
catalysts

Article

Physical and Chemical Synthesis of Au/CeO2
Nanoparticle Catalysts for Room Temperature CO
Oxidation: A Comparative Study

Khaled Mohammad Saoud 1,* and Mohamed Samy El-Shall 2

1 Liberal Arts and Sciences Program, Virginia Commonwealth University in Qatar, Doha, Qatar
2 Department of Chemistry, Virginia Commonwealth University, Richmond, VA 23284-2006, USA;

mselshal@vcu.edu
* Correspondence: s2kmsaou@vcu.edu; Tel.: +974-66037810

Received: 29 October 2020; Accepted: 15 November 2020; Published: 20 November 2020 ����������
�������

Abstract: In many heterogeneous catalytic reactions, such as low-temperature CO oxidation,
the preparation conditions, and the role of the CeO2 support (oxygen vacancies and redox properties)
in the dispersion and the chemical state of Au, are considered critical factors for obtaining gold
nanoparticle catalysts with high catalytic performance. In this work, the physical and chemical
preparation methods were compared, aiming at understanding how the preparation method influences
the catalytic activity. The Au/CeO2 nanoparticle catalysts with 5% Au loading were prepared
via the Physical Laser Vaporization Controlled Condensation method (LVCC), and the chemical
Deposition-Precipitation method (DP) was used to investigate the effect of synthesis methods on the
structure and the catalytic activity toward the CO oxidation. In this manuscript, we compare the
activity of nanostructured Au/CeO2 catalysts. The structure and the redox properties of the catalysts
were investigated by the XRD, SEM, TEM, TPR, and XPS. The catalytic activity for low-temperature
CO oxidation was studied using a custom-built quartz tube flow reactor coupled with an infrared
detector system at atmospheric pressure. The study reveals that the prepared CeO2-supported Au
nanoparticles’ catalytic activity was highly dependent on the preparation methods. It showed that
the sample prepared by the DP method exhibits higher catalytic efficiency toward CO oxidation
when compared with the sample prepared by the LVCC method. The high catalytic activity could
be attributed to the small particle size and shape, slightly higher Au concentration at the surface,
surface-active Au species such as Au1+, along with the large interface between Au and CeO2.
This study suggests that the stability, dispersion of Au nanoparticles on CeO2, and strong interaction
between Au and CeO2 lead to strong oxidation ability even below room temperature. Considering the
universal character of different physical and chemical methods for Au/CeO2 preparation, this study
may also provide a base for supported Au-based catalysts for many oxidation reactions in energy and
environmental applications.

Keywords: catalysis; catalyst synthesis; CO oxidation; Au0; Au1+ active site; room temperature CO
oxidation; physical preparation; chemical preparation methods; catalyst design

1. Introduction

Metal and metal oxide nanocatalysts, with controlled particle size and high surface area,
can significantly improve catalytic performance over conventional catalysts. This research aims at
the possibility of designing nanostructured catalysts that possess unique catalytic properties such
as low-temperature activity, selectivity, stability, and resistance to poisoning and degradation [1–3].
These catalysts find applications in many fields such as environmental protection, indoor air quality,
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and chemical synthesis and processing. Recently, supported precious metals such as platinum, rhodium,
and palladium with high activity and stability, even in the presence of moisture and sulfur compounds,
have been widely used in CO oxidation and gas exhaust emissions control [4]. Supported gold nanoparticle
catalysts have attracted significant attention recently due to their superior catalytic activities in many
catalytic reactions [5,6].

In particular, highly dispersed Au nanocatalysts have demonstrated unusual activity toward
near-ambient CO oxidation, primarily when supported on reducible metal oxides such as Fe2O3,
Co3O4, CeO2, and TiO2 [7–9]. CO oxidation over supported Au catalysts was found to be sensitive
to the deposition method of Au, the Au-support interface, the structure/chemical composition of the
support, as well as the pre-treatment condition of the catalyst, which is critical in determining the
Au nanoparticle morphology and the activity of the Au catalyst [10–12]. Controlling the size and
morphology during the synthesis of supported Au nanoparticle catalysts plays an essential role in
achieving high surface area, small particle size, and strong metal-support interaction, a factor that
influences their catalytic activity toward CO oxidation [13]. Recent studies suggest that the room
temperature CO oxidation reaction mechanism over supported Au catalyst is highly dependent on
the structure, type of support, and oxidation state of Au, which shape the active site for this reaction.
For Au nanocatalysts supported on reducible metal oxides such as TiO2, the catalytic activity depends
on the number of oxygen vacancies at the perimeter interface of the metal oxide surface that play
an essential role in molecular oxygen activation [7]. Au particle size also plays a crucial role in the
catalytic activity; in this context, the Au nanoparticles supported on CeO2 were more active than
single Au atoms or ions [14]. Theoretical studies suggest that the preparation method of highly active
Au catalysts is crucial; for example, the Deposition-Precipitation (DP) method can produce small Au
nanoparticles with strong metal support surface interaction, as in the TiO2 surface, compared to the
widely used impregnation method [9,15–18]. All these factors directly influence the design of future
highly active catalysts.

Ceria-based supported catalysts play an essential role in three-way catalysts (TWC) by maintaining
the catalysts’ conversion efficiency [8]. Owing to its superior redox properties, CeO2 is regarded as
one of the best supports in many catalytic systems. CeO2 can act as oxygen storage by releasing or
taking oxygen during oxidation and changing its oxidation state between Ce4+/Ce3+ during reduction
conditions, making it an essential catalyst for many oxidation reactions [19,20]. CeO2’s unique surface
oxygen vacancies enable the coordination and dispersion of Au nanoparticles and enhance the strong
synergistic effect between the Au and the CeO2 support [21]. CeO2 can store excess oxygen under lean
fuel conditions and then release it under fuel-rich conditions according to the following reactions [22]:

Rich conditions: 2CeO2 + CO→ Ce2O3 + CO2

Lean conditions: Ce2O3 + 0.5O2→ 2CeO2

The Au/CeO2 nanoparticle catalyst has emerged as one of the superior catalysts in recent decades.
Recent Temperature Programmed Reduction (TPR) data confirmed that the presence of Au can lead to
activation of the ceria and can facilitate the migration of oxygen vacancies from the bulk to the CeO2

surface [23,24]. Recent studies reported significant enhancement (orders of magnitude) in the catalytic
activity of Au/CeO2 using nanocrystalline CeO2 (3–5 nm) compared to the conventional catalysts [25].
It has been used in many oxidation reactions, such as low-temperature CO oxidation [22–24,26],
water-gas reaction [27,28], and the catalytic combustion of Volatile Organic Compounds (VOC) [29]
due to its superior catalytic activity.

The synthesis methods of Au/CeO2 nanoparticle catalysts with high catalytic activity toward
low-temperature CO oxidation could provide a great solution to many environmental issues such
as air pollution. Several physical and chemical techniques have been employed in the synthesis of
highly active Au/CeO2 nanoparticle catalysts; most of these processes have employed liquid mixtures
or solutions [30–32] or other methods [33]. Recent reports suggest that Au nanoparticles’ catalytic
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performance is greatly influenced by the size, shape, and chemical and physical properties of supporting
materials [34].

Furthermore, the synthesis method can affect the catalytic activity by influencing the Au precursor
(metallic or Au cation), as in the case of the classical DP method [35,36], or by changing how Au
is introduced onto the support (e.g., chemical methods [37] such as impregnation, precipitation,
coprecipitation, and Precipitation-Deposition or physical means such as laser ablation and ion
implantation) [8,38,39].

The nature of the Au/CeO2 nanoparticle catalyst involves many complex factors such as the
reduction and interaction of Au with the underlying CeO2 at the interface and the formation of a
reduced nonstoichiometric phase at the interface between them [40,41]. Pre-treatment conditions
can also affect the stability of the catalyst, depending on the support nature, thereby increasing the
metal-support interaction during the synthesis step and can significantly influence the oxidation state
and the nature of the active site of Au-based catalyst. Some studies suggest that Au0 is the active
site [33]. Other studies report Au1+ and Au3+ species’ role in the catalytic activity of the catalyst [42,43].
However, most active samples were obtained without temperature heat treatment (calcination) or
via calcination at low temperatures [44,45]. Au nanoparticles can be generated by physical methods
where the vapor resulting from the vaporization of bulk Au produce Au atoms in the gas phase, which
are later condensed under controlled conditions to form nanoparticles [46]; alternatively, they can
be generated by chemical means where Au compounds are used as a starting material, linked with
reduction steps.

A few reports focus on the effect of the synthesis method (physical or chemical) on the structure
and activity of Au/CeO2 nanoparticle catalysts, the interaction between CeO2 and Au, and the redox
interplay between Au and CeO2 during CO oxidation. To investigate this effect on the morphology,
shape, and nature of the Au/CeO2 nanoparticle catalyst’s active site, we compared the synthesized
Au/CeO2 using physical (Physical Laser Vaporization Controlled Condensation (LVCC)) and chemical
(DP) routes.

2. Results and Discussion

2.1. Characterization of As-Synthesized (Fresh) Au/CeO2 Nanoparticle Catalyst

2.1.1. Inductive Coupled Plasma (ICP), BET Surface Area, and X-Ray Diffraction (XRD) of
As-Synthesized Au/CeO2 (Fresh) Samples

To confirm the heterogeneity, measure the actual Au loading in both samples, and to ensure
anchoring of Au particles on the surface of the CeO2 support and the sample, inductively coupled
plasma-optical emission spectroscopy (ICP-OES) was performed on the synthesized samples.
The samples were dissolved in aqua regia and then diluted 20 times. The ICP-OES analysis showed
an average Au concentration of ~242.79 ppm (±0.02 ppm) in the Au/CeO2 (LVCC) sample, which is
approximately 4.75 wt% of the catalyst mass, while the Au concentration in the DP sample was
248.86 (±0.02 ppm), which is approximately 4.92 wt%. The ICP results indicate that some Au is leached
out during the DP sample synthesis, but both values are close to the 5 wt% Au’s theoretical loading.

Owing to the Au nanoparticles’ small size, the BET (Brunauer–Emmett–Teller) surface area of the
LVCC catalyst was very high at 84.5 m2/g, compared to the surface area of DP catalyst (23.93 m2/g).

The X-ray diffraction patterns of the as-synthesized 5% Au/CeO2 nanoparticle catalyst via the
LVCC and DP methods are shown in Figure ?? (compared using the same scale). Although the
X-ray diffraction pattern for Au/CeO2 shows crystalline CeO2 (JCPDS card no: 34-0394) and (ICCD
00-034-0394) in both catalysts, the two samples exhibited diffraction peaks of the fluorite CeO2 structure
corresponding to CeO2 (111), CeO2 (200), CeO2 (220), CeO2 (311), CeO2 (222), CeO2 (400), and CeO2

(331) phases, respectively. However, the CeO2 peaks of the DP sample showed higher intensity than
those of the LVCC sample. Furthermore, we compared the full width at half maximum (FWHM) values
of CeO2 (111) for both catalysts and found them to be 0.810 for the LVCC sample and 0.808 for the DP
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sample, suggesting the LVCC is broader than the DP peak. Since the Au was not detectable in the fresh
DP, and the peak was tiny in the LVCC samples, the FWHM values for Au could not be compared.
This result indicates that the DP is more crystalline than the LVCC and that the DP catalyst’s particle size
is smaller. The BET surface area of the LVCC catalyst was 84.5 m2/g, compared to the DP catalyst, which
had a surface area of 23.93 m2/g. Surprisingly, the X-ray diffraction patterns of the LVCC sample showed
a small broad peak at about 38◦ (the Au (111) peak assigned to metallic gold). However, no prominent
peak related to the Au (111) peak was observed in the DP catalyst, which contradicts the ICP results,
which shows a slightly higher Au concentration in the DP sample. These results may be attributed to
the dispersion of small Au particles on the support’s surface—small-sized Au particles lower than the
XRD detection limit (roughly 3 nm) cannot be detected in the XRD [23].
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Figure 1. X-ray diffraction patterns of as-synthesized 5% Au/CeO2 by (a) physical method (Physical Laser
Vaporization Controlled Condensation (LVCC)) and (b) chemical method (Deposition-Precipitation (DP)).

2.1.2. Scanning Electron Microscopy (SEM) of Fresh Au/CeO2

We performed an SEM on both samples to investigate the catalysts’ morphology. Figure 2 shows the
SEM micrographs of the LVCC and DP morphologies. Two types of morphologies can be distinguished
for the LVCC and DP samples. The LVCC has two types of CeO2 particles: elongated particles with
web-like structures where both Au and CeO2 are in the nanoscale, and metallic Au nanoparticles
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that are dispersed on large CeO2 spherical particles, as shown in Figure 2a,c. The morphology of DP
consists of large aggregates, though the metallic Au nanoparticles cannot be observed on the CeO2

particles, as shown in Figure 2b,d. Energy Dispersed X-ray (EDX) spectra of fresh wt% Au/CeO2

nanoparticle catalysts show that both samples consist of Au, Ce, and O2 with small carbon from the
sample holder. However, the LVCC showed a slightly higher amount of Au at the surface of CeO2

particles (Figure 2a) than the DP sample (Figure 2d).
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Figure 2. SEM micrographs and Energy Dispersed X-ray (EDX) spectra of fresh 5% Au/CeO2 nanoparticle
catalysts prepared by the physical method (LVCC) (a,c) and the chemical method (DP) (b,d).

2.1.3. Transmission Electron Microscopy (TEM) of Fresh Au/CeO2

The particle size and morphology were further investigated using a Transmission Electron
microscope (TEM). Figure 3 shows the morphology and particle size distribution of the fresh Au/CeO2

catalysts. Figure 3a–c show the TEM micrographs of the fresh LVCC sample; these indicate that the
LVCC sample morphology consists of small metallic Au, CeO2 elongated particles (2–5 nm), and Au
particles (5–12 nm) dispersed on large CeO2 particles (30–500 nm). The Au particles had a broad size
distribution of 1–14 nm and an average diameter of 5.4 nm. These results were verified and confirmed
via EDX. However, for the DP sample, the phase contrast within the agglomerates was characteristic of
disordered, or semi-crystalline, material where the metallic Au nanoparticles had small and narrow
size distribution of 1.5–6 nm with an average diameter of 3.4 nm.
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method (LVCC) (a–c) and the chemical method (DP) (d–f).

2.1.4. Chemical and Electronic States: X-Ray Photoelectron Spectroscopy (XPS) of As-Synthesized
Au/CeO2

The XRD and TEM techniques are used to characterize the bulk of the sample and do not provide
useful information about the active site for CO oxidation in the catalyst. XRD is not a specific surface
technique to obtain information on the nature of surface-active sites. We used X-ray Photoelectron
Spectroscopy (XPS) to study the catalyst surface, Au concentration, and determine the oxidation state
of Au. XPS was used to probe the active site and investigate the Au species’ oxidation states on the
catalyst surface of Au/CeO2.

The XPS results of the analysis of the 5% Au/CeO2 prepared by LVCC and DP methods are
summarized in Table S1. The two powder samples’ surfaces contained various amounts of the following
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species: cerium as Ce4+, oxygen, carbon as C–(C, H), C–O, C=O, O–C=O, and traces of gold as Au.
Figure S2 is a survey scan of all possible elements present in both samples.

The XPS analysis of the Ce 3d and O 1s core-level peaks of LVCC and DP methods is presented in
Figure 4. Chemically, the high-resolution Ce 3d spectrum was consistent with Ce4+ (including similar
shake-up peaks). The spectrum shows two primary peaks, “1” and “4”, corresponding to Ce 3d3/2 and
Ce 3d5/2 photoelectron peaks. Peaks “2” and “6” are the respective Ce 3d3/2 and Ce 3d5/2 shakedown
peaks, while peaks “3” and “5” are the respective Ce 3d3/2 and Ce 3d5/2 shake-up peaks [47]. In the
LVCC sample, a tiny peek at ~885.7 eV, as shown in Figure 3a, might indicate the presence of a trace
Ce3+, which is reported to have a binding energy of ~885.8 eV, and this peak was not present in the DP
sample [48–50]. Furthermore, the peak centered at ~529.7 eV corresponds to O2− or lattice oxygen in
CeO2. Besides, another core-level O 1s peak was observed at the binding energy of 530.24 eV in the
LVCC sample, indicating the presence of an oxygen vacancy in the lattice site of CeO2 nanoparticles [51].
The binding energies of Ce 3d and O 1s are consistent with those of stoichiometric CeO2.
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Figure 4. High-resolution of Ce 3d (including respective shake-up and shakedown peaks) and O 1s
spectrum of fresh Au/CeO2 prepared by LVCC (a,c) and DP (b,d), respectively.

Figure 5 shows a curve fitting of the Au 4f spectrum of the Au/CeO2 nanoparticle catalyst prepared
by physical and chemical methods. Two doublets were used in the curve fit of the Au 4f peak.
One doublet at binding energies ~83.9 and ~87.6 eV was used to fit the Au. The second doublet at
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~85.2 and ~88.9 eV was used to curve fit, possibly a trace of Au1+. The DP sample had a broader Au 4f
peak than the LVCC sample, as shown in Table 1.

Table 1. Comparison of the total Atom% of Au (Au0 and Au1+) at the surface of Au/CeO2 catalysts
prepared by LVCC and DP methods.

SAMPLE Atom% Au Atom% Au0 Atom% Au1+

Au/CeO2 (LVCC) 0.3 0.282 0.018

Au/CeO2 (DP) 1.2 0.8 0.4
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The curve fitting of both samples’ Au 4f spectrum indicated that both contained mostly Au0 and
small amounts of Au1+ species. The XPS results revealed that the DP sample had a higher Au level
and included more Au1+ than LVCC.

Based on the XPS and TEM results, it can be concluded that the Au in both samples was
amorphous, most of Au was in the metallic state Au0, and it formed a reliable solution of Au and CeO2.
However, the Au obtained by the chemical method was more amorphous, and some Au existed in the
form of Au (OH), with an oxidation state of +1 [23].

2.1.5. Temperature Programmed Reduction (H2-TPR) of Fresh Au/CeO2

The Au’s oxidation state was directly related to the interaction between Au and CeO2, as indicated
in the XPS results. To investigate the metal-support interaction between Au and CeO2 support,
we performed an H2-TPR analysis. Furthermore, redox behaviors of the bare CeO2 and Au/CeO2

prepared via both methods were studied under H2-TPR to investigate the interaction strength between
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Au and CeO2 in both samples. Figure 6 shows the H2-TPR patterns of CeO2 and Au/CeO2 prepared
by LVCC and DP methods. The TPR profile of CeO2 exhibits two reduction peaks where the
low-temperature reduction peak at 190 ◦C is attributed to the reduction of the surface oxygen of CeO2

and the high-temperature peak at 487 ◦C is assigned to the decrease in the bulk oxygen of CeO2.
However, the incorporation of Au significantly changed the TPR profiles. The results indicate

that the high-temperature CeO2 peak in the LVCC sample shifted to a lower temperature region
with Tmax around 451 ◦C; however, the high-temperature CeO2 peak was not observable in the
DP sample. A new feature appeared at the 219–385 ◦C temperature region—believed to have come
from the reduction of the Ce-Au-O species. The presence of Ce-Au-O is supported by the XPS data,
which shows the presence of traces of Ce3+ and Au1+. The reduction of the Ce-Au-O enhanced the
redox activity of Au-CeO2. Similar results were reported for metallic Au, and other noble metals on
CeO2 promote the reduction of CeO2 at extremely low temperatures due to spillover on the support [52].
It was reported that nanoparticles with high Au dispersion could increase the reducibility of the
CeO2 [27]. Other studies suggested that the surface oxygen’s reducibility can be enhanced upon filling
surface oxygen on CeO2 lattices, such as Ce4+ sites with Au1+ or Au3+ ions and oxygen vacancies,
thereby leading to more oxygen mobility and hence increased reducibility [53].
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2.2. Catalytic CO Oxidation Measurement

The Au/CeO2 catalysts’ activity as synthesized by physical and chemical methods was measured as
a function of the catalyst temperature (first light-off). Table 2 summarizes the activities of both samples.

Table 2. Comparison of the catalytic activities of as-synthesized Au/CeO2 (first light-off) prepared by
LVCC and DP methods.

Sample
5% Au/CeO2

3% Conversion
(Light-Off) Temp.

(◦C)

50% Conversion
Temp.
(◦C)

Maximum Conversion
(%)

Temp. (◦C) Conversion

Physical (LVCC) 50.2 118.2 233.2 99.5

Chemical (DP) 0.1 14.7 110.0 100.0

Figure 7 represents a comparison between Au/CeO2 activities developed by the two methods.
Au/CeO2 (DP)’s light-off temperature was 0.1 ◦C, and full conversion was reached at approximately
110 ◦C compared to the LVCC sample, which had a 50 ◦C temperature and reached complete conversion
at 233 ◦C.
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Based on both samples’ catalytic activity and presence of higher Ce3+ and Au1+ in the XPS results
combined and TPR profiles of Au/CeO2, the appearance of significant oxygen vacancies on the surface
of CeO2 can be confirmed. These results lead to higher adsorption and reactive oxygen activation,
which occurs at the Au nanoparticles and Au particles’ step edges [49]. All these factors could explain
the enhanced catalytic activity toward low-temperature CO oxidation. The results showed a direct
correlation between the reduction temperature and the activity of the catalysts. The catalytic activity
significantly increased as the reducibility of the Au-O-Ce of the surface in both catalysts—as evidenced
by the H2 consumption peak H2-TPR curve—decreased. The electron transfer from Au nanoparticles
to the CeO2 surface led to the weakening of the Ce–O bond, which resulted in the activation of surface
oxygen and the stabilization of Au atoms on the CeO2 surface defect sites, leading to the lowered
activation energy for CO oxidation. These results suggest that there was weak Au-CeO2 interaction in
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the LVCC sample. However, all the ceria in the DP sample, including the bulk ceria, reduced at 50 ◦C
and below. The two peaks that characterize the ceria almost disappeared, and a new peak formed at
room temperature. The high-intensity peak at room temperature could be attributed to the reduction of
Au1+ to Au0 by removing the OH group. This result indicates that this catalyst has a strong Au-CeO2

interaction (Strong Metal-Support Interaction (SMSI)) compared to the LVCC catalyst. These results
demonstrate that both catalysts’ light-off temperatures align well with reduction peaks −50 ◦C for the
LVCC catalyst and approximately 0 ◦C for the DP catalyst.

The catalysts need to be in the reduced state to be active; the conversion aligns perfectly with the
reduction temperatures shown in Figure 6.

2.3. Characterization of Au/CeO2 Nanoparticle Catalyst after Heat Treatment in CO/O2 Mixture (Second
Light-Off)

To understand the change in the catalysts’ performance and the origin of low-temperature catalytic
activity shifts after the heat treatment, both catalysts were characterized using X-ray diffraction and
TEM after catalysis. Figure 8 shows the X-ray diffraction patterns of Au/CeO2 prepared by both
methods after the heat treatment in the CO/O2 mixture (second light-off). As expected, the CeO2

support became crystalline in both catalysts. A full reflection of the crystalline metallic Au (JCPDS card
no: 04-0784) could be observed in both catalysts by the presence of Au (111), Au (200), and Au (220)
planes. The FWHM of CeO2 (111) was 0.716 in the LVCC and 0.697 for the DP sample. The FWHM of
Au (111) was 0.657 for both samples. However, the LVCC sample’s intensity was 248.07, and that of
the DP sample was 297.47, suggesting a slightly higher Au percentage in the latter.
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To investigate the morphology of the catalysts after heat treatment, we performed TEM
analysis, as shown in Figure 9, which revealed that both catalysts had developed utterly different
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microstructures—a dispersion of metallic Au nanoparticles. Moreover, both samples showed the
sintering of small Au particles into larger particles. Figure 9 shows the morphology and the particle
size distribution of the Au/CeO2 catalysts after heat treatment. Figure 9a–c shows TEM micrographs of
the LVCC sample, indicating that the morphology of the LVCC sample was similar to that of the fresh
sample, which consisted of small metallic Au, elongated CeO2 particles (2–10 nm), and Au particles
(5–25 nm) dispersed over large CeO2 particles (50–500 nm). The Au particles had a size distribution of
1–25 nm and an average diameter of 11.6 nm. However, for the DP Figure 9d,e, two morphologies
could be observed, consisting of small Au particles with narrow size distribution (2–6 nm) with an
average diameter of 5 nm dispersed over large CeO2 particles, and two-dimensional Au clusters on
CeO2 particles, which could be observed through the X-ray diffraction patterns. These particles were
supported on highly crystalline CeO2 particles with sizes ranging from 50 nm to 500 nm. The results
also suggest that minor sintering of Au and CeO2 nanoparticles took place in both catalysts. However,
the LVCC sample showed more sintering than the DP sample, which explains the increase in the
intensity of Au peaks in both catalysts and the detection of Au in the DP sample. Similar results were
reported by Wagner et al. [54].
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Table 3. Catalytic activities of Au/CeO2 prepared by LVCC and DP methods after heat treatment in the
CO/O2 mixture (second light-off).

Sample
5% Au/CeO2

3% Conversion
(Light-Off) Temp.

(◦C)

50% Conversion
Temp.
(◦C)

Maximum Conversion
(%)

Temp. (◦C) Conversion

Physical (LVCC) 27.5 89.95 210.9 99.4

Chemical (DP) −28.3 19.2 178.3 100.0

Figure 10 shows the light-off temperatures of both catalysts after the heat treatment in CO/O2.
The results revealed that the conversion curve for both samples had significantly shifted toward the low
temperature. This shift could be attributed to removing moisture and impurities (i.e., hydrocarbons)
from the catalyst surface and Au precipitation in the Au-CeO2 interface to the surface, which increased
the metal-support interaction.
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3. Methods

3.1. Experimental Method

The CO oxidation catalytic activity of Au-metal oxide catalysts varies by varying the support and
is highly dependent on the preparation method, reaction conditions, and the pre-treatment conditions.
We employed chemical and physical methods to produce highly active Au/CeO2 nanoparticle catalysts
in this work. LVCC was used as an example of a physical method, and DP was used as an example of
a chemical method.



Catalysts 2020, 10, 1351 14 of 21

3.2. Catalyst Preparation

3.2.1. Physical Method (Laser Vaporization Controlled Condensation (LVCC))

Different physical methods, such as sputtering, chemical vapor deposition, exploding wire,
and One-Pot laser vaporization-controlled condensation [55], are used to produce nanoparticles from
the vapor phase. These methods are based on the condensation of supersaturated metal vapors.
In this context, LVCC has an advantage over typical thermal vaporization methods due to the
production of a high-density vapor of any metal or metal oxide targets. The benefits of the vapor phase
synthesis include the contamination-free products (as compared to chemical reductions in solutions),
the elimination of chemical precursors and solvents, and, in most cases, the production of highly
crystalline nanoparticles [56–58]. El-Shall et al. introduced the LVCC method and demonstrated its
use in producing nanoparticles with unique surface oxidation, photochromic, and photoluminescence
properties [59]. In the LVCC method, a target consisting of metal/metal oxide powders is made into
a pallet and placed on the lower plate of a diffusion cloud chamber (DCC); the chamber is filled
with a pure carrier gas such as He or Ar or a mixture containing a known concentration of reactant
gas such as O2. A pulsed beam of the second harmonic (532 nm) Nd-YAG laser operated at 30 Hz
(50–200 mJ/pulse laser power, 5 or 10 ns pulse duration) is focused on a target of interest. The target
is placed in a chamber with well-defined temperature and pressure. The chamber consists of two
flat, circular stainless-steel plates separated by a class ring. The target is placed on the bottom plate,
where the temperature is maintained higher than the top plate and controlled by circulating water.
The top plate can be cooled to 150 K using liquid N2. The advantage of the temperature gradient
between the two plates is creating a convection current; this current is further enhanced by using
a dense carrier gas under high pressure (103 torrs). The pulsed metal vapor is generated by laser
vaporization of the target. The laser beam is moved on the target surface to expose new surface areas
to achieve good reproducibility of the amount of vapor produced. After the laser pulse strikes the
target and creates plasma, the ejected pulse of metal atoms interacts with the gas inside the chamber.
Nucleation takes place immediately and results in the formation of nanoparticles. Finally, diffusion and
convection currents prevent the particles from growing larger by removing them from the high-density
nucleation zone.

In a typical synthesis, a commercial micron-sized Au commercial powder (mean particle size
< 2-micron, purity 99.95%, Sigma-Aldrich, St. Louis, MO, USA) and Cerium (IV) oxide commercial
powder (<5 µm, 99.9%, Sigma-Aldrich, St. Louis, MO, USA) were used to prepare compressed
pellet targets of selected compositions of the catalyst/support (Au/CeO2), with known compositions.
Samples were prepared with different wt% (2%, 5%, and 10%) of Au in Au/CeO2. The Au/CeO2 powder
target was placed on the lower plate of a diffusion cloud chamber (DCC) with He (99.99%) carrier gas;
this was followed by vaporizing the target using second harmonic generation (532 nm) Nd-YAG laser
(30–50 mJ/pulse, 10 ns pulse duration). The steady convective current resulting from the temperature
gradient between the lower and top plates of the DCC removed the Au/CeO2 nanoparticles from
the vaporization zone rapidly before they could grow into larger particles. The resulting AuCeO2

nanoparticles deposited on the cold top plate consisting of small Au nanoparticles homogeneously
dispersed on larger nanoparticle oxide support surfaces were collected.

We found that 5% of Au metal loading yields the highest catalytic activity, as shown in Figure S1.
Therefore, we used the Au/CeO2 sample with 5% Au. The Au loading in this study was synthesized by
mixing 5% Au powder with 95% CeO2 powder.

Although many catalysts prepared by the LVCC method show higher catalytic activity than other
conventional catalysts, the LVCC method has certain disadvantages, such as low yield compared to
chemical methods. As an alternative method to produce a large amount of the catalyst, 5% Au/CeO2

was prepared using chemical methods—in this case, the Deposition-Precipitation (DP) method.
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3.2.2. Chemical Method (Deposition-Precipitation (DP))

To synthesize the Au/CeO2 sample with 5% Au using the DP method, the Au precursor was
introduced onto the CeO2 support using the DP method [60]. In a typical synthesis, 0.885 g (equivalent
to 5% Au) of Hydrogen Tetrachloroaurate (III) Hydrate (HAuCl4, 99.99% Sigma Aldrich, St. Louis,
MO, USA) was dissolved in water and slowly and homogeneously precipitated by the hydroxide ion
from NaOH solution with a pH between 6 and 10. Cerium (IV) oxide commercial powder (<5 µm,
99.9%, Sigma-Aldrich, St. Louis, MO, USA) (4.75 g) (equivalent to 95% Au) was suspended in water
with pH between 6 and 10 by adding the NaOH solution dropwise and stirring for one hour; then,
the HAuCl4 solution was added to the CeO2 solution dropwise; controlling the pH between 6 and 10
by adding NaOH. As a result, the Au (OH)3 precursor was deposited exclusively on the surface of
CeO2. Then the solution was filtered to obtain Au (OH)3/CeO2 particles followed by washing, drying,
and then heating at 105 ◦C for one hour to produce Au metal on CeO2 nanoparticles.

3.3. Catalyst Characterization

The catalysts’ surface area was measured using the five-point N2 physisorption process detailed
in the Brunauer–Emmett–Teller technique (BET) (Quantachrome Autosorb Automated Gas Sorption
Unit). Elemental analysis of the samples was performed using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES Thermo Scientific iCAP 6500 ICP Spectrometer, (Waltham, MA, USA).

The catalyst’s crystallographic structure was analyzed using X-ray diffraction (XRD) (Philips X’Pert
Pro Theta-Theta system (Westborough, MA, USA) operated at 45 kV and tube current of 40 mA). Scanning
Electron Microscopy (SEM) was done using a Quantum DS-130S electron microscope. The transmission
electron microscope (TEM) images were obtained using a JOEL JEM-FXII TEM operated at 200 kV.
High-resolution TEM images were obtained using a JOEL 4000EX (JEOL, Tokyo, Japan) operated at 400 kV.
A drop of methanol-dispersed nanoparticles was placed on a carbon-coated copper grid and left to dry.
X-ray Photon-Electron Spectroscopy (XPS) spectra were obtained using the Physical Electronics Model
5700LSci ESCA spectrometer (Chanhassen, MN, USA) (with monochromatic aluminum), operated at
350 watts, with Charge correction C-(C, H) in C 1s spectra at 284.8 eV. Temperature Programmed Reduction
(TPR) profiles were obtained using the EPA Cincinnati AutoChem II 2920 V2 (Norcross, GA, USA).

3.4. Catalytic Activity Measurements

The catalyst’s catalytic activity measurements were performed at atmospheric pressure in a quartz
tube flow reactor (length 50 cm, i.d. 0.9 cm) coupled with an infrared detector described elsewhere [38].
In a typical measurement, 10 mg of the catalyst is placed in a fixed bed between two quartz wool
pieces placed in the middle of a quartz tube. The flow tube is then placed inside a temperature
programmer Thermolyne 2100 tube furnace. The sample temperature is monitored using an Omega
K-type thermocouple inserted in the middle of the sample. Another thermocouple is built into the
furnace to measure the furnace temperature. A LabVIEW-based program recorded the temperatures
and the concentration data. The sample temperature is always higher than the furnace temperature
since the catalytic oxidation reaction of CO is exothermic. Therefore, all the data in this work are
plotted as a function of the sample or reaction temperatures.

The gas mixture flow rate was controlled by MKS Instruments digital mass flow meters.
The effluent gases were analyzed using an Automated Custom System infrared gas analyzer. In these
experiments, a gas mixture containing 3.60 vol% of CO and 20.0 vol% of O2 balanced with helium
was used. The mixture flowed over the catalyst (100 cc/min) while the catalyst was heated to
different temperatures. The effluent gases were introduced to the infrared gas analyzer. CO and CO2

concentrations were measured based on the absorption of IR radiation. By monitoring the change of
the CO and CO2 concentrations and plotting the normalized ratio [([CO]/[CO] + [CO2]) × 100%)] as a
function of catalyst temperature, the catalyst activity can be measured.
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4. Long-Term Catalyst Stability of Au/CeO2 Catalysts Prepared by LVCC and DP Methods

To investigate the long-term catalytic stability and regeneration of both catalysts’ active sites,
we heated the catalysts to the temperature that corresponded to 50% and 100% CO conversion and
kept the catalysts at that temperature while allowing the gas mixture to flow continuously over the
catalyst bed. The catalytic activity of Au/CeO2 catalysts prepared by LVCC and DP methods were
measured as a function of time on the stream by keeping the temperature constant at 118.5 ◦C for the
LVCC sample and 15 ◦C for the DP sample, which corresponded to 50% CO conversion and at 234 ◦C
for the LVCC sample and 110 ◦C for the DP sample, which corresponded to 100% CO conversion,
while the CO/O2 mixture flowed over Au/CeO2, as shown in Figure 11. Both catalysts showed excellent
stability for more than 14 h. However, the LVCC catalyst showed slightly better stability than the
DP catalyst. This stability was demonstrated by the regeneration of the active sites and constant
conversion percentage of 50% or 100% even after 14 h of continuous use. Long-term stability tests
showed that the catalysts showed higher stability at 50% due to fluctuation of catalytic activity than at
100% due to catalyst surface variations, such as sintering, at high temperatures.
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Our results showed that the LVCC catalyst had a large surface area compared to the DP catalyst;
the LVCC catalyst showed lower CO conversion activity than the DP catalyst. These results could
be attributed to the larger particle size, weaker metal-support interaction, and low Au dispersion.
On the other hand, the DP catalyst showed higher CO conversion where small-sized nanoparticles
were required, and high dispersion was necessary to create a robust metal-support interaction, leading
to increased reducibility. These results are confirmed by XRD and TEM techniques, where the LVCC
sample’s surface area was higher due to the small Au particle size (<10 nm) and high dispersion and
the fact that that many of these particles cannot be detected as the spectrometer’s detection limits are
less than 3 nm.

The DP method showed activity below room temperature similar to that in the Au/TiO2 catalysts
reported by Haruta and in the Au/Fe2O3 catalysts [55]. The modification of support can help stabilize
and enhance the activity toward other reactions such as methanol oxidation [61]. Reaction mechanisms
of CO oxidation on Au/TiO2 catalysts have been reported by Haruta et al. [62]. They suggest that the
reaction takes place on Au surfaces at the steps, edges, and corners of Au particles with an activation
energy of 0 kJ/mol (below 300 K). At temperatures above 300 K, the reaction takes place at the perimeter
interfaces, where CO is adsorbed on the surfaces of Au nanoparticles, and the molecular oxygen
is adsorbed at the support interface with an activation energy of 0 kJ/mol, and it proceeds faster.
These results are in good agreement with results obtained for Au supported on reducible oxides such
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as TiO2 support, where the catalytic activities below room temperature are mainly attributed to the fact
that the reaction takes place on Au surfaces at the steps, edges, and corners with 0 kJ/mol activation
energy [15,17,61–63].

Furthermore, recent experimental evidence suggests that the presence of Au1+ plays a crucial role
in the activity of Au/CeO2. The presence of isolated Au adatoms or Au cations in AuxCe1-xO2 facilitates
the CO oxidation with no activation energy through the formation of surface oxygen vacancies followed
by the adsorption of molecular oxygen vacancies—thereby forming oxygen species, which catalyze the
molecular CO oxidation, leading to the recovery of the stoichiometric AuxCe1−xO2. The CeO2 surface
is shown to induce charge transfer at the Au-CeO2 interface, which leads to the reduction of CeO2

support and in lattice Ce3+ and surface Au1+ ions where the molecular spillover enhances the CO
oxidation reaction from the Au1+ adatom to the CeO2 surface support [64].

In addition to the XPS and TPR results, and based on the results obtained by Haruta et al.,
the difference in the LVCC and DP samples’ catalytic activity can be explained based on how the Au
nanoparticles are set on the support and the length of the interface between them. Tana et al. concluded
that the Au/CeO2 interface, which is determined by the Au particles’ size, plays a vital role in achieving
high reactivity [65]. The results are consistent with the results reported by Zhou et al., where they
attributed the enhanced activity toward CO oxidation reaction and found that the rate is scaled with
the total length of the Au/CeO2 interfaces [65–67]. In the physical method, however, the interface
is shorter than that in the chemical method, which indicates that the interaction is stronger in the
chemical method, and hence the catalytic activity is higher.

5. Conclusions

This study demonstrates that the synthesis method (physical vs. chemical) can affect the size,
morphology, dispersion, reducibility, nature surface active site, and the Au/CeO2 nanoparticle catalyst’s
catalytic properties. The characterization data and catalytic CO oxidation results reported in this paper
reveal the successful synthesis of crystalline Au nanoparticles—with a size of 3–10 nm for the LVCC
method and 3–5 nm for the DP method supported—on crystalline CeO2. Additionally, it showed
that the stability and dispersion of Au nanoparticles on the CeO2 surface, coupled with the redox
properties of CeO2, results in Strong Metal-Support Interaction (SMSI) at the interface between Au and
CeO2, thereby leading to the formation of unique active surface sites capable of activating both CO
and O2 simultaneously.

The two catalysts fully converted CO to CO2 at a temperature of less than 120 ◦C. The catalyst’s
high catalytic performance, which was ascribed to structural properties, supports oxygen storage
capacity and Au particles’ dispersion on the support. The type of active sites (Au1+ or Au0) was found
to influence the catalytic activity. However, the DP sample had a high activity for CO oxidation, even at
temperatures below −10 ◦C, while the LVCC sample, which contained only metallic gold, light-off at
room temperature. The enhanced catalytic activity of the Au/CeO2 catalyst is attributed to the strong
interaction of Au with CeO2, where Au can promote the reduction of Ce4+ to Ce3+ and thus facilitate the
charge transfer from Au to CeO2, which results in a higher oxidation state of Au and hence increases the
oxygen storage capacity of CeO2. Compared with the physical method (LVCC), the chemical method
(DP) showed superior activities, which can be attributed to creating small and well-dispersed Au
nanoparticles and forming a unique interface that enhances the synergetic effects between Au and CeO2.
This effect results from the electron transfer and strong interaction between the Au surface species
(Au1+) and the stable and reducible underlying CeO2 support. These results suggest that the catalytic
activity is highly dependent on the nature of the active site, which is determined by a combination
of the particle size, morphology, and the interface between Au nanoparticles and the CeO2 support.
The catalytic activity below room temperature of the DP catalyst can mainly be attributed to the fact
that the CO oxidation occurs on the interface and defect sites (adatoms, steps, edges, and corners) of
the Au surface where the CO oxidation reaction proceeds with 0 kJ/mol activation energy.
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