample, there are two common strategies. (1) window
approach. The gas/liquid fluid mixture is confined around the sample by using thin films which
are electron transparent. This approach can isolate the local fluid with the UHV chamber. However,
the fluid between the thin films are static . To drive the fluid flow though the sample, the cell needs
to be designed with the fluid inlet and outlet. (2) the second approach is using the differential
pumping which is similar to the setup used in NAP-XPS in Figure 2.2. The differential pumping
could bridge local environment of sample and UHV chamber. So far, E-TEM has exhibit great
potential in the in-situ studies of the structure evolution of the catalyst under working conditions.95,
99-111

2.3 Summary
Conventional and in-situ/operando techniques in the studies of catalysis have been discussed in
this chapter, including XPS, TEM and XAS. Due to the complexity of the heterogenous catalysis,
it’s a challenge to characterize the catalyst under working conditions. However, to understand the
catalytic reaction in the fundamental level, the correlation of the catalyst structure and catalytic
performance need to be revealed. In-situ/operando techniques have been developed in recent
decades to study the working catalyst. The principle, application and strategies for in-situ/operando
development are discussed.

43

Chapter 3 Singly dispersed Rh cations anchored on ceria catalyzed methane dry
reforming
3.1 Introduction
Methane has attracted much attention as the feedstock for energy purpose and chemical
intermediate.26 As the increasing of annual globe production of methane and decreasing of
methane price, there is a strong demand for catalytic converting of methane to higher value
products. A common route of methane conversion follows an indirect pathway: methane is firstly
reformed to syngas, the mixture of CO and hydrogen, which is a typical chemical intermediate for
many chemical engineering processes. Then the syngas is converted to other higher value
chemicals. Supported Ni catalyst has been widely studied in the reforming of methane to produce
syngas. However, rapid deactivation of Ni catalyst is still a challenge.112-114
Two reasons contribute to the rapid deactivation of methane reforming catalyst.115 Firstly, metal
nanoparticles would aggregate under high temperature, which is also known as sintering. As the
results, the size of metal nanoparticles will increase, and the specific surface area decrease
significantly. The portion of metal atoms exposed at the surface of the nanoparticles would
decrease dramatically. The deactivation is the consequence result of less surface metal sites
number. On the other hand, the metallic nanoparticles, such as Ni NP, is an excellent catalyst for
the rapid decomposition of methane. The formation of coke over the metal catalyst will block the
accessing of reactant to active sites, which is another reason for deactivation. To cope with this
problem, a rational designed catalyst should be stable over high temperature catalysis. Meanwhile,
the formation metallic nanoparticles could be avoided.
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Here, the catalyst of singly dispersed Rh cations on the ceria oxide support has been proposed for
the methane reforming by CO2. The singly dispersed Rh cations on CeO2 was prepared by
precipitation-deposition method. The formation of Rh metallic nanoparticles is avoided due to the
highly dispersion.67 Moreover, as an oxygen storage support116-117, CeO2 helps to suppress the
formation to coke during catalysis.

3.2 Experiment section
CeO2 nanorods was prepared by a hydrothermal method as reported in literature.118-119 In a typical
synthesis, 1.736 g Ce(NO3)3*6H2O was dissolved in 10 mL deionized water, then added into a
concentrated NaOH solution (19.2 g NaOH dissolved in 70 mL DI water) dropwisely. The mixed
solution was kept under vigorous stirring for 30 min before transferred to Teflon-lined stainlesssteel autoclave for hydrothermal treatment at 100 oC for 24 hrs. Then the autoclave was cooled to
room temperature. The yellow powder was washed by deionized water until the pH is neutral.
Finally, the powders were dried at 60 oC for 10 hrs.
Rh1/CeO2 catalyst was synthesized by deposition-precipitation method.67 In a typical synthesis,
1.0 gram of CeO2 nanorods was dispersed in 50 mL deionized water. The mixture was sonicated
for 10 mins and kept at stirring at 400rpm for 1hr. Then rhodium nitrate precursor (containing 2
mg Rh metal for nominal 0.2% weight percent) was dissolved in 20 mL DI water. The rhodium
solution was introduced into the ceria oxide dispersion by syringe pump at the flow rate of 0.2
mL/min. The mixture of rhodium and ceria was continuously stirred for another 3 hours. The pH
value of the mixture was carefully adjusted to 9.5 by gradually introducing ammonium hydroxide
solution, followed by stirring for another 5 hrs. Then the mixture was centrifuged at 3000 rpm for
5 mins, the upper layer was decanted. The solid product was dried at a 60 oC oven overnight, and
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a following calcination in muffle furnace at 250 oC for 2h to obtain the as synthesized Rh1/CeO2
catalyst. The actual loading amount of Rh was evaluated by ICP-AES, which was found to be 0.17%
weight percent.
Characterization: The ex-situ XAS experiment was performed in SSRL beamline 2-2. The Rh Kedge signal was collected under fluorescence mode by a Ge-13 channel detector. One piece of Rh
reference foil was measured consequently for the energy calibration purpose. The data was
calibrated, merged and analyzed in the Athena and Artemis software package with the standard
protocol.65 The in-situ XAS studies was performed in beamline 2-2, SSRL and beamline 36UL,
Spring-8. The catalyst powder was loaded in the capillary quartz tube and then installed on the
Clausen cell.120 Then the mixture of reactant gases was introduced into the cell by mass flow
controller. The cell was heated up and then kept at desired temperature for half hour. The Ru K
edge spectrum was collected in-situ in the reactant gases environment and catalysis temperature.
The data processing and analysis was performed under standard protocol.65
The surface chemistry of catalyst was studied with the lab-based ambient pressure X-ray
photoelectron spectrum (AP-XPS) system.79 The reaction cell is integrated with a monochromated
Al K-alpha X-ray source and energy analyzer. The mixture of reactant gases (0.5 Torr CH 4 + 0.5
Torr CO2) was introduced to the reaction cell through a gas manifold where all reactant gases were
mixed, and pressures were measured. The total pressure of reactant gases in the reaction cell was
the average of the measured pressures by a capacitance gauge located between the gas manifold
and tubing to the entrance port of the reaction cell and another capacitance gauge connected to
tubing of exit port of the reaction cell. All gases used for AP-XPS studies had a purity of 99.99%
or higher. To make sure that the average pressure of the gas in the reaction cell measured at the
entrance and exit ports of the reaction cell represents the pressure of gas above the catalyst surface
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in the reaction cell, the distance between the sample surface and the aperture was kept twice or
more of the aperture size (0.8 mm). The distance was measured with a high-resolution video
camera enhanced with an optical lens. The images of the aperture and sample surface shown on
the same computer screen allow us to measure the sample-aperture distance by comparing the
appeared sample-aperture distance to the appeared diameter of the aperture on the screen. The XPS
data was analyzed by CasaXPS software. All the spectrum peaks were calibrated by Au 4f7/2 peak
to 84.0 eV.
DRIFT spectrum of CO absorbed catalyst was collected on a Nicolet Nexus 670 FTIR
spectrometer using an MCT/A detector with a spectra resolution of 4 cm-1 integrated with a diffuse
reflectance reaction cell (Pike Technologies, Model HC-900). The gas-switching experiment was
performed using an Agilent Cary 670 FTIR equipped with a linearized MCT detector, a Harrick
diffuse reflectance accessory, and a Praying Mantis high-temperature reaction cell. The catalyst
was mounted in the cell without dilution. It was pretreated in helium flow to remove surface
adsorbates before experiment.
Catalytic performance evaluation the reforming of methane was performed in a fixed bed tubular
reactor. In a typical test, 100 mg catalyst was mixed with 0.3 g amorphous silica gel particles (4060 mesh), then loaded into a quartz tubular reactor. A K-type thermal couple contacted with the
catalyst bed for the monitoring of the temperature. The flow rate of methane and carbon dioxide
(10% in argon, Matheson) by mass flow controller. The product was analyzed by an on-line GC
(SRI-8630C, USA) equipped with a TCD detector.
In the kinetics study, the usage of catalyst was reduced to 5-20 mg to decrease the conversion of
methane below 20 %, which falls into the kinetics-controlled regime.68 The activation energy was
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obtained in the typical Arrhenius plot, which is plotting the natural log of the reaction rate as the
function of one over temperature in Kelvin. The activation energy could be calculated from the
slope of the Arrhenius plot.

3.3 Data and results
3.3.1 identification of the singly dispersion of Rh cations
The concentration of Rh in the catalyst was determined by ICP-AES firstly. The authentic
concentration of Rh is 0.17wt% in the catalyst, which is consistent with the nominal concentration
of 0.2wt%. The high dispersion is expected as the Rh concentration is low and the deposition precipitation was well controlled. Due to the relatively low Rh concentration in the catalyst,
Rh1/CeO2 catalyst remains the light-yellow color of the original CeO2 support.

Figure 3.1 Representative HR-TEM images of the Rh1/CeO2 catalyst after steam reforming.
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A typical HR-TEM image of the Rh1/CeO2 catalyst after dry reforming is shown in the Figure
3.1. Deposition of Rh cations on the surface of CeO2 doesn’t change the morphology of the CeO2
nanorods.119 Moreover, the CeO2 NR substrate remains the nanorods morphology after thermal
catalysis. The representative lattice fringes in the graph are proper assigned to fluorite CeO2 crystal
plane. The fringe of 2.82 Å and 3.22 Å could be assigned to the (200) and (111) of CeO 2,
respectively. Here we didn’t find any particles or crystal fringes could be assigned to metallic Rh
or RhOx, suggesting the Rh species are highly dispersed. Although HAADF-STEM has been
widely used to distinguish supported metal species on oxide support in literature,121 it’s still hard
to get conclusive image in this case of Rh1/CeO2 catalyst. It is due to the atomic number of ceria
is higher than Rh. As the result, the image of ceria support in dark field is much brighter than Rh
species, making it’s very difficult to tell Rh cations from the support.

Figure 3.2 XRD pattern of (a) fresh Rh1/CeO2 catalyst and (b) Rh1/CeO2 after dry reforming.

49

On the other hand, the XRD patterns of the Rh1/CeO2 catalyst (Figure 3.2) show a typical CeO2
fluorite structure. All the diffraction peaks are assigned to CeO2 structure. The XRD pattern
remains well after the thermal catalysis of methane dry reforming, suggesting there is no crystal
phase change in the catalyst after reaction. A small bump is observed in 20-30o for the used catalyst,
which is result from the amorphous silica gel in the catalyst. There is no metallic Rh or RhOx peak
detected in the XRD. Thus, the aggregated form of Rh species is excluded from the catalyst. The
zoom-in spectra at 26-31o is demonstrated in the Figure 3.2b, which is the (111) diffraction peak
for ceria oxide support. A minor upshift of the diffraction peak position from 28.7o to 28.8o is
observed, which is due to the incorporation of Rh into surface lattice of ceria. As the radius of Rh
cations is smaller than ceria cations,122 this surface incorporation will result in the shrinkage of the
crystal parameter. Thus, the diffraction peak will upshift according to Bragg equation. Combining
the HR-TEM and XRD results, Rh species are highly dispersed on the ceria substrate. The
formation of Rh or RhOx crystal structure could be excluded. Moreover, the catalyst after dry
reforming of methane exhibit same diffraction pattern as shown in Figure 3.2b and Figure 3.2c,
suggesting the catalyst remains its CeO2 structure, without any characterization peak from metallic
Rh or RhOx. In other words, the aggregation of Rh species after could be excluded after catalysis.
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Figure 3.3 XANES spectrum of (a) as synthesized Rh1/CeO2 catalyst compared with Rh foil and
oxide reference, (b) r-space spectrum of EXAFS of Rh K edge for Rh1/CeO2 catalyst and (c) the
r-space spectrum of Rh foil and oxide reference. Fitting results of r-space spectrum of EXAFS of
Rh K edge for Rh1/CeO2 catalyst is summarized in the table below.

To further study the Rh state in the catalyst, X-ray absorption spectroscopy was applied to study
the chemical state and coordination environment of Rh. As shown in the Figure 3.3, The energy
of Rh K edge is very similar to the oxide reference, indicating the Rh species in the fresh catalyst
are in the oxidized state. In other words, the Rh species exist in cationic form. The Fourier
transferred r-space spectrum of the EXAFS spectrum provide direct evidence for the singly
dispersion of Rh cations as shown in Figure 3.3b. There is only one major peak observed in the
range of 0-4 Å, which is properly assigned to the 1st shell coordination with surrounding O atoms.
The absence of the 2nd shell coordination of (Rh-O-Rh) at 2.63 Å (as shown the reference spectrum
in Figure 3.3c) readily excludes the formation of RhOx clusters. The r-space spectrum data of the
fresh catalyst was fitted by IFFEFF program.65 The coordination number of the first shell (Rh-O)
is 6.73±0.38, which is higher than the theoretical CN of (Rh-O) in the bulk rhodium oxide. It could
be understood as the Rh cations are partial doped/incorporated into the surface layer of ceria oxide.
Thus, the surface doped Rh cations follow the coordination geometry of CeO2, which has the first
shell coordination number of 8. Since XAS is a bulk technique, the apparent coordination number
of first shell (Rh-O) is the average of all Rh atoms in the sample. The CN of Rh-O is higher than
bulk rhodium oxide. In summary, from the EXAFS results, no doubt the Rh species are singly
dispersed on the CeO2 NR substrate.
DRFIT spectrum of CO absorbed catalyst also supports the singly dispersion of Rh cations on
the surface of CeO2. As reported in literature, there are three types of absorption geometry for CO
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molecular on Rh sites121, 123: (a) one CO absorbed on two adjacent Rh sites in the bridge geometry
as a broad and intensive peak at 1900-1800 cm-1; (b) linear absorption of one molecular on one Rh
site, which is usually a sharp and intensive peak at ~2050 cm-1. (c) one pair of twin peak in 21002000 cm-1, which is assigned to two CO molecule absorbed on one Rh site in a germinal geometry.
As the feature a is associated with Rh-Rh bond, it’s the conclusive evidence for the existing of Rh
metallic nanoparticles in the catalyst. On the other hand, the germinal geometry of CO absorption
over isolated Rh sites on ZrO2, ZnO and TiO2 has been reported.121, 124-126

Figure 3.4 DRIFT CO spectrum of Rh1/CeO2 catalyst compared with RhNP/CeO2 reference. The
CO peaks are labeled by CO absorption geometry: (a) one CO molecule absorbed on two adjacent
Rh-Rh sites, (b) linear absorption of one CO molecule over one Rh site; (c) two CO molecule
absorbed on one Rh sites.

As shown in Figure 3.4, the DRIFT spectrum of CO absorbed catalyst after dry reforming
exhibits a pair of twin peak at 2086 and 2018 cm-1, which is assigned to two CO molecule absorbed
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on one Rh site in the germinal geometry. There is no peak in 1800-1900 cm-1, which is
corresponding to one CO molecule absorbed on two Rh sites in the bridge form as shown in the
RhNP reference sample. Thus, the singly dispersion of Rh cations in the sample is not only in the
fresh catalyst, but also remains well after dry reforming catalysis. From the above discussion, the
singly dispersion of the Rh cations on the ceria support has been proved by multiple ex-situ
characterization techniques, such as XRD, TEM, XAS and DRIFT CO spectrum.

3.3.2 Catalytic performance of Rh1/CeO2 catalyst
Catalytic dry reforming promoted by Rh1/CeO2 catalyst was investigated in the thermal catalysis
reactor. The influence of pretreatment temperature is investigated carefully as shown in Figure
3.5. Generally, the Rh1/CeO2 catalyst could convert methane readily to hydrogen with high
conversion and high yield. The conversion of methane and selectivity to hydrogen is increasing as
the temperature increases. The effect of pretreatment temperature plays a minor role on the
catalytic performance. In other word, the catalytic performance is not affected by pretreatment
temperature, except at 600 and 700oC. It could be deduced that the catalytic active center of
Rh1/CeO2 is quite stable to the reductive pretreatment conditions. The slightly activity loss at 600
and 700oC might be due to the sink of Rh atoms into the CeO2 substrate to form solid oxide solution
at high reduction temperature. In general, pure CeO2 was found to be a catalytic inactive material
for this reaction. By anchoring 0.17wt% Rh cations on the surface, CeO2 changes to be very active
for the reforming of methane. This significant change of the catalytic properties is attribute to
enhanced C-H bond activation ability by Rh cations, which is similar to theoretical studies on the
similar system.127
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Figure 3.5 catalysis performance of the Rh1/CeO2 catalyst in term of (a) the conversion of methane,
(b) selectivity to hydrogen and (c) yield of hydrogen. Pretreatment was performed before catalysis
test, which was reduced by 5% H2 for 30 min at given temperature.

The activation energy of the catalyst was measured in the kinetics-controlled regime, where the
conversion of methane is less than 20%. In a typical experiment, 30 mg Rh1/CeO2 catalyst was
used. The catalyst was calcined in air at 250oC and then reduced in 5% hydrogen at 300oC for 1hr
before test. Kinetics controlled reaction rate was measured from 450oC to 550oC. The kinetics
studies from both methane conversion rate and hydrogen production rate show an activation energy
barrier at 40~50 kJ/mol (Figure 3.6). This apparent activation energy barrier is much lower than
the value reported in literature from those supported transition metal nanoparticles catalyst such
as Ni, Ru, Pd, Rh, Pt and Ir, which is usually higher than 100 kJ/mol.128-133 The greatly decreased
activation energy barrier for the methane reforming is assigned to the unique electronic state of the
single Rh cations, which facilize the activation of C-H bond of CH4.127 It suggests the reaction
mechanism of methane reforming over Rh1/CeO2 catalyst is different from the mechanism catalyst
by supported transition metal nanoparticles.128-133
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Figure 3.6 Arrhenius plot of the Rh1/CeO2 catalyst for methane dry reforming in term of (a) rate
of methane conversion and (b) rate of hydrogen production.
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Figure 3.7 stability of methane dry reforming over Rh1/CeO2 catalyst

The long-term stability test of the Rh1/CeO2 catalyst shows superb stability of the catalyst. The
methane conversion and hydrogen yield remain well after 60 hrs reaction. No deactivation was
found in the catalyst up to 3 day. The outstanding stability is assigned to the highly dispersion of
Rh cations on the CeO2 support. The coke formation is suppressed since there is lacking of metallic
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Rh-Rh bond, which is very active in breaking the C-H bond in methane.134 Moreover, the strong
interaction of Rh cations with CeO2 support limits the mobilizing of Rh cations at high temperature
of catalysis. Thus, the sintering of Rh species could be also avoided.

Figure 3.8 Photoemission feature of (a) Ce3d, (b) O1s and (c) Rh3d from the Rh1/CeO2 catalyst
in fresh catalyst, be reduced and during dry reforming at 500oC and 650oC. 0.5 Torr CH4 mixed
with 0.5 Torr CO2 was introduced into reaction cell for dry reforming.

3.3.3 In-situ spectroscopy studies of methane reforming catalyzed by Rh1/CeO2
The surface chemistries of the Rh1/CeO2 catalyst in reactant conditions were studied by ambient
pressure XPS.79 As shown in Figure 3.8, the Ce3d, O1s and Rh3d features were collected for the
fresh catalyst, 300 oC pretreatment, and dry reforming at 500 oC and 650 oC. As shown in the
Figure 3.8a, the surface oxygen vacancy concentration which could be quantitatively determined
by the surface Ce3+/(Ce3++Ce4+) ratio since the origination of the surface oxygen vacancy is the
Ce3+ species.56, 58 The surface oxygen vacancy is 33%, 43%, 34% and 32% for the fresh sample,
300 oC reduced, dry reforming at 500 oC and 600 oC, respectively. The initial surface of the catalyst
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exhibits a relative high concentration of Ce3+, which is induced by doping of Rh cations into the
surface CeO2 lattice. The mismatch of doped Rh cations results into high concentration of oxygen
vacancy, which is accompanied by high Ce3+ concentration. The surface oxygen vacancy increased
by in reductive environment and remained at 32~34% under dry reforming conditions. For the O1s
spectra in the Figure 3.8b, there is one major peak at 529.5 eV which is contributed from the
lattice oxygen in the CeO2 support. Another minor component at 532.0 eV was found for the fresh
catalyst and 300 oC reduced condition, which is the from oxygen in the surface hydroxyl group.
This minor component disappeared at dry reforming condition since the surface hydroxyl group
could be removed under high temperature. In the Figure 3.8c, Rh3d at UHV and 300oC reduced
could be deconvoluted to two components, one at 307.4 eV and another at 308.4 eV. There is also
another peak at 303 eV, which is assigned to the M3VV Auger peak of Ce.135 The 308.4 eV
component is assigned to the Rh in oxygen surrounding environment, it was disappeared at dry
reforming condition. The 307.4 eV component is still 0.2 eV higher than metallic state. In summary,
the surface of the catalyst is rich in oxygen vacancy and the Rh maintain the cationic chemicals
state during dry reforming of methane.
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Figure 3.9 in-situ XAS studies of the Rh1/CeO2 catalyst. (a) XANES of the Rh K edge of Rh1/CeO2
catalyst compared with foil and oxide reference; (b) fitting of r-space spectrum of EXAFS from
the Rh K edge of Rh1/CeO2 catalyst, (c) the fitting parameters summarized.

The in-situ XAS studies of the catalyst during dry reforming of methane is shown in Figure 3.9.
The XANES of Rh K edge of the used catalyst is compared with Rh foil and oxide reference in
Figure 3.9a. The energy of the Rh K edge of the used catalyst is between foil and oxide, but closer
to foil. It suggests Rh is not in the oxide or metallic state, but an intermediate state. The Fourier
transformed r-space spectrum could be fitted by the insight as shown in Figure 3.9b. There are
two peaks in the r-space spectrum. The first peak is located at ~1.5Å, which is the typical Rh-O
coordination pathway as reported in literature. The second peak at about 2.3 Å is assigned to the
Rh-Rh coordination pathway. The fitting results is summarized in the table in Figure 3.9c. The
coordination number (CN) of the first shell Rh-O is 4.28±0.93, while the bond length is 2.03±0.02.
The bond length is consistent with the Rh-O bond in literature. The CN is lower than the CN of
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the fresh catalyst, suggesting the surface of catalyst is oxygen lacking. This is consistent with the
Ce3d spectra of AP-XPS results. Another minor peak is also fitted with Rh-Ce coordination
pathway with CN of 2.57±1.08. The coordination distance is 2.65±1.02 Å. From this fitting results,
the local structure of Rh species during catalysis is proposed to be small Rh cluster composed of a
few Rh atoms supported on CeO2.
In summary, in-situ spectroscopy studies of the methane dry reforming over Rh1/CeO2 catalyst
reveal the chemical state of the catalytic sites during reaction condition. The surface oxygen
vacancy ratio is 32-34% in the dry reforming, in other words, the surface lattice oxygen is removed
during catalysis. Meanwhile, Rh nanoclusters containing a few atoms are formed during catalysis,
which is the catalytic active sites for methane reforming.

3.4 Conclusion
The Rh1/CeO2 catalyst was proposed and successfully synthesized. The singly dispersion of Rh
cations on CeO2 support was confirmed by TEM, XRD, DRIFT spectrum and XAS. The Rh1/CeO2
catalyst is active for the methane dry reforming with CO2. The superior stability of this catalyst
was confirmed and assigned to the highly dispersion of Rh cations on CeO2. The surface chemistry
and coordination environment of the active sites was studied by in-situ XAS and AP-XPS.
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Chapter 4 Methane steam reforming over Rh1/CeO2 catalyst
4.1 Introduction
Methane is firstly reformed with steam to produce syngas, which is the mixture of CO and H 2.
Then syngas could be converted to other chemical intermediate and products via methanol-toolefin (MTO) process, Fisher-Tropsch synthesis and other processes.26, 113 The steam reforming is
catalyzed with supported nickel catalyst at a temperature higher than 800oC. Unfortunately, this
high temperature pathway requests significant amount of energy supply. In addition, coke
formation is another major problem. This is because that Ni atoms at metallic state can chemisorbe
CHn (n=0-3) strongly; more importantly, the continuous packed Ni atoms allows coupling of
chemisorbed CHn species which are the precursors of coke. To suppress the coke formation during
methane reforming, it is essential to break the metallic nanoparticles and clusters, by which the
CHn species could not couple to form precursors of coke. Here, the catalyst of singly dispersed Rh
cations on the ceria oxide support was prepared for reforming methane with water. The singly
dispersed Rh cations on CeO2 were prepared by precipitation-deposition method. The Rh cations
are singly dispersed to avoid the formation of metallic Rh-Rh bond, which makes it a potential
catalyst for methane conversion.

4.2 Experiment
CeO2 nanorods was prepared by a hydrothermal method as reported in literature.118-119 In a typical
synthesis, 1.736 g Ce(NO3)3*6H2O was dissolved in 10 mL deionized water, then added into a
concentrated NaOH solution (19.2 g NaOH dissolved in 70 mL DI water) dropwisely. The mixed
solution was kept under vigorous stirring for 30 min before transferred to Teflon-lined stainlesssteel autoclave for hydrothermal treatment at 100 oC for 24 hrs. Then the autoclave was cooled to
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room temperature. The yellow powder was washed by deionized water until the pH is neutral.
Finally, the powders were dried at 60 oC for 10 hrs.
Rh1/CeO2 catalyst was synthesized by deposition-precipitation method.67 In a typical synthesis,
1.0 gram of CeO2 nanorods was dispersed in 50 mL deionized water. The mixture was sonicated
for 10 mins and kept at stirring at 400rpm for 1hr. Then rhodium nitrate precursor (containing 2
mg Rh metal for nominal 0.2% weight percent) was dissolved in 20 mL DI water. The rhodium
solution was introduced into the ceria oxide dispersion by syringe pump at the flow rate of 0.2
mL/min. The mixture of rhodium and ceria was continuously stirred for another 3 hours. The pH
value of the mixture was carefully adjusted to 9.5 by gradually introducing ammonium hydroxide
solution, followed by stirring for another 5 hrs. Then the mixture was centrifuged at 3000 rpm for
5 mins, the upper layer was decanted. The solid product was dried at a 60 oC oven overnight, and
a following calcination in muffle furnace at 250 oC for 2h to obtain the as synthesized Rh1/CeO2
catalyst. The actual loading amount of Rh was evaluated by ICP-AES, which was found to be 0.17%
weight percent.
Characterization: The ex-situ XAS experiment was performed in SSRL beamline 2-2. The Rh Kedge signal was collected under fluorescence mode by a Ge-13 channel detector. One piece of Rh
reference foil was measured consequently for the energy calibration purpose. The data was
calibrated, merged and analyzed in the Athena and Artemis software package with the standard
protocol.65 The in-situ XAS studies was performed in beamline 2-2, SSRL and beamline 36UL,
Spring-8. The catalyst powder was loaded in the capillary quartz tube and then installed on the
Clausen cell.120 Then the mixture of reactant gases was introduced into the cell by mass flow
controller. The cell was heated up and then kept at desired temperaturefor half hour. The Ru K
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edge spectrum was collected in-situ in the reactant gases environment and catalysis temperature.
The data processing and analysis was performed under standard protocol.65
The surface chemistry of catalyst was studied with the lab-based ambient pressure X-ray
photoelectron spectrum (AP-XPS) system.79 The reaction cell is integrated with a monochromated
Al K-alpha X-ray source and energy analyzer. The mixture of reactant gases (0.5 Torr CH4 + 0.5
Torr H2O) was introduced to the reaction cell through a gas manifold where all reactant gases were
mixed, and pressures were measured. The XPS data was analyzed by CasaXPS software. All the
spectrum peaks were calibrated by Au 4f7/2 peak to 84.0 eV.55
DRIFT spectrum of CO absorbed catalyst was collected on a Nicolet Nexus 670 FTIR
spectrometer using an MCT/A detector with a spectra resolution of 4 cm-1 integrated with a diffuse
reflectance reaction cell (Pike Technologies, Model HC-900). The DRIFT spectrum of CO
absorbed catalyst was collected for the catalyst ex-situ and in-situ. In the ex-situ experiment,
sample powder was loaded to the cell and then kept in Helium at 300oC for 10 mins to remove
surface absorbed molecules. Then it was cooled down to 25 oC before introducing CO. KBr
window was used in the cell. For the in-situ experiment, The Rh1/CeO2 catalyst was mounted in
the Harrick cell. Water vapor and CH4 were introduced into the in-situ IR cell; then the catalyst
was heated and kept at 550oC for 30 mins. The catalyst was cooled down to 25 oC under helium
flow. Then CO was introduced to the surface of the catalyst. The difference spectrum before and
after chemisorption of CO was obtained. As the steam vapor would damage the KBr window,
ZnSe window was used in this experiment
Catalytic performance evaluation the reforming of methane was performed in a fixed bed tubular
reactor. In a typical test, 50 mg catalyst was mixed with 300 mg amorphous silica gel particles
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(40-60 mesh), then loaded into a quartz tubular reactor. A K-type thermal couple contacted with
the catalyst bed for monitoring temperature of the catalyst. The flow rate of methane was controlled
by mass flow controller (10% in Ar, 20 mL/min). Water was introduced via a syringe pump in the
format of water vapor formed through vaporization at 120oC before entering reactor. The mole
flow rate of water was kept at two times of methane if there is no other notice. The product was
analyzed by an on-line GC (SRI-8630C, USA) equipped with a TCD detector.

Figure 4.1 Representative TEM images of the Rh1/CeO2 catalyst: (a) as synthesized and (b) after
steam reforming reaction.
In the kinetics study, the usage of catalyst was reduced to 5-20 mg to decrease the conversion of
methane below 20 %, which falls into the kinetics-controlled regime.68 The activation energy was
obtained in a typical Arrhenius plot which is a plot of the natural log of the reaction rate as the
function of reciprocal temperature in Kelvin. The activation energy was calculated from the slope
of the Arrhenius plot.

4.3 Results and discussion
4.3.1 identification of Rh sites on ceria support
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The Rh1/CeO2 catalyst was examined by TEM firstly. As shown in Figure 4.1, the Rh1/CeO2
catalyst exhibits morphology of nanorods, which is consistent with literatures.118 The length of the
nanorods is 100-200 nm while the diameter is 5-10 nm. There is no evidence for the formation of
Rh or rhodium oxide nanoparticles under the TEM scope. Since the loading concentration of Rh
is low, the highly dispersed of Rh species are expected. The lack of Rh metal nanoparticle and
RhOx nanoparticles was confirmed by XRD patternof the catalyst. As shown in Figure 4.2, the
fresh Rh1/CeO2 catalyst exhibits a typical fluorite diffraction pattern of CeO2.118 All the peaks in
the figure can be assigned to specific CeO2 lattice plane. The diffraction pattern of the used catalyst
after steam reforming is also shown in Figure 4.2. Clearly, the fluorite type diffraction pattern
remains after steam reforming test; there is no new peaks appeared other then peaks of CeO 2
nanorods., It suggests that there is no obvious peak of Rh or RhOx nanoparticles found in the results.
Both TEM and XRD results suggests that the Rh species are highly dispersed on the ceria .

Figure 4.2 XRD pattern of (a) as synthesized Rh1/CeO2 catalyst, (b) Rh1/CeO2 after steam
reforming and (c) Rh1/CeO2 after dry reforming.
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The chemical state and coordination environment of Rh species were further studied by XAS.
These results have been well discussed in the Chapter 3.3.1 since this catalyst was used for steam
reforming of CH4 as well. The single dispersion of Rh cations was clearly confirmed with EXAFS.
In addition, the single dispersion of Rh cations was further confirmed by the DRIFT spectrum of
CO absorbed on the Rh1/CeO2 catalyst in Figure 4.3. Experiment was performed via Harrick cell
with KBr window. The observation of multiple peaksof CO absorbed on Rh NPs (red curve in
Figure 4.3) are assigned to different absorbed geometry of CO molecules.121, 123 Feature a in red
curve of Figure 4.3 is the CO molecule absorbed on Rh NPs in a bridge configuration over two
adjacent Rh atoms. It suggests there is Rh-Rh bond in the sample. Feature b is assigned to the CO
molecule absorbed on top of one Rh atom in the linear geometry. The twin components c in red
curve of Figure 4.3 appears a pair, which are assigned to two CO molecules absorbed on one Rh
atom in the germinal geometry. All the three kinds of absorbed CO were found since CO could be
absorbed on the surface of RhNP in various geometry. On the other hand, there is only feature c
in the Rh1/CeO2 catalyst (black curve in Figure 4.3). The lacking of feature a in the Rh1/CeO2
catalyst excludes the formation of Rh-Rh coordination in the Rh1/CeO2 catalyst. Thus, the single
dispersion of Rh cations on the surface of CeO2 nanorods was suggested by TEM, XRD, XAS and
DRIFT CO spectrum.
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Figure 4.3 DRFIT spectrum of CO absorbed Rh1/CeO2 catalyst after steam reforming and
RhNP/CeO2.

4.3.2 Catalytic performance on steam reforming of methane
Steam reforming of methane (SRM) catalyzed by Rh1/CeO2 catalyst was evaluated in a fixed-bed
flow reactor. Figure 4.4 is the plot of methane conversion and hydrogen yield as the function of
temperature. Catalyst was pretreated in 5%H2 at desired temperature. The Rh1/CeO2 catalyst is
active for the steam reforming of methane. The methane conversions and hydrogen yields increase
along the increase of temperature. The catalytic performance was evaluated with different
pretreatment temperature in hydrogen. The catalytic performances of catalysts treated at different
temperatures are similar, suggesting that the pretreatment temperature is not an important term in
determining catalytic performance.
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Figure 4.4 catalytic performance of of methane steam reforming over Rh1/CeO2 catalyst in term
of (a) the methane conversion and (b) hydrogen yield as the function of temperature. Catalyst was
reduced in 5%H2 at the labeled temperature before catalysis test.

The apparent activation energy barrier for the methane steam reforming over Rh1/CeO2 catalyst
was evaluated by the Arrhenius plot in Figure 4.5. It is 40.8 kJ/mol in term of methane conversion
while it is 45.2 kJ/mol in term of hydrogen evolution. The measured activation energy is much
lower than the reported values of other catalysts,130-131, 133, 136-138 indicating this Rh1/CeO2 catalyst
is very active for the methane reforming. Similar activation energy test was performed with
catalyst upon a higher pretreatment temperature. The activation energy doesn’t change upon higher
pretreatment temperature in hydrogen. Thus, the active sites of the Rh1/CeO2 catalyst is quite stable
over the pretreatment temperature.
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Figure 4.5 Arrhenius plot of the methane steam reforming over Rh1/CeO2 catalyst in term of
hydrogen production rate with pretreatment at (a) 300oC and (b) 500oC

Figure 4.6 the photoemission features of (a) Ce3d, (b) O1s and (c) Rh3d of the Rh1/CeO2 catalyst
collected in AP-XPS.

4.3.3 In-situ studies of the reaction mechanism
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The surface chemistry of the steam reforming over the Rh1/CeO2 catalyst was studies by the APXPS.79 The photoemission features of Ce3d, O1s and Rh3d are summarized in the Figure 4.6. The
Ce3d in the Figure 4.6a could be deconvoluted to ten components from Ce3+ and Ce4+.56 The
surface of the fresh catalyst contains 33% Ce3+, which is associated with the surface oxygen
vacancy sites. Thus, anchoring of Rh cations on the surface of the ceria support helps creating
oxygen vacancy. The surface oxygen vacancy increases upon the hydrogen pretreatment and is
even higher at steam reforming conditions. The surface dominated by Ce3+ at steam reforming
condition, which is 53% and 55% at 500oC and 650oC, respectively. It suggests that significant
number of surface vacancies was formed during catalysis conditions. In the O1s spectrum as shown
in Figure 4.6b, there is one peak at 536 eV which is the XPS peak of gas phase of H2O. This is
the characteristic feature of the AP-XPS studies. The O1s spectrum of the fresh catalyst contains
two peaks, a minor one at 532 eV which is assigned to surface hydroxyl group while the other one
at 529.5 eV is from the oxygen atoms of the CeO2 lattice. The hydroxyl group remains under 300oC
reduction but eventually is disappeared. The disappearance of OH groups is due to the removal of
the surface hydroxyl group in the catalysis condition. Accompanied with the disappearance of the
surface hydroxyl group, one component of O1s at 531 eV could be deconvoluted, which is assigned
to the nonstoichiometric oxygen anions. The Rh3d feature is presented in the Figure 4.6c. The
binding energy of Rh3d is 307.4 eV, which is slightly higher than metallic Rh.
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Figure 4.7 In-situ DRIFT spectrum of CO absorbed catalyst after catalysis.

In-situ DRIFT spectrum of CO absorbed on the catalyst was performed to study the dispersion of
Rh cations during catalysis. As shown in Figure 4.7, the DRIFT spectrum of CO absorbed on the
catalyst from the steam reforming catalysis exhibits one broad peak in the window of 1950 - 2100
cm-1. These peaks are broader than the ex-situ data, due to the use of ZnSe window. The spectrum
of 1900-1800 cm-1 is the base line only, without the molecule CO absorbed on the Rh-Rh sites.
Thus, the Rh-Rh bond is excluded from the analysis of IR spectrum of catalyst in the steam
reforming condition. Rh metallic nanoparticles or nanoclusters are not formed during catalysis.
Notably, the main feature in 2100-1950 cm-1 in Figure 4.7 can be deconvoluted into one pair of
twin peaks assigned to the germinal absorbed two CO molecules on a Rh single atom.
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Figure 4.8 in-situ XAS spectrum of the Rh1/CeO2 catalyst after catalysis. (a) XANES spectrum
and (b) r-space spectrum of Rh K edge during steam reforming of methane at 500oC. (c) the fitting
parameters of r-space spectrum.

In-situ/operando XAS experiment was performed to characterize the chemical state and
coordination environment of Rh atoms of the catalyst during catalysis. The ex-situ spectrum of the
Rh1/CeO2 catalyst after steam reforming is shown in the Figure 4.8. From the XANES spectrum
of the Rh K edge from the catalyst after steam reforming, the energy of the Rh K edge is between
Rh metallic foil and oxide, suggesting the Rh cations are in the chemical state between foil and
oxide. The r-space spectrum of the Rh K edge contains two peaks in Figure 4.8b. The primary
peak is assigned to the first shell coordination of Rh-O, while the 2nd shell is assigned to Rh-Rh
bond. The fitting parameters of the r-space spectrum of this Rh-O bond are summarized in Figure
4.8c. TAs shown in the fitting parameters, a Rh atom bonds with another Rh atoms, forming a Rh-
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Rh dimer. In addition, the fitting of r-space of the Rh K-edge suggests that Rh atoms bond with
oxygen atoms. Thus, the in-situ EXAFS studies suggest that Rh atoms exist in the format of
anchored Rh-Rh dimer on surface.

4.4 Summary
Catalysis of CeO2 with anchored singly dispersed Rh cations was prepared, characterized and
evaluated for the methane steam reforming. The single dispersion of Rh cations was confirmed via
TEM, XRD, XPS, DRIFT CO spectrum and XAS. The catalytic performance of Rh 1/CeO2 for
steam reforming of methane was evaluated. By anchoring 0.17% of Rh on the surface, the catalytic
activity of ceria catalyst increases greatly. The apparent energy barrier of steam reforming over
Rh1/CeO2 catalyst is 40-45 kJ/mol, which is much lower than literature reported results. It suggests
the catalysis of methane reforming on the singly dispersed Rh cations follows a pathway different
from Rh NPs-based catalysts. Computational studies are being performed to gain fundamental
understanding molecular mechanism of steaming reforming on this catalyst.
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Chapter 5 Synergistic effect of Ru and Ni cations co-anchored on ceria for dry
reforming of methane
5.1 Introduction
Methane, the major component of natural gas and shale gas, has attracted much attention in
production of chemical intermediates for making liquid fuels and high value chemicals.26, 43, 113,
139-141

Due to the increasing annual global production of shale gas, chemical industries have started

to progressively switch their raw materials from crude oil to shale gas components. Reforming
methane with CO2 or H2O has been the most important pathway since it produces syngas, one of
the most important intermediates for producing liquid fuels and synthesizing high value chemicals
through established industrial processes.26, 113, 141-142
The current industrial process of methane reforming on supported Ni metal nanoparticle catalysts
undergoes at a temperature higher than 800oC.143-145 Unfortunately, it faces two challenges. Firstly,
the catalyst is readily deactivated due to sintering of supported metallic Ni nanoparticles at high
temperature in environment of reducing gases (CO+H2);146 The sintering significantly decreases
dispersion of Ni atoms of a catalyst. As the result, the number of exposed Ni atoms of the catalyst
decreases dramatically. Secondly, a side reaction of methane pyrolysis readily occurs on surface
of metallic Ni nanoparticles.147-148 Due to very high binding energy of C atoms of CHn (n=0-3)
species on Ni atoms of metallic Ni nanoparticles, metallic Ni nanoparticles are very active for
breaking C-H bond of methane. The rapid catalytic pyrolysis produces layers of carbon atoms on
surface of Ni catalyst, which is also known as coke.134, 149 The formation of coke completely
blocks methane from accessing to Ni atoms of the catalyst, making the catalyst completely
deactivated. In addition, the quite high catalytic temperature (800oC or higher) requests to input
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significant amount of energy. Facing these challenges, it would be ideal if methane reforming can
be done at lower temperature without coke formation.150-152
To avoid the formation of coke on surface of Ni catalysts, we propose to design a catalyst
with low binding energy to the dissociated species of reactant such as CHn (n=0-3) and
intermediates. It was reported recently that binding energy of methane molecule on a metal atom
at cationic state is typically lower than that on a metal atom at a metallic state67, 125, 153-155. Inspired
by this understanding, it’s proposed to anchor Ni atoms of cationic state instead of Ni atoms of
metallic state to activate methane or CO2 molecules, avoiding strong binding to CHn (n=0-3)
species. In addition, to spatially limit any potential coupling between carbon atoms or CH n (n=03) species adsorbed on Ni atoms to form precursor of coke layer, Ni atoms are spatially separately
anchored on surface in the format of single-atom sites.
Ru is active in activating CO2 through dissociating C-O of CO2 to CO.16, 26, 114, 143-144, 152-153, 156
Thus, they are chosen as guest metal atoms to activate CO2. Surface of CeO2 has high density of
oxygen vacancies.151, 157-158 It is expected that its oxygen vacancies could participate into activation
of CO2. In addition, the high affinity of surface lattice oxygen atoms to metal atoms can stabilize
these guest cations. Thus, CeO2 was chosen as a support to anchor the two sets of single atoms,
Ni1 and Ru1.
Catalysts consisting of CeO2 nanorods and two sets of single-atom sites, Ni1 or/and Ru1 were
successfully synthesized in this work. Operando studies of chemical and coordination
environments during catalysis revealed that both Ni and Ru cations are singly dispersed and
remained at cationic state during catalysis. This catalyst is highly active for reforming methane
with CO2. The selectivity for producing H2 reaches 98.5% at 600oC. Synergy effects between
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single-atoms sites Ni1 and Ru1 were proved. Computational studies proposed a molecular
mechanism for the synergy effects of Ni1 and Ru1 sites in reforming CH4 with CO2. This work
opened an avenue in designing new catalysts with high activity and selectivity at a relatively low
temperature.

5.2 Experimental section
5.2.1 Preparation of materials
The Ce1-x-yNixRuyO2 nanorod catalysts: The Ce-based nanorod oxides were synthesized by a
hydrothermal method as literature reported. Ni and Ru cations were anchored on the lattice of
CeO2 during the synthesis of CeO2 nanorods. Typically, 4 mmol of metal nitrite precursors were
dissolve in 10 mL deionized water and then added to 70 mL of NaOH solution (6 mol/L)
dropwisely under vigorous stirring. Precipitation was formed immediately as the mixing of two
solution. After stirring for 30 mins at room temperature, the slurry was transferred to a stainlesssteel autoclave (100 mL) with PTFE lining and maintained at 120 °C for 24 h. Then the autoclave
was cooled to room temperature naturally. The solid product in the autoclave was separated by
centrifugation and washed by water until the pH was neutral. Then the solid product was dried at
80 °C for 12 h. Finally, the product was grinded into fine powder and then calcined at 400 °C for
2 h in air.

5.2.2 Characterization
The transmission electron microscope (TEM), high-resolution transmission electron microscope
(HR-TEM) images and high angle annular dark field (HAADF) images in STEM mode were taken
using a FEI Tecnai F20 XT. Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku
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Ultimate IV operating in reflection mode with Cu Kα radiation that was monochromated with a
secondary graphite monochromator. The nitrogen sorption measurements were performed on a
Micromeritics (2010 unit) at 77 K.
Extended X-ray absorption fine structure spectrum (EXAFS) at Ru K-edge and Ni K-edge were
collected in beamline 2-2, Stanford Synchrotron Radiation Laboratory (SSRL). The Ru and Ni K
edge absorption were measured under fluorescence mode with Ge 13 element detector. Multiple
scans were collected and averaged for analysis. The EXAFS signal amplitude factors were
calibrated by Ni or Ru foil as the reference and then applied in the data analysis. Data analysis was
performed with Demeter XAS package.65 The obtained EXAFS data traces were calibrated and
aligned carefully. r-space of k2 weight data was obtained from the Fourier transformation of k
space in the range of 3~14 Å-1.
The surface chemistry of catalyst was studied with the lab-based ambient pressure X-ray
photoelectron spectrum (AP-XPS) system.79 The reaction cell is integrated with a monochromated
Al K-alpha X-ray source and energy analyzer. The mixture of reactant gases was introduced to the
reaction cell through a gas manifold where all reactant gases were mixed and pressures were
measured. The total pressure of reactant gases in the reaction cell was the average of the measured
pressures by a capacitance gauge located between the gas manifold and tubing to the entrance port
of the reaction cell and another capacitance gauge connected to tubing of exit port of the reaction
cell. All gases used for AP-XPS studies had a purity of 99.99% or higher. Typically, the total flow
rate of the mixture of pure reactant gases in the reaction cell is about 4 mL/min. To make sure that
the average pressure of the gas in the reaction cell measured at the entrance and exit ports of the
reaction cell represents the pressure of gas above the catalyst surface in the reaction cell, the
distance between the sample surface and the aperture was kept twice or more of the aperture size
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(0.8 mm). The distance was measured with a high-resolution video camera enhanced with an
optical lens. The images of the aperture and sample surface shown on the same computer screen
allow us to measure the sample-aperture distance by comparing the appeared sample-aperture
distance to the appeared diameter of the aperture on the screen. The XPS data was analyzed by
CasaXPS software. All the spectrum peaks were calibrated by Au 4f7/2 peak to 84.0 eV. The Ce3d
spectrum was deconvoluted to components corresponding to Ce3+ and Ce4+, respectively.56-57 The
oxygen vacancy ratio, or the Ce3+ ratio, was determined by the related peak areas.

5.2.3 Measurement of catalytic performance
The dry reforming of methane reactions was carried out in a fixed bed reactor with a quartz tube
(inner diameter of 4 mm) which was filled with 0.05 g of catalysts and 0.5 g of quartz sand,
mobilized by quartz wools. A K-type thermal couple was inserted to the fixed bed reactor and
contacted with the quartz wools to monitor the actual temperature during reaction. Then a gas
mixture of CH4 and CO2 (total flow rate 50 mL/min, the concentration of both reactants in the
mixture is 0.5%) was introduced to the reactor by mass flow controller. The catalytic tests were
carried out from 250 to 700 °C. The product gas components were analyzed by online gas
chromatography equipped with a TCD detector. Catalytic activity is evaluated by calculated with
the decrease (∆𝑐𝐶𝐻4 ) of CH4 concentration on the downstream of fixed-bed flow reactor.
To determine the apparent activation energies, the kinetic experiments were carried out using 5
mg catalyst (unless otherwise mentioned) in a fixed-bed quartz reactor (ca. 4mm i.d.). Activation
of the catalyst involved reductive treatment with hydrogen (10% in Ar, flow rate of 30 ml/min) at
300 oC for 60 min. Kinetic experiments were conducted using appropriate feed flows to obtain
significantly lower conversions (<20%) than those defined by thermodynamic equilibrium. The
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reactant feed flows of CH4 (1% in Ar) and CO2 (1% in Ar) are 40 ml/min, respectively. The
reaction was carried out over a temperature range of 500–560 oC.
To determine the turnover frequency (TOF) of the methane reforming, the catalytic data in the
kinetics-controlled regime further analyzed. The TOF in term of hydrogen production could be
obtained from the hydrogen productivity (molecule per time) over number of active sites. The
number of surface active sites was determined by the quantitative analysis of the AP-XPS data.159

5.2.4 DFT calculation
In this work, all the DFT calculations were carried out with a periodic slab model using the Vienna
ab initio simulation program (VASP) 160-163. The generalized gradient approximation (GGA) was
used with the Perdew-Burke-Ernzerhof (PBE) 164 exchange-correlation functional. The projectoraugmented wave (PAW) method 165-166 was utilized to describe the electron-ion interactions, and
the cut-off energy for the plane-wave basis set was 450 eV. For the calculations of CeO2, due to
the strong correlation effect among the partially filled Ce 4f states, we used the Hubbard parameter,
U, for the Ce 4f electrons to illustrate the on-site Coulomb interaction, which is the well-known
DFT+U method

167

. According to previous work, the value of U-J of 4.5 eV

150

was applied on

CeO2. Furthermore, to illustrate the long-range dispersion interactions between the adsorbates and
catalyst surfaces, we employed the D3 correction method by Grimme et al.168. Brillouin zone
integration was accomplished using a 3×4×1 Monkhorst-Pack k-point mesh. All the adsorption
geometries were optimized using a force-based conjugate gradient algorithm, while transition
states (TSs) were located with a constrained minimisation technique

169-171

. According to the

experiment results, CeO2(110) was chosen; a typical surface model with a periodic six-layer p(1×2)
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model with the 3 lower layers fixed and 3 upper layers relaxed were used. The entropy
contributions of gas phase species including CO2, CH4, CO, and H2 were evaluated using Shomate
equation at 500oC, while the entropy contributions of adsorbates were ignored.

5.3 Results and discussion
5.3.1 Identification of the singly dispersed of the catalyst
Three type of catalysts Ru1/CeO2, Ni1/CeO2, and Ru1+Ni1/CeO2 were prepared with a detailed,
reproducible protocol. The loading concentration of Ru, Ni, and the Ru and Ni in the three catalysts
are

5.0wt%

for

Ce0.95Ru0.05O2,

5.0wt%

Ce0.95Ni0.05O2and

2.5wt%+2.5wt%

for

Ce0.95Ru0.025Ni0.025O2, respectively. Morphology and lattice fringes of used Ru1/CeO2, Ni1/CeO2,
and Ru1+Ni1/CeO2 catalyst were examined with HRTEM. Morphology and lattice fringe of used
Ru1/CeO2, Ni1/CeO2, and Ru1+Ni1/CeO2 were examined with TEM. As shown in Figure 5.1, the
used Ru1+Ni1/CeO2 remains the CeO2 nanorod shape, suggesting that the catalyst has robust
structural stability even after catalysis at 600-700 oC. The high resolution TEM images of used
catalyst Ru1+Ni1/CeO2 allow for identifying lattice fringes with spacing of 2.7 Å which
corresponds to (200) planes of fluorite structure of CeO2. It is noted that there is no any NiO or
RuO2 nanoparticles observed on the surface of nanorod oxides even at different orientations of
rods of a catalyst, suggesting the Ru and Ni cations are highly dispersed.
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Figure 5.1 TEM (A) and HRTEM (B) images of used Ce0.95Ni0.025Ru0.025O2 catalyst after dry
reforming of methane.

Aberration-corrected HAADF-STEM images of a used Ce0.95Ni0.025Ru0.025O2 catalyst is shown
in Figure 5.2. The catalyst remains nanorod morphology after reaction in Figure 5.2A. Figure
5.2B provides clear two-dimension lattice fringe. with the inter-planar distance of the nanorod of
the used catalyst Ce0.95Ni0.025Ru0.025O2 are 2.8 and 1.9 Å which correspond to the (200) and (220)
planes of fluorite structure of CeO2.118 It could be deduced that the CeO2 nanorods expose (110)
plane on the surface, which is consistant with literatures. As Ni and Ru atoms have low atomic
number than a Ce atom, it is challenging to distinguish Ni or Ru atoms from Ce atoms of CeO2
nanorods by HAADF-STEM technique. Many efforts were made in checking whether NiO or/and
RuO2 could be supported on surface of CeO2 nanorods. The catalysts nanoparticles were observed
at different tilting angles of specimens during studies using HAADF-STEM. However, no any NiO
or RuO2 nanoparticles was observed on the surface of nanorod oxides even at different tilting
angles of specimens. These structural characterizations of catalysts used for reforming CH 4 with
CO2 suggest that Ru and Ni cations are highly dispersed. In fact, they are singly dispersed. Their
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single dispersions in terms of single-atom sites of Ni1 and Ru1 of these used catalysts were
confirmed with operando studies using EXAFS to be presented in following sections

Figure 5.2 Aberration-corrected STEM images of used Ce0.95Ni0.025Ru0.025O2 catalyst for dry
reforming of methane.

To confirm the crystal phase structures of Ce1-x-yNixRuyO2, XRD patterns were collected in
Figure 5.3. The observed diffraction peaks of Ce1-x-yNixRuyO2 catalysts can be indexed to the (111),
(200), (220), (311), (400), (331), (420) and (422) crystal panels, which correspond to a typical
fluorite structure of CeO2 (JCPDS 43-1002). As shown in Figure 5.3, no characteristic diffraction
peaks belonging to NiO and RuO2 nanoparticles were detected, confirming the single dispersion
of Ni and Ru atoms in Ce1-x-yNixRuyO2 catalysts.
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Figure 3 XRD patterns of Ce1-x-yNixRuyO2 catalysts: CeO2, Ce0.95Ni0.05O2, Ce0.95Ru0.05O2 and
Ce0.95Ni0.025Ru0.025O2.

5.3.2 Catalytic performance of Ru and Ni cations on ceria support
The catalytic performances of Ce1-x-yNixRuyO2 catalysts for dry reforming of methane in terms
of conversion of CH4 and selectivity for production of H2 and ratio of H2 to CO were studied with
a fixed-bed flow reactor in the temperature range of 250-600oC. CH4 decomposition reaction and
reverse water–gas shift reaction are two side reactions which potentially decreases selectivity for
production of ideal products H2 and CO. As shown in Figure 5.4, the H2 selectivity of
Ce0.95Ni0.05O2 and Ce0.95Ru0.05O2 catalysts for dry reforming of methane are 80.0 and 82.9%
respectively. Compared to Ce0.95Ni0.05O2 and Ce0.95Ru0.05O2, Ce0.95Ni0.025Ru0.025O2 exhibits a
higher selectivity of 98.5% for producing of H2 at 600oC. In addition, the conversion of CH4 on
50 mg Ce0.95Ni0.025Ru0.025O2 is obviously higher than the average of conversions on 50 mg
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Ce0.95Ru0.05O2 and that of 50 mg of Ce0.95Ni0.05O2 (Figure 5.5b). It suggests a synergy effect of Ni
and Ru cations on reforming CH4 with CO2. Here we assume that the number of sites (Ni1 or Ru1)
on topmost layer of CeO2 is proportional to the nominal composition of the three catalysts. In other
words, we assume that the numbers of Ni1 and Ru1 sties of Ce0.95Ni0.025Ru0.025O2 are half of the
number of Ni1 sites of Ce0.95Ni0.05O2 and half of the number of Ru1 sites of Ce0.95Ni0.05O2 ,
respectively. In addition, the yield of H2 over Ce0.95Ni0.025Ru0.025O2 at 600oC (90%) is much higher
than half of total yield of Ce0.95Ni0.05O2 (65%) and Ce0.95Ru0.05O2 (52%), 58.5% (=

65%+50%
2

).

To confirm the synergistic effect, three catalysts Ce0.90Ni0.05Ru0.05O2, Ce0.90Ni0.10O2, and
Ce0.90Ru0.10O2 with higher doping level of Ni and Ru cations than Ce0.95Ni0.025Ru0.025O2,
Ce0.95Ni0.05O2 and Ce0.95Ru0.05O2 were synthesized and their catalytic performances were measured.
As shown in Figures 5.4b1, the conversion of CH4 on 50 mg Ce0.90Ni0.05Ru0.05O2 (98%) is
obviously higher than half of the total of conversions of 50 mg of Ce0.90Ru0.10O2 (96.5%) and that
of 50 mg of Ce0.90Ni0.10O2, (65%), 81% (=

96.5%+65.0%
2

). This difference also suggests a synergic

effect between Ni and Ru sites on Ce0.90Ni0.05Ru0.05O2 during dry reforming, which is similar to
Ce0.95Ni0.025Ru0.025O2.
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Figure 5.4 Catalytic performance of Ce0.95-x-yNixRuyO2 catalysts for dry reforming of CH4. (a)
conversion of CH4, (b) selectivity to product of H2, and (c) H2/CO ratio.

To explore whether the observed syndetic effect is an intrinsic phenomenon or just the matter
of number of sites of the three catalysts, kinetics of these catalysts was studied in parallel. Figure
5.5 presents Arrhenius plots of Ce0.95Ni0.05O2 and Ce0.95Ru0.05O2 and Ce0.95Ni0.025Ru0.025O2 in the
temperature range of 500oC to 560oC. All conversions are lower than 20% in the temperature range
of kinetics studies. Y axis of Figure 5.5 is the production rate of H2 or CO (number of molecules
produced per site per second). Apparent activation barriers were calculated through the slopes of
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these plots in Figure 5.5. Notably, based on production of H2 the measured activation barrier of
Ce0.95Ni0.025Ru0.025O2 (51.7 kJ/mol) is obviously lower than those of Ce0.95Ni0.05O2 (66.0 kJ/mol),
and Ce0.95Ru0.05O2 (75.6 kJ/mol). Based on production of CO, the measured activation barrier of
Ce0.95Ni0.025Ru0.025O2 (41.5 kJ/mol) is obviously lower than those of Ce0.95Ni0.05O2 (61.2 kJ/mol),
and Ce0.95Ru0.05O2 (71.3 kJ/mol). This intrinsic difference in dry reforming between Ce0.95Ni0.05O2
(or Ce0.95Ru0.05O2) and Ce0.95Ni0.025Ru0.025O2 confirmed the synergy effect between anchored Ni
and Ru cations; this synergy effect of Ni1 an Ru1 sites on Ce0.95Ni0.025Ru0.025O2 obviously decreases
the activation energy barriers for reforming methane with CO2.

4.4

ln(production rate of CO )

ln(production rate of H 2 )

4.4
4.2
4.0
3.8
3.6
3.4
3.2
3.0

4.2
4.0
3.8
3.6
3.4
3.2
3.0

2.8
1.20

1.25

1000/T

1.20

1.30

(K-1)

1.25

1000/T

1.30

(K-1)

(b)

(a)

Figure 5.5 the Arrhenius plot of the activation energy barrier in term of the rate to produce (a) H2
and (b) CO catalyzed by the Ce1-x-yNixRuyO2 catalysts: (blue) Ce0.95Ni0.025Ru0.025O2, (black)
Ce0.95Ru0.05O2 and (red) Ce0.95Ni0.05O2.
Notably, the activation barrier for producing CO and H2 are different for the same catalyst
suggest that some of the rate-determining steps for producing CO and those for producing H2 are
different. For a catalytic cycle, typically there could be more than one rate-determining steps which
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exhibits similar barrier. However, how these rate-determining steps collectively give an apparent
activation barrier is still a debatable topic in the field of computational and experimental studies.
Thus, the complexity of rate-determining steps for CO and H2 likely results in difference between
their measured apparent activation barriers.
It is noted that the selectivity for producing H2 on Ce0.95Ru0.05O2 at <340oC is higher than
on Ce0.95Ni0.05O2 (Figure 4b). It could result from a potential complicated restructuring. For
instance, it is possible that Ru atoms of Ce0.95Ru0.05O2 at <340oC are exposed on surface but Ni
atoms of Ce0.95Ni0.05O2 are buried in subsurface at <340oC. In other words, the exposed Ru atoms
of Ce0.95Ru0.05O2 at <340oC played a role in production of H2 and thus gave a relatively high
selectivity for producing H2; but the buried Ni atoms of Ce0.95Ni0.05O2 at <340oC did not play a
role for producing H2. Thus, the selectivity for producing H2 on Ce0.95Ni0.05O2 is lower than
Ce0.95Ni0.025Ru0.025O2 at <340oC. For catalysis temperature higher than 340oC, it is possible that
the buried Ni of Ce0.95Ni0.05O2 migrates to surface and thus play a role in production of H2; thus
at a temperature higher than 340oC, both Ru of Ce0.95Ru0.05O2 and Ni of Ce0.95Ni0.05O2 are exposed
on surface and thus played a role in producing H2. This is one of the possible explanations. It is
noted that the observation of "abnormal" selectivity for producing H2 at <340oC is not relevant to
the synergistic effect at 550-600oC.
As shown in Figure 4c, the ratio of H2/CO increases as a function of catalysis temperature,
which is consistent with the evolution of equilibrium H2/CO ratio of CH4 dry reforming as a
function of temperature calculated with ASPEN. ASPEN was used to calculate the equilibrium
H2/CO ratio at different temperature when H2O was considered as a product other than H2 and CO.
In these ASPEN calculations, we built a fixed-bed flow reactor and input the initial concentrations
of CH4, 0.5% and CO2, 0.5%. Figure S5 plots the calculated conversion of CH4 as a function of
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temperatures in 300-600oC. At 600oC, the conversion of CH4 is 97%. The calculated ratios of
H2/CO were plotted in Figure S6. They increase as a function of catalysis temperature. At 600 oC,
it reaches 0.98. The evolution of calculated H2/CO ratio as a function of temperature (Figure S6)
is in agreement with the one measured (Figure 4c). This consistence suggests that reverse water
gas shift did participate into the dry reforming.
Turnover frequency (TOF) of reforming methane with CO2 over these catalysts were
calculated with yields of H2 and CO measured under kinetics-controlled regime. For catalysts
Ce0.95Ni0.05O2 and Ce0.95Ni0.05O2, numbers of Ni or Ru atoms on the topmost layer of the catalyst
surface was used as denominator in the calculation of TOF. In the case of Ce 0.95Ni0.025Ru0.025O2,
all Ni and Ru on the topmost layer of this catalyst were counted as active sites of reforming CH 4
in the calculations of TOF. As shown in Figure 5.6, the TOF of Ce0.95Ni0.025Ru0.025O2 is definitely
higher than Ce0.95Ni0.05O2 and Ce0.95Ru0.05O2 at the same temperature in the temperature range
(500-560oC), further confirming the synergy effect between Ru1 and Ni1 sites in reforming CH4
with CO2.
The distance between Ni and Ru cations of Ce1-x-yNixRuyO2 is expected to be a factor
influencing catalytic performance. To address how a relative distance between Ni and Ru on
CeO2 influence catalytic performance, a much larger variation in concentration of Ni (or Ru) on
two catalysts is necessary. To largely decrease the relative distance, one has to increase the
loading largely. Unfortunately, Ni (or Ru) at high loading can readily form metal or oxide
nanoparticles, which prevents us from studying synergistic effect between two sets of single
atom sites at high loading. To largely increase the relative distance, one has to decrease the
loading of single atoms largely. However, it is quietly challenging in characterizing chemical and
coordination environments of these single atom sites if the loading of Ni or Ru is too low. Facing
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these challenges, how the distance between Ni and Ru cations could influence the synergetic

TOF (number of H 2 molecules
produced from per site per second)

effect was not explored here.
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Figure 5.6 Turnover frequency (TOF) of reforming CH4 with CO2 in term of hydrogen production

5.3.3 In-situ/operando studies of the surface chemistry
Surface chemistry of catalysts during catalysis was investigated by AP-XPS. Based on
literature,56, 58 one of the photoemission features of Ce3+ is at 885.2 eV which does not overlap
with photoemission features of Ce4+ of CeO2.56, 58 As shown in Figure 5.7a1, there is lack of this
photoemission feature of Ce3+ at 885.2 eV. It suggests that the fraction of Ce3+ in surface region
before catalysis is quite low, forming a valley in the region of 885.21.5 eV. Compared to the
catalyst before catalysis, the concentrations of Ce3+ during catalysis at 450oC and 550oC are
obviously higher than that before catalysis, evidenced by the formation of a plateau in the region
of 885.21.5 eV (Figures 5.7a2 and 5.7a3) instead of a valley-like feature (Figure 5.7a1). The
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Ce3+/(Ce3++Ce4+) is 2.3%, 19.2% and 20.2% at Figure 5.7a1, 5.7a2 and 5.7a3, respectively. In
terms of O 1s feature before catalysis, the majority oxygen species are surface lattice oxygen. A
component at 532.0 eV in O1s spectrum of the fresh catalyst (Figure 5.7b1) was observed and
assigned to surface -OH group.56, 172 It is formed through dissociative chemisorption of water
molecules on oxygen vacancies in the cooling process in air upon calcination at a high temperature
during catalyst preparation (Figures 5.7b2 and 5.7b3). The atomic fraction of these hydroxyl
group species decreased along the increase of catalysis temperature. Because Ru 3d overlaps with
C1s, Ru 3p spectra were collected here to analyze Ru. As shown in the Figure 5.7c1, Ru is at
oxidizing state in the fresh catalyst of Ce0.95Ni0.025Ru0.025O2. When the catalyst was under catalysis
conditions (Figure 5.7c2 and 5.7c3), binding energies of Ru 3p decreased and downshift to the
side of lower binding energy. This downshift of binding energy of Ru 3p indicates increase of
electron density of Ru atoms. This is due to a partial reduction of Ru atoms or change of chemical
or/and coordination environment of Ru atoms to an environment of Ru with a higher electron
density. Notably, the binding energy (462.4 eV) of Ru 3p of Ru atoms during catalysis at 550 oC
(Figure 7c3) is still higher than the metallic Ru 3p, which is 416.7 eV;173 it suggests that Ru
atoms of Ce0.95Ni0.025Ru0.025O2 are at cationic state.
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Figure 5.7 Ce3d, O1s, Ru3p, and Ni2p photoemission features from AP-XPS studies of
Ce0.95Ni0.025Ru0.025O2 during reforming CH4 with CO2: (a1, b1, and c1) before catalysis, (a2, b2,
and c2) 450oC and (a3, b3, and c3) 550oC. The reactant mixture is composed by 0.5 Torr CO2 and
0.5 Torr CH4.

Figure 5.7d presents the Ni 2p 3/2 of Ce0.95Ni0.025Ru0.025O2 collected under different
conditions. Photoemission feature of Ni 2p1/2 was not shown in this figure so that photoemission
feature of Ni 2p3/2 can be presented clearly. Although a slight down shift of Ni 2p 3/2 was
observed during catalysis compared to that before catalysis, Ni atoms of this catalyst during
catalysis with Ni 2p3/2 at 854.8 eV remained at an oxidation state based on binding energy of Ni
2p photoelectrons of NiO at 853.8 eV.55 In the case of NiO nanoparticles, a very strong satellite
peak of Ni 2p 3/2 was clearly observed at 861.4 eV55; this satellite peak is originated from long
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range scattering of structure of Ni-O-Ni-O-Ni-O in lattice of a NiO nanoparticle whose
surface has interdigitated Ni and O atoms.156, 174-175 It can be used to judge whether there is Ni-ONi structure or not. In our previous studies, Ni 2p3/2 of singly dispersed Ni atoms in micropore of
ZSM-518 and on surface of Co2.25Ni0.75O4 nanoparticles does not exhibit such a satellite peak.156
Thus, here the lack of satellite peak next to the Ni 2p3/2 main peak (Figure 5.7d3) suggests that
Ni atoms during catalysis at 550oC are singly dispersed instead of formation of NiO lattice.
These AP-XPS studies clearly suggest that Ni ad Ru atoms in Ce0.95Ni0.025Ru0.025O2 during
catalysis are in cationic state instead of metallic state.65 It was confirmed by in situ/operando
studies of chemical and coordination environments of Ni and Ru atoms during catalysis. From the
feature of near edge absorption of Ru K edge and Ni K edge collected during catalysis, Ru and Ni
atoms of Ce0.95Ni0.025Ru0.025O2 during catalysis are at cations states (Figures 5.8a and 5.8b). rspace spectra of Ni K edge and Ru K edge obtained from EXAFS studies of Ce0.95Ni0.025Ru0.025O2
during catalysis show that Ni and Ru atoms are singly dispersed and coordinated with oxygen
atoms during catalysis. The fitting results of the Fourier transformed radical distribution functions
(Figure 5.8c and 5.8d) suggest that Ru and Ni are coordinated with O in the first shell and Ce in
the second shell during catalysis. As shown in Figure 5.8i, the fittings of r-space of Ni K-edge
suggest that (1) each Ni atom bonds with three oxygen atoms on average in the first coordination
shell, (2) the distance between Ni and O is 1.900.02 Å , (3) each Ni atom coordinates with three
Ce atoms in the closest second coordination shell (Ni-O-Ce), and (4) the direct distance between
Ni and Ce in Ni-(O)-Ce is 3.100.07 Å. Similar fitting of r-space of Ru K-edge suggest that (1)
each Ru atom bonds with about four oxygen atoms in the first coordination shell, (2) the direct
distances between Ru and O are 1.860.06 Å or 2.110.05 Å, respectively which are close to the
1.900.02 Å of Ni-O; (3) each Ru atom coordinates with three Ce atoms in the closest second
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coordination shell (Ru-O-Ce), and (4) the direct distance between Ru and Ce in Ru-(O)-Ce is
2.780.02 Å which is still a reasonable distance since the ionic radii of Ru and Ce are 0.82 Å and
1.15 Å, respectively176 and the Ru-O-Ce is about 55o.
The coordination number and bond distance of Ni1 and Ru1 uncovered with operando
EXAFS studies (Figure 5.8i) are consistent with the geometries of Ni1 and Ru1 sites on surface of
CeO2 (110) optimized with DFT (Figure 5.9). Obviously, the r-space spectra of Ru K edge and
Ni K edge do not support the existence of the second shell in terms of Ru-O-Ru or Ni-O-Ni
structure. Thus, we concluded that Ru and Ni cations are in the format of single atoms singly
dispersed on CeO2 during catalysis instead of formation of NiO, RuO2, metallic Ni nanoparticles,
or metallic Ru nanoparticles.
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Figure 5.8. Operando studies of Ru0.025Ni0.025Ce0.95O2 during catalysis and reference samples (Ni
foil, Ru foil, NiO powder and RuO2 powder) using X-ray absorption spectroscopy (XANES and
EXAFS) and corresponding Fourier transformed radical distribution function of Ru K edge and Ni
Kedge. (a) Energy space of Ru K edge of Ru0.025Ni0.025Ce0.95O2 and Ru foil reference; (b) energy
space of Ni K edge of Ru0.025Ni0.025Ce0.95O2 and Ni foil reference. (c) Experimental (black) and
fitting (red) r-space spectra of Ru K edge of Ru0.025Ni0.025Ce0.95O2. (d) Experimental (black) and
fitting (red) r-space spectra of Ni K edge of Ru0.025Ni0.025Ce0.95O2. (e) r-space spectrum of
reference sample Ru foil. (f) r-space spectrum of reference sample Ni foil. (g) r-space spectrum
of reference sample NiO. (h) r-space spectrum of reference sample RuO2. All r-space spectra are
shown without phase correction. (i)Coordination environments of Ni1 and Ru1 atoms of
Ru0.025Ni0.025Ce0.95O2 during catalysis.

5.4

DFT calculation

5.4.1 Different doping sites of Ni1 and Ru1 atoms
(110) of CeO2 is the preferentially exposed surface of a Ru0.025Ni0.025Ce0.95O2 based on the
above HRTEM studies. Thus, (110) surface of CeO2 nanorods was chosen to build structural model
for simulating activation of CH4 and CO2 on Ru0.025Ni0.025Ce0.95O2. Four potential doping sites for
both Ru1 and Ni1 on CeO2, respectively were optimized. The most stable doping sites are shown
in Figure 5.9. Chemical and coordination environments of Ni1 and Ru1 atoms of the most stable
sites from optimization with DFT (Figure 5.9) were listed in Table 5.1. These bonding parameters
(Table 5.1) are in good agreement with the coordination environments measured through operando
EXAFS studies of Ni K-edge and Ru K-edge (Figure 5.8i). Therefore, the optimized surface
structure in Figure 5.9 was used for simulating activations of methane and CO2 molecules to form
CO and H2 in dry reforming.

94

(e)

(f)

Figure 5.9 The most stable surface structure representing surface of Ru0.025Ni0.025Ce0.95O2 during
catalysis. (a) Top view of CeO2 (110) anchored with a Ni1 atom. (b) Side view of CeO2 (110)
anchored with the Ni1 atom. (c) Top view of CeO2 (110) anchored with a singly dispersed Ru1
atom. (d) Side view of CeO2 (110) anchored with the singly dispersed Ru atom. (e) The marked
neighbor atoms (black arrows) coordinated with Ni1 site. (f) The marked neighbor atoms (black
arrows) coordinated with Ru1 site. Ce, Ni, and Ru are shown in yellow, blue, and green,
respectively. Red balls stand for oxygen atoms. These notations are used throughout this work. It
is the most stable surface among four optimized surface structure with different binding
environment of Ni1 and Ru1 atoms.

Table 5.1 Coordination number (CN) and distances of Ni-O and Ni-Ce of Ni@CeO2, and Ru-O
and Ru-Ce of Ru@CeO2.

Ni@CeO2

Ni-O

95

CN

Distance

3

1.89

Ni-Ce

3

2.94

Ru-O

4

2.15

Ru-Ce

2

2.82

Ru@CeO2

5.4.2 Activation of the first C-H of CH4
Activation of methane is one of the most important elementary steps in catalytic transformation
of CH4 according to previous work177-178. Based on the models shown in Figure 5.9, here
dissociative chemisorption of methane on Ru1 and Ni1 sites were investigated. Geometries of the
most favorable transition states in activation of the first C-H of methane on Ni1 atom and Ru1 atom
are shown in Figures 5.10a and 10b (for Ni1), and Figures 5.10c and 5.10d (for Ru1), respectively.
Based on the DFT calculations, Gibbs free energy barriers for activations of the first C-H of CH4
on Ni1 and Ru1 sites are 1.88 eV and 2.01 eV, respectively. These values suggest that Ni1 is the
preferred active site for activating the first C-H of methane since the barrier on Ni1 is relatively
lower in contrast to Ru1. In fact, the activation barrier of C-H of methane on the Ni1, 1.88 eV is
low in contrast to the activation barriers of the first C-H of methane on other catalysts,134 which is
consistent with the quite high activity of dry reforming at a relatively low temperatures observed
in this work. The formed CH3 and H adsorb on Ni atom and surface lattice oxygen, respectively
(Figures 5.10e-10f).
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Figure 5.10. Top views and side views of transition state geometries of CH4 activation and
intermediate structures of formed CH3 and H on Ni1 and Ru1 sites on CeO2. (a and b) Top and side
views of transition state geometries of CH4 activation on Ni1. (c and d) Top and side views of
transition state geometries of CH4 activation on Ru1. (e and f) Top and side views of intermediate
geometries of CH3 and H formed on Ni1 site. (g and h) Top and side views of intermediate
geometries of CH3 and H formed on Ru1 site.

5.4.3 Transformation of CH3 to CO and H
In dry reforming, the coupling of surface hydrogen species to form hydrogen molecule are
likely to be in equilibrium.178 Transformation of CH4 to CO can be done through four
dehydrogenation steps to form atomic carbon and then oxidation of atomic carbon to CO. Due to
mobility of surface lattice oxygen atoms, the possibility of coupling between oxygen atom of
surface lattice and carbon atom formed through activation of methane was considered here.
After the formation of CH3 species, two different types of reactions including (1)
dehydrogenation of CH3 into CH2 and H and (2) oxidation of CH3 to CH3O are possible pathways
to transform CH3 to CO. Both of them were investigated here. The transition state geometries of
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these two potential steps on Ni1 site and Ru1 site are shown in Figure 5.11a-d and Figure 5.11eh, respectively. The calculated activation energies of CH3 dehydrogenation performed on Ni1 site
(Figures 5.11a and 5.11b) and CH3 oxidation on Ni1 site (Figure 5.11c and 5.11d) are 1.39 eV
and 1.33 eV, respectively. Therefore, the dehydrogenation of CH3 into CH2 and H on Ni1 site and
oxidation of CH3 to CH3O on Ni1 site are kinetically similar. However, the free energy changes
for dehydrogenation of CH3 on Ni1 site and oxidation of CH3 to CH3O on Ni1 site are 0.50 eV and
-0.03 eV, respectively. Thus, in terms of Ni1 site, the oxidation of CH3 to CH3O on Ni1 site is likely
to be the dominant pathway in contrast to the dehydrogenation of CH3 into CH2 and H.
Dehydrogenation of CH3 to CH2 or oxidation of CH3 on Ru1 site were investigated as well. The
activation barrier and enthalpy change of dehydrogenation of CH3 to CH2 and H on Ru1 site are
1.73 eV and 0.69 eV, respectively, while the barrier and free energy change for oxidation of CH3
to CH3O on Ru1 site are 2.22 eV and 0.58 eV, respectively. Thus, obviously the dehydrogenation
of CH3 to CH2 and H on Ru1 site are kinetically favorable in contrast to oxidation of CH3 to CH3O
on Ru1. Compared to the dehydrogenation of CH3 to CH2 on Ru1 with activation barrier of 1.73
eV and free energy change of 0.69 eV, the oxidation of CH3 to CH3O on Ni1 (with activation
barrier of 1.33 eV and free energy change of -0.03 eV) is favorable. Thus, upon the activation of
the first C-H of CH4, a favorable step is the oxidation of CH3 to CH3O on Ni1.
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Figure 5.11. Top views and side views of transition state geometries of CH3 dehydrogenation or
CH3 oxidation on Ni1 or Ru1 site on CeO2. (a and b) Top and side views of transition state geometry
of CH3 dehydrogenation on Ni1. (c and d) Top and side views of transition state geometry of CH3
oxidation on Ni1. (e and f) Top and side views of transition state geometry of CH3 dehydrogenation
on Ru1. (g and h) Top and side views of transition state geometry of CH3 oxidation on Ru1.

With similar methods, all possible dehydrogenation and oxidation steps of CH2, CH and C to CO
on Ni1 and Ru1 sites were systematically investigated. The favorable pathways from activation of
the first C-H of CH4 to formation of CO on Ni1 sites are listed in Table 5.2. In addition, Table 5.2
lists the favorable pathways from activation of CH4 to the formation of CO on Ru1 site. As shown
in the second column from the left side of Table 5.2, CH3O is further dehydrogenated to CH2O
with a free energy barrier of 1.52 eV and free energy change of 1.04 eV.
After the 3rd step in Table 5.2, most of the dehydrogenation steps are favorable with low
free energy barriers and negative free energy changes on a Ru1 site. In addition, the desorption
steps of CO from Ni1 site and Ru1 site are endothermic and barrierless (step 6 in Table 5.2). The
bonding of CO on Ru1 site is much stronger than Ni1 site, which may result in high coverage of
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CO on Ru1 site and therefore limit the reaction rate. In general, the activation energies of
elementary steps on Ni1 step are lower than those on Ru1 site as shown in Table 5.2, indicating
that Ni1 site is more active in the transformation from CH4 to CO. Thus, DFT calculations suggest
that Ni1 is responsible for the activation of CH4 to form CO. In the potential pathways presented
in Table 5.2, the highest free energy barriers among these elementary steps are the activation of
the first C-H of methane on both Ni1 and Ru1 sites. It suggests that methane activation is the ratedetermining step of reforming CH4 with CO2 on Ru0.025Ni0.025Ce0.95O2.

Table 5.2. Free energy barriers (Ga ) and free energy changes (∆G) for the elementary steps in CH4
dehydrogenation and oxidation on Ni1 and Ru1.

Ni1

Ru1

step

Reaction

1

CH4(g)+2*↔CH3*+H*

1.88 0.94

CH4(g)+2*↔CH3*+H* 2.01

0.82

2

CH3*+O*↔CH3O*+*

1.33 -0.03

CH3*+*↔CH2*+H*

1.73

0.69

3

CH3O*+*↔CH2O*+H* 1.52 1.04

CH2*+O*↔CH2O*+*

1.30

-0.34

4

CH2O*+*↔CHO*+H*

CH2O*+*↔CHO*+H* 0.48

-0.28

𝐺𝑎

∆𝐺

0.01 -0.03

100

Reaction

𝐺𝑎

∆𝐺

5

CHO*+*↔CO*+H*

6

CO*↔CO(g)+*

0.17 -0.20

0.64

CHO*+*↔CO*+H*

CO*↔CO(g)+*

0.00

-0.44

1.70

5.4.4 Activation of CO2 to form CO and O on Ru1+Ovac
(e)

(f)

(g)

(h)

Figure 5.12. Top views and side views of transition state geometries of CO2 dissociation and the
final state geometries on Ni1 and Ru1 sites on CeO2. (a and b) Top and side views of transition
state geometries of CO2 dissociation on Ni1 site. (c and d) Top and side views of transition state
geometries of CO2 dissociation on Ru1 site. (e and f) Top and side views of final state of CO2
dissociation on Ni1 site. (g and h) Top and side views of final state of CO2 dissociation on Ru1 site.

After desorption of CO from the catalyst, a lattice oxygen atom is removed from the surface
of CeO2 and thus an oxygen vacancy is created. The oxygen vacancy needs to be filled so that the
surface of CeO2 continuously provide surface lattice oxygen atoms for oxidation steps of the next
catalytic cycle since the transition state is a four-membered ring-like structure involving the
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bindings of C and H atoms of CH4 to Ni and O atoms, respectively. In dry reforming (CH4+CO2=2
CO + 2 H2), carbon dioxide is the only source to provide oxygen atoms to fill oxygen vacancies of
the catalyst surface. Here activations of CO2 on Ni1 and Ru1 sites together with formation and
refilling of oxygen vacancies were investigated. It is found that the dissociation free energy barriers
(Ga) of CO2 on Ni1 and
Ru1 are 1.23 eV and 0.01 eV, respectively. Thus, activation of CO2 on Ru1+Ovac is much more
active than Ni1+Ovac. As shown in Figures 5.12a and 5.12b, the activation of CO2 on Ni1 and Ru1
involves oxygen vacancies next to Ni1 and Ru1 atoms, respectively. After crossing this transition
state (Figures 5.12a-b), the formed CO binds to Ni1 and the formed O to fill Ovac next to Ni1. In
addition, it is possible to activate CO2 to form CO to be adsorbed on Ru1 and form O to fill to Ovac
next to Ru1 (Figures 5.12c and 5.12d). Free energy changes in dissociation of CO2 on Ni1+Ovac
and Ru1+Ovac to form the adsorbed CO and O are 0.76 eV nd -0.99 eV, respectively. Obviously,
Ru1+Ovac is favorable for activation of CO2 in contrast to Ni1+Ovac.

5.4.5 Coupling of H atoms to form H2 on Ru1
The activations of CH4 and CO2 to form two CO molecules eventually. Other than formation
of CO through activation of CH4 to CHn (n=0-3) along with progressive oxidation of CHn (n=03) to CO, H atoms are formed in the pathway of transferring CH4 to CO as shown in Table 5.2.
Coupling of formed H atoms on surface to form hydrogen molecules is a necessary step. Here it
was investigated. Transition states for coupling hydrogen atoms on Ni1 and Ru1 sites are shown in
Figure 5.13. The calculated activation barriers for coupling hydrogen atoms on Ni1 and Ru1 sites
are 1.96 eV and 0.65 eV, respectively, while the free energies changes for coupling hydrogen
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atoms to form a H2 molecule on Ni1 and Ru1 sites are 0.63 eV and 0.26 eV, respectively. Therefore,
Ru1 site should be responsible for coupling atomic hydrogen to form a H2 molecule.

Figure 5.13. Top views and side views of transition state geometries of hydrogen coupling on Ni1
site (a and b) and on Ru1 site (c and d).

5.4.6 Synergy effect of Ni1 and Ru1 in reforming CH4 with CO2
The chemical and coordination environments of Ni atoms and Ru atoms of optimized
CeO2(110) with anchored Ni1 and Ru1 atoms proposed through DFT calculations well agree with
the experiment results, suggesting that our models optimized with DFT are suitable to study the
reforming mechanism of CH4 with CO2. The activations of methane and CO2 and coupling of
atomic hydrogen were simulated with all the possible elementary steps on Ni1, Ru1, Ni1+Vac, and
Ru1+Vac. It is found that Ni1 and its adjacent oxygen atom are highly active for the activation of
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methane to form CO and oxygen vacancy with a low activation barrier, offering high activity of
reforming methane on Ru0.025Ni0.025Ce0.95O2 at low temperature. Ru1+Ovac responsible for
activation of CO2 to form CO and O. The different roles of Ni1 site (for activation of CH4) and Ru1
site (for activation of CO2) of Ru0.025Ni0.025Ce0.95O2 clearly justified the synergy effect of the dual
single-atom sites (Ni1 and Ru1) observed experimentally.
As discussed above, the formed hydrogen atoms in the steps of activating CH4 to form CO on
Ni1 site prefer to couple to form hydrogen molecules on Ru1 site. In other words, the first formation
of atomic hydrogen on Ni1 site and then coupling H atoms to form H2 on Ru1 site is format of
synergy role of Ni1 and Ru1 sites of Ru0.025Ni0.025Ce0.95O2; in other words, Ni1 and Ru1 plays a
sequential role in first generation of H atoms on Ni1 sites and then coupling of H atoms to form H2
on Ru1 site in a catalytic cycle. Thus, the DFT calculations provided a molecular picture of synergy
effect of two sets of single-atom sites (Ni1 and Ru1) on Ru0.025Ni0.025Ce0.95O2.

5.5 Summary
Ru and Ni cations were successfully anchored on the surface of ceria oxide nanorods. It was
characterized and tested for methane dry reforming. It was found be an active catalyst for methane
dry reforming with CO2. The synergistic effect between Ru an Ni contributes to decrease the
activation energy of the reaction, which was confirmed by the catalytic performance of methane
reforming and kinetic analysis. The reaction mechanism was studied by in-situ spectroscopy and
DFT calculations. The origination of the synergistic effect is Ni sites are found to be highly active
for the activation of methane and formation of oxygen vacancy, while Ru sites are highly active
for the hydrogen coupling and CO2 activation.
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Chapter 6 Transition of surface phase of cobalt oxide during CO oxidation
6.1

Introduction
CO oxidation is a probe reaction frequently used in testing catalytic activity in designing new

catalytic materials. In these efforts, the correlation between a structural parameter of a series of
catalytic materials and their catalytic activities was explored. For instance, CO oxidation on metal
nanoparticles with variable sizes or shapes of monometallic nanoparticles or tunable compositions
of bimetallic nanoparticles with same size and shape were extensively in the last two decades. 95,
179-180

Most precious metals exhibit high activity for CO oxidation at room temperature or

higher.181-186 From an application point of view, it is probably not realistic to use precious metalbased catalysts at an industrial scale for CO oxidation due to the extremely low abundance of
precious metals in the Earth. There are continuous efforts in searching catalysts made of earthabundant elements for CO oxidation.
The abundances of early transition metals in the Earth are much higher than that of precious
metals by several orders of magnitude. Early transition metal oxide-based catalysts are potential
catalysts for CO oxidation to be used at an industrial scale.187-188 Co3O4 nanorods with
preferentially exposed (110) have been reported to be very active for CO oxidation.188-190 Co3O4
nanorods with diameter of 5-10 nm can catalyze CO oxidation at a temperature as low as -77 oC.189
The exceptional catalytic activity of Co3O4 nanorods for low-temperature CO oxidation was
proposed to be attributed to the predominantly exposed planes, Co3O4 (110)191, which are enriched
with Co3+ species.192-193 Furthermore, high activity of surface lattice oxygen and oxygen vacancies
on Co3O4 were expected to assist the activation of molecular oxygen and thus enhance its
activity.190 To explore the shape-dependent catalysis including CO oxidation on Co3O4, many
efforts were made in synthesis of Co3O4 nanocatalysts with different morphologies through wet
105

chemistry methods. Various nanostructured Co3O4 such as nanoflowers, nanocubes, nanobelts,
nanospheres, nanowires, and mesoporous Co3O4 were synthesized and CO oxidation was tested
on these Co3O4 catalysts.194-202 However, so far the catalytic mechanism of CO oxidation on Co3O4
at a molecular level is still not clear. DFT calculations suggested the high catalytic activity of
Co3O4 results from high activity of surface lattice oxygen in terms of low activation barriers for
creating and hopping oxygen vacancies on the surface of Co3O4.190, 203-209 Alternatively, molecular
oxygen was proposed to be activated into oxygen superoxide ion (O2-) by surface oxygen vacancies,
which actively couples with CO molecule adsorbed on cobalt cations of Co3O4 to form product
CO2.210
Different from Co3O4, CoO is another phase of cobalt oxides. It can be generated through
reduction of Co3O4 with CO or H2 at a relatively low temperature since Co-O bond is one of the
weakest M-O bonds (M=metal) among all transition metal oxides.211 CoO can also be generated
through a thermal-driven phase transition.211 Recently, the as-synthesized Co3O4 was reported as
an active phase for reduction of NO with CO.212 In-situ/operando studies of Co3O4 during reduction
of NO with CO with AP-XPS uncovered that the active phase at a relatively high temperature is
in fact nonstoichiometric CoO1-x instead of Co3O4; the formation of cobalt monoxide phase during
catalysis was confirmed with TEM studies including diffraction pattern and

energy loss

spectroscopy;212 in this reaction Co3O4 was progressively reduced to nonstoichiometric CoO1-x in
the temperature range of 100-300oC. The nonstoichiometric CoO1-x is the active phase for
reduction of NO with CO at 400oC;
There is lack of knowledge of whether CoO is active for CO oxidation and how stable CoO
surface phase could be although it is highly active for reduction of NO with CO.212 Here we chose
the surface phase CoO as a catalyst to examine its activity for CO oxidation and track any potential
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transition of the CoO surface phase during CO oxidation along with the increase of catalysis
temperature. We found that CoO surface phase is quite active for CO oxidation in the temperature
range of 60-120oC. In situ/operando studies using AP-XPS suggest that surface phase CoO can
progressively restructure to Co3O4 surface phase during CO oxidation at a catalysis
temperature >140oC. The newly formed active surface phase Co3O4 (formed from CoO in the
temperature range of 140-180oC) exhibits activity for CO oxidation higher than CoO, evidenced
by its low activation barrier. The transition of the surface phase of CoO to Co3O4 during catalysis
along the increase of temperature was supported by TEM studies. The observed transition of the
surface phase CoO to Co3O4 during CO oxidation suggests that (1) tracking surface phase of
transition metal oxide during catalysis at different temperatures is necessary because restructuring
of a transition metal oxide could be readily triggered at a relatively low temperature and (2) surface
sensitive ambient pressure X-ray photoelectron spectroscopy working in gas phase can track
potential evolution of surface phase along the increase of catalysis temperature.

6.2Experimental section
6.2.1. Synthesis of Co3O4 nanoparticles
Co3O4 nanoparticles were prepared by ethylene glycol-assisted precipitation of cobalt
hydroxide carbonate followed by thermal treatment.192, 213 In a typical synthesis, 1 mmol of cobalt
acetate tetrahydrate (Co(CH3COO)2 •4H2O, Sigma-Aldrich, 98+%) was dissolved in 30 mL
ethylene glycol (C2H6O2, Fisher Chemical, certified), followed by heating to 160oC. Then, 100 mL
0.2 M sodium carbonate (Na2CO3, Sigma-Aldrich, 99+%) aqueous solution was added to the above
mixture of cobalt acetate and ethylene glycol. The resulted slurry was further heated at 160 oC for
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1 h. The solid sample was collected by filtration and washing with deionized water, followed by
drying at 70 oC overnight. Finally, the sample was calcined at 350 oC for 3 hrs in static air, forming
crystallized Co3O4 nanoparticles.

6.2.2. Characterization with ex situ and in situ techniques
Images of the representative size, shape and lattice fringes of the prepared Co3O4
nanoparticles were collected using a transmission electron microscopy (TEM, Hitachi H9500,
Hitachi High Technologies, Inc.). The microscope was operated with a LaB6 electron source in
bright field (BF), high-resolution (HR), and diffraction TEM experiments. Selected area electron
diffraction (SAED) patterns were acquired using the smallest selective area aperture (#3) for the
area encompassing the field of view in the TEM image. Identification of the spots and rings in the
SAED and fast Fourier transform (FFT) of the HRTEM images were analyzed using Digital
Micrograph Software v3.10.1002.0 (Gatan, Inc.). Measurements were made to determine the
distance in reciprocal space from the center spot to specific spots or rings. These measurements
in (nm-1) were then compared with reference d-spacing values for planes of known Co3O4 or/and
CoO deposited in the Materials Project database.214
Transition of surface phase of cobalt oxides was characterized by a lab-based ambient
pressure X-ray photoelectron spectrometer system (AP-XPS) built by Tao group. A part of the
instrumentation of the second AP-XPS is the design of a new reaction cell which can allow to
safely anneal catalyst to a temperature higher than 850oC in gas phase.215-216 Typically, Co3O4
nanoparticles were loaded into the reaction cell which has a gas inlet and outlet continuously
introducing and purging a gas or a mixture of all gases of a catalytic reaction. Before analysis, the
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Co3O4 nanoparticles were firstly reduced with 1 mbar H2 (Praxair, 99.99%) at 250oC for 2 hrs to
form surface CoO phase. After reduction, the sample was cooled down to room temperature and
then the H2 was purged at 25oC. The successful formation of CoO surface phase was confirmed
by examining the Co 2p photoemission feature. After that, a mixture of 0.4 mbar CO (Praxair,
99.99%) and 1 mbar O2 (Praxair, 99.99%) flew into the reaction cell, followed by heating the
sample from room temperature up to 220oC. XPS spectra of Co 2p and O 1s were collected at 60,
100, 140, 180, and 220oC. The gas near to the catalyst was directly sampled to another UHV
chamber where a mass spectrometer was installed for analysis of gas composition.

6.2.3. Measurement of catalytic performance of CO oxidation
Catalytic activity and kinetics studies were done in a fixed-bed flow reactor. In a typical
test of catalytic activity of the catalyst, Co3O4 nanoparticles was loaded into a quartz tube reactor
and supported by quartz wool. A K-type thermocouple was used to measure temperature of catalyst
bed. Before reaction, the catalyst was pretreated at 250 oC in 50 mL/min 5%H2/95%Ar (Praxair)
for 2 h. After that, the reactor was cooled to room temperature in 5% H2, followed by switching
the gas to the mixture of 20 mL/min 5%CO/95%Ar (Praxair) and 50 mL/min 5%O2/95%Ar
(Praxair). The reactor was heated stepwise from room temperature to 240oC at an interval of 20oC.
At each temperature, the gas composition was measured by an online gas chromatography.
For kinetic study, Co3O4 nanoparticles were mixed with 100 mg quartz and packed into the
reactor. The catalyst was reduced at 250oC for 2 hrs in 50 mL/min 5%H2/95%Ar (Praxair),
followed by cooling to room temperature. The activation energy was calculated by measuring the
CO conversion on CoO in the temperature range of 80 to 120 oC in a mixture of 20 ml 5% CO and
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50 ml 5% O2 with a molar ratio of 1:2.5. To measure the activation energy on Co3O4 in the
temperature range of 60 to 200oC, the flow rate of CO and O2 was increased since the reaction rate
of CO oxidation at 160-200oC is much higher than that at 80-120oC, by which the conversion CO
in the temperature of 160-200oC is lower than 15%.
Determination of activation energy barrier: for a typical reaction 𝐴 + 𝐵 → 2𝐶, the general rate
equation could be expressed as Eq.1, or in the logarithm form of Eq.2. Assume the reaction is in
the kinetics control regime (e.g., conversion <20%), equation could be simplified to Eq.3. Given
𝑟𝑎𝑡𝑒(𝐶𝑂) = 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∗ 𝑚𝑜𝑙𝑎𝑟𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒, eventually we can get Eq.4. The conversion of CO
could be plotted as the function of (1000/T) to evaluate the activation energy barrier as shown in
Figure 6.6
𝐸𝑎

𝑟𝑎𝑡𝑒 = 𝐴 ∗ exp(− 𝑅𝑇)[𝐴]𝑚 [𝐵]𝑛

(Eq. 1)

𝐸𝑎

ln(𝑟𝑎𝑡𝑒) = 𝑙𝑛𝐴 + (− 𝑅𝑇) + 𝑚 ∗ ln[𝐴] + 𝑛 ∗ ln[𝐵]
𝐸𝑎

ln(𝑟𝑎𝑡𝑒) = (− 𝑅𝑇) + 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝐸𝑎

(Eq.2)

(Eq.3)

ln(𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛) = (− 𝑅𝑇) + 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡

(Eq.4)

6.3Results and discussion
6.3.1 Evolution of surface chemistry of Co3O4 nanoparticles during catalysis
Surface chemistry of cobalt oxide nanoparticles in the presence of reactants (i.e., CO and O2) at
60-220 oC was tracked with AP-XPS. Before the analysis, the surface of Co3O4 nanoparticles was
reduced at 250 oC in 5%H2/95%Ar for 2 h to form the surface phase CoO. It is noted that Co3O4
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and CoO can be identified and distinguished with valence spectra collected with ultraviolet
photoelectron spectroscopy or high-resolution synchrotron photoelectron spectroscopy. Here Xray photoelectron spectroscopy was used to identify and distinguish Co3O4 and CoO. The
formation of surface phase CoO was confirmed by a close examination of photoemission features
of Co 2p3/2. It is reported that CoO and Co3O4 can be distinguished by the characteristic satellite
peak of Co2+ in octahedral coordination with 6 oxygen atoms in CoO.

217-219 220-223

The observed

main peak of Co 2p3/2 at 780.7 eV and its satellite peaks at 786.7 eV in Figure 6.1a1 suggests that
the surface phase of the catalyst at room temperature is cobalt monoxide. The satellite peak of Co
2p3/2 at 786.7 eV was contributed from a specific type of Co2+ cations coordinating with six oxygen
atoms in octahedral coordination which is only available in CoO but not Co3O4. Co2+ and Co3+ are
in tetrahedral and octahedral coordination shells with four and six oxygen atoms, respectively in
spinel Co3O4. As Co3O4 does not have Co2+ in an octahedral coordination with six oxygen atoms,
photoemission feature of Co 2p3/2 of Co3O4 does not have any satellite peak at 786.7 eV.
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Figure 6.1. Evolution of photoemission feature of (a) Co 2p and (b) O 1s of CoO surface phase
during CO oxidation in 0.4 Torr CO and 1.0 Torr O2 in the temperature range of 60-220 oC. (a1,
b1) 60 oC, (a2, b2) 100 oC, (a3, b3) 140 oC, (a4, b4) 180 oC, and (a5, b5) 220 oC.

The clear observation of a peak at 786.7 eV in Figure 6.1a1 marked with a red line
confirmed the formation of CoO surface phase. As discussed in the next section, TEM studies of
the phases of the cobalt oxide nanoparticles (after the reduction in 5% H2 at 250oC) shows that the
core of the Co3O4 nanoparticles is still Co3O4 phase although its surface phase is CoO. Here the
term, Co3O4@CoO is used to represent the structure of the catalyst nanoparticle. Thus, the formed
Co3O4@CoO nanoparticle catalyst was used as a model catalyst to explore any potential phase
transition of transition metal oxide-based catalysts during catalysis.
A mixture of 0.4 mbar CO and 1 mbar O2 was introduced to flow through Co3O4@CoO in
the reaction cell of AP-XPS; then the CoO in the mixture of CO and O2 was heated to 60 oC, 100oC,
140oC, 180oC, and 220oC. Photoemission features of Co 2p and O 1s of the catalyst in this
temperature range in the mixture of CO and O2 were collected at each temperature. In the
temperature range of 60-140 oC, the satellite peaks at 786.7 eV and main peak at 780.7 eV of Co
2p3/2 of Co2+ remained, suggesting that the surface CoO phase is stable in the mixture of CO and
O2 in this temperature range. The relative intensity of the satellite peak of Co 2p3/2 at 786.7 eV in
contrast to the main peak at 780.7 eV is progressively decreased along the increase of temperature
from 60oC to 140oC. In fact. the intensity of the satellite peak of Co 2p3/2 disappeared at a
temperature higher than 140oC (Figure 6.1a3). As interpreted in literature217-219 220-223these satellite
peaks are associated with Co2+ ions at octahedral coordination with oxygen atoms in CoO. Thus,
the disappearance of the satellite peak suggests that the surface CoO was oxidized to Co3O4 at
140oC in the mixture of CO and O2. In addition, upon increasing the temperature to 180oC or 220oC,
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the main peak of Co 2p3/2 at 780.7 eV observed at 60-140oC (Figures 1a1-1a3) down shifted to
780.0 eV at 180oC and 220oC (Figures 1a4 and 1a5). The disappearance of the satellite peak of Co
2p3/2 of CoO at 786.7 eV and the observed down-shift of the main peak of Co 2p3/2 suggest that the
surface phase of the catalyst Co3O4@CoO nanoparticles has been transited to another when the
catalysis temperature is higher than 140oC. The observed binding energies of the main peak of Co
2p3/2 at 780.0 eV and the lack of a satellite peak at 786.7 eV are consistent with photoemission
feature of Co3O4 reported in the literature.212-213, 217-223 Thus, the surface phase CoO transformed
to Co3O4 surface phase at 140oC. Obviously, tracking the evolution of Co 2p3/2 photoemission
feature during catalysis along the increase of temperature with AP-XPS allows us find out potential
phase transition of oxide during catalysis. It is understandable that other techniques such as valence
band spectroscopy including ultraviolet photoelectron spectroscopy or high resolution synchrotron
photoelectron spectroscopy could be used to distinguish the Co3O4 and CoO 224-228. In this work,
we have mainly used photoemission feature of sub-shell (Co 2p) electrons to distinguish Co3O4
and CoO since AP-XPS is the daily available technique in our group. The difference between
photoemission features of Co 2p of Co3O4 and CoO was reported in literature.229-242 As mentioned
above, the characteristic feature of Co 2p photoemission feature of CoO is the satellite peak at
786.8 eV contributed from Co2+ in the octahedral coordination. As Co2+ in Co3O4 is in tetrahedral
coordination, it does not give such a satellite peak. In addition, the main peak of Co2p of CoO is
lower than that of Co3O4 by 0.9 eV or so. Similar to literatures,

201, 243-246

we have used these

characteristic features to distinguish CoO from Co3O4 in several of our recent works. 201, 243-246
Based on the observation of AP-XPS during catalysis, a schematic (Figure 6.2) was
proposed to represent the transition of surface phase under these conditions. The surface of Co3O4
nanoparticles (Figure 6.2a) was reduced to CoO during reduction in H2 at 250oC, forming a
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Co3O4@CoO structure (Figure 6.2b). The Co3O4@CoO core-shell structure is stable during CO
oxidation in the temperature range of 60-140oC (Figure 6.2c). At a temperature above 140 oC, the
CoO surface phase during catalysis was oxidized to Co3O4 (Figure 6.2d). Notably, based on the
following TEM studies, the core of these nanoparticles in these evolutions remained the original
Co3O4 phase (Figure 6.2).

Figure 6.2. Schematics showing the evolution of as-synthesized Co3O4 nanoparticles (a), reduced
at 250 oC in 5%H2/Ar for 2 hrs (b), and then used for CO oxidation in the temperature range of 60140oC (c), followed by CO oxidation in the temperature range of 160-200oC (d).

6.3.2 TEM studies of catalyst structure formed at 140oC
The morphology and structure of Co3O4@CoO catalyst after CO oxidation at 140 oC were
further analyzed by TEM since AP-XPS only provides information on the surface region of
Co3O4@CoO nanoparticles. Before reduction of Co3O4 with 5% H2 at 250oC for preparing CoO
surface phase, the electron diffraction of these catalyst nanoparticles in Figure 6.3b confirmed that
the catalyst nanoparticles before reduction in 5% H2 at 250oC were pure Co3O4 phase. Figure 6.3b
is a representative diffraction pattern among many selected areas of the TEM sample. All these
studies show Co3O4 phase instead of CoO. Figure 6.3c is the TEM image of the as-synthesized
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Co3O4 experienced reduction in 5% H2 at 250oC and then catalysis of CO oxidation at 140oC in
the mixture of CO and O2. Figure 6.3d is the corresponding diffraction pattern of Figure 6.3c. (220)
and (100) plane of CoO and (311), (220) and (100) plane of Co3O4 were observed in the diffraction
pattern. The coexistence of Co3O4 and CoO was observed in diffraction patterns of other areas of
the same catalyst sample. These studies suggest the core of the catalyst nanoparticles after catalysis
at 140oC remain its Co3O4 phase though surface phase is CoO. Thus, both Co3O4 and CoO coexist
in the catalyst nanoparticles after reduction in 5% H2 at 250oC and then catalysis for CO oxidation
at 140oC.
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Figure 6.3. TEM studies of Co3O4 before and after a treatment including both a reduction in 50
mL/min of 5%H2/Ar at 250 °C for 2 hrs to form a CoO surface phase and then CO oxidation on
the formed CoO in the mixture of 20 mL/min of 5%CO/Ar and 50 mL/min of 5%O2/Ar at 140 °C.
(a) and (b) BFTEM image and SAED pattern of Co3O4 before reduction in 5% H2 at 250oC. (c)
and (d) BFTEM image and SAED pattern of cobalt oxide which experienced two steps: reduction
of Co3O4 at 250oC in 5% H2 for forming CoO surface phase and then catalysis of CO oxidation at
140oC on the CoO.

The observation of both Co3O4 and CoO phases in Figure 6.3d could be contributed from
mixture of pure Co3O4 and pure CoO nanoparticles, instead of the formation of Co3O4 core@CoO
shell structure since the diffraction pattern is not contributed from only one nanoparticle. To
elucidate whether nanoparticles of Co3O4 core@CoO shell were formed or not, we performed
further analysis of TEM images and SEAD patterns of cobalt oxide nanoparticles, which
experienced both reduction in 5% H2 at 250oC and then CO oxidation at 140oC. Specific
deconvolution of the HRTEM image of Figure 6.4a allowed for the mapping of observable lattice
fringes to show the location of the CoO nanoparticles from that of Co3O4 nanoparticles in the
collected HRTEM micrographs. The locations of lattice fringes for these two cobalt oxide phases
(Co3O4 and CoO) were visualized using FFT filtering and/or masking techniques available in
Digital Micrograph software package. First, a bandpass was applied to remove all reciprocal spaces
in the FFT of the HRTEM image that were of radii larger than the clearest identifiable spots, this
approach reduces noise in the image. The FFT was then further masked by using a bandpass
annulus to remove specific radii or rings that correspond to either phase (Co3O4 and CoO), thereby,
by which the overlapping lattice fringes of Co3O4 and CoO were separated. New images were
generated from these masked FFTs using an inverse FFT (iFFT) function. The resulting maps
suggest the localization from the observable lattice fringes.
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Figure 6.4. Coexistence of surface phase CoO and bulk phase Co3O4 in catalyst nanoparticles
(formed from two steps: reduction of Co3O4 nanoparticles in 5% H2 at 250oC for two hours and
then CO oxidation at 140oC) during CO oxidation with 20 mL/min of 5%CO/Ar and 50 mL/min
of 5%O2/Ar at 140 oC. (a) The unprocessed HRTEM image and corresponding FFT (a inset) of
catalyst nanoparticles. (b) The bandpass filtered FFT (inset) and iFFT of image of catalyst
nanoparticle in (a). (c) iFFT image of the FFT (c inset) that has been masked to remove the (200)
planes of CoO to remain only the fringes of Co3O4 phase. (d) iFFT image of the FFT (inset) in
which (400) of Co3O4 planes were masked to remain only fringes of CoO.
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Figure 6.4c is the iFFT image which was obtained by masking all planes of CoO so that
only fringes of Co3O4 were shown. The existence of Co3O4 phase was supported by the iFFT map
in Figure 6.4c where the lattice fringe in terms of inter-planar distance, 0.202 nm is attributed to
(400) planes of Co3O4. In Figure 6.4d, all panes of Co3O4 were masked. On the same nanoparticle,
the existence of CoO phase was supported by the observation of lattice fringe of CoO in Figure
6.4d, where the measured lattice spacings of the 0.227 nm were attributed to (200) planes of CoO
phase. Thus, these TEM images and the corresponding diffraction patterns show that the
coexistence of Co3O4 and CoO phases in the same cobalt oxide nanoparticles. As the original phase
before reduction was pure Co3O4, the coexistence of Co3O4 and CoO on the same nanoparticle
suggests that the surface phase is the reduced phase (CoO) and the core is its original phase (Co3O4).
Thus, through these deep analyses we concluded that the surface region of these nanoparticles is
CoO and their bulk is Co3O4. In other words, surface phase CoO and bulk phase Co3O4 coexist in
the same catalyst nanoparticle as schematically shown in Figures 2b and 2c.

6.3.3 Catalytic performance and kinetics studies at  140oC
Catalytic performance of CO oxidation was studied with mass spectrometry and gas
chromatography. In the mass spectrometry, partial pressures of CO (reactant) and CO2 (product)
were monitored as a function of catalysis temperature as shown in Figure 6.5. The product of CO
oxidation, CO2 formed on CoO surface phase was measured through an on-line mass spectrometer
which takes a small amount of gas from cell to mass spectrometer when the sample during catalysis
was being characterized with AP-XPS. Figure 6.5 presents the partial pressures of CO (black line)
and CO2 (green line) of the sampled gas from the reaction cell of AP-XPS. Notably, the partial
pressures of CO and CO2 reported in Figure 6.5 are definitely not the in-situ partial pressures in
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the reaction cell because only a significantly small portion of gases in the reaction cell was
introduced to the UHV chamber installed with the mass spectrometer.
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Figure 6.5. Evolution of reactant CO and products CO2 during CO oxidation (0.4 Torr CO + 1
Torr O2) on CoO (formed by reduction of Co3O4 in 5% at 250oC) in the temperature range of 60220oC when the surface of CoO was simultaneously monitored with AP-XPS. The partial pressures
of CO and CO2 were measured with on-line mass spectrometer. It is noted that these observed
partial pressures in the UHV chamber of mass spectrometer are much lower than the actual
pressure in the reaction cell since only a tiny amount of gas near to surface of catalysts in the
reaction cell was sampled to another UHV chamber where the mass spectrometer was installed.

The evolution of partial pressures of CO and CO2 and the surface chemistry of cobalt oxide catalyst
were studied simultaneously. After increasing the reaction temperature from 60oC to 100oC, the
partial pressure of CO dropped from ~2.06  10-8 to 1.67  10-8 Torr; correspondingly, the partial
pressure of product CO2 increases from ~ 1.86 10-9 to 5.67  10-9 Torr (Figure 6.5). Pressure of

119

impurities (i.e., H2O and H2) were tracked as a reference in Figure 6.5 since their partial pressures
didn’t obviously change during catalysis in the temperature range of 60-220oC. The preservation
of partial pressure of impurity gas such as H2O shows that the increase of CO2 pressure and
decrease of CO pressure must result from the catalytic reaction instead of desorption of CO2
molecules originally adsorbed on the wall of reaction cell or consumption of CO by some metal to
form carbonyl, respectively. When increasing the reaction temperature from 100oC to 140 oC, the
CO partial pressure further dropped from 1.67  10-8 to 8.17  10-9 Torr. Correspondingly, the CO2
partial pressure increased from 4.54  10-9 to 1.17  10-8 Torr. The simultaneous decrease of CO
pressure and increase of CO2 pressure shows that this catalyst is active in the temperature range of
100-140oC. As the simultaneous characterization of the catalyst surface with AP-XPS shows that
surface during CO oxidation at 100-140oC is CoO, we concluded that CoO is the active phase for
CO oxidation in the temperature range of 100-140oC.

6.3.4 Catalysis and surface phase in the temperature range of 180oC-220oC
When the catalysis temperature was increased from 180oC to 220oC, CO partial pressure
further decreased and CO2 partial pressure further increased correspondingly. Based on the APXPS studies in Figures 1a4 and 1a5, the active surface phases at 180oC and 220oC were actually
Co3O4. Thus, the active surface phase CoO of catalyst Co3O4@CoO (up to 140oC) was transformed
to Co3O4 during catalysis at a temperature higher than 140oC. Figures 2c and 2d schematically
presents the change of surface phase from CoO to Co3O4. In other words, the active phase during
CO oxidation at 180-220oC is Co3O4 instead of CoO.
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The catalytic performance of the prepared CoO surface phase was further examined by
carrying out the CO oxidation reaction in a fixed-bed flow reactor at atmospheric pressure. Online measurements of the concentration of CO and CO2 of the downstream gas of the reactor were
performed with the gas chromatograph connected to the fixed-bed flow reactor. Conversion of CO
was measured with TCD detector of GC.
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Figure 6.6. Arrhenius plots of CO oxidation over CoO (formed by reducing Co3O4 in 5% H2 at
250oC) at 80-120 oC and Co3O4 formed from CoO during catalysis at 160-200 oC. Pretreatment:
5%H2/Ar, 250 oC, 2 h. Reaction condition: 2.8 mg of Co3O4 nanoparticles pellets + 0.1 g of quartz
sands, 10 mL/min of CO+O2 (CO:O2=1:2.5) at 80-120 oC, 80 mL/min of CO+O2 (CO:O2=1:2.5)
at 160-200 oC.
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Kinetics of CO oxidation on the catalyst at two different temperature range corresponding to
two different surface phases were studied. Kinetic studies were carried out on Co3O4@CoO in the
temperature range of 80oC-120oC for CoO (Figure 6.7). A similar kinetic study was done in the
temperature range at 160oC-200oC for the Co3O4@Co3O4 surface. As the conversions in the
temperature range of 160oC-200oC are much higher than those in 80oC-120oC, a larger flow rate
of CO and O2 was used for the kinetics of Co3O4@Co3O4 in the temperature range of 160-200oC
so that the CO conversion could remain at a conversion lower than 15%. Figure 6.6 presents the
Arrhenius plots of CoO surface phase of Co3O4@CoO catalyst

in

the temperature range of 80-

120oC (red line) and of formed Co3O4 surface phase of Co3O4@Co3O4catalyst in the temperature
range of 160oC-200oC (black line). The activation barriers for CO oxidation on CoO and Co 3O4
were calculated from the slopes of the two Arrhenius plots in Figure 6.6. The activation barrier for
CO oxidation on Co3O4 in the temperature range of 160-200oC is 36.9 kJ/mol, obviously lower
than 49.3 kJ/mol for CO oxidation on CoO surface in the temperature range of 80-140oC. The
lower activation barrier of Co3O4 for CO oxidation than CoO is probably related to the existence
of Co3+ on Co3O4 and the lack of Co3+on CoO since Co3+ was proposed to be the favorable site for
chemisorbing CO in contrast to CoO.13

6.4 Conclusion
CO oxidation on surface CoO phase of Co3O4@CoO catalyst nanoparticles was studied with
AP-XPS in the mixture of 0.4 mbar CO and 1 mbar O2 at 60-220oC. Surface CoO phase was
structurally stable during CO oxidation in the temperature range of 60-140oC. The apparent
activation energy for CO oxidation on CoO is 49.3 kJ/mol. At a catalysis temperature higher than
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140 oC, the surface CoO phase was restructured to Co3O4 surface phase during catalysis. Compared
to surface phase CoO, the formed surface phase Co3O4 of Co3O4@Co3O4 is more active for CO
oxidation, evidenced by its low apparent activation energy of 36.9 kJ/mol. Here the reported
restructuring of surface phase of CoO to Co3O4 during CO oxidation demonstrated (1) possible
restructurings of surface region of transition metal oxide-based catalysts and (2) necessity of
tracking surface phase of a transition metal oxide-based catalyst during catalysis. This feature that
surface of oxide-based catalysts could be potentially restructured during catalysis likely results
from the complexity of surface structures of transition metal oxide catalysts rooting from the
existence of multiple phases of a transition metal oxide.
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Appendix A: general experiment protocol

Catalytic performance was evaluated in a fixed bed flow reactor as shown in Figure A1. The
catalyst was installed in the tube reactor in the center of the figure. It was fixed by quartz wool
plugs. A K-type thermal couple coated with stainless steel tube was kept contacting with catalyst
bed to measure the temperature. The temperature of the catalyst was controlled by a programable
PID controller (Omega Engineering, US). The flow rate of reactant gases was controlled by mass
flow controller (Dakota Instrument, US). The flow rate was further confirmed by a bubble
flowmeter. The gaseous products composition was analyzed by an on-line GC (SRI-8610, SRI
Instrument, US) equipped with a TCD detector. There are two columns used for the separation of
the gas product, a molecule sieve column (MX-13, 6 ft) and a polymer column (Hayasep-D, 6 ft).

Figure A1 experiment setup to measure catalytic activity and selectivity for methane reforming.
From left to right: on-line GC, fixed bed reactor, mass flow controller units and data processing
PC.
In a typical catalytic measurement, the catalyst was kept at the desired temperature and the gas
product composition was analyzed by GC for at 3 times. The average of the three times
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measurement was reported for further analysis. More data entries need be collected to obtain three
stable value if the results were not consistent.
The catalytic parameters of methane dry reforming are calculated as the equation below:
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

[𝐶𝐻4 ]𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − [𝐶𝐻4 ]
∗ 100%
[𝐶𝐻4 ]𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

1/2 ∗ [𝐻2 ]
∗ 100%
[𝐶𝐻4 ]𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − [𝐶𝐻4 ]

To determine the apparent activation energies, kinetic studies were carried out by using certain
amount of catalyst diluted with 300 mg purified quartz loaded in the fixed-bed quartz reactor. The
catalyst was activated at 300 oC for 60 min with 10% H2 balanced with Ar with a flow rate of 30
mL/min. Kinetic experiments were performed by using a relatively higher flow of mixture of CH4
and CO2 reactants to obtain lower conversions (<20%) in the temperature range of kinetics studies
(500-560 oC).68 In the kinetics studies, the reactant feed flows of CH4 (10% in Ar) and CO2 (10%
in Ar) are 40 mL/min, respectively.
To determine the turnover frequency (TOF) of the methane reforming, the catalytic data in the
kinetics-controlled regime were analyzed. TOFs in term of hydrogen production rate (molecules
per second) per metal site was calculated by dividing the number of produced H2 molecules per
second by the number of active sites of catalyst. The active sites of these catalysts of this work are
Ni1 for Ni0.05Ce0.95O2, Ru1 for Ru0.05Ce0.95O2 or Ni1 together with Ru1 for Ni0.025Ru0.025Ce0.95O2.
The numbers of the surface Ni or Ru sites on surface were estimated through the atomic ratio of
Ni or Ru to Ce of the topmost layer of a catalyst with the equation below.
𝑇𝑂𝐹 =

2 ∗ 𝑌𝑖𝑒𝑙𝑑 (𝐻2 ) ∗ 𝑁𝐴 ∗ 𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒(𝐶𝐻4 )
𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑚𝑒𝑡𝑎𝑙
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑚𝑎𝑠𝑠 ∗ 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 ∗ 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦(𝐶𝑒) ∗
𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝐶𝑒

𝐴𝑟𝑒𝑎(𝑁𝑖2𝑝)
𝐴𝑟𝑒𝑎(𝑅𝑢3𝑝)
𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑚𝑒𝑡𝑎𝑙 𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟(𝑁𝑖 2𝑝) + 𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟(𝑅𝑢3𝑝)
=
𝐴𝑟𝑒𝑎 (𝐶𝑒 3𝑑)
𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝐶𝑒
Cross section factor (Ce 3d)
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Appendix B deconvolution of Ce3d XPS spectrum
Ce3d XPS spectrum could be readily deconvoluted to ten components, which are assigned to
Ce3+ and Ce4+. The surface ratio could be evaluated by equation below, where U0, V0, U’ and V’
are assigned to Ce3+ and U, V, U’’, V’’, U’’’ and V’’’ are assigned to Ce4+.56
𝟑+

𝒔𝒖𝒓𝒇𝒂𝒄𝒆𝑪𝒆

𝑪𝒆𝟑+
𝑼𝟎 + 𝑽𝟎 + 𝑼′ + 𝑽′
𝒓𝒂𝒕𝒊𝒐 = 𝟑+
=
𝑪𝒆 + 𝑪𝒆𝟒+ 𝑼𝟎 + 𝑽𝟎 + 𝑼′ + 𝑽′ + 𝑼 + 𝑽 + 𝑼′′ + 𝑽′′ + 𝑼′′′ + 𝑽′′′

The deconvolution results of Ce3d spectrum of Rh1/CeO2 catalyst is shown as Figure B1 and
Table B1.

Figure B1 deconvoluted Ce3d spectrum of Rh1/CeO2 catalyst. (a) in UHV, (b) reduced at 300oC,
in steam reforming at (c) 500 oC and (d) 650oC, in dry reforming at (e) 500oC and (f) 650oC.

Table 1 deconvolution results of Ce3d of Rh1/CeO2 catalyst under different conditions.
Conditions

UHV

300oC
reduced

V

1636924

1341897

500oC SRM

650oC SRM

500oC DRM 650oC DRM

1045056

1621445

2469626

130

2647322

U

109128

894603

696707

1080969

1646425

1764890

V’’

962838

789304

614702

953734

1452634

1557155

U’’

641892

526202

409801

635822

968422

1038103

V’’’

1487963

1219785

949956

1473893

2244890

2406416

U’’’

991975.47

813190

633304

982596

1496593

1604277

V0

474129

774162

740929

891508

792369

631979

U0

316086

516108

493952

594338

528246

421319

V’

1488528

2074286

2459522

4311553

2599368

2563381

U’’

666402

965055

1320568

2315207

1477803

1428996

Ce3+ ratio

0.335596

0.436691

0.53553

0.545897

0.344326

0.314101

The deconvolution results of Ce3d spectrum of (Ni1+Ru1)/CeO2 catalyst is shown as Figure B2.

Figure B2 deconvolution of Ce3d spectrum of (Ni1+Ru1)/CeO2 catalyst at (a) UHV, dry reforming
at (b) 450oC and (c) 550oC. The Ce3+ ratio is 2.3%, 19.2% and 20.2%.
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Appendix C supplementary data for chapter 5
1) Stability
Stability test of (Ni1+Ru1)/CeO2 catalyst was examined for 60 hrs. 30 mg catalyst was used in the
test. As shown in Figure D1, the conversion of methane and selectivity to hydrogen were stable
during the test of 60 hrs, showing the stability of the catalyst.
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Figure C1 stability test of methane reforming catalyzed by (Ni1+Ru1)/CeO2 catalyst.
2) Carbon balance
Carbon balance during methane dry reforming was examined by the equation below. The carbon
balance remains >95% in the 60 hrs test, suggesting there is merely coke formation on the catatlyst.
𝑐𝑎𝑟𝑏𝑜𝑛 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 =

[𝐶𝐻4] + [𝐶𝑂2] + [𝐶𝑂]
∗ 100%
[𝐶𝐻4]𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + [𝐶𝑂2]𝑖𝑛𝑖𝑡𝑖𝑎𝑙
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Figure C2 carbon balance of methane reforming catalyzed by (Ni1+Ru1)/CeO2 catalyst.
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